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Supporting Information 

1.  Materials and general methods 

Chemical materials: All chemicals and solvents were purchased from Sigma-Aldrich, ChemImpex or J. T. Baker and 

used without further purification. Reactions were monitored on Merck Silica 60 F254 TLC plates. Flash column 

chromatography was performed with flash silica gel (230-400 mesh) from Fisher Scientific Inc. The synthesized 

compounds were re-purified on the 971-FP Flash Purification System (Agilent Technologies). Detection was done by 

irradiation with UV light (254 nm or 366 nm) and/or staining with ninhydrin solution (0.3% w/v in glacial acetic 

acid/n-butanol 3: 97). NMR spectra were recorded on the following spectrometers: Agilent DD2 400 (G8303A). The 

chemical shifts (δ) are given in ppm, the coupling constants (J) in Hz. The peak assignments were done using 2D spectra. 

Mass spectra were recorded on the following machines:  Agilent LCMS Q ESMS (6120B).  

 

Biological materials: The commercial human histone H3 was purchased from BioLabs (Catalog #: M2507S). The 

MagicMark XP Western Protein Standard was taken from Life Technologies. The west-blotting of antibody against 

histone H3 (3H1) Rabbit mAb was from Cell Signaling (Catalog #:5192, HRP Conjugate), was tested against every 

histone modifications (H3wt, H3ThioAcK9, H3ThioAcK14, H3ThioAcK36 and H3ThioAcK56, H3AcK14/K56ThioAcK, 

H3ThioAcK14/K56ThioAcK, H3ThioAcK36/K56ThioAcK). Anti-acetyl histone H3K9 (Catalog #: 9671) and H3K56 

(Catalog #: 4243) were purchased from Cell Signaling (Polyclonal Antibody). Proteins were visualized using a Donkey 

Anti-Rabbit IgG secondary antibody (Catalog #: AP182P, MILLIPORE Inc.) conjugated to HRP. The Western blotting was 

performed following the procedures recommended by Cell Signaling Inc.  

 

LC-MS/MS analyses 

The coomassie blue stained SDS-gel protein was de-stained, washed twice for 10 min with water, and cut in small 

fragments. The gel slices of proteins containing histone H3 were trypsin digested by a standard in-gel digestion protocol, 

and analyzed by LC-MS/MS on a LTQ Orbitrap XL (Thermo Scientific) equipped with a nanoACQUITY UPLC system 

(Waters). A Symmetry C18 trap column (180 µm x 20 mm; Waters) and a nanoACQUITY UPLC column (1.7 µm, 100 µm 

x 250 mm, 35°C) were used for peptide separation. Trapping was done at 15 µL min-1, 99% buffer A (water with formic 

acid (0.1 %)) for 1 min. Peptide separation was performed at 300 nL min-1 with buffer A and buffer B (CH3CN containing 

0.1% formic acid). The linear gradient (51 min) was from 5% buffer B to 50% B in 50 min, to 85% B at 51 min. MS data 

were acquired in the Orbitrap with one microscan, and a maximum inject time of 900 ms followed by data-dependent 

MS/MS acquisitions in the ion trap (through collision induced dissociation, CID). The Mascot search algorithm was used 

to search for the appropriate non-canonical substitution (Matrix Science, Boston, MA).  

 

2.  Synthesis of the compounds 

 

2.1  Valine 3,5-dinitrobenzyl ester (1): 
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General procedure for synthesis of valine-DBE was modified slightly as previously described: [1] 

A mixture of Nα-Boc-valine (1.3 g, 6 mmol), triethylamine (1.0 g, 10 mmol) and 3,5-dinitrobenzyl chloride (1.1 mg, 5 mmol) 

in 1 mL of dimethylformamide was stirred vigorously in the dark at r.t for 12 h. And then, 90 mL of diethylether was added 

and the solution was washed with 0.5 M HCl (20 mL x 3), saturated NaHCO3 (20 mL x 3) and saturated NaCl (20 mL), and 

the organic layer was dried over MgSO4. The solvent was evaporated to dryness, and the residue was applied to FC 

(silica gel, column 20 × 3 cm, eluted with CH2Cl2/MeOH 98 : 2 → 95 : 5). The solvent was evaporated to dryness and to 

give 1a (1.23 g, 62%).  

 

All of the above purified compound 1a was dissolved in 20 mL of 4 M HCl/EtOAc and incubated for 20 min at room 

temperature The solution was concentrated under vacuum and the remained HCl was removed by repeating the addition 

of diethylether (20 mL x 2) and was evaporated to dryness. The product was precipitated by the addition of diethylether 

(30 mL) and the precipitants were filtered in 89% yield of 1 (820 mg, 2.76 mmol). 1H-NMR (400 MHz, DMSO-d6) δ: 8.80 (s, 

1H), 8.74 (br, 3H), 8.71 (s, 2H), 5.50 (s, 2H), 3.99 (s, J = 4.6 Hz, 1H), 2.24 (m, 1H), 1.00 (d, J = 12.0 Hz, 3H), 0.96 (d, J = 

8.0 Hz, 3H). 

 

2.2  Valine 3,5-dinitrobenzyl ester (2): 

 

 

A mixture of Nα-Boc-tyrosine (8.5 g, 30 mmol), triethylamine (5.1 g, 50 mmol) and 3,5-dinitrobenzyl chloride (5.4 mg, 25 

mmol) in 15 mL of dimethylformamide was stirred vigorously in the dark at room temperature for 12 h. To stop reaction, 

150 mL of diethylether was added and the solution was washed with 0.5 M HCl (50 mL x 2), saturated NaHCO3 (50 mL x 2) 

and saturated NaCl (50 mL), and the organic layer was dried over MgSO4. The solvent was evaporated to dryness, and 

the residue was applied to FC (silica gel, column 8 × 3 cm, eluted with CH2Cl2/MeOH 98 : 2 → 95 : 5). The solvent was 

evaporated to dryness and to give 2a as pale-yellow powder (8.2 g, 71%). 1H-NMR (400 MHz, DMSO-d6) δ: 8.96 (s, 1H), 

8.36 (s, 2H), 6.92-6.94 (br, 2H), 6.63-6.65 (br, 2H), 5.20 (s, 2H), 4.54-4.99 (m, 1H), 2.93 (m, 1H), 3.01 (m, 1H), 1.40 (s, 

9H); 13C-NMR (400 MHz, DMSO-d6) δ: 171.9, 155.2, 148.5, 139.5, 130.2, 128.0, 127.2, 118.6, 115.5, 80.6, 64.4, 55.0, 

37.6, 28.2.   

 

The purified compound 2a (350 mg, 0.76 mmol) was dissolved in 8 mL of 4 M HCl/EtOAc and the mixture was stirred for 4 

h at room temperature The solution was concentrated under vacuum and the remained HCl was removed by repeating 

the addition of diethylether (10 mL x 3). The product was precipitated by the addition of diethylether (10 mL) and the 

precipitants were filtered in 92% yield of 2 (280 mg, 0.70 mmol). 1H-NMR (400 MHz, DMSO-d6) δ: 9.29 (s, 1H), 8.56 (s, 

2H), 6.92-6.94 (br, 2H), 6.53-6.55 (br, 2H), 5.37 (s, 2H), 4.27 (m, 1H), 2.93 (m, 1H), 3.08 (m, 1H).  
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2.3  NƐ-acetyl-lysine 3,5-dinitrobenzyl ester (3):  

 

 

Nα-Boc-NƐ-acetyl-L-lysine (8.65 g, 30 mmol) was dissolved in 80 mL of CH3CN and treated with 14 mL (80 mmol) of 

N,N-diisopropylethylamine (DIPEA) followed by 3,5-dinitrobenzyl chloride (7.8 g, 36 mmol). The reaction mixture was 

stirred at r.t for 12 h and then treated with 100 mL of ethyl acetate. The organic phase was washed successively with a 

saturated NaHCO3 (25 mL x 2) and saturated NaCl, and then dried (Na2SO4) and concentrated under diminished 

pressure. The residue was purified by flash chromatography on a silica gel column (20 x 3 cm) and eluted with 

EtOAc/hexane 40 : 60 → 80 : 20 → 100 : 0 to afford dinitrobenzyl ester 3a as a white powder: yield 9.2 g (65%). 1H-NMR 

(400 MHz, DMSO-d6) δ: 8.77 (s, 1H), 8.61 (s, 2H), 7.75 (s, 1H), 7.34-7.36 (d, J = 8 Hz, 1 H), 5.38 (s, 2H), 3.98 (m, 1H), 

2.97 (m, 2H), 1.74 (s, 3H), 1.61 (m, 2H), 1.33 (s, 9H), 1.30 (m, 2 x 2H); 13C-NMR (400 MHz, DMSO-d6) δ: 172.9, 169.3, 

156.1, 148.5, 141.1, 128.3, 118.5, 78.8, 64.3, 54.2, 38.6, 30.6, 29.2, 28.5, 23.5, 23.0; HPLC/MS (API-ES) calcd for 

C20H28N4O9Na2 (M + 2Na+ - H)- 513.2, m/z found 513.0. 

 

The purified compound 3a (1.9 g, 4 mmol) was dissolved in 20 mL of 4 M HCl/EtOAc and the mixture was stirred for 1.5 h 

at room temperature The solution was concentrated under vacuum and the remained HCl was removed by repeating the 

addition of diethylether (20 mL x 3). The product was precipitated by the addition of diethylether (10 mL) and the 

precipitants were filtered in 91% yield of 2 (1.5 g, 3.7 mmol). 1H-NMR (400 MHz, DMSO-d6) δ: 8.79 (s, 1H), 8.73-8.76 (m, 

2H), 7.94 (s, 1H), 5.48 (s, 2H), 4.08-4.09 (m, 1H), 2.96 (m, 2H), 1.82-1.88 (m, 2H), 1.75 (s, 3H), 1.34-1.39 (m, 2 x 2H); 

13C-NMR (400 MHz, DMSO-d6) δ: 169.6, 169.5, 148.5, 140.1, 128.9, 118.8, 64.3, 52.3, 38.4, 30.0, 28.9, 28.5, 22.9, 22.1; 

HPLC/MS (API-ES) calcd for C15H20N4O7Na2 (M + 2Na+ - H)- 413.3, m/z found 413.0. 

 

2.4  NƐ-thioacetyl-lysine 3,5-dinitrobenzyl ester (4):  
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To a stirred suspension of Nα-Boc-L-lysine (3.0 g, 12 mmol) in EtOH (25 mL) was added dropwise at 0°C a 5% (w/v) 

aqueous solution of Na2CO3 (25 mL). Ethyl dithioacetate (1.5 mL, 13.2 mmol) was then added dropwise at 0°C. After the 

addition was complete, the reaction mixture was stirred at r.t for 4 h before the addition of a 50% (v/v) solution of EtOH in 

DDT water (3 mL). The ethanol was removed under reduced pressure and the residue was acidified with 6 N HCl to pH 

1~2 and extracted with CH2Cl2. The combined organics were washed with saturated NaCl, dried over anhydrous Na2SO4, 

filtered, and evaporated to dryness, affording an oily residue. The product was isolated on silica gel column 

chromatography as white solid 4a (3.0 g, 68%): 1H-NMR (400 MHz, d-CDCl3) δ: 9.34 (br, 1H), 7.95 (s, 1H), 4.29 (m, 1H), 

3.64 (m, 2H), 2.55 (s, 3H), 1.48–1.87 (m, 6H); 1.44 (s, 9H); 13C-NMR (400 MHz, CDCl3) δ: 200.8, 176.4, 156.0, 80.6, 52.9, 

46.1, 34.0, 32.3, 28.3, 27.0, 22.7; HPLC/MS (API-ES) calcd for C13H24N2O4S (M - H)- 303.2, m/z found 303.3. 

Nα-Boc-NƐ-thioacetyl-L-lysine (2.2 g, 7.2 mmol) was dissolved in 19 mL of CH3CN and treated with 3.4 mL of DIPEA 

followed by 3,5-dinitrobenzyl chloride (1.88 g, 8.6 mmol). The reaction mixture was stirred at r.t for 12 h and then treated 

with 40 mL of ethyl acetate. The organic phase was washed successively with a saturated NaHCO3 (10 mL x 2) and 

saturated NaCl and then dried (Na2SO4) and concentrated under diminished pressure. The residue was purified by flash 

chromatography on a silica gel column (8 x 3 cm) and eluted with CH3OH/CH2Cl2 5 : 95 → 10 : 90 to afford dinitrobenzyl 

ester 4b as a white powder: yield 2.1 g (60%). The purified compound 4b (2.1 g, 4.3 mmol) was dissolved in 1 mL of 4M 

HCl/EtOAc and the mixture was stirred for 1.5 h at room temperature The solution was concentrated under vacuum and 

the remained HCl was removed by repeating the addition of diethylether (10 mL x 3). The product was precipitated by the 

addition of diethylether (5 mL) and the precipitants were filtered in 91% yield of 4 (1.5 g, 3.9 mmol). 1H-NMR (400 MHz, 

DMSO-d6) δ: 9.9 (s, 1H), 8.81 (m, 1H), 8.71 (m, 2H), 8.49 (br, 2H), 5.49 (s, 2H), 4.16 (m, 1H), 3.40 (m, 2H), 2.33 (s, 3H), 

1.82-1.85 (m, 2H), 1.33-1.54 (m, 2 x 2H); 13C-NMR (400 MHz, DMSO-d6) δ: 199.4, 169.6, 148.5, 139.9, 128.9, 119.0, 

65.5, 52.3, 45.3, 33.2, 30.1, 27.1, 22.3; HPLC/MS (API-ES) calcd for C15H20N4O6S (M + H)+ 385.1, m/z found 385.0. 

 

2.5  NƐ-selenoacetyl-lysine 3,5-dinitrobenzyl ester (5):  

 

 

To a stirred suspension of Nα-Boc-NƐ-acetyl-L-lysine dinitrobenzyl ester 3a (2.0 g, 4.2 mmol) in 30 mL of toluene was 
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added partly Woollin’s reagent (679 mg, 1.3 mmol) at room temperature After the addition was complete, the reaction 

mixture was stirred at 70°C for 20 h. The solvent was removed under reduced pressure and the product was isolated on 

silica gel column chromatography as orange solid 5a (1.2 g, 53%): 1H-NMR (400 MHz, d-CDCl3) δ: 9.01 (m, 1H), 8.55 (m, 

2H), 8.23 (br, 1H), 5.37 (s, 2H), 4.37 (m, 1H), 3.70 (m, 2H), 2.61 (s, 3H), 1.50–1.90 (m, 6H); 1.43 (s, 9H); 13C-NMR (400 

MHz, CDCl3) δ: 205.3, 172.3, 155.8, 148.7, 139.7, 127.8, 118.6, 80.4, 64.6, 52.9, 49.4, 38.4, 32.5, 28.3, 26.9, 22.8; 

HPLC/MS (API-ES) calcd for C20H28N4O8Se (M - H)- 531.1, m/z found 531.0. 

 

The purified compound 5a (1.1 g, 2.0 mmol) was dissolved in 20 mL of 4M HCl/EtOAc and the mixture was stirred for 1.5 

h at room temperature The solution was concentrated under vacuum and the remained HCl was removed by repeating 

the addition of diethylether (10 mL x 3). The product was precipitated by the addition of diethylether (10 mL) and the 

precipitants were filtered in 92% yield of 5 (900 mg, 2.1 mmol). 1H-NMR (400 MHz, DMSO-d6) δ: 10.8 (s, 1H), 8.80 (m, 

1H), 8.73 (m, 2H), 8.64 (br, 2H), 5.49 (s, 2H), 4.14 (m, 1H), 3.47 (m, 2H), 2.43 (s, 3H), 1.83-1.86 (m, 2H), 1.35-1.58 (m, 2 

x 2H); 13C-NMR (400 MHz, DMSO-d6) δ: 202.8, 169.5, 148.4, 139.9, 128.9, 118.8, 65.5, 52.3, 49.0, 37.0, 30.1, 26.8, 22.2; 

HPLC/MS (API-ES) calcd for C15H20N4O6Se (M + H)+ 433.1, m/z found 433.0. 

 

3.  Construction of plasmids and tRNA variants 

Oligonucleotide synthesis, DNA sequencing, and LC-MS/MS were performed by the Keck Foundation Biotechnology 

Resource Laboratory at Yale University. E. coli TOP10 and BL21 cells were used for general cloning and selection 

experiments. All cloning was performed using the Gibson Assembly kit (New England Biolabs). 

 

3.1  Construction of pBAD-sfGFPwt and variants 

The plasmid pBAD-sfGFP was derived from the pET-sfGFP plasmid[2]. The codon-optimized sfGFP gene was cloned into 

the pBAD plasmid and placed under the control of the inducible arabinose promoter. Two stop codon mutations, UAG2 

and UAG151 were introduced to the sfGFP gene with the QuikChange II mutagenesis kit (Agilent Life Sciences).  

 

sfGFPwt sequence: 

MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKR

HDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIK

ANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGS 

 

3.2  Construction of H3wt and variants 

This human H3wt gene fragment was purchased from Life Technologies by optimizing human gene to express in E. coli. 

The plasmid pET-H3wt was derived from the plasmid pET-Duet1 (Invitrogen). Two stop codon mutations, H3K9 and 

H3K56 were introduced to the pET-H3wt gene with the QuikChange II mutagenesis kit (Agilent Life Sciences).  

Human H3wt sequence: 

MARTKQTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFK

TDLRFQSAAIGALQEASEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA 

 

3.3  Protein production and purification (sfGFPwt) 
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E. coli BL21(DE3) cells harboring pET-sfGFP-pylT were recovered in 1 mL of lysogeny broth (LB) medium for 1 h at 37 

oC before being placed on LB agar plate containing 50 μg/mL Kan and 100 μg/mL Amp. A single colony was selected 

and grown overnight in a 10mL culture. The overnight culture was used to inoculate in 200 mL M9 medium supplemented 

with 1% glycerol, 2 mM MgSO4, 0.1 mM CaCl2, 50 μg/mL Kan and 100 μg/mL Amp at 37 oC. Cells were grown at 37 ºC in 

an incubator (250 r.p.m.) and protein production was induced when absorbance at 600 nm reached 0.7, and IPTG was 

added to a final concentration of 1 mM. After 6 h induction, cells were harvested, suspended in a lysis buffer (50 mM 

NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) and sonicated. The cell lysate was clarified by centrifugation (60 min, 

11,000 g, 4 ºC). The supernatant was loaded onto a 5 mL Ni-NTA column (Qiagen) and washed with 25 mL lysis buffer. 

Proteins were eluted with 5 mL of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0). Pure 

fractions of sfGFPwt proteins were collected and concentrated. The buffer was exchanged with PBS buffer using an 

Amicon Ultra-15 Centrifugal Filter Devices (10,000 MWCO) (Millopore). The purified proteins were analyzed by 12% 

SDS-PAGE. 

3.4  Preparation and purification of tRNA gene transcripts 

All in vitro T7 RNA polymerase run-off transcription was prepared as previously described[3]. tRNA genes together with 

the T7 promoter were constructed from overlapping oligonucleotides and was cloned in the vector pUC18. To generate 

tRNA transcripts with a 3’-CCA end, a BstNI restriction site was placed at the 3’ end of tRNA gene sequence. The in vitro 

transcription reaction was performed at 37°C for 12 h in a buffer containing 40 mM Tris HCl (pH 8.1), 22 mM MgCl2, 5 mM 

DTT, 2 mM spermidine, 16 mM guanosine monophosphate, 4 mM of each nucleoside triphosphate, pyrophosphatase 

(Roche 1 mg/ml), RNase inhibitor (Roche 40 U/µl), BstNI digested vector containing the template DNA (0.1 µg/µl), and 1 

mM T7 RNA polymerase. U73A-tRNASep mutation was cloned from tRNASep gene with the QuikChange II mutagenesis kit 

(Agilent Life Sciences). tRNAfMetE and dinitro-flexizyme (dFx) were prepared as previously described[1]. The tRNA 

transcripts were purified by electrophoresis on denaturing polyacrylamide gels and full-length tRNAs extracted by 250 mM 

NaOAc in 75% EtOH. 
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Figure S1. dFx system induced aminoacylation of tRNA anticodon stems containing tRNASep mutations, tRNAfMetE
CAU and Mj-tRNATyr

CUA. Cloverleaf 

structure of tRNASep mutants selected for efficient incorporation in response to the stop codons (UAG, UAA and UGA) and quadruplet codon as well 

as tRNAfMetE and Mj-tRNATyr. The anticodon sequences are shown in red. Secondary structure of dFx showing tRNA aminoacylation at the tRNA 

3ˊ-hydroxyl group by dFx[1].  

 

 

All RNAs of this study were listed as follows: 

tRNASep
CUA: 

5’-GCCGGGGTAGTCTAGGGGTTAGGCAGCGGACTCTAGATCCGCCTTACGTGGGTTCAAATCCCACCCCCGGCTC

CA-3’; 

 

U73A-tRNASep
CUA: 

5’-GCCGGGGTAGTCTAGGGGTTAGGCAGCGGACTCTAGATCCGCCTTACGTGGGTTCAAATCCCACCCCCGGCAC
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CA-3’;   
 

J17-CUA=Mj-tRNATyr: 

5’-CCGGCGGTAGTTCAGCAGGGCAGAACGGCGGACTCTAAATCCGCATGGCGCTGGTTCAAATCCGGCCCGCCGG

ACCA-3’;  

 

tRNAfMetE
CAU: 

5’-GGCGGGGTGGAGCAGCCTGGTAGCTCGTCGGGCTCATAACCCGAAGATCGTCGGTTCAAATCCGGCCCCCGCA

ACCA-3’; 

 

dFx: 5’-GGATCGAAAGATTTCCGCATCCCCGAAAGGGTACATGGCGTTAGGT-3’ 

 

 

4.  Aminoacylation assay of tRNA by dinitro-Flexizyme (dFx) 

Aminoacylation reaction of tRNA using the dFx were done as previous reported with the following modificaitons[4]:  The 

mixture of 1 μL of 500 mM HEPES-KOH buffer (pH 7.2), 1 μL of 250 μM dFx, 1 μL of 250 μM tRNA (U73A-tRNASep
CUA, 

tRNASep
CUA, J17-CUA or tRNAfMetE

CAU) and 3 μL of nuclease free H2O was heated at 95°C for 3 min and slowly cool at 

room temperature for 5 min. A 2 μL of 3 M MgCl2 was added into the above mixture, and incubated at room temperature 

for 5 min followed by incubation on ice for 3 min. The acylation mixture was initiated by addition of 2 µL of 25 mM of acid 

substrate in DMSO and was incubated on ice for 6 h. The reaction was stopped by addition of 20 µL of 0.6 M sodium 

acetate and the RNA recovered by ethanol precipitation. Centrifuge the samples at 14,000 rpm for 15 min at 18°C. The 

pellet was rinsed twice with 70 % ethanol containing 0.1 M NaCl and dissolved in 10 µL of 10 mM sodium acetate. 1 µL of 

this solution was mixed with 1 µL of acid PAGE loading buffer, and analyzed by 12 % denaturing PAGE by using sodium 

acetate (0.1 M) as running buffer. The gel was washed with 50 ml of 1× TBE by gently shaking for 10 min. Then the gel 

was stained with 20 ml of ethidium bromide gel-staining solution by gently shaking for 10 min, washed briefly with 50 ml 

of RNase-free water and with 50 ml of 1× TBE by gently shaking for 5 min. Finally, the gel image was scanned by a 

fluorescent gel scanner. To determine the yield of acylation, the bands were quantified by corresponding to free and 

acylated microhelix RNA.  
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Figure S2. dFx system induced aminoacylation of tRNA anticodon stems containing tRNASep
CUA mutations, tRNAfMetE

CAU and Mj-tRNATyr
CUA. (A) 

Acylation of U73A-tRNASep
CUA and different amino acids by dFx. (B) dFx induced acylation of different tRNA and AcK-DBE variants (3-5). (C) 

Acylation of suppressor U73A-tRNASep
CUA and AcK-DBE or ThioAcK-DBE by dFx. Abbreviations: [O], AcK-DBE; [S], ThioAcK-DBE; [Se], 

SeAcK-DBE; The word named “old” meant that aminoacyl-tRNA were stabled when they were stored at -80oC for 6 months; while “new” was freshly 

prepared. Bands I–III are as follows: I. acyl-RNA; II. tRNA; III, dFx. The yields were calculated based on the intensity of I (acyl-tRNA) and II (tRNA), 

present as (I)/[(I)+(II)].  
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5   Incorporation of AcK or ThioAcK into sfGFP at the site of 2 or 151 

5.1   RF1 deleted cell-free translation 

Protein synthesis reactions of noncanonical amino acids were carried out using the PURExpress ∆RF123 Kit (E6850, 

BioLabs Inc.).  
 

a) Protocol 

The reactions were assembled on ice (10 μL of Solution A, 7.5 μL of Solution B, 0.5 μl of RF1 or RF2 and 0.5 μl of RF3), 

and 75 pmol of crude acyl-tRNAs synthesized by flexizyme was added into the above mixture. All reactions were had a 

final volume of 25 μL. Tubes were mixed, pulse centrifuged to collect the mixture and incubated at 37°C for 4 hr. 

Reactions were stopped by placing tube on ice. Samples were used directly for analysis or kept at -20°C for use at a later 

time. The products were analyzed by 12% SDS-PAGE. For the sfGFP proteins, all of the 25 μl samples were diluted to 

50 μl and measured with excitation wavelength in 485 nm and emission wavelength 528 nm. 
 

b) Generation of DNA template by the designed primers 

Gene specific primers are used to add adaptor sequences (homologous to part of the regulatory region DNA) to the 5´ 

and 3´ ends of the gene of interest. 
 

5’-UTR sequence of Forward Primer  

5’-GCGAATTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGAGTAAAGGAGAAGAACTTTTCACTG

GA 

 

3’-UTR sequence of Reverse Primer 

5’-AAACCCCTCCGTTTAGAGAGGGGTTATGCTAGTTAGGATCCTTTGTAGAGCTCATCCATGCC 

 

5.2  Fluorescence read-through screen 

To verify whether the acyl-tRNAs prepared by dFx can function in protein translation, a cell-free PURExpress (BioLabs 

Inc.) reaction, based on the PURE system technology originally developed by the Ueda group, was performed in vitro[5]. 

For fluorescence read-through screen, lysine analogues were incorporated to sfGFP bearing a TAG codon at position 

151 (sfGFP-151TAG) and at position 2 (sfGFP-2TAG). First, we tested the blank control in reaction series 1, it 

demonstrated Flexizyme substrates had no background on the sfGFP expression (Figure 2). In present of RF1 we found 

that the fluorescence intensity had no change with adding U73A-tRNASep
CUA or not by comparing to the reaction series 3 

and 4, as well as 11 and 12. It excluded the possibility that designed U73A-tRNASep
CUA could charge other amino acids. 

The result was in agreement with earlier data that total E. coli aaRSs could not be discriminated with tRNASep
CUA

[6]. In the 

PURExpress system eliminated the UAG-recognizing RF1, translation of AcK or ThioAcK was probably 36-40% and 26% 

for SeAcK by comparing to wt-sfGFP, and their fluorescence intensity was similar or higher than valine or tyrosine 

incorporating in sfGFP-151 (Figure 2). These results demonstrated that incorporation efficiency at UAG at sfGFP-151 or 

sfGFP-2 was notably increased in the absence of RF1 competition. This was consistent with previous reports that 

background misacylated of amber suppressor tRNAs may be effectively outcompeted in the presence of an efficient 

near-cognate[7]. Furthermore, Flexizyme-mediated aminoacylation of tRNAs contains high salt which may affect the 

PURE system reactions, so that the expression level of series 5 and 13 involving the suppression of UAG is higher in the 

absence of aa-tRNA than in the presence of aa-tRNA (Figure S3). Without RF1, the products were from near cognate 

suppression of UAG codon, and they are usually Tyr, Trp, Gln, and Lys residues[7,8]. 
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5.3   Western blotting antibodies and reagents.   

The antibody against GFP was from Life Technologies (A10260, GFP Rabbit IgG Antibody Fraction, HRP Conjugate). 

The MagicMark™ XP Western Protein Standard was from Life Technologies. The Western blotting was performed 

following the procedures recommended by Life Technologies. As shown in Figure S3, the samples of sfGFP 

modifications in lanes 4-11 can be completely labeled using the universal antibodies (A10260) when compared to purified 

sfGFP.  

Western blotting analysis showed similar incorporation efficiency of AcK and its analogues (about 250 mg/L) and 

quantitative analysis of western blotting showed the incorporation efficiency of AcK and analogues were much higher than 

that of valine and tyrosine, in agreement with fluorescence intensity read-through results.      

 

Figure S3. The single site-specific incorporation of different NcAAs at the sfGFP-Y151 and sfGFP-S2 using amber suppression. (A) Series 1, no 

template DNA and acyl-tRNA as blank; series 2, sfGFP-wt expression; series 3-4, in present of RF1 and no acyl-tRNA as comparison; series 5 and 

13, no acyl-tRNA as control; series 6-10, dFx induced compounds 1-5 to charge with U73A-tRNASep
CUA and expressed in sfGFP-Y151; series 11-12, 

in present of RF1 and no acyl-tRNA as comparison; series 13, no acyl-tRNA as control; series 14, dFx induced U73A-tRNASep
CUA to acylate ThioAcK 

and expression of sfGFP-S2. The reaction systems were eluted 2 folds to 50 µL. The fluorescence intensity was measured with excitation 

wavelength in 485 nm and emission wavelength 528 nm. (B) Western blotting of the synthetic sfGFP variants Y151Valine, Y151Tyrosine, Y151AcK, 

Y151ThioAcK, Y151SeAcK and S2ThioAcK using antibody against sfGFP.  

 

5.4  HPLC-MS/MS of demonstrated the incorporation of AcK or ThioAcK at the sfGFP-Y151TAG  

In order to confirm the incorporation of AcK and its analogues at the site of Y151-TAG, we analyzed the in-gel trypsin 

digests of the sfGFP proteins by LC-MS/MS. The MS/MS analyses of the corresponding modified sfGFP peptides 

LEYNFNSHNV(K)ITADK gave the correct mass spectra for Y151AcK (ppm: -0.6) and Y151ThioAcK (ppm: 1.6), 

respectively (Figure S4-S5 and Table S1-S2). As fragmentation of the peptide can occur starting either with the 

N-terminus (b ion series) or the C-terminus (y ion series) both ion series can always be found. While the SeAcK was not 

detected due to its lability, we found the corresponding modification SeAcK was chemically changed into AcK (data not 

shown).  
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Figure S4. MS/MS spectrum of the tryptic peptide LEYNFNSHNV(AcK)ITADK of the sfGFP-Y151 digestion.  

 

 

Table S1. Assigned MS/MS fragments resulting from fragmentation of the tryptic peptide LEYNFNSHNV(AcK)ITADK of the sfGFP-Y151 digestion.   
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Figure S5. MS/MS spectrum of the tryptic peptide LEYNFNSHNV(ThioAcK)ITADK of the sfGFP-Y151 digestion.  

 

 

 

 

Table S2. Assigned MS/MS fragments resulting from fragmentation of the tryptic peptide LEYNFNSHNV(ThioAcK)ITADK of the sfGFP-Y151 

digestion. 
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6.  Specific-site incorporations of AcK and/or ThioAcK into human histone H3  
 
 

6.1   Cell-based expression of optimized histone H3wt 

The pET-Duet-1 plasmid containing the histone H3wt gene fragment was transformed into BL21(DE3) cells, and protein 

expression performed in LB containing ampicillin (100 mg/L). The transformed cells were grown at 37oC for 3 h to OD600 = 

0.6～0.8. Protein expression was then induced with IPTG (1mM) at 37oC for 5 h (no adding IPTG as control). The 15 µL of 

cell culture were harvested by centrifuging (10,000 rpm, 25 min, 4oC), and directly suspended in loading buffer including 

β-mercaptoethanol without adding any protease inhibitors or NAM. The sample was heated at 95oC for 3 minutes and 

cooled to room temperature., and then was analyzed by 12% SDS-gel. In this case 150～200 mg of human H3wt per liter 

medium can be obtained with comparing and calculating the loading 2.5 µg of commercial human H3 (Figure S6).   

 

 

Figure S6. Cell-based expression of optimized human histone H3wt. 

 
 

6.2  Cell-free translation: incorporation of AcK and ThioAcK into human H3  
 

Protein synthesis reactions of noncanonical amino acids were carried out using the PURExpress® ∆RF123 Kit (E6850, 

BioLabs Inc.).  

 

Generation of DNA template by the designed primers 

5’-UTR sequence of Forward Primer 

5’-GCGAATTAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAAATATGGCACGTACCAAACAGACCGCACGTA

AA 

 

3’-UTR sequence of Reverse Primer 

5’-AAACCCCTCCGTTTAGAGAGGGGTTATGCTAGTTATGCACGTTCACCACGAATACGACGTGC 
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6.2.1  Western blotting (against H3 histone antibody) 

 

 

Figure S7. The histone H3 variants incorporated AcK and/or ThioAcK at the positions (K9, K14, K36, K56 or K36/K56) were synthesized by amber 

or opal suppression, and a same amount of loading samples was monitored in western blotting. Commercial H3 was used as a standard control.  

 

 

 

 

Figure S8. By the combination of amber and opal suppressions, histone H3 variants incorporating AcK and ThioAcK at multiple-sites of K14/K56 

were prepared. A same amount of loading samples was monitored in western blotting, and commercial H3 was used as a standard control.  
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6.2.2  Western blotting (anti-acetyl histone H3K14 and H3K56 antibodies) 

Anti-acetyl histone H3K14 and H3K56 antibodies are special site-selectivity for the acetylated histone modifications, and 

they can be performed to distinguish some acetylated histone variants (lanes 2-13, Figure S9A; lanes 2-7, Figure S9B) 

and non-acetylated histone proteins such as commercial histone H3.3 (lane 1) in Figure S9. 

  

 

 

Figure S9. Western blotting of the synthetic histone H3 variants. Anti-acetyl histone H3K14 antibody.  

 

6.2.3  HPLC-MS/MS of demonstrated the incorporation of AcK or ThioAcK in histone H3 

H3K56ThioAcK(UGA) 

 

Figure S10.  Opal suppression of histone H3 modification incorporating ThioAcK at position of K56. MS/MS spectrum of the tryptic peptide 

YQ(ThioAcK)STELLIR of the H3K56ThioAcK digestion.  

Table S3. Assigned MS/MS fragments resulting from fragmentation of the tryptic peptide YQ(ThioAcK)STELLIR of the H3K56ThioAcK digestion. 

1 2 3 4 5 6 7 8 9 10 11 12 13 

H3.3 
1 μg 

K14UAG 
[O] 

K14UAG 
[S] 

K14UGA 
[S] 

K14UAA 
[S] 

K14CUGA 
[S] 

K14UAG 
[S] 

K56UAG 
[S] 

K14UGA 
[S] 

K56UGA 
[S] 

K14UAG 
[O] 

K56CUAG 
[S] 

K14UGA 
[O] 

K56UGA 
[O] 

K14UGA 
[S] 

K56UAG 
[O] 

K14UGA 
[S] 

K56UAA 
[O] 

K14UGA 
[O] 

K56UAA 
[S] 

    1           2          3         4           5           6            7           8          9         10        11        12       13     
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H3K14ThioAcK(UGA) 

 

Figure S11. Opal suppression of histone H3 modification incorporating ThioAcK at position of K14. MS/MS spectrum of the tryptic peptide 

KSTGG(ThioAcK)APR of the histone H3K14ThioAcK digestion.  

 

 

Table S4. Assigned MS/MS fragments resulting from fragmentation of the tryptic peptide KSTGG(ThioAcK)APR of the histone H3K14ThioAcK 

digestion. 
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H3K36ThioAcK(UGA)/K56ThioAcK(UGA) 

 

Figure S12. The multiple site-specific lysine (thio)acetylation on the H3K36/K56. MS/MS spectra of two tryptic peptides 

SAPSTGGV(ThioAcK)KPHR at position of K36 and YQ(ThioAcK)STELLIR at position of K56. 

 

 

Table S5. Assigned MS/MS fragments resulting from fragmentation of two tryptic peptides SAPSTGGV(ThioAcK)KPHR at position of K36 and 

YQ(ThioAcK)STELLIR at position of K56 of the histone H3K36/K56 digestion. 
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H3K14ThioAcK(UGA)/K56ThioAcK(UGA) 

 

Figure S13. The multiple site-specific lysine (thio)acetylation on the H3K14/K56. MS/MS spectra of two tryptic peptides STGG(ThioAcK)APR at 

position of K14 and YQ(ThioAcK)STELLIR at position of K56. 

 

Table S6. Assigned MS/MS fragments resulting from fragmentation of two tryptic peptides STGG(ThioAcK)APR at position of K14 and 

YQ(ThioAcK)STELLIR at position of K56 of the histone H3K14/K56 digestion. 
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6.3  Histone deacetylase (HDAC) assay 

A time course assay solution had the following components: 20 mM Tris–HCl (pH 7.5), 137 mM NaCl, 2.7 mM KCl, 1 mM 

MgCl2, 1 mM β-NAD+, 5 μL of PURExpress solution, and 2 μL of human GST-SIRT1 (Cat.#BML-SE239-0100, Enzo Life 

Sciences Inc.). An enzymatic reaction on histone modification containing ThioAcK56 was initiated by the addition of 

enzyme at 37oC and was allowed to be incubated at 37oC until quenched at different time points (0-180 min). The assay 

solutions were analyzed by western blotting (anti-acetyl histone H3K56). Under the same assay conditions, histone 

modification containing AcK at the site of K56 was performed as a comparison. Non-enzymatic reactions were used as 

control.  
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Figure S14. HDAC assays performed on histone H3K56AcK and H3K56ThioAcK. Deacetylation and de(thio-)acetylation reactions were quantified 

by Western blot analysis of histone H3 using anti-acetyl histone H3K56 antibody. Non-enzymatic reactions were used as time zero controls. 
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Figure S15.  1H-NMR spectrum of compound 1 
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Figure S16.  1H-NMR spectrum of compound 2a 
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Figure S17.  13C-NMR spectrum of compound 2a 
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Figure S18.  1H-NMR spectrum of compound 2 
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Figure S19.  1H-NMR spectrum of compound 3a 
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Figure S20.  13C-NMR spectrum of compound 3a 
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Figure S21.  APT-NMR spectrum of compound 3a 



 

S29 
 

 

Figure S22.  HSQCAD-NMR spectrum of compound 3a 
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Figure S23.  HPLC-MS spectrum of compound 3a 
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Figure S24.  1H-NMR spectrum of compound 3 
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Figure S25.  13C-NMR spectrum of compound 3 
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Figure S26.  APT-NMR spectrum of compound 3 
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Figure S27.  HSQCAD-NMR spectrum of compound 3 
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Figure S28.  HPLC-MS spectrum of compound 3 
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Figure S29.  1H-NMR spectrum of compound 4a 
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Figure S30.  13C-NMR spectrum of compound 4a 
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Figure S31.  1H-NMR spectrum of compound 4 
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Figure S32.  13C-NMR spectrum of compound 4 
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Figure S33.  APT-NMR spectrum of compound 4 
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Figure S34.  HSQCAD-NMR spectrum of compound 4 
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Figure S35.  HPLC-MS spectrum of compound 4 
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Figure S36.  1H-NMR spectrum of compound 5a 
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Figure S37.  13C-NMR spectrum of compound 5a 
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Figure S38.  APT-NMR spectrum of compound 5a 
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Figure S39.  HSQCAD-NMR spectrum of compound 5a 
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Figure S40.  HPLC-MS spectrum of compound 5a 
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Figure S41.  1H-NMR spectrum of compound 5 
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Figure S42.  13C-NMR spectrum of compound 5 
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Figure S43.  APT-NMR spectrum of compound 5 
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Figure S44.  HSQCAD-NMR spectrum of compound 5 


