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ABSTRACT: A pulldown using a biotinylated natural product of
interest in the 17β-hydroxywithanolide (17-BHW) class, physachenolide
C (PCC), identified the bromodomain and extra-terminal domain
(BET) family of proteins (BRD2, BRD3, and BRD4), readers of acetyl-
lysine modifications and regulators of gene transcription, as potential
cellular targets. BROMOscan bromodomain profiling and biochemical
assays support PCC as a BET inhibitor with increased selectivity for
bromodomain (BD)-1 of BRD3 and BRD4, and X-ray crystallography
and NMR studies uncovered specific contacts that underlie the potency
and selectivity of PCC toward BRD3-BD1 over BRD3-BD2. PCC also
displays characteristics of a molecular glue, facilitating proteasome-
mediated degradation of BRD3 and BRD4. Finally, PCC is more potent
than other withanolide analogues and gold-standard pan-BET inhibitor
(+)-JQ1 in cytotoxicity assays across five prostate cancer (PC) cell lines regardless of androgen receptor (AR)-signaling status.

■ INTRODUCTION
Prostate cancer (PC) is the secondmost common cancer among
men in the United States,1 and one in eight men will be
diagnosed with PC in their lifetime.2 PC research has focused on
the androgen receptor (AR), which predominantly drives the
disease, and multiple drugs that reduce AR signaling have been
clinically approved. Namely, abiraterone acts as a potent
antagonist of androgen synthesis, and enzalutamide blocks
androgen binding to AR.3 Although both of these drugs are
initially effective and enhance survival of PC patients, androgen
deprivation therapy (ADT) loses efficacy due to the develop-
ment of castration-resistant prostate cancer (CRPC), a disease
state that features reactivation of AR signaling and a rise in AR-
regulated prostate-specific antigen (PSA).4 In some instances,
ADT results in the production of drug-resistant AR splice
variants,5 AR copy number amplification,6 or increased
dependency on other oncogenic signaling pathways.7 This
transformation can generate CRPCs that do not express AR
(AR-negative) and are reliant on survival mechanisms
completely distinct from those regulated by AR signaling.8,9

This observation has promoted new efforts to target AR-
negative CRPCs that operate independently of AR signaling.
Additionally, ADT drug resistance has provoked investment in
treatments that target AR differently, possibly through inhibition
of co-activators that support the transcriptional activity of
AR.10,11

Histone acetylation is a post-translational modification that
blocks the ionic interaction between the positively charged
histone core and the negatively charged DNA backbone. This

structural interruption opens the chromatin, increases access by
polymerases and transcription factors, and activates gene
expression. Histone acetylation levels are tightly regulated not
only by histone acetyltransferases and histone deacetylases but
also by a family of epigenetic reader proteins called
bromodomain-containing proteins, which specifically recognize
N-acetylation of lysine residues (Kac).

12 The human proteome
encodes 61 bromodomains (BDs) present in 46 nuclear and
cytoplasmic proteins13 broken up into eight groups based on
their structural properties.14 Group two includes the bromodo-
main and extra-terminal domain (BET) family of proteins.
Despite the widespread nature of BET protein substrates and
their broad roles in transcriptional elongation, it was discovered
that inhibition of BET proteins prevents detection of pro-
transcription markers and selectively interferes with the
transcription of a relatively small number of gene networks.13

These networks include genes involved in the inflammatory
response in immune cells15 as well as cellular growth and evasion
of apoptosis in cancer.16−18 As a result, BET proteins have
become pharmaceutical targets as BET inhibitors may be able to
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directly modulate the expression of specific disease-promoting
genes.
The BET family of proteins were recently shown to be

involved in PC progression to CRPC through transcriptional
activation of AR.19 Although BET inhibitors had been utilized to
treat cancers such as NUT midline carcinoma20 and
lymphoma,21 these findings led to pre-clinical studies inves-
tigating the use of BET inhibitors to treat CRPC. Most of these
studies used (+)-JQ1 (hereinafter referred to as JQ1),22 a potent
thienotriazolodiazepine-inhibitor of BET proteins that has been
shown to repress expression of anti-apoptotic factors in AR-
positive PC cell lines while also reducing transcription of AR
target genes.23 JQ1 blocks the interaction between BET proteins
and the N-terminal domain of AR, limits AR recruitment to
DNA independent of androgen binding to AR, and reduces
levels of an AR splice variant that confers resistance to ADT as it
becomes over-expressed in CRPC.19 Despite early success, JQ1
has not been approved for clinical use as it has a very short
plasma half-life and dose-limiting toxicities.24 Furthermore, JQ1

is a pan-BET inhibitor, which may narrow its therapeutic
window and cause off-target liabilities that limit its effective-
ness.25,26

The BET family encompasses bromodomain-containing
proteins BRD2, BRD3, BRD4, and BRDT, four similar proteins
that each have two bromodomains (BD1 and BD2). BRD2, 3,
and 4 are ubiquitously expressed, while BRDT is only present in
the testes. The BET proteins have a broad range of functions and
share many similarities, but the differences among them indicate
a possible need for BET inhibitors that are selective within the
family to be used as probes to discern BET functions and as
potential therapeutics. To illustrate, BRD2 regulates the
differentiation of neurons27 and adipose tissue,28 while BRD3
modulates gene transcription related to the development of
embryonic stem cells29 and facilitates recruitment of the
erythroid transcription factor to regulate the maturation of
hematopoietic cells.30,31 BRD4-specific pathways control tran-
scriptional activation in nuclear compartments,32,33 and BRDT
facilitates pathways that regulate spermatogenesis.34−36 The

Figure 1. PCC binds and inhibits BRDs with selectivity toward BRD3-BD1 and BRD4-BD1. (A) Structure of PCC. (B) BROMOscan bromodomain
profiling of PCC using the BROMOscan bromodomain competition binding assay performed by the Eurofins DiscoverX Corporation. Phylogenetic
tree of bromodomains demonstrating preferential compound binding of 50 nM PCC. Hits were selected based upon 65% or greater inhibition
compared to control. (C)Tm shifts (°C) of each bromodomain upon treatment with (+)-JQ1 or PCC in a thermal shift assay using DSF. Error reported
is standard error of the mean (SEM). n = 3. (D) IC50 values (nM) of (+)-JQ1 or PCC disrupting peptide binding to each BRD bromodomain in an
Alpha assay. Error reported is SEM. n = 3. (E) Tm shifts (°C) and IC50 values (nM) from C and D, respectively. (F) PCC binds BRD3-BD1 by MST
with a Kd of 14.1 ± 1.5 nM. PCC binds BRD3-BD2 by MST with a Kd of 149 ± 17 nM. Error reported is SEM, n = 3.
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presence of BD1 and BD2 within each BRD protein adds
another level of complexity to the BET selectivity problem. BD1
primarily serves as a chromatin-binding module, and BD2 is
typically used for transcription factor recruitment.37 Selective
BD1 and BD2 inhibitors are also of interest, and preliminary
research indicates that BD1 is crucial for steady-state gene
expression, while both BD1 and BD2 are required for rapid
increase of gene expression induced by inflammatory stimuli.38

This suggests the possibility that BD1 inhibitors are more
effective in cancer, while BD2 inhibitors may be more successful
in inflammatory and autoimmune diseases. Given the broad
involvement of BETs in transcriptional regulation and the lack of
selectivity and poor pharmacokinetics of JQ1, BET inhibitors
with improved selectivity and pharmacokinetic profiles are
needed to dissect BET biology and reach the clinical potential of
BET inhibitors.
A high-throughput screen of over 18,000 natural product

samples for inhibitors of androgen-induced gene expression
identified a natural product of the 17β-hydroxywithanolide (17-
BHW) class, physachenolide C (PCC), as a promising hit that
inhibited the expression pattern of a subset of genes involved in
PC.39 Subsequently, a biotinylated analogue of PCC (Bt-PCC)
was incubated with cellular extracts, and a pulldown
accompanied by mass spectrometry analysis identified the
BET family of proteins as potential cellular targets of PCC.40

Target validation, structural biology, and cytotoxicity assays in
PC cells identified PCC as a BET inhibitor with selectivity for
BRD3-BD1 and BRD4-BD1. PCC also degrades BRD3 and
BRD4 through the ubiquitin proteasome pathway (UPP),
possibly acting as a molecular glue. Finally, PCC is more

efficacious than JQ1 against AR-positive PC cells and retains
reasonable potency against AR-negative CRPC cells that are
resistant to JQ1.

■ RESULTS
The selectivity of PCC (Figure 1A) among bromodomain-
containing proteins was initially investigated using BROMO-
scan bromodomain competition binding assays (Eurofins
DiscoverX Corporation). PCC selectively inhibited immobi-
lized-ligand binding to BD1 of BET family bromodomains
BRD2, BRD3, and BRD4 (Figure 1B). Both individual BDs of
each BET family BRD were recombinantly produced and
purified (Figure S1), and primary biochemical studies were
performed to validate each BD as a target of PCC and compare
PCC to pan-BET inhibitor JQ1.13 The interactions between
each BD and either PCC or JQ1 were initially compared by
thermal shift assay (TSA) using differential scanning fluorimetry
(DSF). Addition of PCC or JQ1 caused positive melting
temperature (Tm) shifts for both BDs of each BRD, indicating
that both PCC and JQ1 bind and stabilize all BET family
bromodomains (Figure 1C,E). Furthermore, and in accordance
with the BROMOscan results, PCC caused larger Tm shifts for
each BD1 than it did for each BD2, suggesting that PCC may
bind each BET family BD1 tighter than each BD2.
A well-established amplified luminescent proximity homoge-

neous (Alpha) assay41 was employed to further probe the
selectivity trends of PCC and JQ1 and directly measure
inhibition of Kac-peptide binding to each BET family BD.
Dose responses were performed for both BDs of each BRD, and
the same trends exhibited by TSA were reinforced (Figure

Figure 2. BRD3-BD1 backbone assignments by NMR predict PCC binding site on BRD3-BD1. (A) Portions of 15N-HSQC spectra of BRD3-BD1
(residues 24−144) in the absence (red, BMRB: 50801) and presence (blue, BMRB: 50802) of one molar equivalent of PCC. Arrows indicate chemical
shift perturbations (CSPs) due to the addition of PCC. Apo spectra assignments are labeled in black. (B) CSP distances of each amino acid of 15N-
BRD3-BD1 (residues 24−144) upon addition of PCC. Proline shifts are shown as zero as they produce no signal in 15N-HSQC experiments. Domain
architecture of BRD3-BD1 is indicated under the graph. Solid lines indicate helices. Dashed lines indicate loops. Residues with CSPs greater than two
standard deviations from zero (greater than 0.2 ppm) are listed in the table. (C) Surface representation of an X-ray crystal structure of PCC bound to
BRD3-BD1 (PDB: 7R8R) colored based on the CSP distance upon addition of PCC. Prolines are colored gray.
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1D,E). PCC was a more potent inhibitor of each BD1 than BD2,
with the exception of BRDT, which is only expressed in the
testes,34 and PCC was a more potent inhibitor of each BD1 than
JQ1. Furthermore, PCC was most potent against BRD3-BD1
and BRD4-BD1 in the Alpha assay and displayed greater than
five-fold selectivity for these two BDs over all others. Between
these two BD1s, PCC was more potent against BRD3-BD1,
exhibiting a low nanomolar IC50 and greater than 10-fold
selectivity for BRD3-BD1 over BRD3-BD2. Next, microscale
thermophoresis (MST) was used to investigate the BRD3 BD

selectivity of PCC in direct-binding measurements. Dose
responses of PCC were performed with both BDs, and the
potency and selectivity were corroborated. PCC binds about 10-
fold tighter to BRD3-BD1 than BRD3-BD2, and the Kd of PCC
for BRD3-BD1 is in the low nanomolar range (Figure 1F).
Taken together, the BROMOscan, TSA, Alpha, and MST data
indicate that PCC displays enhanced selectivity and potency
toward BRD3-BD1 and BRD4-BD1.
Uniformly 13C,15N-labeled BRD3-BD1 (residues 24−144)

was expressed and purified for NMR experiments to explore

Figure 3. X-ray crystal structures of PCC bound to BRD3-BD1 (PDB: 7R8R) and BRD3-BD2 (PDB: 7S3P). (A) 2Fo-Fc omit map showing electron
density (contoured at 1.5σ) for PCC (cyan) bound to BRD3-BD1. (B) Front view of PCC bound to BRD3-BD1. Amino acids whose 15N-HSQCCSPs
are greater than two standard deviations from zero are labeled and shown as orange sticks. Relevant waters are shown as red spheres. Hydrogen bond
interactions between PCC and BRD3-BD1 are shown as yellow dashes. Distances indicated are angstroms. (C) 2Fo-Fc omit map showing electron
density (contoured at 1.5σ) for PCC (cyan) bound to BRD3-BD2. (D) Amino acids with large BRD3-BD1 15N-HSQC CSPs were aligned to BRD3-
BD2 and are labeled and shown as colored sticks. Within those, amino acids shown in pink, bolded, and underlined are not conserved between BRD3-
BD1 and BRD3-BD2.Waters are shown as red spheres. (E) Partial sequence alignment of BRD3-BD1 and BRD3-BD2. Same labeling in (D) applies in
(E).
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which BRD3-BD1 amino acids are affected by PCC binding.
The 15N-heteronuclear single quantum coherence (HSQC)
spectra of both the apo (BMRB: 50801) and the PCC-bound
(BMRB: 50802) BRD3-BD1 displayed excellent peak dis-
persion, and the backbone of the protein was assigned in each
condition (Figure 2A). Backbones of both apo and bound
spectra were assigned to ensure correct identification of
chemical shift perturbations (CSPs). Many CSPs were observed
upon overlaying the 15N-HSQC spectra of the apo and bound
proteins, indicating tight, uniform binding of PCC to BRD3-
BD1. Each peak displayed a different shift profile, and the
distance of each CSP was calculated using the following
equation where δH and δN refer to the chemical shifts on the
1H and 15N axes of the 15N-HSQC, respectively.

CSP

( H H ) 0.2 ( N N )PCC apo
2

PCC apo
2

=
+ [ × ]

ΔδN is multiplied by 0.2 to remove bias toward shifts in the N
dimension because the spectral range of chemical shifts for N is
much larger than for H. Residues that produced the largest CSPs
exist in two distinct regions of BRD3-BD1: fromQ61 to Y73 and
fromN116 to I122 (Figure 2B). These two regions are known as
the ZA and BC loops, respectively, which connect the four alpha
helices (Z, A, B, and C) that comprise the BD structure and
surround the central Kac binding pocket of BRD3-BD1. CSP
magnitudes were assigned to a color gradient, and the colors
were applied to a surface representation of an X-ray crystal
structure of BRD3-BD1 (PDB: 7R8R). One half of the protein is
characterized by small CSPs (blues), while the other half,
comprising the ZA and BC loops, has many large CSPs (red)
(Figure 2C). Large CSP shifts indicate that either PCC makes
direct interactions with these residues or binding of PCC to
BRD3-BD1 causes structural changes in the protein that directly
affect the positioning andmolecular environment of these amino
acids. The area encompassed by the ZA and BC loops,

characterized by amino acids with large CSPs, was hypothesized
as the PCC binding pocket.
A 1.8 Å resolution X-ray crystal structure of PCC in complex

with BRD3-BD1 (Table S1, PDB: 7R8R) confirmed the location
of the PCC binding pocket and revealed the binding pose of
PCC (Figure 3A). PCC engages the Kac binding pocket
encompassed by the ZA and BC loops of BRD3-BD1 and is in
position to block binding of Kac substrates. The δ-lactonemoiety
of PCC reaches into the binding pocket and the lactone methyl
groups are forced back, away from solvent. In addition, there is
no density to suggest that PCC covalently inhibits BRD3-BD1
through its unsaturated δ-lactone moiety. This binding pose is
corroborated by the Bt-PCC pulldown experiment, in which Bt-
PCC is biotinylated on its solvent-accessible A ring.40 As
predicted, amino acids that exhibited CSPs greater than two
standard deviations from zero (greater than 0.2 ppm) by NMR
surround the binding pocket of PCC (Figure 3B and Figure
S2A), and although many residues encompass the pocket, only
the residues with the largest CSPs are positioned to form binding
interactions with the inhibitor. In the X-ray crystal structure,
PCC directly engages N116 of BRD3-BD1 with two hydrogen
bonds. In BRD3-BD1, N116 is the conserved asparagine, a
residue which is crucial for the anchoring of Kac substrates to
BRDs. Engagement of this conserved asparagine is likely the
interaction that most strongly drives BRD inhibition.13

Furthermore, PCC engages the backbone carbonyl of L68 and
the side chains of Q61, Y73, and D121 of BRD3-BD1 through
water bridges. Specifically, there are four water molecules that
are oriented between Q61 and the acetyl carbonyl of PCC
(Figure S2B), which the acetyl moiety may engage to fortify its
binding interaction with BRD3-BD1.
An X-ray crystal structure of BRD3-BD2 bound to PCC

(Table S1, PDB: 7S3P) was solved to understand the greater
than 10-fold selectivity of PCC for BRD3-BD1 over BRD3-BD2
(Figure 3C). PCC assumes the same pose in both pockets and is
poised to make many similar binding interactions between both
bromodomains (Figure 3D). However, although BRD3-BD1

Table 1. Cell Viability Dataa

cell lineb

compound VCaP LNCaP 22Rv1 DU-145 PC-3 HFF WI-38

PCC 30.5 ± 5.0 21.6 ± 0.9 30.3 ± 5.0 263.0 ± 12.0 63.0 ± 12.0 >2000d NTc

1 NTc 60.0 ± 10.0d 70.0 ± 10.0d NTc NTc >10,000g NTc

2 NTc 130.0 ± 10.0d 70.0 ± 20.0d NTc 130.0 ± 0.01e >3000e NTc

3 NTc 1100.0 ± 100.0e NTc NTc 3100.0 ± 200.0e >3000e NTc

4 NTc 412.3 ± 24.6 177.0 ± 11.7 1468.1 ± 16.9 424.8 ± 17.2 >2000 NTc

5 NTc 320.0 ± 80.0e NTc NTc 1200.0 ± 100.0e >12,000 NTc

6 NTc 1200.0 ± 100.0e NTc NTc 180.0 ± 100.0f NTc >5000
7 NTc 290.0 ± 50.0d 210.0 ± 20.0d NTc NTc >2000d NTc

8 1110.0 ± 190.0 2780.0 ± 660.0 NTc >5000 2900.0 ± 320.0 NTc >5000
9 NTc 870.0 ± 10.0e NTc NTc 410.0 ± 10.0b >6800e NTc

10 NTc >2000 >2000 >2000 >2000 >2000 NTc

11 NTc 1060.9 ± 104.8 1494.2 ± 302.0 >2000 844.0 ± 197.0 >2000 NTc

12 NTc 1052.3 ± 192.7 1131.6 ± 488.8 >2000 899.0 ± 7.7 >2000 NTc

13 >2000 NTc NTc NTc 1098.0 ± 198.0 NTc NTc

(+)-JQ1 160.3 ± 9.5 162.0 ± 12.7 230.5 ± 4.9 >2000 >2000 >2000 NTc

doxorubicin 670.0 ± 60.0 110.0 ± 20.0 20.0 ± 1.0 40.0 ± 10.0 340.0 ± 50.0 150.0 ± 30.0 800.0 ± 80.0
aResults are expressed as EC50 values in nM. Doxorubicin and DMSO were used as positive and negative controls, respectively. bKey: PC-3 =
human prostate adenocarcinoma; LNCaP = human hormone-responsive PSA-expressing prostate adenocarcinoma; DU-145 = human androgen
receptor-positive and PSA non-expressing prostate adenocarcinoma; VCaP = metastatic human prostate adenocarcinoma; 22Rv1 = human prostate
PSA-expressing and androgen receptor-positive carcinoma epithelial cells; HFF = human foreskin fibroblast cells. cNT = Not tested. dRef 43. eRef
39. fRef 46. gRef 44.
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and BRD3-BD2 share many structural features, there are

differences between their ZA and BC loops that may contribute

to PCC selectivity. Q61, K117, D121, and I122 in BRD3-BD1

(K336, P392, E396, and V397, respectively, in BRD3-BD2) all

Figure 4. Effects of PCC treatment on BET, AR, and AR target gene mRNA in VCaP cells. (A, B) Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis of indicated genes in VCaP cells treated with PCC or (+)-JQ1 for 24 h. Data shown are the mean of three independent
experiments. Error reported is SEM (n = 3).
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displayed large CSPs by NMR upon addition of PCC, and these
residues are not conserved between BRD3-BD1 and BRD3-BD2
(Figure 3E). Furthermore, Q61 and D121 form hydrogen bond
interactions through water with PCC in the BRD3-BD1 X-ray
crystal structure. This water-bridging hydrogen bond interaction
with D121 has been targeted by others to confer BD1
selectivity.38 In the BRD3-BD2 crystal structure, the acetoxy
carbonyl of PCC is predicted to rotate away from K336 (Q61 in
BRD3-BD1), and there is no available water network for PCC to
engage E396 (D121 in BRD3-BD1) through hydrogen bonds.
In addition, K336 and E396 both showed disperse electron
densities for their side chains, indicating that they are flexible
and not engaged by PCC. The inability of PCC to access binding
interactions with non-conserved residues K336 and E396 in
BRD3-BD2 likely explain the greater than 10-fold selectivity of
PCC for BRD3-BD1 over BRD3-BD2.
Although PCC and JQ1 occupy the same binding pocket,

PCC engages Q61 and D121 (Figure 3B) while JQ1 does not
(Figure S2C). In PCC-bound BRD3-BD1, the Q61 side chain
swings in toward the binding pocket, allowing an interaction
with PCC (Figures S2A and S2B), and in JQ1-bound BRD3-
BD1, the Q61 side chain points away from JQ1 and into solvent
(Figure S2C). The differences between the PCC and JQ1
binding pocket interactions and, specifically, the ability of PCC

to make hydrogen bonds with Q61 and D121 may explain why
PCC is more potent and selective for BRD3-BD1 than JQ1
(Figure 1D,E).
Cellular potencies of PCC and JQ1 were compared in a cell

viability assay using androgen receptor (AR)-positive VCaP
human PC cells that are preferentially sensitive to JQ1.19 PCC
and JQ1 both decreased VCaP cell viability with EC50 values in
the nanomolar range while leaving non-cancerous HFF cells
relatively unaffected (Table 1). However, PCC was about 5-fold
more potent than JQ1. qRT-PCR experiments were performed
using the VCaP cells to compare the effects of PCC and JQ1 on
BRD mRNA and AR target genes. Neither PCC nor JQ1
treatment decreased mRNA levels of BRD2, BRD3, or BRD4 in
VCaP cells (Figure 4A). VCaP cells, which have the TMPRSS2-
ERG gene fusion and AR amplification, showed a dose-
dependent decrease in TMPRSS2, ERG, and prostate-specific
antigen (PSA) at the messenger RNA level upon PCC or JQ1
treatment (Figure 4B). However, about 10-fold less PCC was
required to elicit these mRNA effects. Additionally, while
treatment with JQ1 left AR mRNA relatively unchanged, AR
mRNA showed a dose-dependent decrease in VCaP cells after
treatment with PCC.
A new high-throughput fluorescence polarization (FP) assay

was developed to facilitate biochemical testing of additional

Scheme 1. Preparation of PCC-NHS-Fluorescein Conjugate 14a

aReagents and conditions: (a) SeO2, anhy. CH2Cl2, under N2, 25 °C, 24 h, reflux, 30 h. (b) m-CPBA, CH2Cl2, 25 °C, 3 h. (c) Fmoc-glycine, DCC,
4-pp, anhy. EtOAc, 25 °C, 1.5 h. (d) TBAF, THF, 0 °C, 1 h. (e) anhy. DMF, 25 °C, 4 h.
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withanolide analogues as Alpha and MST can be cost-
prohibitive and time-consuming. Potency in the FP assay is
determined by the ability of each inhibitor to compete a BRD-
binding fluorophore out of its binding pocket. The BRD-binding
Kac peptide from the Alpha assay with a FAM fluorophore
attached was initially produced to act as the fluorophore in this
FP assay. However, the FAM-peptide showed a very weak
interaction with the BRD protein, presumably because the
fluorophore disrupted the binding. Therefore, high affinity
interactions could not be measured using this peptide.42 To
circumvent this, a fluorescent PCC analogue (14) was produced
to serve as the fluorophore in this FP assay (Scheme 1).

Fluorescent analogue 14 was synthesized beginning with
hydroxylation of 2 at the 4-position to produce intermediate 20.
Epoxidation of 20 yielded intermediate 21, whose 4-hydroxyl
was subsequently alkylated with Fmoc-glycine to produce
intermediate 22. Deprotection of 22 yielded free amine 23,
which was conjugated to NHS-Fluorescein to produce PCC-
NHS-Fluorescein conjugate 14. This molecule was designed
with the fluorescein moiety extending off the A-ring as this
region is solvent-exposed in the X-ray crystal structures of
BRD3-BD1 and BRD3-BD2 bound to PCC (Figure 3). Binding
of compound 14 was initially tested by FP against BRD3-BD1
and BRD3-BD2 (Figure 5A,B). The potency of 14 for each BD

Figure 5. Fluorescent probe 14 binds BRD3 bromodomains. (A) Kd of 14 binding to BRD3-BD1 and (B) BRD3-BD2 by FP. (C) Potency and
selectivity of 14 for BRD3-BD1 and BRD3-BD2 by FP match those of PCC from MST experiments.

Figure 6. Withanolide analogues tested.
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agreed with the Kd values by MST for PCC as 14 was also 5- to
10-fold more potent for BRD3-BD1 over BRD3-BD2 (Figure
5C).
A small library of withanolide analogues with varying

functionalities was used to probe potential interactions in the
BRD binding pocket (Figure 6). Naturally occurring with-
anolides used in this study were obtained from aerial parts of
aeroponically cultivated Physalis peruviana (1, 7),43,44 Physalis
crassifolia (PCC, 2, 3, and 6),45,46 Physalis coztomatl (8), and
Withania somnifeara (9).47 Analogues 4, 5, and 13were obtained
as described previously.45 Three additional withanolide
analogues were also synthesized and utilized in this study.
Reduction of the 2,3 and 24,25 double bonds of PCC produced
10 (Scheme 2). 24,25-Racemates 11 and 12 were produced

starting with reduction and hydroxylation of 2 at the 3-position
to yield intermediate 15. Silylation of 15 provided protected
intermediate 16, which was subsequently epoxidated to produce
intermediate 17. Reduction of the 24,25-double bond yielded
racemic mixture 18, which was deprotected to produce
intermediate mixture 19. The 2,3-double bond was then
regenerated, and the enantiomers were separated to provide
withanolide analogues 11 and 12 (Scheme 3).

Withanolide analogues were tested for biochemical potency in
the FP assay. In general, analogues showed strong selectivity
toward BD1 over BD2 (Table 2 and Table S2). Compounds 2,

5, 6, and 13 were at least 30-fold selective for BRD3-BD1 and
BRD4-BD1 over BRD3-BD2 and BRD4-BD2, compared to
compound 1, which had no selectivity between BRD3 and
BRD4 bromodomains. Furthermore, 2, 5, 6, and 13 have
acetoxy groups at their C-18 positions while 1 does not (Figure
6), again demonstrating that engagement of Q61 is likely a main
driver of withanolide selectivity for BRD3-BD1 over BRD3-
BD2. In addition, analogues 4, 10, 11, and 12 are not potent for
BRD3-BD1 or BRD4-BD1, and each of these compounds
feature saturation of the δ-lactone double bond. This implies
that an unsaturated lactone is important for inhibition of BRD3-
BD1 and BRD4-BD1. For BRD3-BD1, this is likely because the
saturated lactone assumes different stereochemical orientations,
possibly interrupting hydrogen bond interactions to Y73 and

Scheme 2. Preparation of (24R,25R)-2,3,24,25-
Tetrahydrophysachenolide C (10)a

aReagents and conditions: (a) Pt/C, under H2, EtOH, 36 h.

Scheme 3. Preparation of 24,25-Dihydro-PCC Analogues (11 and 12)a

aReagents and conditions: (a) 1. B2(pin)2, CuCl2, Et3N, THF, H2O, 25 °C, 15 min. 2. NaBO3. 4H2O, 25 °C, 15 min. (b) t-BDMSiCl, 4-pp, DMF,
60 °C, 16 h. (c) m-CPBA, CH2Cl2, 25 °C, 3 h. (d) Pd/C, under H2, EtOH, 24 h. (e) TBAF, THF, 0 °C, 30 min. (f) 1. p-Nitrobenzoic acid, DCC,
4-pp, EtOAc, 25 °C, 4 h. 2. Excess 4-pp, 16 h. 3. Repeated prep TLC.

Table 2. BRD3 and BRD4 FP Assay Dataa

compound BRD3-BD1 BRD3-BD2 BRD4-BD1 BRD4-BD2

1 2949 ± 943 720.3 ± 91.9 556.2 ± 80.6 1523 ± 829
2 18 ± 1.7 15,820 ± 1662 19.3 ± 8.3 3917 ± 463
3 262 ± 109 130.7 ± 67.9 909 ± 76.1 294 ± 106
4 2356 ± 1215 754.7 ± 165 1934 ± 76.7 5626 ± 1360
5 89.7 ± 4.7 4256 ± 1580 31.2 ± 4.7 10,770 ± 3730
6 210 ± 21 6002 ± 2540 47.6 ± 5.6 14,770 ± 1520
8 736 ± 53.9 >20,000 281 ± 51.9 >20,000
9 >20,000 >20,000 >20,000 >20,000
10 >20,000 >20,000 3875 ± 1031 1834 ± 938
11 >20,000 >20,000 >20,000 >20,000
12 >20,000 >20,000 >20,000 >20,000
13 235 ± 11.5 10,550 ± 1140 60 ± 6.1 9144 ± 2140

aResults are expressed as IC50 values in nM ± SEM. n = 3.
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N116 and perturbing the positions of its methyl groups. Finally,
compound 2, which has an unsaturated B ring and no epoxide, is
over 10-fold more potent for BRD3-BD1 and BRD4-BD1 than
3, which has no epoxide and a conjugated A-B ring system.
Altering the stereochemistry of the epoxide on the B-ring in
compound 5 also results in a drop in BRD3-BD1 and BRD4-
BD1 potency relative to 2, although 5 is still quite potent and
selective for these two bromodomains.
Cell viability studies in LNCaP prostate adenocarcinoma cells

were initiated to elucidate how biochemical SAR between
withanolide analogues and BETs correlates to cellular potency of
withanolides. LNCaP cells are AR-positive, express PSA, and are
highly sensitive to BET inhibition.19 PCC potently decreased
LNCaP cell viability, with an EC50 of about 20 nM, which was
over 7-fold more potent than JQ1 (Table 1). In general, other
withanolide analogues did not show improved cellular potency.
Withaferin A (9) is unique from the other withanolide
analogues, in part due to its β-oriented C-17 side chain (Figure
6). Withaferin A also lacks hydroxyl groups at C-14 and C-17,
preventing formation of hydrogen bond interactions with
BRD3-BD1 D121 and the backbone carbonyl of L68.
Compound 6 features an acetoxy group at C-18 and exhibits a
micromolar EC50 in LNCaP cells as this acetoxy is not
positioned to form interactions with the binding pocket.

Compounds 1, 7, 8, and 9 lack the acetoxy group at C-18,
which eliminates the possibility for hydrogen bond interactions
with Q61. Analogues 1, 8, and 9 experience losses in potency for
BRD3-BD1 and BRD4-BD1 in FP experiments (7 was not
tested), and all four compounds lose potency in the LNCaP cell
viability assay, reinforcing the importance of this acetoxy group
to the cellular potency of PCC. Addition of a hydroxyl group to a
lactone methyl (8 or 9) also greatly decreased cellular potency.
Furthermore, and in accordance with fluorescence polarization
data, 4, 7, 10, 11, and 12 feature saturation of the δ-lactone
double bond, possibly perturbing hydrogen bond interactions to
Y73 and N116. Results from compounds 4 and 7−12 suggest
that modifications to the lactone of PCC are not well tolerated in
cells as it may be difficult to improve upon the hydrophobic
interactions between PCC and the back of the binding pocket
while preserving hydrogen bonds to Y73 andN116. Compounds
2, 3, and 5 also exhibit consistent potency trends between
BRD3-BD1 and BRD4-BD1 FP and LNCaP cell viability
studies. Replacement of the epoxide on the B ring with a double
bond (2) results in a loss of potency in LNCaP cells, but 2 is
almost 10-fold more potent than 3, which has a similar
modification with a conjugated ring system. Changing the
stereochemistry of the epoxide on the A-ring (5) results in a
tenfold drop in potency relative to PCC, although 5 still inhibits

Figure 7. Effects of inhibitor treatment or cotreatment on protein andmRNA levels of BRD2, BRD3, and BRD4. (A)MDA-MB-231 cells were treated
with PCC for 16 h. PCC doses decrease 10-fold from 10 μM to 1 nM. PCC BRD2 DC50 > 10 μM, PCC BRD3 DC50 = 23.9 ± 21.9 nM. PCC BRD4
DC50 = 41.6 ± 29.7 nM. Error reported is SEM (n = 2). (B) PC-3 cells were treated with PCC or 13 for 16 h. Doses decrease 10-fold from 10 μM to 1
nM. PCC BRD2 DC50 > 10 μM, PCC BRD3 DC50 = 7290 ± 2830 nM. PCC BRD4 DC50 = 56.7 ± 34.7 nM. Error reported is SEM (n = 2). (C)
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of indicated genes inMDA-MB-231 cells treated with PCC for 24 h.
PCC doses increase tenfold from 25 nM to 2.5 μM. Error reported is SEM (n = 3). (D) MDA-MB-231 immunoblots of cells treated during a time-
course with 50 ug/mL μM CHX and DMSO or 50 μg/mL CHX and 10 uM PCC. (E) MDA-MB-231 immunoblots of cells treated during a time-
course with 10 μM PCC and DMSO or 10 μM PCC and 10 μM MG132.
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in the nanomolar range. Furthermore, compounds 3, 10, and 13
have saturated A rings, which likely contribute to their loss of
potency in LNCaP cells and VCaP cells. Taken together,
observations from compounds 2, 3, 5, 10, and 13 suggest that
the stereochemical orientation of the epoxide and the presence
of an unsaturated A ring are critical for cellular potency. This is
possibly because these moieties determine the conformation of
the withanolide ring system, which positions the molecular
substituents of PCC to make critical interactions with the
binding pocket.
PCC, JQ1, and other select withanolide analogues were tested

in cell viability assays across different PC cell lines to explore
their different cellular potency profiles (Table 1). PCC was over
7-fold more potent than JQ1 in AR-positive, PSA-expressing,
22Rv1 prostate carcinoma epithelial cells. Surprisingly, general
potency trends for PCC and its derivatives were consistent in
AR-negative, PSA non-expressing DU-145 prostate adenocarci-
noma cells, where PCC had an EC50 in the high nanomolar
range. JQ1 was ineffective at concentrations up to 2 μM in DU-
145 cells, in agreement with previous literature.19 The contrast
in effectiveness between PCC and JQ-1 in AR-negative DU-145
cells prompted additional investigation of PCC and JQ1 in AR-
negative PC-3 human prostate adenocarcinoma cells. Indeed,
PCC exhibited a nanomolar EC50, while JQ1 was ineffective up
to 2 μM.
Cytotoxicity of PCC toward AR-negative PC cells was

unexpected. However, previously investigated BET degraders
dBET-1 and dBET-2 show potency trends similar to PCC in PC
cells.48 dBET-1 and dBET-2 display single-digit nanomolar EC50
values in AR-positive LNCaP cells and decrease expression of c-
MYC, as is standard for BET inhibitors.17 These degraders
remain potent in AR-negative PC-3 cells (dBET-1 EC50 = 50 nM
in PC-3 cells, dBET-2 EC50 = 20 nM in PC-3 cells; Figure 1A in
Ref 48 despite not decreasing expression of c-MYC (discussed
later). Inspired by this observation, MDA-MB-231 cells and PC-
3 cells were treated with PCC to investigate BET degradation by
PCC. Surprisingly, PCC treatment caused degradation of BRD3
and BRD4 in a dose-dependent manner (Figure 7A,B). It was
hypothesized that PCC may act as a molecular glue that can
engage a protein that can target BRD3 and BRD4 for
degradation. This glue interaction could take place through
the PCC A ring enone as it is situated facing into solvent. To test
this, PC-3 cells were treated with compound 13, an analogue of
PCC that lacks the A ring enone. Compound 13 did not degrade
BRD3 or BRD4 in PC-3 cells (Figure 7B), meaning that PCC
may be acting as a molecular glue to promote the degradation of
BRD3 and BRD4 through its A ring enone.
Quantitative reverse transcription polymerase chain reaction

(qRT-PCR) was performed with BET proteins to probe the
mechanism of BET degradation upon PCC treatment. BRD3
and BRD4 depletion was not the result of decreased gene
transcription as PCC treatment did not decrease BET mRNA
levels (Figure 7C). Next, cells were treated with either
translation inhibitor cycloheximide (CHX) or co-treated with
CHX and PCC to further assess the mode of BET degradation
upon PCC treatment. The combination of PCC and CHX
decreased the BET half-life more rapidly than CHX treatment
alone, indicating that existing BET proteins were degraded upon
PCC treatment (Figure 7D). Finally, cells were treated with
PCC alone or in combination with MG132, a proteasome
inhibitor, to probe the involvement of the proteasome in BET
degradation by PCC. PCC alone degraded BRD3 and BRD4 in a
time-dependentmanner (Figure 7E). However, this degradation

was prevented when PCC was co-treated with MG132, meaning
that engagement of BRD3-BD1 and BRD4-BD1 by PCC in cells
likely leads to degradation of BRD3 and BRD4 through the
ubiquitin−proteasome pathway (UPP).
The UPP consists of E3 ligases that link the polypeptide

cofactor, ubiquitin, onto proteins to designate them for
degradation by the 26S proteasome. It is possible that PCC
acts as a molecular glue by binding BRD3-BD1 and BRD4-BD1,
engaging an E3 ligase through its A-ring enone, and targeting
BRD3 and BRD4 for ubiquitylation and degradation through
the UPP. Bt-PCC,40 which contains the A ring enone, was
utilized in a pulldown experiment accompanied by LC−MS/MS
analysis to explore PCC interactors in PC-3 cell lysate and
identify E3 ligases that may be responsible for the degradation of
BRD3 and BRD4. As expected, this pulldown identified BRD3
and BRD4 as PCC interactors (Figure S3A). This pulldown also
identified E3 ligases TRIM25, UBR4, UBR5, ZNF598, and
HUWE1 as potential PCC interactors (Figure S3B). Altogether,
PCC may act as a molecular glue, linking an E3 ligase to BRD3
and BRD4 through its solvent exposed A ring enone, targeting
BRD3 and BRD4 for degradation through the UPP.
Withanolide analogues were investigated in AR-negative PC-3

cell viability studies to probe the relationship between the A ring
enone and growth inhibition in AR-negative PC cells. Potency
trends for withanolide analogues were very similar between AR-
positive LNCaP cells and AR-negative PC-3 cells. All with-
anolide analogues contain an A ring enone except for 3, 10, and
13 (Figure 6). As expected, 3, 10, and 13 were among the least
potent analogues tested in PC-3 cells, all exhibiting EC50 values
over 1 μM (Table 1). Specifically, analogue 13 is over 30-fold
less potent than PCC in AR-positive VCaP cells and AR-
negative PC-3 cells, indicating that PCC likely retains potency in
PC cells by acting as a molecular glue through contribution from
its A ring enone.

■ DISCUSSION
Withanolides, steroidal lactones found in some plants that have
been used as traditional medicines, possess diverse biological
activities and have drawn attention for their potential in
pharmaceutical research and development.49 Withanolides
have been reported to display in vitro cytotoxic activity against
prostate,39,43 kidney,45 and breast cancers,50 but until recently,
BET family proteins have not been confirmed as targets of
withanolides.
Multiple pan-BET inhibitors are in clinical trials for treating

various cancers.51 Although some are still ongoing, the trials
have revealed some clinical problems with pan-BET inhibition,
including patients experiencing dose-limiting toxicity and a
variety of side effects such as immunodeficiency.52 Though
some trials have been discontinued because of these adverse
effects (NCT02369029 and NCT02711137), clinical ineffec-
tiveness may not be due to a problem with bromodomains as
pharmaceutical targets. Pan-BET inhibition likely falls victim to
a failure to identify patients most likely to benefit from pan-BET
treatment, ineffective dosing, or a lack of selectivity within the
BET family.53 The broad range of bromodomain involvement in
regulating gene expression makes it difficult to determine which
bromodomain is responsible for positive and negative effects of
each pan-BET inhibitor. The poor and short-term clinical
responses of pan-BET inhibition have expedited the develop-
ment of inhibitors that are selective within the BET family.
BRD4 has emerged as the most popular target in the BET

family, possibly due to its known associations with cancer-
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relevant transcriptional regulators including p53,54 AP-1,55 NF-
κB,56 and MYC.57,58 However, two recently developed BRD4-
selective inhibitors are being investigated to treat airway
inflammation and not cancer, possibly due to a dominant effect
on BRD4-BD2.59 Given the functional redundancies between
BRD4 and the other BET proteins, it is difficult to predict which
BET protein to target when treating different diseases.
Nevertheless, the direction of research toward selectivity is
encouraging.
PC is a heterogeneous disease, but its effects are usually

conferred through positive regulation of AR signaling. PCC is
about 10-fold more potent than JQ1 in PC cells whose
phenotype is driven by AR and express PSA (VCaP, LNCaP,
and 22Rv1). Additionally, PCC retains reasonable potency in
DU-145 and PC-3 cells, which are AR-negative and do not
express PSA, while JQ1 is ineffective. PCC is also able to degrade
BRD3 and BRD4, and withanolide analogues such as 13 that are
unable to degrade BETs lose potency in PC cells. This
degradation is possibly due to an interaction between PCC
and BD1 of BRD3 and BRD4 as PCC was most potent for these
two bromodomains in the Alpha assay (Figure 1D). However,
BD1 engagement by PCC has not been validated in cells.
Conversely, JQ1 treatment increases cellular levels of BET
proteins.60 The differing responses of the AR-negative PC cells
to JQ1 and PCC suggests different consequences of inhibition
between the molecules, but it is unclear if these consequences
are attributed to the inhibition or degradation of BRD3 or BRD4
or to an off-target effect.
On the one hand, siRNA studies have shown PC cells to be

sensitive to genetic silencing of both BRD3 and BRD4.61 Both
proteins are transcriptional co-regulators that affect transcrip-
tional plasticity through chromatin remodeling, and both
interact with multiple cell-specific transcription factors. Activity
of BRD3 enables CRPC cell growth through its promotion of
AR activity19 and mediates resistance to antiandrogens.23 BRD4
promotes CRPC cell growth through an interaction with ERG
and AR62 andmediates resistance to ADT.63 BRD4 depletion by
short hairpin RNA inhibits proliferation of AR-negative DU-145
PC cells.64 Depletion of BRD4 protein levels through knock-
down of deubiquitinase (DUB)3 sensitizes DU-145 cells to JQ1
treatment and allows JQ1 to inhibit DU-145 xenograft tumor
growth.65 In addition, BET degraders prevent the upregulation
of BET proteins, which is a possible mechanism of PC resistance
to BET inhibitors like JQ1.60

Conversely, the activity of PCC toward AR-negative PC cell
lines DU-145 and PC-3 may be unrelated to the degradation of
BRD3 and BRD4. Although BET degraders dBET-1 and dBET-
2 are hyper-potent against AR-positive PC cell lines and remain
potent against AR-negative PC cells, they do not decrease c-
MYC expression in AR-negative PC cells.48 However, treatment
with BET inhibitors typically leads to suppression of c-MYC
transcription.17 It is unknown whether dBET degraders and
PCC induce off-target effects that contribute to potency against
AR-negative PC or if degradation of BETs may confer a
cytotoxic effect independent of c-MYC. The interactors
identified in the Bt-PCC pulldown will be investigated as
alternate PCC targets in AR-negative PC cells in future studies.
Molecular glues are small-molecule degraders that induce

protein−protein interactions between a ubiquitin ligase and a
target protein, leading to target protein ubiquitination and
degradation through the 26S proteasome.66 This mechanism of
chemically induced protein complexation and degradation is
emerging as a powerful strategy in the development of probes to

investigate biological processes.67 Molecular glues also typically
overcome the physicochemical limitations of other degraders
like proteolysis-targeting chimeras (PROTACs) as they often
have lower molecular weight, better cellular permeability, and
more favorable pharmacokinetic profiles.68 This has inspired the
discovery of molecular glues from natural products and synthetic
molecules and has led to the exploration and development of
molecular glues as therapeutic agents.69

PCC possibly acts as a molecular glue that causes BRD3 and
BRD4 to be degraded by theUPP. The Bt-PCC pulldown in PC-
3 cell lysate identified five E3 ligases (TRIM25, UBR4, UBR5,
ZNF598, and HUWE1) that interact with PCC, likely through
its A ring enone. This interaction may allow one or more of these
E3 ligases to ubiquitylate BRD3 and BRD4 and target them for
degradation by the 26S proteasome. It is unknown if the PCC A
ring enone acts as a Michael acceptor and interacts with an E3
ligase in a covalent manner. A covalent interaction would likely
perturb the ability for one PCC molecule to degrade multiple
BET proteins and hinder the catalytic degradation typically
associated with molecular glues and other small-molecule
degraders. The A ring Michael acceptor of PCC may also
form a reversible covalent interaction with an E3 ligase or
otherwise orient the PCC A ring for more effective E3 ligase
engagement. The exact mechanism of BET degradation by PCC
in multiple cancer cell types remains to be elucidated, and the
relationship between the A ring enone and efficacy in AR-
negative PC cells remains unknown. This connection will be
further explored in future studies. The possibility for BET
degraders to overcome resistance mechanisms that plague
current PC therapies, the rise in examination of molecular glues
as chemical probes and therapeutic agents, and BET inhibitor
development shifting toward molecules with interesting BET-
selectivity profiles makes PCC a compound worthy of further
investigation for PC treatment and as a probe for studying
selective BET inhibition and degradation.

■ EXPERIMENTAL SECTION
Protein Expression for NMR Experiments. All BDs22 were

subcloned into a Pet23a vector to create a His6-BD construct. The
plasmid was transformed into T7 Express cells and uniformly
[13C,15N]-labeled BRD3-BD1 was prepared as follows:70 1 L cultures
were grown in LB at 37 °C to an OD600 of 0.7 and pelleted by a 10 min
centrifugation at 5488g. Cells were then washed and pelleted using an
M9 salt solution, excluding all nitrogen and carbon sources. The cell
pellet was resuspended in isotopically labeled 13C-Glucose (U-13C6,
99%, Cambridge Isotope Laboratories) (4 g/L), 15NH4Cl (99%,
Cambridge Isotope Laboratories) (1 g/L) M9 minimal media and then
incubated with shaking at 37 °C for 1 h to allow the recovery of growth
and clearance of unlabeled metabolites. Cultures were transferred to 16
°C, and protein expression was induced by addition of IPTG to a
concentration of 100 μM. After a 16 h induction period, the cells were
harvested by centrifugation.

Protein Purification. Harvested cell pellets were resuspended in
ice-cold lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5%
glycerol, 0.5 mM TCEP) and lysed by high-pressure cell homoge-
nization (Microfluidics LM10 Microfluidizer). The bacterial lysate was
clarified by centrifugation at 26,895g for 40 min at 4 °C. The
supernatant was loaded onto a high-density cobalt resin (GoldBio)
column equilibrated with lysis buffer. The His6-tagged protein was
eluted with lysis buffer and a gradient of increasing imidazole
concentration. Fractions containing BRD protein were pooled, TEV
protease was added to remove the His6-tag, and protein was dialyzed
against lysis buffer overnight to remove imidazole. The protein was then
removed from dialysis, incubated with Ni-NTA Agarose resin (Qiagen)
equilibrated with lysis buffer, and poured through a gravity column to
recapture any remaining His6-tagged protein. Protein was then
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concentrated with Pierce Protein Concentrators (Thermo Scientific)
and further purified by size exclusion chromatography (HiLoad 26/
600, Superdex 75 pg) equilibrated in NMR buffer (20 mM Tris (pH
7.0), 100 mM NaCl, and 1 mM DTT). Fractions containing pure
protein were collected and concentrated with Pierce Protein
Concentrators (Thermo Scientific), centrifuged at 10,000g for 10
min at 4 °C to remove debris, flash frozen in liquid nitrogen, and stored
at −80 °C.
BROMOscan Bromodomain Profiling and BromoKdELECT

Dose Responses. BROMOscan bromodomain profiling was provided
by Eurofins DiscoverX Corp. (San Diego, CA, USA, http://discoverx.
com). BROMOscan and BromoKdELECT employ a proprietary ligand
binding site-directed competition assay to quantitatively measure
interactions between test compounds and bromodomains.
AlphaScreen. Four microliters of His-BRD protein post size

exclusion chromatography (20−500 nM) in 50 mM HEPES (pH 7.5),
100 mMNaCl, 0.5 mM TCEP, 0.1% BSA, 0.05% Tween-20 was added
to 4 μL of serially diluted JQ1 or PCC in white low-volume 384-well
plates (Greiner 784904) and incubated at room temperature for 30
min. Next, 4 μL of biotinylated peptide, H4K5acK8acK12acK16ac
(EpiCypher 12-0034), was added (in equal concentration to BRD
protein) and incubated for 30 min. Four microliters each of donor (25
μg/mL) and acceptor beads (25 μg/mL) was added under subdued
lighting and incubated in the dark for at least 1 h at room temperature
before recording the AlphaScreen signal using an Enspire Alpha plate
reader (PerkinElmer). Triplicate data were exported to GraphPad
Prism Version 5 for curve fitting with error reported as SEM.
Protein Thermal Shift Assay. Protein thermal shift experiments

were performed on a Lightcycler 480 II (Roche Molecular Systems)
using 96-well PCR plates (USA Scientific 1402-9990) with or without
compound (DMSO-matched) in a total volume of 40 μL. Thermal
shifts were visualized by monitoring the 465 nm/590 nm excitation/
emission signal of 1:1000 diluted Sypro Orange (Invitrogen S6650)
fluorescence probe, 10 μM BRD protein (50 mM HEPES, 500 mM
NaCl pH 7.5 buffer), and 50 μM compound over a gradient from 20 to
85 °C with 20 acquisitions per °C at a ramp rate of 0.03 °C/s. The
observed thermal shift was defined as the midpoint transition between
fluorescent maxima/minima at least in three independent experiments.
Observed thermal shifts were plotted using GraphPad Prism Version 5
with thermal shifts and SEM reported in °C.
Microscale Thermophoresis. His6-BRD protein (80 nM) post

size-exclusion chromatography in PBST (0.05% Tween-20) was
incubated 1:1 with 10 nM second generation Red-tris-NTA (Nano-
temper, MO-LO18) in PBST at room temperature for 30 min prior to
centrifugation at 16,179g for 10 min at 4 °C. Labeled BRD protein was
aliquoted and incubated with an equivalent volume of serially diluted
compound. The mixture was transferred to capillaries (Nanotemper
MO-K022) with thermophoresis readouts being captured at 40% LED/
MST power using a Monolith NT.115Pico (Nanotemper) instrument.
Triplicate data was analyzed using MO Affinity Analysis software
(Nanotemper) and exported to GraphPad Prism Version 5 for curve
fitting with error reported as SEM.
NMR Spectroscopy. 13C,15N-BRD3-BD1 used for NMR was

concentrated to 350 μM in NMR buffer. All samples contained 10%
D2O and 0.8% d6-DMSO without (apo) or with 400 μM PCC. NMR
data of BRD3-BD1 were collected at 298 K on a Bruker Avance NEO
600 MHz spectrometer equipped with a TCI HCN z-gradient
cryoprobe. Spectra collected were: 2D 15N-HSQC, 2D 13C-HSQC,
3D HNCACB, 3D CBCA(CO)NH, 3D HN(CO)CA, 3D HNCA, 3D
HNCO (apo only), and 3D (H)C(CO)NNH-TOCSY (PCC-bound
only).71,72 Spectra were processed using TopSpin 4.0 (Bruker).
Backbone assignments were completed for apo BRD3-BD1 and PCC
bound BRD3-BD1 using NMRFAM-SPARKY73 and validated using I-
PINE.74 All assignments were submitted to the BMRB (apo, 50801;
PCC-bound, 50802).
Crystallization, X-ray Diffraction Data Collection, Structure

Solution, and Refinement of the BRD3-BD1/PCC Cocrystal
Structure. BRD3-BD1 crystallization experiments were performed by
sitting drop vapor diffusion with 17 mg/mL protein in SWISSCI MRC
2 96-well crystallization plates. A Crystal Phoenix dispenser (ARI) was

used to dispense 100 nL of precipitant drops into each well to be
combined with either a 100 or 200 nL of protein drop to form each
crystallization reaction. Each reaction chamber was sealed and
equilibrated against 50 μL of precipitant. The precipitant contained
0.2M ammonium chloride, 10 mMCaCl2, 50 mMTris−HCl (pH 8.5),
and 30% w/v polyethylene glycol 4000. Crystal plates were stored in a
Phoenix Rigaku Crystalmation system at 293 K and imaged. Crystals
that appeared white under UV light were selected for freezing. Crystals
20−100 μm in size were taken directly out of the 96-well plate with pre-
mounted nylon loops and flash cooled in liquid nitrogen.

X-ray diffraction experiments were carried out at the Structural
Biology Center 19-ID beamline at the Advanced Photon Source,
Argonne National Laboratory. Crystals were mounted at 100 K and
exposed with a microfocus X-ray beam at 0.979 angstrom wavelength.
The Pilatus detector was at a 400mmdistance. Each image was exposed
for 0.2 s with an oscillation of 0.2 degrees. The complete dataset
spanned 900 images with a total wedge size of 180 degrees.

The X-ray data were processed with XDS75 and merged and scaled
with Aimless from the ccp4i76 package. The phase was determined by
molecular replacement (MR) with Phaser,77 and data processing
progressed as described previously.78,79 The initial model for MR was
the apoprotein from PDB: 3S91. Further modeling to fit missing
residues as far as possible on the N terminus of the protein backbone
was completed manually in Coot.80 The ligand was introduced in
SMILES notation by the JLigand program from the ccp4i76 suite. The
combined model of protein and ligand was refined by Phenix81 and
further checked in Coot for validity. The refined model (PDB: 7R8R)
has a 1.80 Å resolution with R/R-free of 0.2002/0.2425 (Table 1).

Crystallization, X-ray Diffraction Data Collection, Structure
Solution, and Refinement of the BRD3-BD2/PCC Cocrystal
Structure. Crystallization proceeded using the hanging drop vapor
diffusion method. Crystals appeared in 48 h with 10 mg/mL BRD3-
BD2 and 1.2-fold molar excess PCC in a 1:1 ratio with 0.2 M sodium
chloride, 0.1 M Bis-Tris (pH 5.5), and 25% w/v polyethylene glycol
3350 at 24 °C. For data collection, crystals were harvested and
exchanged into 0.2 M sodium chloride, 0.1 M Bis-Tris (pH 5.5), 25%
w/v polyethylene glycol 3350, and 30% glycerol and then flash-frozen in
liquid nitrogen. X-ray diffraction data collection proceeded at SSRL BL
9-2 using Blu-Ice software.82 Data processing, including integration,
scaling, and merging, was performed with XDS83,84 and SCALA.85,86

Structure solution was performed using molecular replacement in
PHASER87 within the PHENIX software suite,88 and so was searching
for BRD3-BD2 from the prior apo structure 2OO1.14 The correct
solution was ascertained by the formation of a single domain copy as
well as final refinement statistics and was also the highest solution in the
molecular replacement. Structure building and refinement proceeded
through an interactive process and COOT,80,89 ligand coordinates and
restraints using ELBOW90 of PHENIX, and refinement using
PHENIX.91−93 The refinedmodel (PDB: 7S3P) has a 2.89 Å resolution
with an R/R-free of 0.2056/0.2406 (Table 1).

Fluorescence Polarization Assay. Fluorescence polarization
experiments were performed in black low-volume 384-well plates
(Greiner 784706). Each well received a 5 μL mixture of 14 (4 nM) and
BRD protein (20−400 nM) in FP buffer (50mMHEPES (pH 7.4), 150
mM NaCl, 0.5 mM TCEP, and 0.05% Tween-20). DMSO or serially
diluted compound (15 μL, DMSO-matched) in FP buffer was added.
Plates were incubated prior to obtaining signal (485 nm/535 nm
excitation/emission) on a SpectraMax iD5 plate reader (Molecular
Devices). Fluorescence polarization was determined after adjusting the
G-factor to zero for polarization of 14 alone in DMSO-matched FP
buffer. Triplicate data were exported to GraphPad Prism Version 5 for
curve fitting with error reported as SEM.

qRT-PCR. VCaP cells were grown to 50% confluence, treated for 16
h with DMSO, JQ1, or PCC, and then harvested. A Qiagen RNeasy kit
(74104) was used to isolate total RNA and cDNA synthesized from 1
μg of isolated RNA using SuperScript III First-Strand Synthesis
Supermix (Thermo 18080400). qPCRs were performed on a
Lightcycler 480 II (Roche Molecular Systems) using 96-well PCR
plates (USA Scientific 1402−9990) in triplicate using PowerUp SYBR
Green Master Mix (Applied Biosystems A25741). The ΔΔCt method
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was used to quantify target mRNA expression (normalized to GAPDH
expression). Primer sequences are as follows: BRD2 F: 5′
C T A C G T A A G A A A C C C C G G A A G ; B R D 2 R : 5 ′
GCTTTTTCTCCAAAGCCAGTT; BRD3 F: 5′ CCTCAGGGA-
GATGCTATCCA; BRD3 R: 5′ ATGTCGTGGTAGTCG TGCAG;
BRD4 F: 5′ AGCAGCAACAGCAATGTGAG; BRD4 R: 5′
GCTTGCACTTGTCCTCTTCC; ERG F: 5′ CGCAGAGT-
TATCGTGCCAGCAGAT; ERG R: 5′ CCATATTCTTT-
CACCGCCCACTCC; PSA F: 5′ ACGCTGGACAGGGGG-
CAAAAG; PSA R: 5′GGGCAGGGCACATGGTTCACT; TMPRSS2
F: 5′ CAGGAGTGTACGGGAATGTGATGGT; TMPRSS2 R: 5′
GATTAGCCGTCTGCCCTCATTTGT; AR F: 5′ CAGTG-
GATGGGCTGAAAAAT; AR R: 5′ GGAGCTTGGTGAGCTGG-
TAG;GAPDHF: 5′TGCACCACCAACTGCTTAGC;GAPDHR: 5′
GGCATGGACTGTG GTCATGAG.
Immunoblotting. Fifty percent confluent MDA-MB-231 or PC-3

(University of Arizona Cancer Cell Repository) cells grown in DMEM,
10% FBS, and 1× pen/strep were treated overnight with compound (or
for time periods as indicated by timecourse), washed once with PBS,
trypsinized, and collected by centrifugation (3000g for 10 minutes)
followed by lysis with RIPA lysis buffer supplemented with 1 mM
PMSF, 5 mM EDTA, and 1× Halt protease inhibitor cocktail (Thermo
Scientific, #78430). Lysate was centrifuged (22,240g for 30 minutes)
and supernatant collected for analysis by immunoblotting. Primary
antibodies used in this study include: BRD2 (Cell Signaling, D89B4),
BRD3 (Santa Cruz, sc-81202), BRD4 (Cell Signaling, E2A7X),
GAPDH (Santa Cruz, sc-32233). Secondary HRP antibodies were
obtained from Sigma (A-9044 and A-0545). Luminescence (Super-
signal West Femto, Thermo Scientific, #34096) was detected using an
Azure Biosystems 600 imager. DC50 values were determined by gel
band densitometry analysis performed using ImageJ 1.53t (NIH).
Cell Viability Assay. Cell viability was measured in a 96-well

microplate format by MTS dye assay (Promega, Madison, WI, USA).
Compounds were tested against metastatic human prostate adeno-
carcinoma (VCaP), androgen-sensitive human prostate adenocarcino-
ma (LNCaP), androgen-resistant human prostate adenocarcinoma
(22Rv1), human androgen receptor-positive prostate adenocarcinoma
(DU-145), androgen-insensitive human prostate adenocarcinoma (PC-
3), human foreskin fibroblast cells (HFF), and human-diploid lung
fibroblast cells (WI-38). Serial dilutions of compounds in DMSO,
negative control (DMSO), or positive control (doxorubicin) were
added to triplicate wells. After 72 h of incubation, cell viability was
determined by the addition of CellTiter 96 AQueous One Solution Cell
Proliferation Assay reagent (MTS), plates were incubated for 2 h, and
then absorbance (A) at 490 nM was measured. Cytotoxicity was
calculated with the following formula: % cytotoxicity = [(Amedium −
Atreatment)/Amedium)] × 100. The EC50 values and standard deviations
(±) were determined using Microsoft Excel software from dose−
response curves obtained from at least three independent experiments.
Pulldown and LC−MS/MS. Bt-PCC pulldown was performed as

previously described.40 LC−MS/MS analysis was carried out using a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific, San Jose,
CA) equipped with an Easy Spray nanoESI source. Peptides were
eluted from an Acclaim Pepmap 100 trap column (75 μm ID × 2 cm,
Thermo Scientific) onto an Acclaim PepMap RSLC analytical column
(75 μm ID × 25 cm, Thermo Scientific) using a 3−38% gradient of
solvent B (90% acetonitrile and 0.1% formic acid) over 35 min, 38−
74% solvent B over 10 min, and 74−100% of solvent B over 5 min, then
held with 100% solvent B for 10 min, and finally returned to 3% solvent
B for 10 min. Solvent A consisted of water and 0.1% formic acid. Flow
rates were 300 nL/min using a Thermo Scientific EASY-nLC 1200
System (Thermo Scientific). Data-dependent scanning was performed
by Xcalibur v 4.0.27.19 software using a survey scan at 70,000
resolution, scanning mass/charge (m/z) 360−1600, automatic gain
control (AGC) target of 1e5, and a maximum injection time (IT) of 65
ms followed by higher-energy collisional dissociation (HCD) tandem
mass spectrometry (MS/MS) at 27 nce (normalized collision energy)
of the 10 most intense ions at a resolution of 17,500, an isolation width
of 1.5 m/z, an AGC of 1e5 and a maximum IT of 65 ms. Dynamic
exclusion was set to place any selected m/z on an exclusion list for 20 s

after a single MS/MS. Ions of charge states +1, 7, 8, >8, and unassigned
were excluded fromMS/MS, as were isotopes. All MS/MS spectra were
searched using Thermo Proteome Discoverer v 2.4 (Thermo Fisher
Scientific) considering fully tryptic peptides with up to two missed
cleavage sites. Variable modifications considered during the search
included methionine oxidation (15.995 Da) and cysteine carbamido-
methylation (57.021 Da). Proteins were identified at 99% confidence
with XCorr score cut-offs (Qian et al., 2005) as determined by a
reversed database search. The protein and peptide identification results
were visualized with Scaffold Q + S v 5.0.1 (Proteome Software Inc.,
Portland OR), a program that relies on various search engine results
(i.e., Sequest, X!Tandem, MASCOT) and uses Bayesian statistics to
reliably identify more spectra. Protein identifications were accepted that
passed a minimum of two peptides identified at a 0.1% peptide false
discovery rate and 90−99.9% protein confidence.

Chemistry. All reagents used for chemical transformations were
purchased from Sigma Aldrich (St. Louis, MO, USA) and Fisher
Scientific (Pittsburgh, PA, USA). All solvents used were distilled before
use. The progress of all reactions was monitored by thin-layer
chromatography (TLC) on silica gel 60 F254 plates (Merck, Darmstadt,
Germany), and spots were visualized under UV and sprayed with a
solution of anisaldehyde in H2SO4 and HOAc followed by heating.
Column chromatographic separations were performed on silica gel 40
μm flash chromatography packing (J. T. Baker, Jackson, TN, USA).
Preparative HPLC was performed on a Waters Delta Prep 4000
preparative chromatography system equipped with a Waters 996
photodiode array detector and a Waters Prep LC controller utilizing
Empower Pro software and using a RP column (Kromasil KR100-7-
C18; 250 mm × 20 mm) with a flow rate of 8.0 mL/min;
chromatograms were acquired at 254 and 270 nm. All compounds
used for biological evaluation are >95% pure by HPLC. 1D and 2D
NMR spectra were recorded in CDCl3 or CDCl3 + CD3OD with a
Bruker AVANCE III instrument at 400 MHz for 1H NMR and 100
MHz for 13C NMR using residual CHCl3 as the internal standard. The
chemical shift (δ) values are given in parts per million (ppm) and the
coupling constants (J values) are in Hz. High-resolution mass spectra
were recorded on an Agilent G6224A TOF mass spectrometer. Low-
resolution mass spectra were recorded on a Waters autopurification
system equipped with an Acquity QDa detector.

Isolation of Naturally Occurring Withanolides. Withanolide E
(1) and 24,25-dihydrowithanolide E (7) were isolated from aerial parts
of aeroponically cultivated P. peruviana.43 Physachenolide C (PCC),
Physachenolide D (2), 18-acetoxy-17-epi-withanolide K (3), and 15α-
acetoxyphysachenolide C (6) were isolated from aerial parts of
aeroponically cultivated P. crassifolia.45,46 28-Hydroxyphysachenolide
C (8) was obtained from aeroponically grown P. coztomatl. Withaferin
A (9) was isolated from aerial parts of aeroponically cultivated W.
somnifera.47

Preparation of Withanolide Analogues. 24α,25α-Epoxyphysa-
chenolide C (4), 5,6-epi-physachenolide C (5), and 2,3-dihydrophy-
sachenolide C (13) were prepared as described previously.45

Withanolide analogues 10−12 and physachenolide C (PCC)-NHS-
fluorescein conjugate 14 were prepared as described below.

(24R,25R)-2,3,24,25-Tetrahydrophysachenolide C (10). To a
solution of physachenolide C (PCC) (20.0 mg, 36.8 μmol) in
anhydrous ethanol (2.0 mL) was added 5% Pt on C (50.0 mg) and
stirred under an atmosphere of H2 for 36 h (TLC controlled). The
reaction mixture was then filtered, the filtrate was evaporated under
reduced pressure, and the residue (17.4mg) was chromatographed over
a column of silica gel (1.0 g) made up in MeOH/CH2Cl2 (2:98) and
eluted with MeOH/CH2Cl2 (2:98). Middle fractions were combined
(according to TLC profile) and rechromatographed over a column of
silica gel (0.5 g) made up in hexanes/isopropanol (9:1) and eluted with
hexanes/isopropanol (9:1) followed by hexanes/isopropanol (8:2).
Middle fractions eluted with hexanes/isopropanol (9:1) were
combined to give (24R,25R)-2,3,24,25-tetrahydrophysachenolide C
[(20S,22R,24S,25S)-18-acetoxy-5β,6β-epoxy-2,3,24,25-tetrahydro-
14α,17β,20-trihydroxy-1-oxowithanolide] (10, 2.8 mg, 14%) as a white
amorphous solid; 1H NMR (400 MHz, CDCl3): δ 4.84 (1H, dd, J =
11.5, 3.5 Hz, H-22), 4.33 (1H, d, J = 11.5 Hz, Ha-18), 4.27 (1H, d, J =
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11.5Hz, Hb-18), 3.17 (1H, t, J = 1.4Hz, H-6), 2.71 (1H,m, Ha-2), 2.68
(1H, m, H-24), 2.62 (1H, m, Ha-16), 2.25 (1H, m, Hb-2), 2.21 (1H, m,
Ha-23), 2.18 (1H, m, Ha-12), 2.16 (1H, m, H-25), 2.05 (3H, s,
COCH3), 2.02 (2H, m, H2-7), 1.97 (1H, m, Ha-4), 1.84 (3H, m, H2-3,
H-9), 1.73 (1H, H-8), 1.70 (1H, m, Hb-12), 1.66 (1H, m, Ha-15), 1.55
(2H,m,Hb-15, Hb-16), 1.44 (1H,m,Hb-23), 1.33 (3H, s, H3-21), 1.30
(2H, m, H2-11), 1.21 (1H, m, Hb-4), 1.14 (3H, d, J = 7.2 Hz, H3-27),
1.13 (3H, s, H3-19), 0.91 (3H, d, J = 6.7 Hz, H3-28); 13C NMR (100
MHz, CDCl3): δ 213.3 (C, C-1), 174.8 (C, C-26), 169.8 (C,
OCOCH3), 88.0 (C, C-17), 81.7 (C, C-14), 81.3 (CH, C-22), 79.4
(C, C-20), 64.9 (CH2, C-18), 64.3 (C, C-5), 60.9 (CH, C-6), 57.7 (C,
C-13), 52.4 (C, C-10), 38.5 (CH, C-24), 37.8 (CH2, C-16), 35.6 (CH,
C-9), 34.8 (CH2, C-2), 33.6 (CH, C-8), 32.9 (CH2, C-15), 31.7 (CH2,
C-23), 30.1 (CH2, C-4), 29.7 (CH, C-25), 26.6 (CH2, C-7), 25.2 (CH2,
C-12), 21.4 (CH2, C-11), 21.2 (CH3, OCOCH3), 18.5 (CH3, C-21),
18.2 (CH3, C-28), 17.8 (CH2, C-3), 12.6 (CH3, C-19), 12.0 (CH3, C-
27); HRMS (ESI+): calcd for C30H48NO9 [M+NH4]+ 566.3329, found
566.3316.
2,3-Dihydro-3α-hydroxyphysachenolide D (15). To a solution of

physachenolide D (2, 100.0 mg, 189.4 μmol), bis(pinacolato)diboron
(76.0 mg, 300.0 μmol), CuCl2 (54.0 mg, 409.0 μmol), and Et3N (150.0
μL, 1.04 mmol) in THF (5.0 mL) was added a solution of CuCl2 in
H2O (1.72 mM, 10.0 mL) and stirred at 25 °C for 10 min (until the
starting material disappeared as monitored by TLC). To this solution
was added NaBO3.4H2O (200.0 mg), and the solution was stirred at 25
°C. After 30 min, the reaction mixture was diluted with H2O (15.0 mL)
and extracted with EtOAc (3 × 50.0 mL). The combined EtOAc layer
was washed with H2O (3 × 20.0 mL), dried over anhydrous Na2SO4,
and evaporated under reduced pressure. The residue (158.0 mg) thus
obtained was chromatographed over a column of silica gel (3.0 g) made
up in CH2Cl2 and eluted with MeOH/CH2Cl2 (2:98) followed by
MeOH/CH2Cl2 (4:96). Fractions eluted with MeOH/CH2Cl2 (4:96)
were combined to give 2,3-dihydro-3α-hydroxyphysachenolide D
[(20S,22R)-18-acetoxy-2,3-dihydro-3α,14α,17β,20-tetrahydroxy-1-ox-
owitha-5,24-dienolide] (15, 101.3 mg, 98%) as an amorphous solid. 1H
NMR (400 MHz, CDCl3): δ 5.62 (1H, d, J = 5.1 Hz, H-6), 4.86 (1H,
dd, J = 11.2, 6.6 Hz, H-22), 4.43 (1H, d, J = 11.6 Hz, Ha-18), 4.32 (1H,
d, J = 11.6 Hz, Hb-18), 4.25 (1H, brt, J = 4.0 Hz, H-3), 2.83 (1H, dd, J =
13.4,3.9 Hz, Ha-2), 2.78 (1H, m, Ha-16), 2.50 (2H, m, H2-23), 2.43
(1H, m, Hb-2), 2.39 (1H, m, H-9), 2.34 (1H, m, Ha-12), 2.28 (1H, m,
Ha-7), 2.25 (1H, m, Hb-16), 2.08 (3H, s, OCOCH3), 1.92 (3H, s, H3-
28), 1.86 (3H, s, H3-27), 1.83 (1H, m, Hb-7), 1.81 (1H, m, Ha-11),
1.76 (1H, m, H-8), 1.73 (1H, m, Hb-12), 1.66−1.57 (4H, m, H2-4 and
H2-15), 1.27 (1H, m, Hb-11), 1.40 (3H, s, H3-21), 1.24 (3H, s, H3-19);
13C NMR (100MHz, CDCl3): δ 212.3 (C, C-1), 170.0 (C, OCOCH3),
165.9 (C, C-26), 149.8 (C, C-24), 136.0 (C, C-5), 127.1 (CH, C-6),
121.8 (C, C-25), 88.3 (C, C-17), 81.4 (C, C-14), 79.9 (CH, C-22), 78.6
(CH, C-20), 67.8 (CH, C-3), 65.1 (CH2, C-18), 57.6 (C, C-13), 53.8
(C, C-10), 46.5 (CH2, C-2), 39.3 (CH2, C-16), 36.3 (CH, C-8), 35.3
(CH, C-9), 32.9 (CH2, C-4), 32.8 (CH2, C-15), 26.0 (CH2, C-7), 25.7
(CH2, C-12), 21.9 (CH2, C-11), 21.3 (CH3, OCOCH3), 20.7 (CH3, C-
28), 19.2 (CH3, C-21), 18.6 (CH3, C-19), 12.4 (CH3, C-27); HRMS
(ESI+): calcd for C30H46NO9 [M + NH4]+ 564.3173, found 564.3164.
2,3-Dihydro-3α-O-tert-butyldimethylsilylphysachenolide D (16).

To a solution of 15 (50 mg, 91.6 μmol) in anhydrous N,N-
dimethylformamide (DMF, 8.0 mL) was added 4-pyrrolidinopyridine
(4-pp, 174.5 mg, 1.18 mmol), and tertiary butyldimethysilylchloride (t-
BDMSCl, 141.5 mg, 0.94 mmol) and stirred at 60 °C. After 16 h, the
reaction mixture was diluted with EtOAc (100.0 mL), washed with
brine (5 × 20 mL), dried over anhydrous Na2SO4, and evaporated
under reduced pressure. Residue (189.9 mg) was then chromato-
graphed over a column of silica gel (4.0 g) made up in hexanes/EtOAc
(1:1) and eluted with hexanes/EtOAc (1:1) followed by hexanes/
EtOAc (3:7). Fractions eluted with hexanes/EtOAc (3:7) were
combined to give 2,3-dihydro-3α-O-tert-butyldimethylsilylphysache-
nolide D [(20S,22R)-18-acetoxy-2,3-dihydro-3α-O-tert-butyldimethyl-
silyl-14α,17β,20-trihydroxy-1-oxowitha-5,24-dienolide] (16, 59.8 mg,
99%) as an amorphous solid. 1HNMR (400MHz, CDCl3): δ 5.48 (1H,
d, J = 4.7 Hz, H-6), 4.85 (1H, dd, J = 10.7, 7.7 Hz, H-22), 4.41 (1H, d, J
= 12.0Hz, Ha-18), 4.33 (1H, d, J = 12.0Hz, Hb-18), 4.18 (1H,m,H-3),

2.67 (1H, dd, J = 12.8, 3.9 Hz, Ha-2), 2.66 (1H, m, Ha-16), 2.62 (1H,
m, Ha-4), 2.52−2.50 (2H, m, H2-23), 2.34 (2H, m, Hb-2, Ha-7), 2.33
(1H, m, H-9), 2.25 (1H, m, Ha-12), 2.09 (1H, dt, J = 14.1, 2.2 Hz, Hb-
4), 2.06 (3H, s, OCOCH3), 1.91 (3H, s, H3-28), 1.85 (3H, s, H3-27),
1.80 (2H, m, Hb-7, Ha-11), 1.73 (2H, m, H-8, Hb-12), 1.64−1.58 (2H,
m, H2-15), 1.51 (1H, m, Hb-16), 1.39 (3H, s, H3-21), 1.27 (1H, m, Hb-
11), 1.18 (3H, s, H3-19), 0.80 [9H, C-(CH3)3], -0.03 (6H, 2× Si-CH3);
13C NMR (100MHz, CDCl3): δ 212.3 (C, C-1), 170.4 (C, OCOCH3),
165.8 (C, C-26), 149.8 (C, C-24), 136.7 (C, C-5), 125.2 (CH, C-6),
121.7 (C, C-25), 88.2 (C, C-17), 81.3 (C, C-14), 79.8 (CH, C-22), 78.7
(CH, C-20), 68.3 (CH, C-3), 65.1 (CH2, C-18), 57.6 (C, C-13), 53.3
(C, C-10), 46.9 (CH2, C-2), 40.2 (CH2, C-4), 38.0 (CH2, C-16), 36.4
(CH, C-8), 35.4 (CH, C-9), 33.7 (CH2. C-23), 32.7 (CH2, C-15), 25.9
(CH2, C-12), 25.6 [CH3, C-(CH3)3], 25.5 (CH2, C-7), 21.9 (CH2, C-
11), 21.3 (CH3, OCOCH3), 20.6 (CH3, C-28), 19.3 (CH3, C-21), 18.6
(CH3, C-19), 17.9 [C, C-(CH3)3], 12.4 (CH3, C-27), 4.8 (CH3, Si-
CH3), 4.9 (CH3, Si-CH3); HRMS (ESI+): calcd for C36H56NaO9Si [M
+ Na]+ 683.3581, found 683.3586.

2,3-Dihydro-3α-O-tert-butyldimethylsilylphysachenolide C (17).
To a solution of 16 (40.0 mg, 60.6 μmol) in CH2Cl2 (2.0 mL) at 25 °C
was added meta-chloroperbenzoic acid (m-CPBA, 77%) (30.0 mg,
134.3 μmol) and stirred at 25 °C for 3 h (TLC controlled). The
reaction mixture was then concentrated and chromatographed over a
column of silica gel (2.0 g) made up in toluene/EtOAc (4:6) and eluted
with toluene/EtOAc (4:6) to give 2,3-dihydro-3α-O-tert-butyldime-
thylsilylphysachenolide C [(20S,22R)-18-acetoxy-2,3-dihydro-3α-O-
tert-butyldimethylsilyl-5β,6β-epoxy-14α,17β,20-trihydroxy-1-oxowi-
tha-24-enolide] (17, 27.6 mg, 67%) as an amorphous solid. 1H NMR
(400MHz, CDCl3): δ 4.83 (1H, dd, J = 9.7, 6.7 Hz, H-22), 4.34 (1H, d,
J = 11.2 Hz, Ha-18), 4.24 (1H, d, J = 11.2 Hz, Hb-18), 4.18 (1H, m, H-
3), 3.27 (1H, brs, H-6), 2.66 (3H, m, H2-2, Ha-16), 2.50−2.48 (2H, m,
H2-23), 2.21 (1H, dd, J = 14.1, 4.6 Hz, Ha-4), 2.19 (1H, m, Ha-12),
2.04 (3H, s, OCOCH3), 2.03−1.96 (2H, m, H2-7), 1.94 (1H, m, H-9),
1.91 (3H, s, H3-28), 1.85 (3H, s, H3-27), 1.75 (1H, m, H-8), 1.69 (1H,
m, Hb-12), 1.67 (1H, m, Ha-15), 1.56 (1H, m, Hb-15), 1.53 (1H, m,
Hb-16), 1.43 (1H, m, Ha-11), 1.38 (3H, s, H3-21), 1.29 (1H, brd, J =
14.1 Hz, Hb-4), 1.23 (1H, m, Hb-11), 1.12 (3H, s, H3-19), 0.82 [9H, s,
C-(CH3)3], −0.01 (3H, s, Si-CH3), −0.02 (3H, s, Si-CH3); 13C NMR
(100 MHz, CDCl3): δ 211.0 (C, C-1), 170.1 (C, OCOCH3), 165.7 (C,
C-26), 149.8 (C, C-24), 121.8 (C, C-25), 88.0 (C, C-17), 81.2 (C, 14),
79.5 (CH, C-22), 78.8 (CH, C-20), 64.8 (CH2, C-18), 64.5 (CH, C-3),
62.3 (CH, C-6), 62.2 (C, C-5), 57.5 (C, C-13), 51.9 (C, C-10), 46.2
(CH2, C-2), 40.5 (CH2, C-4), 38.0 (CH2, C-16), 35.4 (CH, C-9), 33.8
(CH2, C-23), 33.6 (CH, C-8), 32.9 (CH2, C-15), 26.4 (CH2, C-7), 25.6
[CH3, C-(CH3)3], 25.2 (CH2, C-12), 21.7 (CH2, C-11), 21.2 (CH3,
OCOCH3), 20.6 (CH3, C-28), 19.2 (CH3, C-21), 17.8 [C, C-(CH3)3],
13.6 (CH3, C-19), 12.4 (CH3, C-27), −4.9 (CH3, Si-CH3), −5.0 (CH3,
Si-CH3); LC/MS (ESI+): calcd for C36H57O10Si [M +H]+ 677.4, found
677.4.

2,3,24,25-Tetrahydro-3α-O-tert-butyldimethylsilylphysacheno-
lide C (18).To a solution of 17 (27.0 mg, 39.8 μmol) in EtOH (2.0 mL)
was added 10% Pd on C (30.0 mg) and stirred under atmosphere of H2.
After 24 h (TLC-controlled), the reaction mixture was filtered, the
filtrate was evaporated under reduced pressure, and the residue was
chromatographed over a column of silica gel (1.0 g) made up in
toluene/acetone (8:2) and eluted with toluene/acetone (8:2) to give a
mixture of (24R,25R)- 2,3,24,25-tetrahydro-3α-O-tert-butyldimethylsi-
lylphysachenolide C [(20S,22R,24R,25R)-18-acetoxy-5β,6β-epoxy-
2,3,24,25-tetrahydro-3α-O-tert-butyldimethylsilyl-14α,17β,20-trihy-
droxy-1-oxowithanolide] and (24S,25S)-2,3,24,25-tetrahydro-3α-O-
tert-butyldimethylsilylphysachenolide C [(20S,22R,24S,25S)-18-ace-
toxy-5β,6β-epoxy-2,3,24,25-tetrahydro-3α-O-tert-butyldimethylsilyl-
14α,17β,20-trihydroxy-1-oxowithanolide] (18, 5.7 mg, 21%) as an
amorphous solid. 1H NMR (400MHz, CDCl3): δ 5.03 (m, H-22), 4.84
(m, H-22), 4.40−4.25 (m, H2-18), 4.20 (m, H-3), 3.27 (brs, H-6), 2.67
(m, H2-2), 2.50 (m, H-23), 2.05 (s, OCOCH3), 2.04 (s, OCOCH3),
1.44 (s, H3-21), 1.39 (s, H3-21), 1.23 (s, H3-19), 1.20 (d, J = 7.1 Hz),
1.04 (d, J = 7.1 Hz), 1.01 (d, J = 7.1 Hz), 0.92 (d, J = 7.1 Hz), 0.82 [s, C-
(CH3)3], −0.02 [s, Si(CH3)2]; LC/MS (ESI+): calcd for
C36H56NaO10Si [M + Na]+ 701.4, found 701.4.
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2,3,24,25-Tetrahydro-3α-hydroxyphysachenolide C (19). To a
solution of 18 (5.5 mg, 8.1 μmol) in tetrahydrofuran (THF, 1.0 mL) at
0 °Cwas added a solution of tetrabutylammonium fluoride in THF (1.0
M, 15.0 μL, 15 μmol) and stirred at 0 °C for 30 min (TLC-controlled).
Reaction mixture was diluted with EtOAc (15.0 mL), washed with 2 N
HCl (0.5 mL), H2O (5 × 10.0 mL), dried over anhydrous Na2SO4, and
evaporated under reduced pressure. Residue was then separated on
prep TLC using MeOH/CH2Cl2 (8:92, Rf 0.3) as eluant to give a
mixture of (24R,25R)-2,3,24,25-tetrahydro-3α-hydroxyphysachenolide
C [(20S,22R,24R,25R)-18-acetoxy-5β,6β-epoxy-2,3,24,25-tetrahydro-
3α,14α,17β,20-tetrahydroxy-1-oxowithanolide] and (24S,25S)-
2 , 3 , 2 4 , 2 5 - t e t r a h y d r o - 3α - h y d r o x y p h y s a c h e n o l i d e C
[(20S,22R,24S,25S)-18-acetoxy-5β,6β-epoxy-2,3,24,25-tetrahydro-
3α,14α,17β,20-tetrahydroxy-1-oxowithanolide] (19, 4.1 mg, 90%) as
an amorphous solid. 1H NMR (400 MHz, CDCl3): δ 5.03 (m, H-22),
4.84 (m, H-22), 4.40−4.20 (m, H2-18), 3.96 (m, H-3), 3.32 (brs, H-6),
2.75 (m, H2-2), 2.50 (m, H-23), 2.05 (s, OCOCH3), 2.04 (s,
OCOCH3), 1.43 (s, H3-21), 1.34 (s, H3-21), 1.23 (s, H3-19), 1.20 (d, J
= 7.1 Hz), 1.04 (d, J = 7.1 Hz), 1.00 (d, J = 7.1 Hz), 0.95 (d, J = 7.1 Hz),
0.92 (d, J = 7.1 Hz); LC/MS (ESI+): LC/MS (ESI−): calcd for
C30H41O9 [M-H-H2O]− 545.3, found 545.3.
(24R,25R)-24,25-Dihydrophysachenolide C (11) and (24S,25S)-

24,25-Dihydrophysachenolide C (12).To a solution of 19 (4.0 mg, 7.1
μmol) in anhydrous EtOAc (0.5 mL) was added 4-nitobenzoic acid
(3.5mg, 20.9 μmol), DCC (4.4mg, 21.3 μmol) and 4-pp (ca 0.5mg, 3.4
μmol) and stirred at 25 °C for 4 h. To this solution was then added
excess 4-pp (10.0 mg) and stirred at 25 °C for 16 h. The reaction
mixture was filtered, and the filtrate was evaporated under reduced
pressure to give a crude product mixture (5.6 mg). This was purified by
RP-HPLC (CH3CN/H2O; 4:6, tR = 20 min) followed by preparative
TLC [hexanes/isopropanol; 8:2 (triple elution)] to give (24R,25R)-
24,25-dihydrophysachenolide C [(20S,22R,24R,25R)-18-acetoxy-
24,25-dihydro-5β,6β-epoxy-14α,17β,20-trihydroxy-1-oxowitha-2-eno-
lide] (11, 2.6 mg, 67%, Rf = 0.59): 1HNMR (400MHz, CDCl3): δ 6.81
(1H, ddd, J = 10.0, 6.3, 2.3 Hz, H-3), 6.00 (1H, dd, J = 10.0, 2.9 Hz, H-
2), 4.88 (1H, dd, J = 12.3, 3.8 Hz, H-22), 4.44 (1H, d, J = 11.5 Hz, Ha-
18), 4.28 (1H, d, J = 11.5 Hz, Hb-18), 3.15 (1H, brt, J = 2.1 Hz, H-6),
2.93 (1H, dt, J = 18.5, 2.8 Hz, Ha-4), 2.71 (1H, pentet, J = 7.1 Hz, H-
25), 2.60 (1H,m,Ha-16), 2.24 (2H,m,Ha-12, Ha-23), 2.20 (1H,m,H-
24), 2.10 (1H, m, Ha-11), 2.06 (3H, s, OCOCH3), 1.96 (2H, m, H2-7),
1.88 (1H,m,H-9), 1.84 (2H,m, Hb-4, H-8), 1.77 (1H, brd, J = 12.9Hz,
Hb-12), 1.64 (1H, m, Ha-15), 1.55 (2H, m, Hb-15, Hb-16), 1.45 (1H,
m, Hb-23), 1.42 (1H, m, Hb-11), 1.34 (3H, s, H3-21), 1.22 (3H, s, H3-
19), 1.16 (3H, d, J = 7.1Hz, H3-27), 0.92 (3H, d, J = 7.1Hz, H3-28); 13C
NMR (100 MHz, CDCl3): δ 203.0 (C, C-1), 174.8 (C, C-26), 169.9
(OCOCH3), 144.0 (CH, C-3), 129.7 (CH, C-2), 88.0 (C, C-17), 81.7
(C, C-14), 81.5 (CH, C-22), 79.4 (C, C-20), 65.1 (CH2, C-18), 63.9
(CH, C-6), 62.1 (C, C-5), 57.6 (C, C-13), 48.5 (C, C-10), 38.4 (CH,
C-25), 37.7 (CH2, C-16), 36.9 (CH, C-9), 34.2 (CH, C-8), 33.5 (CH2,
C-23), 32.9 (CH2, C-4), 32.8 (CH2, C-15), 29.6 (CH, C-24), 26.3
(CH2, C-7), 25.6 (CH2, C-12), 22.8 (CH2, C-11), 21.1 (CH3,
OCOCH3), 18.4 (CH3, C-21), 18.2 (CH3, C-28), 14.6 (CH3, C-19),
12.0 (CH3, C-27); HRMS (ESI+): calcd for C30H46NO9 [M + NH4]+
564.3173, found 564.3157.

(24S,25S)-24,25-dihydrophysachenolide C [(20S,22R,24S,25S)-18-
acetoxy-24,25-dihydro-5β,6β-epoxy-14α,17β,20-trihydroxy-1-oxowi-
tha-2-enolide] (12, 1.2 mg, 29%, Rf = 0.52) as white amorphous solids:
1H NMR (400MHz, CDCl3): δ 6.81 (1H, ddd, J = 10.0, 6.5, 2.3 Hz, H-
3), 6.01 (1H, dd, J = 10.0, 2.8 Hz, H-2), 5.08 (1H, dd, J = 12.5, 4.5 Hz,
H-22), 4.47 (1H, d, J = 11.5 Hz, Ha-18), 4.26 (1H, d, J = 11.5 Hz, Hb-
18), 3.16 (1H, brt, J = 1.7 Hz, H-6), 2.93 (1H, dt, J = 18.6, 2.6 Hz, Ha-
4), 2.64 (1H, m, Ha-16), 2.56 (1H, dq, J = 4.6, 7.1 Hz, H-25), 2.29 (1H,
dd, J = 12.9, 4.9 Hz, Ha-12), 2.18 (1H, dq, J = 4.1, 7.1 Hz, H-24), 2.11
(2H, m, Ha-11, Ha-23), 2.06 (3H, s, OAc), 2.02−1.98 (2H, m, H2-7),
1.94 (1H, m, Hb-23), 1.91 (1H, m, H-9), 1.87 (1H, m, H-8), 1.84 (1H,
m, Hb-4), 1.77 (1H, brd, J = 12.9 Hz, Hb-12), 1.65 (1H, m, Ha-15),
1.55 (2H,m,Hb-15, Hb-16), 1.42 (1H,m,Hb-11), 1.32 (3H, s, H3-21),
1.22 (3H, s, H3-19), 1.20 (3H, d, J = 7.1 Hz, H3-27), 1.03 (3H, d, J = 7.1
Hz, H3-28); 13C NMR (100MHz, CDCl3): δ 203.0 (C, C-1), 173.4 (C,
C-26), 169.9 (OCOCH3), 143.9 (CH, C-3), 129.9 (CH, C-2), 87.9 (C,

C-17), 81.5 (C, C-14), 80.8 (CH, C-22), 80.0 (C, C-20), 65.1 (CH2, C-
18), 63.8 (CH, C-6), 62.0 (C, C-5), 57.6 (C, C-13), 48.6 (C, C-10),
40.9 (CH, C-25), 37.5 (CH2, C-16), 36.9 (CH, C-9), 34.2 (CH, C-8),
33.5 (CH2, C-23), 32.9 (CH2, C-4), 32.8 (CH2, C-15), 30.6 (CH, C-
24), 26.2 (CH2, C-7), 25.5 (CH2, C-12), 22.7 (CH2, C-11), 21.1 (CH3,
OCOCH3), 18.4 (CH3, C-21), 14.5 (CH3, C-19), 14.1 (CH3, C-28),
13.7 (CH3, C-27); HRMS (ESI+): calcd for C30H46NO9 [M + NH4]+
564.3173, found 564.3170.

4β-Hydroxyphysachenolide D (20).A solution of physachenolide D
(2, 100.0 mg, 189.4 μmol) and SeO2 (72.9 mg, 662.8 μmol) in
anhydrous CH2Cl2 (20 mL) was stirred at 25 °C under N2 for 24 h. To
this solution was added SeO2 (20.8 mg, 189.4 μmol), and the solution
was refluxed at 45 °C for 30 h. The reaction mixture was then filtered,
the filtrate was washed with 2 N HCl (5 mL) and brine (3 × 10 mL),
dried over anhydrous Na2SO4, and evaporated under reduced pressure
to give a crude product mixture (151.0 mg). This was chromatographed
over a column of silica gel (10.0 g) made up in CH2Cl2 and eluted with
CH2Cl2 containing increasing amounts of MeOH. Fractions eluted
with CH2Cl2-MeOH (96:4) were combined (45.3 mg) and purified by
RP-HPLC using CH3CN-H2O (35:65) as eluant to give 4β-
hydroxyphysachenolide D [(20S,22R)-18-acetoxy-4β,14α,17β,20-tet-
rahydroxy-1-oxowitha-2,5,24-trienolide] (20, 40.2 mg, 39%, Rt = 18.5
min) as an amorphous solid; 1HNMR (400MHz, CDCl3): δ 6.76 (1H,
dd, J = 10.3, 4.8 Hz, H-3), 5.92 (1H, d, J = 10.3 Hz, H-2), 5.91 (1H, m,
H-6), 4.91 (1H, t, J = 7.8 Hz, H-22), 4.61 (1H, d, J = 4.8 Hz, H-4), 4.47
(1H, d, J = 11.4, Ha-18), 4.36 (1H, d, J = 11.4, Hb-18), 2.70 (1H, m,
Ha-16), 2.52 (2H, d, J = 7.8Hz, H2-23), 2.40 (1H,m,Ha-12), 2.32 (1H,
m, Ha-7), 2.30 (1H, m, H-9), 2.26 (1H, m, Ha-11), 2.08 (3H, s,
OCOCH3), 1.94 (1H, m ,Hb-7), 1.93 (3H, s, H3-28), 1.88 (3H, s, H3-
27), 1.82 (1H, s, H-8), 1.76 (1H, m, Hb-12), 1.65 − 1.59 (2H, m, H2-
15), 1.52 (1H, m, Hb-16), 1.46 (1H, m, Hb-11), 1.42 (3H, s, H3-21),
1.41(3H, s, H3-19); 13C NMR (100 MHz, CDCl3): δ 203.1 (C, C-1),
170.8 (C, COCH3), 165.6 (C, C-26), 149.7 (C, C-24), 142.9 (CH, C-
3), 138.3 (C, C-5), 131.4 (CH, C-6), 129.4 (CH, C-2), 121.9 (C, C-
25), 88.2 (C, C-17), 81.2 (C, C-14), 79.5 (CH, C-22), 78.9 (C, C-20),
69.5 (CH, C-4), 65.2 (CH2, C-18), 57.5 (C, C-13), 49.4 (C, C-10),
38.1 (CH2, C-16), 37.1 (CH, C-8), 35.8 (CH, C-9), 33.9 (CH2, C-23),
33.1 (CH2, C-15), 25.9 (CH2, C-12), 22.6 (CH3, C-19), 22.4 (CH2, C-
11), 21.3 (CH3, COCH3), 20.7 (CH3, C-28), 19.2 (CH3, C-21), 12.5
(CH3, C-27); HRESIMS 567.2563 [M + Na]+ (calcd for C30H40NaO9
567.2570).

4β-Hydroxyphysachenolide C (21). To a solution of 20 (32 mg,
58.8 μmol) in CH2Cl2 (1.5 mL) at 0 °C was added m-CPBA 77% (20
mg, 89.2 μmol), and the mixture was stirred at 0 °C for 5 min. The ice
bath was removed, and the reaction mixture was stirred at 25 °C (TLC
controlled). After 4 h, the reaction mixture was concentrated and
chromatographed over a column of silica gel (2.0 g) made up in CH2Cl2
and eluted with CH2Cl2 containing increasing amounts of MeOH.
Fractions eluted with CH2Cl2-MeOH (96:4) were combined to give
4β-hydroxyphysachenolide C [(20S,22R)-18-acetoxy-5β,6β-epoxy-
4β,14α,17β,20-tetrahydroxy-1-oxowitha-2,24-dienolide] (21, 20.3 mg,
62%) as an amorphous solid; 1HNMR (400MHz, CDCl3): δ 6.90 (1H,
dd, J = 9.9, 5.9 Hz, H-3), 6.18 (1H, d, J = 9.9 Hz, H-2), 4.85 (1H, dd, J =
10.1, 7.1 Hz, H-22), 4.37 (1H, d, J = 11.7, Ha-18), 4.27 (1H, d, J = 11.7,
Hb-18), 3.71 (1H, dd, J = 5.9, 2.1 Hz, H-4), 3.25 (1H, brs, H-6), 2.65
(1H, m, Ha-16), 2.50 (2H, m, H2-23), 2.20 (1H, dt, J = 12.7, 4.4 Hz, ,
Ha-12), 2.07 (3H, s, OCOCH3), 2.00 (2H, m, H2-7), 1.93 (3H, s, H3-
28), 1.88 (3H, s, H3-27), 1.77 (1H, m, Ha-11), 1.76 (1H, m, H-9), 1.73
(1H, m, Hb-12), 1.72 (1H, m, H-8), 1.64−1.56 (2H, m, H2-15), 1.53
(1H, m, Hb-16), 1.35 (1H, m, Hb-11), 1.39 (3H, s, H3-21), 1.38 (3H, s,
H3-19); 13C NMR (100 MHz, CDCl3): δ 201.7 (C, C-1), 170.0 (C,
COCH3), 165.6 (C, C-26), 149.7 (C, C-24), 141.5(CH, C-3), 132.8
(CH, C-2), 121.9 (C, C-25), 87.9 (C, C-17), 81.3 (C, C-14), 79.4 (CH,
C-22), 78.9 (C, C-20), 70.1 (CH, C-4), 64.8 (CH2, C-18), 63.9 (C, C-
5), 62.8 (CH, C-6), 57.4 (C, C-13), 47.6 (C, C-10), 38.1 (CH2, C-16),
36.6 (CH, C-8), 34.2 (CH, C-9), 33.9 (CH2, C-23), 32.9 (CH2, C-15),
25.9 (CH2, C-7), 25.3 (CH2, C-12), 21.5 (CH2, C-11), 21.3 (CH3,
COCH3), 20.6 (CH3, C-28), 19.1 (CH3, C-19), 16.8 (CH3, C-20), 12.4
(CH3, C-27); HRESIMS 578.2951 [M+NH4]+ (calcd for C30H44NO10
578.2965).
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4β-O-Fmoc-Glycylphysachenolide C (22).To a solution of 21 (10.0
mg, 17.8 μmol) in anhydrous EtOAc (2.0 mL) was added Fmoc-glycine
(12.8 mg, 43.0 μmol), DCC (10.0 mg, 48.5 μmol), and 4-pp (ca 1.0
mg) and stirred at 25 °C for 90 min (TLC control). The reaction
mixture was filtered, the filtrate was evaporated under reduced pressure,
and the residue was chromatographed over a column of silica gel (1.0 g)
made up in EtOAc-hexanes (60:40) and eluted with EtOAc-hexanes
(60:40) followed by EtOAc-hexanes (70:30). Fractions eluted with
EtOAc-hexanes (70:30) were combined to give 4β-O-Fmoc-
glycylphysachenolide C [(20S,22R)-18-acetoxy-5β,6β-epoxy-4β-O-
Fmoc-glycyl-4α,17β,20-trihydroxy-1-oxowitha-2,24-dienolide] (22,
13.3 mg, 89%) as an amorphous solid; 1H NMR (400 MHz, CDCl3):
δ 7.73 (2H, d, J = 7.7Hz, H-11′, H-12′), 7.57 (2H, brd, J = 7.7 Hz, H-8′,
H-15′), 7.38 (2H, d, t = 7.7 Hz, H-10′, H-13′), 7.29 (2H, td, J = 7.7, 1.2
Hz, H-9′, H-14′), 6.97 (1H, dd, J = 10.1, 6.5 Hz, H-3), 6.25 (1H, d, J =
10.1 Hz, H-2), 5.23 (1H, t, J = 5.8 Hz, NH), 4.82 (1H, dd, J = 12.4, 6.6
Hz, H-22), 4.40 (1H, d, J = 11.7, Ha-18), 4.36 (2H, m, H2-6′), 4.22
(1H, d, J = 11.7, Hb-18), 4.72 (1H, d, J = 6.5Hz, H-4), 3.96 (2H, m,H2-
2′), 3.45 (1H, m, H-7′), 3.26 (1H, brs, H-6), 2.66 (1H, m, Ha-16), 2.50
(2H, m, H2-23), 2.16 (1H, m, Ha-12), 2.07 (3H, s, OAc), 2.05 (2H, m,
H2-7), 1.91 (3H, s, H3-28), 1.89 (1H, m, Ha-11), 1.87 (3H, s, H3-27),
1.75 (1H, m, H-9), 1.70 (1H, m, Hb-12), 1.64 (4H, m, H-8, Hb-12, H2-
15), 1.38 (3H, s, H3-21), 1.35 (3H, s, H3-19); 13C NMR (100 MHz,
CDCl3): δ 200.4 (C, C-1), 170.0 (C, OAc), 169.2 (C, C-1′), 165.6 (C,
C-26), 156.1 (C, C-4′), 149.8 (C, C-24), 143.7 (C, C-7′a, C-15′a),
141.2 (C, C11′a, C-11′b), 138.5 (CH, C-3), 134.7 (C, C-2), 127.7
(CH,C-10′, C-13′), 127.0 (CH, C-9′, C-14′), 125.1 (CH,C-8′, C-15′),
121.8 (C, C-25), 119.9 (CH, C-11′, C-12′), 87.8 (C, C-17), 81.1 (C, C-
14), 79.4 (CH, C-22), 78.8 (C, C-20), 73.2 (CH, C-4), 67.3 (CH2, C-
6′), 64.7 (CH2, C-18), 61.1 (C, C-5), 60.9 (CH, C-6), 57.4 (C, C-13),
49.2 (CH, C-7′), 47.9 (C, C-10), 42.6 (CH2, C-2′), 38.0 (CH2, C-16),
36.7 (CH, C-8), 34.0 (CH2, C-23), 33.9 (CH, C-9), 32.8 (CH2, C-15),
25.6 (CH2, C-7), 24.9 (CH2, C-12), 21.3 (CH3, OAc), 21.0 (CH2, C-
11), 20.6 (CH3, C-28), 19.0 (CH3, C-21), 15.3 (CH3, C-19), 12.4
(CH3, C-27).
4β-O-Glycylphysachenolide C (23). To a solution of 22 (13.0 mg,

15.4 μmol) in anhydrous THF (2.0 mL) at 0 °C was added 1 M TBAF
in THF (20 μL) and stirred at 0 °C for 5 h (TLC control). The reaction
mixture was diluted with EtOAc (15.0 mL), washed with brine (3 × 5.0
mL), and evaporated under reduced pressure, and the residue was
chromatographed over a column of silica gel (0.5 g) made up in CH2Cl2
and eluted with CH2Cl2, CH2Cl2-MeOH (96:4), and CH2Cl2-MeOH
(92:8). Fractions eluted with CH2Cl2-MeOH (92:8) were combined to
give 4β-O-glycylphysachenolide C [(20S,22R)-18-acetoxy-5β,6β-
epoxy-4β-O-glycyl-4α,17β,20-trihydroxy-1-oxowitha-2,24-dienolide]
(23, 9.0 mg, 94.0%) as an amorphous solid; 1H NMR (400 MHz,
CDCl3): δ 6.99 (1H, dd, J = 10.2, 6.5 Hz, H-3), 6.23 (1H, d, J = 10.2
Hz), 4.82 (1H, dd, J = 10.9, 7.0Hz, H-22), 4.69 (1H, d, J = 6.5Hz, H-4),
4.37 (1H, d, J = 11.9 Hz, Ha-18), 4.23 (1H, d. J =Hb-18), 3.45 (1H, d, J
= 18.3 Hz, Ha-2), 3.35 (1H, d, J = 18.3 Hz, Hb-2), 3.26 (1H, brs, H-6),
2.65 (1H, m, Ha-16), 2.50 (2H, m, H2-23), 2.21 (1H, m, Ha-12), 2.07
(3H, s, OAc), 1.91 (3H, s, H3-28), 1.87 (3H, s, H3-27), 1.38 (3H, s, H3-
21), 1.34 (3H, s, H3-19).

14: To a solution of 23 (8.0 mg, 12.9 μmol) in anhydrous DMF (1.0
mL) was addedNHS-fluorescein (6.7mg, 14.2 μmol) andDIPEA (18.0
μL) and stirred at 25 °C for 4 h (TLC control). Solvent was evaporated
under reduced pressure and by adding n-heptane, the residue was
chromatographed over a column of silica gel (0.5 g) using CH2Cl2-
MeOH (92:8) as eluant, and the product was further purified by RP-
TLC using MeOH-H2O (70:30) to give 14 (9.1 mg, 73%) as an
amorphous solid (mixture of 2 isomers with the ratio of 1:0.7); 1H
NMR (400MHz, CDCl3+CD3OD) (of major isomer): δ 8.31 (1H, d , J
= 2.0 Hz, ArH), 8.14 (1H, dd, J = 8.0, 2.0 Hz, ArH), 7.98 (2H, m, ArH),
7.80 (1H, t , J = 5.4 Hz, NH), 7.19 (1H, d, J = 8.0 Hz, ArH), 6.96 (1H,
dd, J = 9.8, 6.0 Hz, H-3), 6.62 (2H,m, 2×ArH), 6.50−6.40 (3H, m, 3×
ArH), 6.19 (1H, d, J = 9.8 Hz, H-2), 4.70 (1H, dd, J = 13.2, 3.2 Hz, H-
22), 4.70 (1H, d, J = 6.0Hz, H-4), 4.32 (1H, d, J = 11.9Hz, Ha-18), 4.15
(1H, d, J = 6.0 Hz, Ha-COCH2NH), 4.06 (1H, d, J = 11.9 Hz, Hb-18),
4.03 (1H, d, J = 6.0Hz, Hb-COCH2NH), 3.25 (1H, brt, J = 2.0H,H-6),
2.58 (1H, m, Ha-16), 2.56 (2H H, m, H2-23), 2.11 (1H, m, Ha-12),

2.01 (3H, s, OAc), 1.97−1.93 (2H, m, H2-7), 1.87 (3H, s, H3-28), 1.82
(1H, m, Ha-11), 1.79 (3H, s, H3-27), 1.70 (1H, m, Hb-12), 1.68 (1H,
m, H-9), 1.60−1.54 (3H, m, H-8, Hb-11, Ha-15), 1.48 (2H, m, Hb-15,
Hb-16), 1.27 (3H, s, H3-21), 1.25 (3H, s, H3-19); 13CNMR (100MHz,
CDCl3 + CD3OD) (of major isomer): δ 200.8 (C, C-1), 171.0 (C,
OAc), 169.3 (C, OCOCH2), 169.0 (C, CONH), 167.4 (C, CO2H),
166.3 (C, C-26), 159.4 (C, ArC-OH), 152.6 (C, ArC-O), 152.5 (C,
ArC-O), 151.1 (C, C-24), 138.7 (CH, C-3), 134.5 (CH, C-2), 129.0
(CH, ArC), 124.7 (CH, ArC), 123.5 (CH, ArC), 121.2 (C, ArC). 112.4
(CH, ArC), 87.5 (C, C-13), 81.0 (CH, C-22), 80.7 (C, C-14), 78.2 (C,
C-20), 73.2 (CH, C-4), 64.6 (CH2, C-18), 61.2 (CH, C-6), 60.9 (C, C-
5), 57.1 (C, C-13), 47.9 (C, C-10), 41.6 (CH2, COCH2NH), 37.5
(CH2, C-16), 36.7 (CH, C-8), 33.0 (CH, C-9), 33.9 (CH, C-9), 33.7
(CH2, C-22), 32.6 (CH2, C-15), 25.6 (CH2, C-7), 24.8 (CH2, C-12),
21.2 (CH3, OAc), 20.9 (CH2, C-11), 20.5 (CH3, C-28), 18.2 (CH3, C-
21), 15.2 (CH3, C-19), 12.1 (CH3, C-27); 1H NMR (400 MHz,
CDCl3+ CD3OD) (of minor isomer): δ 8.12 (1H,m, ArH), 7.50 (1H, s,
ArH), 7.1 (1H, d, J = 8.0 Hz, ArH), 6.89 (1H, dd, J = 9.8, 6.0 Hz, H-3),
6.61 (2H, m, 2 × ArH), 6.50−6.40 (4H, m, 4 × ArH), 6.14 (1H, d, J =
9.8 Hz, H-2), 4.70 (1H, dd, J = 13.2, 3.2 Hz, H-22), 4.62 (1H, d, J = 6.0
Hz, H-4), 4.32 (1H, d, J = 11.9 Hz, Ha-18), 4.15 (1H, d, J = 6.0 Hz, Ha-
COCH2NH), 4.06 (1H, d, J = 11.9 Hz, Hb-18), 4.03 (1H, d, J = 6.0 Hz,
Hb-COCH2NH), 4.01 (0.7H, d, J = 6.0 Hz, Hb-COCH2NH), 3.21 (H,
brt, J = 2.0 H, H-6), 2.58 (1H, m, Ha-16), 2.40 (2 H, m, H2-23), 2.11
(1H, m, Ha-12), 2.02 (3 H, s, OAc), 1.97−1.93 (2H, m, H2-7), 1.87
(3H, s, H3-28), 1.82 (1H, m, Ha-11), 1.79 (3H, s, H3-27), 1.70 (1H, m,
Hb-12), 1.68 (1 Hz, m, H-9), 1.60−1.54 (3H, m, H-8, Hb-11, Ha-15),
1.48 (2H, m, Hb-15, Hb-16), 1.27 (3H, s, H3-21), 1.25 (3H, s, H3-19),
1.17 (3H, s, H3-19); 13C NMR of minor isomer (100 MHz, CDCl3 +
CD3OD) (of minor isomer): δ 200.7 (C, C-1), 171.2 (C, OAc), 169.1
(C, OCOCH2), 168.8 (C,CONH), 167.4 (C,CO2H), 166.2 (C, C-26),
159.4 (C, ArC-OH), 152.6 (C, ArC-O), 152.5 (C, ArC-O), 151.1 (C,
C-24), 138.6 (CH, C-3), 135.4 (C, arC), 134.7 (CH, C-2), 128.9 (CH,
ArC), 127.2 (C, ArC), 125.3 (CH, ArC), 122.7 (CH, ArC), 112.4 (CH,
ArC), 109.5 (C, ArC), 102.7 (CH, ArC), 87.4 (C, C-13), 80.9 (CH, C-
22), 80.7 (C, C-14), 78.2 (C, C-20), 73.2 (CH, C-4), 64.7 (CH2, C-18),
61.3 (CH, C-6), 60.8 (C, C-5), 57.0 (C, C-13), 47.8 (C, C-10), 41.5
(CH2, COCH2NH), 37.5 (CH2, C-16), 36.6 (CH, C-8), 33.8 (CH, C-
9), 33.7 (CH2, C-22), 32.6 (CH2, C-15), 25.5 (CH2, C-7), 24.8 (CH2,
C-12), 21.3 (CH3, OAc), 20.9 (CH2, C-11), 20.5 (CH3, C-28), 18.1
(CH3, C-21), 15.1 (CH3, C-19), 12.1 (CH3, C-27); HRESIMS
998.3198 [M + Na]+ (calcd for C53H53NNaO17 998.3211).
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