
 

 

SUPPLEMENTARY DATA 

MATERIAL AND METHODS 

Synthesis of 52S and ML183 

Chemistry The syntheses of IAP antagonists 52S and ML183 are outlined in scheme 1-2.  

Condensation of commercially available Boc-Pro-OH (1) and R-(-)-1,2,3,4-tetrahydro-1-

nathylamine (2)  in the presence of EDCI, DIPEA and HOBt, followed by removal of the Boc 

protecting group gave 3.  Condensation of 3 with Boc-Tle-OH, followed by removal of the Boc 

protecting group gave 4. Condensation of 4 with Boc-N-Me-Ala-OH and removal of the Boc 

protecting group gave 52S in 44% yield (overall). Reaction of Boc-Ala-OH (5) and 1-

naphthylamine (6) in the presence of isobutylchloroformate and 4-methylmorpholine, followed 

by removal of the Boc protecting group gave 7.  Condensation of 7 with Boc-Val-OH, followed 

by removal of the Boc protecting group gave 8.  Condensation of 8 with Boc-N-Me-Ala-OH and 

removal of the Boc protecting group gave ML183 in 42% yield (overall). 

Experimental Section 1H NMR spectra were recorded on a Varian 300 MHz NMR 

spectrometer.  Chemical shifts are reported in δ values (parts per million, ppm) relative to an 

internal standard of tetramethylsilane (TMS).  The following abbreviations are used for 

multiplicity of NMR signals: br s = broad singlet, d = doublet, m = multiplet, s = singlet.  

Melting points were determined on an Electrothermal melting point apparatus and are 

uncorrected.  Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, GA and 

were within ± 0.4% of the calculated values.  Mass spectrometry was provided by the 

Washington University Mass Spectrometry Resource, an NIH Research Resource (Grant No. 

P41RR0954).  All reactions were carried out under an inert atmosphere of nitrogen. 

Abbreviation:  N,N-diisopropylethylamine (DIPEA), 1-ethyl-3-(3-



 

 

dimethylaminopropyl)carbodiimide (EDCI), 1-hydroxybenzotriazole (HOBt), trifluoroacetic acid 

(TFA), tert-leucine/ tert-butylglycine (Tle).  

General procedure for peptide coupling. EDCI (1.1 eq) was added to a stirred solution of the 

Boc-protected amino acid, DIPEA (1.1 eq), and HOBt (1.1 eq) in DMF (15 mL) at 0 0C. After 5 

min, the amino component (1.1 eq) was added to the ice-cold solution, and the reaction mixture 

was stirred overnight at room temperature. The mixture was diluted with EtOAc and washed 

with 10% HCl solution, saturated NaHCO3 solution and brine, respectively. The organic layer 

was dried over Na2SO4, and the volatiles were removed under reduced pressure. The Boc-

protected coupling product was purified by column chromatography (silica gel, EtOAc : hexane 

= 1: 2).  

General procedure for removal of the Boc protecting group. The Boc-protected compound 

was stirred with TFA in dichloromethane (1: 2) for 5 h at room temperature. The volatiles were 

removed under reduced pressure, and the residue was basified with saturated Na2CO3 solution, 

extracted with dichloromethane, dried over Na2SO4, filtered and evaporated to give the product. 

(S)-N-((R)-1,2,3,4-tetrahydronaphthalen-1-yl)pyrrolidine-2-carboxamide (3). Using the 

general procedure for peptide coupling and Boc removal, compound 3 was synthesized from 

Boc-Pro-OH (1) and R-(-)-1,2,3,4-tetrahydro-1-nathylamine (2) as an off-white powder (83 % 

yield). 1H NMR (CDCl3) δ 7.90 (d, J = 8.8 Hz, 1H), 7.09-7.17 (m, 4H), 5.10-5.16 (m, 1H), 3.28-

3.87 (m, 1H), 2.97-3.02 (m, 1H), 2.73-2.90 (m, 4H), 1.98-2.21 (m, 3H), 1.70-1.87 (m, 5H).   

(S)-1-((S)-2-Amino-3,3-dimethylbutanoyl)-N-((R)-1,2,3,4-tetrahydronaphthalen-1-yl) 

pyrrolidine-2-carboxamide (4). Using the general procedure for peptide coupling and Boc 

removal, compound 4 was synthesized from 3 and Boc-Tle-OH as an off-white semi-solid (95% 

yield). 1H NMR (CDCl3) δ 7.41 (d, J = 8.5 Hz, 1H), 7.04-7.21 (m, 4H), 5.09-5.14 (m, 1H), 4.63-



 

 

4.66 (m, 1H), 3.55-3.60 (m, 2H), 2.73-2.80 (m, 2H), 2.47-2.54 (m, 1H), 2.11-2.17 (m, 1H), 1.80-

2.01 (m, 7H), 1.51 (br s, 2H), 0.80 (s, 9H). 

(S)-1-((S)-3,3-Dimethyl-2-((S)-2-(methylamino)propanamido)butanoyl)-N-((R)-1,2,3,4-

terahydronaphthalen-1-yl)pyrrolidine-2-carboxamide oxalate (52S).  Using the general 

procedure for peptide coupling from 4 and Boc-N-Me-Ala-OH, followed by Boc removal gave 

the product as a free amine (89% yield). 1H NMR (CDCl3) δ 7.88 (br s, 1H), 7.22-7.26 (m, 2H), 

7.02-7.14 (m, 3H), 5.14-5.17 (m, 1H), 4.50-4.66 (m, 2H), 3.69-3.85 (m, 2H), 3.28 (br s, 1H), 

2.70-2.80 (m, 2H), 2.10-2.30 (m, 5H), 1.82-1.88 (m, 7H), 1.22 (d, J = 6.0 Hz, 3H), 0.94 (s, 9H).  

The oxalate salt was prepared using 1 equivalent of oxalic acid in ethanol to give 52S as a light 

yellow solid, mp 148-149 0C.  HRMS calcd for C25H38N4O3 [M+H]+ 443.3022, found: 443.3038.  

(S)-tert-Butyl (1-(naphthalen-1-ylamino)-1-oxopropan-2-yl)carbamate (7).  Isobutyl 

chloroformate (1.1 equiv) was slowly added into a mixture of Boc-Ala-OH (5) and 4-

methylmorpholine (1.1 equiv) in anhydrous THF in an ice-salt bath (-5 0C).  After stirring for 20 

min, a solution of 1-naphthylamine (6, 1.1 equiv) in anhydrous THF was added.  The reaction 

mixture was stirred at ambient temperature overnight.  The solid was filtered off and the filtrate 

was diluted with EtOAc, washed with 10% HCl solution and saturated NaHCO3 solution.  After 

evaporation gave 5 as a brown powder (94 % yield).  1H NMR (CDCl3) δ 8.83 (br s, 1H), 7.88-

7.97 (m, 2H), 7.76-7.79 (m, 1H), 7.58-7.61 (m, 1H), 7.35-7.43 (m, 3H), 5.01-5.03 (m, 1H), 4.38-

4.44 (m, 1H), 1.47 (s, 3H), 1.44 (s, 9H).   

tert-Butyl ((S)-3-methyl-1-(((S)-1-(naphthalen-1-ylamino)-1-oxopropan-2-yl)amino) -1-

oxobutan-2-yl)carbamate (8).  Compound 8 was synthesized from 7 using the general 

procedure for Boc-removal, followed by coupling with Boc-Val-OH to give the product as a 

brown powder (84% yield). 1H NMR (CDCl3) δ 8.97 (br s, 1H), 7.95-7.97 (m, 2H), 7.82-7.85 



 

 

(m, 1H), 7.65-7.68 (m, 1H), 7.40-7.52 (m, 3H), 6.80-6.82 (m, 1H), 5.06-5.08 (m, 1H), 4.82-4.87 

(m, 1H), 3.98-4.04 (m, 1H), 2.14-2.20 (m, 1H), 1.56 (d, J = 6.9 Hz, 3H), 1.40 (s, 9H), 0.93 (d, J 

= 6.9 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H). 

tert-Butyl methyl((S)-1-(((S)-3-methyl-1-(((S)-1-(naphthalen-1-ylamino)-1-oxopropan-2-

yl)amino)-1-oxobutan-2-yl)amino)-1-oxopropan-2-yl)carbamate (9).  Compound 9 was 

synthesized from 8 using the general procedure for Boc-removal, followed by coupling with 

Boc-N-Me-Ala-OH to give the product as an off-white powder (58% yield). 1H NMR (CDCl3) δ 

8.96 (br s, 1H), 7.93-7.98 (m, 2H), 7.82-7.85 (m, 1H), 7.66-7.68 (m, 1H), 7.41-7.54 (m, 3H), 

7.07 (br s, 1H), 6.76 (br s, 1H), 4.77-4.86 (m, 1H), 4.59-4.66 (m, 1H), 4.31-4.35 (m, 1H), 2.81 (s, 

3H), 2.25 (br s, 1H), 1.55 (d, J = 6.7 Hz, 3H), 1.49 (s, 9H), 1.33 (d, J = 7.1 Hz, 3H), 0.90 (d, J = 

6.7 Hz, 3H), 0.89 (d, J = 6.7 Hz, 3H). 

(S)-3-Methyl-2-((S)-2-(methylamino)propanamido)-N-((S)-1-(naphthalen-1-ylamino)-1-

oxopropan-2-yl)butanamide oxalate (ML183).  Boc-removal of 9 gave the free amine (92% 

yield). 1H NMR (CDCl3, free amine) δ 9.06 (br s, 1H), 7.97-8.00 (m, 2H), 7.81-7.86 (m, 2H), 

7.66-7.68 (m, 1H), 7.41-7.54 (m, 3H), 7.16 (br s, 1H), 4.83-4.88 (m, 1H), 4.32-4.37 (m, 1H), 

3.05-3.12 (m, 1H), 2.39 (s, 3H), 2.16-2.23 (m, 1H), 1.55 (d, J = 6.9 Hz, 3H), 1.28 (d, J = 6.9 Hz, 

3H), 0.93 (d, J = 6.9 Hz, 6H).  The oxalate salt was prepared using 1 equivalent of oxalic acid in 

ethanol to give ML183 as an off-white powder, mp >250 0C (dec).  HRMS calcd for C22H30N4O3 

[M+H]+ 399.2396, found: 399.2395. 

  



 

 

Scheme 1. 

 

 

  



 

 

Scheme 2. 



 

 

Osteoblast culture, alkaline phosphatase staining, and alizarin red staining.   

Mouse whole bone marrow cells were plated on a tissue culture dish with α-MEM media (20% 

FBS) until 70% confluent. Cells were transferred to a 24-well plate at a density of 1x105 

cells/well, and were cultured with mineralization media (α-MEM, 20% FBS, 50 µg/ml ascorbic 

acid, 10 mM β-glycerophosphate). Differentiating osteoblasts were treated with BV6 (5 µM) for 

2 hours every other day, and fresh mineralization media was given after the treatment. Cells were 

fixed at appropriate times for alkaline phosphatase staining with Leukocyte Alkaline 

Phosphatase Kit (Sigma), or alizarin red staining with Alizarin Red-S (Sigma). 

Apoptosis assay.   

Mouse macrophages and human monocytes were treated with BV6 (5 µM or 40 µM) for 2 hours. 

6 hours later, cells were lysed for DNA fragmentation assay with Cell Death Detection ELISA 

kit (Roche). 

BrdU proliferation assay.   

Mouse macrophages were treated with an initial 2-hour pulse of BV6 (5 µM), suboptimal dose of 

RANKL (15 ng/ml), or both. Cells were incubated with BrdU for 20 hours prior to fixation at 36 

hours after initial treatment. Proliferation was assessed with the BrdU Cell Proliferation Assay 

kit (Milllipore). 

Real time RT-PCR.   

Total RNA was extracted macrophages with TRIzol (Life Technologies) and NucleoSpin RNAII 

RNA Extraction Kit (Clontech), and cDNA was generated with RNA to cDNA EcoDry cDNA 

kit (Clontech).  RT-PCR was performed on an ABI7300 Real-Time PCR system (Applied 

Biosystems) using SYBR Advantage premix  (Clontech) and the following sets of primers: 

TNFα, 5'-CTGTAGCCCACGTCGTAGC-3' and 5'- TTGAGATCCATGCCGTTG-3'; IκBα, 5'- 



 

 

TGAAGGACGAGGAGTACGAGC-3' and 5'-TTCGTGGATGATTGCCAAGTG-3'; 

cyclophilin, 5'-AGCATACAGGTCCTGGCATC-3' and 5'-TTCACCTTCCCAAAGACCAC-3'.   

The amplification reaction was performed for 40 cycles with denaturation at 95ºC for 5 seconds, 

and annealing/extension at 60ºC for 31 seconds.  Melt curve analysis was performed after each 

run.  The relative abundance of each target was calculated as 1000 x 2–(Ct target gene – Ct Cyclophilin), 

where Ct represents the threshold cycle for each transcript, and cyclophilin is the reference. 

 Osteoclastogenesis of viral Cre-infected p65fl/fl macrophages in vitro.   

BMMs from p65fl/fl mice (Suppl ref 1) were cultured in petri dish for 3 days with 1:10 dilution of 

CMG 14-12 supernatant (M-CSF source), and were subsequently infected with retrovirus 

expressing Cre recombinase. Virus was produced by pMX.Cre-transfected PLAT-E cells, and 

was diluted 1:1 with α−MEM for the 24-hour infection in the presence of 10 µg/ml polybrene 

and CMG supernatant (1:10 dilution). BMMs then were selected with 2 µg/ml puromycin for 2 

days, then plated for osteoclastogenesis in the presence of suboptimal levels of GST-RANKL, 

and were treated with 2-hour pulse BV6 (5 µM) or constant 52S (0.3 µM) every other day. 

Mature TRAP-positive multinucleated osteoclasts were counted. 
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FIGURE 

Supplementary Figure S1 

BV6 decreases bone mass in C57BL/6 mice. (A-C) 6 weeks old C57BL/6 mice treated with 4 

weekly doses of BV6 (10 mg/kg) show decreased BV/TV (A), bone mineral density (B), and 

cortical bone area (C).  (D) Representative μCT photos of the distal femurs are shown. Veh, n = 

12; BV6, n = 14. Data represent the mean ± s.d. **P < 0.01. 

  



 

 

Supplementary Figure S2 

BV6 increases both apoptosis and proliferation in osteoclast progenitors in vitro. (A) In both 

mouse BMMs and human monocytes, BV6 (6 hours after 2-hour pulse) increases apoptosis 

shown by DNA fragmentation assay. (B) In mouse BMMs grown in M-CSF, constant GST-

RANKL (30 µg/ml) and 2-hour pulse of BV6 (5 µM) equivalently stimulate proliferation, shown 

by BrdU incorporation assay, although the effects are not additive. Data represent the mean ± 

s.d. n.s., not significant, **P < 0.01, ***P<0.001. 

 

  



 

 

Supplementary Figure S3 

IAP antagonists increase osteoclast differentiation but not function. (A) Constant BV6 increases 

osteoclastogenesis at low doses but inhibits it at high dose. Mouse bone marrow macrophages 

(BMMs) were treated with constant BV6 at indicated doses, in the combination of suboptimal 

dose of GST-RANKL (20 ng/ml), during in vitro osteoclastogenesis. (B) IAP antagonist ML183 

increases osteoclastogenesis in vitro. Mouse BMMs were treated with ML183 (5 μM) during 

osteoclastogenesis. Number of mature osteoclasts per well was plotted. (C,D) BV6 does not 

increase osteoclast activity in vitro. Mouse (C) and human (D) pre-osteoclasts were plated on 

bone slices in osteoclastogenic media (30 ng/ml GST-RANKL). Once mature osteoclasts were 

formed, they were pulse treated with BV6 (2 μM) for 2 hours, and the media were collected 24 

hours later for CTX assay. (E) BV6 inhibits osteoblast differentiation and activity in vitro. 

Mouse bone marrow cells were cultured in mineralization media, and treated with pulse BV6 (5 

μM for 2h) every other day. Cells were fixed for alkaline phosphatase staining on day 12 and 

alizarin red staining on day 17. Scale bar, 1 mm. Data represent the mean ± s.d. n.s., not 

significant, *P < 0.05, **P < 0.01. 

 

  



 

 

Supplementary Figure S4 

 BV6 synergizes with RANKL in activating the alternative NF-κB pathway. Mouse BMMs were 

treated with GST-RANKL (20 ng/ml) or BV6 (1 μM) for indicated times. The extent of p52 

production indicates a synergy between RANKL and BV6 to activate alternative NF-κB 

pathway. 

  



 

 

Supplementary Figure S5 

BV6-enhanced osteoclastogenesis is independent of the classical NF-κB pathway. (A) WT 

mouse BMMs were treated with BV6 (5 µM) for 2 hours. Total RNA were collected and the 

transcription of TNFα and IκBα were examined by real-time RT-PCR. Data is plotted as fold 

change relative to untreated.  (B,C) BMMs from p65fl/fl mouse were infected retroviral Cre to 

silence p65 expression, which was assessed by p65 immunoblot (B). Mock- and cre-infected 

BMMs were pulse treated with 2-hour pulse BV6 (5 µM) or constant 52S (0.3 µM) every other 

day in osteoclastogenic media. Mature multinucleated osteoclasts were TRAP-stained and 

counted (C).  (D) BMMs from NIK WT and KO mouse were treated with BV6 (5 µM) for 2 

hours, and the transcription of TNFα was quantified by real-time RT-PCR. Ratio of TNFα levels 

at 2 hours versus untreated was plotted. Data represent the mean ± s.d. n.s., not significant, *P < 

0.05, **P < 0.01. 


