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Abstract

To develop novel GLS1 inhibitors as effective thpenatic agents for triple-negative breast
cancer (TNBC), 25 derivatives were synthesized fthennatural inhibitor withangulatin A
(ICsp = 18.2uM). Bioassay optimization identified a novel andeséve GLS1 inhibitor7
(ICs0 = 1.08uM). In MDA-MB-231 cells,7 diminished cellular glutamate levels by blocking
glutaminolysis pathway, further triggering the gextien of reactive oxygen species to induce
caspase-dependent apoptosis. Molecular dockingateti that7 interacted with a new
reacting site of allosteric binding pocket by fongpivarious interactions in GLS1. The
intraperitoneal administration af at a dose of 50 mg/kg exhibited remarkable therapeu
effects and no apparent toxicity in the MDA-MB-2Xenograft model, indicating its

potential as a novel GLS1 inhibitor for treatmehThIBC.
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1. Introduction

Glutaminolysis is one of the main metabolic pathsvaycancer cells to produce energy
to meet the demands of their rapid and sustainedtpr[1-3]. Glutamine is hydrolyzed by
glutaminase 1 (GLS1) into glutamate, which is fartltonverted intar-ketoglutarate by
glutamate dehydrogenase. Tleketoglutarate produced in this process can ertter t
tricarboxylic acid cycle to supply cellular nutrter{4-6]. Moreover, glutaminolysis pathway
is essential for cellular reactive oxygen speciBO$) homeostasis [SPwing to the
addiction of many cancer cells to glutamine, blagkglutaminolysis was considered to be an

attractive strategy for cancer therapy [7-9].

GLS1, as a key metabolic enzyme, controls tist §itep in the glutaminolysis pathway.
Suppression of the expressed form of GLS1 hasuambit activity across many tumor types,
including glioma, pancreatic, lymphoma, breast ashl cancers [10-14]. Notably, GLS1
expression level is associated with high graderaathstatic breast cancer [15]. In particular,
TNBC cells have high levels of GLS1 as well asmreased uptake of glutamine to supply
the cells with intermediates to meet the TCA cyt& 18]. Currently, the treatment of TNBC
usually relies on chemotherapy. Several studies re@med at the development of novel
chemotherapies [19-22], while there is still a lafksatisfactory therapeutic agents in the
market. In recent years, TNBC cells are reportedeaused for screening antitumor activity
of GLS1 inhibitorsin vitro, of which the most commonly used is MDA-MB-231 [2Bhese
observations highlight the critical connection betw breast carcinoma and GLS1 and
suggest that GLS1 is a potential therapeutic tafgetanti-TNBC drug discovery and
development [8, 24-26]. Although the potential H#seof GLS1 inhibition have been

recognized for many years, small molecule GLS1 hibis were relatively scarce and



merely chemically synthesized derivatives, DON, BBTand CB-839, were available to date
[27, 28]. Nevertheless, some shortcomings, such as nonspigiflow solubility and

moderate potency, may limit their pharmacologigadleations [29, 30].

Natural products are important sources for tleeavery and development of novel
anticancer drugs [31]. Recently, we found that amdulatin A WA, Fig. 1) with a
withanolide scaffold isolated frorPhysalin species exhibited potent anticancer activities
[32-35].In several cancer model#/A has been proven to inhibit tumor metastasis, reduc
cell proliferation, and induce cell apoptosis, whimakesWA a promising drug for cancer
therapy [36, 37]. More interestinglyWA was found to have a moderate GLS1 inhibitory
activity (ICso= 18.2uM). Structure-based optimizations basedVéA lead to the discovery
of a potent GLS1 inhibitor with 1Cso = 1.08uM and favorable physicochemical properties.
In particular, this compound exhibited a differdmnding site from traditional GLS1
inhibitors. Intraperitoneal administration dexhibited remarkable therapeutic effects and no
apparent toxicity in the MDA-MB-231 xenograft modeidicating its potential as a novel

GLS1 inhibitor for treatment of TNBC.

Fig. 1. Structure of withangulatin ANA)

2. Results and discussion

2.1. Design of GLSL inhibitors based on WA

WA was found to have moderate GLS1 inhibitory adti\itCso = 18.2 uM). Further



efforts focus on structural modifications, and opgation of this scaffold are still needed
today. In the search for novel antitumor GLS1 itiorts with higher potency, we designed a
series ofWA derivatives in which a 4-hydroxyl group was moelifiwith different types of

substituents derived from small molecule GLS1 irtbils via different linkersKig. 2).

BPTES, as the first reported small molecule Glaiasteric inhibitor, showed potent
GLSL1 inhibitory activity (IGo = 3.3 uM) [38-41]. The structure of BPTEB . 2) consists
of two exactly equivalent parts including thiadieEzoamide, and phenyl groups. This
structural characteristic allows it to easily iatetrwith GLS1 allosteric pocket and effectively
trap GLS1 as an inactive tetramer [42]. On the dadi the scaffold of BPTES, some
derivatives were synthesized for the purposed giraving the GLS1 inhibitory activity and
structure-activity relationship (SAR) data weregamted [43, 44] The amide groups play an
important role in binding, while the terminal thiagdole can be replaced by a variety of
amide groups while retaining the inhibitory acyvdf GLS1. In addition, the phenyl groups
can be modified without losing the GLS1 inhibitoactivity [44]. Thus, substituents
containing these binding groups or their analoguere first introduced t&VA to improve

the enzymatic inhibition activities and cell intibn activities.

WA showed the presence of two hydroxyl ancdhaf-unsaturated ketone functiorfsidj.
1). For WA analogs, the OH group at the C-4 position waszatll to incorporate the ester
linkage, since the reactivity of the hydroxyl groapC-4 is much higher than that at C-14
[45]. Previous studies found that the enone moddtyVA is essential for its anticancer
activity and that the acetylation of 4-hydroxyl tblead to improvement of activity [46].
However, the introduction of large steric hindegedups into 4-hydroxyl oA resulted in a
loss of the potency. Thus, different linkers witdrying structure and length were evaluated

as survey of the potential chemical space. In aditthese linkers contain two carbonyl



groups connected to the substituents via an amidade, which was expected to be
susceptible to binding with GLS1 allosteric pockBterefore, in the present study, different
types of substituents derived from BPTES were thiioed to the 4-hydroxyl o¥WA by
different linkers leading to the discovery of a abwmolecule7 with enhanced GLS1

inhibitory activity as the candidate for TNBC thpya

...............

---------------

BPTES

Substituents derived from BPTES

Fig. 2. Design of GLS1 inhibitors based WA and BPTES binding groups.

2.2. Chemistry

The synthetic routes to the intermediadas$ and theWA derivativesl-25 are shown in
Schemes 1 and2 and detailed in the experimental section. Inijahe 4-hydroxyl group in
WA was acylated with glutaric anhydride, succinicyairide, maleic anhydride or phthalic
anhydride in dry DCM under reflux conditions to giintermediates, b or c, respectively
(Scheme 1). Besides, 4-(2-fluoro-4-nitrophenyl)morpholine wasregared with
3,4-difluoronitrobenzene and morpholine in DMSQldwed by treatment with 10% Pd-C in
the presence of hydrogen in ethyl acetate to pmdudermediated (Scheme 2).
Subsequently, the appropriate substituents wergigated witha, b or ¢ in the presence of

catalyst HOBteHO, EDCI*HCI and pyridine in DMF at room temperattweobtain the target



compoundsl-21 (Scheme 1). To validate that the enone moiety WA is essential for

activity, compound22-25 were identified by Michael additiofs¢heme 1).

Scheme 1. Synthesis oYWA derivativesl-25. Reagents and conditions: (i) TEA, DCM,

reflux, 40-72 h. (ii) HOBteHO, EDCI*HCI, pyridine, DMF, rt, 15-48 h.

R F F
(i) /N (i) /N
F NO, ———> O,N N O ———» HN N O
/ /
d

Scheme 2. Synthesis of intermediate d. Reagents and congiti@®) Morpholine, KHPO,,

DMSO, 60 °C, 24 h. (ii) 10% Pd-C/HEtOAC, rt, 6 h.
2.3. Anti-proliferative activity in vitro

MDA-MB-231 cells, a TNBC cells, have high exmes of GLS1 [16-18]. These cells
are reported to be used for screening antitumavigcof GLS1 inhibitorsin vitro [23].
Therefore, we primarily began our research by sungethe inhibitory activities ofNVA
derivatives in MDA-MB-231. The cytotoxicity oVA derivatives against MDA-MB-231 cell

line was tested, and the d{values and the maximum inhibition ratio were sumnea in



Table 1. Obviously, the current data suggest that the dwydrsubstitutions at the C-4 atom
are crucial; when hydroxyl at the C-4 atom is sitilnstd (compound4-21), most derivatives
demonstrate better anti-proliferative activity thiwat of WA. Meanwhile, the derivatives,
with addition at the C-3 (compoun@2-25), revealed no anti-proliferative activity, which
demonstrated that enone moietydA was essential for inhibitory activity [46]. As sho in
Table 1, compoundsl, 2, 8, 9, 15 and 16 containing either a thiadiazole ring ottlaazole
ring did not improve activity, while the introduacti of benzothiazole displayed the highest
inhibition (ICsp = 0.67+0.03 uM) for compound. In addition, the heterocyclic ring was
replaced by a phenyl ring that could be usefuhtprove the inhibitory activity (compounds
4, 11 and 18). Therefore, the phenyl ring of the substituentsswnaintained, andlvA
derivatives with phenyl ring were prioritized. Sebsently, the introduction of an N,
N-dimethylaniline in compounds, 12 and 19 improved inhibitory activity. This was also
observed with the electron-donating methoxy graupampounds, 13 and20. Interestingly,
morpholine saturated ring substituent derivativés 14 and 21) in which phenyl ring,

nitrogen and oxygen were included exhibited potenitproliferative activities.

To further validate our design strategy of impng inhibition activities, three linkers
were selected. When the chain length of the lim&gion was five carbon atoms, compouhd
exhibited strongest inhibitory activity. Howevegnepoundsl4 and21, which contained four
carbon atoms or an olefinic bond in linker regimguced inhibitory activities. These results
suggested that the flexibility of the linker detémng the spatial orientation of substituent
portion was important for the inhibitory activitieMoreover, these linkers contain two
carbonyl groups connected to the substituents wiarmide linkage, which might provide a
binding group for protein-ligand interactions, bthie intermediates with a carboxyl
(compoundsa-c) revealed no inhibitory activity. Based on thag wlentified a derivativg

with a substituent 3-fluoro-4-morpholinoaniline whidramatically improved the potency



(IC50 = 0.32 £ 0.003 uM). Almost complete inhibition washieved by7 in a biochemical
assay compared witWA and BPTES Table 1), which indicated good efficacy in a

cell-based assay.

2.4. Inhibition of GLSL activity

Based on potent inhibition effects in MDA-MB-28llIs, the inhibition effects on GLS1
were necessary to be evaluated to further charaeteur products. The inhibition effects of
WA derivatives,WA and BPTES on the GLS1 activity was investigatethgushe GLS1
inhibitor screening assay kit. The GLS1 inhibitoreening assay kit is designed to measure
the hydrolase activity of GLS1 for screening andfipng applications. All the synthesized
derivatives were initially tested at a concentratd 10uM for their potency to inhibit GLS1
(Table 1). Among the active compounds showing greater 8@%b inhibition, the one with
the highest inhibition rate was selected forsplGneasurement under these screening
conditions and compared withA and BPTES. The results are showable 1. Excitingly,
all of the three compounds showed increased irgnp#ctivities on GLS1, especialiywith
an G of 1.08uM with improved efficacy of about 20-fold than thatWA (1Csp, 18.2uM).

It was more potent compared with BPTES witllGf 4.57uM (Table 1). To date,7 is the

best GLS1 inhibitor in our studies, which validated structure modification strategy.

Taken together, when the linker is glutaric asubstituent is a phenyl ring with fluorine,
nitrogen and oxygen, and hydroxyl substitutionstreg C-4 atom ofWA, the enzyme
inhibitory activity and cytotoxic activity are imgved. The most potent compound
exhibited approximately 20 times stronger cytotayiand 20 times higher inhibitory activity
of GLS1 than those d#VA, respectively. Since topological polar surfaceaaf®SA) and
LogP values have potential impact on the abilitycefl penetration, we calculated those

values of7. According to the calculated values, compouhtiad better LogP and other



physicochemical properties thaWA itself (Table S1), and deserved further biological

activity assays and pharmacological mechanistdysfis a new antitumor candidate agent.

Table 1. Inhibition of GLS1 enzyme and MDA-MB-231 cells BYA derivatives.

a-c and 1-21
GLS1 MDA-MB-231
C
@ A - Inhibition Cep XN
(%)® M e
a CHLHLH oy <50 >50 :
b -CHCHs -OH <50 >50 :
¢ -CH=CH- _OH <50 >50 :
e <50 2.17+0.07 71.6+15
p  TChLHLH, AT <50 1.00£0.06 84.8+2.4
g ORCRCR i A <50 0.67+0.03 94.1+0.6
g OHLRLCH: g O <50 0.49+0.02 95.4+0.3
5 CRCRCR g T P08 1.07:0.05 92.6+1.9
o CHCHOH (¢ 5630227 0482000 g g0
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0.32+0.00
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8.07+0.35
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1.62+0.09

1.02+0.04

1.66+0.07

8.45+0.45

1.83+0.09
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1.32+0.03

1.56+0.05

0.79+0.00
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1.38+0.00
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24 -CH,CH,- »Q—H@o/ <50 ; >50 0

25 -CH=CH- »Q—H@o/ <50 ; >50 0
WA 41.4;&0.9 18'2(?1“0'5 6.3420.17 74.7+1.6
BEIE 52'3251“1'6 457+0.09 9.08+0.27 68.5:1.3

% In vitro inhibition of compound concentration o® &M in GLS1.P The concentration of an inhibitor
where the response is reduced by Haif.vitro maximal inhibition in MDA-MB-231 cell lins. All values

are the means + SD of four independent experim&Rssitive control.

2.5. Cdll viability and clonogenicity

To investigate the ability of to induce cell death, MDA-MB-231 cells were cuédr
with different concentrations a@f and the cell viability was measured. The resalésshown
in Fig. 3A. The results suggest thatignificantly decreased the viability of MDA-MB-23
cells in a dose-dependent manner, which is morenpdbhan that oWA. We also examined
the long-term effect on the proliferation of MDA-ME31 cells undetreatment of7 by
colony formation assayF{(g. 3B and C). Consistently, the proliferation of MDA-MB-231

cells was notably inhibited bg, and compared witiVA, it is more evident.
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Fig. 3. Compound? inhibits the proliferation of MDA-MB-231 cells. (AMDA-MB-231 cells were treated
with the different concentrations @for WA for 24 hours and cell viability was detected by Mdssay. (B)
Compound? inhibited colony formation of MDA-MB-231 cells. M&MB-231 cells were treated with the
different concentration of or WA for 24 hours. After treatment, the cells were seeitito 6-well plates

for two weeks. (C) The clonogenicity inhibition wasesented as percentage relative to the vehicle
treatment. Data represent the means + SD (n =Ri¥x ©.05, *P < 0.01, **P < 0.001, compared with

control group.

2.6. Compound 7 induced apoptosisin MDA-MB-231 cells

To validate the decreased viability Gftreated cells is attributed to apoptosis,
MDA-MB-231 cells were treated witii and apoptotic changes were tested. Annexin V/PI
double-stained assay measured with flow cytomdtoyved that7 significantly elevated the
total number of Annexin V/ Pl double-stained (eajpoptosis and late apoptosis) cefigy(
4A and B). Furthermore, western blotting analysis suggestatl/ caused a dose-dependent
increase in the expression of cleaved caspase-Xl@aged caspase-%Fi¢. 4C and D),

which are widely used apoptotic marker [47]. Thdat indicated that induced apoptosis

12



and that it was via a caspase-dependent pathw&L Bl high-expressing MDA-MB-231

cell line.

>
w
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Fig. 4. Compound/ induces apoptosis of MDA-MB-231 cells. (A) MDA-MB31 cells were treated with
different concentrations affor 12 h, and then fixed and stained with Anne&4RITC/PI and analyzed by
flow cytometry; Acquisition of Annexin V-FITC andlRlata are presented as a percentage (%) in each
guadrant. The early and late apoptotic cells amsented in the lower and upper right quadrant,
respectively. (B) And the apoptosis rate was qtetetl. Data represent the means + SD (n = 4), ¥*P
0.001, compared with control group. (C) Westernttllg analysis of7 in MDA-MB-231 cells.
MDA-MB-231 cells were treated with the different nm@ntrations of7 for 12 h; then the protein
expression of caspase-3, cleaved caspase-3, céspase cleaved caspase-9 were evaluated by western
blotting; GAPDH was used as an internal control) (uantitative analysis. Data represent the means +

SD (n =4), **P < 0.001, compared with control gm

2.7. Compound 7 inhibited cellular glutamate production

Cellular Glutamate was detected using Amplex®d Relutamic Acid Assay Kit
(Invitrogen). Experiments are carried out followittge manufacturer's instructions. In the

assay, compound was found to diminish glutamate production in setdependent manner

13



in MDA-MB-231 cells fig. 5). In addition, compared withVA, 7 was more potent in
reducing cellular glutamate production. These testémonstrated that could effectively

inhibit GLS1 and block the glutamine hydrolysistpaay, which could lead to cell death.

100
80 I
60 r
40 -

20 r

Glutamate levels (%)

(=]

0 40 80 160 320 640

Concentration (nM)

Fig. 5. Effect of compound@ andWA on the cellular glutamate levels of MDA-MB-231 cell

2.8. Compound 7 induced reactive oxygen species (ROS) generation

Cell signals mediated by reactive oxygen spg@€3S) can promote tumor development
at a certain physiological level [48], but when t&eel is too high, reactive oxygen can cause
great damage to macromolecules in cells [49]. Hanaumor cells can directly control ROS
levels through molecules produced by the glutanmmeabolism pathway, preventing high
levels of ROS from causing chromosomal instabili§]. Hence, glutamine metabolism is
vital for cellular ROS homeostasis. The ROS levelswested using a fluorogenic dye
(DCFH-DA) by fluorescence microscopy and flow cy&tng. As shown irFig. 6A andB, 7
could significantly enhance intracellular ROS lesvah a dose-dependent manner in
MDA-MB-231 cells, which was more potent th#A. In particular, as shown iRig. 6C, it
was clear that significant fluorescence intensftiMi®A-MB-231 cells confirmed tha? was
able to achieve superior properties on cellulaermdlization with the highest level of

fluorescence intensity detected at 640 nM in comparwith that ofWA. These results

14



proved that7 as a GLS1 inhibitor could effectively block theaigmine hydrolysis pathway,

further triggering the generation of ROS.

7160 nM 7320 nM 7 640 nM
1 . < 0

A

Control

WA 160 nM WA 320 nM

B =
Control L¥

3000
2 2500 A
g — §-QateP1
£ 8 2000 r "
o ©
2 8 1500 | el WAB40nM
o, 'S — \WA 3
o 8
@ = 1000 | ‘
- A P By en Tl i e S £
=
E 8

500

O 1 1 1 J
Control 160 320 640

Concentration ( nM )

7640nM

Fig. 6. ROS activity. 10000/well A549 cells treated or tretated (Ctrl) with different concentration Bf

or WA (0, 160, 320, or 640 nM) for 3 h. (A) Fluorescemiroscopic images of intracellular ROS
production by DCFH-DA staining (green) in MDA-MB-23cells (B) Quantitative analysis of ROS
generation by the flow cytometry. (C) At a concatitm of 640 nM,7 showed improved ROS activity in

comparison with control group avdA.

2.9. Molecular docking studies and binding pattern analysis

The structure of GLS1 has been determined, lienpthe presence of four units in the

asymmetric tetramer, which has been shown to bessacy for the catalytic activity of GLS1

15



[51]. In the crystal structure of GLS1, there wéne main different binding pockets, a
substrate binding pocket and an allosteric bingiagket for ligand to occupy inhibiting the

enzyme activity of GLS1.

In order to investigate the possible bindingtgrat of compound7 with GLS1, the
docking study was conducted based on the GLS1 argstucture (PDB code 3UQ9).
According to binding model7 was found to interact with a differenéacting site of the
allosteric pocket in GLS1Hg. 7A andB). The acetoxyl in inhibito# could form hydrogen
bonding contact with the protein backbone amideugsoof LYS-320. The two carbonyl
groups of the linker made hydrogen bonds with ARIG-&nd another LYS-320. These
H-bond interactions allowed this linker to protrud& the narrow active-site channel formed
by the tetramer of GLS1, thus orientating the 4hofinoaniline moiety into another
binding site region. Then the morpholine ring7olinked to phenyl ring bound to the inner
pocket and made a hydrogen bond with the residueY8320. The phenyl ring formed
strong n- n stacked interactions with the residues of ARG-3Al. interactions helped
stabilize the conformation and combination of tigand lying in the new site of the allosteric
pocket of GLS1. Furthermore, different from the klog result of WA which only made
hydrogen bonds with LYS-32Fg. 7C andD), 7 had a stronger binding capacity. Moreover,
7 took a different binding mode from that of BPTER®Iats analogs of which the thiadiazole
group and the aliphatic linker occupy the allostgrocket by forming hydrogen bonds with
Lys320, Leu323 and Leu321 [40]. Collectivelyexploited the GLS1 allosteric binding site

via three distinct parts of the molecule includivg, linker, and the substituent.
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Fig. 6. Docking studies results afin GLS1 (PDB code 3UQ9). (Aj shown with the protein surface
representation of GLS1; (B) Key interactions7ofvith GLS1; (C)WA shown with the protein surface
representation of GLS1; (D) Key interactions\VdA with GLS1.7 andWA are rendered as a stick and
colored by atom type, with yellow carbons, blueagens, and red oxygens. The key residue atoms in
GLS1 which interact with compound are shown as sticks and colored by atom type, ligtht blue
carbon, red oxygen, and blue nitrogen, and thefase is colored according to the coulombic potnti

The yellow dashed lines representthea interactions. The red dashed lines representyitieobgen bonds.

2.10. Compound 7 suppressed tumor growth in vivo

To investigate the antitumor activity of compduhin vivo, we established a xenograft
model by subcutaneously injecting MDA-MB-231 cdalisnude mice. After four weeks of
treatment by’ (i.p., 25 and 50 mg/kg per 3 days) and BPTES, @p.mg/kg per 3 days), the

mice were euthanized, and their organs were hawefr histopathologic analysis. As

17



shown inFig. 8A, the growths of tumors were effectively inhibitedthe 7-treated groups
compared with the vehicle group. Tumor volume amddr weight were observably reduced
after treatment witlY (Fig. 8B and C). Moreover, compound had no significant effect on
the body weight of mice or obvious signs of adveedtects during the experimental
treatment periodHig. 8D). To investigate the effect of compourdon organ damage, the
H&E staining of heart, liver, spleen, lung, and reg tissues were analyzed. The
histopathological morphology changes of organs weredetected in compoundtreated
tumor-bearing mouse group, which showed that tlvegie no obvious toxicity under the
current treatment paradign¥i@. S31). These results clearly indicated that compound

effectively inhibited the tumor proliferation in @eclinical mouse model without causing

apparent toxicity.
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Fig. 7. Compound? inhibited TNBC growth in vivo(A) Images of MDA-MB-231 tumor-bearing mice
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after treated witlY or BPTES. Changes of tumor volume (B), tumor we(@), and body weight (D) were
shown. Data represent the means + SD (n =B)x 0.05, **P < 0.001, compared with control group.

Scale bar =5 mm.

3. Conclusion

A series ofWA derivatives in which a 4-hydroxyl group was maelifiwith different
types of substituents derived from BPTES via défdrlinkers were designed, synthesized,
and evaluated as potential GLS1 inhibitors. Th&%ebased core compounds showed strong
antiproliferative activity against MDA-MB-231 cellsearing overexpressed GLS1. Among
them, 7 exhibited stronger inhibition against GLS1 complareith WA and BPTES in
enzyme assay. Compound could diminish cellular glutamate levels by blowki
glutaminolysis pathway, further triggering the getti®n of reactive oxygen species, thus
inducing caspase-dependent apoptosis. Accordingnding model,7 exhibited a different
binding pattern fromWWA and BPTES, which exploited the GLS1 allosteric mgdsite via
three characteristic parts of the molecule inclgA, linker, and the substituent. Moreover,
compound 7 effectively inhibited the MDA-MB-231 xenograft twn growth without
apparent toxicity. As a resulf, showed promising application as a GLS1 inhibitanf a

natural product for the treatment of TNBC that dese further development.

4. Experimental

4.1. Chemistry

4.1.1. General methods

All solvents were reagent grade or HPLC graddets otherwise specified, all materials
were obtained from commercial suppliers (Sigma-isldr Ark-Pharm, TCI, Aladdin or

Energy Chemical) and used as supplied without éurgturification.WA, used as starting
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material, was isolated frofhysalis angulata var. villosa by our group, and its structure was
identified by ESIMS and NMR. All the reactions wenenitored by TLC analysis. Analytical
TLC was carried out on silica gel plates HSGF254rothatographic purification was
conducted on commercial silica gel column (200-8¥shes, Qingdao Haiyang Chemical
Co., Ltd., China). Preparative HPLC purificationsygerformed on Shimadzu apparatus with
a 1200 series multi-wavelength detector using an§yack RP-C18 column (20 x 200 mm,
i.d.) at a flow rate of 10 mL/min. All final compads have purity 95% as determined by an
Agilent1260 instrument equipped with multiple waamjth diode array detectdid (500
MHz) and®*C (126 MHz) nuclear magnetic resonance (NMR) spestere measured on a
Bruker ACF-500 NMR instrument (Bruker, Karlsruhegr@®any) at ambient temperature
using TMS as the internal standard. Solutions eepared in CDGlwith chemical shiftsd)
which are given in ppm referenced to deuteratedvesl as an internal standard.
High-resolution ESI mass spectrometry (HRMS) daaenacquired on an Agilent 6520B

Q-TOF mass instrument (Agilent, America).
4.1.2. Procedure for synthesis of intermediate a

The preparation i was performed following the route illustratedSchemes 1 and 2.
WA (1 eq., 20 mg, 0.038 mmol) was dissolved in preetdDCM (0.5 mL). Then TEA (0.5
mL) and glutaric anhydride (1.5 eq., 6.5 mg, 0.0%mMol) was added at room temperature.
The reaction mixture was stirred for 72 h in refhgx The mixture was washed with water (1
mL x 3) and brine (1 mL x 3), respectively. Theamig layers were dried over p&0, and
concentrated in vacuo. The residue was purifiedsitiga gel column chromatography

(hexanes/EtOAc = 1/30) to get the desired pureymrial

41.2.1. (20S

22R)-15a-acetoxy-54,6/-epoxy-144-dihydroxy-1-oxowitha-2,16,24-trienolide-44-yl
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hemiglutarate (a). Pale yellow amorphous powder. Yield: 21.9 mg 296). ‘H NMR (500
MHz, CDC}), § 7.05 (1H, dd,) = 9.8, 6.0 Hz, H-3), 6.24 (1H, d,= 9.8 Hz, H-2), 5.68 (1H,
d,J = 2.5 Hz, H-16), 5.22 (1H, d,= 2.6 Hz, H-15), 4.75 (1H , d,= 6.0 Hz, H-4), 4.23 (1H,
ddd,J = 12.3, 6.6, 3.4 Hz, H-22), 3.35 (1H, s, H-6), 1(3#, s, -COCH), 1.93 (3H, s,
Me-28), 1.90 (3H, s, Me-27), 1.39 (3H, s, Me-19),11(3H, dJ = 7.0 Hz, Me-21), 1.08 (3H,
s, Me-18).2°C NMR (126 MHz, CDGJ), 6 201.5 (C-1), 176.4 (-COOH), 172.1 (-COO-),
169.7 (-COCH3), 166.3 (C-26), 162.5 (C-17), 14&e24), 140.5 (C-3), 133.3 (C-2), 122.3
(C-25), 121.1 (C-16), 83.7 (C-15), 81.6 (C-14),479C-22), 72.0 (C-4), 61.3 (C-5), 60.4
(C-6), 52.2 (C-13), 48.1 (C-10), 39.6 (C-9), 31A]2), 35.5 (C-20), 34.6 (C-8), 33.1 (C-23),
33.1 (-OCO-CH-CH,-CH,.COOH), 32.6 (-OCO-CHCH,-CH,-COOH), 24.6 (C-7), 21.5
(C-11), 21.1 (-COCH), 20.6 (C-28), 19.9 (-OCO-GHCH,-CH,-COOH), 17.7 (C-21), 16.0
(C-19), 15.8 (C-18), 12.6 (C-27). HRMS m/z calcethfor GsH440:1, 640.2884; found [M +

H]*, 641.2856.
4.1.3. Procedure for synthesis of intermediate b

The preparation dd was performed following the route illustratedSchemes 1 and 2.
WA (1 eq., 20 mg, 0.038 mmol) was dissolved in preetdDCM (0.5 mL). Then TEA (0.5
mL) and succinic anhydride (1.5 eq., 5.7 mg, 0.6587ol) was added at room temperature.
The reaction mixture was stirred for 50 h in refhgx The mixture was washed with water (1
mL x 3) and brine (1 mL x 3), respectively. Theamig layers were dried over p&0, and
concentrated in vacuo. The residue was purifiedsitiga gel column chromatography

(EtOAC) to get the desired pure prodbct

4.13.1. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl

hemisuccinate (b). Pale yellow amorphous powder. Yield: 23.3 mg (38.0'H NMR (500
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MHz, CDCk), 6 7.05 (1H, ddJ = 9.7, 6.1 Hz, H-3), 6.19 (1H, d,= 9.7 Hz, H-2), 5.66 (1H,
d,J = 2.3 Hz, H-16), 5.20 (1H, d,= 2.5 Hz, H-15), 4.72 (1H , d,= 6.1 Hz, H-4), 4.23 (1H,
ddd, J = 10.7, 6.7, 3.4 Hz, H-22), 3.31 (1H, s, H-6), 1(3H, s, -COCH), 1.92 (3H, s,
Me-28), 1.84 (3H, s, Me-27), 1.39 (3H, s, Me-19},01(3H, dJ = 7.0 Hz, Me-21), 1.07 (3H,
s, Me-18).1°C NMR (126 MHz, CDGJ), 6 201.6 (C-1), 177.7 (-COOH), 172.9 (-COO-),
169.7 (-COCHB3), 166.4 (C-26), 162.3 (C-17), 14&824), 141.0 (C-3), 133.0 (C-2), 122.2
(C-25), 122.0 (C-16), 83.8 (C-15), 81.6 (C-14),379C-22), 71.6 (C-4), 61.1 (C-5), 60.4
(C-6), 52.2 (C-13), 48.0 (C-10), 39.7 (C-9), 37512), 35.5 (C-20), 34.7 (C-8), 33.1 (C-23),
31.7 (-OCO-CH-CH,-COOH), 30.8 (-OCO-CHCH,-COOH), 24.6 (C-7), 21.4 (C-11), 21.1
(-COCH), 20.5 (C-28), 17.7 (C-21), 16.0 (C-19), 15.8 (&);112.5 (C-27). HRMS m/z

calculated for G4H4,011, 626.2727; found [M + H] 627.2788.
4.1.4. Procedure for synthesis of intermediate ¢

The preparation of was performed following the route illustratedSchemes 1 and 2.
WA (1 eq., 20 mg, 0.038 mmol) was dissolved in preedDCM (0.5 mL). Then TEA (0.5
mL) and maleic anhydride (1.5 eq., 5.6 mg, 0.057ofhiwas added at room temperature.
The reaction mixture was stirred for 40 h in refhgx The mixture was washed with water (1
mL x 3) and brine (1 mL x 3), respectively. Theamig layers were dried over p&0O, and
concentrated in vacuo. The residue was purifiedsitiga gel column chromatography

(hexanes/EtOAc = 1/20) to get the desired pureymriox

414.1. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydroxy-1-oxowitha-2,16,24-trienolide-44-yl
hemimaleate (c). Pale yellow amorphous powder. Yield: 22.9 mg (36.5'H NMR (500
MHz, CDCk), ¢ 7.06 (1H, dd,JJ = 9.8, 6.0 Hz, H-3), 6.57 (1H, d,= 12.0 Hz, -C=C-), 6.20

(1H, d,J = 9.8 Hz, H-2), 5.69 (1H, d] = 12.0 Hz, -C=C-), 5.66 (1H, d,= 2.2 Hz, H-16),
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5.21 (1H, dJ = 2.5 Hz, H-15), 4.79 (1H , d,= 6.0 Hz, H-4), 4.24 (1H, ddd,= 10.3, 6.4,
3.4 Hz, H-22), 3.32 (1H, s, H-6), 1.92 (3H, s, -Q@F 1.92 (3H, s, Me-28), 1.84 (3H, s,
Me-27), 1.37 (3H, s, Me-19), 1.10 (3H, X5 7.0 Hz, Me-21), 1.06 (3H, s, Me-18JC NMR
(126 MHz, CDC}), 6 201.7 (C-1), 172.3 (-COOH), 169.7 (-COCH3), 1663426), 165.1
(-COO0-), 162.3 (C-17), 148.8 (C-24), 143.8 (-CH=FH41.1 (C-3), 133.1 (C-2), 122.2
(C-25), 121.0 (C-16), 116.9 (-CH=CH-), 83.8 (C-18)..6 (C-14), 79.3 (C-22), 71.4 (C-4),
61.1 (C-5), 60.5 (C-6), 52.2 (C-13), 48.0 (C-1(,8(C-9), 37.5 (C-12), 35.5 (C-20), 34.7
(C-8), 33.0 (C-23), 24.6 (C-7), 21.5 (C-11), 21-CQCHp), 20.6 (C-28), 17.7 (C-21), 16.0
(C-19), 15.8 (C-18), 12.5 (C-27). HRMS m/z calcethfor G4H400:11, 624.2571; found [M +

H]*, 625.2605.
4.1.5. Procedure for synthesis of intermediate d

To a mixture of morpholine (2 eq., 2.4 g, 27.noh) and KHPO, (2 eq., 4.7 g, 27.1
mmol) in DMSO (24 mL) was added 3, 4 - difluoroalienzene (1 eq., 2.2 g, 13.6 mmol),
and the resulting mixture was stirred at 60 °CZérh. The resulting solution was added to
cool water, and extracted with ethyl acetate (50>mR). The organic layer was dried over
NaSQO,, filtered and concentrated under vacuum to givellw solid (yield: 2.9 g, 94.2%).
The solid (2.9 g, 12.8 mmol) was dissolved in etlggetate (60 mL), and 10% Pd-C (10%,
0.3 g) was added. The resulting mixture was stiuader H for 6 h. The mixture was

filtered and the filtrate was concentrated undeuuvan to gived [52].

4.1.5.1. 3-fluoro-4-morpholinoaniline (d). Pale brown solid. Yield: 2.3 g (87.6%H NMR
(500 MHz, CDCY}), The hydrogen signals of the phenyl riags[78 (1H, tJ = 8.8), 6.39 (2H,
m)], 3.83 (4H, tJ = 4.2 Hz, -(CH-),0), 2.95 (4H, tJ = 3.9 Hz, -N(-CH-),). **C NMR (126
MHz, CDCk), The carbon signals of the phenyl ring157.8, 143.0, 131.8, 120.4, 110.7,

104.0], 67.2 (-(CH),0), 67.2 (-(CH-)0), 51.8 (-N(-CH-),), 51.8 (-N(-CH-),).
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4.1.6. General procedure for synthesis of compounds 1-21

EDCI-HCI (2.2 eq.), HOBLt-#D (1.5 eq.), and pyridine (3.0 eq.) were addeddolation
of Acid (the intermediates a, b, or ¢; 1.0 eq.)DMF at room temperature under, N
atmosphere. After 30 min, a solution of-R (Scheme 1; 1.2 eq.) in DMF was added
dropwise. The mixture was then stirred for 15 hoaim temperature and, upon completion of
the reaction, water was added and extracted wiAEt The organic layers were then
washed with brine, dried over P80, filtered and concentrated in vacuo. The residas w
purified via preparative HPLC using acetonitrilefera(1/1) as the solvent system to obtain

the target compounds.

4.1.6.1. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
5-((1,3,4-thiadiazol-2-yl)amino)-5-oxopentanoate (1). Pale yellow amorphous powder. Yield:
15.4 mg (56.2%)'H NMR (500 MHz, CDC}), § 8.80 (1H, s, -SCH=N-), 6.98 (1H, ddi=
9.9, 5.8 Hz, H-3), 6.25 (1H, d,= 9.9 Hz, H-2), 5.69 (1H, d,= 2.6 Hz, H-16), 5.23 (1H, d,

= 2.7 Hz, H-15), 4.90 (1H , d,= 5.8 Hz, H-4), 4.27 (1H, ddd,= 12.7, 6.0, 3.5 Hz, H-22),
3.45 (1H, s, H-6), 1.95 (3H, s, -COEH1.93 (3H, s, Me-28), 1.86 (3H, s, Me-27), 1.38BI(
s, Me-19), 1.13 (3H, dJ = 7.0 Hz, Me-21), 1.11 (3H, s, Me-18fC NMR (126 MHz,
CDCl), 6 201.7 (C-1), 171.9 (-CONH-), 170.8_(-COO-), 169-COCH), 166.4 (C-26),
161.9 (C-17), 159.6 (-SCN-NH-), 148.8 (C-24), 14F3CHN-), 140.2 (C-3), 133.2 (C-2),
122.3 (C-25), 121.4 (C-16), 83.8 (C-15), 81.6 (§;I#0.0 (C-22), 71.4 (C-4), 62.8 (C-5),
61.2 (C-6), 52.3 (C-13), 48.1 (C-10), 39.8 (C-9,3(C-12), 35.4 (C-20), 35.1 (C-8), 34.9
(C-23), 33.6 (-NHCOQOCH), 32.6 (-OCQCH), 24.7 (C-7), 21.6 (C-11), 21.5 (-CO@QH?21.1
(-CH,CH,CH,-), 20.6 (C-28), 17.4 (C-21), 16.5 (C-19), 16.0X8); 12.6 (C-27). HRMS m/z

calculated for gH4sN3010S, 723.2826; found [M + H] 724.2857.
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4.1.6.2. (20S
22R)-15a-acetoxy-543,6/-epoxy-144-dihydroxy-1-oxowitha-2,16,24-trienolide-44-yl
5-ox0-5-(thiazol-2-ylamino)pentanoate (2). Pale yellow amorphous powder. Yield: 13.6 mg
(49.5%)."H NMR (500 MHz, CDC}), 6 7.43 (1H, d,J = 7.2 Hz, =NCH=CHS-),7.00 (1H, d,
J=6.0 Hz, -SCH=CHN=), 6.96 (1H, dd,= 9.9, 5.8 Hz, H-3), 6.25 (1H, d=9.9 Hz, H-2),
5.70 (1H, d,J=2.6 Hz, H-16), 5.22 (1H, dI=2.7 Hz, H-15), 4.94 (1H , dl =5.8 Hz, H-4),
4.26 (1H, dddJ=12.7, 6.1, 3.5 Hz, H-22), 3.46 (1H, s, H-6), 1(9H, s, -COCH), 1.93 (3H,

s, Me-28), 1.86 (3H, s, Me-27), 1.38 (3H, s, Me;10)13 (3H, dJ = 7.0 Hz, Me-21), 1.08
(3H, s, Me-18).2*C NMR (126 MHz, CDGJ), & 201.8 (C-1), 172.1 (-CONH-), 170.4
(-CO0-), 169.8 (-COCH}, 166.4 (C-26), 162.0 (C-17), 159.2 (-N=C-S-), BAEC-24), 140.2
(C-3), 136.1 (=NCH=CHS-), 133.0 (C-2), 122.3 (C;2B31.3 (C-16), 113.7 (-SCH=CHN=),
83.8 (C-15), 81.5 (C-14), 79.1 (C-22), 71.0 (C€8,0 (C-5), 61.3 (C-6), 52.2 (C-13), 48.0
(C-10), 39.7 (C-9), 37.3 (C-12), 35.3 (C-20), 35M8), 34.9 (C-23), 33.6 (-NHCOGCH,
32.6 (-OCOCH), 24.7 (C-7), 21.8 (C-11), 215 (-CO@H 21.0 (C-28), 20.6
(-CH.CH,CH,-), 17.4 (C-21), 16.7 (C-19), 16.1 (C-18), 12.630- HRMS m/z calculated

for C38H46N20108, 722.2873; found [M + H] 723.2906.

4.1.6.3. (20S
22R)-15a-acetoxy-54,6/5-epoxy-144-dihydroxy-1-oxowitha-2,16,24-trienolide-44-yl

5-(benzo[ d] thiazol -2-ylamino)-5-oxopentanoate (3). Pale yellow amorphous powder. Yield:
20.2 mg (68.7%)'H NMR (600 MHz, CDCJ), The hydrogen signals of the benzene riig |
7.82 (1H, dJ = 7.8 Hz), 7.76 (1H, d] = 8.1 Hz), 7.42 (1H, ) = 7.6 Hz), 7.32 (1H, ] = 7.6
Hz)], 6.99 (1H, dd)J = 9.9, 5.8 Hz, H-3), 6.26 (1H, d=9.9 Hz, H-2), 5.71 (1H, dI=2.5 Hz,
H-16), 5.24 (1H, dJ=2.6 Hz, H-15), 4.89 (1H , d, = 5.8 Hz, H-4), 4.25 (1H, ddd=12.6,
6.1, 3.4 Hz, H-22), 3.46 (1H, s, H-6), 1.95 (3HiGOCH; ), 1.94 (3H, s, Me-28), 1.87 (3H, s,

Me-27), 1.38 (3H, s, Me-19), 1.13 (3H,35 7.0 Hz, Me-21), 1.04 (3H, s, Me-18JC NMR
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(151 MHz, CDC}), 6 201.8 (C-1), 172.1 (-CONH-), 170.9 (-COO-), 168COCH;), 166.4
(C-26), 162.1 (C-17), 158.6 (-SC=N-), 148.7 (C-2¥)0.3 (C-3), 133.1 (C-2), 122.3 (C-25),
121.3 (C-16), The carbon signals of the benzeng [147.4, 131.8, 126.5, 124.3, 121.7,
120.7], 83.7 (C-15), 81.5 (C-14), 79.1 (C-22), 7(C44), 62.5 (C-5), 61.1 (C-6), 52.2 (C-13),
48.0 (C-10), 39.6 (C-9), 37.3 (C-12), 35.3 (C-289,1 (-NHCQCH-), 34.9 (-OCOCH),
33.4 (C-8), 32.7 (C-23), 24.6 (C-7), 21.5 (C-11),2(-CHCH,CH,-), 20.8 (-COCH), 20.6
(C-28), 17.4 (C-21), 16.5 (C-19), 16.0 (C-18), 12®27). HRMS m/z calculated for

CaoH4sN>0O10S, 772.3030; found [M + H] 773. 3102.

4.1.6.4. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
5-((4-fluorophenyl)amino)-5-oxopentanoate (4). Pale yellow amorphous powder. Yield: 12.3
mg (44.1%)H NMR (500 MHz, CDC}), § 7.84 (1H, s, -CONH-), The hydrogen signals of
the phenyl ring [7.55 (2H, dd,= 9.0, 4.8 Hz), 7.00 (2H, 8,= 8.7 Hz)], 7.07 (1H, dd] = 9.8,
6.0 Hz, H-3), 6.26 (1H, d] = 9.8 Hz, H-2), 5.68 (1H, d} = 2.6 Hz, H-16), 5.23 (1H, d,=
2.7 Hz, H-15), 4.77 (1H , dl = 6.0 Hz, H-4), 4.23 (1H, ddd,= 12.3, 7.1, 3.5 Hz, H-22),
3.41 (1H, s, H-6), 1.94 (3H, s, -COgMH 1.93 (3H, s, Me-28), 1.85 (3H, s, Me-27), 1(38B,

s, Me-19), 1.11 (3H, dJ = 7.0 Hz, Me-21), 1.06 (3H, s, Me-18fC NMR (126 MHz,
CDCly), 6 202.0 (C-1), 172.3 (-CONH-), 170.4 (-COO-), 16¢-COCH), 166.2 (C-26),
162.6 (C-17), 148.6 (C-24), 140.6 (C-3), 133.3 {|C122.3 (C-25), 120.9 (C-16), The carbon
signals of the phenyl ring [158.4, 134.4, 121.61.62115.8, 115.6], 83.7 (C-15), 81.5 (C-14),
79.5 (C-22), 72.0 (C-4), 61.8 (C-5), 60.7 (C-6),15pC-13), 48.2 (C-10), 39.6 (C-9), 37.4
(C-12), 36.2 (-NHCOCH), 35.5 (C-20), 34.4 (C-8), 33.5 (C-23), 33.3 (QCH,-), 24.6
(C-7), 21.5 (C-11), 21.4 (-COGH 21.1 (-CH-CH,-CH,-), 20.6 (C-28), 17.9 (C-21), 16.0
(C-19), 15.9 (C-18), 12.6 (C-27). HRMS m/z calceathfor G;H4sFNOyo, 733.3262; found

[M + Na]*, 756.3125.
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4.1.6.5. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
5-((4-(dimethylamino)phenyl )amino)-5-oxopentanoate (5). Yellow amorphous powder. Yield:
12.2 mg (42.5%)*H NMR (500 MHz, CDC}), The hydrogen signals of the phenyl ridg [
7.41 (2H, dJ = 8.9 Hz), 6.71 (2H, d] = 7.8 Hz)],6 7.05 (1H, dd,) = 9.8, 6.0 Hz, H-3), 6.25
(1H, d,J = 9.8 Hz, H-2), 5.68 (1H, d = 2.1 Hz, H-16), 5.22 (1H, d,= 2.6 Hz, H-15), 4.78
(1H, d,J = 5.9 Hz, H-4), 4.23 (1H, ddd,= 12.4, 7.0, 3.5 Hz, H-22), 3.47 (1H, s, H-6),®2.9
(6H, s, -N(-CH)), 1.94 (3H, s, -COC}J, 1.93 (3H, s, Me-28), 1.85 (3H, s, Me-27), 1.3B(

s, Me-19), 1.11 (3H, dJ = 7.0 Hz, Me-21), 1.06 (3H, s, Me-18fC NMR (126 MHz,
CDCl), 6 201.9 (C-1), 172.4 (-CONH-), 170.1_(-COO-), 169-COCH), 166.3 (C-26),
162.5 (C-17), 148.6 (C-24), 140.6 (C-3), 133.2 {|C122.3 (C-25), 120.9 (C-16), The carbon
signals of the phenyl ring [162.4, 128.3, 121.71.72113.4, 113.4], 83.7 (C-15), 81.5 (C-14),
79.4 (C-22), 71.8 (C-4), 61.8 (C-5), 60.7 (C-6),3HAC-13), 48.1 (C-10), 41.2 (-N(-GMH),
41.2 (-N(-CH),), 39.6 (C-9), 37.4 (C-12), 36.2 (-NHCOgH 35.5 (C-20), 34.6 (C-8), 33.5
(C-23), 33.2 (-OCQOCH), 24.6 (C-7), 21.5 (-(-Ch)-), 21.2 (C-11), 20.6 (-COCH 19.5
(C-28), 17.8 (C-21), 16.0 (C-19), 16.0 (C-18), 12®-27). HRMS m/z calculated for

C43H54N-01, 758.3778; found [M + H] 759.3809.

4.1.6.6. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
5-((4-methoxyphenyl)amino)-5-oxopentanoate (6). Pale yellow amorphous powder. Yield:
16.5 mg (58.2%)H NMR (500 MHz, CDCJ), § 7.70 (1H, s, -CONH-), The hydrogen
signals of the phenyl ring [7.47 (2H, 8= 9.0 Hz), 6.84 (2H, d] = 9.0 Hz)], 7.06 (1H, dd]

= 0.8, 6.0 Hz, H-3), 6.25 (1H, d,= 9.8 Hz, H-2), 5.68 (1H, d,= 2.6 Hz, H-16), 5.22 (1H, d,
J=2.7 Hz, H-15), 4.78 (1H , d,= 5.9 Hz, H-4), 4.22 (1H, ddd,= 12.3, 6.9, 3.5 Hz, H-22),

3.40 (1H, s, H-6), 1.94 (3H, s, -COGH 1.92 (3H, s, Me-28), 1.85 (3H, s, Me-27), 1(3#,
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s, Me-19), 1.11 (3H, dJ = 7.0 Hz, Me-21), 1.06 (3H, s, Me-18fC NMR (126 MHz,
CDCl), 6 201.9 (C-1), 172.3 (-CONH-), 170.2 (-COO-), 16¢-COCH), 166.2 (C-26),
162.6 (C-17), 148.6 (C-24), 140.6 (C-3), 133.2 {|C122.3 (C-25), 120.9 (C-16), The carbon
signals of the phenyl ring [156.4, 131.4, 122.11.72121.6, 114.2], 83.7 (C-15), 81.5 (C-14),
79.5 (C-22), 71.9 (C-4), 61.8 (C-5), 60.7 (C-6),6660CH;), 52.1 (C-13), 48.1 (C-10), 39.6
(C-9), 37.4 (C-12), 36.1 (-NHCOGH, 35.5 (C-20), 34.5 (C-8), 33.5 (C-23), 33.2
(-OCOCH»), 24.6 (C-7), 21.5 (C-11), 21.4 (-CO@H21.1 (-CH-CH,-CH,-), 20.6 (C-28),
17.8 (C-21), 16.0 (C-19), 15.9 (C-18), 12.6 (C-HRMS m/z calculated for fgH5;NOs1,

745.3462; found [M + H] 746.3485.

4.1.6.7. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
5-((3-fluoro-4-mor pholinophenyl)amino)-5-oxopentanoate (7). Pale yellow amorphous
powder. Yield: 17.1 mg (54.9%)H NMR (500 MHz, CDGJ), 6 7.78 (1H, s, -CONH- ), The
hydrogen signals of the phenyl ring [7.59 (1HJ & 14.4 Hz), 7.15 (1H, d = 7.6 Hz), 6.96
(1H, dd,J = 9.6, 5.9 Hz)], 7.07 (1H, dd,= 9.8, 6.0 Hz, H-3), 6.27 (1H, d,= 9.8 Hz, H-2),
5.70 (1H, dJ = 2.6 Hz, H-16), 5.25 (1H, d,= 2.7 Hz, H-15), 4.79 (1H , d,= 6.0 Hz, H-4),
4.22 (1H, ddd)]) = 12.2, 7.4, 3.6 Hz, H-22), 3.87 (4HJt= 4.2 Hz, O(CH),), 3.06 (4H, tJ

= 3.9 Hz, -N(CH-),), 1.95 (3H, s, -COCH), 1.94 (3H, s, Me-28), 1.86 (3H, s, Me-27), 1.35
(3H, s, Me-19), 1.12 (3H, d, = 7.0 Hz, Me-21), 1.07 (3H, s, Me-18JC NMR (126 MHz,
CDCl), § 202.04 (C-1), 172.3 (-CONH-), 170.3 (-COO-), 169-€0OCH;), 166.1 (C-26),
162.8 (C-17), 148.5 (C-24), 140.6 (C-3), 133.3 |C122.4 (C-25), 120.9 (C-16), The carbon
signals of the phenyl ring [156.6, 154.6, 115.65.61109.0, 108.8], 83.7 (C-15), 81.6 (C-14),
79.7 (C-22), 72.0 (C-4), 67.0 (C-5), 62.0 (C-6),83OCHCHN-), 60.5 (-OCHCHN-), 52.1
(C-13), 51.4 (-NCHCHO-), 51.4 (-NCHCHO-), 48.2 (0)139.6 (C-9), 37.5 (C-12), 36.3

(C-20), 35.6 (C-8), 34.5 (C-23), 33.6 (-NHCOEH 33.4 (-OCOCH), 24.6 (C-7), 21.5
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(C-11), 21.5 (-CQOCH), 21.2 (-CHCH,CH,), 20.6 (C-28), 17.9 (C-21), 16.1 (C-19), 15.9
(C-18), 12.6 (C-27). HRMS m/z calculated fogs8ssFN,O15, 818.3790; found [M + H]

819.3858.

4.1.6.8. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((1,3,4-thiadiazol-2-yl)amino)-4-oxobutanoate (8). Pale yellow amorphous powder. Yield:
14.8 mg (55.0%)'H NMR (600 MHz, CDCJ), 5 8.82 (1H, s, -SCH=N-), 7.03 (1H, ddi=
9.8, 6.0 Hz, H-3), 6.22 (1H, d,= 9.8 Hz, H-2), 5.67 (1H, d,= 2.4 Hz, H-16), 5.21 (1H, d,

= 2.6 Hz, H-15), 4.77 (1H , d,= 6.0 Hz, H-4), 4.23 (1H, ddd,= 12.5, 6.7, 3.5 Hz, H-22),
3.48 (1H, s, H-6), 1.92 (3H, s, -COGH1.92 (3H, s, Me-28), 1.85 (3H, s, Me-27), 1.38i(
s, Me-19), 1.11 (3H, dJ = 7.0 Hz, Me-21), 1.07 (3H, s, Me-18fC NMR (151 MHz,
CDCl), § 201.3 (C-1), 171.4 (-CONH-), 170.1_(-COO-), 16$-COCH), 166.3 (C-26),
162.4 (C-17), 160.3 (-SCN-NH-), 148.7 (C-24), 14F3CHN-), 140.3 (C-3), 133.4 (C-2),
122.3 (C-25), 121.0 (C-16), 83.7 (C-15), 81.6 (§;1.3 (C-22), 72.3 (C-4), 61.3 (C-5),
60.3 (C-6), 52.1 (C-13), 47.9 (C-10), 39.6 (C-9J,43(C-12), 35.4 (C-20), 34.6 (C-8), 33.2
(C-23), 30.8 (-NHCOCH), 28.9 (-OCOCH), 24.5 (C-7), 21.5 (C-11), 21.1 (-COGH20.6
(C-28), 17.7 (C-21), 16.0 (C-19), 15.8 (C-18), 12®-27). HRMS m/z calculated for

Cz6H43N3010S, 709.2669; found [M + H] 710.2701.

4.1.6.9. (20S
22R)-15a-acetoxy-54,6/-epoxy-14/-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-ox0-4-(thiazol-2-ylamino)butanoate (9). Pale yellow amorphous powder. Yield: 12.4 mg
(46.2%).*H NMR (500 MHz, CDC)), § 7.48 (1H, dJ = 7.2 Hz, =NCH=CHS-), 7.02 (1H, m,
H-3), 7.01 (1H, dJ=6.0 Hz, -SCH=CHN=), 6.24 (1H, d=9.8 Hz, H-2), 5.68 (1H, d}=2.1

Hz, H-16), 5.21 (1H, dJ=2.7 Hz, H-15), 4.89 (1H , d] = 6.0 Hz, H-4), 4.23 (1H, ddd,
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J=12.3, 6.8, 3.4 Hz, H-22), 3.41 (1H, s, H-6), 1(35, s, -COCH), 1.93 (3H, s, Me-28),
1.86 (3H, s, Me-27), 1.41 (3H, s, Me-19), 1.11 (3H,J = 7.0 Hz, Me-21), 1.08 (3H, s,
Me-18).*C NMR (126 MHz, CDGJ), § 201.2 (C-1), 171.4 (-CONH-), 170.1 (-COO-), 169.7
(-COCH), 166.4 (C-26), 162.4 (C-17), 159.8 (-N=C-S-), B48C-24), 140.1 (C-3), 134.7
(=NCH=CHS-), 133.4 (C-2), 122.3 (C-25), 121.0 (Q;1B13.8 (-SCH=CHN=), 83.7 (C-15),
81.5 (C-14), 79.4 (C-22), 72.3 (C-4), 61.5 (C-5),3(C-6), 54.8 (C-13), 47.8 (C-10), 39.6
(C-9), 37.4 (C-12), 35.8 (C-20), 35.5 (C-8), 34.6-73), 33.1 (-NHCOCH), 30.9
(-OCOCHy-), 24.5 (C-7), 21.5 (C-11), 21.4 (-CO@H20.6 (C-28), 17.8 (C-21), 16.0 (C-19),
16.0 (C-18), 12.6 (C-27). HRMS m/z calculated farHGsN2010S, 708.2717; found [M +

H]*, 709.2761.

4.1.6.10. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-(benzo[ d] thiazol-2-ylamino)-4-oxobutanoate (10). Pale yellow amorphous powder. Yield:
17.3 mg (60.0%)*H NMR (500 MHz, CDC}), The hydrogen signals of the benzene rifg |
7.82 (1H,dJ=7.9 Hz), 7.76 (1H, d] = 8.1 Hz), 7.44 (1H, ] = 7.6 Hz), 7.32 (1H, ] = 7.5
Hz)], 7.02 (1H, ddJ = 9.8, 6.0 Hz, H-3), 6.23 (1H, d:9.8 Hz, H-2), 5.68 (1H, d=2.6 Hz,
H-16), 5.21 (1H, dJ=2.7 Hz, H-15), 4.79 (1H , d, = 6.0 Hz, H-4), 4.23 (1H, ddd=12.5,
6.6, 3.5 Hz, H-22), 3.35(1H, s, H-6), 1.93 (3H:GOCH; ), 1.91 (3H, s, Me-28), 1.85 (3H, s,
Me-27), 1.35 (3H, s, Me-19), 1.11 (3H, 35 7.0 Hz, Me-21), 1.07 (3H, s, Me-18JC NMR
(126 MHz, CDC}), 6 201.4 (C-1), 171.5 (-CONH-), 170.0 (-COO-), 168COCH;), 166.3
(C-26), 162.4 (C-17), 159.0 (-SC=N-), 148.7 (C-2¥)0.1 (C-3), 133.5 (C-2), 122.3 (C-25),
121.0 (C-16), The carbon signals of the benzeng [147.7, 131.9, 126.6, 124.2, 121.7,
120.7], 83.7 (C-15), 81.6 (C-14), 79.3 (C-22), 7@C34), 61.4 (C-5), 60.4 (C-6), 52.1 (C-13),
47.9 (C-10), 39.6 (C-9), 37.3 (C-12), 354 (C-2B4.6 (C-8), 32.9 (C-23), 311

(-NHCOCH,-), 28.8 (-OCOCH), 24.5 (C-7), 21.5 (C-11), 21.1 (-COGQH20.6 (C-28), 17.7
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(C-21), 16.0 (C-19), 15.9 (C-18), 12.6 (C-27). HRM%8z calculated for £H4sN2010S,

758.2873; found [M + H] 759.2940.

4.1.6.11. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((4-fluorophenyl)amino)-4-oxobutanoate (11). Pale yellow amorphous powder. Yield: 12.2
mg (44.5%).*H NMR (500 MHz, CDGJ), The hydrogen signals of the phenyl ridg7[61
(2H, m), 7.14 (2H, m)], 6.97 (1H, m, H-3), 6.18 (144J = 9.8 Hz, H-2), 5.66 (1H, d,= 2.3
Hz, H-16), 5.21 (1H, dJ = 2.6 Hz, H-15), 4.78 (1H , d,= 6.2 Hz, H-4), 4.22 (1H, m, H-22),
1.97 (3H, s, -COCHI), 1.92 (3H, s, Me-28), 1.83 (3H, s, Me-27), 1(381, s, Me-19), 1.09
(3H, d,J = 7.0 Hz, Me-21), 1.06 (3H, s, Me-185C NMR (126 MHz, CDGJ), 6 202.7 (C-1),
176.2 (-CONH-), 172.1(-COO-), 169.9 (-CO§H166.4 (C-26), 162.5 (C-17), 148.7 (C-24),
140.1 (C-3), 133.4 (C-2), 122.3 (C-25), 121.0 (G;IMhe carbon signals of the phenyl ring
[142.8, 131.6, 128.5, 128.4, 116.4, 116.3], 8378 81.6 (C-14), 79.5 (C-22), 72.1 (C-4),
69.7 (C-5), 63.5 (C-6), 52.2 (C-13), 51.0 (C-1%9,4 (C-9), 37.6 (C-12), 35.5 (C-20), 34.8
(C-8), 34.6 (C-23), 33.1 (-NHCOGH, 32.1 (-OCQOCH), 24.8 (C-7), 22.0 (C-11), 21.5
(-COCHg), 20.6 (C-28), 17.8 (C-21), 17.6 (C-19), 16.0 (&®;112.6 (C-27). HRMS m/z

calculated for GoH46FNOyo, 719.3106; found [M + N3] 742.2958.

4.16.12. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((4-(dimethylamino)phenyl)amino)-4-oxobutanoate (12). Yellow amorphous powder. Yield:
9.6 mg (34.1%)H NMR (500 MHz, CDCJ), The hydrogen signals of the phenyl rirg [
7.09 (2H, dJ = 9.1 Hz), 6.75 (2H, d] = 9.0 Hz)], 6.95 (1H, dd] = 10.0, 5.7 Hz, H-3), 6.18
(1H, d,J =10.0 Hz, H-2), 5.68 (1H, d,= 2.6 Hz, H-16), 5.23 (1H, d,= 2.6 Hz, H-15), 4.23

(1H, ddd,J = 12.4, 6.9, 3.5 Hz, H-22), 3.81 (1H ,X+ 5.7 Hz, H-4), 3.37 (1H, s, H-6), 2.97
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(6H, s, -N(-CH)), 2.86 (4H, m, -(CH)>-), 1.95 (3H, s, -COC#}, 1.93 (3H, s, Me-28), 1.85
(3H, s, Me-27), 1.42 (3H, s, Me-19), 1.12 (3HJd; 7.0 Hz, Me-21), 1.09 (3H, s, Me-18).
3C NMR (126 MHz, CDGJ), 6 202.7 (C-1), 177.0 (-NH-CO-), 169.9 (-CO&H 166.3
(-COCH), 162.6 (C-26), 150.6 (C-17), 148.6 (C-24), 1428), 131.6 (C-2), 122.3 (C-25),
121.0 (C-16), The carbon signals of the phenyl [ig.6, 127.3, 127.3, 120.4, 112.6, 112.6],
83.7 (C-15), 81.6 (C-14), 79.5 (C-22), 69.7 (C€8,6, (C-5), 63.3 (C-6), 52.2 (C-13), 47.7
(C-10), 40.6 (-N(-CH),), 40.6 (-N(-CH),), 39.4 (C-9), 37.6 (C-12), 35.5 (C-20), 34.8 (C-8)
33.1 (C-23), 28.5 (-CH), 28.5 (-CH-), 24.8 (C-7), 22.1 (C-11), 21.5 (-CO@H20.6 (C-28),
17.8 (C-21), 17.6 (C-19), 16.0 (C-18), 12.6 (C-HRMS m/z calculated for fgH5,N20p,

744.3622; found [M + H] 745.3597.

4.1.6.13. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((4-methoxyphenyl)amino)-4-oxobutanoate (13). Pale yellow amorphous powder. Yield:
15.6 mg (56.0%)H NMR (500 MHz, CDCJ), § 7.45 (1H, s, -CONH-), The hydrogen
signals of the phenyl ring[7.40 (2H, dJ = 8.9 Hz), 6.84 (2H, d] = 8.9 Hz)], 7.01 (1H, dd,
J=9.8, 6.0 Hz, H-3), 6.23 (1H, d,= 9.8 Hz, H-2), 5.68 (1H, d,= 2.5 Hz, H-16), 5.21 (1H,
d,J = 2.6 Hz, H-15), 4.80 (1H , d,= 6.0 Hz, H-4), 4.23 (1H, ddd,= 12.3, 6.7, 3.4 Hz,
H-22), 3.35 (1H, s, H-6), 1.93 (3H, s, -COCH 1.93 (3H, s, Me-28), 1.85 (3H, s, Me-27),
1.39 (3H, s, Me-19), 1.11 (3H, d,= 7.0 Hz, Me-21), 1.08 (3H, s, Me-18fC NMR (126
MHz, CDCk), ¢ 201.5 (C-1), 172.1 (-CONH-), 169.7_(-COO-), 169-COCH;), 166.3
(C-26), 162.4 (C-17), 148.6 (C-24), 140.2 (C-3)343(C-2), 122.3 (C-25), 121.0 (C-16),
The carbon signals of the phenyl ring [156.5, 131211.9, 121.9, 114.2, 114.2], 83.7 (C-15),
81.6 (C-14), 79.4 (C-22), 72.0 (C-4), 61.5 (C-9),%(C-6), 55.6 (-OCH), 52.2 (C-13), 48.0
(C-10), 39.6 (C-9), 37.4 (C-12), 35.5 (-NHCOEH 34.6 (C-20), 33.0 (C-8), 32.1 (C-23),

29.7 (-OCQCH), 24.5 (C-7), 21.5 (C-11), 21.2 (-CO@H20.6 (C-28), 17.7 (C-21), 16.0
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(C-19), 16.0 (C-18), 12.6 (C-27). HRMS m/z calcethtor G3iH49NO11, 731.3306; found [M

+ NaJ', 754.3168.

4.1.6.14. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((3-fluoro-4-mor pholinophenyl)amino)-4-oxobutanoate (14). Pale yellow amorphous
powder. Yield: 15.3 mg (50.0%JH NMR (500 MHz, CDGJ), The hydrogen signals of the
phenyl ring p 7.03 (2H, tJ = 8.6 Hz), 6.94 (2H, dd] = 8.9, 4.5 Hz)], 7.10 (1H, dd,= 9.8,
6.0 Hz, H-3), 6.29 (1H, d] = 9.8 Hz, H-2), 5.73 (1H, d| = 2.3 Hz, H-16), 5.27 (1H, d,=
2.5 Hz, H-15), 4.82 (1H , d] = 6.0 Hz, H-4), 4.28 (1H, ddd, = 10.7, 6.6, 3.3 Hz, H-22),
3.80 (4H, tJ = 4.1 Hz, O(CH),), 3.06 (4H, tJ = 3.8 Hz, -N(CH-),), 1.95 (3H, s, -COCH),
1.94 (3H, s, Me-28), 1.86 (3H, s, Me-27), 1.35 (3HMe-19), 1.12 (3H, d) = 7.0 Hz,
Me-21), 1.07 (3H, s, Me-185°C NMR (126 MHz, CDGJ), 6 201.4 (C-1), 172.1 (-CONH-),
169.7 (-COO-), 169.3 (-COGH 166.2 (C-26), 162.5 (C-17), 148.5 (C-24), 14035B3),
133.3 (C-2), 122.4 (C-25), 121.1 (C-16), The carbigmals of the phenyl ring [156.8, 147.8,
118.8, 118.8, 115.9, 115.8], 83.8 (C-15), 81.6 4J,-79.4 (C-22), 72.0 (C-4), 67.1 (C-5),
61.2 (C-6), 52.2 (C-13), 50.8 (-OCHCHN-), 50.5 (J4@CHN-), 48.0 (C-10), 45.4
(-NCHCHO-), 41.9 (-NCHCHO-), 39.6 (C-9), 37.4 (C)}135.5 (C-20), 34.5 (C-8), 33.1
(C-23), 29.4 (-NHCOCH), 28.1 (-OCOCH), 24.6 (C-7), 21.5 (C-11), 21.1 (-COGH
20.6.0 (C-28), 17.7 (C-21), 16.0 (C-19), 15.9 (Q;12.6 (C-27). HRMS m/z calculated for

CasHs3FNO14, 804.3633; found [|V| + H] 805.3667.

4.1.6.15. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((1,3,4-thiadiazol-2-yl)amino)-4-oxobut-2-enoate (15). Pale yellow amorphous powder.

Yield: 12.4 mg (46.0%)'H NMR (600 MHz, CDCY), § 8.97 (1H, s, -SCH=N-), 7.54 (1H, d,
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J=15.5 Hz, -CH=CH-), 7.12 (2H, m, -CH=CH-), 7.(ZH, m, H-3), 6.33 (1H, d) = 9.8
Hz, H-2), 5.69 (1H, dJ = 2.5 Hz, H-16), 5.23 (1H, d,= 2.6 Hz, H-15), 4.92 (1H, d,= 6.1
Hz, H-4), 4.23 (1H, ddd) = 12.4, 6.7, 3.4 Hz, H-22), 3.49 (1H, s, H-6),6L.@H, s,
-COCHs), 1.93 (3H, s, Me-28), 1.86 (3H, s, Me-27), 1.34i(s, Me-19), 1.12 (3H, d,= 7.0
Hz, Me-21), 1.09 (3H, s, Me-18}3C NMR (151 MHz, CDGJ), § 201.3 (C-1), 164.1
(-CONH-), 161.9 (-COO0-), 169.7 (-COG} 166.3 (C-26), 162.5 (C-17), 160.2 (-SCN-NH-),
148.7 (C-24), 148.5 (-SCHN-), 139.8 (C-3), 134.@H=CH-), 134.0 (-CH=CH-), 133.1
(C-2), 122.3 (C-25), 121.0 (C-16), 83.7 (C-15),8(C-14), 79.4 (C-22), 73.05 (C-4), 61.4
(C-5), 60.3 (C-6), 52.2 (C-13), 48.1 (C-10), 39C29), 37.4 (C-12), 35.5 (C-20), 34.5 (C-8),
33.1 (C-23), 29.3 (C-7), 27.4 (C-11), 21.5 (-CQOf;+20.6 (C-28), 17.8 (C-21), 16.0 (C-19),
15.9 (C-18), 12.6 (C-27). HRMS m/z calculated fagHGiN3O10S, 707.2513; found [M +

Na]*, 730.0628.

4.1.6.16. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-(thiazol-2-ylamino)-4-oxobut-2-enoate (16). Pale yellow amorphous powder. Yield: 11.8
mg (43.9%) NMR (500 MHz, CDCJ), 5 7.48 (1H, d,J = 7.2 Hz, =NCH=CHS-), 7.02 (1H,
m, H-3), 7.01 (1H, dJ=6.0 Hz, -SCH=CHN=), 6.24 (1H, d=9.8 Hz, H-2), 5.68 (1H, d,
J=2.1 Hz, H-16), 5.21 (1H, d=2.7 Hz, H-15), 4.89 (1H , d,= 6.0 Hz, H-4), 4.23 (1H, ddd,
J=12.3, 6.8, 3.4 Hz, H-22), 3.41 (1H, s, H-6), 1(381, s, -COCH), 1.93 (3H, s, Me-28),
1.86 (3H, s, Me-27), 1.41 (3H, s, Me-19), 1.11 (3H,J = 7.0 Hz, Me-21), 1.08 (3H, s,
Me-18).*C NMR (126 MHz, CDGJ), § 201.2 (C-1), 171.4 (-CONH-), 170.1 (-COO0-), 169.7
(-COCHg), 166.4 (C-26), 162.4 (C-17), 159.8 (-N=C-S-), H48C-24), 140.1 (C-3), 134.7
(=NCH=CHS-), 133.4 (C-2), 122.3 (C-25), 121.0 (Q;1813.8 (-SCH=CHN=), 83.7 (C-15),
81.5 (C-14), 79.4 (C-22), 72.3 (C-4), 61.5 (C-5),3(C-6), 54.8 (C-13), 47.8 (C-10), 39.6

(C-9), 37.4 (C-12), 35.8 (C-20), 35.5 (C-8), 34.6-73), 33.1 (-NHCOCH), 30.9
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(-OCOCH-), 24.5 (C-7), 21.5 (C-11), 21.4 (-CO@QH20.6 (C-28), 17.8 (C-21), 16.0 (C-19),
16.0 (C-18), 12.6 (C-27). HRMS m/z calculated farHGoN2010S, 706.2560; found [M +

Na]', 729.2412.

4.1.6.17. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydroxy-1-oxowitha-2,16,24-trienolide-44-yl

4-(benzo[ d] thiazol -2-ylamino)-4-oxobut-2-enoate (17). Pale yellow amorphous powder. Yield:
10.6 mg (36.9%)*H NMR (500 MHz, CDCY), The hydrogen signals of the benzene rihg [
7.85 (1H, dJ = 7.8 Hz), 7.77 (1H, d = 8.1 Hz), 7.47 (1H, ] = 7.7 Hz), 7.35 (1H, ] = 7.6
Hz)], 7.14 (1H, dJ=15.4 Hz, -CH=CH-), 7.09 (1H, dd,= 9.8, 6.1 Hz, H-3), 7.05 (1H, d,
J=15.4 Hz, -CH=CH-), 6.31 (1H, d=9.8 Hz, H-2), 5.69 (1H, dI=2.5 Hz, H-16), 5.23 (1H,
d, J=2.6 Hz, H-15), 4.91 (1H , d,= 6.1 Hz, H-4), 4.23 (1H, ddd=12.5, 6.5, 3.5 Hz, H-22),
3.41(1H, s, H-6), 1.95 (3H, s, -COGH 1.93 (3H, s, Me-28), 1.87 (3H, s, Me-27), 1(3H,

s, Me-19), 1.12 (3H, dJ = 7.0 Hz, Me-21), 1.09 (3H, s, Me-18fC NMR (126 MHz,
CDCl), 5 201.1 (C-1), 171.5 (-CONH-), 169.7 (-COO-), 169-COCH), 164.1 (C-26),
162.4 (C-17), 161.6 (-SC=N-), 148.7 (C-24), 13953), 135.2 (-CH=CH-), 134.1 (C-2),
126.7(-CH=CH-), 122.3 (C-25), 121.0 (C-16), Thebaar signals of the benzene ring [132.6,
129.9, 124.6, 121.7, 121.1, 121.0], 83.7 (C-15)6§C-14), 79.4 (C-22), 73.1 (C-4), 61.4
(C-5), 60.4 (C-6), 52.2 (C-13), 48.0 (C-10), 39C79), 37.3 (C-12), 35.4 (C-20), 34.6 (C-8),
32.9 (C-23), 24.5 (C-7), 21.5 (C-11), 21.1 (-COLHR0.6 (C-28), 17.6 (C-21), 16.0 (C-19),
14.3 (C-18), 12.6 (C-27). HRMS m/z calculated farHGsN2010S, 756.2717; found [M +

Na]*, 779.2560.

4.1.6.18. (20S
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl

4-((4-fluorophenyl)amino)-4-oxobut-2-enoate (18). Pale yellow amorphous powder. Yield:
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10.7 mg (39.2%)*H NMR (500 MHz, CDCJ), The hydrogen signals of the phenyl ridg [
7.63 (2H, m), 7.04 (2H, m)], 7.04 (1H, m, H-3), 8.AH, d,J = 15.2 Hz, -CH=CH-), 6.89
(1H, d,J = 15.3 Hz, -CH=CH-), 6.31 (1H, d,= 9.8 Hz, H-2), 5.66 (1H, d,= 2.3 Hz, H-16),
5.18 (1H, dJ = 2.6 Hz, H-15), 4.90 (1H , d,= 6.2 Hz, H-4), 4.21 (1H, m, H-22), 1.95 (3H,
s, -COCH), 1.94 (3H, s, Me-28), 1.89 (3H, s, Me-27), 1(34, s, Me-19), 1.09 (3H, d,=
7.0 Hz, Me-21), 1.02 (3H, s, Me-18FC NMR (151 MHz, CDGJ), § 200.9 (C-1), 169.7
(-COCH), 167.3 (C-26), 164.6 (-CONH-), 161.8 (C-17), TBECOO-), 149.9 (C-24), 139.5
(C-3), 138.2 (-CH=CH-), 134.2 (C-2), 130.0 (-CH=GH122.0 (C-25), 121.1 (C-16), The
carbon signals of the phenyl ring [121.9, 121.9]1.92121.9, 116.0, 116.0, 115.8, 115.8],
83.7 (C-15), 81.4 (C-14), 79.0 (C-22), 72.0 (C&1,4 (C-5), 61.2 (C-6), 52.22 (C-13), 48.0
(C-10), 39.8 (C-9), 37.1 (C-12), 35.3 (C-20), 3@1\8), 32.0 (C-23), 24.5 (C-7), 21.5 (C-11),
20.8 (-CQCH), 20.7 (C-28), 17.0 (C-21), 15.9 (C-19), 15.7 (&®;112.6 (C-27). HRMS m/z

calculated for GoH44FNOyo, 717.2949; found [M + N3] 740.2816.

4.1.6.19. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((4-(dimethylamino)phenyl )amino)-4-oxobut-2-enoate (19). Yellow amorphous powder.
Yield: 10.0 mg (35.5%)H NMR (600 MHz, CDCJ), The hydrogen signals of the phenyl
ring [6 7.49 (2H, d,J = 9.0 Hz), 6.70 (2H, d] = 9.1 Hz)], 7.04 (1H, dd] = 9.8, 6.1 Hz, H-3),
6.97 (1H, dJ = 15.2 Hz, -CH=CH-), 6.86 (1H, d,= 15.2 Hz, -CH=CH-), 6.29 (1H, d,=
9.8 Hz, H-2), 5.66 (1H, d] = 2.6 Hz, H-16), 5.20 (1H, d,= 2.7 Hz, H-15), 4.87 (1H , d,=
6.1 Hz, H-4), 4.23 (1H, ddd,= 12.6, 6.3, 3.5 Hz, H-22), 2.93 (6H, s, -N(£)H1.94 (3H, s,
-COCH; ), 1.94 (3H, s, Me-28), 1.87 (3H, s, Me-27), 1(88], s, Me-19), 1.10 (3H, d =
7.0 Hz, Me-21), 1.06 (3H, s, Me-18FC NMR (151 MHz, CDGJ), § 201.2 (C-1), 169.7
(-COCHs), 166.8 (C-26), 164.8 (-CONH-), 162.1 (C-17), T6ECO0-), 149.2 (C-24), 139.8

(C-3), 138.4 (-CH=CH-), 134.0 (C-2), 129.3 (-CH=QH122.1 (C-25), 121.0 (C-16), The
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carbon signals of the phenyl ring [148.4, 127.4,.72121.7, 112.9, 112.9], 83.7 (C-15), 81.5
(C-14), 79.1 (C-22), 72.5 (C-4), 61.3 (C-5), 60Q-q), 52.2 (C-13), 48.0 (C-10), 40.9
( -N-CHg), 40.9 ( -N-CH), 39.7 (C-9), 37.3 (C-12), 35.4 (C-20), 34.8 (C-82.6 (C-23),
24.5 (C-7), 21.5 (C-11), 20.9 (-COGK20.6 (C-28), 17.4 (C-21), 15.9 (C-19), 15.9 &)1

12.6 (C-27). HRMS m/z calculated fosfE50N,010, 742.3465; found [M + H] 743.3504.

4.1.6.20. (20S,
22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
4-((4-methoxyphenyl)amino)-4-oxobut-2-enoate (20). Pale yellow amorphous powder. Yield:
7.8 mg (28.2%)'H NMR (500 MHz, CDC}J), § 8.37 (1H, s, -CONH-), The hydrogen signals
of the phenyl ring [7.59 (2H, d,= 8.7 Hz), 6.86 (2H, d] = 8.7 Hz)], 7.03 (1H, dd] = 9.6,
6.2 Hz, H-3), 6.97 (1H, d] = 15.2 Hz, -CH=CH-), 6.88 (1H, d,= 15.2 Hz, -CH=CH-),6.31
(1H, d,J = 9.8 Hz, H-2), 5.65 (1H, s, H-16), 5.17 (1H, s15), 4.90 (1H , dJ = 6.0 Hz,
H-4), 4.2 (1H, m, H-22), 3.41 (1H, s, H-6), 1.9%(3, -COCH ), 1.94 (3H, s, Me-28), 1.89
(3H, s, Me-27), 1.44 (3H, s, Me-19), 1.09 (3HJd; 7.0 Hz, Me-21), 1.02 (3H, s, Me-18).
3C NMR (126 MHz, CDGJ), § 200.8 (C-1), 169.7 (-CONH-), 167.3 (-COO-), 164.7
(-COCHp), 161.7 (C-26), 160.9 (C-17), 149.9 (C-24), 13@53), 138.5 (-CH=CH-), 134.2
(C-2), 129.5 (-CH=CH-), 122.0 (C-25), 121.2 (C-1®6lhe carbon signals of the phenyl ring
[156.9, 131.0, 121.8, 121.8, 114.3, 114.3], 83.8.8), 81.4 (C-14), 78.9 (C-22), 72.3 (C-4),
61.5 (C-5), 61.3 (C-6), 55.6 (-OGH 52.2 (C-13), 48.0 (C-10), 39.9 (C-9), 37.0 (O;135.2
(C-20), 35.0 (C-8), 31.8 (C-23), 24.5 (C-7), 21&11), 20.8 (-COCH), 20.7 (C-28), 16.9
(C-21), 16.0 (C-19), 15.7 (C-18), 12.6 (C-27). HRMSz calculated for &H47NOs3,

729.3149; found [M + Nd] 752.2988.

4.1.6.21. (20S

22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-45-yl
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4-((3-fluoro-4-mor pholinophenyl Jamino)-4-oxobut-2-enoate (21). Pale yellow amorphous
powder. Yield: 15.4 mg (50.5%JH NMR (500 MHz, CDGJ), The hydrogen signals of the
phenyl ring p 7.59 (1H, dJ = 13.5 Hz), 7.29 (1H, d] = 7.3 Hz), 7.03 (1H, dd] = 9.8, 6.2
Hz)], 6.96 (1H, dd,J = 9.6, 5.9 Hz, H-3), 6.96 (1H, d,= 15.3 Hz, -CH=CH-), 6.87 (1H, d,

= 15.2 Hz, -CH=CH-), 6.31 (1H, d,= 9.8 Hz, H-2), 5.65 (1H, d] = 2.4 Hz, H-16), 5.17
(1H, d,J = 2.6 Hz, H-15), 4.89 (1H , d,= 6.2 Hz, H-4), 4.20 (1H, ddd,= 12.7, 5.3, 3.7 Hz,
H-22), 3.88 (4H, tJ = 4.2 Hz, -CHOCH,-), 3.08 (4H, tJ = 3.9 Hz, -CHNCH,-), 1.96 (3H,
s, -COCH ), 1.93 (3H, s, Me-28), 1.89 (3H, s, Me-27), 1(34, s, Me-19), 1.08 (3H, d,=
7.0 Hz, Me-21), 1.01 (3H, s, Me-18FC NMR (126 MHz, CDGJ)), § 202.8 (C-1), 169.7
(-COCHs), 167.4 (C-26), 164.6 (-CONH-), 161.7 (C-17), I6¢COO-), 150.0 (C-24), 139.4
(C-3), 138.2 (-CH=CH-), 134.2 (C-2), 129.9 (-CH=GH121.9 (C-25), 121.1 (C-16), The
carbon signals of the phenyl ring [156.2, 154.6.01116.0, 109.2, 108.0], 83.7 (C-15), 81.4
(C-14), 79.0 (C-22), 72.3 (C-4), 67.0 (C-5), 61.6-6), 61.3 (-OCHCHN-), 60.5
(-OCHCHN-), 52.2 (C-13), 51.2 (-NCHCHO-), 51.0 (-NCHO-), 48.0 (C-10), 39.8 (C-9),
37.1 (C-12), 35.2 (C-20), 35.0 (C-8), 31.9 (C-28},4 (C-7), 21.5 (C-11), 20.8 (-COGH
20.7 (C-28), 17.0 (C-21), 16.0 (C-19), 15.7 (C-1B),5 (C-27). HRMS m/z calculated for

C44Hs51FN->O44, 802.3477; found [M + H] 803.3513.
4.1.7. General procedure for synthesis of compounds 22-25

EDCI-HCI (2.2 eq.), HOBt-H20 (1.5 eq.), and gyre (3.0 eq.) were added to a solution
of Acid (the intermediate, b, ¢, or d; 1.0 eq.) in DMF at room temperature under N
atmosphere. After 30 min, a solution o§-R (Scheme 2; 2.2 eq.) in DMF was added
dropwise. The mixture was then stirred for 48 hoaim temperature and, upon completion of
the reaction, water was added and extracted wiAEt The organic layers were then

washed with brine, dried over P8Oy, filtered and concentrated in vacuo. The residas w
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purified via preparative HPLC using acetonitrilefera(1/1-3/2) as the solvent system to

obtain the target compounds.

41.7.1.

(20S,22R)-15a-acetoxy-54,6/-epoxy-144-dihydr oxy-1-oxowitha-2,16,24-trienolide-3-((3-fluo
ro-4-mor pholinophenyl)amino)-45-yl

5-((3-fluor o-4-mor pholinophenyl)amino)-5-oxopentanoate (22). Pale yellow amorphous
powder. Yield: 5.8 mg (15.0%JH NMR (500 MHz, CDCJ), 6 7.96 (1H, s, -CONH- ), The
hydrogen signals of the phenyl ring [7.63 (1HJd& 14.0 Hz), 7.10 (1H, dl = 8.2 Hz), 6.92
(2H, m) 6.50 (1H, dJ = 14.5 Hz), 6.47 (1H, dl = 8.4 Hz)], 5.72 (1H, dJ = 2.0 Hz, H-16),
5.25 (1H, dJ = 2.2 Hz, H-15), 4.79 (1H , d,= 1.2 Hz, H-4), 4.22 (1H, ddd,= 11.5, 7.3,
3.4 Hz, H-22), 3.86 (8H, ] = 4.2 Hz, O(CH), x 2), 3.03 (8H, tJ = 3.9 Hz, -N(CH-); x 2),
1.95 (3H, s, -COCH), 1.94 (3H, s, Me-28), 1.86 (3H, s, Me-27), 1(3®, s, Me-19), 1.13
(3H, d,J = 7.0 Hz, Me-21), 1.05 (3H, s, Me-18)*C NMR (126 MHz, CDGJ), 6§ 210.5
(C-1), 172.4 (-CONH-), 170.4 (-COO-), 169.6 (-COSHL66.1 (C-26), 163.0 (C-17), 148.5
(C-24), 122.4 (C-25), 120.8 (C-16), The carbon aigrof the phenyl ring [157.5, 156.0,
131.0, 130.0, 127.7, 116.5, 115.5, 109.7, 109.@.8,0103.8, 103.1], 83.9 (C-15), 81.4
(C-14), 79.8 (C-22), 76.3 (C-4), 67.1 (C-5), 67.C-f), 62.6 (-OCHCHN-), 62.3
(-OCHCHN-), 51.8 (-OCHCHN-), 51,8 (-OCHCHN-), 53.&-3), 52.2 (C-13), 51.3
(-NCHCHO-), 51.3 (-NCHCHO-), 51.1 (-NCHCHO-), 51(NCHCHO-), 45.9 (C-10), 40.0
(C-9), 38.1 (C-12), 37.6 (C-2), 36.4 (C-20), 35&g), 34.0 (C-23), 33.9 (-NHCOGH,
33.4 (-OCOCH), 24.7 (C-7), 22.1 (C-11), 21.7 (-CO@H 21.5 (-CHCH,CH,-), 20.6
(C-28), 17.9 (C-21), 16.2 (C-19), 16.0 (C-18), 12®-27). HRMS m/z calculated for

C55H53F2N4012, 1014.4802; found [M + H] 1015.4867.
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4.1.7.2.

(20S,22R)-15a-acetoxy-55,6/-epoxy-144-dihydr oxy- 1-oxowitha-2,16,24-trienolide-3-((4-met
hoxyphenyl)amino)-45-yl  5-((4-methoxyphenyl)amino)-5-oxopentanoate (23). Pale yellow
amorphous powder. Yield: 20.5 mg (62.099. NMR (500 MHz, CDC}), § 7.88 (1H, s,
-CONH-), The hydrogen signals of the phenyl ringtg/(2H, d,J = 9.0 Hz), 6.84 (2H, d] =
9.0 Hz), 6.80 (2H, dJ = 8.9 Hz), 6.69 (2H, d] = 8.8 Hz)], 5.70 (1H, dJ = 2.6 Hz, H-16),
5.24 (1H, dJ = 2.7 Hz, H-15), 4.82 (1H , d,= 2.8 Hz, H-4), 4.23 (1H, ddd,=12.4, 6.9, 3.5
Hz, H-22), 3.86 (1H, m, H-3), 3.76 (3H, s, -Ph-O{13.74 (3H, s, -Ph-O-C§}, 3.24 (1H, s,
H-6), 2.05 (3H, s, -COCH), 1.93 (3H, s, Me-28), 1.85 (3H, s, Me-27), 1(38, s, Me-19),
1.12 (3H, dJ = 7.0 Hz, Me-21), 1.04 (3H, s, Me-18JC NMR (126 MHz, CDG)), § 210.7
(C-1), 172.5 (-CONH-), 170.3 (-COO-), 169.7 (-COSHL66.2 (C-26), 162.7 (C-17), 148.6
(C-24), 122.3 (C-25), 121.0 (C-16), The carbon aigrof the phenyl ring [156.4, 153.8,
139.0, 131.5, 121.6, 121.6, 116.0, 116.0, 115.3.311114.3, 114.3], 83.9 (C-15), 81.4
(C-14), 79.5 (C-22), 76.6 (C-4), 62.2 (C-5), 5528§), 55.6 (-OCH), 52.2 (C-13), 51.6 (C-3),
51.0 (C-2), 40.2 (C-10), 38.1 (C-9), 37.5 (C-1H,33(-NHCOCH-), 35.5 (C-20), 34.1 (C-8),
33.9 (C-23), 33.1 (-OCOCH, 246 (C-7), 21.0 (C-11), 21.6 (-COgH 215
(-CH,-CH»-CH,-), 20.6 (C-28), 17.7 (C-21), 16.1 (C-19), 15.948); 12.6 (C-27). HRMS

m/z calculated for gHeoN-O12, 868.4146; found [M + H] 869.4184.

4.1.7.3.

(20S,22R)-15a-acetoxy-55,6/-epoxy-144-dihydr oxy- 1-oxowitha-2,16,24-trienolide-3-((4-met
hoxyphenyl)amino)-45-yl  4-((4-methoxyphenyl)amino)-4-oxobutanoate (24). Pale yellow
amorphous powder. Yield: 17.6 mg (54.295. NMR (500 MHz, CDC}), § 7.53 (1H, s,
-CONH-), The hydrogen signals of the phenyl ring%(2H, d,J =8.9 Hz), 6.85 (2H, d] =
8.9 Hz), 6.76 (2H, dJ = 8.8 Hz), 6.62 (2H, d] = 8.8 Hz)], 5.70 (1H, dJ = 2.5 Hz, H-16),

5.24 (1H, dJ = 2.6 Hz, H-15), 4.79 (1H , d,= 2.6 Hz, H-4), 4.23 (1H, ddd,=12.4, 6.6, 3.5
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Hz, H-22), 3.84 (1H, m, H-3), 3.78 (3H, s, -Ph-O{13.72 (3H, s, -Ph-O-C§}, 3.21 (1H, s,
H-6), 2.02 (3H, s, -COCH), 1.93 (3H, s, Me-28), 1.85 (3H, s, Me-27), 1(34, s, Me-19),
1.12 (3H, dJ = 7.0 Hz, Me-21), 1.06 (3H, s, Me-18JC NMR (126 MHz, CDGJ), § 210.5
(C-1), 171.7 (-CONH-), 169.6 (-COO-), 169.2 (-COFHL66.3 (C-26), 162.5 (C-17), 148.7
(C-24), 122.3 (C-25), 121.1 (C-16), The carbon aigrof the phenyl ring [139.03, 131.13,
127.96, 121.80, 121.80, 115.95, 115.3, 115.3, 1143.3, 156.5, 153.7], 83.9 (C-15), 81.5
(C-14), 79.3 (C-22), 76.8 (C-4), 61.45 (C-5), 5§386), 55.6 (-OCH), 52.3 (C-13), 51.3
(C-3), 51.0 (C-2), 40.5 (C-10), 38.3 (C-9), 37.41P), 35.5 (-NHCOCH), 34.3 (C-20),
33.0 (C-8), 32.0 (C-23), 30.0 (-OCOGH 24.5 (C-7), 21.7 (C-11), 21.5 (-COEQH20.6
(C-28), 17.6 (C-21), 16.0 (C-19), 15.4 (C-18), 12®-27). HRMS m/z calculated for

CugHs58N-015, 854.3990; found [M + H] 855.2995.

4.1.7.4.
(20S,22R)-15a-acetoxy-55,6/-epoxy-144-dihydroxy-1-oxowitha-2,16,24-trienolide-3-((4-met
hoxyphenyl)amino)-45-yl  4-((4-methoxyphenyl)amino)-4-oxobut-2-enoate (25). Pale yellow
amorphous powder. Yield: 19.2 mg (59.3%HL. NMR (500 MHz, CDC}), § 7.54 (1H, s,
-CONH-), The hydrogen signals of the phenyl ringt&/(2H, d,J = 8.6 Hz), 7.33 (2H, d] =
8.6 Hz), 7.21 (2H, dJ = 8.5 Hz), 6.61 (2H, d] = 8.5 Hz)], 5.70 (1H, dJ = 2.5 Hz, H-16),
5.24 (1H, dJ = 2.6 Hz, H-15), 4.84 (1H , d,= 2.7 Hz, H-4), 4.23 (1H, ddd,= 12.5, 6.6,
3.5 Hz, H-22), 3.90 (1H, m, H-3), 3.22 (1H, s, H-8)03 (3H, s, -COCH), 1.93 (3H, s,
Me-28), 1.86 (3H, s, Me-27), 1.37 (3H, s, Me-19)},3L(3H, d,J = 7.0 Hz, Me-21), 1.06 (3H,
s, Me-18)."*C NMR (126 MHz, CDGJ), § 210.7 (C-1), 171.7 (-CONH-), 169.6 (-COO-),
169.3 (-COCH), 166.4 (C-26), 162.4 (C-17), 148.7 (C-24), 12&R5), 121.1 (C-16), The
carbon signals of the phenyl ring [147.4, 143.02.44135.3, 126.6, 126.6, 126.0, 126.0,
119.7, 119.6, 113.7, 113.7], 83.9 (C-15), 81.5 {3-79.3 (C-22), 76.6 (C-4), 61.5 (C-5),

60.9 (C-6), 60.6 (-OCH), 52.2 (C-13), 51.0 (C-3), 51.7 (C-2), 40.4 (C;188.3 (C-9), 37.5
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(C-12), 35.4 (-NHCOCH), 34.5 (C-20), 32.9 (C-8), 32.1 (C-23), 30.0(-OCIf-), 24.5
(C-7), 21.8 (C-11), 21.5 (-COGH 20.6 (C-28), 17.6 (C-21), 16.0 (C-19), 15.6 (€);112.6

(C-27). HRMS m/z calculated forsg4s¢N2O1,, 852.3833; found [M + N&] 875.2652.
4.2. GLS1 enzyme assay

In a 96-well black microplate (BPS Bioscience €a79685) human glutaminase GLS1
activity was determined using the GLS1 Inhibitoregming Assay Kit (BPS Bioscience Cat

#79596). Experiments are carried out following riienufacturer’s instructions.
4.3. Cell proliferation assay

The MDA-MB-231 cell line was purchased from t@ell Bank of Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy ofeices (Shanghai, People’s Republic
of China). The cells were cultured in Dulbecco’sdified Eagle medium (DMEM, GIBCO,
NY, USA), which were all supplemented with 10% fdtavine serum (FBS; GIBCO, NY,

USA) at 37°C with 5% C®

The cytotoxic activity was evaluated using th& Mcolorimetric method. Briefly, cells
were seeded in a clear-bottom 96 well plate atresiteof 5 x 16 cells/well in 100uL of
DMEM medium at 37°C for 24 h. After that, the cellsre incubated with tested compounds
or positive controls at the various concentratifmmn4 h (0.078-1@M). Then 20uL of MTT
(5 mg/mL) was added, and then the cells were inegbat 37°C for an additional 4 h. The
medium was aspirated, and 1pD of DMSO was added to each well. The absorbance wa
measured at 570 nm using a microplate reader (peax Plus 384, Molecular Devices,
Sunnyvale, CA, USA). The cytotoxic activity was exgsed as the Ig values. All
experiments were done in triplicate and repeatddaat three times. Vehicle DMSO (0.1%)

was used as a negative control.

42



4.4. Colony formation assay

The MDA-MB-231 cells (1000 cells/ well) were dgled in a six-well plate in 2 mL of
DMEM medium at 37°C. After 24 h, cells were treatedh vehicle DMSO or different
concentration of compourior WA for 24 hours, after treatment, cells were cultdmdwo
weeks. Culture medium was changed twice a weelerAfto weeks, the cell colonies were
rinsed with PBS, fixed in 4% paraformaldehyde fotusion, and then stained with a solution

of 0.05% crystal violet (Beyotime Company).
4.5. Apoptosis assays

Apoptotic cells were measured by Annexin VFITICdBoptosis detection kit (Beyotime
Company) according to the provided protocol. Byiethe MDA-MB-231 cells were treated
with various concentrations afor 0.1% DMSO for 12 h of incubation at 37°C. Thee
cells were harvested and resuspended in PBS aneemwation of 1 x T0cell/mL. After
centrifuged at 1000 g for 5 min, 19% FITC-conjugated annexin V binding bufferub of
annexin V-FITC and 1QL of propidium iodide (Pl) were added. The mixtuvas incubated
for 20 min at room temperature in the absenceghitliFollowing gentle vortex, the sample
was analyzed using a BD Accuri C6 flow cytometered®n & Dickinson Co.). The

percentages of apoptotic and necrotic cell for esarhple were estimated.
4.6. Western blot analysis

MDA-MB-231 cells were treated with various contrations of 7 as indicated or 0.1%
DMSO for 24 h. Then, the cells were harvested atal {proteins were extracted with 1 x
RIPA lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mMallIl, 0.25% deoxycholic acid, 1%
NP-40, 1 mM EDTA and protease inhibitors) (Amres8ojon, USA) and quantified by a

BCA kit. Equivalent samples from the total celldyss (80ug per lane) were subjected to
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SDS-polyacrylamide gel electrophoresis (SDS-PAGIBRAd Laboratories, Hercules, CA),
wet-transferred to PVDF membrane (BioRad LaborasyrHercules, CA) and blotted with
primary antibodies specific for caspase-3, cleavaspase-3, caspase-9, cleaved caspase-9,
and GAPDH at 4°C overnight, probed with the appedpr secondary isotype specific
antibodies tagged with horseradish peroxidase (Galinaling Technology). Bound
immunocomplexes were visualized using enhanced iblmamnescence (Millipore), which

were detected using a ChemiDOC™ XRS + system (BidRéboratories, Hercules, CA).

4.7. Determination of intracellular glutamate levels

MDA-MB-231 cells were incubated in a G@cubator at 37°C for 24 h. The cells were
treated with the vehicle control (0.1% DMSO) origas concentrations af as indicated for
an additional 12 h. After that, the medium was reaaband cells were washed three times
with PBS, and 1 x RIPA lysis buffer (Amresco, Sqold6A) was added at 4°C. Then the cell
lysates were subjected to Amplex® Red Glutamic Aksday Kit (Invitrogen) following the

manufacturer’snstructions.

4.8. ROS assay

For the fluorescence imaging observation ofacgtlular ROS levels, MDA-MB-231
cells were seeded in a clear-bottom 96 well plateiclv were treated with various
concentrations of or 0.1% DMSO for 3 h and then incubated in the daitk 10 mM of the
oxidation-sensitive fluorescent probe DCFH-DA (Beyee, Nantong, China) for 20 min at

37°C, and observed under a fluorescence microsedi€A DMI3000 B, Germany).

As for the quantitative detection of intraceluROS levels, MDA-MB-231 cells grown
at 37°C in a 5% Cg@incubator were treated with various concentratioins or 0.1% DMSO

for 3 h and then incubated in the dark with 10 mMth® oxidation-sensitive fluorescent
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probe DCFH-DA (Beyotime, Nantong, China) for 20 rair37°C. DCFH-DA was cleaved by
intracellular esterase to liberate free DCFH. Ti@&SRevels of the cells were measured using

a BD Accuri C6 flow cytometer (Becton & Dickinsorog.
4.9. Molecular docking

The human GLS1 crystal structure (PDB code 3U@#) obtained from the Protein Data
Bank. The docking was performed with Discovery iu@lient software (version 3.0;
Accelrys Software Inc.). Molecules were drawn ine@iBioOffice 2010, and energy
minimized using the MM2 force field in Chemdraw 3nd PyMOL (version 0.99; DelLano

Scientific) was used to view the resulting modelwlivich graphics were prepared.
4.10. In vivo xenograft model

Five-week-old male BALB/c nude mice were purathsrom the Model Animal
Research Center of Nanjing University (Nanjing, i2)i For the tumor xenograft assay, 3 x
10° MDA-MB-231 cells were suspended in 200 PBS and subcutaneously injected into the
right flank of the micewWhen the tumors reached approximately 100°nihe tumor-bearing
mice were randomly divided into four groups. Thempound7 (25mg/kg or 50mg/kg) and
BPTES (25 mg/kg) were intraperitoneally administeexery three days. After four weeks,
all of the mice were euthanized. Then, the tumod asceral organs of each group were
collected and fixed in 4% paraformaldehyde. Allnaal experimental procedures followed
the National Institutes of Health guide for theecand use of laboratory animals and were
performed in accordance with protocols approvedhylinstitutional Animal Care and Use

Committee (IACUC) of China Pharmaceutical Univergtkperimental Animal Center.

4.11. Prediction of logP values
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The partition coefficients (logP) were predicteith the Molinspiration Cheminformatics
Software. The logP values were calculated by théhau®logy developed by Molinspiration
as a sum of fragment-based contributions and doorefactors. Method is very robust and is

able to process practically all organic and moganometallic molecules.
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Highlights

. 25 withangulatin A derivatives were designed and synthesized as GLS1
inhibitors.

. Compound 7 showed the most potent GLS1 inhibitory potency.

. Docking study elucidated the binding pattern of 7 in the allosteric pocket of
GLSL.

. 7 wasdemonstrated to be a promising candidate agent for the treatment of TNBC.
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