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ABSTRACT

Inhibition of the hedgehog (Hh) signaling pathwagsibeen validated as a therapeutic
strategy to treat basal cell carcinoma and holdential for several other forms of human
cancer. ltraconazole and posaconazole are clipicaiéful triazole anti-fungals that are being
repurposed as anti-cancer agents based on thdiy dbi inhibit the Hh pathway. We have
previously demonstrated that removal of the triadodm itraconazole does not affect its ability
to inhibit the Hh pathway while abolishing its pany side effect, potent inhibition of Cyp3A4.
To develop structure-activity relationships for tieéated posaconazole scaffold, we synthesized
and evaluated a series déstriazole analogues designed through both ligamdt structure-
based methods. These compounds demonstrated indpeoveHh properties compared to
posaconazole and enhanced stability without inhipi€Cyp3A4. In addition, we utilized a series
of molecular dynamics and binding energy studieprtube specific interactions between the
compounds and their proposed binding site on Sneoetth These studies strongly suggest that
the tetrahydrofuran region of the scaffold projemis of the binding site and thatr interactions

between the compound and Smoothened play a keynretabilizing the bound analogues.



1. Introduction
The hedgehog (Hh) signaling pathway plays an esdemtie in embryonic development by
regulating the proliferation and differentiation célls in a time-dependent manner [1-3]. Hh
signaling is significantly less active in adultstlwithe exception of maintaining stem cell
homeostasis, predominately in the skin and centralous system [2]. Aberrant activation of the
Hh signaling pathway has been implicated as amfyiforce in several cancensost notably,
basal cell carcinoma (BCC) and medulloblastoma (N4B%]. Constitutive activation of the Hh
pathway in these cancers is primarily caused byatimuts in several key members of the Hh
signal cascade, including Patched (Ptch), Smoothé&mmo), and Suppressor of fused (Sufu) [6].
Current FDA approved drugs that target the Hh path{vismodegib and sonidegib) function
through direct antagonism of Smo; however, resistance due to point mutations inktimeling
pocket of these drugs on Smo has been identifigmbih BCC and MB patients who used these
drugs for initial treatment [7-11]. The need to eep potent inhibitors that overcome the
resistance observed with vismodegib and sonidegi led to the identification of multiple
small-molecule scaffolds that target different peialong the Hh signaling pathway. [12-16]
Posaconazole (PSZ) and itraconazole (ITZ) areadllyi approved azole antifungals that
have been identified as Hh pathway inhibitors itroviand in vivo [17-20]. Previous studies
strongly suggest that both of these drugs inhitatiih pathway by directly binding Smo [17-18,
21-22]. PSZ and ITZ retain their anti-Hh activity the presence of mutant forms of Smo that
confer resistance to vismodegib and sonidegib, ligigting their potential as improved anti-
cancer drugs targeting the Hh pathway. This agtigipresumably a result of their ability to bind
Smo in a manner distinct from the clinically apprdvdrugs. We have undertaken a series of

studies to more fully explore the anti-cancer ptétof the PSZ scaffold through targeting the



Hh pathway. Herein, we report the synthesis anduatian of PSZ analogues designed to
enhance both their Hh inhibitory activity and thdnug-like properties. In addition, we have
generated a homology model of Smo that was utilinredn extensive series of computational
studies to probe potential intermolecular interatdi between PSZ and Smo and to examine the

conformational changes in Smo that drive its inatton following antagonist binding.

2. Chemistry
2.1. PSZ Analogue Design

Multiple strategies were employed to rationally igasimproved analogues of PSZ for
evaluation as anti-cancer agents that target thsigttaling pathway. Our previous studies with
the ITZ scaffold demonstrated that the triazole etyi which is responsible for the potent
inhibition of Cyp3A4 associated with the ITZ scdffois not required for inhibition of Hh
signaling [17]. With this in mind, we designed amtial proof-of-conceptdestriazole PSZ
analogue,l, that removed the triazole while also incorpomtan simplified alkyl side chain
present in our most potent ITZ analogues (Figuréoft). Based on our preliminary docking
studies for PSZ in complex with Smuide infrg, we incorporated modified side chains that
contained either a primary alcohol or carboxylicidado take advantage of enhance
intermolecular interactions with the PSZ bindingesotn Smo (Figure 1, middle). Finally, we
prepared several simplified PSZ analogues thaaceplhe triazolone/side chain region with an
aromatic moiety tethered to the central regionhef $caffold through an amide bond (Figure 1,
bottom). These compounds were prepared based entr&AR results for the ITZ scaffold

generated in our group [20].
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Figure 1. Structure of PSZ and design strategies for PSkbgnas.

2.2. Compound Synthesis

PSZ analogué& was prepared through modification of a previoyslplished synthesis of
PSZ (Scheme 1) [23]. Friedel-Craft acylation of-diffuorobenzene?) with succinic anhydride
(3), followed by conversion of the resulting ketore the alkene through standard Wittig
conditions provided carboxylic acifl Amidation of5 with (4R)-(+)-4-benzyl-2-oxazolidinone
(OXZ) affords OXZ-protected intermediaé which undergoes selective hydroxymethylation at
the opposite face in the presence of titaniumdbtogide to form intermediaté. lodocyclization
of 7 results in selective formation of th&2R conformation around the intact tetrahydrofuran
(THF) moiety 8). Reduction oB with sodium borohydride removes both the iodind seduces
the OXZ to the primary alcohol, which is subseqlyetusylated to provide kegiestriazole THF
intermediatel 0. Intermediatel1 was prepared as described previously [17] andledugrectly to

10to afford desired analogdewith thetrans conformation in 5% overall yield.
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Scheme 1.Synthesis of THF Ring and final coupling to mdkesPSZ Analoguel. Reagents
and conditionsya) AlCl;, DCM, 45°C, 34 h, 65%; (b) NaQtBu, MePPBBr, THF, 40°C, 12 h,
100%; (C) i. DCM, TEA, pivaloyl chloride, ii. OXZ, DMAP, DMF, 45-50°C, 12 h, 68%; (d) i.
DCM, TiCls, DIPEA, 0°C, 1 h, ii.strioxane, TiC}, DCM, 0°C, 12 h, 50%; (e) I,, pyridine,
CHCN, R.T.,20 h, 61%; (f) NaBH,;, DMSO, 110C, 12 h, 62%; (g) Pyridine, TsCl, R.T., 12 h,
100%; (h) CsCOs, DMSO, 90°C, 12 h, 63%.

Analogues incorporating either aarboxylic acid or primary alcohol in the side chai
region of the PSZ scaffold were prepared by cogpéither ethyl 3-bromopropanoate or ethyl
bromoacetate to well-characterized intermediB2e[17] under basic conditions, followed by
demethylation with boron tribromide to afford estd5 and 16, respectively (Scheme 2).
Subsequent coupling of the tosylated THF interntedi@ to both estersesulted in17 and18,
which had been hydrolyzed to the carboxylic acigspmablydue to the basic conditions and
elevated temperature required for the couplingoAdt 19 was prepared through reductionlat

with lithium aluminum hydride. Surprisingly, attetspgo reducd8 to the corresponding alcohol

were unsuccessful, resulting in multiple produbtst wwere difficult to characterize. Becaus®



was significantly less active thdY against the Hh signaling pathway (Table 2 belomg,did
not optimize the conditions necessary to redli8eto the corresponding alcohol. A similar
synthetic route was also utilized to synthesizéTahanalogue incorporating the propanoic acid
side chain 21) to explore whether incorporation of this moieffeated the activity of theles

triazole ITZ scaffold (Scheme 3).
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Scheme ZSynthesis of HydroxylateBestriazole PSZ Analoguefeagents and condition&)
ethyl 3-bromopropanoate or ethyl bromoacetateCOs, DMF, 60 °C — 100 °C, 12 h, quaiib)
BBr; (1M), DCM, 0 °C - R.T., 4 h, 295%, (c) CCOs;, DMSO, 90 °C, 12 h36%; (d) LAH,
THF, 0 °C to R.T., 63%.
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Scheme 3.Synthesis of Hydroxylated Side Chdestriazole PSZ Analoguefkeagents and
conditions:(a) CsCOs;, DMSO, 90 °C, 12 h, 54%.
A series of ‘right side’ analogues based on prnevitiZ SAR conducted in our lab were

also synthesized (Scheme 4). They were preparecbbopling THF regionlO and the linker

region precursol2, which provides the nitro-containing intermedid® The nitro intermediate



was reduced in the presence of 10% palladium drocaand hydrazine monohydrate to produce
aniline 24. The carbamat@5 was generated through the addition of phenyl ditsmate to
aniline 24 and subsequent treatment with hydrazide monohydpabvided carboxamide
intermediate26. The final unsubstituted triazolo2& was generated by heating carboxanfide
with formamidine acetate. Finally, three analogilnes replaced the triazolone side chain with an
aromatic amide were prepared by directly couplifiganiline 24 to the requisite aromatic

carboxylic acid 28-30, Scheme 5).
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Scheme 4Synthesis of ‘Right-Side Analogues’- Linker Preawss Reagents and conditions
(@) CsCOs, DMSO, 90 °C, 12 h, 67%; (b) 10% Pd/C, EtOH, JNIH, reflux, 12 h, 90%; (c)
Pyr, CICOOPh, 3 h, 40%; (d) NNH,-H,0O, reflux, 3h, 30%; (e) formamidine acetate, acetic
acid, reflux, 3 h, 46%.
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Scheme 5.Synthesis of ‘Right-Side Analogues’- Amide Lmka@%eagents and condltlon@)
EDCI, DMAP, DCM, RT, 12 h, 27 - 63% or HATU, NMM,F, RT, 12h, 80%.



3. Initial Biological and Computational Studies forPSZ and Analogue 1.

3.1. Hhinhibitory activity for PSZ ant

To determine whether removal of the triazole moiedyg any effect on the ability of the PSZ
scaffold to inhibit Hh signaling, we evaluated whestl could down-regulate mMRNA expression
of the Hh-dependent target gene Glil in ASZ ceallsyell-characterized Hh-dependent murine
BCC cell line [24]. Interestinglyestriazole analogué& was approximately 2.5-fold more potent
than PSZ (IGp values 0.19 and 0.50 uM, respectively; Table 1). A similar trend was observed
with regards to the ability df to inhibit the growth of a primary Hh-dependent M8&ived from

a conditional Patched knockout (Math1-Cre-ER:Blchermed Ptch-CKO) mouse [25].

Table 1.In Vitro and Pharmacokinetic Activity of PSZ amitial Des4riazole PSZ Analogue.

2 Ptch-CKO CYP3A4 P-gp T Clint
e ICs0 (UM) Glsg(UM)®  ICs (UM)®  Substrat€  (min)®  (uL/min/mg)°©
PSZz 0.50+0.1 1.5+0.3 0.15 Yes 108 215
1 0.19+0.03 0.61+0.12 >20 No 61.8 37.4

4Cso values from ASZ cells represent the Mean + SEMtdeast two separate experiments performed iticaie
following a 48 hr incubation.

®Values represent the Mean + SEM of at least twarsep experiments performed in triplicate.

°PK data generated by Pharmaron or Cyprotex as a$giR@xre via their standard protocols.

3.2.Computational Modeling of the Smoothened Receptor.

Several distinct lines of evidence strongly suggleat both PSZ and ITZ bind to the 7-
TM domain of Smo in the same region where other &gunists and antagonists bind [17-18,
21-22]. Both analogues were activeFitth’”” knockout mouse embryonic fibroblasts (MEFs), but
neither compound was inhibited Hh signaling in gresence of a constitutively active Smo
mutant, indicating that inhibition of pathway si¢ing as at the level of Smo [17,21]. In addition,
ITZ significantly displaced a tritiated Smo antaggbrfrom HEK293 cells that stably express

human Smo [22]. Both azoles retain in vitro andvivo activity in the presence of several



mutant forms of Smo resistant to other Smo antagensuggesting that the PSZ/ITZ scaffold
may adopt a distinct binding conformation when amplex with Smo [17, 21]. With this in
mind, we had three primary goals for our computeticstudies. First, we sought to predict the
conformation these compounds adopt when bindin§rteo to determine how they maintain
potent anti-Hh activity in the presence of mutanfs of Smo. Second, we sought to correlate
inhibition of the Hh pathway with binding energyladations. Finally, we explored the
conformational changes that occur in Smo followaogmpound binding to validate the recent
models predicting whether a Smo ligand is an agamiantagonist [26, 27]. Taken together, this
information could aid in the future design of PSZIlanalogues as improved Hh pathway
inhibitors. Our first step in this process was engrate a homology model of SMO based on
previously published Smo structures in complex Witlown Smo antagonists (PDB IDs: 4JKV
[26], 5V56 [28], and 5L7[5]). We chose to generate a new model rather tis@nthe existing
structures because the complexes described abivee mmoved or mutated multiple residues to
allow for improved crystallization. We replaced gkealtered residues with the natural amino
acids and refined the overall structure through dlogy modeling (Modeller 9.16).

The three-dimensional structure of the SMO recegtrerated through our homology
modeling process is analogous to the experimendaiived structures previously disclosed.
Smo contains an extracellular domain (ECD), whishcomposed of the well-characterized
cysteine rich domain (CRD) and a linker domain (ELBigure 2A). Other key regions of the
Smo receptor include the seven transmembrane dgiiaiM), extracellular loop 2 (ECL2) that
connects TM4 and TM5, and the KTXXXW motif (K5398%) located in helix VIII of the
intracellular domain. ECL2 containgiehairpin that encompasses the primary binding poicke

SMO ligands. Orientation of the intracellular KTXXX motif is important for both stabilizing



the entire Smo receptor in an inactive state addaimg a conformational change that results in
Smo activation [28]. Stability of the KTXXXW motih the inactive state is primarily governed
by molecular interactions of T541, 1544 and W54%@hix VIl with T251 and A254 in helix I.
Most notably, the side chain hydroxyl of T541 formshydrogen bond with the backbone
carbonyl of V536 in the intracellular end of heltkl and the indole hydrogen of W545 forms a

hydrogen bond with the hydroxyl in the side chdi®51 in helix | (Supplemental Figure 1).

3.3. Binding modes for PSZ,and19

In order to explore the binding interaction of P&zd 1 with Smo, a grid box was generated
around the well-characterized Smo binding site.hB®§Z andl were docked into this grid on
Smo utilizing the XP mode in Schrédinger Glide. Titative ligand binding site for these
compounds is located at the extracellular surfdcthe p-hairpin in ECL2 and the-helical
extension of TM6 of the 7-TM domain. As shown irgliie 2, both PSZ antl adopt similar
orientations and binding interactions inside thedbig pocket. For both compounds, the triazole
region is oriented towards the extracellular swfadth the linker/side chain region penetrating
deeply into the Smo binding pocket. The primaryfedénce in the binding modes of the two
compounds is in regards to the triazole ring of P8&ich orients towards the solvent accessible
surface of the binding pocket resulting in unfalbeapolar binding interactions (Figure 2B and
2C). By contrast, removal of the triazole in ana®@ results in reduced interactions with the
water molecules present at the pocket surface,hmmiay be a primary reason why analogue
demonstrates enhanced anti-Hh activity. Additiont@rmolecular interactions with Smo common
to both compounds include a networkmeft and cations interactions between the phenyl ring

adjacent to the ether and Y207, K395, R485, angd&4 (Figure 3). The triazolone/side chain



region of the scaffold forms two hydrogen bonds with polar residues (D384 and N219) while
also exhibiting favorable non-polar interactions between the aliphatic side chain and several

hydrophobic residues (Y394, E518 and P513).

KTXXXW motif oS~ o N
X ]
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Figure 2. Binding mode of PSZ and 1 in complex with Smo. (A) The binding orientations of
PSZ (yellow) and 1 (blue) inside the binding pocket on Smo. The opening of the binding site is
sandwiched between the ELD and ECL2. (B) The furan region of PSZ and 1 orient out of the
binding pocket towards the ELD. (C) Compared to PSZ, 1 penetrates more deeply inside the
binding pocket.

Based on these predicted binding modes for PSZ and 1, we sought to design an improved
analogue that focused on exploring whether an analogue of 1 that replaced the sec-butyl with a

simplified hydrophilic side chain would maintain potent anti-Hh activity. In addition, the



incorporation of the terminal alcohol could potentially improve the solubility of the scaffold.
Prior to the synthesis of this analogue (19), the compound was docked into our Smo model.
Overall, the orientation and binding mode of 19 was comparable to both PSZ and 1 (Figure 3).
The difluorophenyl ring and tetrahydrofuran are oriented at the solvent accessible surface, while
the triazolone/side chain penetrated deeply into the pocket. The primary alcohol on the side chain
formed a hydrogen bond with D384, mimicking the interaction between this amino acid residue
and the secondary alcohol in the side chain of PSZ (Figure 3). Finally, neither PSZ, 1, nor 19
demonstrated specific intermolecular interactions with the primary residue mutations that have
been linked to vismodegib (D477G and E522K) and sonidegib resistance (N223D, L225R, and
G45785), providing evidence as to why these compounds maintain activity in the presence of

mutated forms of Smo.
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Figure 3. Two-dimensional Smo:ligand contact maps for PSZ (A), 1 (B), and 19 (C) in complex
with our Smo structural model. Color code is as follows: red residue, negatively charged residue;
purple, positively charged residue; green, hydrophobic residue; light blue, polar residue; gray,
solvent exposed area; pink arrow, hydrogen bond; green line, pi-pi interactions.



4. Biological Activity of Second Generation PSZ Anlagues.

4.1. Anti-Hh activity of PSZ analogues.

Preliminary docking studies with our Smo model emeged the synthesis &P as well as two
additional hydroxylated analoguek{ and18. When evaluated in ASZ cells for Hh inhibition,
19, which incorporates a propanol side chain, wastnaasive amongst the hydroxylated
analogues (165 = 0.020uM). Overall, 17-19 had significantly increased anti-Hh activity when
compared to PSZ and our initial proof-of-concepalague 1, highlighting the potential of
introducing a hydrophilic side chain in addition e removal of the triazole ring when
improving this scaffold. Curious about the impadtyaroxylated side chain would have on the
Hh activity of the ITZ scaffold, the non-stereocheally defined propanoic acid side chain
analogue?2l1, was synthesized. InterestingBl was more active thah9 by approximately 2-
fold.

Based on our recent SAR for the ITZ scaffold [2BFZ analogue&3-30 focused on
incorporating modifications to the triazolone/sicleain region or ‘right-side’ of the scaffold.
Analogues?3-27 integrated thelestriazole THF region with the linker intermediateading to
the un-substituted triazolone ring while an amid&dge in analogue®8-30 introduced phenyl
rings with hydrogen bonding potential. EvaluationASZ cells revealed the truncated nit23)(
andaniline (24) PSZ analoguesad weakened Hh inhibition comparedltmdicating an extended
scaffold is required for optimal activity. The carbate 25), carboxamide 46), and triazolone
(27) PSZ analogues had similar Hh activity as th&ins|TZ counterparts previously published
from our group [20]When investigating the amide linkage analoguesfonad thatthe addition

of a metaacetyl phenyl ring 48), increased anti-Hh activity (kg = 0.024 uM) that was



comparable to the hydroxylated analogué3-19. A metahydroxylated phenyl ring 20)
maintained Hh activity similar td while the addition of anetapyridyl group B0) abolished Hh
inhibition in ASZ cells.

Table 2.Hh Inhibition of PSZ Analogues in ASZ cells.

Cmpd  ICso (UM)® P

PSz 0.50+0.1

1 0.19 +0.03
17 0.032 +£0.01
18 0.15+0.02

19 0.020 +0.01
21 0.012 +0.005

23 0.74+0.15
24 0.33+0.12
25 >10

26 0.22 +0.08
27 0.19+0.10
28 0.024 £ 0.009
29 0.19 +0.03
30 >10

% Cs values represent the Mean + SEM of at least twarsge experiments performed in triplicate.
PAll analogues evaluated following 48 h incubation.

4.2. Preliminary pharmacokinetic profiles of PSAlaamnalogues.

Based on the promising and improved potency of RIBZ analogues, we evaluated several
pharmacokinetic parameters of representative congmu(Tables 1 and 3). All of the
compounds evaluated were minimally soluble in PB®Hh 7.4. As expected, removal of the
triazole moiety completely abolished the ability B$Z analoguesl( 21, and 28) to inhibit
Cyp3A4. Interestingly, while PSZ was identified asubstrate for P-glycoprotein (Pgf)was
not a substrate, suggesting the triazole also @ayse in efflux pump recognition for the PSZ
scaffold (Table 1). In addition, none of the compaal inhibited the hERG channel at
concentrations up to 25 pMverall, PSZ was more stable than ITZ; however, removal of the

triazole from PSZ resulted in a significant decesesmetabolic stability for analogude(T1, =



108 and 61.8 min, respectively). By contrast, agads28-30 had improved metabolic stability
compared to both PSZ aridas evidenced by values ranging from 115 to >180 min and

internal clearance rates as low at 2.23 pl/min/mg.

Table 3.Preliminary Pharmacokinetic Activity of PSZ andaaogues.

cmog | Solubility  ‘CYP3A4 hERG Tie Cl
b (UM)®  ICso (M) Inhibition (%) ®  (min)°  (uL/min/mg)°
PSZ 0.781 0.15 14.7 108 + 5.3 215
ITZ 0.8 0.04 <1 27.0£6.2
1 >20 61.8+2.1  37.4
19 1.56
21 0.781 >20 3.6
28 3.13 >20 4.2 115+9.8 20.0
29 3.13 > 180 2.23
30 1.56 > 180 7.15

®Kinetic solubility determined in PBS at pH 7.4.

®Percent inhibition of the hERG channel at 25 pM.

“Tyand Ch,were measured in human liver microsomes at 1 pM.

--- indicates values were not determined.

4.3. Molecular dynamics studies for P8Zand19.

4.3.1. Structural conformation studies.The molecular docking described above represents a
single snapshot of the binding complex between @m our PSZ-based ligands. In order to
more closely probe the binding interactions and@monational changes generated when PSZ or
its analogues bind with Smo, we performed additiomalecular dynamics (MD, 50 ns) studies
on the Smo:PSZ, Snih:and Smd9 docked structures. First, we utilized the root megquare
deviations (RMSDs) of the heavy atoms in the Smarld complexes to evaluate the dynamic
structural changes that occurred during the MD fatians (Figure 4). The overall Smo:ligand
complex was more stable for analogdeand 19 compared to PSZ, which suggests a tighter

binding affinity (Table 3). A similar trend was @bsed for the RMSD values of the ligand,

further highlighting that the two analogues are enstable in complex with Smo. The RMSD



values of the 7-TM domain and the KTXXXW motif segt)that these regions of Smo were in a
stable conformation throughout the simulation. Bytcast, the CRD is more flexible, most
likely due to fluctuation of the ELD. The KTXXXW nti, which drives downstream activation
of the pathway following a conformational chang&][2lemonstrated stable RMSD values for
each complex providing strong evidence that Smedits inactive conformation upon binding
to the three small molecules (Table 3). To furgheabe the activation/inactivation state of Smo
in complex with our analogues, we evaluated thdaramational stability of helix VI/TM6 by
RMSD analysis of the backbone atoms in this regidre a-helical extension of TM6 remained
stable throughout the 50 ns simulation time for fwionary reasons. First, a catiarinteraction
between R451 of TM6 and W535 in TM7 was maintaitlsdughout the simulation. This
specific interaction is known to play a criticaleaen stabilizing Smo in an inactive conformation
[27]. Second, a network of hydrogen bonds betweeersl water molecules and amino residues

475-479 stabilize the non-proline kink of ttadnelical extension and TM6.
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Figure 4. RMSD for heavy atoms of the Smo:PSZ (A), SIB), and SMO19 complexes. 7-
TM (black), ligand (blue), CRD (red), KTXXXW motifgreen), TM6 (magenta), and R451-
W535 (gray) with respect to the equilibrated stuoetare plotted as a function of MD simulation

time.

Table 3. RMSD comparisons for different domains of the S#8¥Y, Smdt, and Smdt9
complexes.

Smo:PSZ Sma: Smol9
Ligand 3.13+05 195+03 1.98+04
Complex 885+14 588+13 4.48+0.7
CRD 430+05 541+16 4.24+0.7
7-TM 33006 296+0.3 2.89+04
KTXXXW 297+0.2 253+0.2 251+04
TM6 1.43+0.1 1.62+0.2 159+0.1
R451-W535 0.74+0.2 0.70+0.2 0.66+0.2

4.3.2. Binding energy studiesThe RMSD values for all the heavy atoms of tharids and the
7-TM domain of the Smo:PSZ and Sheomplex converged and equilibrated after 2 nschwhi

suggests that these binding conformations are gppte to utilize for analysis of the binding



energies of the complexes. By contrast, converganceequilibration of the Smk® complex
was achieved after 10 ns; therefore, the stabjectaxies of the last 45 ns of the simulation were
employed to calculate the average binding enerdiogsthe three complexes using the
MM/GBSA method. The predicted binding energies 8ZP1, and19 with Smo are in general
agreement with experimental inhibition of Hh inhidn described above, with theGyinging for
the Smol and Smat9 complexes (-39.41 and -36.07 kcal/mol, respect)valnificantly lower
than the Smo:PSZ complex (-27.90 kcal/mol) (Table™ gain a clearer understanding of
which individual energy terms have the greatestichn the calculated binding affinities, four
individual energy components were calculated amdpaoed. Overall, the van der Waatd(qw)
interactions served as the major contributor to lWiveling energies. The polar contributions
(AGpola) Negatively affected compound binding, primaritydugh polar solvation effects that

antagonized binding affinity.

Table 4. MM/PBSA binding energies (kcal/mol) for Smo:ligaoamplexes.

PSZ 1 19
AGpinding -27.90+4.9 -39.41+4.3 -36.07+6.5
AGygw -57.96+52 -67.79+3.3 -68.13+4.2
AGelect -11.07+3.2 -8.08+2.8 -18.64+3.2
AGpolar 47.67+7.1 4395+75 58.11+8.7
AGnonpolar -6.54+04 -748+0.2 -7.41+03

aAll values are kcal/mol.

To evaluate the structural and energetic convemy®hdhe complexes, averages of the
MM/PBSA AGyinding Values were plotted as a function of simulationeti(Figure 5). These plots
allowed us to determine the most stable structaresa the entire simulation. For Smo:PSZ, the
most energetically stable conformation occurre@Xins. In this complex, the difluorophenyl

ring and the triazole moiety of PSZ are locatedvieen the ELD and ECL2 of Smo and have



minimal interactions with the residues presenthatgurface groove adjacent to the binding site
(Figure 6A). The central piperazine adopts a psetdor conformation within the binding site
that is stabilized by two strong—x interactions between the phenyl ring adjacenhé&ftiran
and Y207 and the phenyl ring adjacent to the tt@m® ring with F484. In addition, the
piperazine demonstrates strong hydrophobic interastwith multiple residues in the binding
site (M301, L303, Y394, K395, E481, and R485). Thazolone adopts a unique orientation
such that the carbonyl forms a hydrogen bond (52etimancy, interatomic distance 2.37A) with
the backbone of S385. The hydroxyl group on thg@yrside chain forms a hydrogen bond with
the side chain of D384 (40% occupancy rate, intenat distance 2.63A) while the aliphatic

regions of the side chain are stabilized by mudtydn der Waals contacts.
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Figure 5. Binding energies for Smo:ligand complexes overetinThe lowest energy
conformation was utilized to explore intermoleculaeractions between Smo and PSZ (blde),
(red), andL9 (green).

In a similar manner, the binding conformation ofi&l at 35 ns was used to explore the

key interactions between the ligand and receptayu(E 6B). When the triazole moiety is



removed, the conformation of the THF region of tkeaffold reorients such that the
difluorophenyl ring ofl interacts with the same region previously occugigdhe triazole of
PSZ. The van der Waals contacts between the difp@nyl ring and multiple residues at the
surface of the binding site (L303, R296, K204, S208 1215) are stronger than those for the
triazole in PSZ, which provides insight into thepimoved activity of thelestriazole analogues.
The biaryl piperazine id also adopts a chair conformation that is stalllizgn—r andr—cation
interactions between the phenyl ring adjacent @ ftiran and F484 and K395, respectively.
Interestingly, in this structure, N1 of the tria@oé moiety is protonated, resulting in the
formation of a salt bridge with the carboxylateeshain of D384 (49% occupancy, interatomic
distance 1.81A). Additional stabilization of théa#olone ring is provided by @ interaction
with Y394 and a hydrogen bond with the side chainN@19. Finally, the highly flexible
aliphatic side chain forms multiple hydrophobic tamts with several amino acids at the bottom
of the binding pocket.

The most energetically stable conformation of Sifio(20 ns) demonstrated that
analoguel9 penetrates deeper into the binding site thaallowing for an—cation interaction
between the difluorophenyl ring and K395 that ig peesent for the other two compounds
(Figure 6C). The slightly deeper positioning X8 also allows for the phenoxy ether to form a
hydrogen bond with the backbone of E208 (36% oagoypainteratomic distance 1.81A). The
central diaryl piperazine df9 is stabilized in a chair orientation by the samre interactions
between the two flanking phenyl rings and Y207 &#84 seen in the Smo:PSZ structure.
Finally, the primary hydroxyl of the propanol sideain forms a hydrogen bond with D384 (58%

occupancy with interatomic distance 1.85A).



5. CONCLUSION

We have broadened our understanding of the optstrakctural motifs required for potent
inhibition of the Hh signaling pathway for small lacule analogues based on the general PSZ
and ITZ scaffolds. Our studies continue to demanstthat the triazole moiety present in the
parent scaffold is not required for potent anti-Bittivity and that its removal abrogates the
primary off-target side effect associated with RBZ/administration. Interestingly, removal of
the triazole in the PSZ scaffold results in a digant increase in Hh pathway inhibition and
additional modifications to the ‘right-side’ of tteeaffold have resulted in analogues with low
nanomolar IG, values in Hh-dependent cell lines. To more fulhderstand our experimental
SAR, we performed extensive computational studies, results of which provide important
context for further analogue preparation. The THfion extends out of the binding pocket and
removal of the triazole decreases unfavorable pioi@ractions with water molecules at the
binding surface, which supports the improved attiof thedestriazole analogues. Finally, the
incorporation of a hydrophilic moiety in the tridane/side chain region of the scaffold can

increase activity through improved hydrogen bordrarctions with key binding site residues.



e
Figure 6. Energetically stabilized structures of Smo in ctexpvith PSZ (A),1 (B), and19 (C).
Intermolecular interactions between Smo and thenligare represented as dotted lines. Yellow,

hydrogen bond; Dark blue;r interaction; Redg-cation interaction.
6. Experimental section

6.1. General Information.

Starting materials and solvents were purchased Bayma-Aldrich or Fisher Scientific.
All reactions were performed under an argon atmesphntermediates 11 and 20 were prepared

as previously described [17]. NMR data was colieéctn a Bruker AVANCE 500 MHz



spectrometer and analysis performed using MestReNdRMS data was obtained at the Mass
Spectrometry Facility at the University of Conneati FT-IR analysis was performed on a
Bruker Alpha Platinum ATR instrument using OPUStwafe (v 7.2). All PSZ analogues
evaluated in the biological assays were greatem @26 purity. Purity was determined by
injecting 25uL of a 1 mg/mL solution each PSZ analogue dissoluddPLC-grade MeCN into
an Agilent Manual FL-Injection Valve (600 bar) om &gilent 1100/1200 Series HPLC
equipped with an Agilent Eclipse Plus C18 (4.6 X I0m) column and Agilent 1100 Series
Photodiode Array Detector. The mobile phase coagist 70% MeCN/30% pD. All analogues

were run at a flow rate of 1.0 mL/min for 12 mirdgourity was assessed at 254 nm.

6.2. Chemical synthesis.

6.2.1. Synthesis of des-triazole intermediates.

6.2.1.1. ((3S,5R)-5-(2,4-difluorophenyl)-5-methy#tbydrofuran-3-yl)methanol 9. To a
solution of8 (150 mg, 0.3 mmol) in anhydrous DMSO, NaB@3 mg, 1.1 mmol, 4 equiv.) was
added. The reaction was stirred at 10G overnight. The reaction is cooled to @ before
being quenched by the dropwise addition ofsS8H@aqueous, saturated). Once bubbling ceased,
the quenched reaction is extracted using EtOAc. (kg organic layers were combined, dried
over NaSQ,, filtered and concentrated. The crude was purifigdcolumn chromatography
(SiO,, 10-30%EtOAC in Hexanes). The fractions containing produete collected and dried by
rotary evaportation to obtain a clear, colorlesstield = 40 mg, 62%, 40 mgfHNMR (500
MHz, CDCk) § 7.57 (ddd,) = 34.4, 15.6, 8.8 Hz, 1H), 6.91 — 6.78 (m, 2H23%4- 4.18 (m, 1H),
4.04 (t,J = 8.1 Hz, 1H), 3.91 — 3.86 (m, 1H), 3.75 — 3.66 @H), 2.72 (dtJ = 14.6, 7.4 Hz,

1H), 2.58 — 2.51 (m, 1H), 2.48 — 2.35 (m, 1H), 1(8d,J = 12.7, 8.4 Hz, 1H), 1.62 (s, 2H), 1.55



(s, 1H).'*CNMR (126 MHz, CDCJ) & 163.04, 162.94, 161.07, 159.96, 158.08, 157.99,6R
127.63, 127.60, 127.56, 110.77, 110.58, 104.55,3404104.13, 82.80, 82.77, 77.30, 77.04,
76.79, 69.89, 64.76, 42.31, 42.03, 41.86, 41.8FH18.29. DART-HRMSm/z[M+H]* calcd.

for [C12H13F0,]", 227.0883; found 227.0899.

6.2.1.2. ((3S,5R)-5-(2,4-difluorophenyl)-5-methyltetrahydnain-3-yl)methyl 4-
methylbenzenesulfonat&0j. Alcohol 9 (33 mg, 0.145 mmol, 1 equiv.), trimethylamine @.2
mmol, 0.032 mL, 2 equiv.) and 4-DMAP (18 mg, 0.1&nol, 1 equiv.) were dissolved in DCM
at room temperature. Next, TsCl was added slowhe feaction was stirred for 2 hours at room
temperature. Upon completion, the reaction wadetilwith EtOAc and washed with,8 and
brine. The organic layer was collected, dried dvasSO,, filtered and concentrated. The crude
was purified by column chromatography (Si@0-25%EtOAc in Hexanes). The fractions
containing product were collected and dried bymo&vaportation to obtain a clear, colorless oil
(Yield = 55 mg, ~100%)*HNMR (500 MHz, CDC4) & 7.82 (d,J = 8.1 Hz, 1H), 7.74 (d] = 8.1

Hz, 1H), 7.49 — 7.45 (m, 1H), 7.37 @= 8.1 Hz, 1H), 7.36 (d] = 8.1 Hz, 1H), 6.88 — 6.75 (m,
2H), 4.15 — 3.60 (m, 5H), 2.50 (m, 4H), 2.50 (m, hitiden by Ch) 2.41 — 2.37 (m, 1H), 1.91 —
1.77 (m, 1H), 1.55 (s, 2H), 1.50 (s, 1HCNMR (126 MHz, CDG) & 163.07, 161.11, 159.91,
158.04, 145.02, 132.88, 129.96, 129.89, 129.60,922127.87, 127.53, 127.45, 127.41, 127.07,
110.89, 110.72, 110.01, 109.98, 104.63, 104.42.21082.74, 77.31, 77.05, 76.80, 71.29, 70.98,
69.75, 69.18, 42.02, 41.49, 41.46, 39.19, 39.00,228.26, 21.6DART-HRMS: m/z[M+H]"
cald. for [GoH»1F0,S]", 383.1050; found 383.1117. Also found [M—-g§H= 367.0803 and

[M+NH4]* = 400.1388.



6.2.2. Synthesis of proof-of-concept analotjue

6.2.2.1. General synthetic procedure for couplifg tdes-triazole THF region to linker
intermediate.CsCOs; (10 equiv.) and the requisite linker (1 equiv.)reveliluted in anhydrous
DMSO and stirred for 30 minutes at room temperahefre addition of the des-triazole THF
region in DMSO. The mixture was heated to @D and stirred for 12 h. The reaction was
guenched with water and extracted using EtOAc éhg DCM (2x). Forl7 and 18, the water
layer was acidified to pH = 2 to ensure complet&aetion of the carboxylic acid into the
organic phase. The organic layers were combineed dver NaSQ,, filtered and concentrated.
The crude analogue was purified by column chromayy (SiQ, 10-30% Acetone in

Hexanes).

6.2.2.2. 2-((R)-sec-butyl)-4-(4-(4-(4-(((3R,5R)-5-(2,4-ddlophenyl)-5-methyltetrahydrofuran-
3-yl)methoxy)phenyl)-piperazin-1-yl)phenyl)-2,4ydllo-3H-1,2,4-triazol-3-onelj). Analoguel
was prepared by coupling THF region intermedieend linker/side chain intermediaté as
described above. Dark grey solid. (Yield = 63%JNMR (500 MHz, CDC}) & 7.66 (s, 1H),
7.59 — 7.54 (ddJ = 16.2, 8.2 Hz, 1H), 7.47 (d,= 8.5 Hz, 2H), 7.07 (d] = 8.5 Hz, 2H), 6.98
(m, 1H), 6.89 (d,) = 7.6 Hz, 3H), 6.85 — 6.80 (m, 1H), 4.34 (m, 1814 — 4.11 (t) = 7.7 Hz,
1H), 3.97 — 3.96 (m, 3H), 3.85 — 3.74 (m, 1H), 3(#1 4H), 3.28 (M, 4H), 2.64 — 2.62 (m, 2H),
2.10 — 1.87 (m, 2H), 1.79 — 1.75 (m, 1H), 1.653(3), 1.43 (dJ = 6.7 Hz, 3H), 0.95 (t) = 7.3

Hz, 3H). ®CNMR (126 MHz, CDCJ) § 152.08, 150.59, 145.72, 127.74, 127.66, 125.98,582
118.57, 116.70, 115.32, 104.50, 104.36, 104.1980820.16, 52.72, 50.75, 49.27, 42.07, 39.54,

29.72, 28.47, 28.39, 19.27, 10.81. DART-HRM@®/z [M+H]" cald. for [G4Hs0FNsOs]",



604.3021; found 604.3085. IR (solighnax: 2932, 2842, 1702, 1513, 1230, 1041, 966, 823.

Purity = 95.1%.

6.2.3. Synthesis of des-triazole analogues comtgiaimodified side chain.

6.2.3.1. ethyl 3-(4-(4-(4-(4-methoxyphenyl)pipemakiyl)phenyl)-5-oxo-4,5-dihydro-1H-1,2,4-
triazol-1-yl)propanoate 13). Ethyl-3-bromoproponate was coupled with linker ioag
intermediatel0 via the general procedure described in 5.2.2.dvalio afford13. Light tan
solid. (Yield = quantitativeJHNMR (500 MHz, CDC})  7.64 (s, 1H), 7.42 (dl = 8.9 Hz, 2H),
7.05 (d,J = 9.0 Hz, 2H), 6.99 (d] = 9.0 Hz, 3H), 6.90 (d] = 9.0 Hz, 3H), 4.21 — 4.19 (m, 4H),
3.81 (s, 3H), 3.40 — 3.38 (m, 4H), 3.26 — 3.24 4ir), 2.87 — 2.84 () = 7.1 Hz, 2H), 1.31 —
1.28 (t,J = 7.1 Hz, 3H)**CNMR (126 MHz, CDGJ) & 170.83, 154.22, 151.99, 150.72, 145.49,
134.42, 125.60, 123.63, 121.26, 118.62, 116.78,6014.14.56, 110.01, 109.98, 77.40, 77.15,
76.89, 60.81, 55.59, 50.78, 49.87, 49.18, 41.36629.97, 14.20. DART-HRMSn/z[M+H]"

cald. for [GaH3oNs04] ", 452.2220; found 452.2326.

6.2.3.2. ethyl 2-(4-(4-(4-(4-methoxyphenyl)pipemakiyl)phenyl)-5-oxo-4,5-dihydro-1H-1,2,4-
triazol-1-yl)acetate 14). 3-bromoacetate was coupled with linker regionrimediatel0 via the
general procedure described in 5.2.2.1. aboveftydal4. Light tan to white solid. (Yield =
quantitative) \HNMR (500 MHz, CDC}) & 7.71 (s, 1H), 7.46 (d] = 9.0 Hz, 2H), 7.07 (dJ =
9.0 Hz, 2H), 7.00 (dJ = 9.0 Hz, 2H), 6.92 (d] = 9.0 Hz, 2H), 4.67 (s, 2H), 4.47 — 4.28 (dd;
15.9, 8.8 Hz, 3H), 3.83 (s, 3H), 3.43 — 3.41 (M), 4429 — 3.27 (m, 4H), 1.36 — 1.33Jt= 7.1

Hz, 3H)."*CNMR (126 MHz, CDGJ) 6 167.58, 167.05, 154.57, 154.27, 152.54, 150.78,113



125.94, 125.50, 123.67, 118.66, 116.61, 114.56,0110109.98, 77.34, 77.09, 76.83, 63.88,
61.83, 61.69, 55.60, 50.83, 49.16, 46.81, 14.161A14 DART-HRMS:m/z [M+H]" cald. for

[C2sH26NsO4]*, 437.2063; found 438.2149.

6.2.3.3. ethyl 3-(4-(4-(4-(4-hydroxyphenyl)piperaziyl)phenyl)-5-oxo-4,5-dihydro-1H-1,2,4-
triazol-1-yl)propanoate 15). To a solution ofl3 (1 equiv.) in anhydrous DCM as°C was
added 1M BBs in DCM (4-5 equiv.) dropwise. The mixture was r&tit for 30 min at C
before warming to RT and stirred for an additioBdl. The reaction was quenched by pouring
the mixture over ice, followed by washing with DQ&Kk) and EtOAc (2x). The organic layers
were combined, dried over B8Oy, filtered and concentrated. Column chromatogra(®g,, 1-
5% MeOH in DCM) afforded 15 as a light tan solidéM = 28%)."HNMR (500 MHz, CDC})

8 7.64 (s, 1H), 7.40 (dl = 8.9 Hz, 2H), 7.02 (d] = 9.0 Hz, 2H), 6.88 (d] = 8.8 Hz, 2H), 6.75
(d,J =8.8 Hz, 2H), 4.25 — 4.22 (m, 4H), 3.40 — 3.38 4id), 3.25 — 3.13 (m, 4H), 2.89 — 2.86 {t,
J=7.1Hz, 2H), 1.32 — 1.30 (,= 7.1 Hz, 3H)*CNMR (126 MHz, CDGJ) § 170.87, 152.24,
150.90, 150.69, 145.04, 134.66, 125.24, 124.16,841816.53, 116.00, 110.01, 109.98, 77.31,
77.05, 76.80, 60.90, 51.01, 49.10, 41.46, 33.351814DART-HRMS: m/z [M+H]" cald. for

[C23H28N504]+, 438.2063; found 438.2150.

6.2.3.4. ethyl 2-(4-(4-(4-(4-hydroxyphenyl)piperaziyl)phenyl)-5-oxo-4,5-dihydro-1H-1,2,4-
triazol-1-yl)acetate 16). Alcohol 16 was prepared using precursbt and BBr3 as described
above. Tan solid. (Yield = 23%)HNMR (500 MHz, CDC}) § 8.41 (s, 1H), 7.71 (s, 1H), 7.42
(d,J = 8.3 Hz, 1H), 7.20 (d] = 8.5 Hz, 1H), 7.04 — 6.99(m, 2H), 6.93 — 6.90 &, 9.1 Hz, 2H),
6.82 — 6.77 (M, 2H), 4.69 (d,= 8.7 Hz, 1H), 4.47 (s, 1H), 4.30 — 4.22 (m, 2818 —3.24 (m,

8H), 1.35 — 1.31 (m, 3H}3CNMR (126 MHz, CDCJ) § 168.51, 162.68, 150.85, 150.56, 150.10,



150.07, 145.56, 135.14, 132.85, 125.96, 123.79,841816.70, 116.61, 115.96, 114.58, 61.86,
61.50, 55.61, 52.65, 50.89, 49.23, 49.17, 47.79834646.70, 40.99, 29.71, 14.14. DART-

HRMS: m/z[M+H]* cald. for [GaHoeNsO4]*, 424.1907; found 424.1958.

6.2.3.5. 3-(4-(4-(4-(4-(((3R,5R)-5-(2,4-difluoropty®-5-methyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-5-oxo-djbydro-1H-1,2,4-triazol-1-yl)propanoic

acid (17). Analoguel?7 was prepared by coupling des-triazole intermediitand linker region
intermediatel5 as described above. White solid. (Yield = 424WNMR (500 MHz, CDCY) §
7.63 (s, 1H), 7.59 — 7.51 (m, 2H), 7.44 Jck 8.9 Hz, 1H), 7.07 (d] = 9.0 Hz, 2H), 7.00 — 6.97
(m, 3H), 6.90 — 6.79 (M, 5H), 4.29 — 4.21 (m, 144 — 4.07 (m, 1H), 4.03 — 3.91 (m, 4H), 3.8
— 3.72 (m, 1H), 3.42 — 3.40 (m, 3H), 3.32 — 3.3]1 (i), 3.28 — 3.27 (m, 4H), 2.71 — 2.51 (m,
3H), 2.11 — 1.97 (m, 2H), 1.66 (s, 1H), 1.65 (s).2ECNMR (126 MHz, CDC)) 5 176.37,
162.98, 161.01, 153.50, 152.29, 150.77, 145.57.4P3427.72, 125.49, 123.73, 118.69, 118.60,
118.04, 116.67, 116.50, 115.31, 110.79, 110.63,011A.09.98, 104.57, 104.36, 104.16, 82.80,
77.32, 77.06, 76.81, 70.43, 70.16, 70.10, 50.7215019.12, 48.00, 42.99, 42.04, 39.51, 39.42,
36.79, 29.71, 28.36, 20.87. DART-HRM®&/z [M+H]" cald. for [GsH3sFNsOs]*, 620.2060;
found [M — 114.9653] 505.2407m/z IR (solid)vmax: 2931, 1705, 1614, 1512, 1231.6, 1039,

966, 822 Purity = 95.1%.

6.2.3.6. 2-(4-(4-(4-(4-(((3R,5R)-5-(2,4-difluoropiyd-5-methyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-5-oxo-djbydro-1H-1,2,4-triazol-1-yl)acetic  acid
(18). Analogue 18 was prepared by coupling des-triazole intermedidieand linker region

intermediatel6 as described above. Tan solid. (Yield = 27%IJNMR (500 MHz, CDC}) &



7.63 — 7.51 (m, 1H), 7.00 — 6.94 (m, 5H), 6.90886m, 3H), 6.81 — 6.79 (M, 2H), 4.29 — 4.26
(m, 1H), 4.14 — 4.11 (m, 1H), 3.99 — 3.94 (m, 3BIR7 — 3.72 (m, 2H), 3.40 (s, 1H), 3.33 - 3.26
(m, 8H), 2.65 — 2.62 (m, 2H), 1.98 @= 4.3 Hz, 1H), 1.65 (s, 2H), 1.58 (s, 1H), 1.303H).
SCNMR (126 MHz, CDG)) § 163.11, 161.01, 153.31, 148.19, 145.76, 129.69,65 118.49,
117.91, 116.63, 115.30, 110.79, 110.61, 104.57,3604104.15, 82.71, 70.12, 50.80, 50.08,
42.07, 39.54, 29.72, 28.36. DART-HRMBUz [M+H]" cald. for [GzHs4FNsOs]*, 606.2450;
found [M — 101.0026] 505.2424m/z IR (solid) vmax: 2928, 2854, 2229, 1614, 1511, 1230,

966, 823; Purity = 97.2%.

6.2.3.7. 4-(4-(4-(4-(((3R,5R)-5-(2,4-difluorophenyl)-5-mdteyrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-2-(3-hydrpropyl)-2,4-dihydro-3H-1,2,4-triazol-3-
one (19). Carboxylic acidl7 (24 mg, 0.039 mmol) was dissolved in THF (5 mL) aodled to O
1C. LiAIH4 (2M in THF, 0.062 mmol, 0.031 mL) was added dragmviThe mixture was
warmed to RT and stirred for 4 h. The mixture waseled to OLIC and saturated NJ&I was
added dropwise and the resulting solution was wahshih EtOAc (3x). The organic layers were
combined, dried over N8O, filtered and concentrated. Column chromatogra(®ip,, 1%
MeOH in DCM) afforded alcohdl9 as a tan solid. (Yield = 17 mg, 87%HNMR (500 MHz,
CDCl) & 7.64 (s, 1H), 7.61 — 7.52 (m, 2H), 7.43 Jc 8.9 Hz, 1H), 7.06 (d] = 9.1 Hz, 1H),
7.00 — 6.97 (m, 4H), 6.89 — 6.87 (m, 3H), 6.82796m, 2H), 4.29 — 4.21 (m, 1H), 4.14 — 4.07
(m, 2H), 4.03 — 3.91 (m, 4H), 3.87 — 3.71 (m, 2BI%0 (m, 2H), 3.31 (m, 2H), 3.27 (s, 4H), 2.63
— 2.62 (m, 3H), 2.12 — 1.98 (m, 2H), 1.65 (s, 3HB7 — 1.33 (ddJ = 13.6, 6.7 Hz, 2H).
B¥CNMR (126 MHz, CDdJ) 6 163.04, 161.11, 160.07, 158.01, 153.39, 152.2Q,71/5 148.03,

145.76, 134.29, 127.73, 123.64, 118.58, 118.50,921116.65, 116.61, 115.31, 111.50, 110.78,



110.63, 110.01, 109.98, 104.57, 104.36, 104.154827.29, 77.03, 76.78, 70.46, 70.19, 70.12,
69.90, 50.81, 50.73, 50.11, 49.19, 47.98, 43.0D05}39.54, 39.45, 28.38, 22.35, 14.07. DART-
HRMS: m/z[M+H]* cald. for [GsHagF2NsO4]*, 605.2814; found [M — 100.0.390505.2424. IR

(solid)vmax: 2932, 2828, 2232, 1689, 1614, 1511, 1230,,11029, 966, 821. Purity = 96.2%.

6.2.3.8. 3-(4-(4-(4-(4-((2-(2,4-dichlorophenyl)-2thyl-1,3-dioxolan-4-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-5-oxo-djbydro-1H-1,2,4-triazol-1-yl)propanoic

acid (21). Analogue21 was prepared by coupling des-triazole intermedi@tand linker region
intermediatel5 as described above. White solid. (Yield = 20 mgf65'H NMR (500 MHz,
CDCly) § 7.77 (d,J = 8.4 Hz, 1H), 7.69 — 7.62 (m, 2H), 7.57 (s, 1H%5 — 7.39 (m, 2H), 7.29 —
7.23 (m, 1H), 7.08 — 7.06 (m, 1H), 7.00 — 6.98(), 6.95 — 6.93 (m, 2H), 6.78 — 6.77 (m, 1H),
4.67 — 4.64 (m, 1H), 4.42 — 4.33 (m, 2H), 4.19 +44m, 1H), 4.07 — 4.00 (m, 2H), 3.91 — 3.77
(m, 2H), 3.42 — 3.39 (m, 3H), 3.30 — 3.25 (m, 5HE6 (s, 3H)°C NMR (126 MHz, CDCJ) &
153.06, 153.06, 152.54, 152.54, 150.80, 150.75,9847145.94, 145.94, 139.35, 139.13, 138.14,
134.63, 134.58, 132.84, 132.77, 131.21, 131.16,983@29.00, 128.91, 128.59, 126.81, 126.75,
125.49, 123.70, 123.62, 118.50, 118.46, 118.42,921116.66, 115.52, 115.27, 110.00, 109.17,
109.11, 77.30, 77.05, 76.79, 75.07, 75.07, 74.27 77 73.96, 73.96, 73.62, 73.62, 69.29, 69.29,
68.43, 68.43, 67.94, 67.37, 67.37, 67.31, 67.01016/50.73, 50.64, 50.64, 50.14, 49.16, 49.16,
48.23, 48.23, 47.25, 31.61, 29.72, 25.90, 25.74&L%5.66, 22.67. DART-HRMSn/z[M+H]"
cald. for [G2H34CloNsOg]*, 654.1808; found [M — 115.0225]539.1583m/z IR (solid) vmax:
2937, 2881, 2826, 1705, 1509, 1225, 1193, 1034, B39, 500. Purity = 30.1 % : 69.0% (cis:

trans), total = 99.1%.



6.2.4. Synthesis of triazolone/side chain truncatealogues.

6.2.4.1. 1-(4-(((3R,5R)-5-(2,4-difluorophenyl)-5tmatetrahydrofuran-3-yl)methoxy)phenyl)-4-
(4-nitrophenyl)piperazine2@). Analogue23 was prepared by coupling des-triazole intermediate
10 and linker region intermediat? as described above. Orange oil. (Yield = 40 mg, 67%
HNMR (500 MHz, CDC}) § 8.21 — 8.19 (m, 2H), 7.65 — 7.51 (m, 1H), 6.98.80 (m, 8H),
4.29 — 4.26 (m, 1H), 4.19 — 4.10 (m, 1H), 4.00943m, 2H), 3.87 — 3.72 (m, 1H), 3.63 — 3.60
(m, 4H), 3.28 — 3.26 (M, 4H), 2.98 — 2.95 (m, 1RK6 — 2.52 (M, 2H), 2.07 — 1.95 (m, 1H),
1.65 (s, 1H), 1.58 (s, 2H}°CNMR (126 MHz, CDG)) § 154.79, 145.38, 130.16, 127.72,
127.64, 126.99, 125.98, 118.68, 115.38, 115.33,3B1312.92, 104.36, 104.15, 82.81, 70.19,
70.08, 69.90, 60.31, 50.47, 47.29, 42.03, 39.5BRDART-HRMS: m/z [M+H]" cald. for
[CagH30F2N304]", 510.2126; found 510.2205. IR (solidnax: 2932, 2850, 1596, 1509, 1322,

1229, 1115, 1038, 944, 826, 754. Purity = 95.6%.

6.2.4.2. 4-(4-(4-(((3R,5R)-5-(2,4-difluorophenyl)-5-methyiédydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)anilin@4). Pd/C (10 wt. %, 0.05 equiv.) and ethanol were
added to a round bottom flask purged with argotermediate23 (20 mg, 0.04 mmol) was
added followed by dropwise addition of hydrazinenmioydrate (13 mg, 0.40 mmol, 0.013 mL)
and the solution was refluxed for 12 h. The mixtwas cooled, filtered through celite and
washed with ethanol. The filtrate was dried andregmilting crude gray solid was purified by
column chromatography (S020-30%Acetone in Hexanes). White solid. (Yield = 17 mg,
90%). *HNMR (500 MHz, CDC}) & 7.65 — 7.54 (m, 1H), 6.99 — 6.97 (m, 2H), 6.92.856(m,

5H), 6.83 — 6.79 (M, 2H), 6.73 — 6.71 (M, 2H), 4-28.26 (M, 1H), 4.14 — 4.11 (m, 1H), 3.97 -



3.94 (m, 3H), 3.81 — 3.72 (m, 1H), 3.49 (br, s, 1B{P7 — 3.23 (m, 8H), 2.63 — 2.62 (m, 2H),
2.00 — 1.95 (m, 1H), 1.65 (s, 3H), 1.58 (s, 13ENMR (126 MHz, CDGJ) § 162.97, 158.04,
153.12, 145.98, 144.46, 140.40, 127.74, 127.67,861818.34, 116.24, 115.27, 115.22, 110.80,
110.61, 104.56, 104.35, 104.15, 82.70, 70.20, 76902, 51.26, 50.92, 42.06, 39.77, 39.55,
29.72, 28.38DART-HRMS: m/z[M+H] " cald. for [GgHsF2N3O5]", 480.2384; found 480.2450.
IR (solid) vmax: 3459, 3364, 2974, 2821, 1614, 1510, 1496, 1P238, 942, 819, 515. Purity =

98.1%.

6.2.4.3. phenyl (4-(4-(4-(((3R,5R)-5-(2,4-difluorophenyl)ytethyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)carbamédtg).( Aniline 24 (100 mg, 0.42 mmol) was
dissolved in CHGI (15 mL) under argon followed by the addition ofidine (6.72 mmol, 0.27
mL). The solution was cooled to°@ and phenylchloroformate (33 mg, 0.42 mmol, 0.685
was added dropwise. The mixture was stirred at reemperature for 3 h before being diluted
with water and washed with DCM (3x). The crude migt was purified by column
chromatography (Si§) 20-30%Acetone in Hexanes). White solid. (Yield = 50 m@%).
HNMR (500 MHz, CDC}) & 7.65 — 7.54 (m, 1H), 7.45 — 7.40 (m, 4H), 7.29.237(m, 3H),
7.02 — 6.94 (m, 4H), 6.89 — 6.88(m, 3H), 6.86 796m, 1H), 4.30 — 4.27 (dd,= 8.5, 7.5 Hz,
1H), 4.14 — 4.11 (m, 1H), 4.00 — 3.94 (m, 2H), 3:83.72 (m, 1H), 3.35 — 3.32 (m, 4H), 3.28 —
3.25 (m, 4H), 2.99 — 2.94 (m, 1H), 2.67 — 2.61 {H), 2.56 — 2.52 (m, 1H), 2.07 — 1.98 (m,
1H), 1.65 (s, 2H), 1.58 (s, 1HY*CNMR (126 MHz, CDCJ) & 159.99, 158.02, 153.26, 150.76,
145.82, 129.39, 127.69, 125.59, 121.67, 120.34.461818.42, 117.16, 115.31, 115.31, 115.26,
110.81, 110.64, 104.36, 104.15, 82.71, 70.21, 7®2P2, 50.81, 49.98, 42.06, 39.77, 39.56,

28.39. DART-HRMS: m/z [M+H]* cald. for [GsHasF2NsO4]*, 600.2596; found 600.2595. IR



(solid) vmax: 3334, 3295, 3044, 2966, 2831, 1707, 1534, 14887, 1030, 820, 687. Purity =

96.2%.

6.2.4.4. N-(4-(4-(4-(((3R,5R)-5-(2,4-difluorophenyl)-5-mdtbjrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)hydrazimboxamide 26). Compound25 (40 mg,
0.067 mmol) was dissolved in 1,4-dioxane (2 mL)dkyzine monohydrate (12 mg, 0.36 mmol,
0.011 mL, 5.4 equiv.) was added and the solutios refluxed for 3 h. The solution was cooled
to RT, diluted with water and washed with EtOAc)(3khe organic layers were combined, dried
over NaSQ, filtered and concentrated and purified with cotualmromatography (Si£)20-30%
Acetone in Hexanes). Tan solid. (Yield = 10.4 m@ga3. '"HNMR (500 MHz, CDC}) & 8.08 (s,
1H), 7.61 (s, 1H), 7.57 — 7.54 (m, 1H), 7.46J&; 8.0 Hz, 2H), 7.01 — 6.94 (m, 3H), 6.89 — 6.79
(m, 3H), 4.29 — 4.26 (] = 7.3 Hz, 1H), 4.14 — 4.11 @,= 7.0 Hz, 1H), 3.97 (br, s, 2H), 3.88 —
3.72 (m, 1H), 3.40 (s, 1H), 3.32 — 3.27 (m, 7HY&= 2.95 (M, 1H), 2.63 — 2.62 (m, 1H), 2.56 —
2.52 (m, 1H), 1.65 (s, 2H), 1.57 (s, 1ICNMR (126 MHz, CDCJ) § 162.97, 153.71, 147.67,
147.11, 145.91, 131.06, 127.74, 121.17, 118.43,2617115.28, 115.24, 104.36, 104.15, 70.19,
70.13, 69.91, 50.84, 50.21, 42.05, 39.76, 39.58885.26. DART-HRMSm/z [M+H]" cald.

for [CaoH34F2NsOs]", 538.2551; found. IR (solid)max: 3349, 3206, 2927, 2874, 2819, 1677,

1508, 1223, 1014, 817, 625, 516. Purity = 96.7%.

6.2.4.5. 4-(4-(4-(4-(((3R,5R)-5-(2,4-difluorophenyl)-5-mdtkyrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-2,4-dihy®H-1,2,4-triazol-3-oneA7). A solution of
formamidine acetate (8.7 mg, 0.084 mmol) &d10 mg, 0.019 mmol) in anhydrous DMF (5

mL) was stirred at 130C for 5 h. The mixture was cooled to RT, dilutedhsvater, and washed



with EtOAc (3x). The organic layers were combinattjed over NaSO,, filtered and
concentrated. Purification by column chromatogragByO,, 15-30% Acetone in Hexanes)
afforded triazolone27. The fractions containing product were collectet] alried by rotary
evaportation. Tan solid. (Yield = 4.7 mg, 46%3INMR (500 MHz, CDC}) 6 8.55 (d,J = 11.6
Hz, 1H), 8.38 (s, 1H), 7.63 — 7.48 (m, 2H), 7.24Xd 11.5 Hz, 1H), 7.06 — 6.79 (m, 8H), 4.29 —
4.26 (m, 1H), 4.14 — 4.11 (m, 1H), 3.98 — 3.94 2id), 3.87 — 3.72 (m, 1H), 3.40 (s, 1H), 3.37 —
3.27 (m, 7H), 2.63 — 2.51 (m, 2H), 2.08 — 1.90 (i), 1.65 (s, 1H), 1.58 (s, 2HYCNMR (126
MHz, CDCk) 6 162.54, 158.58, 153.28, 148.76, 129.35, 127.68,51’2 121.41, 118.48, 117.31,
116.85, 115.31, 104.36, 70.20, 50.77, 49.79, 49838, 39.55, 29.72, 28.38. DART-HRMS:
m/z[M+H]" cald. for [GoH32FNs04]", 548.2395; found 548.2406. IR (solidhax: 2923, 2852,

1690, 1509, 1226, 1076, 1018, 966, 944, 816, 786, Burity = 96.7%.

6.2.5. Synthesis of analogues containing an amide.

6.2.5.1. 3-acetyl-N-(4-(4-(4-(((3R,5R)-5-(2,4-diftaphenyl)-5-methyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)benzami&i®.(To a dry round bottom flask purged
with Arg) was adde@®4 (17 mg, 0.035 mmol), 3-acetyl benzoic acid (18 thd1 mmol),N-(3-
dimethylaminopropylN’-ethylcarbodiimide hydrochlorid€EDCI) (21 mg, 0.11 mmol) and 4-
dimethylaminopyridine (13 mg, 0.11 mmol). The sslidere dissolved with anhydrous DCM (8
mL) and the mixture was stirred for 12 h at RT befdiluting with water and washing with
DCM (3x). The organic layers were combined, drigdrdNaSQ,, filtered and concentrated. The
crude product was purified by column chromatogra(8ip,, 30% Acetone in Hexanes). White
solid. (Yield = 5.2 mg, 27%)HNMR (500 MHz, CDC}) & 8.48 (s, 1H), 8.18 — 8.16 (m, 2H),

7.85 (s, 1H), 7.68 — 7.54 (m, 4H), 7.06 — 6.80 i), 4.30 — 4.27 (dd] = 8.7, 7.3 Hz, 1H), 4.14



—4.11 (m, 1H), 4.00 — 3.94 (m, 2H), 3.87 — 3.73 {id), 3.40 — 3.37 (m, 4H), 3.30 — 3.28 (m,
4H), 2.73 (s, 3H), 2.65 — 2.53 (m, 2H), 2.07 — 1(86 1H), 1.65 (s, 3H)**CNMR (126 MHz,
CDCly) 5 197.40, 164.45, 162.98, 161.01, 160.08, 158.03,285 148.70, 145.85, 137.41,
135.64, 131.74, 131.38, 130.19, 129.28, 127.69,282621.80, 118.49, 118.45, 116.87, 115.31,
115.26, 104.56, 104.36, 104.15, 82.71, 70.20, 76932, 50.80, 49.78, 42.05, 39.77, 39.55,
29.72, 28.38, 26.77. DART-HRMSn/z [M+H]" cald. for [G/HssFN304]", 626.2752; found
626.2807. IR (solidymax: 3305, 2944, 2830, 1642, 1591, 1511, 1497, 12023, 818, 706,

537, 515. Purity = 100%.

6.2.5.2. N-(4-(4-(4-(((3R,5R)-5-(2,4-difluoropherytmethyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-3-hydroxybamide 29). To a dry round bottom
flask purged with argo, 3-hydroxybenzoic acid (4,3 mmol) and HATU (15 mg, 0.04
mmol) were dissolved in DMF (5 mL). Next, NMM (12gm0.12 mmol, 0.013 mL) was added
and the mixture was stirred at RT for 30 min folemhby the addition d24 (16 mg, 0.03 mmaol).
The mixture was stirred at RT for 12 h, poured aecercold water (~5 mL) and washed with
EtOAc (3x). The organic layers were combined, doedr NaSQ;, filtered and concentrated.
The crude product was purified by column chromatpby (SiQ, 30% Acetone in Hexanes).
White solid. (Yield = 10 mg, 80%fHNMR (500 MHz, CDC}) 5 8.18 — 8.10 (m, 1H), 7.83 —
7.54 (m, 5H), 7.44 — 7.39 (m, 2H), 7.18 J&& 7.3 Hz, 1H), 7.09 — 6.79 (m, 7H), 4.28 — 4.26 (m
1H), 4.12 — 4.10 () = 7.8 Hz, 1H), 3.97 (m, 2H), 3.81 — 3.74 (m, 18{89 — 3.27 (m, 8H), 3.19
— 2.93 (m, 2H), 2.66 — 2.53 (m, 2H), 1.65 (s, 2HR7 (s, 1H)*CNMR (126 MHz, CDCJ) &
156.31, 155.97, 153.28, 151.10, 148.63, 145.86,8B34.30.03, 127.79, 122.69, 121.73, 121.19,

118.61, 118.49, 116.92, 115.31, 104.36, 104.15,182.0.20, 70.13, 50.79, 49.81, 42.05, 39.55,



29.72, 28.37. DART-HRMSn/z[M+H] " cald. for [GsH3sF2N304]", 600.2596; found 600.2681.
IR (solid) vmax: 3269, 2925, 2825, 1676, 1642, 1511, 1225, 182D, 731, 685, 590, 532, 516.

Purity = 100%

6.2.5.3. N-(4-(4-(4-(((3R,5R)-5-(2,4-difluoropherytmethyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)nicotinasiB0). Analogue30 was prepared utilizing
the procedure described above for anala@@ieWhite solid. (Yield = 11.4 mg, 63%JHNMR
(500 MHz, CDC}) § 9.13 (s, 1H), 8.81 (dl = 3.3 Hz, 1H), 8.25 — 8.24 (d= 7.6 Hz, 1H), 7.87
(s, 1H), 7.60 — 7.47 (m, 4H), 7.05 — 6.79 (m, 7429 — 4.26 (ddJ = 8.7, 7.3 Hz, 1H), 4.14 —
4.11 (dd,J = 8.6, 7.4 Hz, 1H), 3.99 — 3.94 (m, 2H), 3.85 743(m, 1H), 3.39 — 3.36 (M, 4H),
3.29 — 3.27 (M, 4H), 2.99 — 2.94 (m, 1H), 2.67522m, 2H), 2.07 — 1.95 (m, 1H), 1.65 (s, 2H),
1.58 (s, 1H).**CNMR (126 MHz, CDCJ) & 163.63, 162.98, 161.17, 153.29, 152.43, 148.83,
147.81, 145.82, 135.26, 130.97, 129.92, 127.62,682321.93, 118.49, 116.82, 115.30, 110.78,
110.65, 104.57, 104.36, 104.15, 82.74, 70.20, 71&QF9, 49.72, 42.05, 39.55, 28.39. DART-
HRMS: m/z [M+H]" cald. for [G4H3sFN4O5]", 585.2599; found 585.2649. IR (solidnax:

3312, 2932, 2874, 2826, 1737, 1646, 1614, 15921986, 945, 849, 748. Purity = 97.4%

6.3.Cell Culture Studies.

Protocols for general cell culture, qPCR, and Htlition in ASZ cells have been previously
described [17, 20RIl PSZ analogues were tested for Hh inhibitoryhatt by measuring their
inhibition of endogenous Glil mRNA expression imarine BCC cell line (Ptch), ASZ. Cells
at 80% confluence were plated in 154CF growth mé2ia FBS, ThermoFisher) in a 96-well

plate (10,000 cells/well). Cells were incubated 24 hours (37°C, 5% C before media



without fetal bovine serum (FBS) was added. Cebflsenagain incubated for 24 hours (37°C, 5%
CO,) before being treated with DMSO (vehicle contrd®$Z, or PSZ analoguea at varying
concentrations (10 — 0.0QIM). Compounds were incubated with the cells forhd8rs (37°C,
5% CQ). Cells were visually examined to ensure there m@ason-specific cytotoxicity present
for the concentrations evaluated. Cells were lyseBNA was extracted, and Act B (internal
control) and Glil expression levels were measukedR®T-PCR using the TagMan Fast Cells-to-
Ct kit (ThermoFisher). Compound concentrations thghiBcantly decreased actin B levels
were excluded form our gRT-PCR calculations. Dadés analyzed using GraphPad Prism 5 and
ICs0 values computed as mean £ SEM from at least theparate experiments performed in

triplicate.
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Extracellular domain; CRD: Cysteine rich domain; CELLinker domain; 7TM: Seven

transmembrane domain; ECL2: Extracellular loop 2

References

[1] P.W. Ingham, A.P. McMahon, Hedgehog signalinganimal development: paradigms and
principles. Genes Dev. 15 (2001) 3059-3087.

[2] J. Briscoe, P.P. Thérond, The mechanisms ofiéledg signalling and its roles in development
and disease. Nat. Rev. Mol. Cell Biol. 14 (20135-429.

[3] D. Amakye, Z. Jagani, M. Dorsch, Unraveling ttieerapeutic potential of the hedgehog
pathway in cance. Nat. Med. 19 (2013) 1410-1422.

[4] L.A. Fecher, W.H. Sharfman, Advanced basal celicinoma, the hedgehog pathway, and
treatment options — role of smoothened inhibitBrslogics 9 (2015) 129-140.

[5] M.W. Kieran Targeted treatment for sonic hedggkdependent medulloblastoma. Neuro-
Oncol. 16 (2014) 1037-1047.

[6] F. Wu, Y, Zhang, B. Sun, A.P. McMahon, Y. Wattgdgehog signaling: From basic biology
to cancer therapy. Cell Chem. Biol. 24 (2017) 28R-2

[7] C.M. Rudin, C.L. Hann, J. Laterra, R.L. Yau€hA. Callahan, L. Fu, T. Holcomb, J. Stinson,
S. E. Gould, B. Coleman, P.M. LoRusso, D.D. VonfHefJ. de Sauvage, J. A. Low, Treatment of
medulloblastoma with hedgehog pathway inhibitor G429. N. Engl. J. Med. 361 (2009) 1173-

1178.



[8] R.L. Yauch, G.J. Dijkgraaf, B. Alicke, T. Jami@ C.P. Ahn, T. Holcomb, K. Pujara, J.
Stinson, C.A. Callahan, T. Tang, J.F. Bazan, Z.,KanSeshagiri, C.J. Hann, S.E. Gould, J.A.
Low, C.M. Rudin, F.J. de Sauvage, Smoothened nmmatonfers resistance to a hedgehog
pathway inhibitor in medulloblastoma. Science 32800) 572-574.

[9] S.X. Atwood, K.Y. Sarin, R.J. Whitson, J.R. IG. Kim, M. Rezaee, M.S. Ally, J. Kim, C.
Yao, A.L.S. Chang, A.E. Oro, J.Y. Tang, Smootheradants explain the majority of drug
resistance in basal cell carcinoma. Cancer Ce(RR15) 342-353.

[10] H.J. Sharpe, G. Pau, G.J. Dijkgraaf, N. Ba§&sguin, Z. Modrusan, T. Januario, V. Tsui,
A. B. Durham, A.A. Dlugosz, P.M. Haverty, R. Bourga@l.Y. Tang, K.Y. Sarin, L. Dirix, D.C.
Fisher, C.M. Rudin, H. Sofen, M.R. Migden, R.L. auF.J. de Sauvage, Genomic analysis of
smoothened inhibitor resistance in basal cell caroa. Cancer Cell 27 (2015) 327-341.

[11] G.J. Dijkgraaf, B. Alicke, L. Weinmann, T. Jaario, K. West, Z. Modrusan, D. Burdick, R.
Goldsmith, K. Robarge, D. Sutherlin, S.J. Scaleg. $ould, R.L. Yauch, F.J. de Sauvage,
Small molecule inhibition of GDC-0449 refractory eothened mutants and downstream
mechanisms of drug resistance. Cancer Res. 71 2351444.

[12] J. Wen, M. K. Hadden, Structure-activity reatship studies of vitamin D3 analogues
containing an ether or thioether linker as Hedgepathway inhibitors. ChemMedChem 13
(2018) 748-753.

[13] G. B. Carballo, J. R. Honorato, G. P. FariasLopes, T. C. Leite de Sampaio e Spohr, A
highlight on sonic hedgehog pathway. Cell Commuioocsand Signaling 16 (2018) 1-15.

[14] X. Dong, C. Wang, Z. Chen, W. Zhao, Overcomitigg resistance mechanisms of

Smoothened inhibitors. Drug Discovery Today 23 @0804-710.



[15] F. Ghirga, M. Mori, P. Infante, Current trendsHedgehog signaling pathway inhibition by
small molecules. Bioor. Med. Chem. Lett. 28 (203831-3140.

[16] M. Xin, X. Ji, L. K. De La Cruz, S. Thareja, BVang, Strategies to target the Hedgehog
signaling pathway for cancer therapy. Med. Res..R842018) 870-913.

[17] J. Kim, J.Y. Tang, R. Gong, J. Kim, J.J. L&eY. Clemons, C.R. Chong, K.S. Chang, M.
Fereshteh, T. Reya, J.O. Liu, E.H. Epstein, D.Aev8ns, P.A. Beachy, Itraconazole, a
commonly used anti-fungal that inhibits Hedgehothway activity and cancer growth Cancer
Cell 17 (2010) 388-399.

[18] J. Kim, B.T. Aftab, J.Y. Tang, D. Kim, A.H. leg M. Rezaee, J. Kim, B. Chen, E.M. King,
A. Borodovsky, G.J. Riggins, E.H. Epstein Jr., PBeachy, C.M. Rudin, Itraconazole and
arsenic trioxide inhibit Hedgehog pathway activatemd tumor growth associated with acquired
resistance to smoothened antagonists. Cancer £€H0A.3) 23-34.

[19] J.R. Pace, A.M. DeBerardinis, V. Sail, S.Kchava-Grigorova, K.A. Chan, R. Tran, D.S.
Raccuia, R.J. Wechsler-Reya, M.K. Hadden, Repungothe clinically efficacious antifungal
agent itraconazole as an anticancer chemotherapéuied. Chem. 59 (2016) 3635-3649.

[20] Pace, J. R.; Teske, K. A.; Chou, L. Q.; WéehReya, R. J.; Hadden, M. K. Structure-
activity relationships for itraconazole-based wlane analogues as hedgehog pathway inhibitors.
J. Med. ChemUnder Revision.

[21] B. Chen, V. Trang, A. Lee, N.S. Williams, A.Milson, E.H. Epstein, J. Y. Tang, J. Kim,
Posaconazole, a second-generation triazole angéfurgg, inhibits the hedgehog signaling and
progression of basal cell carcinoma. Mol. CancesrTh5 (2016) 866-876.

[22] L. Hoch, H. Faure, H. Roudaut, A. Schoenfeld&r Mann, N. Girard, L. Bihannic, O.

Ayrault, E. Petricci, M. Taddei, D. Rognan, M. RaMRT-92 inhibits hedgehog signaling by



blocking overlapping binding sites in the transmeanle domain of the smoothened receptor.
FASEB J. 29 (2015) 1817-1829.

[23] A.K. Saksena, V.M. Girijavallabhan, H. Wang, Y.—T. LRUIE. Pike, A.K. Ganguly, Concise
asymmetric routes to 2,2,4-trisubstituted tetrabfidans via chiral titanium imide enolates: Key
intermediates towards synthesis of highly activeleantifungals SCH 51048 and SCH 56592.
Tet. Lett. 37(1996) 5657-60.

[24] P.—L. So, A.W. Langston, N. Daniallinia, J.Hebert, M.A. Fujimoto, Y. Khaimskiy, M.
Asxterbaum, E.H. Epstein, Long-term establishmehgracterization and manipulation of cell
lines from mouse basal cell carcinoma tumors. Bgsmatol. 15 (2006) 742-750.

[25] S.N. Brun, S.L. Markant, L.A. Esparza, G. Gar®. Terry, J.—M. Huang, M.S. Pavlyukov,
X.—N. Li, G.A. Grant, J.R. Crawford, M.L. Levy, E.MConway, L.H. Smith, I. Nakano, A.
Berezov, M.l. Greene, Q. Wang, R.J. Wechsler-R&yayivin as a therapeutic target in Sonic
hedgehog-driven medulloblastoma. Oncogene 34 (2B84B)—-3779.

[26] C. Wang, H. Wu, V. Katritch, G.W. Han, X.—Pu&hg, W. Liu, F.Y. Siu, B.L. Roth, V.
Cherezov, R.C. Stevens, Structure of the human tmoed receptor bound to an antitumour
agent. Nature 497 (2013B38-343.

[27] P. Huang, S. Zheng, B.M. Wierbowski, Y. Kim, Redelcu, L. Aravena, J. Liu, A.C. Kruse
and A. Salic, Structural basis of smoothened atitiman hedgehog signaling. Cell 174 (2018)
312-324.

[28] X. Zhang, F. Zhao, Y. Wu, J. Yang, G.W. Han,ZBao, A. Ishchenko, L. Ye, X. Lin, K.
Ding, V. Dharmarajan, P.R. Griffin, C. Gati, G. Neh, M.S. Hunter, M.A. Hanson, V.
Cherezov, R.C. Stevens, W. Tan, H. Tao and F. Xyst@l structure of a multi-domain human

smoothened receptor in complex with a super stitgiligand. Nat. Commun. 8 (2017) 15383.



[29] E.F.X. Byrne, R. Sircar, P.S. Miller, G. Hedg&. Luchetti, S. Nachtergaele, M.D. Tully,
L. Mydock-McGrane, D.F. Covey, R.P. Rambo, M.S.Bn$m, S. Newstead, R. Rohatgi, C.
Siebold, Structural basis of Smoothened regulabgnits extracellular domains. Nature 535

(2016) 517-522.



ACCEPTED MANUSCRIPT

Graphical Abstract:

\@4 _@_ _@_ >\\N/\/\OH
/({ C%RD /@\ 19, ICs0 = 0.02 £ 0.01 (uM)
<\ NQ_/ Q_ O =N g () N oo

/@\ Posaconazole (PSZ) MM/GBSA
. ICs0=0.5+0.1 (uM)




Highlights

1. A des-triazole posaconazol e (PSZ) anal ogue maintained potent inhibition of the hedgehog
(Hh) signaling pathway with enhanced drug-like properties.

2. Docking studies provide insight into the binding orientation these compounds adopt when
complexed with their molecular target Smoothened.

3. Structure-based design of PSZ analogues resulted in compounds with improved potency and
stability.

4. Molecular dynamics simulations demonstrate that PSZ and analogues stabilize an inactive
conformation of Smo upon binding.



