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Abstract

Nur77, an orphan member of the nuclear receptoerfammily, plays an important role in the
regulation of inflammatory processes. Our previask found that celastrol, a pentacyclic triterpene
bound to Nur77 to inhibit inflammation in a Nur7émbndent manner. Celastrol binding to Nur77
promotes Nur77 translocation from nucleus to cysepi, resulting in clearance of inflamed mitochcendri
and then alleviation of inflammation. Here, we mephbe design, synthesis, SAR study and biological
evaluation of a series of celastrol analogues.tA wf 24 celastrol derivatives were made. Compdamd
with a Ky of 0.87uM was found to be less toxic than celastrol andctdwe a hit molecule for further

optimization.
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1. Introduction

Nur77 (also known as TR3, NGFI-B, and NR4A1), aphan member of the nuclear receptor

superfamily, is known to play an integral role inamy different cellular processes especially the

inflammatory responses [1-3Though, Nur77 possesses common structural feativ@®d by the NR

family: an activation function 1 (AF-1), a DNA bimg) domain (DBD), a ligand binding domain (LBD),
and a ligand-dependent transcriptional activatiomain (AF-2), from N-terminal to C-terminal [4]sit
binding pocket in the LBD is shown to be incapatfidinding ligands [5]. Consistently not endogenous
ligands have been identified for Nur77 and Nur7namms to be an orphan receptor. However, in recent
years, ligands that bind to the surface regionghefLBD of Nur77 have been found and reported to
mediate the biological functions of Nur77 [6-13].

Our lab recently reported the identification ofasttol as a submicromolar ligand of Nur77 [12].
Celastrol is a potent anti-inflammatory agent issdafrom the root ofripterygium wilfordii, a traditional
Chinese medicine also known as “Thunder God Vifedditionally, “Thunder God Vine” has been used
to treat rheumatoid arthritis, lupus and other amtmune diseases [13-17]. As the key bioactive
molecule of Thunder God Vine, celastrol has beewlistl widely and recognized to be involved in
multiple pathways and to have the potential fordapeutic applications [18-20]. We found that cetast
binds to Nur77 with an affinity of 292 nM and derstmatedin vitro and in animal models that the anti-
inflammatory effects of celastrol requires its bimgdto Nur77, which therefore identifies Nur77 as a

direct intracellular target of celastrol. Furthemmousing multiple approaches we demonstrated and
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confirmed that celastrol binds to Nur77 via a rsilde covalent bond resulted from Michael addition
reaction at C551 in Nur77. In addition, we showleel formation of this covalent bond requires specifi
noncovalent interactions with Nur77 to positionasttol in close proximity to the -SH group of C551.
Such specific noncovalent interactions render telbs binding selectivity, providing opportunityo t
develop celastrol-derived agents that can seldgthiad Nur77 to modulate its anti-inflammatory exft
[21].

Here we report our design, synthesis, SAR studykaoldgical evaluation of 24 celastrol analogs.
Binding activities of the synthesized compounds enstudied to understand the structure-activity
relationship. Compounds were also evaluated fdr ti-inflammatory effects. Compoun@a andle
displayed similar anti-inflammatory effects as celastrol and wereeceld for further biological
evaluation.3a was found to be less toxic when its toxicity wasessed in comparison to celastrol in
Zebrafish model. It is worth noting that celastaold analogs have been widely studied for their ant
cancer potentials [22-24], but less studied forirttamti-inflammatory applications. This study will
provide insights into the optimization of celastbdrivatives selectively targeting Nur77 for anti-

inflammatory therapy.

2. Chemistry

The synthetic routes of the proposed celastrolvdgvies of formula | and Il (Fig. 1) were outlingd
Schemes 1-3. First, derivatives with modificatidesthe carboxylic acid or hydroxyl groups were
introduced (Scheme 1,a - 1g, 2a - 2c). Treating celastrol with DAST (Diethylaminosulftifiuoride,
(CHsCH,),NSF;) in dichloromethane at -78 °C for 1 h, gave thedpct 1a in moderate yield 58%.
Esterification of celastrol with various alkyl ialtis at room temperature catalyzed by Naki@i@lded
corresponding derivatives in moderate yield (87% Xb, 78% for 1d and 79% forlf). Under the
catalysis of PyBOP (Benzotriazol-1-yl-oxytripyrrdilnophosphonium hexafluorophosphate) and DIPEA
(N,N-diisopropylethylamine), treatment of celastvath three different primary amines (methylamine,
ethylamine and propylamine) generated the prodlc{32% yield),1e (48% yield) andlg (31% vyield).
2a - 2c were obtained by treatingb with methyl iodide, bromoethane and 1,1-Difluoriedoethane
(F.CHCH,l) respectively, catalyzed by ,KO; (2c, 57% vyield) or by both ¥CO; and TBAB
(Tetrabutylammonium bromide24, 54% yield an®b, 85% yield).

3a was obtained in 99% vyield by treating celastrothwNaBH, in all deuterated methanol.
Conjugation of nitromethane to celastrol with thesistance of TBAF (Tetrabutylammonium fluoride)
formed 3b in 87% vyield. Michael addition of celastrol witltetone in the present of catalytic amount
hydrochloric acid 12 mol/l) resulted in producBc (51% yield, Scheme 1, step ix). As indicated in
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Scheme 1, catalyzed by MeONa celastrol could react with heterocyclic reagent pyrrole to afford product
3d (82% yield, Scheme 1, step x). Catalyzed by 5 mol% AICl;-6H,0 dimethylphosphonate group was
introduced to C-6 position of celastrol, producing compound 3e with a moderate yield 55% (Scheme 1,
step xi). Products 4a and 4b were prepared as described in Scheme 1, steps xii and xiii: first, celastrol was
protected by benzyl group PhCH,Br with the help of K,CO; and triethylamine (TEA) in DMF solution,
giving the intermediate compound; after purification using flash column chromatography, the
intermediate compound continues to react with MeMgBr (1 mol/L) in THF at 0 °C for 1 h to obtain
compound 4a in 56% yield. The two benzyl protective groups were removed from 4a by hydrogen gas
and Pd/C at room temperature for 12 h, yielding the product 4b in 87% yield. S¢ was obtained according
to Scheme 2: the two hydroxyl groups of 3b were protected by 2,2-dimethoxypropane to afford
compound 5a in 63% yield. Subsequently, the nitro group of 5a was reduced by Pd/C and H,NNH,- H,O
in EtOH to give compound 5b in 36% yield. Removing the protecting group from compound Sb in the
presence of catalyst In(OTf); and under the microwave condition (120 °C for 3 h) afforded 5¢ in 77%
yield [25]. Treatment of compound 3a with 2,2-dimethoxypropane for 12 h in the presence of catalytic
acid p-TsOH- H,O afforded 6a in moderate yield (57%). 6b was obtained by oxidizing 6a using PDC and
dimethylpyrazole in DCM for 12 h at room temperature. Using In(OTf); as a catalyst, the protective
group acetonides were removed from compound 6b efficiently in CH;CN/H,O (10:1 v/v) under the
microwave irradiation, and 6¢ was obtained (37%). Compounds 7a and 7f were synthesized by reducing
compounds 1b and 2a with 10 equiv. NaBH, in deuterated MeOH (step vii in Scheme 1), respectively
(78% yield for 7f and 99% for 7a). 7a was methylated by dimethyl sulfate to afford compound 7e (24%
yield, step xiv). Compound 7g was obtained in 66% yield by using another methylating reagent - CH;l
under the same condition (step xv). Subsequently, compound 7e, 7f and 7g were hydrolyzed by KOH
under 100 °C in mixed dioxane/water (1:1 v/v) solvent to obtain 7b, 7¢ and 7d in high yields (step xvi in
Scheme 1). All synthesized compounds were structurally elucidated by different spectrometric methods,
including "H NMR (600 MHz), *C NMR (151 MHz), and high-resolution mass spectra (HR-MS) (see the

spectra in the supporting information).

o
.\\\2\501-1

Celastrol
Kd=292 nM Formula | Formula Il

Fig. 1. Chemical structures of celastrol and its analogs
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Q 1a Ry=F 58%
\LR1 1b R;=0OCH; 87%
1c  R;=NHCH; 72%
1d Ry =0OCH,CHs 78%
1e Ry =NHCH,CH; 48%
1f Ry = OCH(CHa), 79%
19 Ry =NHCH,CH,CH; 31%

i) for 1a HO

ii) for 1b, 1d and 1f 1l
iii) for 1c, 1e and 1g
vii) for 7a
0 7a 0

xiv) for 7e
OH l .\\\LR1

iv) for 2a
v) for 2b
vi) for 2¢

vii) for 3a
viii) for 3b
ix) for 3¢
x) for 3d
xi) for 3e
xii) for 4a
xiii) for 4b

vii) for 7f

2a

2a Ry=OCH; Ry=CH, 54%
2b R;=OCH; Ry=CH,CH;  85%
2c Ry=OCH; Ry=CH,CHF, 57%

Xvi
7b, 7c and 7d

32 R{=OH Ry=H Rs=H Rs=H 99%
3b R;=OH R3;=CH,NO, Rs=H Rs=H 87%
3¢ R;=O0OH R3 = CH,COCH; R4s=H Rs=H 51%
3d R;=OH Rj=pyrrolyl Ry=H Rs=H 82%
3¢ Ry=OH R;=PO(OCH;), R4=H Rs=H 55%
4a R{=0Bn R;=CH, Ry=H Rs=Bn  56%
4b Ry=OH R3=CH, Ry=H Rs=H 87%
7a R;=0CH; R;=H Ry=H Rs=H 99%
7b Ry=OH R3=H R4 =CHj Rs=H 99%
7¢c R;=OH Ry=H R4=H Rs=CH; 98%
7d R1 =QH R3 =H R4 = CH3 R5 r CH3 99%
7e Ry=OCH; Ry=H Rg=CH;  Ry=H ~ 24%
7 Ry=OCH; Ry=H Re=H Rs=CHy  78%
1 3 Rs - - o
79 R;=OCH; Ry=H R4 =CHj3 Rs=CH; 66%

Scheme 1. Reagents and conditions: i) DAST, DCM, (27 1 h ii) Alkyl iodides, NaHCO3, DMF, r. t., 12 hiii)
Various amines, DMF, PyBOP, DIPEA,[0 30 min and then r. t. for 2 v) CHsl, K,COs;, TBAB, THF, 20 mol%
Dioxane, 7001, 12 h; v) CH;CH,Br, K,COs, TBAB, THF, 20 mol% Dioxane, 70 [], 12 h; vi) F,CHCH,l, K,CO;,
DMF, 5011, 24 h. vii) NaBH, CD;0D, r. t.,30 min; viij) CH3NO,, TBAF, THF, r. t., 1h; ix) CH;COCH;, 1 drop
HCI (12 mol/L), r. t.,12 h; x) MeONa, pyrrole, r. t., 5 minxi) AlCls-6H,0, HPO(OCH),, DCM, r. t., 6h; xii)
PhCHBr, DMF, K,COs, EN, 80 [, 2.5 h, 68% ; Then MeMgBr, THF, 0 [, 1 h, 83% yield, (Two Steps: 36);
xiii) Pd/C, H,, MeOH, r. t., 12 h; xiv) (CH30),S0;, K,CO;, acetong70 [1, 12 h; xv) Mel, K,COs, acetone, 701, 12
h; xvi) KOH, dioxane/HO = 1:1 (v/v), 100, 4 h, then, naturally cool to r. t. for additiorddl min.

Scheme 2. Reagents and conditions: i) (M@®e,, p-TsOH, DCM, r. t., overnight, 63% yieldi) Pd/C,
H,NNH,- H,O, EtOH, 7501, overnight, 36% vyielgiii) In(OTf);, MeCN/water = 10:1 (v/v), microwave, 120 3 h,
77% yield.
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6a 57% 6b  48%
Scheme 3. Reagents and conditions: i) (M&®™e,, p-TsOH, DCM, r. t., overnight, 57% vyieldi) PDC, 3,5-
dimethylpyrazole, DCM, r. t., overnight, 48% vyield) In(OTf)3, MeCN/water = 10:1 (v/v), microwave. 12Q 1 h,
37% yield.

3. Results and Discussion
3.1 Design of celastrol derivatives

We recently reported the binding characterizatiboedastrol to Nur77 [21]. We demonstrated that
celastrol binds to Nur77-LBD via specific noncovdlénteractions and a reversible covalent bond. We
also showed that covalent bond is formed througthitl addition reaction between celastrol and C551
in Nur77. Furthermore, we developed a binding modeklastrol to Nur77 by using molecular modeling
and mutagenesis approaches. In this predicted nibigl2A), celastrol fits well to a groove formbg
loop H7-H8, helices 8, 9, 10 and loop H9-H 1l hydroxyl group on ring A and the carboxyl on ring E
form H-bonds with D499 and Q547 respectively; the central portion of the celastrol molecule is
hydrophobic, making Van Der Waals interactions withny hydrophobic resies; C-6 atom where the
nucleophilic addition occurs is positioned nexttbe -SH group of C551. These modeling results
prompted us to investigate the effects of diffemrtistituents on rings A, B and E. First, we desifyand
synthesized derivativela-g and2a-c to explore the importance of the hydroxyl andahaeboxyl groups.

Our previous studies revealed that celastrol bopdinNur77 requires its interaction with Nur77 firs
via specific noncovalent interactions. We foundttidae to these specific noncovalent interactions,
compound3a of which the C-6 atom is reduced and is not capableucleophilic addition can still bind
to Nur77. Therefore, secondly, we designed andhggited compound3b-e and 7b-g to study the role
of substituents at C-6 and the importance of thérdwyls on ring A in the noncovalent interactions
between celastrol derivatives and Nur77.
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Fig. 2. Modeling studies. (A) Modeling study of celastrol binding to Nur77-LBD. The protein is displayed as surface
representation and celastrol is shown as green sticks. The contributing hydrophobic residues are colored in pale
green. The polar residues Q547 and D499 are colored in blue and in orange, respectively. (B) Binding comparison

between compound 1d (gray sticks) and celastrol.

3.2 Fluorescence binding studies

The binding affinities of the synthesized celastrol derivatives to Nur77 were evaluated by a
fluorescence quenching assay. The compounds were titrated into the cuvette filled with a 3 mL Nur77-
LBD protein solution (1 pmol/L) with an increasing concentration from 0.1 umol/L to 5 umol/L. The
fluorescence intensity excited by Nur77-LBD was quenched due to the interaction between the protein
and compounds. Using the fluorescence quenching assay, the dissociation constant of celastrol was
evaluated as 0.32 uM [21], which is close to the Ky of 0.29 uM reported previously by the Surface
Plasmon Resonance (SPR) binding analysis [12]. Thus, Celastrol was used as the positive control.

Binding affinity results (Fig. S1) for compounds 1b-g made from the esterification and amidation of
the -COOH at position 20 (Fig. 1) are summarized in Table 1. Overall these compounds’ binding activities
are not significantly different from celastrol. Replacing the -OH of carboxylic acid with -OCHj; or -
NHCH; slightly weakened the binding. However, when larger groups (R; = OCH(CH3), or
NHCH,CH,CHj;) were used the weakening effects were reduced and some improvement was observed
for compound 1d of which R; = OCH,CHj;. These observations suggested that when substituting the -
OH group in the carboxyl group, small groups such as methyl amide and methoxy are not the ideal ones
for binding improvement, which is supported by the result of 1a and is consistent with information
gathered from our previous modeling study. Our predicted model shows there is a small hydrophobic
channel below the -OH group and alkyl chains with moderate length (1d) would fit well (Fig. 2B).

In the predicted model, the hydroxyl group at position 3 forms a H-bond with D499 (see Fig. 2A). It
is anticipated that disruption of this H-bond would drastically weaken the binding to Nur77. To evaluate
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the contribution of this H-bond, compounds 2a-2c¢, of that the ability of H-bond formation was disabled at
position 3 were synthesized and indeed the binding results (Table 1) showed several-fold reduction in

their binding affinities.

Table 1. Binding and biological results of 1a-g and 2a-c.

Formula |

Binding affinity Inhibition of TNFa-induced IkB-a

Compounds R, R,
(pM) degradation
Celastrol OH H 0.32 FHC
la F H 0.72 £0.01 ek
1b OCH; H 0.96 + 0.03 ek
1c NHCH; H 0.80 £ 0.31 ek
1d OCH,CH; H 0.22 +£0.08 ek
le NHCH,CH; H 0.83 £0.09 ok C
1f OCH(CH;), H 0.52 £0.05 ek
1g NHCH,CH,CH; H 0.27 £0.12 ek
2a OCH; Methyl 2.94 £0.79 NS§*
2b OCH; Ethyl 4.13 +£0.39 NS*
2¢ OCH; CH,CHF, 3.30+0.21 NS*

°NS: no significant;
©%P<0.05, **P<0.01, ***P<0.001

Reduction of the quinone methide motif in celastrol affords a hydrolyzed celastrol incapable of
undergoing Michael addition. Though losing the ability to make covalent bond interaction with Nur77,
the reduced celastrol can still bind to Nur77 via noncovalent bond interaction [21]. For example,
compound 3a can bind to Nur77 with a K4 of 0.87 uM, indicating strong noncovalent bond interaction
with the protein. This inspired us to synthesize compounds listed in Table 2 to study the impact of
different substituents at C-6 position on the noncovalent interactions between compounds and Nur77.
Binding affinity results (Fig. S2) shows that any substituents at C-6 position weakened the interactions
between the reduced celastrol (3a) and Nur77. Replacing H with substituents (4b, Se¢, 3d and 3e) ranging
from small group such as methyl to sterically bulky dimethyl phosphonate group demolished the binding
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although carbonyl€6c) and medium-sized substituen8b@nd3c) did not show the same impa6ét, 3b
and 3c displayed binding affinity towards Nur77 though Weain comparison t@a (Table 2). These
results implied that size was not the only factayimg roles in the interactions with Nur77 prote®ur
model showed that R554 is about A.@&way from the C-6 (Fig. 2) and would form H-bondth the H-
bond donors, the carbonyl and nitro group$dén3b and3c, which explained whc and the medium-
sized substituent3b and3c were different fromtb and5c.

Compound3a possesses 2 hydroxyl groups on the A ring anchmdel showed that there was not
much empty space around the hydroxyl groups (F4g.&hd the hydroxyl group at C-3 position could
form a H-bond with D599 similar to celastrol (FRA). Therefore, we decided to design compoufius
to evaluate the importance of these 2 hydroxyl gsofor the noncovalent interactions. Binding result
(Fig. S3) showed that methylation of one or bothhef hydroxyl groups7p-d) led to loss of the binding
activity. Consistently, the same results were observed fopoands/e-g.

In summary, studies on the binding affinities af #forementioned 24 celastrol derivatives helped us
gain some understanding of the SAR, which is surimediin Fig. 4. Binding affinity is not very serigé
to the modification to the -COOH at C-20. Howevandification to C-6 with groups larger than H is in
general not favorable. In addition, the hydroxybups on the A-ring of the reduced celastrol or the
hydroxyl group on the A-ring of celastrol are imf@mt to the binding.

Table 2 Binding and biological results 8b-e, 4b, 5cand6c.

Compounds Ry Bond type between Rand Binding affinity ( uM) Inhibition of TNF a-ihduced IkB-a
C-6 atom degradation
3a H Single Bond 0.87 o
3b CH,;NO, Single Bond 5.56 £ 0.15 NS
3c CH,COCHj3 Single Bond 3.80+0.31 NS
3d Pyrrolyl Single Bond NE NS
3e PO(OCHs), Single Bond NE NS
4b CHs Single Bond NE NS
5c CH,NH, Single Bond NE NS
6c 0 Double Bond 2.69 £0.07 NS
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:NS: no significant;
NB: no binding;
“%P<0.05, **P<0.01, ***P<0.001

Table 3. Binding and biological results of 7b-7g.

Inhibition of TNFa-induced IxB-

Compounds R, Ry Rs  Binding affinity (M) a degradation

3a OH H H 0.87 e
7b OH CH; H NB’ Ns*
7e OH H CH; NB Ns*
7d OH CH; CH; NB’ Ns*
re OCH, CH, H NB® NS§*
- OCH, - CH, NB %C

78 OCH, CH, CH, NB® NS§*

°NS: no significant;

b

NB: no binding;

“%P<0.05, **P<0.01, ***P<0.001

Fig. 3. Modeling studies of 3a. (A) Docking mode of compound 3a, compound was shown as sticks while
binding site in surface presentation; (B) Superimpose compound 3a (pink sticks) with celastrol (green sticks)

at the binding site.
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Diverse substituents can be used with
retaining binding and activity

v The hydroxyls are required for the ‘
binding affinity and inhibition of |
inflammation

Groups larger than H lead to weaker
binding and anti-inflammatory activity

Fig. 4. Summary of the structure-activity relationship

3.3 Evaluation of the anti-inflammatory effects of celastrol derivatives

Celastrol could antagonize the effects of inflammatory cytokine TNFa on inducing IkBa degradation
in a Nur77-dependent manner [12, 26]. Therefore, we asked if the synthesized celastrol derivatives
possessed such an anti-inflammatory effect. HepG2 cells treated with TNFa in the presence or absence of
celastrol or analogs were analyzed by Western blot for the level of IkBa (Fig. 5). Consistent with
previous observation [12, 26], TNFa-induced downregulation of IKBa level was largely prevented when
cells were cotreated with celastrol. Analysis of the effect of celastrol analogs revealed a close correlation
between their anti-inflammatory effects and binding affinities. Compounds (2a-c, 3b-e and 4b, 5c, 6¢)
that either failed to bind or bound weakly to Nur77 exhibited weak anti-inflammatory effect in
comparison to celastrol (also see Tables 1-3), whereas compounds (1a-g and 3a) that bind Nur77 with a
Ky of less than 1 uM could strongly antagonize the effect of TNFa on inducing IkBa degradation (also
see Tables 1-2).
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Fig. 5. Western blot analysis of the anti-inflammatory effect of celastrol derivatives. Lysates from HepG2 cells
treated with compound (2 pM) for 1 hr and TNFa (20 ng/mL) for 30 min were analyzed by Western blotting. The
grey processing was carried out using image]. All the bar graphs represent mean = SEM of three independent
experiments. Ns, not significant, *P<0.05, **P<0.01, ***P<0.001 vs the TNFa group, ###P<0.001 vs the control
group (Student’s test).

3.4 Compound binding promotes Nur77 interactions with TRAF2 and p62/SQSTM1
We previously showed that Nur77 mediates the anti-inflammatory effect of celastrol by translocating
to mitochondria where it interacts with tumor necrosis factor receptor-associated factor 2 (TRAF2) and

the autophagic adaptor p62/SQSTMI, a process that results in the elimination of damaged mitochondria

2019-05-12 page 12 of 37



via autophagy. Thus, we asked if aforementionedstedl analogs that displayed both good binding
affinity and anti-inflammatory effect could act délugh a similar mechanism. Compour8dsandle were
selected for such an evaluation. To examine whetier promoted the interaction between Nur77 and
p62/SQSTM1, HepG2 cells transfected with GFP-Nuwaidid mCherry-p62/SQSTM1 were treated with
TNFa together with celastrol or compou3a or 1e Confocal microscopy analysis showed that GFP-
Nur77 resided exclusively in the nucleus in contells. However, when cells were treated with BiNF
and celastrol, GFP-Nur77 could be found in the ghgem, colocalizing extensively with p62/SQSTM1
(Fig. 6A). Similar results were obtained when celére treated with TN& and compound 3a or 1e. To
study the effect on Nur77 interaction with TRAF2p&2 cells transfected with Myc-Nur77 and Flag-
TRAF2 were treated TNFand celastrol or compounds or 1leand analyzed by co-immunoprecipitation
(colP) assay (Fig. 6B). Our results showed thatttnent of cells with compourgh or 1e could promote
the interaction between Nur77 and TRAF2, similathi® effect of celastrol. Thus, like celastBalandle
could promote the interactions between Nur77 and\HRand p62/SQSTM1, respectively (Fig. 6B).
Collectively, compound8a and 1e can inhibit inflammatory response by promoting thieractions of
Nur77 with TRAF2 and p62/SQSTML1.
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Fig. 6. Compounds 3a and 1e promote Nur77 interaction with TRAF2 and p62. (A) Representative images

show colocalization of transfected GFP-Nur77 with mCherry-p62 in HepG2 cells after treatment with
celastrol, 3a, 1e and TNFa, examined by immunostaining; (B) HepG2 cells transfected with Myc-Nur77 and
Flag-TRAF2 or Flag-p62 were treated with celastrol, 3a or 1e (2 uM) and TNFa (20 ng/mL) for 1 hr and
analyzed by colP.

3.5 Toxicity assessment of compounds 3a and 1e using in vitro assays and Zebrafish model

Celastrol is well known for its toxicity, which is one of the key factors limiting its clinical
translation[27]. For anti-inflammatory agents, their apoptotic actions can lead to unwanted side effects.
Thus, first we performed in vitro assays to assess the apoptotic effects of 1e and 3a. In the PARP cleavage
assay, 3a was less active, however 1le showed stronger PARP cleavage effect than celastrol (Fig. 7A). The
effect of 1e and 3a on cell death was also assessed using flow cytometry-based Annexin V/ Propidium
iodide (PI) apoptosis assay. 3a consistently showed to induce less cell death than 1e and celastrol (Fig.
7B). Fig.7B showed that more than 10% of HepG2 cells were apoptotic when treated with 2 pM of
celastrol or 1e for 10 hours, while only 3.12% of cells were apoptotic when treated with 2 uM of 3a.

We then evaluated the toxicity of both 3a and celastrol in zebrafish model (Fig. 7C-E). Fig. 7C
showed that celastrol killed zebrafish embryo as much as 3 times more than 3a when zebrafish embryo
was treated with 0.5 pM of celastrol or 3a for 24 hours. When the treatment time was prolonged to 72
hours, the death rate of zebrafish embryo caused by celastrol increased to near 100%, whereas the effect
of 3a did not change significantly. When the compound concentration was increased to 1.25uM, their
difference in toxicity was more pronounced with 9@%the zebrafish embryo killed by celastrol in 24

hours, whereas, the toxicity of 3a at 1.25uM stayed comparable to its corresponding one at 0.5 uM. In
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addition, the impact of 3a on the malformation of zebrafish was studied. Fig. 7D showed that celastrol
had a much higher impact on the malformation of zebrafish than 3a. Fig. 7E showed visually under the
same conditions, 3a had less effect than celastrol on the death rate and malformation of zebrafish either at
a concentration of 1.25uM for 24 hours or ah concentration of 0.5 uM for 72 hoursIn summary, our
data showed that 3a was less toxic than celastrol and could be a better anti-inflammatory agent as a probe

molecule or a hit molecule for further optimization.

TNFa - + + + + Control TNFa TNFa+celastrol TNFa+3a TNFa+1e
Celastrol - - + - - " Jaruwoen e Jarunomn © Tarow e 2 Jaroweron L e
3a - - - + - 2 2 % e e S
1e - - - - + 3
= ﬁ % ]Q1-UL ' |Q1-UR(2.35%)| = Q1-UR(3.69%)| = JQ1-UL:: R1-UR(10.34%)] = ]Q1-UL | Q1-UR(3.12%)| = JQ1-UL " R1-UR(18.35%)
I3} Q1-LL |Q1-LR(8.31%) Q1-LR(6.65%)| 3JQ1-LL::R1-LR(24.98%) JQ1-LL:'R1-LR(11.00%) IQT1-LL.7Q1-LR(24.00%]
. £ . > } ; . ; .
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Mortality rate " Malformation rate
1004 7 0.5uM,72h
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:\? 804 3a g 60
- >
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A 20+
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C 24h 72h D
Celastrol

Fig. 7. Toxicity studies. (A) Western blot analysis for apoptosis effect of 3a, 1e and celastrol, HepG2 cells
treated with celastrol, 3a, 1e (2 pM) and TNFa (20 ng/mL) for 10 hr were analyzed by WB, the apoptosis
effect was detected through cleaved-PARP; (B) Flow cytometry analysis of 3a and 1e, Q1-UL: necrotic cells,
Q1-UR: viable apoptotic cells, Q1-LR: non-viable apoptotic cells, Q1-LL: normal cells; HepG2 cells treated
with celastrol, 3a or 1e (2 uM) and TNFa (20 ng/mL) for 10 hr were stained by FITC Annexin V and
Propidium Iodide Staining Solution, and then analyzed by CytoFLEX; (C-E) Embryotoxicity and
developmental toxicity assay, 20 zebrafish embryos per condition at 2 hpf were exposed to celastrol or 3a

at the concentrations of 0.5 uM, 1 uM and 1.25 pM and 0.1% DMSO served as control. C) The statistics of
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24 hpf and 72 hpf mortality rg; D) The statistics of 72 hpf malformation rate in (uM groug; E)
Morphology of 24 hpf embryo or 72 hpf zebrafish/ie treated with celastrol 8a.

4. Conclusion

In conclusion, we described the synthesis and S@Bies and biological evaluation of 24 celastrol
analogs as anti-inflammatory agents by targetiegotiphan nuclear receptor Nur77. Our results viditla
a proposed binding model of celastrol and providgght into the design of improved celastrol anslog
Compound3a, a reduction product of celastrol, having compkrdinding affinity and biological effects
to celastrol, displayed remarkable improvement éfl toxicity, offering a hit molecule for further
optimization for anti-inflammatory application.

5. Experimental section
5.1 Chemistry
5.1.1. General methods

Celastrol was purchased from Chengdu Pufei De Blioteo., Ltd. All commercially available
reagents and solvent were purchased from Energyiche(Shanghai, China) and used without further
purification unless otherwise statétl and**C spectra were recorded in CR®r DMSO-g (dimethyl
sulfoxide-d) on a Bruker AV600 spectrometer (Switzerland) wétramethylsilane (TMS) as an internal
standard. Chemical shifts are expressetl(jppm) units downfield from TMS. All coupling comstts ( -
values) were reported in Hertk%). Signals are described as follow: s, singlet; br. s., broad signal; d,
doublet; t, triplet; q, quartet; m, multiplet. Chemical shifts of common tradd-NMR impurities (ppm):
H,0: 3.29-3.4 in DMSO-¢ DMSO-d: 2.50, CDC{: 7.27. Mass spectra were recorded on a Q-Exactive-
LC/MS/MS ThermoFisher instrument (America) with &%, APCI or nanoscale ESI ion source and
high-resolution MS (HRMS) on Orbitrap. The samdlesHR-MS analysis were prepared as described:
Compounds were dissolved in HPLC purity methyl h@dandividually, to obtain a 1Qg/mL solution of
compound, and then 10L of 10 ug/mL sample was injected to Q-Exactive LC-MS apperdor
analysis.

Flash column chromatography was carried out witB-800 mesh silica gel using Biotage Isolera
Prime (Sweden). The melting points (Mp.) were dateed using a SGW® X-4 Micro Melting Point
apparatus (Shanghai INESA Physico-Optical Instrun@m,Ltd., China). All tested compounds have a
purity > 95%.

5.1.2.  (9,130,148,200)-3-Hydroxy-9,13-dimethyl-2-0x0-24,25,26-trinorotea1(10),3,5, 7-tetraen-29-
oyl fluoride (La) CAS: 2172373-26-9
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Compoundla was synthesized according to procedure $éheme 150 mg (0.11 mmol) celastrol was
dissolved in 2 mL DCM and stirred in a closed 25-tube. After 15QuL (10 equiv) DAST was added,
the solution was kept to react in -78for 1 h. Cold water (10 mL) was added to quenehréaction, and
subsequently the aqueous phase was separated teaxcteak with DCM (15 mL * 3). The organic layers
were combined and dried with anhydrous sodium tilf&inally, compound was purified by flash
column chromatography on silica gel (Ethyl acetdésxane = 1:4). Orange red solid, 29.2 mg, yield:
58%. Mp: 169.0 - 171.0. [0]% = -168.6 (c 0.1, MeOH)H NMR (600 MHz, DMSO-g¢) § 8.73 (s, 1H),
7.06 (dd,J = 1.28, 6.97 Hz, 1H), 6.38 (d,= 1.28 Hz, 1H), 6.35 (dl = 7.34 Hz, 1H), 2.23 (d} = 12.65
Hz, 1H), 2.17 - 2.21 (m, 1H), 2.09 (s, 3H), 1.97 &, 1H), 1.88 - 1.94 (m, 1H), 1.81 - 1.87 (m)1H77
-1.81 (m, 1H), 1.69 - 1.74 (m, 1H), 1.65 - 1.69 (Hl), 1.60 - 1.65 (m, 1H), 1.58 (d,= 7.89 Hz, 1H),
1.56 (d,J = 4.95 Hz, 1H), 1.49 - 1.54 (m, 1H), 1.46 - 1.49 (H), 1.41 - 1.46 (m, 1H), 1.38 (s, 3H), 1.29
(s, 3H), 1.22 (s, 3H), 1.08 (s, 3H), 0.94.01 (m, 1H), 0.56 (s, 3H) ppm; “C NMR (151 MHz, DMSO-¢)

8 178.0, 167.1, 167.6 (d,= 369.7 Hz, 1 C), 162.8, 146.4, 132.9, 127.0,22018.1, 117.2, 44.3, 43.3,
41.9, 40.2, 39.2, 38.7, 37.9, 35.8, 33.8, 32.7, 31.2, 29.9, 29.5, 29.3, 29.3, 27.9, 21.4, 18.9, 10.1 ppm;
HRMS (ESI):mVz calcd for GgHs,FNaGQ;" [M+Na]*: 475.2619, found: 475.2626.

5.1.3. ($,130,148,200)-3-Hydroxy-9,13-dimethyl-2-0x0-24,25,26-trinorolea 1(10),3,5, 7-tetraen-29-oic
acid methyl esterlfp) CAS: 1258-84-0

Compoundlb was synthesized according to procedure Bammeme 150 mg (0.11 mmol) celastrol was
dissolved in 3 mL DMF and stirred in a 25-mL rouvattom flask, and then 94 mg (0.66 mmol) £H
and 28 mg (0.33 mmol) NaHG®vere added in the solution. After reacting forhlat room temperature,
0.1 mol/L HCI (5 mL) and distilled water (5 mL) weadded to quench the reaction. Subsequently, the
agqueous phase was separated and extracted withagtitpte (15 mL) three times. The organic layers
were combined and dried with anhydrous sodium wulf€ompound was purified by flash column
chromatography on silica gel (Ethyl acetate/Hexan#:8). Orange solid, 44.9 mg, yield: 87%. Mp:
198.8-200.271, [a]3' = -266.6 (¢ 0.1, MeOH)H NMR (600 MHz, DMSO-¢) § 8.72 (s, 1 H), 7.07 (dd,

= 7.15, 1.10 Hz, 1 H), 6.39 (d,= 1.28 Hz, 1 H), 6.35 (d] = 7.15 Hz, 1 H), 3.48 (s, 3 H), 2.31 =
15.77 Hz, 1 H), 2.17 - 2.22 (m, 1 H), 2.09 (s, 3 BP6 (d,J = 14.12 Hz, 1 H), 1.95 (td, = 13.98, 3.76
Hz, 1 H), 1.78 - 1.86 (m, 1 H), 1.61 - 1.72 (m, %} H50 - 1.59 (m, 3 H), 1.41 - 1.46 (m, 1 H), 1(883

H), 1.30 - 1.35 (m, 1 H), 1.21 (s, 3 H), 1.12 ($4)31.07 (s, 3 H), 0.91 (d,= 14.31 Hz, 1 H), 0.44 (s, 3
H) ppm; *C NMR (151 MHz, DMSO-¢) 5 178.0, 177.9, 167.8, 162.9, 146.4, 133.1, 12620,2, 118.1,
117.3, 51.4, 44.5, 43.6, 42.0, 39.8, 38.8, 37.8),384.4, 32.9, 32.2, 31.3, 30.3, 30.1, 29.4, 298],
21.4,18.0, 10.1 ppm; HRMS (ESI): nVz calcd for GgHsoNaO," [M+Na]": 487.2819; found: 487.2816.
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5.1.4. ($,130,14B,200)-3-Hydroxy-N,9,13-trimethyl-2-ox0-24,25,26-trindeana-1(10),3,5, 7-tetraen-29-
amide (L.c) CAS: 1105067-36-4

CompoundLlc was synthesized according to procedure ibatneme 1To a solution of celastrol (50 mg,
0.11 mmol) in 2 mL DMF, PyBOP (68.7 mg, 0.132 mmeotd DIPEA (28.4 mg, 0.22 mmol) were added.
The reaction was cooled down tai0for 30 min, and then transferred to room tempeeatéfter that, the
reactant ChNH, (33 wt% in absolute ethanol, 5k, 0.33 mmol) was added and the solution was stirre
for another 2 h. Finally, the mixture was quenchét water (15 mL) and extracted with ethyl acei@e

* 15 mL). After washed by saturated brine (3 * 1Q)mThe organic layers were combined and dried with
anhydrous sodium sulfate. Compound was purifieldsh column chromatography on silica gel (Ethyl
acetate/Hexane = 1:4). Red solid, 36.0 mg, yiedb7Mp: 218.7-220.91. [o]Z’ = -156.6 (c 0.1, MeOH).
'H NMR (600 MHz, DMSO-g) 5 8.71 (s, 1H), 7.55 (g} = 3.97 Hz, 1H), 7.07 (dl = 7.15 Hz, 1H), 6.39
(s, 1H), 6.34 (dJ = 7.34 Hz, 1H), 2.43 (dl = 4.22 Hz, 3H), 2.38 (d] = 15.41 Hz, 1H), 2.18 (d,= 9.90
Hz, 1H), 2.09 (s, 3H), 2.05 (d,= 14.12 Hz, 1H), 1.94 - 2.01 (m, 1H), 1.79 - (B85 1H), 1.73 - 1.79 (m,
1H), 1.61 - 1.67 (m, 2H), 1.56 - 1.60 (m, 1H), 1(842H), 1.50 (dJ = 7.89 Hz, 1H), 1.41 (d] = 13.94
Hz, 1H), 1.37 (s, 3H), 1.26 - 1.33 (m, 1H), 1.203H), 1.08 (s, 3H), 1.02 (s, 3H), 0.86 {ds 12.65 Hz,
1H), 0.49 (s, 3H) ppntC NMR (151 MHz, DMSO-g) 5 177.9, 177.5, 168.3, 163.0, 146.4, 133.2, 126.8,
120.1, 117.9, 117.2, 44.5, 44.0, 42.0, 38.8, 33671, 34.8, 33.2, 33.0, 31.4, 30.8, 30.2, 29.49,238.2,
26.0, 21.4, 17.4, 10.1 (One was buried in solveakp) ppm; HRMS (ESI)1/z calcd for GoHi;NNaG;"
[M+Na]*:486.2979, found: 486.2982.

5.1.5. ($,130,148,200)-3-Hydroxy-9,13-dimethyl-2-0x0-24,25,26-trinorolea 1(10),3,5, 7-tetraen-29-oic
acid ethyl esterl(d) CAS: 1105067-39-7

Compoundld was synthesized according to procedure iBaheme lwith the steps mentioned above
(e.g.: 1b) and purified by flash column chromatography olicaigel (Ethyl acetate/Hexane = 1:8).
Starting with 50 mg celastrol, 41.4 mg product wedained. Orange solid, yield: 78%. Mp: 133.7-
136.107. [a]3' = -81.34 (c 0.1, MeOH)H NMR (600 MHz, DMSO-g) 5 8.72 (s, 1H), 7.07 (dd},= 1.01,
7.06 Hz, 1H), 6.38 (d] = 1.10 Hz, 1H), 6.34 (d] = 7.15 Hz, 1H), 3.86 - 3.95 (m, 2H), 2.33 Jd; 15.59
Hz, 1H), 2.20 (dJ = 11.19 Hz, 1H), 2.08 (s, 3H), 2.03 - 2.07 (m, 1HB9 - 1.97 (m, 1H), 1.78 - 1.86 (m,
1H), 1.61 - 1.71 (m, 4H), 1.50 - 1.57 (& 6.60, 6.60 Hz, 3H), 1.40 - 1.45 (m, 1H), 1.373(d), 1.30 -
1.35 (m, 1H), 1.21 (s, 3H), 1.13 @,= 7.20 Hz, 3H), 1.11 (s, 3H), 1.06 (s, 3H), 0.80X = 14.12 Hz,
1H), 0.47 (s, 3H) ppet®C NMR (151 MHz, DMSO-¢)  178.0, 177.4, 167.9, 163.0, 146.5, 133.3, 126.9,
120.2, 118.1, 117.4, 59.9, 44.5, 43.7, 42.0, 48007, 38.9, 37.8, 36.0, 34.4, 32.9, 32.4, 31.42,300.4,
29.2, 28.2, 21.4, 18.1, 13.9, 10.1 ppm; HRMS (ESI): m/z calcd for GiH,.NaQ," [M+Na]": 501.2975;
found: 501.2966.
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5.1.6. (P,130,14B,200)-N-ethyl-3-Hydroxy-9,13-dimethyl-2-ox0-24,25, 26r0oroleana-1(10),3,5,7-
tetraen-29-amidel€) CAS: 1810867-89-0

Compoundle was synthesized according to procedure iibeéheme 1with the same steps as described
for 1b and purified by flash column chromatography oitaibel (Ethyl acetate/Hexane = 1:8). Starting
with 50 mg celastrol, compound (25.2 mg) was olet@irRed solid, yield: 48%. Mp: 134.6-136.5 [o]5’

= -262.6 (c 0.1, MeOH)}'H NMR (600 MHz, DMSO-¢) & 8.71 (s, 1H), 7.55 (] = 5.32 Hz, 1H), 7.07
(dd,J = 1.10, 6.97 Hz, 1H), 6.39 (d= 1.10 Hz, 1H), 6.33 (d = 7.15 Hz, 1H), 2.89 - 3.02 (m, 2H), 2.40
(d, J = 15.59 Hz, 1H), 2.19 (d] = 8.62 Hz, 1H), 2.09 (s, 3H), 2.07 (db= 1.00, 6.79 Hz, 1H), 1.93 -
1.99 (m, 1H), 1.76 - 1.86 (m, 2H), 1.63 {d& 7.70 Hz, 2H), 1.55 - 1.58 (m, 1H), 1.54 (br.14d), 1.48 -
1.52 (m, 1H), 1.42 (d) = 14.31 Hz, 1H), 1.37 (s, 3H), 1.28 (At 3.94, 13.98 Hz, 1H), 1.22 (br. s., 1H),
1.20 (s, 3H), 1.04 - 1.06 (s, 3H), 1.02 (s, 3HY10{t, J = 7.24 Hz, 3H), 0.82 - 0.87 (m, 1H), 0.54 (s, 3H)
ppm; °C NMR (151 MHz, DMSO-¢) § 177.9, 176.7, 168.3, 163.0, 146.4, 133.2, 12628,0, 117.9,
117.2, 44.5, 44.0, 42.0, 39.3, 38.8, 37.7, 36.19,333.6, 33.3, 33.0, 31.4, 30.5, 30.2, 29.4, 28832,
21.4, 17.8, 14.5, 10.1 ppm; HRMS (ESHvz calcd for G;HsNNaQ;" [M+Na]*:500.3135, found:
500.3138.

5.1.7. ($,130,148,200)-3-Hydroxy-9,13-dimethyl-2-0x0-24,25,26-trinorolea 1(10),3,5, 7-tetraen-29-oic
acid, 1-methylethyl esteif) CAS: 1105067-40-0

Compound1f was synthesized according to procedure iiSchemeand purified by flash column
chromatography on silica gel (Ethyl acetate/Hexan#:8). Starting with 50 mg celastrol, compound
(43.3 mg) was obtained, Orange solid, yield: 79%: W05.1-107.8. [o]3 = -246.6 (c 0.1, MeOH)H
NMR (600 MHz, DMSO-¢g) 6 8.73 (s, 1H), 7.07 (dl = 6.60 Hz, 1H), 6.38 (s, 1H), 6.35 Mz 6.97 Hz,
1H), 4.70 (td,J = 6.17, 12.43 Hz, 1H), 2.33 (d,= 15.59 Hz, 1H), 2.22 (dl = 12.47 Hz, 1H), 2.09 (s,
3H), 2.05 (dJ = 12.10 Hz, 1H), 1.94 (dg = 3.12, 15.59 Hz, 1H), 1.78 - 1.86 (m, 1H), 1.6D71 (m,
4H), 1.50 - 1.58 (m, 3H), 1.43 (d,= 13.94 Hz, 1H), 1.38 (s, 3H), 1.29 - 1.36 (m, 1HP1 (br. s., 3H),
1.14 (d,J = 6.24 Hz, 3H), 1.09 (br. s., 3H), 1.08 §d 6.24 Hz, 3H), 1.07 (br. s., 3H), 0.90 §ds 13.57
Hz, 1H), 0.51 (s, 3H) ppn’C NMR (151 MHz, DMSO-g) 5 178.0, 176.8, 167.8, 163.0, 146.5, 133.3,
126.9, 120.1, 118.1, 117.3, 66.9, 44.5, 43.6, 43907, 38.9, 37.7, 36.0, 34.3, 33.0, 32.3, 31.3,329.9,
29.3, 29.0, 28.1, 21.4, 21.3, 21.3, 18.2, 10.1 ppiRMS (ESI): m/z calcd for GH4s0," [M+H] "
493.3312, found: 493.3315.

5.1.8. (9,130,148,200)-N-n-propyl-3-Hydroxy-9,13-dimethyl-2-ox0-24,25 -26noroleana-1(10),3,5,7-
tetraen-29-amidelf) CAS: 2027514-22-1
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Compoundlg was synthesized according to procedure ibatneme llike compoundlc. It was purified
by flash column chromatography on silica gel (Ethgetate/Hexane = 1:8). Red solid, 17.2 mg, yield:
31%. Mp: 122.3-124.4). [a]3' = -231.4 (c 0.1, MeOH}H NMR (600 MHz, DMSO-¢) 5 8.72 (s, 1H),
7.56 (t,J =5.50 Hz, 1H), 7.08 (dd,= 1.01, 7.06 Hz, 1H), 6.40 (d= 0.92 Hz, 1H), 6.35 (dl = 7.34 Hz,
1H), 2.89 - 2.97 (m, 1H), 2.78 - 2.85 (m, 1H), 2(d2J = 15.41 Hz, 1H), 2.19 (d,= 9.17 Hz, 1H), 2.11
(br. s., 1H), 2.09 (s, 3H), 1.93 - 1.99 (m, 1HY6L- 1.86 (m, 2H), 1.62 - 1.65 (= 7.30 Hz, 2H), 1.57 -
1.60 (m, 1H), 1.53 - 1.56 (m, 2H), 1.49 - 1.53 (hi), 1.43 (dJ = 13.75 Hz, 1H), 1.38 (s, 3H), 1.31 -
1.36 (m, 2H), 1.28 - 1.30 (m, 1H), 1.21 (s, 3HDEL(s, 3H), 1.04 (s, 3H), 0.85 - 0.88 (m, 1H), 072 =
7.43 Hz, 3H), 0.54 (s, 3H) ppm‘C NMR (151 MHz, DMSO-g) & 177.9, 176.9, 168.3, 163.0, 146.4,
133.2,126.8, 120.0, 117.9, 117.2, 44.5, 44.0,,40@B, 39.4, 38.9, 37.7, 36.1, 34.9, 33.4, 331(%,,330.5,
30.2, 29.5, 28.8, 28.2, 21.9, 21.5, 17.7, 11.5]1 ¥pm; HRMS (ESI):m/z calcd for G,HisNNaO;"
[M+Na]": 514.3292, found: 514.3297.

5.1.9. ($,130,148,200)-3-Methoxy-9,13-dimethyl-2-ox0-24,25,26-trinorotea1(10),3,5, 7-tetraen-29-
oic acid methyl este2g@) CAS: 1365906-42-8

Compound2a was obtained according to procedure iScheme 1 (50 mg, 0.108 mmollb and CHI
(153.4 mg, 1.08 mmol) were dissolved in 2 mL THRert 10 mol% TBAB (Tert-butyl ammonium
bromide) (3.2 mg, 0.011 mmol), 20 mol% Dioxane (409 and K,CO; (60 mg, 0.43 mmol) were added
to the solution. The mixture was stirred at[7dor 12 h. The mixture was quenched with 1 mol/LIHC
a.g. (5 mL), extracted with ethyl acetate (3 * 1B)nirhe organic layers were combined and dried with
anhydrous sodium sulfate. Compound was purifieldsh column chromatography on silica gel (Ethyl
acetate/Hexane = 1:8). Yellow solid, 27.7 mg, yi&3d%. Mp: 204.7-207.0. [a]Z' = -69.4 (c 0.1,
MeOH). 'H NMR (600 MHz, CHLOROFORM-d} 6.99 (d,J = 6.60 Hz, 1H), 6.45 (s, 1H), 6.31 @5
6.97 Hz, 1H), 3.85 (s, 3H), 3.56 (s, 3H), 2.42Jd; 15.77 Hz, 1H), 2.22 (s, 3H), 2.17 - 2.21 (m, 1H)
2.10 - 2.16 (m, 1H), 2.05 (di,= 3.67, 14.03 Hz, 1H), 1.86 - 1.91 (m, 1H), 1.81.86 (m, 1H), 1.78 (dd,
J=3.76, 13.48 Hz, 1H), 1.68 - 1.73 (m, 1H), 1.6668 (m, 1H), 1.61 - 1.66 (m, 1H), 1.58 {ds 8.62
Hz, 1H), 1.53 - 1.57 (m, 1H), 1.50 (di= 3.85, 14.67 Hz, 1H), 1.46 (s, 3H), 1.38 (bt 4.40, 14.03 Hz,
1H), 1.26 (s, 3H), 1.18 (s, 3H), 1.10 (s, 3H), @7 = 14.12 Hz, 1H), 0.54 (s, 3H) ppiiC NMR (151
MHz, CHLOROFORM-d)s 180.7, 178.7, 170.3, 162.5, 150.3, 134.3, 1327,2, 123.5, 117.9, 60.1,
51.6, 45.1, 44.3, 42.4, 40.4, 39.2, 38.2, 36.8,38.6, 32.7, 31.6, 30.8, 30.5, 29.9, 29.6, 281®, 18.4,
10.8 ppm HRMS (ESI):mVz calcd for GiH430," [M+H] *: 479.3156; found: 479.3155.

5.1.10. (B,130,14p,200)-3-Ethoxy-9,13-dimethyl-2-0x0-24,25,26-trinoroleah(10),3,5, 7-tetraen-29-oic
acid methyl ester2p)
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Compound2b was obtained according to procedure vSoheme 1 (50 mg, 0.108 mmol}lb and
CHsCH,Br (117.7 mg, 1.08 mmol) were dissolved in 2 mL ThiRd then 10 mol% TBAB (Tert-butyl
ammonium bromide) (3.2 mg, 0.011 mmol), 20 mol%xaire (40QuL) and KCO; (60 mg, 0.43 mmol)
were added to the solution. After stirred at'7@r 10 h, the mixture was quenched with 1 mol/LI 4.

(5 mL), and then extracted with ethyl acetate (B5*mL). The organic layers were combined and dried
with anhydrous sodium sulfate. Compound was putifig flash column chromatography on silica gel
(Ethyl acetate/Hexane = 1:8). Yellow solid, 44.8,yigld: 85%. Mp: 141.3-142.9. [o]3' = -62.6 (c 0.1,
MeOH).'H NMR (600 MHz, CHLOROFORM-d} 6.95 (d,J = 6.79 Hz, 1H), 6.41 (s, 1H), 6.29 @z
6.97 Hz, 1H), 4.02 - 4.21 (m, 2H), 3.56 (s, 3H}¥22(d,J = 15.96 Hz, 1H), 2.22 (s, 3H), 2.19 @F
11.19 Hz, 1H), 2.12 (ddl = 2.20, 13.75 Hz, 1H), 2.05 (dt,= 3.67, 14.03 Hz, 1H), 1.86 - 1.92 (m, 1H),
1.82 - 1.86 (m, 1H), 1.78 (dd,= 3.48, 13.39 Hz, 1H), 1.68 - 1.72 (m, 1H), 1.66.68 (m, 1H), 1.62 -
1.65 (m, 1H), 1.58 (dJ = 8.44 Hz, 1H), 1.53 - 1.57 (m, 1H), 1.49 (dd; 4.68, 14.58 Hz, 1H), 1.45 (s,
3H), 1.37 - 1.41 (m, 1H), 1.34 @,= 7.06 Hz, 3H), 1.26 (s, 3H), 1.18 (s, 3H), 1.803H), 0.97 (dJ =
13.94 Hz, 1H), 0.55 (s, 3H) ppm; *C NMR (151 MHz, CHLOROFORM-dj 181.0, 178.7, 169.5, 162.3,
149.4, 133.7, 132.0, 127.4, 123.6, 117.9, 68.16,515.0, 44.3, 42.2, 40.4, 39.2, 38.2, 36.4, 3335,
32.7,31.6, 30.8, 30.5, 29.9, 29.6, 28.6, 21.9, 18.4, 15.8, 11.0 ppm; HRMS (ESI): m/z calcd for GoH4s04"
[M+H]": 493.3312; found: 493.3311.

5.1.11. ($,130,148,200)-3-(2,2-difluoroethoxy)-9,13-dimethyl-2-oxo-24,28;trinoroleana-1(10),3,5,7-
tetraen-29-oic acid methyl est@c)

Compound2c was obtained according to procedure viSocheme 1 (100 mg, 0.215 mmollb was
dissolved in 2 mL DMF, and then 1,1-difluoro-2-i@dloane (FCHCH,l, 413 mg, 1951L, 2.15 mmol)
and KCGOs (59.34 mg, 0.43 mmol) were added to the solufldre mixture was stirred at 30for 24 h (1
day). The mixture was diluted in 50 mL ethyl acetand then washed with saturated lithium chloaide
(3 * 25 mL) and saturated brine (50 mL). The orgdaiyers were combined and dried with anhydrous
sodium sulfate. Compound was purified by flash gwolu chromatography on silica gel (Ethyl
acetate/Hexane = 1:8). Yellow solid, 64.5 mg, yi&dd%. Mp: 189.3-191.51. [a]5' = -23.4 (c 0.1,
MeOH).'*H NMR (600 MHz, CHLOROFORM-d$ 7.03 (ddJ = 1.01, 7.06 Hz, 1H), 6.42 (d= 1.10 Hz,
1H), 6.32 (dJ = 7.15 Hz, 1H), 6.00 - 6.20 (m, 1H), 4.26 - 4.8% @H), 3.56 (s, 3H), 2.42 (d,= 15.77
Hz, 1H), 2.24 (s, 3H), 2.18 - 2.23 (m, 1H), 2.14,@= 2.57, 13.75 Hz, 1H), 2.03 - 2.09 (m, 1H), 1.87 -
1.92 (m, 1H), 1.82 - 1.87 (m, 1H), 1.79 (dd; 5.41, 13.66 Hz, 1H), 1.69 - 1.73 (m, 1H), 1.6669 (m,
1H), 1.62 - 1.66 (m, 1H), 1.58 (d,= 8.44 Hz, 1H), 1.55 (dd} = 4.13, 6.51 Hz, 1H), 1.50 (dd,= 4.31,
15.13 Hz, 1H), 1.46 (s, 3H), 1.35 - 1.41 (m, 1HR71(s, 3H), 1.18 (s, 3H), 1.10 (s, 3H), 0.98Jd;
14.12 Hz, 1H), 0.55 (s, 3H) ppHC NMR (151 MHz, CHLOROFORM-dj 180.0, 178.7, 170.8, 162.8,
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148.5, 134.9, 131.8, 126.9, 123.4, 118.0, 114,d {239.90 Hz), 70.6 (1] = 28.61 Hz), 51.6, 45.1, 44.3,
42.5, 40.4, 39.3, 38.2, 36.4, 34.8, 33.6, 32.76,330.9, 30.5, 29.9, 29.6, 28.6, 21.9, 18.4, }Pi;
HRMS (ESI):mz calcd for GoHad -0, [M+H]*: 529.3124; found: 529.3124.

5.1.12. (9,130,14p,200)-2,3-Dihydroxy-9,13-dimethyl-24,25,26-trinoroleahél 0),3,5,7-tetraen-29-oic
acid 3a) CAS: 193957-88-9

Compound3a was obtained as white solid according to procediirimn Scheme 150 mg (0.11 mmol)
celastrol was dissolved in 2 mL @DD and stirred in a 25-mL flask, and then 44 md. (thmol, 10
equiv) NaBH was added. The mixture was kept at room temperdturr30 min. After that, 0.1 mol/L
HCI (3 mL) was added to quench the reaction, ammbesguently the aqueous phase was separated and
extracted with DCM (15 mL) three times. The orgalaigers were combined and dried with anhydrous
sodium sulfate. Compound was purified by removimg $olvent under vacuum conditions. White solid,
49.7 mg, yield: 99%. Mp: 178.3-180.1 [0] = -4.0 (c 0.1, MeOH)*H NMR (600 MHz, DMSO-¢) 5
12.05 (br. s., 1H), 8.80 (s, 1H), 7.82 (s, 1H)16(8, 1H), 5.72 (dd] = 1.74, 6.14 Hz, 1H), 3.18 (dd~=
6.24, 20.54 Hz, 1H), 2.91 (dd= 1.47, 19.99 Hz, 1H), 2.34 (d= 15.59 Hz, 1H), 2.04 (d, = 13.57 Hz,
1H), 2.01 (s, 3H), 1.94 - 2.00 (m, 2H), 1.86 ®t 5.00, 13.80 Hz, 1H), 1.79 (= 6.50, 13.80 Hz, 1H),
1.63 - 1.69 (m, 1H), 1.59 - 1.63 (m, 1H), 1.5359(m, 1H), 1.43 - 1.51 (m, 3H), 1.36 - 1.41 (m,)1H
1.29 (dt,J = 4.40, 13.70 Hz, 1H), 1.22 (s, 3H), 1.17 (s, 3H)1 (s, 3H), 1.05 (s, 3H), 0.85 (H= 13.94
Hz, 1H), 0.66 (s, 3H) ppm; °C NMR (151 MHz, DMSO-g) 5 179.5, 149.2, 143.1, 140.6, 139.4, 123.1,
120.1, 117.7, 108.2, 43.8, 43.3, 39.4, 37.1, 3866l 34.4, 34.1, 34.1, 32.4, 31.4, 30.2, 30.18,220.5,
28.4,27.3,22.7, 18.1, 11.5 ppm; HRMS (ESI): m/z calcd for GgHaNaQ," [M+Na]™: 475.2819, found:
475.2823.

5.1.13. (6,98,130,,148,200)-2,3-Dihydroxy-9,13-dimethyl-6-(nitromethyl)-24, ZB-trinoroleana-
1(10),3,5,7-tetraen-29-oic acigd) CAS: 1350630-32-8

Compound3b was obtained according to procedure viiiSocheme 1 Nitromethane (14.04 mg, 0.23
mmol) and 51.6 mg (0.115 mmol) celastrol were diggbin 1 mL THF, and then 1 M solution of TBAF
in THF (600uL, 0.6 mmol) was added. The mixture was stirredoatm temperature for 1 h. After
guenched with water (20 mL), the solution was eted with ethyl acetate (3 * 20 mL). The organic
layers were combined and dried with anhydrous sodiulfate. Compound was purified by flash column
chromatography on silica gel (Ethyl acetate/Hexarie2). Light brown solid, 49.0 mg, yield: 87%. Mp:
199.3-202.47. [0]3' = -80.0 (c 0.1, MeOH)'H NMR (600 MHz, DMSO-g) § 12.08 (br. s., 1H), 9.14 (br.
s., 1H), 8.11 (br. s., 1H), 6.69 (s, 1H), 5.62X¢d; 6.05 Hz, 1H), 4.77 (dd, = 3.94, 11.28 Hz, 1H), 4.10 -
4.15 (m, 1H), 4.07 (dJ = 11.19 Hz, 1H), 2.33 (dl = 15.59 Hz, 1H), 2.15 (s, 3H), 2.00 - 2.08 (m, 2H)
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1.92 - 1.99 (m, 1H), 1.79 (di,= 6.14, 13.98 Hz, 1H), 1.63 - 1.71 (m, 2H), 1.66,0 = 8.25, 15.77 Hz,
2H), 1.46 - 1.53 (m, 2H), 1.40 (s, 3H), 1.30 - 1(86 1H), 1.22 - 1.30 (m, 2H), 1.17 (s, 3H), 1.$03H),

1.05 (s, 3H), 0.82 - 0.89 (m, 1H), 0.62 (s, 3H) ppf@ NMR (151 MHz, DMSO-¢) § 179.5, 153.3,
144.4, 141.4, 140.6, 120.6, 120.5, 117.6, 109.(9,88.9, 43.6, 39.4, 37.4, 37.0, 36.3, 36.2, 35533,

34.5, 32.4, 31.4, 30.2, 30.0, 29.8, 29.4, 28.51,228.0, 11.1 ppmHRMS (ESI): m/z calcd for

C3oH4NOg [M] : 510.2861; found: 510.2856.

5.1.14. (6,98,130,14B,200)-2,3-Dihydroxy-9,13-dimethyl-6-(2-oxopropyl)-24,2%-trinoroleana-
1(10),3,5,7-tetraen-29-oic acidd) CAS: 1643802-69-0

Compound3c was obtained according to procedure ixSicheme 150 mg (0.11 mmol) celastrol was
dissolved in 4 mL acetone and then stirred in an25flask. After that, 1 drop concentrated HCI (12
mol/L) was added as catalyst and the mixture wagé &eroom temperature for 12 h. After the reaction
finished, the solvent was removed under vacuum itiond. Compound was purified by flash column
chromatography on silica gel (Ethyl acetate/Hexarded). White solid, 28.8 mg, yield: 51%. Mp: 121.6
122.711. [o]3' = -72.6 (c 0.1, MeOH)'H NMR (600 MHz, DMSO-¢) § 12.06 (br. s., 1H), 8.91 (s, 1H),
7.91 (s, 1H), 6.63 (s, 1H), 5.72 @5 6.24 Hz, 1H), 3.75 (ddd,= 2.84, 6.10, 10.87 Hz, 1H), 2.67 (dd,
= 2.75, 16.14 Hz, 1H), 2.31 - 2.36 (m, 1H), 2.29)¢& 11.00 Hz, 1H), 2.10 (s, 3H), 2.03 - 2.05 (m, 1H)
2.03 (s, 3H), 2.00 (d] = 13.76 Hz, 1H), 1.93 - 1.98 (m, 1H), 1.74 - 1(&2 1H), 1.66 - 1.72 (m, 1H),
1.61 - 1.65 (m, 1H), 1.58 - 1.61 (m, 1H), 1.5258L(m, 1H), 1.48 (dJ = 8.44 Hz, 1H), 1.42 - 1.47 (m,
1H), 1.39 (s, 3H), 1.33 - 1.38 (m, 1H), 1.28 - 1(B88 1H), 1.22 - 1.28 (m, 1H), 1.15 (s, 3H), 1.$03H),
1.04 (s, 3H), 0.79 - 0.90 (m, 1H), 0.62 (s, 3H) ppf& NMR (151 MHz, DMSO-g) § 207.5, 179.5,
149.4, 143.4, 141.2, 140.0, 126.1, 121.6, 119.8,61(%9.8, 51.3, 43.9, 43.3, 39.4, 37.3, 36.5, 38643,
35.1, 34.5, 32.5, 32.4, 31.4, 30.3, 30.2, 30.09,2%0.4, 28.6, 18.0, 11.2 ppi#RMS (ESI): m/z calcd for
C32H4305 [M]7: 507.3116; found: 507.31009.

5.1.15. (6,9B,130,14B,200)-2,3-Dihydroxy-9,13-dimethyl-6-(1H-pyrrol-3-yl)-285,26-trinoroleana-
1(10),3,5,7-tetraen-29-oic acidd)

Compound3d was obtained according to procedure XSicheme 150 mg (0.11 mmol) celastrol was
dissolved in 1 mL pyrrole in a 10-mL closed tubed dahen 20uL sodium methoxide was added. The
mixture was stirred at room temperature for 5 mésutWhen the reaction was finished, 1 mol/L HG.a.

(5 mL) was added to stop the reaction and thenesulently the agqueous phase was separated and
extracted with ethyl acetate (20 mL) three timéBhe organic layers were combined and dried with
anhydrous sodium sulfate. Then the solvent was vethim vacuo, giving a crude mixture, which was
purified by flash chromatography on silica colunitexane/Ethyl acetate/AcOH = 4:1:0.005) to give the
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pure product. Wine red solid, yield: 82%. Mp: >300[a]3’ = -58.0 (¢ 0.1, MeOH):H-NMR (600 MHz,
DMSO-cb) & 12.06 (br. s., 1H), 10.38 (d= 1.83 Hz, 1H), 8.89 (s, 1H), 7.83 (s, 1H), 6.661H), 6.51 (d,
J=1.65 Hz, 1H), 6.00 (dl = 6.60 Hz, 1H), 5.75 (G} = 2.63 Hz, 1H), 5.12 (d} = 0.55 Hz, 1H), 4.52 (d,
J=6.24 Hz, 1H), 2.33 (dl = 15.41 Hz, 1H), 2.04 (d, = 15.59 Hz, 1H), 1.99 - 2.01 (m, 1H), 1.95 - 1.99
(m, 1H), 1.87 (s, 3H), 1.77 - 1.82 (m, 1H), 1.7BZ7 (m, 1H), 1.61 - 1.67 (m, 1H), 1.55 - 1.61 (iH),
1.52 - 1.55 (m, 1H), 1.48 - 1.52 (m, 1H), 1.47 Jd; 8.07 Hz, 1H), 1.39 (dd] = 3.39, 13.85 Hz, 1H),
1.28 - 1.33 (m, 1H), 1.25 - 1.28 (m, 1H), 1.243), 1.10 (s, 3H), 1.06 (s, 3H), 1.04 (s, 3H), 0(86) =
11.37 Hz, 1H), 0.67 (s, 3H) ppriiC-NMR (151 MHz, DMSO-¢) § 179.5, 147.6, 143.5, 140.8, 140.3,
134.5, 124.8, 121.5, 121.1, 115.8, 108.3, 106.3,41313.8, 43.2, 39.4, 39.2, 37.2, 36.5, 36.4,,3%419,
345, 32.4, 31.4, 30.2, 30.1, 29.8, 29.5, 28.40,228.1, 11.4 ppm; HRMS (ESIz calcd for
CaHa:NO, [M]: 516.3119; found: 516.3118.

5.1.16. (6,98,130,,148,200)-2,3-Dihydroxy-9,13-dimethyl-6-(dimethoxyphosphi)4,25,26-
trinoroleana-1(10),3,5,7-tetraen-29-oic add)(

Compound3e was obtained as white solid according to proceauie Scheme 150 mg (0.11 mmol)
celastrol, and 123 mg dimethyl phosphonate (1.1 lhmere dissolved in 2 mL dichloromethane and
stirred in a 50-mL closed tube, and then 2.7 mg éQuiv, 5 mol%) AlG)-6H,O was added as a catalyst.
The mixture was kept at room temperature for 6 fterAhe reaction finished, saturated sodium cHbori
solution (15 mL) was added to quench the reactin then subsequently the aqueous phase was
separated and extracted with ethyl acetate (15thmiee times. The organic layers were combined and
dried with anhydrous sodium sulfate. Compound waifipd by flash column chromatography on silica
gel (Ethyl acetate/Hexane = 1:2). White solid, 3%, yield: 55%. Mp: 199.0-201.4. [0]3' = -91.34 (c
0.1, MeOH)."H NMR (600 MHz, DMSO-¢) § 12.04 (br. s., 1H), 9.04 (br. s., 1H), 7.97 (s),16166 (s,
1H), 5.64 (ddJ = 3.21, 6.33 Hz, 1H), 4.19 (dd,= 6.05, 29.34 Hz, 1H), 3.51 (d,= 8.99 Hz, 3H), 3.49
(d,J = 8.80 Hz, 3H), 2.32 (d] = 15.59 Hz, 1H), 2.13 (d} = 0.92 Hz, 3H), 2.04 (d] = 13.20 Hz, 1H),
1.98 - 2.01 (m, 1H), 1.92 - 1.98 (m, 1H), 1.81 ®& 5.87, 13.85 Hz, 1H), 1.60 - 1.64 (m, 1H), 1.58 -
1.60 (m,J = 7.90 Hz, 2H), 1.57 (s, 3H), 1.54 - 1.56 (m, 1HR1 - 1.54 (m, 1H), 1.49 (d,= 8.07 Hz,
1H), 1.43 (dJ = 5.32 Hz, 1H), 1.40 (dl = 4.95 Hz, 1H), 1.28 (df = 4.40, 13.66 Hz, 1H), 1.18 (s, 3H),
1.10 (s, 3H), 1.06 (s, 3H), 0.86 (= 12.84 Hz, 1H), 0.61 (s, 3H) ppiiC NMR (151 MHz, DMSO-g)

5 179.5, 150.6 (dJ = 12.10 Hz, 1 C), 144.1, 141.1 @z= 3.30 Hz, 1 C), 140.5 (dl = 6.60 Hz, 1 C),
121.3 (dJ=4.40 Hz, 1 C), 117.9 (d,= 7.70 Hz, 1 C), 114.6 (d,= 12.10 Hz, 1 C), 109.3, 52.8 (@z=
6.60 Hz, 1 C), 52.3 (dl = 6.60 Hz, 1 C), 43.9, 38.8, 37.9, 37.4, 36.4, 3836, 33.5, 32.4, 31.5, 31.0,
30.2, 30.0 (dJ = 13.20 Hz, 1 C), 29.5, 28.8, 22.1, 21.6Jd; 6.60 Hz, 1 C), 18.0, 14.0, 12.6 ppitP
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NMR (243 MHz, DMSO-g) § 27.3 ppm; HRMS (ESI):m/z calcd for GH4sNaO,P" [M+Na]*: 583.2795,
found: 583.2794.

5.1.17. (6,98,130,148,200)-2-Hydroxy-3-(phenylmethoxy)-6,9,13-trimethyl-28,26-trinoroleana-
1(10),3,5,7-tetraen-29-oic acid benzyl esti®) CAS: 2095711-55-8

Compoundda was obtained according to procedure xiSitheme 1(two steps). To a solution of celastrol
(300 mg, 0.67 mmol) in DMF (6 mL) 05 (184 mg, 1.33 mmol), PhGHr (350uL, 2.94 mmol) and
Et;N (200uL) were added sequentially. The reaction was heatt®& (1 for 2.5 hours. After quenched by
ice-water (30 mL), the mixture was exacted by ettogdtate (50 mL) and then washed by pure-water (30
mL) and brine (30 mL). The organic layers were coret and dried with anhydrous sodium sulfate and
then concentrateth vacuo. The intermediate product was purified by flashuoo chromatography on
silica gel (Ethyl acetate/Hexane = 1:4). YellowigoP85.6 mg, yield: 68%.

To a solution of intermediate product (300 mg, Omd#mol) in THF (10 mL), 3 M MeMgBr in THF
solution (3.3 mL, 10 mmol) was added ati0The reaction was stirred at_Ofor 1 hour. The reaction
was quenched by addition of pure-water (30 mL) exiacted with ethyl acetate (20 mL) three times.
The organic layers were combined and dried withydrdus sodium sulfate and then concentrated
vacuo. Our compound was purified by flash column chrargesphy on silica gel (Ethyl acetate/Hexane
= 1:8) to get the produdia. Pale yellow solid, 254.6 mg, yield: 83%. Mp: I0305.0(". [a]5' = -30.0 (c
0.1, MeOH)."H NMR (600 MHz, DMSO-g) 8 9.00 (s, 1H), 7.50 (d] = 1.10 Hz, 1H), 7.47 - 7.49 (m,
1H), 7.38 - 7.40 (m, 1H), 7.36 - 7.38 (m, 1H), 7-:3436 (m, 1H), 7.33 - 7.34 (M,= 1.10, 1.10 Hz, 1H),
7.32 (d,J = 6.97 Hz, 1H), 7.28 - 7.30 (m, 2H), 6.73 (s, 16l}3 (d,J = 6.24 Hz, 1H), 4.97 (d = 12.47
Hz, 1H), 4.91 (s, 1H), 4.89 (s, 1H), 4.84 Jd; 11.00 Hz, 1H), 3.35 - 3.40 (m, 1H), 2.36 {d&; 15.59 Hz,
1H), 2.12 (s, 3H), 2.09 (d = 13.75 Hz, 1H), 1.98 (df = 3.85, 13.94 Hz, 1H), 1.92 (d,= 12.84 Hz,
1H), 1.75 - 1.84 (m, 1H), 1.66 (ddi= 8.07, 15.96 Hz, 1H), 1.57 - 1.63 (m, 1H), 1.85)(= 2.75 Hz, 1H),
1.50 - 1.53 (m, 1H), 1.49 (d,= 8.07 Hz, 1H), 1.46 (br. s., 1H), 1.45 (ds 2.93 Hz, 1H), 1.40 (s, 3H),
1.38 (d,J=9.54 Hz, 1H), 1.33 - 1.37 (m, 1H), 1.25 - 1.8 (H), 1.16 (s, 3H), 1.14 (s, 3H), 1.08 J&
6.97 Hz, 3H), 1.06 (s, 3H), 0.89 @@= 13.94 Hz, 1H), 0.49 (s, 3H) ppiiC NMR (151 MHz, DMSO-g)

8 177.1, 148.0, 147.4, 144.5, 142.6, 138.2, 13528,41(2 C), 128.3, 128.2 (2 C), 128.0, 127.9 (2 C),
127.8 (2 C), 127.6, 126.8, 124.6, 110.3, 73.2, 6538, 43.1, 39.8, 37.2, 36.9, 36.8, 36.4, 344333
32.4, 31.5, 31.3, 30.1, 30.0, 29.9, 29.4, 28.52,222.0, 17.8, 11.5 ppm; HRMS (ESHhvz calcd for
C.Hs,NaO,” [M+Na]*: 669.3914; found: 669.3911.

5.1.18. ($,98,130,14B,200)-2,3-Dihydroxy-6,9,13-trimethyl-24,25,26-trinoralea-1(10),3,5,7-tetraen-
29-oic acid 4b) CAS: 2095711-56-9
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Compound4b was obtained according to procedure xiiiSoheme 1To a solution offa (130 mg, 0.20
mmol) in MeOH (6 mL), 20% Pd/C (26 mg) was addele Folution was hydrogenated with a balloon of
hydrogen, and then kept at room temperature fohdrs. After filtered by celite, the filterate was
concentratedn vacuo. The residue was purified by flash column chromedphy on silica gel (Ethyl
acetate/Hexane = 1:4). Gray solid, 78.6 mg, yi8¥. Mp: 139.3-140.8'. [a]5' = -79.4 (c 0.1, MeOH).
'H NMR (600 MHz, DMSO-g¢) 12.06 (br. s., 1H), 8.82 (br. s., 1H), 7.83 (br.1#d), 6.61 (s, 1H), 5.73
(d,J=5.87 Hz, 1H), 3.35 - 3.39 (m, 1H), 2.33 Jds 15.59 Hz, 1H), 2.06 (s, 3H), 2.02 (5= 17.06 Hz,
1H), 1.94 - 1.99 (m, 1H), 1.76 - 1.86 (m, 1H), 1:6673 (m, 1H), 1.60 - 1.65 (m, 1H), 1.59 Jd; 7.52
Hz, 1H), 1.52 - 1.57 (m, 1H), 1.48 - 1.51 (m, 1H}%7 - 1.48 (m, 1H), 1.44 - 1.47 (m, 1H), 1.40 &r.
1H), 1.39 (s, 3H), 1.28 - 1.32 (m, 1H), 1.25Jd; 10.09 Hz, 1H), 1.17 (s, 3H), 1.10 (s, 3H), 1(67] =
6.79 Hz, 3H), 1.05 (s, 3H), 0.86 (#= 6.42 Hz, 1H), 0.64 (s, 3H) ppiC NMR (151 MHz, DMSO-¢) §
179.5, 147.7, 143.0, 141.0, 139.5, 128.1, 124.8,71108.6, 43.9, 43.1, 37.3, 36.9, 36.5, 36.5],3%4.5,
32.4,31.4,31.4,30.9, 30.1, 30.0, 29.9, 29.4, 28.5, 22.3, 22.1, 17.9, 11.3 ppm; HRMS (ESI): m/z calcd for
Cs30H4104 [M]: 465.3010; found: 465.3010.

5.1.19. (6,9B,130,14B,200)-2,3-[(1-methylethylidene)bis(oxy)]-9,13-dimethgi{nitromethyl)-24,25,26-
trinoroleana-1(10),3,5,7-tetraen-29-oic add)(CAS: 2095710-94-2

Compound5a was obtained according to procedure iScheme 2 To a solution of3b (337 mg, 0.66
mmol) in DCM (4 mL) was added (Me@Me; (3.24 mL, 2.75 g, 26.4 mmol) followed lpyTsOH-HO
(18.9 mg, 0.132 mmol). The reaction was stirre85at! overnight. The solution was diluted with DCM
(50 mL), and then washed with sat. NaHCG0g. (50 mL) followed by brine (50 mL). The firsdlution
was dried with anhydrous sodium sulfate and comatedin vacuo. The crude product was purified by
flash column chromatography on silica gel (Ethyétate/Hexane = 1:4). White solid, 228.0 mg, yield:
63%. Mp: 174.5-176.2. [a]5' = -92.6 (¢ 0.1, MeOH):H NMR (600 MHz, CHLOROFORM-d} 6.67 (s,
1H), 5.72 (dJ = 6.24 Hz, 1H), 4.54 (dd} = 4.03, 11.37 Hz, 1H), 4.21 - 4.27 (m, 1H), 4.40¢E 11.19
Hz, 1H), 2.39 (dJ = 15.77 Hz, 1H), 2.24 (s, 3H), 2.08 - 2.14 (m, 1HP2 - 2.08 (m, 1H), 1.95 (di,=
3.94, 14.17 Hz, 1H), 1.82 - 1.89 (m, 1H), 1.76811(m, 1H), 1.70 - 1.74 (m, 1H), 1.69 (s, 3H), 1(65
3H), 1.60 - 1.64 (m, 1H), 1.55 - 1.60 (m, 1H), 1(81J = 7.89 Hz, 1H), 1.47 (s, 3H), 1.40 - 1.44 (m, 1H),
1.38 (d,J =16.32 Hz, 1H), 1.34 (d,= 4.58 Hz, 1H), 1.28 - 1.32 (m, 1H), 1.21 (s, 3H}2 (s, 3H), 1.04
(s, 3H), 0.84 - 0.89 (m, 1H), 0.61 (s, 3H) ppA¢ NMR (151 MHz, CHLOROFORM-dj 183.9, 154.4,
146.5, 144.4, 143.5, 122.4, 117.4, 117.4, 114.3,01.(80.8, 44.2, 44.1, 40.2, 38.1, 37.6, 36.5,,38630,
35.8, 34.5, 32.7, 31.5, 30.5, 30.5, 30.1, 29.57,286.1, 26.0, 22.1, 18.8, 11.1 ppm; HRMS (E8&i)z
calcd for GsH4NOg [M] 2 550.3174; found: 550.3174.
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5.1.20. (,98,130,148,200)-2,3-[(1-methylethylidene)bis(oxy)]-9,13-dimeth§{aminomethyl)-24,25,
26-trinoroleana-1(10),3,5,7-tetraen-29-oic ack) (CAS: 2095710-95-3

Compoundsb was obtained according to procedure iiScheme 2 To a solution oba (300 mg, 0.54
mmol) in EtOH (10 mL) was added Pd/C (54 mg) fokalnby HNNH,-H,O (270 mg, 5.4 mmol). The
reaction was stirred at 75 overnight. The solution was filtered, and therdilé was concentratdd
vacuo. Compound was purified by flash column chromatpbyaon silica gel (CkCl,/MeOH = 15:1).
White solid, 102.1 mg, yield: 36%. Mp: 209.2-211,7[o]2' = -83.3 (c 0.1, DCM)H NMR (600 MHz,
DMSO-ds) & 6.68 (br. s., 1H), 5.91 (d,= 5.87 Hz, 1H), 3.45 (br. s., 2H), 2.85 Jc& 11.55 Hz, 1H), 2.34
(br. s., 1H), 2.32 (br. s., 1H), 2.10 (s, 3H), 2:G409 (m, 1H), 2.02 (d] = 9.54 Hz, 1H), 1.94 - 2.00 (m,
1H), 1.74 - 1.86 (m, 1H), 1.63 - 1.68 (m, 1H), 1(623H), 1.59 (br. s., 3H), 1.56 (br. s., 1H),91(d,J =
7.15 Hz, 1H), 1.43 - 1.47 (m, 1H), 1.39 - 1.43 (iH), 1.38 (s, 3H), 1.29 - 1.36 (m, 1H), 1.25 - 1(89
1H), 1.22 - 1.25 (m, 1H), 1.20 (s, 3H), 1.09 (s),3HO06 (s, 3H), 0.86 (dl = 7.89 Hz, 1H), 0.63 (s, 3H)
ppm; *C NMR (151 MHz, METHANOL-d) & 185.8, 155.7, 147.8, 145.8, 144.5, 131.0, 12515,Q]
118.5, 115.3, 104.0, 47.5, 46.3, 45.5, 42.4, 33HA4, 38.4, 37.5, 37.3, 37.0, 36.5, 32.3, 32.3),321.9,
31.6, 30.3, 26.5, 26.3, 22.5, 19.3, 11.3; HRMS &8z calcd for GsH4gNO," [M+H]": 522.3578; found:
522.3582.

5.1.21. (6,98,130,,148,200)-2,3-Hydroxy-9,13-dimethyl-6-(aminomethyl)-24,26;Zrinoroleana-
1(10),3,5,7-tetraen-29-oic acifld)

Compound5¢ was obtained according to procedure iiiSoheme 2 To a solution obb (70 mg, 0.14
mmol) in CHCN/Water mixed solvent (3.3 mL, 10:1 v/v) was addig@Tf); (78 mg, 0.14 mmol). The
reaction was stirred under microwave condition$2&t[J for 3 h. After quenched with water (5 mL), the
mixture was extracted with ethyl acetate (3 * 10)ymand then washed with 5 mL brine. The organic
layers were combined and dried with anhydrous sodiulfate. Compound was purified by flash column
chromatography on silica gel (GEl,/MeOH = 10:1). Pale yellow solid, 49.7 mg, yield@%. Mp: 229.1-
233.4(). [a]3' = -66.0 (c 0.1, MeOH)'H NMR (600 MHz, DMSO-¢) & 11.90 (br. s., 1H), 9.03 (br. s,
1H), 8.06 (br. s., 1H), 7.68 (br. s, 2H), 6.661(H), 5.87 (dJ = 6.24 Hz, 1H), 3.59 (ddd,= 3.58, 5.91,
11.23 Hz, 1H), 2.95 (dd} = 3.39, 12.20 Hz, 1H), 2.40 @,= 11.83 Hz, 1H), 2.33 (d = 15.59 Hz, 1H),
2.10 (s, 3H), 2.03 - 2.07 (m, 1H), 2.02 {d; 3.85 Hz, 1H), 1.94 - 2.00 (m, 1H), 1.77 - 1.86 (H), 1.71
(dd,J =5.78, 12.20 Hz, 1H), 1.64 - 1.68 (m, 1H), 1.63)= 5.32 Hz, 1H), 1.60 - 1.62 (m, 1H), 1.55 -
1.59 (m, 1H), 1.50 (d] = 8.07 Hz, 1H), 1.44 - 1.49 (m, 1H), 1.40 - 1.44 (H), 1.39 (s, 3H), 1.29 (di,

= 4.58, 13.66 Hz, 1H), 1.23 (s, 3H), 1.11 (s, 3HD7 (s, 3H), 0.85 - 0.90 (m, 1H), 0.62 (s, 3H) ppi@
NMR (151 MHz, DMSO-¢) 4 179.5, 152.5, 144.1, 141.4, 140.3, 122.4, 12018,3, 108.9, 45.3, 43.9,
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43.8, 39.4, 37.3, 36.8, 36.6, 36.4, 35.3, 35.15,33R.4, 31.4, 30.2, 30.0, 29.8, 29.4, 27.8, 21840, 11.5
ppm; HRMS (ESI)mvz calcd for GgH.NO," [M+H]™: 482.3265; found: 482.3251.

5.1.22. (%,130,1483,200)-2,3-[(1-methylethylidene)bis(oxy)]-9,13-dimeth3dt, 25,26-trinoroleana-
1(10),3,5,7-tetraen-29-oic acidd) CAS: 2095710-88-4

Compound6a was obtained according to procedure iScheme 3 To a solution of3a (150 mg, 0.33
mmol) in DCM (2 mL) was added (Me@Me, (407 L, 345.1 mg, 3.3 mmol) followed hyTsOH-HO
(6.3 mg, 0.033 mmol). The reaction was stirredoatir temperature overnight. The solution was diluted
with DCM (40 mL), washed with saturated sodium Hicenate (2 * 20 mL) and brine (50 mL). After that,
the organic phase was dried with anhydrous sodiufate and concentratdd vacuo. The residue was
purified by flash column chromatography on silie (Fthyl acetate/Hexane = 1:10). White solid, 93.6
mg, vield: 57%. Mp: 164.2-166.4. [o]% = -20.6 (c 0.1, MeOH)'*H NMR (600 MHz, DMSO-¢) & 11.98
(br. s., 1H), 6.63 (s, 1H), 5.72 (dbi= 1.47, 6.79 Hz, 1H), 3.21 (dd= 6.42, 20.36 Hz, 1H), 2.94 (A~
19.62 Hz, 1H), 2.34 (d] = 15.59 Hz, 1H), 2.05 - 2.08 (m, 1H), 2.02 - 2(6§ 1H), 2.02 (s, 3H), 1.95 -
2.00 (m, 1H), 1.80 - 1.85 (m, 1H), 1.75 - 1.80 (tH)), 1.63 - 1.69 (m, 1H), 1.60 (s, 3H), 1.59 (s)3H
1.58 (d,J = 8.25 Hz, 1H), 1.52 - 1.57 (m, 1H), 1.46 - 1.54, BH), 1.36 - 1.42 (m, 1H), 1.25 - 1.32 (m,
1H), 1.24 (s, 3H), 1.18 (s, 3H), 1.10 (s, 3H), 1(643H), 0.87 (dJ = 12.65 Hz, 1H), 0.67 (s, 3H) ppm;
3C NMR (151 MHz, DMSO-g) & 179.4, 149.0, 144.8, 142.9, 141.2, 124.8, 11716,5] 113.9, 101.6,
43.7,43.2, 39.1, 37.0, 36.7, 36.5, 34.4, 34.07,3&.4, 31.3, 30.1, 30.0, 29.7, 29.4, 28.4, 2859{ (2 C),
22.6, 18.0, 11.4 ppm; HRMS (ESivz calcd for G;H4304 [M] : 491.3167; found: 491.3172.

5.1.23. ($,130,148,200)-2,3-[(1-methylethylidene)bis(oxy)]-9,13-dimeth§toxo-24,25,26-trinoroleana-
1(10),3,5,7-tetraen-29-oic acifif) CAS: 2095710-97-5

Compound6b was obtained according to procedure iiScheme 3 To a solution oba (80 mg, 0.16
mmol) in DCM (2 mL) was added 3, 5-dimethylpyraz¢(#®.7 mg, 0.32 mmol) followed by PDC (60.2
mg, 0.16 mmol). The reaction was stirred at roomperature overnight. The solution was filtered
through celite and concentratadvacuo. The residue was purified by flash column chromegphy on
silica gel (Ethyl acetate/Hexane = 1:10). Whitdcsd9.7 mg, yield: 48%. Mp: 223.1-225.8 [0]3' = -
77.4 (c 0.1, MeOH)*H NMR (600 MHz, CHLOROFORM-d} 6.71 (s, 1H), 6.24 (s, 1H), 2.55 (s, 3H),
2.38 - 2.42 (m, 1H), 2.15 - 2.19 (m, 1H), 2.11t®(m, 1H), 1.96 - 2.05 (m, 1H), 1.88 - 1.94 (m,)1H
1.83 - 1.87 (m, 1H), 1.77 - 1.83 (m, 1H), 1.703(d), 1.67 (s, 3H), 1.65 (br. s., 1H), 1.60 - 1.64 (H),
1.52 - 1.60 (m, 3H), 1.51 (s, 3H), 1.45 Jd= 14.86 Hz, 1H), 1.34 (dfl = 4.13, 14.26 Hz, 1H), 1.26 (s,
3H), 1.14 (s, 3H), 1.08 (s, 3H), 0.90 - 0.94 (m,)11.64 (s, 3H) ppm*C NMR (151 MHz,
CHLOROFORM-d)é 187.5, 183.5, 171.8, 153.3, 150.0, 145.2, 125,11 119.6, 118.2, 102.3, 44.7,
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44.2, 40.8, 40.2, 39.0, 37.2, 36.3, 34.7, 34.16,321.6, 30.7, 30.4, 29.8, 29.5, 28.6, 26.1, 28017, 18.7,
14.3 ppm; HRMS (ESI)ymz calcd for G,H410s [M] ™ 505.2959; found: 505.2959.

5.1.24. (9,130,14B,200)-2,3-Dihydroxy-9,13-dimethyl-6-0x0-24,25,26-trimdeana-1(10),3,5,7-tetraen-
29-oic acid 6c) CAS: 167882-66-8

Compound6c was obtained according to procedure iiiSoheme 3 To a solution of6b (70 mg, 0.14
mmol) in CHCN/Water mixed solvent (3.3 mL, 10:1 v/v) was addig@Tf); (15.6 mg, 0.028 mmol).
The reaction was stirred under microwave conditian$200] for 1 h. The mixture was quenched with
water (5 mL), and extracted with ethyl acetate @*mL). The organic layers were combined and dried
with anhydrous sodium sulfate. The residue wasfipdrby flash column chromatography on silica gel
(Ethyl acetate/Hexane/Acetic acid = 1:2:0.5%). Rakow solid, 23.8 mg, yield: 37%. Mp: >300. [0o]3’
=-113.4 (c 0.1, MeOH)H NMR (600 MHz, DMSO-g) 5 12.11 (br. s., 1H), 10.11 (s, 1H), 8.38 (s, 1H),
6.83 (s, 1H), 6.02 (s, 1H), 2.46 (s, 3H), 2.33)d, 15.59 Hz, 1H), 2.19 (d} = 13.39 Hz, 1H), 2.04 (d,
=13.76 Hz, 1H), 1.93 - 2.01 (m, 1H), 1.80 - 1.89 (H), 1.73 - 1.79 (m, 1H), 1.71 (br. s., 1H),9(6,J

= 3.48 Hz, 1H), 1.63 (ddl = 8.07, 15.59 Hz, 1H), 1.56 - 1.60 (m, 1H), 1.6 6., 1H), 1.48 - 1.52 (m,
1H), 1.45 (s, 3H), 1.41 - 1.44 (= 5.00 Hz, 1H), 1.27 - 1.33 (m, 1H), 1.25 (s, 3H),1 (s, 3H), 1.07 (s,
3H), 0.88 (dJ = 13.75 Hz, 1H), 0.65 (s, 3H) ppMiC NMR (151 MHz, DMSO-¢) 5 186.1, 179.5, 170.4,
149.4,149.2, 141.9, 127.7, 125.9, 125.4, 124.8,11208.5, 44.0, 43.7, 39.4, 38.5, 37.5, 36.15,33B.7,
32.3, 31.4, 30.1, 29.4, 29.3, 28.1, 20.7, 18.17 ¥m; HRMS (ESI):nV/z calcd for GgH3;0s [M] ":
465.2646; found: 465.2646.

5.1.25. (9,130,14p,200)-2,3-Dihydroxy-9,13-dimethyl-24,25,26-trinoroleahél 0),3,5,7-tetraen-29-oic
acid methyl ester7@) CAS: 31654-72-5

Compoundra was obtained as white solid according to procediii@ Scheme 150 mg (0.108 mmol)
1b was dissolved in 2 mL GIOD and stirred in a 25-mL flask, and then 44 md (hmol, 10 equiv)
NaBH, was added. The mixture was kept at room temperdtw 30 min. 0.1 mol/L HCI (3 mL) was
added to quench the reaction, and subsequenthgtireous phase was separated and extracted with DCM
(15 mL) three times. The organic layers were comtbiand dried with anhydrous sodium sulfate. The
residue was purified by removing the solvent ungizuum conditions. White solid, 50.1 mg, vyield:
99.8%. Mp: 206.8-208.9. [0]3' = -21.3 (¢ 0.25, MeOH)H NMR (600 MHz, DMSO-¢)  8.78 (s, 1H),
7.82 (s, 1H), 6.60 (s, 1H), 5.72 (di: 1.47, 6.79 Hz, 1H), 3.47 (s, 3H), 3.18 (dd; 6.24, 20.54 Hz, 1H),
2.91 (dd,J = 1.28, 20.36 Hz, 1H), 2.33 (d,= 15.77 Hz, 1H), 2.06 (d = 13.94 Hz, 1H), 2.01 (s, 3H),
1.98 (d,J = 3.12 Hz, 1H), 1.93 - 1.97 (m, 1H), 1.84 @@t 5.78, 13.07 Hz, 1H), 1.75 - 1.82 (m, 1H), 1.65
(dd,J = 8.07, 15.77 Hz, 1H), 1.59 (d,= 3.67 Hz, 1H), 1.54 - 1.58 (m, 1H), 1.48 - 1.52 QH), 1.44 -
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1.48 (m, 1H), 1.39 (dd] = 3.48, 13.02 Hz, 1H), 1.31 - 1.37 (m, 1H), 1.843H), 1.17 (s, 3H), 1.12 (s,
3H), 1.06 (s, 3H), 0.88 (d,= 13.57 Hz, 1H), 0.49 (s, 3H) ppiC NMR (151 MHz, DMSO-g) & 178.0,
148.9, 143.1, 140.6, 139.3, 123.0, 120.1, 117.8,3131.4, 43.8, 43.2, 39.8, 37.1, 36.5, 36.0,,3342,
34.1, 32.3, 31.3, 30.2, 30.1, 29.9, 29.4, 28.432722.5, 17.7, 11.5 ppm; HRMS (ESHvz calcd for
CaHaNaO;" [M+Na]": 489.2975, found: 489.2975.

5.1.26. ($,130,14p,200)-2-Methoxy-3-hydroxy-9,13-dimethyl-24,25,26-trimdeana-1(10),3,5,7-tetraen-
29-oic acid {b)

Compound7b was obtained according to steps xviScheme 120 mg (0.04 mmolyewas dissolved in

3 mL mixed solvent of Dioxane/Water (1:1 v/v), ak®H solid (50 mg, 0.8 mmol) was added. The
mixture was heated to 100 and stirred for 4 h. Then the mixture was cooledimto room temperature
and acidized by 1 mol/L HCI to pH = 2.0, and extedcwith ethyl acetate (3 * 10 mL). The organic
layers were combined and dried with anhydrous sodiulfate. The residue was purified by flash column
chromatography on silica gel (Ethyl acetate/Hexan#:10). White solid, 19.2 mg, yield: 99%. Mp:
225.8-227.81. [0]2' = -32.7 (c 0.1, MeOH)'H NMR (600 MHz, DMSO-g) 3 12.04 (br. s., 1H), 8.11 (s,
1H), 6.72 (s, 1H), 5.72 (dd,= 1.83, 6.05 Hz, 1H), 3.76 (s, 3H), 3.22 (dd; 5.87, 20.72 Hz, 1H), 2.95
(dd,J = 1.10, 21.46 Hz, 1H), 2.34 (d= 15.59 Hz, 1H), 2.13 - 2.17 (m, 1H), 2.03 - 2(6V 1H), 2.02 (s,
3H), 1.95 - 2.00 (m, 1H), 1.84 - 1.91 (m, 1H), 1-76.83 (m, 1H), 1.65 - 1.70 (m, 1H), 1.60 - 1.63 (
1H), 1.55 - 1.60 (m, 1H), 1.46 - 1.53 (m, 3H), 1(86,J = 2.66, 13.11 Hz, 1H), 1.28 - 1.33 (m, 1H), 1.26
(s, 3H), 1.19 (s, 3H), 1.11 (s, 3H), 1.05 (s, 30183 - 0.89 (m, 1H), 0.68 (s, 3H) ppMC NMR (151
MHz, DMSO-d) 6 179.5, 149.0, 145.8, 141.5, 139.1, 124.7, 11919,41 105.1, 55.9, 43.9, 43.3, 39.5,
37.2, 36.6, 36.5, 34.5, 34.1, 34.0, 32.5, 31.42,380.1, 29.8, 29.5, 28.5, 27.3, 22.6, 18.1, 1hrh;p
HRMS (ESI):mVz calcd for GoH4NaQ," [M+Na]': 489.2975, found: 489.2979.

5.1.27. (B,130,148,200)-2-Hydroxy-3-methoxy-9,13-dimethyl-24,25,26-trimbeana-1(10),3,5, 7-tetraen-
29-oic acid {0

Compoundrc was obtained by according to steps xvBicheme 1100 mg (0.2 mmolyf was dissolved

in 3 mL mixed solvent of Dioxane/Water (1:1 v/ivjjdaKOH solid (350 mg, 6 mmol) was added. The
mixture was heated to 100 and stirred for 4 h. Then the mixture was cooledmito room temperature
and acidized by 1 mol/L HCI to pH = 2.0, and extedcwith ethyl acetate (3 * 10 mL). The organic
layers were combined and dried with anhydrous sodiulfate. The residue was purified by flash column
chromatography on silica gel (Ethyl acetate/Hexan#:10). White solid, 95.2 mg, yield: 98%. Mp:
157.9-162.6. [0]%' = -18.0 (c 0.1, MeOH)'H NMR (600 MHz, DMSO-g) 5 12.06 (br. s., 1H), 8.79 (s,
1H), 6.68 (s, 1H), 5.73 (dd,= 1.83, 6.24 Hz, 1H), 3.62 (s, 3H), 3.19 (dd; 6.24, 19.07 Hz, 1H), 2.93
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(dd,J = 1.47, 19.44 Hz, 1H), 2.34 (d,= 15.41 Hz, 1H), 2.06 (s, 3H), 2.03 (= 15.41 Hz, 1H), 2.00
(dd, J = 3.67, 9.72 Hz, 1H), 1.94 - 1.98 (m, 1H), 1.87, (d= 5.10, 13.90 Hz, 1H), 1.77 (dt,= 5.90,
14.30 Hz, 1H), 1.64 - 1.69 (m, 1H), 1.59 - 1.63 {#H), 1.54 - 1.59 (m, 1H), 1.50 - 1.53 (m, 1H),9.(4,
J=7.89 Hz, 1H), 1.44 - 1.48 (= 5.00 Hz, 1H), 1.36 - 1.41 (m, 1H), 1.29 @t 4.59, 13.75 Hz, 1H),
1.23 (s, 3H), 1.18 (s, 3H), 1.11 (s, 3H), 1.053(d), 0.82 -0.87 (m, 1H), 0.66 (s, 3H) ppm; “C NMR
(151 MHz, DMSO-@) 6 179.5, 149.1, 147.9, 144.3, 143.3, 126.8, 12313,71 109.5, 59.5, 43.8, 43.3,
39.5, 37.1, 36.5, 36.4, 34.4, 33.9, 33.8, 32.44,340.2, 30.1, 29.7, 29.4, 28.5, 27.2, 22.8, 1BL17 ppm;
HRMS (ESI):mVz calcd for GgH,NaQ," [M+Na]™: 489.2975, found: 489.2974.

5.1.28. ($,130,148,200)-2,3-Dimethoxy-9,13-dimethyl-24,25,26-trinoroleab@.0),3,5, 7-tetraen-29-oic
acid (7d) CAS: 106407-53-8

Compoundrd was obtained according to step xviSoheme 110 mg (0.02 mmolYg was dissolved in 3
mL mixed solvent of Dioxane/Water (1:1 v/v), and K&olid (33.6 mg, 0.6 mmol) was added. The
mixture was heated to 100 and stirred for 4 h. Then the mixture was cooledmto room temperature
and acidized by 1 mol/L HCI to pH = 2.0, and extedcwith ethyl acetate (3 * 10 mL). The organic
layers were combined and dried with anhydrous sodiulfate. The residue was purified by flash column
chromatography on silica gel (Ethyl acetate/Hexariel0). White solid, 9.7 mg, yield: 99%. Mp: 228.7
231.301. [o]3' = -24.0 (c 0.1, MeCN)H NMR (600 MHz, DMSO-¢) & 12.03 (br. s., 1H), 6.80 (s, 1H),
5.74 (dd,J = 1.93, 6.14 Hz, 1H), 3.77 (s, 3H), 3.63 (s, 383 (dd,J = 6.24, 21.09 Hz, 1H), 2.97 (dd,
=1.28, 21.46 Hz, 1H), 2.35 (d= 15.59 Hz, 1H), 2.15 - 2.21 (m, 1H), 2.08 (s, 3MP4 (d,J = 13.94 Hz,
1H), 1.95 - 2.01 (m, 1H), 1.89 (dddi= 5.14, 14.12, 28.24 Hz, 1H), 1.80 (ddd; 6.24, 13.57, 27.33 Hz,
1H), 1.66 - 1.71 (m, 1H), 1.57 - 1.64 (m, 2H), 1(81J = 7.70 Hz, 2H), 1.44 - 1.49 (m, 1H), 1.40 (dd
2.57, 12.65 Hz, 1H), 1.29 - 1.33 (m, 1H), 1.283(4), 1.20 (s, 3H), 1.11 (s, 3H), 1.06 (s, 3H), 0(86) =
12.84 Hz, 1H), 0.68 (s, 3H) ppriiC NMR (151 MHz, DMSO-g) & 179.5, 150.6, 148.8, 144.3, 144.1,
127.0, 124.8, 117.4, 106.2, 59.7, 55.5, 43.8, 4034, 37.1, 36.8, 36.5, 34.4, 33.9, 33.8, 32.%4,330.1,
30.0, 29.7, 29.4, 28.4, 27.3, 22.7, 18.1, 11.6 gdRMS (ESI): m/z calcd for £H404 [M]: 479.3167,
found: 479.3167.

5.1.29. ($,130,14p,200)-2-Methoxy-3-hydroxy-9,13-dimethyl-24,25,26-trimdeana-1(10),3,5,7-tetraen-
29-oic acid methyl este €

Compound7e was obtained by according to step xiv3theme 1170 mg (0.365 mmolya was
dissolved in 4 mL acetone.,&0; (200 mg, 1.3 mmol) and dimethyl sulfate (30 1.02 mmol) were
added, The mixture was heated tol7@nd stirred for 12 h. The mixture was quenched witnol/L HCI
(10 mL), and extracted with ethyl acetate (3 * 25 nThe organic layers were combined and dried with
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anhydrous sodium sulfate. The residue was purffieflash column chromatography on silica gel (Ethyl
acetate/Hexane = 1:10). White solid, 37.5 mg, yi@k.3%. Mp: 206.1-208.8.. [a]5' = -34.0 (c 0.1,
MeOH).'H NMR (600 MHz, DMSO-¢) 4 8.10 (s, 1H), 6.72 (s, 1H), 5.72 (dbi= 1.28, 6.42 Hz, 1H),
3.77 (s, 3H), 3.47 (s, 3H), 3.21 (dbs 6.24, 20.72 Hz, 1H), 2.95 (dd= 1.40, 20.17 Hz, 1H), 2.33 (d,
= 15.77 Hz, 1H), 2.12 - 2.18 (m, 1H), 2.06 Jds 13.57 Hz, 1H), 2.02 (s, 3H), 1.97 (dt= 4.03, 13.75
Hz, 1H), 1.84 - 1.90 (m, 1H), 1.80 (dt= 7.24, 13.43 Hz, 1H), 1.65 (dd~ 8.16, 15.68 Hz, 1H), 1.55 -
1.61 (m, 2H), 1.47 - 1.52 (m, 3H), 1.37 - 1.42 (Hi), 1.32 - 1.37 (m, 1H), 1.27 (s, 3H), 1.18 (s),3H
1.12 (s, 3H), 1.06 (s, 3H), 0.87 - 0.92 (m, 1H510(s, 3H) ppm*C NMR (151 MHz, DMSO-¢) 5 178.0,
148.7, 145.8, 141.5, 139.0, 124.6, 119.8, 117.5,31(%5.8, 51.4, 43.8, 43.2, 39.9, 37.1, 36.5, 344,
34.2, 34.0, 32.4, 31.4, 30.3, 30.1, 29.9, 29.44,28(.3, 22.4, 17.7, 11.4 ppm; HRMS (ESf)z calcd for
C31H430, [M] 2 479.3167, found: 479.3161.

5.1.30. (B,130,14B,200)-2-Hydroxy-3-methoxy-9,13-dimethyl-24,25,26-trioteana-1(10),3,5,7-tetraen-
29-oic acid methyl esterr{) CAS: 125543-17-1

Compound/f was obtained according to steps vidoheme 1To a solution ofLlb (50 mg, 0.108 mmol),
K,COs; (60 mg, 0.43 mmol) and TBAB (3.2 mg, 0.011 mmagsdlved in 2 mL THF, Dioxane (4G4,
10 mol%) and CHl (150 uL, 1.08 mmol) were added, The mixture was heatetDto and stirred for 12
h. The mixture was quenched with 1 mol/L HCI (10)m&nd extracted with ethyl acetate (3 * 25 mL).
The organic layers were combined and dried withydrdus sodium sulfate. The residue was purified by
flash column chromatography on silica gel (Ethy¢tate/Hexane = 1:8). Yellow solid, yield: 47.9%.dAn
quickly the yellow product 2a (200 mg, 0.418 mmol) was treated with NaBBO equiv, 170 mg, 4.2
mmol) in CDO (2 mL) according to procedure vii. The productswaurified by flash column
chromatography on silica gel (Ethyl acetate/Hexardel0). Light yellow solid, 158 mg, yield: 78%. Mp
126.6-128.57. [a]3' = -16.0 (c 0.1, MeOH)*H NMR (600 MHz, DMSO-¢) 5 8.78 (s, 1H), 6.67 (s, 1H),
5.73 (dd,J = 1.83, 7.15 Hz, 1H), 3.62 (s, 3H), 3.47 (s, 38)8 (dd,J = 6.24, 22.92 Hz, 1H), 2.93 (ddd],
= 1.28, 19.62, 20.36 Hz, 1H), 2.33 z 15.77 Hz, 1H), 2.06 - 2.11 (m, 1H), 2.06 (s, 3®&P2 (d,J =
2.93 Hz, 1H), 1.97 - 2.01 (m, 1H), 1.92 - 1.97 (iH), 1.81 - 1.86 (m, 1H), 1.78 (ddi= 6.14, 13.85 Hz,
1H), 1.65 (ddJ = 8.16, 15.86 Hz, 1H), 1.58 - 1.61 (m, 1H), 1.5053 (m, 1H), 1.46 - 1.50 (m, 1H), 1.42
- 1.46 (m, 1H), 1.37 - 1.41 (m, 1H), 1.32 - 1.36 (H), 1.24 (s, 3H), 1.17 (s, 3H), 1.12 (s, 3HPSL(s,
3H), 0.88 (dJ = 11.92 Hz, 1H), 0.49 (s, 3H) ppMC NMR (151 MHz, DMSO-g) 5 178.0, 148.7, 147.9,
144.2, 143.3, 126.8, 123.1, 117.7, 109.7, 59.54,%43.8, 43.3, 39.8, 37.0, 36.5, 36.3, 34.3, 33400,
32.3,31.4, 30.2, 30.1, 29.9, 29.5, 28.4, 27.26,2P7.7, 11.7 ppm; HRMS (ESKvz calcd for G;H4s0,"
[M+H]": 481.3312, found: 481.3316.
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5.1.31. ($,130,148,200)-2,3-Dimethoxy-9,13-dimethyl-24,25,26-trinoroleab@ 0),3,5, 7-tetraen-29-oic
acid methyl ester7(g) CAS: 1906-19-0

Compound/gwas obtained according to step xvSoheme 1170 mg (0.365 mmolja was dissolved in

4 mL acetone. BCO; (200 mg, 1.3 mmol) and GH(100 uL, 1.02 mmol) were added, The mixture was
heated to 700 and stirred for 12 h. The mixture was quenched witmol/L HCI (10 mL), and extracted
with ethyl acetate (3 * 25 mL). The organic layerere combined and dried with anhydrous sodium
sulfate. The residue was purified by flash colurhromatography on silica gel (Ethyl acetate/Hexane =
1:10). White solid, 126.6 mg, yield: 66%. Mp: 20209.1(1. [o]3' = -19.3 (c 0.1, DCM)'H NMR (600
MHz, CHLOROFORM-dY 6.78 (s, 1H), 5.77 (d] = 4.58 Hz, 1H), 3.86 (s, 3H), 3.77 (s, 3H), 3.54 (
3H), 3.28 (ddJ = 5.87, 20.00 Hz, 1H), 3.02 (d= 19.99 Hz, 1H), 2.44 (d,= 15.59 Hz, 1H), 2.18 - 2.23
(m, 1H), 2.17 (s, 3H), 2.07 - 2.13 (m, 2H), 2..07 (m, 1H), 1.85 (dt] = 6.33, 13.71 Hz, 1H), 1.73 (d,
J=11.37 Hz, 1H), 1.63 - 1.69 (m, 2H), 1.57 - (68 1H), 1.51 - 1.57 (m, 2H), 1.44 (dil= 2.84, 14.40
Hz, 1H), 1.40 (ddJ = 4.22, 14.12 Hz, 1H), 1.34 (s, 3H), 1.22 (s, 3H)7 (s, 3H), 1.08 (s, 3H), 0.94 (™,

= 13.75 Hz, 1H), 0.61 (s, 3H) ppmiC NMR (151 MHz, CHLOROFORM-dp 179.0, 150.9, 149.1,
144.8, 144.6, 127.8, 125.5, 117.6, 106.3, 60.3,351.5, 44.3, 43.7, 40.4, 37.5, 37.2, 36.8, 33435,
34.2, 32.9, 31.6, 30.9, 30.5, 30.3, 29.9, 28.88,222.7, 18.3, 11.8 ppm; HRMS (ESHhvz calcd for
CsHieNaO, [M+Na]*: 517.3288, found: 517.3281.

5.2 Biological assay
5.2.1 Cell culture
Human hepatocellular carcinoma cell lines HepG2 wesintained in Dulbecco’s Modified Eagle

Medium containing 10% fetal bovine serum (FBS).

5.2.2 Plasmids

Plasmids pcmv-myc-Nur77, pFlag-cmv-2-p62, pFlag-@avRAF2, pEGFP-C1-Nur77, mCherry-p62
were described previously [12, 26].

5.2.3 Protein Expression and Purification

The human Nur77-LBD (367-598) was cloned as an rititgal histidine-tagged fusion protein in
PET15b expression vector and overproduced in Emthiarcoli BL21 DES3 strain. Briefly, cells were
harvested and sonicated, and the extract was itedildth the His60 Ni Superflow resin.

5.2.4 Fluorescence Titration
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Wild-type Nur77-LBD protein or mutant protein (M in 3 mL phosphate buffer) was measured with
Agilent Technologies Cary Eclipse Fluorescence Bpphotometer, and the fluorescence spectra were
obtained from 300 nm to 500 nm. Compounds (from o 1M with an increment of 100 nM, from

1 uM to 2 uM with an increment of 250 nM, from @M to 5 uM with an increment of 500 nM) were
added to the protein. After incubation for 30 sRA the incubation buffer was measured with the

spectrophotometer. Data were processed and fiatettain the binding affinities using Origin 2016.

5.2.5 Western blotting

Cell lysates were boiled in sodium dodecyl suf@BS) sample loading buffer, resolved by 10% SDS—
polyacrylamide gel electrophoresis (SDS—PAGE) aadsferred to nitrocellulose. The membranes were
blocked in 5% milk in Tris-buffered saline and Twe20 (TBST; 10 mM Tris— HCI [pH 8.0], 150 mM
NaCl, and 0.05% Tween 20) for 1 hr at room tempeeat After washing twice with TBST, the
membranes were incubated with appropriate primatipadies in TBST for 1 hr and then washed twice,
probed with horseradish peroxide-linked anti-immgiobulin (1:5000 dilution) for 1 hr at room
temperature. After three washes with TBST, immuactige products were visualized using enhanced
chemiluminescence reagents and autoradiography.

5.2.6 ColP assay

Cells were harvested in lysis buffer (10 mM Tri#l[j8.4], 150 mM NacCl, 1% Triton X-100, and 5 mM
ethylenediaminetetraacetic acid, and containingeaise inhibitors). Lysate was incubated with 1 pg
antibody at 4 for 2 hr. Immunocomplexes were then precipitatétth ®0 pL of protein A/Gsepharose.
After an extensive washing with lysis buffer, theatls were boiled in SDS sample loading buffer and
assessed by Western blotting (WB).

5.2.7 Confocal Microscopy

HepG2 cells transfected GFP-Nur77 and mCherry-p62vwnounted on glass slides. After fixated by
paraformaldehyde, Cells were costained witB-diamidino-2-phenylindole (DAPI) (1:10000 dilutipto
visualize nuclei. The images were taken under ardlscent microscope (CarlZeiss) or an LSM-510
confocal laser scanning microscope system (CasdXeis

5.2.8 Flow Cytometry
Cells induced apoptosis were collected in Bindingff&. After staining by FITC Annexin V and
Propidium lodide Staining Solution at room temperat cells were detected by CytoFLEX (Beckman
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Coulter). Binding Buffer, FITC Annexin V and Propich lodide Staining Solution are all from FITC
Annexin V Apoptosis Detected Kit | (BD 556547).

5.2.9 Zebrafish embryo toxicity study

Wild-type (AB strain) zebrafishOQanio rerio) were maintained in flow-through tanks with fistater
(0.2% Instant Ocean salt in deionized water, pH.8=-6.2, conductivity 480-5105/cm, and hardness
53.7-71.6 mg/L CaCg with a photoperiod of 14/10 h light/dark. Embryesre obtained from spawning
adults placed in groups of two males and one ferimalene spawning box overnight. Embryos were
collected within 0.5 h of spawning and rinsed shfivater. 20 zebrafish embryos per condition apf2 h
were exposed to celastrol 8a at the concentrations of Oy, 1 uM and 1.25uM and 0.1% DMSO
served as control. Zebrafish were selected frorh gagup for visual observation and image acquisitio
in every 24 h.

5.3 Molecular docking

Schrodinger’s (Porland, OR) Glide [28-30], a grimsbd docking module of schrodinger suites, was
employed to study how celastrol ligand to the NutEBD. The crystal structure of Nur77 LBD in
complex with DPDO (PDB ID: 4KZI) was used, the nmggresidues were filled by the prime module
[31, 32], center of grid box is set at C551 andlémgth of grid is limitted within 15 angstrom. Stkard

Precision mode is used, ligand sampling in flexsiBichrodinger’s Maestro 11.0.
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Highlights:

» 24 celastrol derivatives targeting Nur77 wereiglesd, synthesized and evaluated for their
Nur77-mediated anti-inflammatory properties.

» The reduced celastrol, compousej having comparable binding affinity and biologiedlects

to celastrol, and was significantly less toxic tleatastrol both in vitro and in Zebrafish model.

« 3ais a potential hit molecule for further optimizatifor anti-inflammatory application.



