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Hormone therapy targeting estrogen receptors is widely used clinically for the treatment of breast cancer, such as
tamoxifen, but most of them are partial agonists, which can cause serious side effects after long-term use. The use
of selective estrogen receptor down-regulators (SERDs) may be an effective alternative to breast cancer therapy
by directly degrading ERa protein to shut down ERa signaling. However, the solely clinically used SERD ful-
vestrant, is low orally bioavailable and requires intravenous injection, which severely limits its clinical appli-
cation. On the other hand, double- or multi-target conjugates, which are able to synergize antitumor activity by
different pathways, thus may enhance therapeutic effect in comparison with single targeted therapy. In this
study, we designed and synthesized a series of novel dual-functional conjugates targeting both ERa degradation
and histone deacetylase inhibiton by combining a privileged SERD skeleton 7-oxabicyclo[2.2.1]heptane sul-
fonamide (OBHSA) with a histone deacetylase inhibitor side chain. We found that substituents on both the
sulfonamide nitrogen and phenyl group of OBHSA unit had significant effect on biological activities. Among
them, conjugate 16i with N-methyl and naphthyl groups exhibited potent antiproliferative activity against MCF-
7 cells, and excellent ERa degradation activity and HDACs inhibitory ability. A further molecular docking study
indicated the interaction patterns of these conjugates with ERa, which may provide guidance to design novel
SERDs or PROTAC-like SERDs for breast cancer therapy.

1. Introduction

Breast cancer is the most common cancer as well as one of the leading
causes of death of women."” In 2020, approximately 276,000 new
breast cancer cases and at least 40,000 deaths are expected among
women in the United States. That accounts for 30% of predicted all
cancer incidence of women in the year 2020.° Among them, nearly 79%
breast cancer patients were diagnosed with estrogen receptor (ER)
positive,» which is a critical transcription factor in the development of
breast cancer.’® Accordingly, endocrine therapy targeting ER has
become an important therapeutic strategy for breast cancer.”’'! For
example, five-year’s adjuvant treatment with tamoxifen, a selective es-
trogen receptor modulator (SERM), on early stage breast cancer patients
could reduce the risk of breast cancer recurrence and death by about
40% and 30%, respectively.”'%'® Unfortunately, SERMs are the partial
agonists.'*'> Although SERMs act as antagonists in the breast cancer,

while which act as a mixture of agonists and antagonists in the uterus,'®

and long-term use of these drugs can have serious side effects, such as
increasing the risk of endometrial cancer, venous thrombosis and
cognitive impairment.l7 " In contrast, selective estrogen receptor
down-regulators (SERDs) have numerous advantages,20 which can
directly degrade ERa protein by activating the ubiquitination
pathway.”?! Fulvestrant is the first approved-SERD by the FDA,?>?
which has been applied to treat tamoxifen-resistance breast cancer.
However, fulvestrant is low orally bioavailable and requires intravenous
injection, which severely limits its clinical application.?* Therefore, it is
urgent to develop novel SERDs to treat breast cancer.

In recent years, our group has been working on the development of
ER ligands for treatment of breast cancer, and has obtained a number of
ligands with excellent biological activity. Among them, OBHS (com-
pound 1, Fig. 1) was one of the most potential.>” which exhibited high
binding affinity and significant antiproliferative effects on MCF-7 cells,
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Fig. 1. The structures of OBHS, OBHSA, Tam-HDACi, EED-HDACi and OBHS-
HDACI derivatives.

while the ER subtype selectivity was modest, and was a partial ERa
agonist. Surprisingly, when the sulfonate of OBHS was changed to sul-
fonamide (OBHSA, 2, Fig. 1), which became an ERa full antagonist and
could slightly induce ERa degradation.’>?” Subsequently, we further
found that introduction of side chain on the phenyl ring of sulfonamide
of OBHSA could significantly increase the degradation effect of ERx
(compound 2, Fig. 1).%82° Especially, the SERDs that contain the OBHSA
core structure and different polar side chain could simply mimic the
degrons of proteolysis targeting chimera (PROTAC) and effectively
inhibit MCF-7 cell proliferation and demonstrated good ERa degrada-
tion efficacy.?®

Considering that cancer is a multifactorial, multi-gene disease,
single targeted therapy is often difficult to achieve the desired thera-
peutic effect,®>>* thus the attachment of the second anti-tumor
component to phenyl ring of sulfonamide of OBHSA can not only
improve the ERa degradation effect, but also may endow the synthesized
compound with double-targeting property,®® which are able to syner-
gize antitumor activity by different pathways and finally enhance the
therapeutic effects. In recent years, a number of dual-acting compounds
targeting both ER and another target such as VEGFR-2,°° IGF1R,”’
tubulin,® or NF-«B etc, have been synthesized.ss'” It is well known that
aberrant histone deacetylase (HDAC) activity is related to many cancers,
including breast cancer. Vorinostat (SAHA) is one of HDAC inhibitors,
which was approved by FDA in 2006 to treat T-cell lymphoma. In 2013,
Oyelere et al have covalently linked SAHA and its derivatives to
tamoxifen (compound 3 and 4, Fig. 1) and 17a-ethinylestradiol (com-
pound 5, Fig. 1) to obtain the Tam-HDACi and EED-HDACIi conjugates,
respectively. Both Tam-HDACi and EED-HDACI conjugates retain inde-
pendent estrogen receptor binding ability and anti-HDAC activities.
Unfortunately, Tam-HDACi conjugates showed small in vitro therapeutic
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index (IVTD.*° In previous studies, we found that the OBHS-HDACi
conjugates 6, which coupling ER ligand OBHS with histone deacety-
lase (HDAC) inhibitor (Fig. 1) could significantly improve anti-breast
cancer activity compared to OBHS alone, and show no toxicity toward
normal cells.”’ However, these conjugates had no ER degradation
activity.

Hence, in this study, we report the design and biological evaluation
of novel dual-acting agents targeting both ER and histone deacetylase
(named OBHSA-HDACI conjugates, Fig. 2) by introducing HDAC in-
hibitor unit into OBHSA scaffold. The OBHSA-HDACI conjugates of this
design exhibited significantly ERa degradation and histone deacetylase
inhibitory activities, and synergetic antiproliferation activity against
MCF-7 cell lines.

2. Results and discussion
2.1. Chemical Synthesis

OBHSA-HDACI conjugates were synthesized by Diels-Alder cyclo-
addition of furan derivatives 7 with various dienophiles (Scheme 2). The
intermediates  8-(4-(4-(4-hydroxyphenyl)furan-3-yl)-phenylamino)-8-
oxooctanoic acid 7 were prepared according to our previously described
methodology.?>*!

Tertiary sulfonamide dienophiles (N-substituents CHs, CH2CHs,
CHyCF3) 12a-i, 14a-i and 15a-f were synthesized from various
commercially available substituted anilines (Scheme 1A and 1B). Ani-
lines containing different electron-donating or electron-withdrawing
groups were reacted with acetic anhydride to afford compound 9a.
Then 9a was methylated with iodomethane giving compound 10. After
that, the acetyl group was removed in the presence of hydrochloric acid
to get compound 11. Finally, with NaOH as the base, N-methyl-
sulfonamide dienophile 12a-i was obtained by reacting with 2-chloroe-
thanesulfonyl chloride. On the other hand, N-ethyl or
trifluoroethylsulfonamide dienophiles 14a-i and 15a-f were obtained
through three steps. Anilines were reacted with trifluoroacetic anhy-
dride to afford compound 9b. Subsequently, the carbonyl group of 9a or
9b were reduced to methylene with borane-methyl sulfide complex as
reductant. Finally, compound 13a or 13b reacted with 2-chloroethane-
sulfonyl chloride to afford target dienophiles 14a-i and 15a-f.

With some success of the OBHS-HDACI conjugates in our previous
work,*! we observed that the conjugates obtained by introducing
suberic acid into OBHS scaffold had a higher RBA value, stronger
antagonistic activity and more effective inhibition activity against breast
cancer MCF-7 cell line than the ones with SAHA. Therefore, when
designing the OBHSA-HDACI conjugates, we focused on the synthesis of
the conjugates with a suberic acid. Notably, there was a high stereo-
selectivity in the Diels-Alder reaction with a high yield (Scheme 2). The
exo isomers were predominated and endo isomers were only trace. Thus,
the exo isomers were used as racemates for biological study; the struc-
tures of conjugates were summarized in Table 1.

Target HDAC

ERa full antagonist
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Fig. 2. Design of dual-acting OBHSA-HDACI conjugates.
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Scheme 1. Synthesis of dienophiles 12a-i, 14a-i and 15a-f. Reagents and conditions: (a) acetic anhydride or trifluoroacetic anhydride, rt, 3 h; (b) NaH, CHsl, THF,
0 °C, 4 h; (c) 10% HCI, HO(CH3)>0H, rt, 3 h; (d) 2-chloroethanesulfonyl chloride, 20% NaOH, DCM, 0 °C, 24 h; (e) BHz-SMe,, THF, 60 °C, 24 h; (f) BBr3, DCM,

-20°C, 12 h.
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Scheme 2. Synthesis of OBHSA-HDACi conjugates 16-18.

2.2. Binding affinity of OBHSA-HDACi conjugates

A competitive fluorescence polarization assay was used to evaluate
the binding affinities of these conjugates 16a-i, 17a-i and 18a-f, and the
results were reported in Table 2.

Generally speaking, most OBHSA-HDACI conjugates exhibited good
to moderate relative binding affinity (RBA) values as well as good
selectivity for ERa. In these three series of compounds, N-methyl
substituted compounds 16a-i displayed higher affinity than N-ethyl or
trifluoroethyl substituted compounds 17a-i and 18a-f. In fact, the RBA
values of N-ethyl substituted compounds did not exceed 2.5% (Table 2,
entries 10-18), and N-trifluoroethyl substituted compounds were even
<1% (Table 2, entries 19-24). However, the substituents on phenyl ring
of sulfonamide unit N-methyl substituted compounds have great influ-
ence on the RBA. Taking compound 16a as an example, which has no
substituents in phenyl unit, exhibited the highest ERa binding affinity as
13.07 among all the conjugates and good ERp binding affinity as 6.00;
yet, when the phenyl ring was substituted with electron-donating group,
such as methyl, methoxyl, hydroxyl group, although they remained a

moderate binding affinity, the RBA value was significantly reduced by
2-30 times (analogues 16b-f, Table 2, entries 2-6). To our delight,
introduction of 2-chloro group (compound 16g) not only retained high
ERa binding affinity (RBA: 11.6 vs 13.07) but also significantly
improved ERa subtype selectivity (a/p: 1160 vs 2.17) compared to 16a.
While 2-chloro was changed to 4-chloro, a progressive decrease of ERa
RBA value and subtype selectivity was observed (Table 2, entries 7-8,
16g vs 16h). Additionally, replacing the benzene ring of sulfonamide
with a larger naphthyl group, RBA value was also decreased significantly
(Table 2, entries 1 vs 9). In addition, in order to compare with previously
reported OBHS-HDACi conjugates*!, we chose two compounds OBHS-
HDACI 1 and OBHS-HDACiI 2 as positive controls for ER binding affinity
study. One can see that compound 16c¢, which has a similar structure to
OBHS-HDACI 1, displayed comparable RBA value of 3.68 for ERa, but
reduced ERp binding affinity, resulting in a significantly increased ERa
selectivity of 28-fold over ERf (Table 2, entries 3 vs 26). Similarly,
compared with OBHS-HDACI 2, although 16i displayed decreased RBA
value for ERaq, it also had better ERa selectivity than OBHS-HDACi 2
(Table 2, entries 9 vs 27).
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Diels-Alder Reaction of Furan 7 and Dienophiles 12, 14-15.
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Table 1 (continued)
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The conversion was calculated accounting for the recovered furan 7. PIsolated yield by column chromatography purification based on furan 7.

2.3. ER transcriptional activities of OBHSA-HDACi conjugates

ER-responsive luciferase reporter gene assays were used to test the
ER transcriptional activities of OBHSA-HDACi conjugates, and the re-
sults were summarized in Table 3. We used HEK 293 cells transfected
with a widely used 3 x ERE-luciferase reporter to conduct the luciferase
assays and analysed the dose-effect curve to get the effect value ECs( or
antagonism value ICs and efficacy (Eff).

In general, most OBHSA-HDACI conjugates acted as ERa antagonists
or ERp agonists. Almost all the N-methyl substituted compounds (16a-c,
16e-i) showed ERa antagonistic activity, except for compound 16d
(Table 3, entry 4) which was a partial agonist of ERa. Moreover, the
chloro-substituted compounds 16g and 16h were complete antagonists
of ERa with the antagonistic ICsg up to 5.075 and 5.27 pM, respectively.
Additionally, these compounds owned agonistic activity on ERf, and
compound 16a was capable of agonizing ERJ efficiently with ECso up to
0.12 pM. When N-methyl compound was replaced by N-ethyl com-
pound, the potency of ERq antagonism was increased (analogues 16a vs
17a, Table 3, entries 1 vs 10). After introducing a substituent on the
benzene ring of the N-ethyl substituted compounds (Table 3, 17a vs 17b-
i), the potency of ERa antagonism was significantly decreased. Inter-
estingly, the chloro-substituted compounds 17g and 17h still remained
good ERa antagonistic activity. As for the N-trifluoroethyl substituted
compounds, most of them exhibited relatively weak ERa antagonistic
activity, accompanied by the lower affinity for ER. However, they had
good agonistic activity on ERp. Among them, 4-methyl substituted
compound 18b and 4-methoxy substituted compound 18d performed as
full ERB agonists. In addition, compared with OBHS, although the
transcription activity of OBHSA-HDACI conjugates decreased when
sulfonic acid ester moiety has been changed into sulfonamide group,
these conjugates did not display agonistic activity to ERa, thus may
avoid potential side effects. After adding a suberic acid to OBHSA,
compound 16b displayed better antagonistic efficacy and lower ICsg
than the precursor compound OBHSA-1 (Table 3, entries 2 vs 25).

2.4. Cell viability of OBHSA-HDACI conjugates

All conjugates were tested on hormone-positive (ER+) breast cancer
MCF-7 cell lines by MTT method to detect their antiproliferation activ-
ity. In order to detect the target selectivity of these conjugates, we used
prostate cancer DU-145 cells which were related to abnormal histone
deacetylase for comparison. The epithelial kidney cells (VERO cells)
were used as normal cells to detect the toxicity of these conjugates. The
results of the antiproliferation activity were summarized in Table 4.

Overall, most OHBAS-HDACI conjugates could effectively inhibit the
proliferation of breast cancer MCF-7 cells, and would not harm VERO
cells, indicating these conjugates have a good safety. Compared with the
positive control drug SAHA, although the antiproliferative activity
against cancer cells was decreased, the safety was greatly improved.
Especially, conjugates 16g, 16h and 16i showed higher antiproliferative
activity in MCF-7 cell lines than the approved drug 4-hydroxytamoxifen,
accompanying with better safety. However, the substituents on the
sulfonamide and the phenyl ring of the benzenesulfonamide had a great
influence on the activity. In these three types of conjugates, most N-
methyl substituted compounds were generally more active than N-ethyl
or trifluoroethyl substituted compounds. As far as N-methyl substituted
compounds were concerned, the electron-donating group at the para-
position of phenyl sulfonamide moiety offered the bigger contribution
to the anti-proliferative activity than that of the meta-position (ana-
logues 16b vs 16¢ and 16d vs 16e, Table 4).

Moreover, we observed that compounds 16g and 16h had a chlorine
substituent compared with 16a (Table 4, entries 7 and 8 vs 1), resulting
in a highly improved anti-proliferative activity. Additionally, the result
of 16i (Table 4, entries 9) indicated that a bigger size substituent was
helpful. In the N-ethyl substituted compounds, the electron-donating
group at the meta-position of benzene ring displayed better activity
than that of the para-position (Table 4, analogues 17b vs 17c and 17e vs
17f), but all of them were weaker than the unsubstituted parent com-
pounds (analogues 17b-f vs 17a, Table 3). Furthermore, the results for
17g and 17i (Table 4, entries 16 vs 18) suggested that the size of the
ortho substituent was important.
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Table 2
Relative Binding Affinity (RBA) of OBHSA-HDACI Conjugates for ERa and ERp.?
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(continued on next page)
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Table 2 (continued)
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(continued on next page)
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RBA?Z (%) Ki b( nMm)
Entry Compound ERoa ERB o/ ratio ERo ERB o/ ratio
H
"y
21 o} 6o O Q%P
7 N 18c 047002 014001 336  659.57 242857 3.68
HO O CF3
H
~N
FT 8 e 0T
7 N 18d  0.20:0.05 003+001 667  1550.00 >5000 >3.23
HO O CF3
H o~
25 MO
o) 6o O Q&P
4 NK 18¢  0.62+0.18  0.16+0.03 3.88  500.00 2125.00  4.25
HO O CF3
H
2w Oyt
o 6o O AP
N
4 “t 18f  0.56£002 022+0.04 255 55357 154545 2.79
HO O CF3
HO
* g %2 1)
7 T OBHSA-1 287+0.19 075015 3.83 108.01 453.33  4.20
o
H
6
0 O O e O\‘S//O OBHS 3931082 478074 0.82 78.89 7119 0.90
26 s -HDACi 1
/ ¢}
HO O
H
HO N
AGTRY
o o Y
OBHS 3.13£0.58 180.88 108.58  0.60
HDACi 2 1-71%0.08 A13+0. 0.55 . . .

Relative Binding Affinity (RBA) values are determined by competitive fluorometric binding assays and are expressed as ICE™4°! / IG5, ©™PUnd 5 100 + the range

(RBA, estradiol = 100%).

bKi values of each conjugate for each receptor were obtained from the RBA values by the formula K; = (100/RBA) x Kq4. The K4 value of estradiol is 3.1 nM for ERa and

3.4 nM for ERB, respectively. For details, see Experimental Section.

Additionally, all OBHSA-HDACI conjugates are nontoxic to healthy
VERO cells, while SAHA and 40HT showed considerable toxicity.
Comparing the activity of conjugates (16b,16d,16f-i,17a,17d and 17h)
with control drugs SAHA and tamoxifen on VERO, 40HT had the
smallest in vitro therapeutic index (IVTI), while our conjugates show
greater IVTIs (Table 4). Compared with our previously reported OBHS-
HDACi conjugates OBHS-HDAGi 1 and OBHS-HDACi 2*!, the anti-
proliferative activity of OBHSA-HDACi conjugates decreased slightly
(Table 4, entries 7 vs 27 and 28), however, these OBHS-HDACi conju-
gates showed no ERa degradation activity but the OBHSA-HDACi con-
jugates could potently degrade ERa (See discussion below and
Supporting Information on page S42 for details).

2.5. HDAC inhibition activity of OBHSA-HDACI conjugates

In order to verify whether these compounds have dual targeting
ability, we selected nine compounds with the best inhibitory ability on
MCF-7 cells to test their HDAC inhibition, and some of them showed
good inhibitory activity against DU-145.

Class I histone deacetylases (HDAC1, HDAC2, HDAC3 and HDACS8)
were related with various solid tumors. They can regulate p53/NF-kB
crosstalk in cancer cells.*” There are also reports that inhibiting class I
HDAGCs can up-regulate acetylation of lysines 9 and 14 of histone H3 in
p21Wafl/Cipl promoter region, thereby up-regulating p21Wafl/Cipl
level and inhibiting cell proliferation.*® Therefore we first tested acet-
ylation of H3, a major substrate of class I HDACs treated with com-
pounds 16b, 16d, 16f-i, 17a-b, and 17h through western blot. As shown
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Table 3
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Effects of OBHS-HDACI conjugates on the transcriptional activities of estrogen receptor a and f.

Agonist Mode”

Antagonist Mode”

ERa ERp ERa ERp
entry Compd. ECso (uM) Eff (% Ey) ECso (uM) Eff (% Ey) ICso (pM) Eff (% Ey)° ICso (1M) Eff (% Ey)
1 16a - - 0.12 37+6 - 17+ 2 - -

2 16b - 5+1 5.441 57+7 1.254 25+ 4 - -

3 16¢c - - 1.009 68 + 22 - 29+ 6 - 8+1

4 16d - 30+ 4 - 12+ 2 - 81 +3 0.146 5+2

5 16e - —-4+1 1.005 46 + 16 5.781 48 +£1 31+8
6 16f - —-4+1 1.892 64 + 12 1.396 52+1 - 0.21 + 4
7 16g - 2+0 38.01 22+9 5.075 14+5 2.11 45 +1

8 16h - 1+2 - - 5.27 28 +7 1.876 35+6
9 16i - -7+1 6.508 53+1 - 75+ 11 - -

10 17a - 2+1 0.415 30+3 5.67 -29+6 - 19+2
11 17b - - - 11+1 2.08 26 +4 0.129 10+1
12 17¢ - -1+0 - 10+ 4 3.68 35+4 45.6 31+3
13 17d - 9+3 0.18 20+ 2 - - 14+3
14 17e - 0+1 0.128 62+7 1.106 9+6 - -

15 17f - 5+2 1.742 57+9 - 107 £7 - 15+5
16 17g - 21 +1 - 1+0 3.13 5+1 1.174 87 +£2
17 17h - - - - 2.61 10+ 2 7.088 78 £3
18 17i - 0+3 1.335 43 +£10 1.87 34+2 - 11+2
19 18a - -1+2 - - 5.906 23+4 0.114 68 +£1
20 18b - 1+0 1.301 80 + 13 0.043 61 +6 - 24+0

21 18c - 15+1 6.12 26 +3 6.12 48 +£1 - -

22 18d - - 4.621 72+ 9 - - - 13+1
23 18e - - 0.122 65+ 2 - - —-6+1
24 18f - - 0.102 47 +12 - - - -

25 OBHSA-1 - 5+3 - -1+1 2.32 35+3 1.45 46 £ 2
26 OBHS 0.12 53+2 - 3+1 0.042 60 + 4 0.633 26 +3

? Luciferase activity was measured in HEK293T cells transfected with 3 x ERE-driven luciferase reporter and expression vectors encoding ERa or ERp and treated in
triplicate with increasing doses (up to 10> M) of the compounds. ECs and standard deviation (mean + SD), shown as a percentage of 108 M 17p-estradiol (E,), were

determined.

b ICs0 and standard deviation (mean + SD) were determined in the percentage of 108 M 17B-estradiol(E,) on ERp or ERa.
¢ ERs have considerable basal activity in HEK293T cells; compounds with inverse agonist activity are given negative efficacy values. Omitted ECsq or ICso values

were too high to be determined accurately.

in Fig. 3A, conjugates 16g, 16i, 17d and 17h can significantly increase
the acetylation of H3, which meant that these compounds could inhibit
class I HDACs.

Furthermore, HDAC6 has been reported to play an important role in
the metastasis and invasion of breast cancer, which deacetylates
o-tubulin and increases cell motility.** Then the effect of above OBHSA-
HDACi conjugates on acetylation of a-tubulin were also tested. As
Fig. 3B shown, conjugates 16d, 16g, 16h and 16i can significantly in-
crease the acetylation of a-tubulin. In general, most of these compounds
showed a certain inhibitory ability to HDACs, among them, compounds
16g and 16i can inhibit the activity of HDAC6 and class I HDACs
simultaneously.

As a final test, the direct inhibitory activity of OBHSA-HDACi con-
jugates 16g and 16i with significant antiproliferative effects on MCF-7
cell lines were assayed for HDAC6 and HDACS8, which have been
implicated critical for invasion in breast cancer,”” and showed good
inhibitory activity with ICs¢ values ranged from 1.32 to 4.53 pM, and the
results are shown in Table 5.

2.6. The effect of the conjugates on the degradation of ERa

Next, we investigated the ability to down-regulate ERa of OBHSA-
HDACI and the results showed in Fig. 4. As the Fig. 4A shown, 16b,
16d, 16f-h, 17a, 17d, 17h had little ERa down-regulating activity,
while the conjugate 16i exhibited strong ERa down-regulating ability.
After treating with conjugate 16i, the expression of ERa in MCF-7 cells
decreased by 78% compared with untreated group.

Furthermore, we investigated the possible mechanism of down-
regulating ERa by conjugate 16i. ERa protein level was reduced when
treated with 20 uM 16i alone, but in the presence of 10 pM MG-132, a
proteasome inhibitor, ERa protein level significantly increased
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compared to that in the absence of MG-132 (Fig. 4B), which confirmed
that the degradation of ERa was mediated through proteasome-
mediated process.

2.7. Computer modeling

As mentioned above, both conjugates 16g and 16i showed signifi-
cant antiproliferative activity on MCF-7 cell lines, in which only con-
jugate 16i could also degrade ERa protein. We suspect that this may be
related to the different interaction of conjugates with ERa protein, thus,
molecular docking was performed to analyze the interactions between
the conjugates 16g and 16i and ERa (PDB: 5KD9).

As shown in Fig. 5A, we observed that the phenol group of conjugate
16g could form a hydrogen bond with Thr 347 (2.71 A) and the suberic
acid side chain could generate strong steric clashes with helix 11 by
engaging in hydrogen bonding with Val 534 (2.83 A) and indirectly
regulate helix 12, which was crucial for the antagonism (See Supporting
Information for the 2D images of compounds 16g and 16i binding to
ERa). In addition, the chlorine substituent could form a halogen bond
with Met 343. All of the interactions resulted in a significant enhance-
ment of the binding ability to the protein, thus conjugate 16g displayed
good anti-proliferative activity against MCF-7 cells. However, in Fig. 5B,
the ligand could only form a hydrogen bond with Thr 347 (2.71 A),
which explained 16i had moderate binding affinity. More importantly,
because of the n-n stacking interaction formed by naphthyl substituent
and Phe 404, the suberic acid side chain flipped toward helix 3 and close
to Asp 351, which is closely related to protein degradation. Additionally,
conjugate 16i could induce a rotation of helix 11C terminus by shifting
His 524 and Leu525, and further altering the interface between helix 11
and helix 12, which finally cause protein degradation.
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Table 4
The antiproliferative activity of OBHSA-HDACIi conjugate (ICsq, pM)."

Entry Compound MCF-7 DU-145 VERO IVTIC
1 16a 63.8 £1.33 >100" >100 >1.5
2 16b 23.2+£1.43 >100 >100 >4.3
3 16¢ 30.2 £+ 3.65 >100 >100 >3.3
4 16d 24.8 £1.87 67.1 £ 0.63 >100 >4.0
5 16e 39.4 £ 2.32 62.2 + 4.63 >100 >2.5
6 16f 20.8 +1.14 >100 >100 >4.8
7 16g 12.8 £ 0.16 73.5 £1.01 >100 >7.8
8 16h 13.7 £ 1.15 72.1 £ 0.59 >100 >7.2
9 16i 14.0 £1.71 70.9 £+ 0.56 >100 >7.1
10 17a 19.1 +1.77 >100 >100 >5.2
11 17b 42.3 £7.02 53.5 +£1.99 >100 >2.3
12 17¢ 31.8+2.21 65.6 + 6.76 >100 >3.1
13 17d 20.3 £ 1.56 24.4 + 3.07 >100 >4.9
14 17e 37.4+£1.79 71.1+1.24 >100 >2.6
15 17f 46.6 + 3.86 >100 >100 >2.1
16 17g 33.3+1.56 >100 >100 >3.0
17 17h 221 £2.23 42.1 £ 4.49 >100 >4.5
18 17i >100 95.3 £+ 2.02 >100 NT¢
19 18a 62.1 + 3.81 68.5 + 0.93 >100 >1.6
20 18b 96.0 £ 0.83 74.7 £ 0.52 >100 >1.0
21 18c 69.5 £ 0.47 49.8 + 2.92 >100 >1.4
22 18d >100 66.5 + 0.83 >100 NT
23 18e 72.0 £ 0.14 72.0 £0.14 >100 >1.3
24 18f >100 69.9 +1.07 >100 NT
25 SAHA 2.50 £ 0.33 1.2 +0.07 4.1 £ 0.19 1.6
26 40TH 15.6 £ 1.77 15.3 + 4.42 15.1 £5.21 1.0
27 OBHS-HDACI 1 5.8+ 0.85 66.3 £+ 4.62 >100 >17.2
28 OBHS-HDACI 2 8.12 £ 0.38 59.6 + 0.95 >100 >12.3

? ICso values are an average of at least three independent experiments +
standard deviation (mean + SD).

b 1Cso not determinable up to highest concentrations tested.

€ IVTI = ICs0(VERO)/IC50(MCF-7).

4 NT = inhibition not detectable.

C 16b 16d 16f 16g 16h 16i 17a 17d

17h
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3. Conclusion

The occurrence of breast cancer is related to many factors,
involving multiple signal pathways. Among them, the ERa-mediated
signal pathway plays an important role in the development of breast
cancer.“® Therefore, ERo is an important target for the treatment of
breast cancer. However, most clinically used ER ligands are ERa partial
antagonists with serious side effects, and SERDs are possible to over-
come these problems by directly degrading ERa protein to shut down
ERa signaling pathways. While dozens of ERa degradants have been
reported and entered clinical trials, no ER degradants have been
approved for marketing. Therefore, the development of novel, efficient
and safe degradants is urgently needed. In this study, we designed and
synthesized a series of novel OBHSA-HDACI conjugates that contained
SERD and HDACI units and investigated their antiproliferative activity
and mechanism of action. As a result, conjugate 16i with N-methyl and
naphthyl groups exhibited excellent antiproliferative activity against
MCF-7 cell lines and ERa degradation activity, which also exhibited
potent inhibitory ability to HDACs. Molecular docking analysis indi-
cated the interaction of naphthyl and suberic acid side of conjugate 16i
with ERa may be the main reasons for the degradation of ERa protein. In
summary, the OBHSA-HDACIi conjugates may provide possibilities for
discovery of novel SERDs or PROTAC-like compounds for breast cancer
treatment.

Table 5

ICs values of conjugates 16g and 16i for inhibition of HDAC8 and HDAC6."
Entry Compound HDACS8 (uM) HDAC6 (uM)
1 16g 3.35 4.53
2 16i 3.94 1.32
3 Vorinostat (SAHA) 0.01 0.014

@ Values are the means of a minimum of three experiments.
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Fig. 3. (A) Western blot assay of Ac-H3 in DU-145 cells treated with different conjugates at 20 pM for 24 h. (B) Western blot assay of Ac-a-tubulin in DU-145 cells
treated with different conjugates at 20 uM for 24 h. Histograms were shown as the mean + S.D. of at least 3 independent experiments. The western blots shown are
representative of at least three independent experiments. * p < 0.05, **p < 0.01 compared to control.
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Fig. 5. Computer modeling of OBHS-HDACI conjugates 16g (A) and 16i (B)
bound to ERa (PDB: 5KD9).

4. Experimental section
4.1. Materials and methods

All chemicals and solvents were purchased from commercial sources
and were used without further purification. Tetrahydrofuran (THF) was
dried over Na and distilled prior to use. 'H NMR and 3C NMR spectra
were recorded on a Bruker Biospin AV400 (400 MHz) instrument.
Chemical shifts are reported in ppm (parts per million) and are refer-
enced to either tetramethylsilane or the solvent. A purity of >95% for all
the final compounds was determined with HPLC (Agilent Technologies)
and UV detection at 254 nm.

4.2. General procedures for Diels-Alder reaction (16a-i, 17a-i and 18a-

P

Furan 7 (0.5 mmol) and dienophiles 12, 14-15 (0.6 mmol) were
distilled THF (2 mL), and the reaction mixture was stirred at 90 °C for 12
h. The crude product was purified by silica gel column chromatography
(Dichlormethane-MeOH, 60 : 1 ~ 30: 1)

8-(4-(-6-(N-(4-Hydroxyphenyl)-N-methylsulfamoyl)-3-(4-
hydroxyphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenyl-
amino)-8-oxooctanoic acid (16a). Pale yellow solid, 94% yield, m.p.
113-115 °G; 'H NMR(400 MHz, Acetone-dg) 6 9.14(s, 1H, —CONH—),
7.49(t, J = 8.8 Hz, 2H), 7.29(t, J = 8.4 Hz, 2H), 7.20(t, J = 8.4 Hz, 2H),
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7.12(d, J = 8.0 Hz, 2H), 7.10(d, J = 8.4 Hz, 1H), 7.04(d, J = 8.0 Hz, 1H),
7.02(d, J = 8.0 Hz, 1H), 6.69(d, J = 8.8 Hz, 1H), 6.60(d, J = 8.8 Hz, 1H),
5.35(s, 1H), 5.18(t, J = 3.2 Hz, 1H), 3.49(m, 1H), 3.24(m, 3H), 2.23(m,
2H), 2.13(t, J = 6.4 Hz, 2H), 1.92(m, 1H), 1.83(m, 1H), 1.54(m, 2H),
1.45(t, J = 6.4 Hz, 2H), 1.23(m, 4H). 13C NMR(100 MHz, Acetone-dg) 5
174.83, 172.18, 158.42, 143.12, 141.56, 140.00, 139.56, 137.93,
129.98, 129.83, 129.66, 128.76, 128.46, 127.71, 127.41, 127.35,
124.86, 124.26, 120.10, 119.93, 116.53, 116.37, 85.20, 83.59, 61.60,
39.21, 39.17, 37.65, 34.16, 31.32, 32.13, 26.11, 25.52; HRMS(ESI)
caled for C33H35N207S [M - H]', 603.2165; found 603.2170.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-methyl-N-(p-tolyl)sulfamoyl)-
7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-oxooctanoic
acid (16b). Pale yellow solid, 95% yield, m.p. 114-117 °GC; 'H NMR
(400 MHz, Acetone-dg) 6 9.24(s, 1H, —CONH—), 7.63(d, J = 8.0 Hz,
2H), 7.30(d, J = 8.8 Hz, 1H), 7.29(d, J = 8.8 Hz, 1H), 7.26(d, J = 8.8 Hz,
1H), 7.23(d, J = 8.4 Hz, 1H), 7.18(d, J = 8.4 Hz, 2H), 7.14(d, J = 8.0 Hz,
2H), 6.81(d, J = 8.4 Hz, 1H), 6.80(d, J = 8.8 Hz, 1H), 5.47(s, 1H), 5.32
(s, 1H), 3.59(m, 1H), 3.35(s, 3H), 2.38(t, J = 7.2 Hz, 2H), 2.31(m, 2H),
2.29(s, 3H), 2.13(m, 1H), 2.06(m, 1H), 1.68(t, J = 6.4 Hz, 2H), 1.59(t, J
= 7.2 Hz, 2H), 1.37(m, 4H). *C NMR(100 MHz, Acetone-ds) 5 174.98,
172.42, 158.38, 143.18, 141.57, 140.48, 137.97, 137.52, 130.39,
130.01, 129.66, 128.80, 128.45, 127.38, 127.30, 124.93, 124.31,
120.27, 120.12, 116.59, 116.44, 85.26, 83.58, 61.49, 39.33, 37.73,
34.21, 31.36, 31.17, 29.66, 26.15, 25.54, 21.01; HRMS(ESI) calcd for
C34H37N207S [M - H]’, 6172321, found 617.2327.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-methyl-N-(m-tolyl)sulfamoyl)-
7oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-oxooctanoic
acid (16¢). Pale yellow solid, 96% yield, m.p. 120-123 °C; 'H NMR(400
MHz, Acetone-dg) 6 9.24(s, 1H, —CONH—), 7.63(d, J = 8.4 Hz, 1H),
7.60(d, J = 8.8 Hz, 1H), 7.24(d, J = 8.0 Hz, 2H), 7.22(m, 3H), 7.20(d, J
= 8.8 Hz, 1H), 7.18(d, J = 8.4 Hz, 1H), 7.08(d, J = 8.8 Hz, 1H), 6.81(d, J
= 8.8 Hz, 1H), 6.80(d, J = 8.8 Hz, 1H), 5.50(s, 1H), 5.32(s, 1H), 3.61(m,
1H), 3.36(s, 3H), 2.37(t, J = 6.8 Hz, 2H), 2.32(m, 2H), 2.28(s, 3H), 2.16
(m, 1H), 2.06(m, 1H), 1.68(m, 2H), 1.59(t, J = 6.4 Hz, 2H), 1.37(m, 4H).
13C NMR(100 MHz, Acetone-dg) 5 174.93, 172.34, 158.45, 143.17,
143.04, 141.62, 139.69, 137.95, 130.00, 129.65, 129.62, 128.78,
128.44, 127.99, 127.91, 124.94, 124.42, 124.34, 120.24, 120.08,
116.61, 116.42, 85.24, 83.57, 61.44, 39.26, 37.71, 34.19, 31.35, 31.16,
26.13, 25.53, 21.40, 20.58; HRMS(ESI) calcd for C34H37N207S [M - H],
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617.2321; found 617.2327.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-(4-methoxyphenyl)-N-methyl-
sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (16d). Pale yellow solid, 94% yield, m.p. 107-109 °C;
'H NMR(400 MHz, Acetone-dg) § 9.23(s, 1H, —CONH—), 7.64(d, J =
8.8 Hz, 1H), 7.60(d, J = 8.8 Hz, 1H), 7.30(d, J = 8.4 Hz, 2H), 7.26(d, J =
8.4 Hz, 2H), 7.20(d, J = 8.4 Hz, 2H), 6.84(d, J = 8.8 Hz, 2H), 6.82(d, J =
8.8 Hz, 1H), 6.80(d, J = 8.4 Hz, 1H), 5.49(s, 1H), 5.33(t, J = 2.8 Hz, 1H),
3.78(s, 3H), 3.53(m, 1H), 3.33(s, 3H), 2.37(t, J = 7.2 Hz, 2H), 2.29(t, J
=7.2Hz, 2H), 2.16(m, 1H), 2.06(m, 1H), 1.68(t, J = 6.8 Hz, 2H), 1.60(t,
J =7.2 Hz, 2H), 1.37(m, 4H). 13C NMR(100 MHz, Acetone-dg) 5 174.87,
172.23, 159.50, 158.44, 143.08, 141.56, 140.04, 139.65. 138.01,
135.59, 130.07, 129.62, 129.22, 128.88, 128.43, 124.96, 124.35,
120.28, 120.07, 116.58, 116.41, 114.92, 85.31, 83.58, 61.25, 55.78,
39.61, 37.71, 34.17, 31.38, 31.20, 26.12, 25.52, 20.55; HRMS(ESI)
caled for C34H37N20gS [M - H]', 633.2271; found 633.2276.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-(3-methoxyphenyl)-N-methyl-
sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (16e). Pale yellow solid, 95% yield, m.p. 105-107 °C;
'H NMR(400 MHz, Acetone-dg) 5 9.28(s, 1H, —CONH—), 7.62(d, J =
8.4 Hz, 2H), 7.23(d, J = 8.0 Hz, 2H), 7.20(d, J = 8.0 Hz, 2H), 7.18(d, J =
8.4 Hz, 1H), 7.03(m, 2H), 6.82(d, J = 8.0 Hz, 1H), 6.80(d, J = 8.8 Hz,
2H), 5.49(s, 1H), 5.33(s, 1H), 3.76(s, 3H), 3.60(m, 1H), 3.38(s, 3H),
2.39(t, J = 6.8 Hz, 2H), 2.29(t, J = 6.8 Hz, 2H), 2.15(m, 1H), 2.05(m,
1H), 1.68(t, J = 6.0 Hz, 2H), 1.59(t, J = 6.0 Hz, 2H), 1.38(m, 4H). 13¢
NMR(100 MHz, Acetone-dg) § 174.97, 172.40, 160.98, 158.38, 144.22,
143.22, 141.63, 139.56, 137.93, 130.47, 129.92, 129.70, 128.71,
128.49, 124.90, 124.28, 120.25, 119.00, 116.58, 116.43, 113.20,
113.15, 85.20, 83.66, 61.69, 55.73, 39.14, 37.72, 34.19, 31.37, 31.17,
26.13, 25.53, 20.58; HRMS(ESI) calcd for C34H3yN2O0gS [M - HJ,
633.2271; found 633.2276.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-methyl-N-phenylsulfamoyl)-7-
oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-oxooctanoic
acid (16f). Pale yellow solid, 91% yield, m.p. 122-124 °C; H NMR (400
MHz, Acetone-dg) & 9.14(s, 1H, —CONH—), 7.46(d, J = 8.8 Hz, 2H),
7.13(d, J = 8.8 Hz, 2H), 7.07(t, J = 8.0 Hz, 4H), 6.70(d, J = 8.0 Hz, 2H),
6.65(d, J = 8.8 Hz, 2H), 5.39(s, 1H), 5.19(s, 1H), 3.41(m, 1H), 3.17(s,
3H), 2.26(t, J = 7.2 Hz, 2H), 2.15(t, J = 7.6 Hz, 2H), 2.03(m, 1H), 1.91
(m, 1H), 1.55(t, J = 6.0 Hz, 2H), 1.45(t, J = 7.2 Hz, 2H), 1.23(m, 4H).
13C NMR(100 MHz, Acetone-ds) § 175.13, 172.57, 158.47, 157.40,
141.50, 139.92, 139.69, 134.51, 130.08, 129.44, 129.05, 128.44,
124.28, 120.17, 116.61, 116.38, 85.30, 83.60, 61.10, 39.74, 37.72,
34.23, 31.40, 30.72, 29.65, 26.16, 25.53; HRMS(ESI) caled for
C33H35N20gS [M - HI, 619.2115; found 633.2120.
8-(4-(-6-(N-(2-Chlorophenyl)-N-methylsulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (16g). Pale yellow solid, 93% yield, m.p. 135-138 °C;
'H NMR(400 MHz, Acetone-dg) 6 9.31(s, 1H, —CONH—), 7.64(t, J = 8.0
Hz, 2H), 7.54(m, 1H), 7.48(m, 1H), 7.35(m, 2H), 7.30(d, J = 8.0 Hz,
1H), 7.28(d, J = 8.0 Hz, 1H), 7.24(d, J = 8.4 Hz, 1H), 7.22(d, J = 8.0 Hz,
1H), 6.84(d, J = 8.0 Hz, 1H), 6.82(d, J = 8.0 Hz, 1H), 5.60(s, 1H), 5.40
(s, 1H), 3.74(m, 1H), 3.29(s, 3H), 2.39(t, J = 7.6 Hz, 3H), 2.29(t,J = 7.6
Hz, 2H), 2.24(m, 1H), 1.69(t, J = 7.2 Hz, 2H), 1.60(t, J = 7.2 Hz, 2H),
1.36(m, 4H). 13C NMR(100 MHz, Acetone-dg) § 175.10, 172.56, 158.43,
143.39, 141.78, 140.05, 139.98, 139.81, 134.97, 132.73, 131.36,
130.58, 130.13, 129.68, 128.90, 128.46, 124.95, 124.27, 120.31,
120.19, 116.64, 116.49, 85.44, 83.67, 63.51, 39.38, 37.74, 34.25,
31.74, 29.67, 26.17, 25.55, 20.68; HRMS(ESI) caled for C33H34CIN,0,S
[M - H]', 637.1776; found 637.1781.
8-(4-(-6-(N-(4-chlorophenyl)-N-methylsulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (16h). Pale yellow solid, 89% yield, m.p. 141-143 °C;
'H NMR(400 MHz, Acetone-dg) 5 9.28(s, 1H, —CONH—), 7.63(d, J =
8.0 Hz, 1H), 7.60(d, J = 8.8 Hz, 1H), 7.46(d, J = 8.0 Hz, 1H), 7.45(d, J =
8.0 Hz, 1H), 7.36(d, J = 8.8 Hz, 2H), 7.26(d, J = 8.0 Hz, 1H), 7.24(d, J =
8.0 Hz, 1H), 7.19(d, J = 8.4 Hz, 1H), 7.18(d, J = 8.0 Hz, 1H), 6.81(d, J =
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8.8 Hz, 1H), 6.80(d, J = 8.8 Hz, 1H), 5.50(s, 1H), 5.34(t, J = 2.8 Hz, 1H),
3.65(m, 1H), 3.38(s, 3H), 2.38(t, J = 7.2 Hz, 2H), 2.29(t, J = 7.2 Hz,
2H), 2.07(m, 2H), 1.68(m, 2H), 1.60(t, J = 6.4 Hz, 2H), 1.37(m, 4H). 13¢
NMR(100 MHz, Acetone-dg) § 175.10, 172.50, 158.50, 143.18, 141.96,
141.58, 139.49. 137.80, 132.71, 129.99, 129.82, 129.68, 128.87,
128.83, 128.80, 128.84, 124.80, 124.20, 120.32, 120.14, 116.61,
116.45, 85.24, 83.57, 61.78, 39.14, 37.73, 34.23, 31.36, 31.15, 26.15,
25.54, 20.66; HRMS(ESI) caled for C33H34CIN2O,S [M - HI', 637.1776;
found 637.1781.
8-(4-(3-(4-hydroxyphenyl)-6-(N-methyl-N-(naphthalen-1-yl)
sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (16i). Pale yellow solid, 95% yield, m.p. 115-118 °C;
H NMR(400 MHz, Acetone-dg) 6 9.27(s, 1H, —CONH—), 8.74(s, 1H),
8.22(t, J = 8.8 Hz, 1H), 7.92(t, J = 8.4 Hz, 2H), 7.67(d, J = 8.0 Hz, 1H),
7.63(d, J = 8.4 Hz, 2H), 7.54(d, J = 8.8 Hz, 2H), 7.45(m, 1H), 7.29(t, J
= 8.8 Hz, 2H), 7.23(d, J = 8.4 Hz, 2H), 6.833(d, J = 8.4 Hz, 2H), 5.59(s,
1H), 5.44(d, J = 3.6 Hz, 1H), 3.86(m, 1H), 3.43(s, 3H), 2.46(m, 1H),
2.38(t, J = 7.2 Hz, 2H), 2.29(t, J = 7.2 Hz, 2H), 2.23(m, 1H), 1.69(t, J =
6.4 Hz, 2H), 1.61(t, J = 6.4 Hz, 2H), 1.37(m, 4H). '3C NMR(100 MHz,
Acetone-dg) § 174.99, 172.33, 158.46, 143.29, 141.71, 140.06, 139.81,
135.72, 132.93, 130.17, 129.99, 129.68, 128.46, 127.65, 127.36,
124.81, 120.35, 120.12, 116.64, 116.49, 85.58, 83.77, 62.59, 40.80,
37.72, 34.22, 29.67, 29.59, 26.15, 25.55, 20.63; HRMS(ESI) calcd for
C37H37N207S [M - HI', 653.2323; found 653.2327.
8-(4-(6-(N-Ethyl-N-phenylsulfamoyl)-3-(4-hydroxyphenyl)-7-
oxabicyclo [2.2.1] -hept-2-en-2-yl)phenylamino)-8-oxooctanoic
acid (17a). Pale yellow solid, 94% yield, m.p. 131-133 °C; 'H NMR
(400 MHz, Acetone-dg) & 9.09(s, 1H, —CONH—), 7.52(d, J = 8.8 Hz,
1H), 7.49(d, J = 8.8 Hz, 1H), 7.29(d, J = 8.8 Hz, 1H), 7.22(d, J = 8.0 Hz,
3H), 7.17(m, 1H), 7.13(d, J = 8.4 Hz, 2H), 7.07(d, J = 8.0 Hz, 1H), 7.06
(d, J=8.0Hz, 1H), 6.70(d, J = 8.8 Hz, 1H), 6.66(d, J = 8.8 Hz, 1H), 5.36
(s, 1H), 5.20(s, 1H), 3.71(m, 2H), 3.37(m, 1H), 2.24(t, J = 7.6 Hz, 2H),
2.15(t, J = 7.2 Hz, 2H), 2.05(m, 1H), 1.92(m, 1H), 1.55(t, J = 7.2 Hz,
2H), 1.46(t, J = 7.2 Hz, 2H), 1.24(m, 4H), 0.89(t, J = 7.2 Hz, 3H). 13¢
NMR(100 MHz, Acetone-dg) § 174.30, 171.79, 157.71, 142.21, 140.54,
139.29, 139.05, 138.78, 136.99, 129.21, 129.18, 129.00, 128.66,
127.94, 127.55, 127.44, 123.85, 123.17, 119.38, 119.19, 115.71,
115.52, 84.37, 82.66, 61.41, 46.21, 36.77, 33.39, 30.42, 28.73, 25.25,
24.63, 19.82, 14.01; HRMS(ESD) caled for CsqH3;N20,S [M - HT,
617.2321; found 631.2327.
8-(4-(-6-(N-Ethyl-N-(p-tolyl)sulfamoyl)-3-(4-hydroxyphenyl)-7-
oxabicyclo [2.2.1] hept-2-en-2-yl)pheny)amino)-8-oxooctanoic
acid (17b). Pale yellow solid, 96% yield, m.p. 137-139 °C; 'H NMR
(400 MHz, Acetone-dg) 6 9.09(s, 1H, —CONH—), 7.49(d, J = 8.8 Hz,
1H), 7.46(d, J = 8.4 Hz, 1H), 7.10(d, J = 8.4 Hz, 2H), 7.07(d, J = 8.0 Hz,
2H), 7.05(d, J = 8.0 Hz, 2H), 7.00(d, J = 8.0 Hz, 2H), 6.70(d, J = 8.4 Hz,
1H), 6.64(d, J = 8.8 Hz, 1H), 5.35(s, 1H), 5.19(s, 1H), 3.66(m, 2H), 3.37
(m, 1H), 2.23(t, J = 7.2 Hz, 2H), 2.16(s, 3H), 2.14(m, 2H), 2.05(m, 1H),
1.91(m, 1H), 1.54(t, J = 7.2 Hz, 2H), 1.45(t, J = 6.8 Hz, 2H), 1.23(m,
4H), 0.88(t, J = 6.8 Hz, 3H). *C NMR(100 MHz, Acetone-dg) 5 174.94,
172.32, 158.51, 143.13, 141.58, 140.19, 139.78, 138.04, 130.68,
130.15, 129.65, 129.47, 129.15, 128.93, 128.35, 127.03, 125.01,
124.28, 120.24, 120.06, 116.64, 116.42, 85.25, 83.57, 62.24, 47.16,
37.71, 34.19, 31.35, 31.10, 26.13, 25.53, 21.32, 20.59, 14.98; HRMS
(ESI) caled for C3sH39N2O7S [M - H], 647.2478; found 631.2483.
8-(4-(6-(N-Ethyl-N-(m-tolyl)sulfamoyl)-3-(4-hydroxyphenyl)-7-
oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-oxooctanoic aid
(17c). Pale yellow solid, 94% yield, m.p. 134-137 °C; 1H NMR(400
MHz, Acetone-dg) 6 9.23(s, 1H, —CONH—), 7.65(d, J = 8.8 Hz, 1H),
7.60(d, J = 8.8 Hz, 1H), 7.29(s, 1H), 7.27(d, J = 8.8 Hz, 1H), 7.25(d, J =
8.0 Hz, 1H), 7.22(m, 2H), 7.16(d, J = 8.4 Hz, 2H), 7.12(d, J = 8.8 Hz,
1H), 6.85(d, J = 8.4 Hz, 1H), 6.80(d, J = 8.8 Hz, 1H), 5.52(s, 1H), 5.34
(s, 1H), 3.81(m, 2H), 3.52(m, 1H), 2.37(m, 2H), 2.29(m, 2H), 2.27(s,
3H), 2.20(m, 1H), 2.06(m, 1H), 1.69(m, 2H), 1.60(t, J = 6.0 Hz, 2H),
1.37(m, 4H), 1.03(t, J = 6.8 Hz, 3H). 13C NMR(100 MHz, Acetone-dg) &
174.13, 171.52, 157.54, 142.48, 140.86, 139.44, 139.31, 138.49,
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136.71, 129.30, 129.05, 128.99, 128.55, 128.10, 127.35, 125.81,
123.75, 122.95, 119.25, 119.04, 115.67, 115.44, 84.16, 82.62, 61.86,
36.72, 33.32, 30.49, 30.33, 29.65, 28.44, 25.24, 25.21, 24.60, 20.34;
HRMS(ESI) caled for C35sH39N2O7S [M - H]', 647.2478; found 631.2483.
8-(4-(6-(N-Ethyl-N-(4-methoxyphenyl)sulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (17d). Pale yellow solid, 91% yield, m.p. 141-143 °C;
'H NMR(400 MHz, Acetone-dg) § 9.16(s, 1H, —CONH—), 7.50(d, J =
8.8 Hz, 1H), 7.46(d, J = 8.8 Hz, 1H), 7.12(d, J = 8.4 Hz, 2H), 7.11(d, J =
8.0 Hz, 2H), 7.09(d, J = 8.4 Hz, 1H), 7.06(d, J = 8.0 Hz, 1H), 6.72(d, J =
8.8 Hz, 2H), 6.70(d, J = 8.8 Hz, 1H), 6.66(d, J = 8.4 Hz, 1H), 5.35(s,
1H), 5.20(s, 1H), 3.64(m, 2H), 3.62(s, 3H), 3.37(m, 1H), 2.23(m, 2H),
2.14(t, J = 6.8 Hz, 2H), 2.07(m, 1H), 1.91(m, 1H), 1.54(m, 2H), 1.45(t,
J = 6.4 Hz, 2H), 1.23(m, 4H), 0.88(t, J = 7.2 Hz, 3H). *C NMR(100
MHz, Acetone-dg) § 175.10, 172.48, 159.91, 158.40, 143.10, 141.52,
140.11, 139.95, 138.05, 132.56, 131.50, 130.18, 129.55, 128.99,
128.36, 124.96, 124.29,120.39, 120.16, 116.66, 116.46, 115.00, 85.32,
83.64, 62.13, 55.80, 47.36, 37.72, 34.25, 31.36, 31.18, 26.16, 25.54,
20.64, 14.97
8-(4-(6-(N-Ethyl-N-(3-methoxyphenyl)sulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic Acid (17e). Pale yellow solid, 94% yield, m.p.
145-148 °C; H NMR(400 MHz, Acetone-dg) § 9.15(s, 1H, —CONH—),
7.48(d, J = 8.8 Hz, 2H), 7.12(t, J = 8.0 Hz, 3H), 7.06(d, J = 8.0 Hz, 2H),
6.82(d, J = 8.0 Hz, 2H), 6.73(d, J = 8.4 Hz, 1H), 6.66(d, J = 8.8 Hz, 2H),
5.37(s, 1H), 5.19(s, 1H), 3.70(m, 2H), 3.60(s, 3H), 3.42(m, 1H), 2.23(m,
2H), 2.14(t, J = 7.2 Hz, 2H), 2.05(m, 1H), 1.91(m, 1H), 1.54(m, 2H),
1.45(t, J = 6.8 Hz, 2H), 1.23(m, 4H), 0.90(t, J = 6.8 Hz, 3H). 13C NMR
(100 MHz, Acetone-dg) 5 175.08, 172.46, 161.04, 158.42, 143.22,
141.42, 139.98, 139.71, 138.02, 130.47, 130.02, 129.63, 128.81,
128.42, 124.94, 124.25, 121.77, 120.30, 116.64, 116.46, 115.93,
113.86, 85.24, 83.68, 62.66, 55.75, 47.03, 37.72, 34.24, 32.67, 31.18,
26.15, 25.54, 20.63, 14.94; HRMS(ESI) calcd for C35H39N20gS [M - H]',
647.2428; found 647.2433.
8-(4-(-6-(N-(4-Hydroxyphenyl)-N-ethylsulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (17f). Pale yellow solid, 93% yield, m.p. 151-153 °C;
'H NMR(400 MHz, Acetone-dg) 6 9.35(s, 1H, —CONH—), 7.66(d, J =
8.0 Hz, 2H), 7.29(d, J = 8.8 Hz, 2H), 7.22(d, J = 8.8 Hz, 2H), 7.15(d, J =
8.8 Hz, 2H), 6.81(d, J = 8.4 Hz, 2H), 6.77(d, J = 8.0 Hz, 2H), 5.49(s,
1H), 5.35(t, J = 3.6 Hz, 1H), 3.76(m, 2H), 3.53(m, 1H), 2.42(t, J = 7.2
Hz, 2H), 2.29(t, J = 7.2 Hz, 2H), 2.23(m, 1H), 2.06(m, 1H), 1.70(t, J =
7.6 Hz, 2H), 1.62(t, J = 6.8 Hz, 2H), 1.37(m, 4H), 1.02(t, J = 7.2 Hz,
3H). '3C NMR(100 MHz, Acetone-dg) 5 175.06, 172.48, 158.53, 157.83,
141.48, 139.94, 139.79, 131.68, 131.47, 130.17, 129.08, 128.37,
124.28, 120.12, 116.63, 116.45, 84.14, 83.58, 61.97, 47.38, 37.71,
34.24, 31.36, 30.70, 29.65, 26.15, 25.54, 14.90; HRMS(ESI) calcd for
C34H57N,0gS [M - HI', 633.2271; found 633.2276.
8-(4-(-6-(N-(3-Chlorophenyl)-N-ethylsulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabic-yclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (17g). Pale yellow solid, 87% yield, m.p. 144-146 °C;
'H NMR(400 MHz, Acetone-dg) 6 9.29(s, 1H, —CONH—), 7.64(d, J =
8.8 Hz, 1H), 7.61(d, J = 8.8 Hz, 1H), 7.39(m, 4H), 7.27(d, J = 8.4 Hz,
1H), 7.25(d, J = 8.4 Hz, 1H), 7.22(d, J = 8.0 Hz, 1H), 7.20(d, J = 8.0 Hz,
1H), 6.82(d, J = 8.8 Hz, 1H), 6.78(d, J = 8.8 Hz, 1H), 5.52(s, 1H), 5.36
(s, 1H), 3.84(m, 2H), 3.56(m, 1H), 2.38(m, 2H), 2.29(t, J = 7.2 Hz, 2H),
2.13(m, 1H), 2.07(m, 1H), 1.70(m, 2H), 1.60(t, J = 6.4 Hz, 2H), 1.37(m,
4H), 1.03(t, J = 6.8 Hz, 3H). 13C NMR(100 MHz, Acetone-dg) § 175.08,
172.49, 158.50, 143.36, 141.77, 140.11, 139.84, 138.13, 137.27,
135.81, 134.24, 131.36, 130.73, 129.63, 128.60, 128.40, 124.97,
124.28, 120.27, 120.15, 116.62, 116.47, 85.48, 83.70, 63.85, 47.09,
37.73, 34.23, 29.67, 26.20, 26.16, 25.54, 20.66, 14.64; HRMS(ESI)
caled for C34H36CIN2O7S [M - H]', 651.1932; found 651.1937.
8-(4-(-6-(N-(4-chlorophenyl)-N-ethylsulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (17h). Pale yellow solid, 90% yield, m.p. 141-143 °C;
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'H NMR(400 MHz, Acetone-dg) 6 9.28(s, 1H, —CONH—), 7.66(d, J =
8.4 Hz, 2H), 7.51(d, J = 8.8 Hz, 2H), 7.37(d, J = 8.0 Hz, 2H), 7.27(d, J =
8.4 Hz, 2H), 7.24(d, J = 8.8 Hz, 2H), 6.84(d, J = 8.4 Hz, 2H), 5.58(s,
1H), 5.38(s, 1H), 3.68(m, 3H), 2.39(t, J = 7.6 Hz, 3H), 2.29(t, J = 7.2
Hz, 2H), 2.27(m, 1H), 1.69(t, J = 6.8 Hz, 2H), 1.60(t, J = 7.2 Hz, 2H),
1.37(m, 4H), 1.05(t, J = 7.2 Hz, 3H). '3C NMR(100 MHz, Acetone-ds) &
175.21, 172.53, 158.53, 143.17, 141.57, 139.98, 139.18, 137.90,
133.55, 131.63, 131.59, 130.11, 129.95, 129.64, 128.89, 128.43,
124.86, 124.21, 120.36, 120.16, 116.64, 116.45, 85.25, 83.63, 62.68,
47.04, 37.73, 34.12, 31.38, 31.18, 29.67, 26.17, 25.54, 14.84; HRMS
(ESI) calced for C34H36CIN207S [M - H]', 651.1932; found 651.1937.
8-(4-(6-(N-(2-bromophenyl)-N-ethylsulfamoyl)-3-(4-hydrox-
yphenyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenylamino)-8-
oxooctanoic acid (17i). Pale yellow solid, 89% yield, m.p. 145-147 °C;
'H NMR(400 MHz, Acetone-dg) 6 9.25(s, 1H, —CONH—), 7.65(d, J =
8.0 Hz, 3H), 7.35(m, 2H), 7.29(d, J = 8.4 Hz, 3H), 7.21(d, J = 8.0 Hz,
2H), 6.83(d, J = 8.8 Hz, 2H), 5.61(s, 1H), 5.39(t, J = 3.2 Hz, 1H), 3.84
(m, 1H), 3.70(m, 2H), 2.40(t, J = 7.2 Hz, 2H), 2.30(t, J = 7.6 Hz, 2H),
2.20(m, 1H), 2.07(m, 1H), 1.70(t, J = 6.4 Hz, 2H), 1.61(t, J = 6.8 Hz,
2H), 1.39(m, 4H), 1.08(t, J = 6.8 Hz, 3H). 3¢ NMR(100 MHz, Ace-
tone-dg) 6 174.16, 171.55, 157.67, 142.17, 140.54, 139.08, 138.79,
137.36, 136.62, 129.55, 128.98, 128.64, 127.96, 127.43, 123.91,
123.23, 119.34, 119.15, 115.68, 115.50, 84.38, 82.64, 61.28, 46.21,
36.77, 33.35, 28.73, 25.23, 24.62, 20.15, 19.76, 14.02; HRMS(ESI)
calced for C34H36BrN2O7S [M - H],, 695.1427; found 695.1432.
8-((4-(-3-(4-Hydroxyphenyl)-6-(N-phenyl-N-(2,2,2-tri-
fluoroethyl)sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenyl)
amino)-8-oxooctanoic acid (18a). Pale yellow solid, 97% yield, m.p.
122-125 °C; 'H NMR(400 MHz, Acetone-dg) 6 9.33(s, 1H, —CONH—),
7.64(d, J = 8.8 Hz, 1H), 7.61(d, J = 8.8 Hz, 1H), 7.46(t, J = 8.4 Hz, 2H),
7.35(m, 3H), 7.25(d, J = 8.0 Hz, 1H), 7.23(d, J = 8.4 Hz, 1H), 7.20(d, J
= 8.0 Hz, 1H), 7.19(d, J = 8.0 Hz, 1H), 6.85(d, J = 8.8 Hz, 1H), 6.81(d, J
= 8.4 Hz, 1H), 5.56(s, 1H), 5.36(s, 1H), 4.59(m, 2H), 3.63(m, 1H), 2.37
(t, J = 7.6 Hz, 2H), 2.28(m, 2H), 2.15(m, 1H), 2.06(m, 1H), 1.68(t, J =
7.2 Hz, 2H), 1.60(m, 2H), 1.37(m, 4H). 3¢ NMR(100 MHz, Acetone-dg)
§ 174.91, 172.24, 158.56, 143.32, 141.80, 140.50, 139.40, 137.73,
130.21, 129.87, 129.82, 129.53, 129.19, 129.01, 128.72, 128.32,
128.09, 124.75, 124.05, 120.15, 119.92, 116.57, 116.37, 85.18, 83.57,
63.01, 37.63, 34.17, 31.41, 31.25, 29.64, 29.56, 26.09, 25.51; HRMS
(ESI) calced for C34H34F3N207S [M - HI', 671.2039; found 671.2044.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-(m-tolyl)-N-(2,2,2-tri-
fluoroethyl)sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenyl-
amino)-8-oxooctanoic acid (18b). Pale yellow solid, 95% yield, m.p.
124-126 °G; 'H NMR(400 MHz, Acetone-dg) § 9.29(s, 1H, —CONH—),
7.64(m, 2H), 7.30(d, J = 8.0 Hz, 2H), 7.21(d, J = 8.4 Hz, 2H), 7.21(m,
2H), 7.12(d, J = 8.4 Hz, 1H), 7.08(d, J = 8.4 Hz, 1H), 6.85(d, J = 8.4 Hz,
1H), 6.82(d, J = 8.4 Hz, 1H), 5.56(s, 1H), 5.36(s, 1H), 4.51(m, 2H), 3.63
(m, 1H), 2.39(t, J = 7.6 Hz, 2H), 2.33(m, 2H), 2.31(m, 3H), 2.18(m, 1H),
1.98(m, 1H), 1.70(t, J = 6.4 Hz, 2H), 1.60(t, J = 6.4 Hz, 2H), 1.38(m,
4H). 13C NMR(100 MHz, Acetone-dg) 5 175.28, 172.67, 157.61, 143.40,
141.49, 140.14, 139.27, 137.81, 131.18, 130.79, 130.55, 130.28,
129.53, 129.09, 126.55, 126.36, 124.77, 124.09, 120.21, 116.67,
116.48, 116.24, 85.24, 83.56, 62.86, 37.75, 34.27, 29.66, 26.22, 26.20,
26.17, 25.54, 21.11, 20.68; HRMS(ESI) caled for CssHsgF3N207S [M -
HT', 685.2206; found 685.2201.
8-(4-(3-(4-Hydroxyphenyl)-6-(N-(m-tolyl)-N-(2,2,2-tri-
fluoroethyl)sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)pheny]l-
amino)-8-oxooctanoic acid (18c). Pale yellow solid, 94% yield, m.p.
123-125 °G; 'H NMR(400 MHz, Acetone-dg) § 9.27(s, 1H, —CONH—),
7.66(d, J = 8.0 Hz, 1H), 7.61(d, J = 8.0 Hz, 1H), 7.35(m, 1H), 7.27(d, J
= 8.8 Hz, 2H), 7.24(d, J = 8.4 Hz, 2H), 7.22(m, 2H), 7.05(t, J = 8.0 Hz,
1H), 6.86(d, J = 8.8 Hz, 1H), 6.81(d, J = 8.8 Hz, 1H), 5.59(s, 1H), 5.36
(s, 1H), 4.58(m, 2H), 3.63(m, 1H), 2.38(t, J = 7.2 Hz, 2H), 2.30(m, 2H),
2.27(s, 3H), 2.21(m, 1H), 2.10(m, 1H), 1.70(t, J = 6.4 Hz, 2H), 1.62(m,
2H), 1.40(m, 4H). '3C NMR(100 MHz, Acetone-ds) 6 175.00, 172.45,
158.47, 143.10, 141.55, 140.03, 139.58, 137.90, 129.99, 129.85,
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129.68, 128.77, 128.47, 127.74, 127.42, 127.35, 124.84, 124.23,
120.26, 120.10, 116.58, 116.42, 85.21, 83.60, 61.48, 39.23, 39.13,
37.71, 34.22, 31.33, 31.14, 29.66, 26.14, 25.54; HRMS(ESI) calcd for
C35H36F3N207S [M - H]-, 6852206, found 685.2201.

8-(4-(3-(4-Hydroxyphenyl)-6-(N-(p-tolyl)-N-(2,2,2-tri-
fluoroethyl)sulfamoyl)-7-oxabicyclo [2.2.1] hept-2-en-2-yl)phenyl-
amino)-8-oxooctanoic acid (18d). Pale yellow solid, 95% yield, m.p.
126-128 °C; H NMR(400 MHz, Acetone-dg) § 9.32(s, 1H, —CONH—),
7.68(d, J = 8.4 Hz, 1H), 7.63(d, J = 8.4 Hz, 1H), 7.35(d, J = 8.8 Hz, 2H),
7.30(d, J = 8.0 Hz, 1H), 7.26(d, J = 8.0 Hz, 1H), 7.21(d, J = 8.8 Hz, 1H),
7.18(d, J = 8.8 Hz, 1H), 6.85(d, J = 8.0 Hz, 1H), 6.84(d, J = 8.4 Hz, 2H),
6.79(d, J = 8.4 Hz, 1H), 5.54(s, 1H), 5.37(s, 1H), 4.52(m, 2H), 3.76(s,
3H), 3.61(m, 1H), 2.39(t, J = 7.2 Hz, 2H), 2.30(t, J = 7.2 Hz, 2H), 2.21
(m, 1H), 2.06(m, 1H), 1.69(t, J = 6.4 Hz, 2H), 1.60(m, 2H), 1.37(m, 4H).
13¢ NMR(100 MHz, Acetone-dg) 6 175.44, 172.86, 160.39, 158.41,
143.30, 141.76, 140.09, 139.55, 137.70, 132.68, 131.32, 131.30,
130.39, 129.50, 129.21, 128.31, 124.77, 124.07, 120.56, 120.31,
116.69, 115.29, 85.26, 83.64, 62.44, 55.87, 37.76, 37.71, 34.29, 31.45,
29.57, 26.20, 25.53, 20.71; HRMS(ESI) caled for C35H36F3N2035 [M -
HJ’, 701.2155; found 701.2150.

8-((4-(-3-(4-Hydroxyphenyl)-6-(N-(3-methoxyphenyl)-N-(2,2,2-
trifluoroethyl)s-ulfamoyl)-7-ox-abicyclo [2.2.1] hept-2-en-2-y])
phenyl)amino)-8-oxooctanoic acid (18e). Pale yellow solid, 96%
yield, m.p. 123-126 °C; 'H NMR(400 MHz, Acetone-dg) 5 7.52(d, J =
8.4 Hz, 1H), 7.47(d, J = 8.4 Hz, 1H), 7.12(d, J = 8.0 Hz, 3H), 7.06(d, J =
8.0 Hz, 1H), 7.04(d, J = 8.0 Hz, 1H), 6.94(m, 2H), 6.79(d, J = 8.4 Hz,
1H), 6.70(d, J = 8.4 Hz, 1H), 6.64(d, J = 8.8 Hz, 1H), 5.43(s, 1H), 5.22
(s, 1H), 4.46(m, 2H), 3.62(s, 3H), 3.49(m, 1H), 2.26(t, J = 6.8 Hz, 2H),
2.14(t, J = 7.2 Hz, 3H), 2.06(m, 1H), 1.56(m, 2H), 1.46(m, 2H), 1.37(m,
4H). 3¢ NMR(100 MHz, Acetone-dg) 6 175.10, 172.57, 161.16, 158.45,
143.49, 141.54, 139.93, 139.45, 137.68, 130.87, 130.12, 129.57,
128.91, 128.36, 124.68, 123.94, 121.47, 120.24, 120.06, 116.56,
116.38, 115.56, 114.63, 85.18, 83.59, 63.07, 55.82, 37.65, 34.22,
31.49, 31.32, 30.57, 26.16, 26.14, 25.51; HRMS(ESI) calcd for
C35H36F3N20gS [M - H]', 701.2155; found 701.2150.

8-(4-(6-(N-Benzyl-N-(2,2,2-trifluoroethyl)sulfamoyl)-3-(4-
hydroxyphenyl)-7-ox-abicyclo [2.2.1] hept-2-en-2-yl)phenyl)
amino)-8-oxooctanoic acid (18f). Pale yellow solid, 94% yield, m.p.
127-129 °C; H NMR (400 MHz, Acetone-dg) 6 9.28(s, 1H, —CONH—),
7.66(d, J = 8.0 Hz, 2H), 7.38(m, 2H), 7.32(d, J = 8.0 Hz, 2H), 7.29(d, J
= 8.0 Hz, 1H), 7.27(d, J = 8.4 Hz, 1H), 7.25(d, J = 8.0 Hz, 1H), 7.22(d, J
= 8.4 Hz, 1H), 7.09(d, J = 8.4 Hz, 1H), 6.84(d, J = 8.4 Hz, 2H), 5.62(s,
1H), 5.41(s, 1H), 4.67(m, 2H), 4.00(m, 2H), 3.58(m, 1H), 2.40(m, 3H),
2.30(t, J = 7.6 Hz, 2H), 2.06(m, 1H), 1.71(t, J = 6.0 Hz, 2H), 1.61(t, J =
6.8 Hz, 2H), 1.39(m, 4H). '3C NMR(100 MHz, Acetone-dg) 5 179.64,
177.04, 162.89, 147.72, 145.99, 144.31, 144.07, 142.29, 140.51,
134.83, 134.83, 134.31, 134.01, 133.91, 133.84, 133.32, 133.08,
132.78, 129.01, 128.27, 124.56, 120.93, 120.54, 89.34, 88.00, 57.77,
42.04, 38.63, 35.74, 35.51, 35.04, 30.50, 29.85, 25.05; HRMS(ESI)
caled for C3sH36F3N2O7S [M - H], 685.2205; found 685.2201.

4.3. Estrogen receptor binding affinity

Relative binding affinities were determined by a competitive fluo-
rometric binding assay. Briefly, 40 nM fluorescence tracer (coumestrol,
Sigma-Aldrich, MO) and 0.8 pM purified human ERa or ERf ligand
binding domain (LBD) were diluted in 100 mM potassium phosphate
buffer (pH 7.4), containing 100 pg/mL bovine gamma globulin (Sigma-
Aldrich, MO). Incubations were for 2 h at room temperature (25 °C) in
dark place. Then fluorescence polarization values were measured using
Cytation 3 microplate reader. The binding affinities are expressed as
relative binding affinity (RBA) values with the RBA of 17f-estradiol set
to 100%. The values given are the average + range of two independent
determinations. ICsy values were calculated according to equations
described previously.*!*”
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4.4. Gene transcriptional activity

The human embryonic kidney cell lines, HEK 293T, was cultured in
Dulbecco’s Minimum Essential Medium (DMEM) (Gibco by Invitrogen
Corp., CA) with 10% fetal bovine serum (FBS) (Hylcone by Thermo
Scientific, UT). Cells were plated in phenol red-free DMEM with 10%
FBS. HEK 293T cells were transfected with 25 pL mixture per well,
containing 300 ng of 3 x ERE-luciferase reporter, 100 ng of ERa or ERf
expression vector, 125 mM calcium chloride (GuoYao, China) and 12.5
pL 2 x HBS. The next day, the cells were treated with increasing doses of
ER ligands diluted in phenol red free DMEM with 10% FBS. After 24 h,
luciferase activity was measured using Dual-Luciferase Reporter Assay
System (Promega,MI) according to the manufacturer’s protocol.*®

4.5. Cell culture and cell viability assay

Human breast cancer cell lines MCF-7, Human prostate cancer cell
DU145 and African green monkey kidney cell lines VERO were obtained
from cell bank of Chinese Academy of Science (Shanghai, China). Cells
were cultured in DMEM with 10% FBS, 100U/ml penicillin, 100U/ml
streptomycin and maintained at 37 °C in a 5% CO3 humidifier incubator.
For cell viability experiments, cells were grown in 96-well microtiter
plates (Nest Biotech Co., China) with appropriate ligand triplicate for 72
h. MTT colormetric tests (Biosharp, China) were employed to determine
cell viability per manufacturer instructions. ICso values were calculated
according to the following equation using Origin software: Y = 100%
inhibition + (0% inhibition-100% inhibition)/(1 + 10LogIC50-X)xHill
SI"Pe]), where Y = fluorescence value, X = Log[inhibitor].4g

4.6. Western blot assay

After being treaterd with DMSO, fulvestrant (20 pM), SAHA (10 pM)
or conjugate (20 pM) for 24 h, cell plated in 6-well plate were washed
twice with ice-cold PBS and extracted with RIPA (Beyotime Biotech-
nology, China) containing 1% PMSF and 1% phosphatase inhibitor
cocktail solution ((Beyotime Biotechnology, China) on ice for 30 min.
The cell lysates were boiled for 10 min in sodium dodecyl sulfate (SDS)
gel-loading buffer and then stored at — 20 °C for Western blot analysis
Proteins from cell lysates were separated on 8% or 10% SDS-PAGE gels
and then transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, USA). The membrans were blocked with 5% non-fat milk for
1 h at room temperature and incubated with indicated antibodies
overnight at 4 °C. The next day, membranes were incubated with HRP-
conjugated secondary antibodies diluted in 5% non-fat milk at room
temperature for 1 h. At last, protein bands were detected by using ECL
chemiluminescence kit (Millipore, USA).°° The primary antibodies used
include: Anti-acetyl a-tubulin (catalog ab179484, 1:4000 dilution) was
from Abcam (Cambridge, UK). Anti-ERa (catalog #8644, 1:1000 dilu-
tion), anti-a-tubulin (catalog #2144, 1:800 dilution), anti-histone H3
(catalog #9715, 1:10000 dilution), anti-acetyl histone H3 (catalog
#9649, 1:10000 dilution), were from Cell Signaling Technology (Dan-
vers, USA). Anti-f-actin (catalog A8481, 1:6000 dilution) was from
Sigma-Aldrich (St, Louis, USA). Secondary goat anti-mouse (catalog
#2305) and anti-rabbit (catalog #2301) horseradish peroxidase (HRP)
antibodies were obtained from Wuhan Feiyi Group (Wuhan, China).

4.7. HDAC activity assay

In vitro HDAC activity was measured using Fluorogenic HDAC8 and
HDACS6 Assay Kit (BPS Bioscience, CA) according to the manufacturer’s
protocol. All of the tested compounds were prepared in DMSO and were
diluted in HDAC assay buffer to different concentration. The enzymatic
reactions were conducted in duplicate at 37 °C for 30 min in a 50 pL
mixture containing HDAC assay buffer, 5 pg of BSA, HDAC substrate,
HDAC enzyme (human recombinant HDAC8, HDAC6), and various
concentrations of tested compound. Then, 50 pL of 2 x HDAC Developer
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was added to each well and the plate was incubated at room temperature
for 15 min. Fluorescence values were measured at an excitation of 380
nm and an emission of 460 nm using Cytation 3 microplate reader. ICsg
values were calculated according to the following equation using Origin
software: Y = Fp + (F; ~ Fp)/(1 + 10[(LogIC50-X) xHillslopely ' yyhare y —
fluorescence value, F, = minimum fluorescence value, F; = maximum
fluorescence value, X = Log [inhibitor].*®
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