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1. Supplemental Figures and Tables 

 
 
Figure S1a. Proteasome inhibition assay (Trypsin-Like activity). HL-60, SEM, and SUP-B15r 

cells were treated for 2 h with bortezomib, vorinostat, ricolinostat, and RTS-V5 at 

concentrations ranging from 4 nM-25 µM. The proteasomal activity was measured after 2 h 

using a Cell-Based Proteasome-Glo Trypsin-Like assay by taking Z-LRR-aminoluciferin (Z-

leucine-arginine-arginine-aminoluciferin) as a substrate. The compounds were printed on a 

384-well white plate using a randomization feature (n = 1). 
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Figure S1b. Proteasome inhibition assay (Caspase-like activity). HL-60, SEM, KCL-22r, and 

SUP-B15r cells were treated for 2 h with bortezomib, vorinostat, ricolinostat, and RTS-V5 at 

concentrations ranging from 4 nM-25 µM. The proteasomal activity was measured after 2 h 

using a Cell-Based Proteasome-Glo Chymotrypsin-Like assay by taking Z-nLPnLD-

aminoluciferin (Z-norleucine-proline-norleucine-aspartate-aminoluciferin) as a substrate. The 

compounds were printed on a 384-well white plate using a randomization feature (n = 1). 
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Figure S2. Polder omit map of RTS-V5 bound to monomer B of HDAC6 (contoured at 3.0 σ). 

Atoms are color-coded as follows: C = orange (RTS-V5) or light blue (protein), N = blue, O = 

red, Zn2+ = gray sphere, solvent = red spheres. Metal coordination and hydrogen bond 

interactions are indicated by solid and dashed black lines, respectively. Also indicated are 

interactions that are slightly too long for hydrogen bonding, with nonhydrogen atom separations 

of 3.3 Å (dashed red lines). In monomer B, the benzyl-L-alanyl moiety adopts an alternative 

conformation from that observed in monomer A. This results in a different array of hydrogen 

bonds in comparison with those observed in monomer A (Figure S3). The amide carbonyl group 

to which this moiety is attached accepts a hydrogen bond from N530 (O---N distance = 2.8 Å). 

The side chain of N530 also forms a hydrogen bond with a water molecule that is within 

hydrogen bonding distance from the benzamide NH group. Notably, N530 is specific to 

zebrafish HDAC6 and appears as an aspartate residue in human HDAC6. Thus, interactions 

observed for N530 in zebrafish HDAC6 will differ from those that would be expected for 

binding to human HDAC6. Specifically, an aspartate in place of N530 could not be a hydrogen 

bond donor to RTS-V5. Consequently, the binding mode observed in monomer B would be 

disfavored, and the binding mode observed in monomer A would be favored, in the RTS-V5 

complex with human HDAC6. 
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Figure S3. Superposition of monomers A and B of the HDAC6–RTS-V5 complex. Although 

there are no major structural changes between the two monomers, the benzyl-L-alanyl moiety 

of RTS-V5 adopts alternative conformations in each monomer. RTS-V5 is color-coded as 

follows: C = black (monomer A) or orange (monomer B), N = blue, O = red, Zn2+ = gray sphere. 
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Figure S4. Toxicity against mononuclear cells from peripheral blood. 3 healthy individuals-

derived mononuclear cells (MNCs) from peripheral blood (PB) were treated with RTS-V5, 

bortezomib, ricolinostat, and vorinostat for 72 h at concentrations ranging from 4 nM-25 µM. 

The average IC50 (n = 3) was determined by Celltitre-Glo assay. 
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Figure S5. Proliferation assay. SEM were treated with RTS-V5 and ricolinostat at IC50 and two 

times (2x) the IC50 concentrations and later the viable cells were counted after 24 h, 48 h, and 

72 h (n = 3). Significance analyses of normally distributed data with variance similar between 

groups used paired, two-tailed Student’s t-test. * p < 0.05, ** p < 0.005, *** p < 0.001. 
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Figure S6. Differentiation analysis (in liquid medium). SEM were treated with RTS-V5 and 

ricolinostat at IC50 and two times (2x) the IC50 concentrations for 72 h and were subjected to 

FACS after staining with CD11b and CD14 antibodies respectively. Diagrams show bivariate 

FACS analysis of CD11b vs. CD14 and in the below panel the table representing the 

percentages cells in different compartments.  
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Table S1. Data collection and refinement statistics for the HDAC6–RTS-V5 complex. 

Data Collection  
Space group C2221 
Unit cell Dimensions  
   a, b, c (Å) 48.3, 128.4, 260.5 
   α, β, γ (°) 90.0, 90.0, 90.0 
Resolution (Å) 64.20–1.90 (1.94–1.90)a 

Rmergeb 0.350 (1.51)a 
Rpimc 0.124 (0.592)a 
CC1/2d 0.977 (0.656)a 
Redundancy 8.8 (7.8)a 
Completeness (%) 100.0 (100.0)a 
I/σ 7.0 (2.9)a 
Refinement  
Resolution (Å) 45.22–1.90 (1.97–1.90)a 
No. reflections 64448 (6332)a 
Rwork/Rfreee 0.151/0.188 (0.200/0.254)a 
No. atomsf  
   Protein 5579 
   Ligand 118 
   Solvent 522 
Average B factors (Å2)  
   Protein 11 
   Ligand 18 
   Solvent 18 
R.m.s. deviations  
   Bond Lengths (Å) 0.006 
   Bond Angles (°) 0.8 
Ramachandran Plot (%)g  
   Favored 97.0 
   Allowed 3.0 
   Outliers 0.00 

 aValues in parentheses refer to the highest-resolution shell indicated. bRmerge = ∑hkl∑i|Ii,hkl − 

⟨I⟩hkl|/∑hkl∑i Ii,hkl, where ⟨I⟩hkl is the average intensity calculated for reflection hkl from replicate 

measurements. cRp.i.m.= (∑hkl(1/(N-1))1/2∑i|Ii,hkl − ⟨I⟩hkl|)/∑hkl∑i Ii,hkl, where ⟨I⟩hkl is the average 

intensity calculated for reflection hkl from replicate measurements and N is the number of 

reflections dPearson correlation coefficient between random half-datasets. eRwork = ∑||Fo| − 

|Fc||/∑|Fo| for reflections contained in the working set. |Fo| and |Fc| are the observed and 

calculated structure factor amplitudes, respectively. Rfree is calculated using the same expression 

for reflections contained in the test set held aside during refinement. fPer asymmetric unit. 
gCalculated with PROCHECK. 
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Table S2. X-ray data collection and refinement statistics for the yCP: RTS-V5 complex. 
 

 yCP: RTS-V5 

  
Crystal parameters  
Space group P21 
Cell constants a = 137.1 Å 

b = 300.8 Å 
c = 145.1 Å 
β = 113.5 ° 

CP / AUa 1 
  
Data collection  
Beam line X06SA, SLS 
Wavelength (Å) 1.0 
Resolution range (Å)b 50-2.5 (2.6-2.5) 
No. observations 1160973 
No. unique reflectionsc 362822 
Completeness (%)b 97.9 (98.6) 
Rmerge (%)b, d 5.1 (56.8) 
I/σ (I)b 14.7 (2.5) 
  
Refinement (REFMAC5)  
Resolution range (Å) 15-2.5 
No. refl. working set 343137 
No. refl. test set 18059 
No. non hydrogen 50266 
No. of ligand atoms 76 
Solvent (H2O, Mg2+, Cl-) 866 
Rwork/Rfree (%)e 18.7 / 21.7 
r.m.s.d. bond (Å) / (°)f 0.007 / 1.1 
Average B-factor (Å2) 69.4 
Ramachandran Plot (%)g 97.9/ 1.9 / 0.2 
  
PDB accession code 6H39 

 
[a] Asymmetric unit 
[b] The values in parentheses for resolution range, completeness, Rmerge and I/σ (I) correspond to the highest 

resolution shell 
[c] Data reduction was carried out with XDS and from a single crystal.  Friedel pairs were treated as identical 

reflections 
[d] Rmerge(I) = ΣhklΣj | I(hkl)j - <I(hkl)> | / Σhkl Σj I(hkl)j, where I(hkl)j is the jth measurement of the intensity of 

reflection hkl and <I(hkl)> is the average intensity 
[e] R = Σhkl | |Fobs| - |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5% 

of reflections, which were not used for structure refinement, and Rwork is calculated for the remaining 

reflections 
[f] Deviations from ideal bond lengths/angles 
[g] Number of residues in favored region / allowed region / outlier region 
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2. Chemistry 

 

Preparation of 4-((benzyloxy)carbamoyl)benzoic acid   

 

 

Methyl 4-((benzyloxy)carbamoyl)benzoate (800 mg, 2.8 mmol, 1 eq) was dissolved in 20 mL 

THF. Lithium hydroxide monohydrate (470 mg, 11.2 mmol, 4 eq) was added and the resulting 

solution was stirred at room temperature for 24 h. After completion of the reaction, the mixture 

was acidified using 1 M HCl (pH ≈ 1) and extracted with ethyl acetate (3 x 20 mL). The 

combined organics were dried over sodium sulfate and the solvent was removed under reduced 

pressure. 4-((benzyloxy)carbamoyl)benzoic acid was crystallized from 

n-hexane and ethyl acetate.  

 

4-((benzyloxy)carbamoyl)benzoic acid. White solid; 73% yield; mp. 227–230 °C; 1H-NMR 

(600 MHz, DMSO-d6): δ 13.24 (bs, 1H, OH), 11.94 (s, 1H, 1H), 8.05 – 7.98 (m, 2H, arom. H), 

7.86 – 7.80 (m, 2H, arom. H), 7.50 – 7.34 (m, 5H, arom. H), 4.94 (s, 2H, OCH2) ppm; 
13C-NMR (151 MHz, DMSO-d6): δ 166.7, 163.6, 136.1, 135.8, 133.4, 129.4, 129.0, 128.3, 

127.4, 77.1 ppm; HRMS (m/z): M– calcd. for C15H12NO4, 270.0772; found, 270.0767. 
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3. X-ray crystallography 

 
X-ray crystal structure determination of HDAC6 in complex with RTS-V5. HDAC6 

catalytic domain 2 (CD2, residues 440–798) from Danio rerio (zebrafish) was recombinantly 

expressed using the MBP-TEV-z6CD2-Pet28a(+) vector1 and purified as described.1,2 Briefly, 

zebrafish HDAC6 CD2 (henceforth, simply "HDAC6") was expressed in Escherichia coli 

BL21 (DE3) cells in 2xYT media with 50 mg/L kanamycin. Cells were grown at 37° C until 

OD600 reached 1.0, after which the temperature was decreased to 18 °C for an additional 18 h. 

Cells were supplemented with 200 µM ZnSO4 and induced with 75 µM isopropyl β-L-1-

thiogalactopyranoside. Cells were sonicated in buffer A [50 mM K2HPO4 (pH 8.0), 300 mM 

NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 5% glycerol] and centrifuged at 15,000 g 

for 1 h at 4° C, after which the supernatant was purified using an amylose column (New England 

BioLabs); protein was eluted using 10 mM maltose in buffer A. Protein fractions were dialyzed 

overnight in buffer A plus 10 mg/mL TEV protease to cleave the MBP tag. The digested protein 

sample was then applied to a Ni-NTA column (Qiagen) in Buffer A and protein was eluted in 

a 0–300 mM imidazole gradient. HDAC6-containing fractions were was loaded onto a HiLoad 

superdex 200 column in buffer B [50 mM HEPES (pH 7.5), 100 mM KCl, 1 mM TCEP, 5% 

glycerol] and concentrated to approximately 10 mg/mL. Protein was flash-cooled in liquid 

nitrogen and stored at -80 ˚C prior to use. 

 The HDAC6–RTS-V5 complex was crystallized by the vapor diffusion method at 4° C 

by equilibrating a 0.70 µL sitting drop consisting of 0.35 µL protein solution [10 mg/mL 

HDAC6, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 

2.0 mM RTS-V5, 100 mM KCl, 1 mM TCEP, 5% glycerol] and 0.35 µL precipitant solution 

[0.2 M LiCl, 20% w/v polyethylene glycol 3,350] against a reservoir of 100 µL precipitant 

solution. Thick plate-like crystals appeared within 3 days. Crystals were harvested and soaked 

in crystallization buffer augmented with 20% ethylene glycol as a cryoprotectant prior to flash 

cooling in liquid nitrogen. 

 X-ray diffraction data were collected at AMX beamline 17-ID-1 at the National 

Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory. Data were indexed 

and integrated using iMOSFLM3 and scaled using Aimless in the CCP4 program suite.4 While 

Rmerge values were rather high for these data, the corresponding CC1/2 values were well within 

accepted ranges; this phenomenon is often observed for datasets with high redundancies. The 

crystal structure of the HDAC6–RTS-V5 complex was solved by molecular replacement using 

the atomic coordinates of unliganded HDAC6 (PDB 5EEM) as a search probe for rotation and 
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translation function calculations using the program Phaser.5 Crystallographic structure 

refinement was achieved using Phenix,6 and the graphics software Coot7 was used to inspect 

and adjust the model of the enzyme-inhibitor complex between refinement runs. Inhibitor and 

solvent molecules were added in the later stages of refinement. Spurious electron density peaks 

were occasionally observed that could not be satisfactorily modeled by solvent components, 

and such peaks were left uninterpreted. The overall quality of the final protein model was 

evaluated using MolProbity and PROCHECK.8,9 Final refinement statistics are recorded in 

Supplementary Table 1. Polder omit electron density maps were calculated as described.10 Final 

refined coordinates and structure factor amplitudes for the final model have been deposited in 

the Protein Data Bank (www.rcsb.org) with accession code 6CW8. 

 

Protein crystallography of the yeast 20S proteasome in complex with RTS-V5. Crystals 

of the 20S yeast proteasome (yCP) were grown in hanging drops at 20 °C as described.11,12 The 

protein concentration used for crystallization was 40 mg/ml in 10 mM 

tris(hydroxymethyl)aminomethane (TRIS)-HCl (pH 7.5). The drops were composed of 2 µl of 

protein and 2 µl of the reservoir solution, containing 30 mM magnesium acetate, 100 mM 

morpholino-ethane-sulphonic acid (MES)-NaOH (pH 7.2) and 10 % 2-methyl-2,4-pentanediol 

(MPD). Crystals were incubated overnight with the linear decarboxylated peptide RTS-V5. In 

the following, crystals were soaked in a cryoprotecting buffer (30 % MPD, 20 mM magnesium 

acetate, 100 mM MES-NaOH pH 6.9) and vitrified in a stream of liquid nitrogen gas at 100 K. 

Diffraction data for the yCP:RTS-V5 complex structure were collected to 2.5 Å using 

synchrotron radiation with λ= 1.0 Å at the beamline X06SA, Swiss Light Source (SLS), 

Villigen, Switzerland. X-ray intensities were evaluated by the XDS program package13 

including data reduction. Conventional crystallographic rigid body, positional and temperature 

factor refinements were carried out with REFMAC5 using coordinates of the yeast 20S 

proteasome structure (PDB ID 5CZ4) as starting model.14 For model building the programs 

MAIN15 and COOT16 were used, respectively. 

Protein Data Bank accession code. Coordinates have been deposited in the RCSB Protein 

Data Bank under the accession code 6H39. 
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4. 1H- and 13C-NMR spectra 
Compound 3: 1H-NMR (400 MHz, DMSO-d6) 

Compound 3: 13C-NMR (101 MHz, DMSO-d6) 
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Compound 4-((benzyloxy)carbamoyl)benzoic acid: 1H-NMR (600 MHz, DMSO-d6) 

 
Compound 4-((benzyloxy)carbamoyl)benzoic acid: 13C-NMR (151 MHz, DMSO-d6) 
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Compound 4: 1H-NMR (400 MHz, DMSO-d6) 

 
Compound 4: 13C-NMR (75 MHz, DMSO-d6) 
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Compound 5: 1H-NMR (400 MHz, DMSO-d6) 

 
Compound 5: 13C-NMR (101 MHz, DMSO-d6) 
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Compound RTS-V5: 1H-NMR (500 MHz, DMSO-d6) 

 
Compound RTS-V5: 13C-NMR (126 MHz, DMSO-d6) 
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HPLC chromatogram of RTS-V5 
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