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Highlights

* Design, synthesis, and biological evaluation oé@es of Hsp90 inhibitors are presented.

* Compoundl9 exhibits a remarkable anticancer activity agatBd75 non-small cell lung
cancer and Skbr3 breast cancer cell lines.

« Compoundi9 inhibits the growth of H1975 xenografts in NOD-sti@Rgamma"" mice
through Hsp90 inhibition.

* Compoundl9 has no effect on the activities of five major P4&@&forms (1Go > 50 uM
for 1A2, 2C9, 2C19, 2D6, and 3A), suggesting thanhi@al interactions between

compoundl9 and the substrate drugs of the five major P45@ists are not expected.



Abstract

The molecular chaperone Hsp90 plays an importal® i cancer cell survival and
proliferation by regulating the maturation and #taktion of numerous oncogenic proteins.
Due to its potential to simultaneously disable mplét signaling pathways, Hsp90 has
emerged as an attractive therapeutic target focezatreatment. In this study, the design,
synthesis, and biological evaluation of a serieblg90 inhibitors are described. Among the
synthetic compounds, 6,7-dihydrothieno[3,2-c]pyr8i(4H)-yl amide 19 exhibits a
remarkable binding affinity to thil-terminus of Hsp90 in a fluorescence polarizatibR)(
binding assay (I = 50.3 nM). Furthermore, it effectively inhibitset proliferation of H1975
non-small cell lung cancer (NSCLC) and Skbr3 breasicer cell lines with G4 values of
0.31 puM and 0.11pM, respectively. Compound9 induces the degradation of the Hsp90
client proteins including EGFR, Her2, Met, c-RafdaAkt, and consequently promotes
apoptotic cancer cell death. Compoutfilalso inhibits the growth of H1975 xenografts in
NOD-scid IL2R gamm¥" mice without any apparent body-weight loss. The
immunohistologic evaluation indicates that compotfdiecreases the expression of Akt in
xenograft tumor tissue via an inhibition of the B8pchaperon function. Additionally, the
cytochrome P450 assay indicates that compdithtas no effect on the activities of five
major P450 isoforms (l§ > 50 uM for 1A2, 2C9, 2C19, 2D6, and 3A), suggesting that
clinical interactions between compoutfl and the substrate drugs of the five major P450
isoforms are not expected. Overall, compodAdepresents a new class of Hsp90 inhibitor
with its 6,7-dihydrothieno[3,2-c]pyridin-5(4H)-ylraide structure, and it has the therapeutic

potential to overcome drug resistance in cancemctigerapy.



1. Introduction

Heat shock protein 90 (Hsp90) is an ATP-dependentecnlar chaperone that is
responsible for the correct folding, stability aueiction of its substrate proteins, referred to
as “client” proteins. Many Hsp90 client proteing @ncogenic proteins that are involved in
malignant behavior and cancer progression [1,2s€&hclient proteins include epidermal
growth factor receptor(EGFR/ErbBl), human epidermal growth factor recepg
(Her2/ErbB2), mesenchymal-epithelial transitiontéagqMet), anaplastic lymphoma kinase
(Alk), protein kinase B (Akt/PKB), cellular rapidigccelerated fibrosarcoma (c-Raf), cyclin-
dependent kinase 4 (Cdk4), hypoxia-inducible fadt@gHif-1a), matrix metalloproteinase 2
(MMP2), mutant P53, and weel [3]. Due to the hestihvironmental factors of cancer such
as hypoxia, low pH, and poor nutrition, cancersepend more on the chaperone function
of Hsp90 than normal cells, which explains 2-1Gfbigher expression level of Hsp90 in
cancer cells than normal cells [3-5]. Accordindhg inhibition of Hsp90 chaperone function
induces the degradation of the client proteins thia ubiquitin-proteasome pathway, and
subsequently results in a simultaneous disruptidheomultiple signaling pathways in cancer.
Hsp90 consists of the following four major homolpgsp9Qy, Hsp9Qs, 94-kDa glucose-
regulated protein (Grp94), and TNF receptor-assediprotein 1 (Trapl) [6,7]. Hsp@ds an
inducible form that is overexpressed in many camedls, and Hsp90 is the constitutive
form. Both Hsp9@& and Hsp9@ are mainly localized in the cytoplasm, while Grp&dd
Trapl reside in the endoplasmic reticulum and th@ahondria, respectively. Hsp90 has
been extensively pursued as a promising targetvfercoming drug resistance. The potential
therapeutic benefits associated with Hsp90 modulatemphasize the importance of

identifying novel Hsp90 inhibitors [8-11].
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Figure 1. Structures of known Hsp90 inhibitors

Geldanamycin (GAl), a benzoquinone ansamycamtibiotic was first identified as an
Hsp90 inhibitor in 1994 [12]. Since then, a numioérgeldanamycin analogues such as
tanespimycin (17-AAG) and alvespimycin (17-DMAG)vieabeen developed and entered
into clinical study [13]. However, these first-geatgon Hsp90 inhibitors engendered several
drawbacks in the clinical applications such as armwlubility and toxicity [14]. The most
clinically significant toxicity of the geldanamycianalogues is liver toxicity. The liver
toxicity was a major limitation in the clinical delopment, and it was speculated that the
benzoquinone structure of geldanamycin analogugeliacontribute to the observed liver
toxicity [15].

Benefited from the X-ray crystal structures of H3@thd fragment-based drug discovery,
investigators discovered the second-generation BispBibitors, which are classified into
two major cores, purine and resorcinol. The puglass of Hsp90 inhibitors are designed

according to the structural homology of ATP andude PU-H71 [16], BIIBO21 [17], and



CUDC-305 [18]. The resorcinol scaffold is anotheportant class of Hsp90 inhibitors that
includes NVP-AUY922 [19], KW-2478 [20], AT13387 [RaAnd STA-9090 [22]. Based on
the wealth of compelling data from the preclinisalidies, many of the second-generation
Hsp90 inhibitors have entered into the clinicalgghaand display an improved potency with a
lesser liver toxicity [23]. Despite an enormousodffand promise, none of the Hsp90
inhibitors are clinically approved, and the fulltpotial of this inhibitor clasee is yet to be
realized. Accordingly, the discovery of Hsp90 intobs with different chemotypes is still a

demanding task in this area.

2. Results and discussion

2.1. Analysis of ATP-binding site
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Figure 2. Analysis of ATP-binding site in thl-terminal domain of Hsp90 protein and the



binding poses of Hsp90 inhibitors in the ATP-birglisite. (A) Superimposed crystal
structures of three apo-Hsp90 proteins (PDB co@¥dX, orange; 2VCI, cyan; and 2TUH,
yellow) and conserved waters (red-colored sphevasgre the side chains of the binding site
are colored by atom types (oxygen, red; nitrogdae)b (B) Overlaid binding modes of
AT13387 (orange), NVP-AUY922 (cyan), and STA-909@llow) from co-crystal structures
of Hsp90 (PDB codes: 2XJX, 2VCI, and 2TUH), whelne bxygen and nitrogen atoms of

AT13387, NVP-AUY922, and STA-9090 are shown in aadl blue, respectively.

To rationally design a potent Hsp90 inhibitors, fivet investigated crystal structures of
Hsp90. To do so, we aligned three Hsp90 proteiB(Podes: 2XJX, orange; 2VCI, cyan;
2TUH, yellow) and analyzed the ATP-binding sitetloé Hsp90 proteins with their Hsp90
inhibitors (AT13387, orange; NVP-AUY922, cyan; aBdA-9090, yellow), all of which had
been studied in clinical trials. Comparative stmwat analysis of the three Hsp90 proteins
indicated that the ATP-binding site in tNeterminal domain consists of a hydrophilic region,
a hydrophobic region, and an entry region (Figuk Zhe hydrophilic region is composed
of Asn51, Asp93, and three conserved water molecahel the hydrophobic region consists
of lipophilic amino acid residues, Leul07, PhelB®162 and Vall186. The hydrophilic and
hydrophobic regions form a deep ATP-binding podkeahe N-terminal domain of Hsp90. In
particular, the structure of the hydrophilic regisncharacterized by highly ordered amino
acid residues and conserved water molecules inptoket. The three conserved water
molecules, along with the carboxylic acid termimfs Asp93 residue, form a hydrogen
bonding network with the resorcinol ring of Hsp@ibitors. The deep cavity formed by the
hydrophilic and hydrophobic regions plays a crugiale in the binding of the Hsp90
inhibitors. Enormous effort had therefore been ded toward the targeting of this deep

cavity, and it was found that 4-isopropyl resortiscaffold tightly fits into the hydrophilic



and hydrophobic regions as a key binder. Unlike ii@rophilic and hydrophobic regions,
the entry region is relatively flexible, and diverscaffolds such as 4,5-diarylisoxazole, 1,3-
dihydroisoindole, 4-indolyl-triazolone, and 5-afyR2,3-triazole, have been studied to target
the entry region. A structural analysis of AT1338vange), NVP-AUY922 (cyan), and STA-
9090 (yellow) revealed that the binding poses a$opropyl resorcinol ring in the ATP-
binding pocket are highly ordered in the hydrogh#éind hydrophobic regions, while the
binding poses of the entry region binders are inadbt disparate (Figure 2B).

To develop the Hsp90 inhibitors with a novel sclaffoan exploration of the diverse
modifications of the entry region binder, while Hlaro or 4-isopropylresorcinol ring was

maintained as a key binder in the hydrophilic apdrbphobic regions, was conducted.

2.2. Chemistry
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Scheme 1. Synthesis of compountia-b.

We first decided to synthesize compouddia-b, which had chloro group at C-5 of phenyl

ring (Scheme 1). To do so, we pursued the synthadstarboxylic acid9 that was a key



intermediate in the synthetic plan. Methyl 2,4-dilgxybenzoate@) was synthesized from
commercially available 2,4-dihydroxybenzoic act) (vith a slight modification of the
reported procedure [24]. Briefl, was esterified in the presence of sulfuric acichigthanol

to provide methyl 2,4-dihydroxybenzoaté) (n 86 % yield. Subsequent chlorination @®f
with sulfuryl chloride in dichloromethane furnishetethyl 5-chloro-2,4-dihydroxybenzoate
(7) in 45% vyield, which was then protected with allypmide in the presence of potassium
carbonate to give compouriin 100 % vyield. Compoun® was hydrolyzed to furnish
carboxylic acid9 in 80 % yield. With carboxylic aci@ in hand, we next performed amide
coupling reaction of carboxylic aci@ with 1,2,3,4-tetrahydroisoquinoline and 4,5,6,7-
tetrahydrothieno[3,2-c] pyridine and the reactisoyided compoundOa-b in 63 and 58 %
yield, respectively. Finally, the removal of allgtetecting groups, using Pd(?Ph), and
ammonium formate under microwave irradiation [28inished the resulting 5-chloro-2,4-
hydroxybenzamidesl{a-b) in 66 and 27 % yield. In this synthetic route, tyields of
deprotection reactions were disappointingly low #melimpurity of triphenylphosphine was
also difficult to remove from the reaction mixtusg flash column. Besides, the protection-
deprotection event introduced two additional siegke reaction sequence, and it needs to be
minimized to achieve a green and atom-economic wdtgm Therefore, we investigated
direct amide coupling reaction of 5-chloro-2,4-dingxybenzoic acid 12) without any

protecting group (Scheme 2).
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Scheme 2. Synthesis of compountic-e.



To prepare carboxylic acid2, we carried out the hydrolysis reaction of esten the
presence of sodium hydroxide in methanol and waterovide compound2 in quantitative
yield. With carboxylic acidl2 in hand, amide coupling reactions of carboxylida? with
various amines were carried out using EDC underrawniave irradiation to provide
compoundllc-e in 14-34% vyield. Although the amide coupling reaws still provided
unsatisfactory % yields, the synthetic route withitne protection-deprotection steps resulted

in an improvement of the overall yields.
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Scheme 3. Synthesis of compountb.

We next synthesized benzoxazole-containing compdindenzoxazole is an important
class of heterocyclic compounds found in a numideandicancer agents. The synthesis of
compound15 is described in Scheme 3. The reactior@a#ith 2-aminophenol 13) was
carried out in the presence of thionyl chloridemeihyl formaldehyde, and pyridine to
furnish 14 in 59% vyield. The subsequent removal of the allgtecting groups, using
PdCL(PPh), and ammonium formate under microwave irradiatiomished compount5 in

20% yield.



2.3. In vitro assays of compountis-e and15

Table 1. Inhibitory activity against Hsp@0 and cell growth inhibition against cancer cell

lines
@)
or
HO OH HO OH
11a-e 15
Hsp9Qx
Compound R (FPY H197% Skbr¥

(ICsc; NM) (Glso; pM) (Gl uM)

11a ‘g'NC%D 183.3 19.9 7.1
11b -§-NCbs 135.9 8.7 5.4
—

11c 4N N 480.8 19.1 9.3

H
11d —§—N@ >1000 > 50 NA
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 Binding to N-terminal domain of Hsp9® was determined by a fluorescence
polarization (FP) assal4 h).b Cytotoxicity on H1975 non-small cell lung cancer
cell (NSCLC) line.® Cytotoxicity on Skbr3 breast cancer cell line.

We next investigated the binding affinity of thesudting compoundsl{a-e and 15) to
human recombinant Hsp@Gand their anti-proliferative activity on two humaancer cell
lines, H1975 and Skbr3, which are a gefitinib-reesis non-small cell lung cancer cell line
and a Her2-overexpressing breast cancer cell liespectively. As shown in Table 1,
compoundslla-c, which had secondary amide grougxhibited an appreciable binding
affinity to human Hsp98 in a fluorescence polarization (FP) assay as asljood cellular
efficacy against H1975 and Skbr3. Notably, analoglie afforded the highest binding
affinity (ICso = 135.9 nM) to human Hsp@dn the FP assay compared with other analogues.
Consistent with the result of Hsp90 binding assmaloguellb also displayed the most
potent anti-proliferative activity against the twaancer cell lines, H1975 and Skbr3.
Interestingly, analogueld-e, which had secondary amide groups, were unablani to
human Hsp9@, so they did not show any cytotoxic effect on H18R8 Skbr3. Additionally,
benzoxazole analoguks did not exhibit any activity in the FP assay oe ttell growth
inhibition assay. The resulting data indicated that scaffold of the entry region binder was
critical for the improvement of the binding affipito the ATP-binding pocket of Hsp90.
Nonetheless, compouridb afforded the highest binding affinity to human B8g, and the

most potent cellular efficacy in the two cancet tieés, H1975 and Skbr3.

2.4. Synthesis of compouh@l
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Encouraged by the potency conferred by compdlit the synthesis of compouri®,
which contains an isopropyl group at C-5 of the mhaing, was embarked upon next.
Isopropyl moiety is a common hydrophobic bindertth& employed in the clinical
development of resorcinol-based Hsp90 inhibitarsiaks been reported that the replacement
of the 5-chloro substituent with an isopropyl granpthe resorcinol ring will increase the
number of additional hydrophobic interactions ie thydrophobic region [21]. Accordingly,
we pursued the synthesis of compoud8d The synthetic route of compouid€ is illustrated
in Scheme 4. The Friedel-Crafts alkylation6okith isopropyl bromide was carried out in the
presence of aluminum chloride to provide methyldilydroxy-5-isopropylbenzoatd ) in
46% vyield. A subsequent hydrolysis ® with lithium hydroxide in methanol and water
provided carboxylic acid7 in 100% vyield. Lastly, the amide coupling reactminl7 with

commercially available secondary amit&using EDC afforded compouri® in 52% yield.
2.5. Comparative in vitro assays of compoafdvith geldanamycimand 11b

Table 2. Inhibitory activity against Hsp30 and cell growth inhibition against cancer cell

lines

Hsp9Qr (FP}  H197% Skbrd

Compound
pou (ICs; M) (Glsg iM)  (Glsg; M)

MW cLogP




GA (1) 14.0 0.56 0.43 560 2.06
11b 135.9 8.7 5.4 309 2.61

19 50.3 0.31 0.11 317 3.32

8 Binding to N-terminal domain of Hsp9® was determined by a fluorescence
polarization (FP) assayl4 h).? Cytotoxicity on H1975 non-small cell lung cancer
cellNSCLC) line.® Cytotoxicity on Skbr3 breast cancer cell line.

With compoundl9 in hand, we investigated the binding affinity ehtpoundl9 to human
Hsp9Qx and its cell growth inhibition activity on H197%c Skbr3. As shown in Table 2,
compound19 afforded a significantly improved binding affinityp recombinant human
Hsp9Qx protein in the FP assay with ans§Gralue of 50.3 nM. It is noteworthy that the
binding affinity of19 is 2.7-fold higher than that of compoutitb that has a chloro group at
C-5 of the phenyl ring as a hydrophobic binder. ekpected, isopropyl moiety retained a
stronger binding affinity in the hydrophobic regitiman chloro moiety. The cell growth
inhibitory effect of 19 was measured with H1975 and Skbr3 cancer celt lusng MTS
colorimetric assay and it provided submicromolagy@alues of 0.1JuM and 0.3uM against
H1975 and Skbr3 cell lines, respectively. Interegti, according to the cell growth inhibition
assay, the cellular efficacy of compout®@l (H1975 G = 0.31uM, Skbr3 Gp = 0.11uM)
was 30 to 50 fold more active thatb (H1975 Gkp = 8.7uM, Skbr3 G, = 5.4uM) against
H1975 and Skbr3 cancer cell lines. Considering thatbinding affinity ofl9 (ICso = 50.3
nM) to Hsp9@r protein in the FP assayas only 2.7 fold higher than that &b (ICso =
135.9 nM), it was assumed that compou®dis more capable of penetrating into the cells
than11b, affording highly active cellular efficacy agairencer cell lines. Furthermore, the
difference of the hydrophobicity values between poond19 (clogP = 3.32) andlb (clogP

= 2.61) also supported this assumptibmportantly, compound9 is more potent against



H1975 and Skbr3 than the reference compound GAencell growth inhibition assay. The
ligand efficacy (LE), which refers to the potencgrpunit of the molecular weight, is
considered to be an important criteria for judgihg potential of the improvement in drug
discovery. Through a comparison of the moleculagtteof 19 (MW = 317) with that of GA
(MW = 560), compoundl9 has a high improvement potential in preclinical aslinical
studies. Collectively, the advantage of isopropwgiety over chloro moiety became apparent
when the protein binding affinity, cellular growitthibitory effect, and cell permeability were

all considered.

2.6. Molecular modeling dif9

-
entry »
region

:

. ~_hydrophgbic
region
hydrophmc )
|op

Figure 3. Molecular docking model of9 bound in the ATP-binding pocket of human Hsp90



(PDB code: 2XJX). The carbon, oxygen, nitrogen, suitlr atoms ofl9 are shown in lime, red,

blue, and yellow, respectively. The side chainthefbinding site are colored according to the atom
types (carbon, gray; oxygen, red; nitrogen, red)ae labeled with their residue name. The water
molecules are shown as red spheres, and the hydooges are shown as dashed red lines. The

docking poses were visualized using PyMOL1.3.

To assess the precise binding pose of compd8nd the ATP-binding pocket of Hsp@aQ
we performed docking simulations of compour@dusing theN-terminal domain of Hspa®
(PDB code: 2XJX) as a template. The crystal stmectf the ATP-binding pocket in thHg-
terminal domain of Hsp@®is characterized by a network of highly orderedevanolecules
in the hydrophilic region of the ATP-binding pockd&the docking study indicated that the
resorcinol ring of19 was located in the hydrophilic region as expecteédure 3A). The
carbonyl group ofl9 formed two hydrogen bonding interactions with byelroxyl group of
Thr184 and a conserved water (Figure 3B). The hydmgroup at C-2 of the phenyl ring also
formed bidentate hydrogen bonding interactions whth carboxylate side chain of Asp93 as
well as a conserved water and the hydroxyl group-atinteracted with one of the remaining
conserved water molecule through hydrogen bondhsgthe isopropyl group at C-5 db
had been designed as a hydrophobic binder, theaopggpgroup could project into the
hydrophobic region, and it efficiently formed promal Van der Waals interactions with
lipophilic residues of Vall86, Vall50, Leul07, aRthel38. The 6,7-Dihydrothieno[3,2-
c]pyridin-5(4H)-yl moiety of compound9, which was selected as the most potent entry
region binder among analogues in Tables 1 and r@icedy positioned in the entry region of
the ATP-binding pocket (Figure 3A). This entry magibinder formed proximal Van der
Waals contacts with the hydrophobic side chain8lab5 and 11e96 as well as tlfgacarbon

of Asp54.



2.6. Biological evaluation df9
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Figure 4. (A) Effect of compoundl9 on the cell proliferation of H1975. Cells were

incubated with the indicated concentratioril®ffor O, 1, 2, and 3 days and cell proliferation

was measured using the MTS assay. Data are prdsanimeart SD (n = 4). (B) Effect of

compoundl9 on the expression of EGFR, Her2, Met, c-Raf, Adp70 and Hsp90. H1975
cells were incubated with the indicated concerdgretiof19 for 24 h and the expression of
the Hsp90 client proteins were analyzed using thstern blot. Geldanamycin (GA, M)

and DMSO (D) were employed as a positive and atihegeontrol, respectively.

To investigate the dose- and time-dependent aotifrative effect of compound,
H1975 cells were treated with compoutlat various concentrations (0, 0.01, 0.1, 1, 10, 20
30, 50uM) for O, 1, 2, and 3 days. Expectedly, the dathcated that compountd afforded a
potent growth-inhibitory effect of H1975 cells indase- and time-dependent manner (Figure

4A). Compoundl9 almost completely impaired the growth of H1979<at the concentration



of 1 uM.

To add support to the premise that compodBAdexerts its anti-proliferative effect via
Hsp90 inhibition, we next studied the cellular barkers of Hsp90 inhibition. Hsp90 is
responsible for maintaining the stability of EGHRer2, Met, c-Raf, and Akt. Hence, an
inhibition of the Hsp90 function will promote thegradation of these client proteins via the
ubiquitin-proteasome pathway. As shown in Figure #t# exposure of H1975 cells 18
caused a significant reduction in the cellular piotevels of EGFR, Her2, Met, c-Raf, and
Akt, while compoundL9 upregulated the cellular protein level of Hsp7®jah is considered
a cellular hallmark of Hsp90 inhibition. The exmie® level of non-Hsp90-dependent
protein, B-actin remained unchanged. Collectively, the rasirticated that compountd
disrupted the Hsp90 chaperone function and circumtegkethe gefitinib-resistance in H1975

cells through a destabilizing of oncogenic protansh as EGFR, Her2, Met, c-Raf, and Akt.
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Figure 5. Compoundl9 induces apoptosis in H1975 cells. (A) H1975 ce#se treated with
compound19 (0.5 and 1uM) for 24 h, and they were then analyzed using flowometric

analysis with Annexin V and propidium iodide stami (B) H1975 cells were incubated with



compoundl19 (0, 0.05, 0.1, 0.5, 1, and V) for 24 h and the expression of the apoptotic
biomarker proteins (PARP, cleaved caspase 8, cashadeaved caspase 3, Bcl-2, and Bax)
was analyzed using the western blot. GeldanamyGA, (1 uM) and DMSO (D) were

employed as a positive and a negative control easely.

The proliferation of cancer cells can be suppressethe activation of apoptotic signals,
as it is regulated by the avoidance of the apoptoschanism. To determine whether the
anti-proliferative effect of compound9 on H1975 cells is related to the induction of
apoptosis, we treated H1975 cells with compoi®@@.5 and 1uM) for 24 h. The cells were
then stained with Annexin V and propidium iodidepdathey were analyzed using
fluorescence-activated cell sorting (FACS). As shaow Figure 5A, the treatment of H1975
cells with 19 remarkably induced early and late apoptosis atlekel of 8.5 and 8.3%,
respectively. As an additional approach for theessment of apoptosis, the effect of
compound19 on apoptotic-biomarker proteins such as PARP, asey caspase3, B-cell
lymphoma 2 (Bcl-2), and Bcl-2-associated X protédax) was investigated, as shown in
Figure 5B. The exposure of H1975 cell to w8 of 19 induced the cleavage of PARP,
caspase 8, and caspase 3 that indicated that cowh@®yromoted apoptotic cell death even
at the concentration of OJBM. Interestingly, compound9 did not alter the expression levels
of Bcl-2 and Bax. It is probably because compofii@activates the apoptosis of H1975 cells
through the extrinsic apoptotic pathway. Nonetlglethe results clearly suggest that

compoundl9 efficiently inhibits the growth of H1975 cells tugh inducing apoptosis.

2.7. Effect ofl9 on cytochrome P450s



Table 3. Inhibitory potency of compound9 on specific P450

activities in human liver microsomes

Enzyme activity P450  ICso (UM)
PhenacetirO-deethylation 1A2 > 50

Tolbutamide 4-methylhydroxylation 2C9 > 50
Omepraozldrydroxylation 2C19 > 50
Dextromethorpha®-demethylation 2D6 >50
Midazolam 1’-hydroxylation 3A >50

Cytochrome P450 (P450) enzymes are essential éométabolism of many drugs and
drug metabolism via the cytochrome P450 systemehasrged as an important determinant
in the occurrence of drug interactions that candlea drug toxicities, reduced
pharmacological effect, and adverse drug reactibhsrefore, we investigated the effect of
compoundl9 on the catalytic activities of clinically signibat human P450s such as 1A2,
2C9, 2C19, 2D6, and 3Ain human liver microsomés.[Zo do so, the inhibitory potency of
compoundl9 was determined with cytochrome P450 assays iraltisence and presence of
compoundl19 up to 50uM final concentration using pooled human liver mmgwmes. The
assay indicated that compoub®@ had no effect on the activities of five major P4&&orms
and all of the 1G, values for these enzymes were higher thapM0These findings suggest
that clinical interactions between compoufh® and the substrate drugs of these P450

isoforms are not expected.

2.8. In vivo anticancer effect @®
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Figure 6. Antitumor activity of compound9 in a mouse xenograft model. (A) The average
volumes of the H1975-derived tumors from the veshaohd compount treated mice were
plotted 10 days after tumor inoculations. Stat@tgignificance was determined by the
Student’s t-test (*p<0.05, **p<0.01, ***p<0.001)B) Body weight changes were recorded
during the treatment of vehicle and compoafd(C) Immunostaining of H&E and akt in

H1975 xenograft tissue sections.

To confirm thatin vitro anticancer effect ofl9 translates intoin vivo model, we
subcutaneously injected NOD-scid IL2Rganithamice (NSG) mice with H1975 human

non-small lung cancer cells and compoutfl or vehicle controlwas intraperitoneally



administered to mice bearing subcutaneous tumaig fidlowed by weekend rest for 2
weeks at 10 mg/kg. Mice injected with vehicle cohtapidly developed visible tumors that
grew continuously throughout the course of thettneat period. In contrast, mice injected
with compoundl9 exhibited a delayed growth of the tumors thatsagaificantly smaller in
size compared with those of vehicle control (Figém). On the basis of body weight
measurements, compourdd was well tolerated at the dose level of 10 mg/kgirdy the
course of the treatment period and no treatmeata@l deaths were observed. The
morphology of xenotransplanted tumor defined epikdetumor features similar to those of
human epithelial lung cancer. In agreementnofitro results, we also observed decreased

Akt expression in tumor samples treated with conmoldi® (Figure 6C).

3. Conclusions

In summary, the discovery and characterizatiorhefriovel Hsp90 inhibitot9 has been
described. Systematic analysis of multiple X-raycogstal structures enabled the design and
optimization of the novel class of Hsp90 inhibitd®. The overall synthetic schemes
developed in this study allowed for an easy preparaf the intermediates and the diverse
analogues. In addition, its practical syntheticteomade it readily amenable to large scale
synthesis. Compound9 demonstrated an exceptionally potent binding affino the N-
terminus of Hsp9@ in the FP assay (Kg= 50.3 nM). The docking simulation demonstrated
that compoundl9 tightly occupied the ATP-binding pocket in tiNeterminal domain of
Hsp9Qx, hereby supporting the strong binding affinityl®fto Hsp9@r that was observed in
the FP assay. The strong enzyme affinity of comgaléh agreeably translated into good
cellular activity, whereby compountB inhibited the proliferation of H1975 NSCLC and
Skbr3 breast cancer cell lines withsgVvalues of 0.31uM and 0.11uM, respectively. The

exposure of cancer cells to compou®displayed the characteristic molecular biomarkérs o



Hsp90 inhibition such as the downregulation of @eroc proteins (EGFR, Her2, Met, c-Raf,
and Akt) and the upregulation of Hsp70. The resaft$ACS and western blot analysis
indicated that compount® inhibited the growth of H1975 cells through theusement of
apoptosis. Cytochrome P450 assay indicated thapeond19 had no effect on the activities
of five major P450 isoforms (Kg > 50 uM for 1A2, 2C9, 2C19, 2D6, and 3A), suggesting
that clinical interactions between compoutffland these P450 isoforms are not expected.
Moreover, compound9 displayed a significanh vivo efficacy in a mouse xenograft model
bearing subcutaneous H1975 tumors and the immunosgeof H&E and Akt in xenograft
tissue sections is in a good agreement with ithevitro results. Overall, the attractive
attributes of19 warranted further studies on ADMET profile and titerapeutic evaluation

for various types of cancer. These studies wiltdported in due course.

4. Experimental

4.1. Chemistry

4.1.1. Methyl 2,4-dihydroxybenzoate (6)

2,4-Dihydroxybenzoic acid (10 g, 64.88 mmol) antwsic acid (5 mL) in MeOH (40 mL)

was stirred at 100 for 24 h, equipped with a refluxing condenser undegon. After

cooling at room temperature, the mixture was cotmated under reduced pressure and added
water at °C. To filter the resulting white solid was dissalvie ethyl acetate washed with
saturated NaHC@solution. The organic layer was dried over,8&, concentrated under
reduced pressure to afford compoia 86% vyield.'H NMR (500 MHz, CRQOD) 7.56 (d,J

= 9 Hz, 1H), 6.24 (dd) = 8.8 Hz, 2.0 Hz, 1H), 6.21 (d,= 2.5 Hz, 1H), 3.78 (s, 3H}°C

NMR (125 MHz, CQOD) 6 171.7, 165.7, 164.9, 132.7, 109.1, 105.5, 10248.5

4.1.2. Methyl 5-chloro-2,4-dihydroxybenzoate (7)



A mixture of compound (10.0 g, 59.5 mmol) and sulfuryl chloride (4.30 n39.5 mmol) in
CH.CI, was stirred at 6C for 24 h under argon. The mixture was neutralizéth 10 %
NaOH to pH 5, concentrated under reduced presauncthen extracted with ethyl acetate.
The organic layer was washed with saturated Nafi€@ution three times, dried over
NaSQOq, concentrated under reduced pressure, and pubfiesblumn to afford compound
in 45% vyield. R= 0.26 (2:8 ethyl acetate: hexan#). NMR(400 MHz, CDC}) & 10.83 (s,
1H), 7.82 (s, 1H), 6.61 (s, 1H), 5.94 (s, 1H), 3(823H).**C NMR (100 MHz, CDG)) §

169.6, 162.5, 157.3, 130.3, 111.5, 106.8, 104.%.52

4.1.3. Methyl 2,4-bis(allyloxy)-5-chlorobenzoaté (8

A mixture of compound (6.09 g, 30.00 mmol), allyl bromide (6.75 ml, 78.6hmol) and
potassium carbonate (10.78 mL, 78.02 mmol) in DMIS stirred at room temperature for 24
h under argon. The mixture was concentrated uretkroed pressure, and then extracted with
ethyl acetate. The organic layer was washed witara@d NaHC® solution three times,
dried over NaSQO, and concentrated under reduced pressure to aftorgpound3 in 100%
yield. *"H NMR (400 MHz, CDCJ) § 7.85 (s, 1H), 7.25 (s, 1H), 6.44 (s, 1H), 6.4455(8,
2H), 5.52-5.40 (m, 2H), 5.31-5.29 (m, 2H), 4.5844(f, 4H), 3.82 (s, 3H)*C NMR (100
MHz, CDCk) 6 164.7, 158.7, 157.7, 133.0, 132.2, 131.7, 1181741 113.9, 112.6, 99.4,

69.7, 51.7.

4.1.4. 2,4-Bis(allyloxy)-5-chlorobenzoic acid (9)

A mixture of compound (9.43 g, 37.99 mmol) and sodium hydroxide (5 gjnethanol (25
mL) - H,O (25 mL) was stirred at room temperature for 30te mixture was neutralized
with 1N HCI to pH 6 and then extracted with ethgkatate three times. The organic layer

was dried over N&Oy, concentrated under reduced pressure to afforgpoand9 in 80%



yield. *H NMR (400 MHz, CDCJ) & 8.16 (s, 1H), 6.55 (s, 1H), 6.10-5.99 (m, 2H),15535
(m, 2H), 4.77-4.66 (m, 4HJ3C NMR (125 MHz, CDGJ) § 164.5, 158.9, 157.3, 134.7, 131.7,

130.8, 120.9, 118.9, 116.9, 111.3, 98.9, 71.4,.70.2

4.1.5. (5-Chloro-2,4-dihydroxyphenyl)(3,4-dihydagsiinolin-2(1H)-yl)methanone (11a)

A mixture of compoun® (0.3 g, 1.12 mmol), 1,2,3,4-tetrahydroisoquinol{(fe21 mL, 1.68
mmol), N,N’-dicyclohexylcarboiimide (0.46 g, 2.23 mmol), hygybenzotriazole (0.15 g,
1.12 mmol),N,N-diisopropylethylamine (0.20 mL, 1.12 mmol) in 3 mE DMF was stirred
under microwave irradiation for 3h at 80. The mixture was dissolved in ethyl acetate. The
organic layer was washed with water, dried oveprS@, concentrated under reduced
pressure and purified by MPLC to afford intermegliedmpoundR; = 0.30 (3:7 ethyl acetate:
hexane). The resulting intermediate compound wagdtunder microwave irradiation for 1
h at 120°C in the presence of PdAFPPh), (37 mg) and ammonium formate (300 mg) in 3
mL of THF. The reaction mixture was diluted withhyt acetate. The organic layer was
washed with water, dried over MO, concentrated under reduced pressure and purified b
MPLC to afford compoundla in 66% yield in two steps. {R= 0.20 (2:3 ethyl acetate:
hexane)’H NMR (500 MHz, CDCY)) § 7.35 (s, 1H), 7.23-7.18 (m, 3H), 7.13-7.12 (m, 1H)
6.67 (s, 1H), 4.82 (s, 2H), 3.90 {t= 6.0 Hz, 2H), 3.00 (tJ = 6.0 Hz, 2H)*C NMR (125
MHz, CDCk) 6 170.7, 160.9, 155.0, 134.3, 132.5, 128.9, 12&%,2, 126.8, 126.5, 110.7,

110.1, 105.3, 48.6, 44.4, 28.9. ESI M&/¢ 304.07 [M+1].

4.1.6. (5-Chloro-2,4-dihydroxyphenyl)(4,5-dihydietmo[2,3-c]pyridin-6(7H)-yl)methanone
(11b)
A mixture of compound9 (0.3 g, 1.12 mmol), 4,5,6,7-terahydrothieno[3,2gjridine

hydrochloride (0.29 g, 1.68 mmolN,N’-dicyclohexylcarboiimide (0.46 g, 2.23 mmol),



hydroxybenzotriazole (0.15 g, 1.12 mma)N-diisopropylethylamine (0.20 mL, 1.12 mmol)
in 3 mL of DMF was stirred under microwave irraghat for 3h at 80°C. The mixture was
dissolved in ethyl acetate. The organic layer washed with water, dried over p&O,,
concentrated under reduced pressure and purifieddRiyC to afford intermediate compound.
R = 0.23 (1:3 ethyl acetate: hexane). The resuititgymediate compoundas stirred under
microwave irradiation for 1 h at 128 in the presence of Pd LFPh), (50 mg) and
ammonium formate (500 mg) in 3 mL of THF. The reactmixture was diluted with ethyl
acetate. The organic layer was washed with wategd dbver NaSOy,concentrated under
reduced pressure and purified by MPLC to afford goomd11b in 27% vyield in two steps.
R = 0.26 (2:3 ethyl acetate: hexaré).NMR (400 MHz, CDC}) § 10.26 (s, 1H), 7.32 (s,
1H), 7.16 (d,J = 5.2 Hz, 1H), 6.78 (d] = 5.2 Hz, 1H), 6.65 (s, 1H), 6.13 (s, 1H), 4.762(d),
3.95 (t,J = 6.0 Hz, 2H), 3.03 (] = 5.6 Hz, 2H)**C NMR (125 MHz, CDGJ) 5 171.1, 161.0,
155.1, 133.4, 131.5, 128.4, 124.8, 124.1, 110.0,211105.4, 47.5, 44.2, 25.1. ES| M8/

310.88 [M+1].

4.1.7. (5-Chloro-2,4-dihydroxyphenyl)(4-phenylpigean-1-yl)methanone (11c)

A mixture of compound?2 (0.17 g, 0.90 mmol), 1-phenylpiperazine (0.21 ml50 mmol),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.85 1.80 mmol), hydroxybenzotriazole
(0.12 g, 0.90 mmol)N,N-diisopropylethylamine (0.16 mL, 0.90 mmol) in 3 mLDMF was
stirred under microwave irradiation for 3h at 1%ZD. The mixture was dissolved in ethyl
acetate. The organic layer was washed with 1N-HG@QUt®n, dried over NgO,,
concentrated under reduced pressure and purifiddRlyC to afford compoundlc in 14%
yield in two steps. R= 0.23 (2:3 ethyl acetate: hexan#). NMR (500 MHz, CDCJ) &
10.13(s, 1H), 7.30-7.26(m, 2H), 6.94-6.93(br, 3B)66(s, 1H), 5.77(s, 1H), 3.88(s, 4H),

3.24(t,J = 5.0 Hz, 4H).**C NMR (150 MHz, CDGJ) & 170.3, 160.9, 155.0, 150.7, 129.4,



128.6, 120.9, 116.7, 110.2, 110.1, 105.3, 59.5,486.0, 31.0. ESI MS{/e) 333.10 [M+1].

4.1.8. 5-Chloro-2,4-dihydroxy-N-phenylbenzamidelj11

A mixture of compound2 (0.30 g, 1.59 mmol), aniline (0.22 mL, 2.39 mmabethyl-3-(3-
dimethylaminopropyl)carbodiimide (0.61 g, 3.18 mmdlydroxybenzotriazole (0.21 g, 1.59
mmol), N,N-diisopropylethylamine (0.28 mL, 1.59 mmol) in 3 mi.DMF was stirred under
microwave irradiation for 3h at 12%C. The mixture was dissolved in ethyl acetate. The
organic layer was washed with 1N-HCI solution, driever NaSQ,, concentrated under
reduced pressure and purified by column to affanchgoundlld in 37% yield in two steps.

Rr = 0.23 (3:7 ethyl acetate: hexarté).NMR (400 MHz, CROD) & 7.88 (s, 1H), 7.53 (dl

= 8.4 Hz, 2H), 7.22 () = 7.6 Hz, 2H), 7.01 () = 7.4 Hz, 1H), 6.36 (s, 1H}°C NMR (100
MHz, CD;OD) ¢ 166.7, 159.9, 157.8, 137.7, 129.4, 128.4, 12&@,2, 121.5, 121.1, 111.8,

109.0, 103.6. ESI MS{/e 286.82 [M+Nal].

4.1.9. 5-Chloro-2,4-dihydroxy-N-(4-hydroxyphenyhbamide (11e)

A mixture of compound?2 (0.30 g, 1.59 mmol), 4-aminophenol (0.26 g, 2.38at), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (0.61 g, 3.4®8nol), hydroxybenzotriazole (0.21 g,
1.59 mmol),N,N-diisopropylethylamine (0.28 mL, 1.59 mmol) in 3 mE DMF was stirred
under microwave irradiation for 3h at 120. The mixture was dissolved in ethyl acetate.
The organic layer was washed with 1N-HCI solutidned over NaSQy, concentrated under
reduced pressure and purified by MPLC to afford poumd1le in 34% vyield in two steps.
Rf = 0.16 (3:7 ethyl acetate: hexari&).NMR (400 MHz, CROD) & 7.87 (s, 1H), 7.32 (dl

= 8.8 Hz, 2H), 6.71 (dJ = 8.8 Hz, 2H), 6.41 (s, 1H}°C NMR (100 MHz, CROD) & 168.2,
161.4, 159.0, 155.8, 130.7, 130.5, 124.9, 124.8,311113.1, 110.3, 105.1. ESI M&/@

280.04 [M+1].



4.1.10. 5-chloro-2,4-dihydroxybenzoic acid (12)

A mixture of compoun® (1.98 g, 9.76 mmol) and sodium hydroxide (6 gjneathanol (30
mL) - H,O (30 mL) was stirred at room temperature for 24 e mixture was neutralized
with 3N HCI to pH 6 and then extracted with ethgkatate three times. The organic layer
was dried over N&QO,, concentrated under reduced pressure to afforgpeand12 in 100%
yield. 'H NMR (400 MHz, CDCJ) § 7.75 (s, 1H), 6.40 (s, 1HYC NMR (100 MHz, CQOD)

6 171.5, 163.6, 160.6, 131.3, 113.0, 106.6, 104.4.

4.1.11. 4-(Benzo[d]oxazol-2-yl)-6-chlorobenzene-did (15)

A mixture of thionyl chloride (0.2 mL, 2.69 mmolhé DMF (0.21 mL, 2.69 mmol) in DCM
(30 ml) and added compoud0.33 g, 1.22 mmol) in DCM (4mL) was stirred unaegon
for 20 min. After added 2-aminophenol (0.13g, 1.2&w) in DCM, pyridine (0.59 mL, 7.32
mmol) was added dropwise and stirred for 12h. Tlxture was dissolved in DCM. The
organic layer was washed with 1N-HCI solution, driever NaSQ,, concentrated under
reduced pressure and purified by MPLC to afforeenmediate compound®; = 0.33 (3.7
ethyl acetate: hexane). The resulting intermedtat@poundwas stirred under microwave
irradiation for 30 min at 126C in the presence of Pd L®Ph), (20 mg) and ammonium
formate (200 mg) in 3 mL of THF. The reaction mngwvas diluted with ethyl acetate. The
organic layer was washed with water, dried ovesS@a,concentrated under reduced pressure
and purified by MPLC to afford compourd in 20% yield in two steps.{R 0.23 (3:7 ethyl
acetate: hexanéH NMR (400 MHz, CDCJ)  7.98 (s, 1H), 7.70-7.68 (m, 1H), 7.59-7.56 (m,
1H), 7.37-7.24 (m 2H), 6.76 (s, 1HC NMR (100 MHz, CDG)) 5 161.9, 159.4, 155.5,
148.9, 139.9, 127.0, 125.3, 125.1, 119.1, 111.9,611105.0, 104.5. ESI MSn(g 284.19

[M+Na]".



4.1.12. Methyl 2,4-dihydroxy-5-isopropylbenzoat®) (1

A mixture of compound (3.9 g, 23.0 mmol), 2-bromopropane (4.3 mL, 46.@0at), and
aluminum chloride (6.1 g, 46.0 mmol) in @&, was stirred at 50C for 24 h , equipped with
a refluxing condenser under argon. 2-Bromopropdt riL, 46.0 mmol) was added to the
reaction mixture three times every 6 hours. Thetunéxwas neutralized with 10% NaOH to
pH 5, concentrated under reduced pressure, and ékeacted with ethyl aceatate. The
organic layer was washed with saturated NaklG@ution three times, dried over )},
concentrated under reduced pressure, and purifielomn to afford compount6 in 45%
yield. R = 0.21 (1:4 ethyl acetate: hexan#).NMR (400 MHz, CDCJ) & 10.8 (s, 1H), 7.64
(s, 1H), 6.34 (s, 1H), 5.50 (s, 1H), 3.90 (s, 3#),5-3.08 (M, 1H), 1.25 (d,= 10.8 Hz, 6H).
¥C NMR (100 MHz, CDGdJ) 6 170.7, 161.6, 159.6, 128.1, 127.1, 105.7, 10322,526.7,

22.8.

4.1.13. 2,4-Dihydroxy-5-isopropylbenzoic acid (17)

A mixture of compounds6 (0.24 g, 0.97 mmol) and lithium hydroxide (1 g)methanol (10
mL) - H,O (10 mL) was stirred at 5T for 12 h , equipped with a refluxing condensedam
argon.. The mixture was neutralized with 6N HClpid 6 and then extracted with ethyl
acetate three times. The organic layer was driet dlgSQ,, concentrated under reduced
pressure and purified by MPLC to afford compodidn 100 % vyield. R= 0.23 (3:7 ethyl
acetate: hexaneJH NMR (400 MHz, CROD) § 7.68 (s, 1H), 6.35 (s, 1H), 3.25-3.22 (m,
1H), 1.27 (dJ = 4.0 Hz, 6H).}*C NMR (100 MHz, CROD) & 173.8, 163.3, 163.1, 129.2,

128.7, 105.4, 103.1, 27.7, 23.2.

4.1.14. (6,7-Dihydrothieno[3,2-c]pyridin-5(4H)-yD(4-dihydroxy-5-



isopropylphenyl)methanone (19)

A mixture of compoundl7 (0.50 g, 2.55 mmol), 4,5,6,7-tetrahydrothieno[8]Ryridine
hydrochloride (0.67 ml, 3.82 mmol), 1-ethyl-3-(3vdithylaminopropyl)carbodiimide (0.98 g,
5.09 mmol), hydroxybenzotriazole (0.34 g, 2.55 mpe|N-diisopropylethylamine (0.91 mL,
5.09 mmol) in 4 mL of DMF was stirred under microsgarradiation for 4h at 128C. The
mixture was dissolved in ethyl acetate. The org#éyer was washed with 1N-HCI solution,
dried over NaSQ,, concentrated under reduced pressure and pubifePLC to afford
compound19 in 52% vyield. Ri = 0.27 (3:7 ethyl acetate: hexan#). NMR (500 MHz,
(CD3),CO) & 10.18(s, 1H), 8.90 (s, 1H), 7.27 @= 5.0 Hz, 1H), 7.24 (s, 1H), 6.87 @@=
5.5 Hz, 1H), 6.24 (s, 1H), 4.74 (s, 2H), 3.94)(t 5.5 Hz, 6.0 Hz, 2H), 3.25-3.01 (m, 1H),
3.02 (t,J = 6.0 Hz, 5.5 Hz, 2H), 1.22 (d,= 7.0 Hz, 6H)*C NMR (125 MHz, (CR),CO)
172.8, 159.8, 159.3, 134.1, 133.3, 127.4, 126.8,a12124 .4, 110.1, 103.9, 47.1, 45.2, 27.1,

25.8, 23.0. ESI MSnt/e 318.12 [M+1].

4.2. Molecular Modeling

In silico docking of19 with the 3D coordinates of the X-ray crystal stunes of theN-
terminal domain of human Hsp90 ((PDB code: 2XJX¥wacomplished using the AutoDock
program downloaded from the Molecular Graphics lkatmy of the Scripps Research
Institute. In the docking experiments carried gatsteiger charges were placed on the X-ray
structures of th&\-terminal domain of Hsp90 along wii® using tools from the AutoDock
suite. A grid box centered on titerminal Hsp90 domain with definitions of 60 _60_ 60
points and 0.375 A spacing was chosen for ligandkidg experiments. The docking
parameters consisted of setting the population ®z&50, the number of generations to
27000, and the number of evaluations to 2500000@¢ewhe number of docking runs was set

to 50 with a cutoff of 1 A for the root-mean-squdcéerance for the grouping of each



docking run. The docking model of human Hsp90 witimpoundl9 was depicted in Figure

3 and rendering of the picture was generated U3yhdol (DeLano Scientific).

4.3. Biology

4.3.1. Cell culture

Skbr3 and H1975 cells were grown in RPMI 1640 (aonhg 25 mM HEPES) and RPMI
1640 with L-glutamine supplemented with streptomy¢b00 mg/mL), penicillin (100
units/mL), and 10% fetal bovine serum (FBS). Cellsre grown to confluence in a

humidified atmosphere (3T, 5% CQ).

4.3.2. Cell proliferation assay

Cells were seeded ax30® (Skbr3), %10 (H1975) cells per well in a clear 96-well plate,

the medium volume was brought to 10D, and the cells were allowed to attach overnight.
The next day, varying concentrations Iifa-e, 15, 19 (Skbr3and H1975) or 1 % DMSO
vehicle control was added to the wells. Cells when incubated at 3 for 1, 2, and 3 days.
Cell viability was determined using the Promegal Tékr 96 Aqueous One Solution cell
proliferation assay. Absorbance at 490 nm was oeadiecan Infinite F200 Prplate reader,

and values were expressed as percent of absorfranteells incubated in DMSO alone.

4.3.3. Western blot
Cells were seeded in 100 mm culture dishes1(f cells/dish), and allowed to attach
overnight. Compound9 was added at the concentrations indicated comp(u68é, 0.1, 0.5,

1, and 2uM) and the cells were incubated for an additioah2 For comparison, cells were

also incubated with DMSO (1%) or geldanamycinufd) for 24 h. Cells were harvested in



ice-cold lysis buffer (23 mM Tris-HCI pH 7.6, 130MnNaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS), and B@ of lysate per lane was separated by SDS-PAGE and
followed by transferring to a PVDF membrane (BiodRd he membrane was blocked with 5%
skim milk in TBST, and then incubated with the esponding antibody (EGFR, Her2, Met,
Akt, c-Raf, Hsp90, Hsp70, PARP, caspase3, cleaasfdase3, cleaved caspase8, Bcl-2, Bax
or [3-actin). After binding of an appropriate secondamtibody coupled to horseradish
peroxidase, proteins were visualized by ECL chemihescence according to the

instructions of the manufacturer (GE healthcareA)JS

4.3.4. Apoptosis assay

Cells were seeded in 12-well plates<{D® cells/well), and allowed to attach overnight.

Compoundl9 was added at the indicated concentration (0.5lapM) and the cells were
incubated for an additional 24 h. After suspende@nnexin V binding buffer, cells were
stained with annexin V for 15 min and then addedldorescence-activated cell sorting
(FACS) buffer and propidium iodide. Apoptotic ceNere measured using BD FACSVerse a

flow cytometer.

4.3.5. Protein purification

Recombinant Hsp90 were expressedestherichia coliBL21 (DE3) cells from pET-15b
plasmids. A fresh colony was grown in LB broth madisupplemented with 2.5 mg/mL (500
uL/200 mL) ampicillin at 3?7C with shacking at 180 rpm untilséyreached to about 0.5 and
protein expression was induced by the addition sopiopyl-1-thioB-D-galatopyranoside
(final concentration of 1 mM). The temperature wlasreased to 1%, and the cell culture

was allowed to shake overnight. Cells were hardelsyecentrifugation (4000 rpm, 20 min, 4



°C). Cell pellets was suspended in binding buff& 2V Tris pH 8.0 and 0.5 M NaCl) and
sonicated on ice, and clarified by centrifugatian1d000 rpm, 99 min, 2C). His-tagged
proteins were purified by nickel-nitriloacetic aonth His Trap column and separated by
FPLC using elution buffer (20 mM Tris pH 8.0, 0.5MN&CI, 1 M imidazole). To verify the
purity of Hsp90 protein, the protein was analyzgd3SDS-PAGE. Purified proteins were

desalted using PD10 column, concentrated in Vivagpito 2.4 mg/mL, and stored at 10

4.3.6. Fluorescence polarization assay

All fluorescence polarization (FP) experiments weonducted in 96-well, black, round-
bottom plates using a micro plate reader. For FRayasxperiments, to each well was added
HFB buffer (20 mM HEPES pH 7.3, 50 mM KCI, 5 mM MgC20 mM NaMoO,, 0.01%
NP-40), 30 nM recombinant Hsp80Qull length protein, 5 nM the fluorescein isothyanate
labeled geldanamycin (GA-FITC) inhibitor, 0.1 mg/Bbvine globulin (BGG), 2 mM 1,4-
dithiothreitol (DTT) and various concentrationsagimpounds. All wells had a final volume
of 100 uL in the HFB buffer. The plate was allowed to beubated at £C for 14 h. The
polarization values in millipolarization units (mRgre measured at an excitation wavelength

at 495 nm and an emission wavelength at 530 nm.

4.3.7. Cytochrome P450 inhibition assay

The inhibitory potency of compourk® was determined with cytochrome P450 assays in the
absence and presence of compodfdfinal concentrations of 0~50M with acetonitrile
concentration less than 0.5%) using pooled humaat thicrosomes (Xenotech H0630). All
experiments were performed in duplicate. Phenac@kudeethylase, tolbutamide 4-
hydroxylase, omeprazole hydroxylase, dextrometram@demethylase, and midazolar 1

hydroxylase activities were determined as probiities for CYP1A2, CYP2C9, CYP2C19,



CYP2D6, and CYP3A, respectively, using cocktailipation and tandem mass spectrometry,

as described previously.[26]

4.3.8. In vivo xenograft

Eight-week-old female NOD-scid IL2RgamMa(NSG) mice were purchased from Jackson
Laboratory (USA) and maintained in accordance witle institutional guidelines of
Keimyung University, College of Medicine. All anitnstudies were carried out according to
approved experimental protocols. The mice were heiddividually ventilated cages (IVC)
under sterile and standardized environmental cmmdit(25+2 °C room temperature, 50+10%
relative humidity, 12 h light-dark rhythm). H1978lls (2.0 x 18cells) from anin vitro
passage were transplanted subcutaneously (s@thieteft flank region of mice on day zero.
Mice were randomly distributed to the experimemgadups (8 mice per group). When the
tumors were grown to 500 nimin size, treatment was initiated. Mice were trdate
intraperitoneally with either compourdi® (10 mg/kg), or DMSO (15 mg/kg) daily followed
by weekend rest for 2 weeks. Tumor size was medsirthe time of injection and twice per
week afterwards with a caliper in two dimensionsdividual tumor volumes (V) were

calculated by the formula V= (length x [widfj(p.

4.3.9. Immunohistochemistry (IHC)

Mouse tissue was fixed with 10% formalin and emieeldch paraffin, and sectioned. The
sections were stained with IHC for light microsapgixamination. For assessment of Akt
staining, 5um sections were permeabilized in PBS, incubatddimM sodium citrate buffer
with pH 6.0 for 100 °C, 10 min, and the with goatlyzlonal anti-Akt (Cat #9272, Cell
signaling, USA) antibody. Sections were then in¢etawith secondary antibody (1:200

dilution, Santa Cruz Biotechnology, USA), followdwy staining with diaminobenzidine



chromogen (Cat# SK-4105, Vector Laboratories, US#J counterstaining with hematoxylin
(Cat# S3309, Dako, Denmark). The stained secti@re wxamined under microscopy (200)

and all histological assessments (Nikon, Japang wexde by a pathologist.
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