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APPENDIX

SUPPLEMENTARY METHODS

Dvl PDZ domain purification

E. coli strain BL21 (DE3) was transformed with plasmid DNA encoding Dvl-1**"
3*1 (the Dvl PDZ domain), and the cells were grown in M9 minimal medium
containing °N isotope for 17 hours at 21°C and after then 1 mM isopropyl-1-thio-
B-D-thiogalactopyranoside was treated. His-tagged Dvl-1 was purified using Ni-
NTA affinity chromatography, and imidazole, which was present at a high
concentration, was removed using a PD-10 desalting column. After cleavage of the
His-tag using the tobacco etch virus (TEV) protease, we conducted Ni-NTA affinity
chromatogra'phy to obtain pure Dvl PDZ domain. Finally, Dvl PDZ was purified
using size exclusion gel chromatography on a Superdex 75 column (Amersham
Biosciences) equilibrated with 100 mM potassium phosphate pH 7.5, 0.5 mM

EDTA and 2 mM DTT. The final concentration of Dvl-1 used in the nuclear

magnetic resonance (NMR) titration was 0.6 mM.

KY-02061 and KY-02327 Synthesis
All solvents were dried by standard methods prior to use. Ethyl 5-benzyloxyindole-

2-carboxylate and other chemicals were purchased from Aldrich Co. Analytical thin



layer chromatography (TLC) was performed on E. Merck pre-coated (0.25 mm)
silica gel 60 F254 plates. Flash column chromatography was performed on silica
gel 40 (Scientific Adsorbents Incorporated, Microns Flash). NMR experiments

were performed using a deuterated solvent such as CDClj as an internal standard.
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Appendix Scheme S1. KY-02061 and KY-02327 Synthesis

1. Ethyl 5-(benzyloxy)-1-(2-ethoxy-2-oxoethyl)-1H-indole-2-carboxylate
synthesis. 5-Benzyloxyindole-2-carboxylate (1, 4.43 g, 15 mM) in DMF (50 ml)
was added to NaH (60% dispersed in mineral oil, 0.9 g, 22.5 mM) portion-wise at

0°C. After 30 min stirring, ethyl bromoacetate (3.3 ml, 22.5 mM) was added drop-
3



wise. The resultant mixture was stirred at room temperature for 16 hours. After the
reaction was completed, the excess NaH was quenched with water (50 ml), and the

product was extracted with ethyl acetate (EtOAc, 50 ml, 3 times). The combined

organic layer was dried over Na;SO4 and evaporated. The crude compound was
purified by column chromatography to yield the title compound (2a) as a pale
yellow solid (6.14 g, 99%). "H NMR (300 MHz, CDCl3): & 7.47-7.09 (m, 9H), 5.26
(s, 2H), 5.10 (s, 2H), 4.37-4.30 (q, J = 7.0 Hz, 2H), 4.23-4.17 (q, J = 7.0 Hz, 2H),
1.40-1.35 (t, J = 7.0 Hz, 3H), 1.27-1.22 (t, ] = 7.0 Hz, 3H); °C NMR (76 MHz,
DMSO): 8 169.1, 162.2, 154.2, 137.4, 135.2, 128.7, 128.1, 128.0, 127.7, 126.5,
117.6, 110.8, 110.7, 104.8, 70.8, 61.6, 60.8, 46.4, 14.4, 14.3; LC/MS(ESI): 382

(M+H").

2. t-butyl 5-(benzyloxy)-1-(2-ethoxy-2-oxoethyl)-1H-indole-2-carboxylate
synthesis. The title compound (2b, 7.0 g, >99%) was prepared using similar
reaction conditions to the synthesis of 2a. '"H NMR (300 MHz, CDCls): § 7.50-7.32
(m, 5H), 7.28-7.11 (m, 3H), 5.20 (s, 2H), 5.12 (s, 2H), 4.40-4.32 (q, J = 6.0 Hz,
2H), 1.46 (s, 9H), 1.44-1.38 (t, J = 9.0 Hz, 3H); ’C NMR (76 MHz, DMSO): §
168.0, 162.0, 153.9, 137.3, 135.0, 128.5, 128.1, 127.9, 127.5, 126.3, 117.3, 110.6,

110.4, 104.5, 82.1, 70.6, 60.6, 46.9, 28.0, 14.3.; GC/MS(EI): 409 (M").



3. Ethyl 1-(2-ethoxy-2-oxoethyl)-5-hydroxy-1H-indole-2-carboxylate synthesis.
The alkylated indole (2a, 0.3 g, 0.76 mM) was debenzylated by a Pd-catalyzed
reaction using 10% Pd/C (30 mg) in MeOH (5 ml) and AcOH (0.1 ml) under
balloon pressure of H, gas. After 4 hours stirring at room temperature, the mixture
was filtered, and the solvent was evaporated. Then, the title compound (3) was
purified by column chromatography (0.23 g, 99%). '"H NMR (CDCls, 300 MHz): &
7.23 (s, 1H), 7.15 (d, J = 8.9 Hz, 1H), 7.04 (s, 1H), 6.94 (d, J = 8.9 Hz, 1H), 5.26
(s, 2H), 4.34 (q, J = 7.1 Hz, 2H), 4.21 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H),
1.26 (t, J = 7.1 Hz, 3H); >C NMR (76 MHz, DMSO): & 169.5, 162.3, 150.6, 135.1,
128.3, 126.8, 116.3, 110.5, 110.4, 106.4, 61.7, 60.9, 46.4, 14.4, 14.3; LC/MS(ESI):

292 (M+H").

4. Ethyl 1-(2-ethoxy-2-oxoethyl)-5-(tosyloxy)-1H-indole-2-carboxylate KY-
02061 synthesis. The phenolic compound (3, 0.9 g, 3.1 mM) and TEA (0.47 ml, 3.4
mM) were dissolved in CH,Cl, (10 ml), and then p-TsCl (0.65 g, 3.4 mM) was
added. After 1 day stirring, the reaction mixture was diluted with water (10 ml),
and the product was extracted with CH,Cl; (10 ml, 3 times). The combined organic
layer was dried over Na,SO4 and evaporated. The crude compound was purified by
column chromatography to yield the title compound (KY-02061, 1.2 g, 85%). 'H

NMR (300 MHz, CDCl;): § 7.70 (d, J = 8.0 Hz, 2H), 7.30-7.27 (m, 3H), 7.17 (d, J
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=9.1 Hz, 1H), 7.00 (d, J = 9.1 Hz, 1H), 5.25 (s, 2H), 4.34 (q, J = 7.2 Hz, 2H), 4.21
(q, J = 7.1 Hz, 2H), 2.44 (s, 3H), 1.37 (t, J = 7.2 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H);
3C NMR (76 MHz, DMSO): & 168.7, 161.9, 145.3, 144.3, 137.7, 132.5, 129.8,
129.3, 128.7, 126.1, 120.5, 116.0, 111.3, 110.5, 61.8, 61.1, 46.5, 21.8, 14.4, 14.3;

LC/MS(ESI): 446 (M+H™).

5. Ethyl 5-(benzyloxy)-1-(2-o0x0-2-((2-(piperidin-1-yl)ethyl)amino)ethyl)-1H-
indole-2-carboxylate synthesis. The N-alkylated compound (2b, 6.1 g, 15 mM) in
CH,Cl; (150 ml) was treated with TFA (11.4 ml, 150 mM). The resultant mixture
was stirred at room temperature for 10 hours. After evaporation, the hydrolyzed
product (5.3 g, 99%) was obtained as a pale-yellow solid. The resultant acid (2.8 g,
8.0 mM), together with 2-aminoethyl-1-piperidine (3.1 g, 24 mM), HBTU (7.6 g,
20 mM), and DIPEA (3.1 g, 24 mM), was dissolved in DMF (27 ml) and stirred at
room temperature overnight. Then, the reaction mixture was diluted with water (30
ml), and the product was extracted with EtOAc (30 ml, 3 times). The combined
organic layer was dried over Na;SO4 and evaporated. The crude compound was
purified by column chromatography to yield the title compound (4, 3.7 g, >99%).
'"H NMR (300 MHz, DMSO: § 8.22 (br s, 1H), 7.45-7.02 (m, 9H), 5.14 (s, 2H),
5.09 (s, 2H), 4.27-4.20 (q, J = 6.0 Hz, 2H), 3.04-3.2.86 (m, 6H), 1.71-1.54 (m, 6H),

1.30-1.25 (t, J = 6.0 Hz, 3H); °C NMR (76 MHz, DMSO): & 168.9, 161.7, 153.8,
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137.7, 135.6, 128.8, 128.4, 128.0, 126.1, 122.6, 117.2, 112.3, 110.2, 105.7, 104.5,

70.0, 60.7, 55.3, 52.9, 34.3, 23.2, 21.6, 14.6; LC/MS(ESI): 464 (M+H").

6. Ethyl 5-hydroxy-1-(2-ox0-2-((2-(piperidin-1-yl)ethyl)amino)ethyl)-1H-
indole-2-carboxylate KY-02327 synthesis. The ouabain (OBn) compound (4, 1.2 g,
2.5 mM) was debenzylated using the same Pd-catalyzed method described above
(3). The reaction produced KY-02327 (0.93 g, >99%) as an off-white solid after
purification using column chromatography. 'H NMR (300 MHz, CD;0OD): § 7.32-
7.29 (d, J =9.0 Hz, 1H), 7.21 (s, 1H), 7.02-7.01 (d, J = 3.0 Hz, 1H), 7.01-6.92 (dd,
J=9.0, 3.0 Hz, 1H), 5.17 (s, 2H), 4.36-4.29 (q, J = 6.0 Hz, 2H), 3.59-3.55 (t, J =
6.0 Hz, 2H), 3.30-3.19 (m, 6H), 1.83-1.62 (m, 6H), 1.40-1.36 (t, ] = 6.0 Hz, 3H);
C NMR (76 MHz, DMSO): & 169.0, 161.8, 152.3, 134.9, 128.0, 126.6, 116.8,
111.8, 109.7, 105.3, 60.7, 55.4, 52.9, 47.6, 34.3, 23.2, 21.6, 14.5; LC/MS(ESI): 374

(M+H").



APPENDIX TABLES

Appendix Table S1. Activities and metabolic stability of KY-02061 and KY-02327

DvI-CXXC5 /n vitro Relative ALP Metabolic Stability (%)
Name .. ..
binding IC,, (uM)? activity (%)° Rat Human
KY-
24 173 51+ 24 252 + 3
02061
KY-
3.1 227 119+ 149 335+ 6.34
02327

*The DvI-CXXCS5 in vitro binding assay was performed with 0.1, 1, 3, 10, 30 and
100 puM of each compound. The ICs¢ values were calculated using linear regression.

PMC3T3E1 cells were cultured in differentiation media with 10 pM of each
compound for 4 days and ALP activity levels were quantified to monitor osteogenic

differentiation of the cells.

Appendix Table S2. List of pathway-specific target genes

Pathway Target gene Primer sequence Reference
- Fwd: 5-AGGTCCTGGCAACTCAGTAACAG3 | Railo et
Rev: 5- CGCGAACGGCTGCTTATT-3 al. 2009
Foslikeantigen1 | Fwd: 5- ACCTTGTGCCAAGCATCGA-3 Germann
Wt | (Fosl) Rev: 5- AATGAGGCTGCACCATCCA3 et al. 2003
\S’I\":;; inducible | - & TGAGCATTTGGAGAGCCAAGA 3 Railo et
gnaling patfway | o = A GAAGATTAAGCAAGCCATGTCAGT-3' | al, 2009
protein 1 (Wispl)
ﬁ;ﬁgggon iy | P 5-COATGCTCTGTTTOGAATGGAS E::gefr;?t
4 A Rev: 5- CCAACGTGGTCAAGAGCTCAT-3 o007
o %;2?;‘?3;5?& Fud: 5-TCTTCGGCCCGGTCAAT-3 Donovan
B Rev: 5- CATATCCCGGCAGTGCTTCT-3 et al. 2002
(Ccknib)
ri‘;mr:]f)'gne Fud: 5-GGCTGCTGGGTCACACACT-3 E:: ge‘? r;?t
ot (Empl) | K&V - CCTGAACCACCATCAGAACTTG S 2007




BCL2Hike 1 Fud: 5-CTGTGCGTGGAAAGCGTAGA 3 Pahl,
g | (B2 Rev: 5- CCAACTTGCAATCCGACTCA 3 1999
Tumor necrosis Fwd: 5-TCCAGGCGGTGCCTATGT-3 Pahl,
factor (Tf) Rev: 5- GCCCCTGCCACAAGCA3 1999
JAK S;SE?;S'S;”(:M Fud: 5-CGCGCACAGCCTTTCAG-3 Murray,
ISTAT Rev: 5- CCGGCCGGTCTTCTTGT-3 2007
3(Socs?)
BCL2-associated | Fwd: 5-GGCCTTTTTGCTACAGGGTTT-3 Bouvard
X protein (Bax) Rev: 5- GTGTCTCCCCAGCCATCCT-3 et al, 2000
P53 [BOL2bindng | Fwd: 5-TGAACACTCTTTTTGTIAGCTTTACCA- [
component 3 3 2001 '
(Bbc3) Rev: 5- CACCGTTTCTTTCATGTCCTTACA
Zi';’na;‘: ofspic1 | Pt 5-CCCCAGCCAGTGTCAACACS fkc szzrbe
Rev: 5- TGTGCTCAGAGGCCGTCTT-3 !
oy | (HesD 2011
- i Schwanbe
Jogged1(agl) | PV BACACAGGGATIGCCCACTTCS | 4 A0
Rev: 5- AGCCAAAGCCATAGTAGTGGTCATS | o
Acy-CoA
synthetaselong- | Fwd: 5-CGCTGCACAGGCGTGTT-3 Cao et al,
chain family Rev: 5- ATGGCTGGACCTCCCAGAGT-3 2010
PPAR member 3 (AcsI3)
doe)“n(:;yeﬁplggmtein Fud: 5-CCTGTTGCCGCATGAAAGA 3 Chui et al,
Rev: 5- CCCTCTGCCTGCACTTGAG-3 2005
receptor 1 (Olrl)
;;'ggp:%ae"i’ Fuvd: 5-AAGATGGGTGCCCCTGAAG-3 Huang et
i Rev: 5- CCAGGGTGTGCTTGTCAAAGA S al, 2013
Oxidative
Sffess Glutamate-
cysteine ligase, Fwd: 5-GGCCACTATCTGCCCAATTG-3 Han et al,
catalytic subunit Rev: 5- CACGTAGCCTCGGTAAAATGG-3 2008
(Gclo)
Adrenomedulin | Fuvd: 5-GCCAGGCTCATGCCAGAA3 E(e)ja
(Adm) Rev: 5- CCCCTGCCCGGAGAGTA3 2006
N Ke &
_ Erythropoietin Fwd: 5-CCCCCACGCCTCATCTG-3 Costa
Hypoxia | (Epo) Rev: 5- TGCCTCCTTGGCCTCTAAGA3 005
Zﬁjﬁ Al ronth | 8 5-TCTTCAAGCCGTCCTGTGTG S Forsythe
Rev: 5-ATGTTGCTCTCTGACGTGGG-3 et al, 1996

factora (VEGFa)




ric(’;ghogeneﬂc Fud: 5-ATCCAGTCTTGCCGCCTC-3 Marigo et
Hecgehog | potin2 (EMP2) | 7% 5~ GOCTCCTCCTCCTTCTCES al, 1996
Fwd: 5-GCTGGAGGAGAACAAGCAAC S Marigo et
Patched 1 (PEhL) | ey 5- GTCAAATGCATCCTGAAGTC:3 al, 1996
contal | precin Fwd: 5-GGATGCAGAAGGAGATTACT3 _
Rev: 5- CCGATCCCACACAGAGTACTT-3

Appendix Table S3. Bacterial reverse mutation assay with KY-02327

Tester Dose Revertant colonies/pate (Mean) [Factor]?
Strai Name
rain (ng/plate) Without S-9 mix With S-9 mix
Vehicleb 0 19 + 4 19 + 2
KY-
1000 19 + 4 [1.0] 16 + 1 [0.8]
TA-98 02327
2-NF¢ 1 178 + 16 [94] n.a.
B.P¢ 2 n.a. 205 + 9 [10.8]
Vehicleb 0 122 + 4 117 + 4
KY-
1000 123 + 6 [1.0] 117 + 8 [1.0]
TA-100 | 02327
S.Ac 1 689 + 20 [5.6] n.a.
B.P¢ 2 n.a. 724 + 24 [6.2]

"Number of revertant colonies of treated plate/Number of revertant colonies of
vehicle control plate (Maron & Ames, 1983).

bNegative control. Vehicle: DMSO

‘Positive control. S.A: Sodium azide, 2-NF: 2-nitrofluorene, B.P: Benzo(a)pyrene,
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Appendix Table S4. Cytochrome P450 (CYP) inhibition assay with 10 uM KY-

02327
Inhibition (%)
Compounds
1A2 C29 3A4
KY-02327 0.0 0.0 0.0
a-Naphthoflavone 95.0 n.a. n.a.
Sulfaphenazole n.a. 80.5 n.a.
Ketoconazole n.a. n.a. 935

*Inhibition was measured using fluorogenic P450 substrates (Marks et al, 2002).

Appendix Table S5. Human Ether-a-go-go Related Gene (hERG) binding assay

with 10 uM KY-0232

Compounds Inhibition (%)?

KY-02327 10.87+2.069

“Inhibition was measured using fluorescence polarization method (Piper et al,
2008).
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APPENDIX FIGURES AND FIGURE LEGENDS
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Appendix Figure S1. Screening and identification of DBM-mimetic small

molecules.

A A Dishevelled (Dv1)-CXXCS5 in vitro binding assay using polyarginine
conjugated Dvl binding motif (PolyR-DBM) was performed for 2 uM
compounds from commercial library.

B Autofluorescence of the compounds (each 2 uM) containing an indole

ring and a carboxylic acid group was measured using a Fluorstar Optima

microplate reader. The data are the mean + s.d. (error bars). [n=2]
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Appendix Figure S2. The effects of DvI-CXXC5 binding small molecule

inhibitors on primary calvaria cells.

A

Primary calvaria cells were treated with 2 uM of each compound for the
indicated times. The cells were subjected to an MTT assay (ODsgg
reading) to measure cell viability. The data are the mean + s.d. (error
bars). [n=3]

Primary calvaria cells were treated with 2 uM of each compound for 4

days. ALP activity levels were visualized by ALP staining. [n=2]
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Appendix Figure S3. The binding of DBM to Dvl PDZ domain.
A-C NMR titration analyses for Dvl PZD domain with DBM. 'H-'°’N-HSQC
analyses were performed to analyze the interaction of '’N-labelled Dvl-

PDZ domain with DBM. The 'H-'>’N-HSQC spectrum of different molar
14



ratios (Dvl PDZ domain:DBM) are displayed as red (1:0), orange (1:5),
purple (1:10), cyan (1:15), green (1:20) and blue (1:25) (A, residues
with meaningful chemical shift change are indicated by arrows). The
residues with chemical shift changes (Ad) greater than 0.05 are
visualized as a stick model on the ribbon representation of the Dvl PDZ
domain structure (B). Plot of A3 as a function of residue number in
molecular ratio 1:25 (C, a red-colored line indicates the line for
A5=0.05).

Molecular docking of DBM to Dvl PDZ domain were analyzed by in
silico experiments. Docked binding mode of peptide DBM (stick
representation) to the surface of Dvl PDZ domain (gray) (D). Detailed
interactions between the Dvl PDZ domain and DBM (only the last six C-
terminal amino acids [QICKFRKC] are shown). Key binding residues
from the binding site are highlighted in gray and hydrogen bonds are

represented by black as dotted lines (E).
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Appendix Figure S4. Surface plasmon resonance analysis for DBM-Dvl PDZ
domain interaction.

KY-02327 dilutes of six different concentrations (0, 12.5, 25, 50, 100, and 200 uM)
were flowed over a Dvl PDZ domain immobilized surface plasmon resonance
sensor chip. The change of refractive index over the time in the surface of chip was

measured and displayed as a graph.
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Appendix Figure S5. Quantitative real-time PCR analyses for target-specificity

of KY-02327.

KY-02327 dilutes of three different concentrations (0, 10, and 50 uM) were treated
17



on mouse embryonic fibroblast cells for 12 hours. The mRNA level of pathway-
specific target genes (Appendix Table S2) was measured by quantitative real-time
PCR.

Data Information: The data are the mean + s.d. (error bars), and significance was

assessed using unpaired Student’s t-test. [n=3]
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Appendix Figure S6. The toxicity test of KY-02327.
A-D Vehicle or 20 mg of KY-02327 per kg of animal body weight (mpk) was

orally administered or 0.06 mpk of the N-terminal fragment of PTH

19



(amino acids 1-34) was subcutaneously injected into the Sham-operated

(Sham) or ovariectomized (OVX) mice on 5 sequential days per week for

4 weeks [n=4]. During treatment, the weights of each mouse were

measured and recorded every week (A). After 4 weeks treatment, mice

were scarified and their organs were subjected to histological analyses.

Hematoxylin and Eosin staining of liver (B), lung (C), and spleen (D).

Various cells were treated with DMSO or 0.1, 1, or 10 uM KY-02327.

After 48 hours, cells were subjected to an MTT assay (ODsgo reading) to

measure cell viability. NSC: neural stem cell, OB: osteoblast, MSC:

mesenchymal stem cell. The data are the mean + s.d. (error bars). [n=3]
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