
S1 
 

Genetic Encoding of N6-(((Trimethylsilyl)methoxy)carbonyl)-L-lysine for NMR Studies 

of Protein–Protein and Protein–Ligand Interactions  

 
Elwy H. Abdelkader, Haocheng Qianzhu, Yi Jiun Tan, Luke A. Adams, Thomas Huber,* and 

Gottfried Otting* 

 
 

 

Table of contents: 

Experimental procedures 

a) Synthesis and characterization of N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine 

(TMSK) 

b) Screening of functional ChPylRS that recognizes TMSK by FACS 

c) In vivo protein expression and purification 

d) Incorporation of TMSK using high cell-density fermentation 

e) Incorporation of TMSK by cell-free protein synthesis (CFPS) 

f) Intact protein mass spectrometry 

g) NMR spectroscopy 

h) Measurements of Kd values 

 

Supplementary figures 

Figure S1. 1H and 13C NMR spectra of N2-(tert-butoxycarbonyl)-N6-

(((trimethylsilyl)methoxy)carbonyl)-L-lysine in CDCl3 

Figure S2. 1H and 13C NMR spectra of N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine 

hydrochloride in D2O 

Figure S3. Pulse sequence of the NOESY experiment used to measure NOEs with the TMS 

resonances 

Figure S4. Flow of enrichment of bacterial cells with active and specific ChPylRS enzymes 

that recognize TMSK via FACS 

Figure S5. Histograms of the six selection rounds to identify active ChPylRS enzymes that 

recognize TMSK via FACS 

Figure S6. Intact protein mass spectrometric analysis of PpiB H147TMSK 

Figure S7. Intact protein mass spectrometric analysis of TMSK incorporation into CNRS 



S2 
 

Figure S8. Titrations of CNRS H160TMSK with CNF and AcF 

Figure S9. Kd calculations of CNRS H160TMSK for CNF 

Figure S10. Kd calculations of CNRS H160TMSK for AcF 

Figure S11. Determination of the Kd value for CNF binding to CNRS E28TMSK 

Figure S12. Chemical structures of the C1-Gd3+ and MTSL tags,  distributions of the distance 

between paramagnetic center and TMS group across the dimer interface of CNRS, and model 

of CNRS with MTSL and TMSK 

Figure S13. Sequence alignment of MmPylRS, MaPylRS, and G1PylRS  

Figure S14. Cell-free incorporation of TMSK 

Figure S15. Intact protein mass spectrometry analysis of TMSK incorporation into RFP 

M0TMSK by cell-free protein synthesis using G1PylTMSK 

Figure S16. Site-specific dual incorporation of TMSK and Tby into AncCDT-1 

 

Supplementary tables 

Table S1. Plasmids used in this work to test for TMSK incorporation in E. coli BL21(DE3) 

Table S2. DNA sequences of the plasmids used in the two-plasmid system for TMSK 

incorporation  

Table S3. DNA and corresponding amino acid sequences of the proteins used in this study  

 

References 

  



S3 
 

Experimental procedures 
 

a) Synthesis and characterization of N6-(((trimethylsilyl)methoxy)carbonyl)-L-

lysine (TMSK) 

The synthesis of TMSK was carried out as described below in Scheme S1. 

 
 
Scheme S1. Synthesis of N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine. 

Chemicals and solvents were purchased from standard suppliers and used without further 

purification. Analytical thin-layer chromatography analysis (TLC) was performed on pre-

coated silica gel aluminium-backed plates (Merck Kieselgel 60 F254). Visualization was done 

by examination under UV light at 254 nm, with subsequent staining by KMnO4. Dry-flash 

column chromatography1 was run using Davisil® P60 silica gel (40–63 µm).  

Optical rotation was measured in a JASCO P-2000 polarimeter at the sodium D line in 

a cell with 100 mm path length.  

NMR spectra for compound analysis were recorded on a Bruker Avance III Nanobay 

spectrometer at 400 MHz (1H) and 101 MHz (13C). Chemical shifts (δ) are recorded in parts 

per million (ppm) downfield in relation to tetramethylsilane using the residual solvent as 

internal standard (CDCl3, δH = 7.26 and δC = 77.16; D2O, δH = 4.79. The 13C chemical shift 

axis of the spectrum in D2O was calibrated relative to δH = 4.79 using the frequency ratio 13C/1H 

= 0.25144953.2 Coupling constants (J) are given in Hertz (Hz) and refer to apparent 

multiplicities (s = singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 

dd = doublet of doublets, etc.). The 1H NMR spectra are reported as follows: chemical shift 

(multiplicity, coupling constants, number of protons). 

Liquid chromatography mass spectrometry (LCMS) was performed with an Agilent 

6120 Series Single Quad coupled to an Agilent 1260 Series HPLC. The following buffers were 

used: buffer A: 0.1% formic acid in H2O; buffer B: 0.1% formic acid in MeCN. The following 

gradient was used with a Poroshell 120 EC-C18 50 × 3.0 mm 2.7 micron column, and a flow 

rate of 0.5 mL/min and total run time of 5 min: 0–1 min 95% buffer A and 5% buffer B, from 

1–2.5 min up to 0% buffer A and 100% buffer B, held at this composition until 3.8 min, 3.8–4 

min 95% buffer A and 5% buffer B, held until 5 min at this composition. Mass spectra were 
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acquired in positive and negative ion mode with a scan range of 100-1000 m/z. UV detection 

was carried out at 214 and 254 nm. High-resolution mass spectra (HRMS) were obtained from 

an Agilent 6224 TOF LC/MS Mass Spectrometer coupled to an Agilent 1290 Infinity. All data 

were acquired and reference mass corrected via a dual‐spray electrospray ionization (ESI) 

source. 

 

N2-(tert-Butoxycarbonyl)-N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine 

N,N′-Disuccinimidyl carbonate (7.37 g, 28.8 mmol) and Et3N (8.56 mL, 61.4 mmol) were 

added sequentially to a solution of 1-trimethylsilylmethanol (2 g, 19.2 mmol) in MeCN (50 

mL), under N2. The reaction mixture went from a white suspension to a clear orange solution 

within 5 min and was then stirred at room temperature (rt) for 25 h. The organic suspension 

was washed with H2O (4 × 200 mL), brine and dried (Na2SO4). Silica (~75 g) was added to the 

reaction mixture and the solvent was removed under reduced pressure. The crude material was 

purified by a short silica plug, eluting with 50% EtOAc in petroleum benzine to give a yellow 

oil that solidified on standing (succinimidyl ((trimethylsilyl)methyl) carbonate). The solid was 

dissolved in DMF (55 mL) and Boc-L-Lys-OH (6.75 g, 27.4 mmol) was added. The mixture 

was stirred, under N2, for 13 h at rt and then slowly added to a cooled (0 °C) solution of 1:1 

saturated aqueous NaHCO3/water (300 mL), CAUTION gas evolved. The aqueous was washed 

with Et2O (2 × 100 mL), acidified to pH 1 with concentrated aqueous HCl and then extracted 

with EtOAc (4 × 200 mL). The combined organics were washed sequentially with H2O (2 × 

100 mL) and brine and then dried (Na2SO4). The solvent was removed under reduced pressure 

to give the title compound (6.94 g, 96% yield over 2 steps) as a yellow oil, which was used 

without purification. [α]26D = +14.5 (c = 1.00, CHCl3). 1H NMR (400 MHz, CDCl3) Rotameric 

mixture: δ 5.29 (br d, J = 7.4 Hz, 1H), 4.83 (br s, 1H), 4.29 and 4.11 (2 rotameric peaks; br s, 

1H), 3.75 and 3.71 (2 rotameric peaks; br s, 2H), 3.30 – 3.02 (br m, 2H), 1.84 (br s, 1H), 1.71 

(br s, 1H), 1.57 – 1.47 (m, 2H), 1.43 (s, 11H), 0.06 (s, 9H). 13C NMR (101 MHz, CDCl3) 

Rotameric mixture: δ 176.3 (C), 158.4 (C), 155.9 (C), 81.6 + 80.1 (br rotameric peaks; C), 59.1 

+ 58.3 (br rotameric peaks; CH2), 54.7 + 53.4 (br rotameric peaks; CH), 40.9 (CH2), 32.2 (CH2), 
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29.6 (CH2), 28.5 (CH3), 22.5 (CH2), -3.01 (CH3). LCMS (m/z): 375 [M-H], no chromophore. 

HRMS (ESI+) calcd. for C16H32N2O6Si [M+Na]+ 399.1922, found 399.1934. 

 

 

N6-(((Trimethylsilyl)methoxy)carbonyl)-L-lysine hydrochloride 

N2-(tert-Butoxycarbonyl)-N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine (1.7 g, 4.52 mmol) 

was dissolved in dioxane (11 mL) and a solution of 4 M HCl in dioxane (11 mL) was added. 

The mixture was stirred at rt for 26 h and then evaporated under reduced pressure. Et2O (20 

mL) was added to the resultant solid, which was then filtered and washed with Et2O (2 × 10 

mL) under N2. This hydroscopic solid was then dissolved in water. The water was evaporated 

under reduced pressure and the resultant foam was dried over KOH under reduced pressure to 

give the title compound as a white foam (1.21 g, 86% yield). [α]24D = +10.2 (c = 1.00, H2O). 
1H NMR (400 MHz, D2O) δ 4.07 (t, J = 6.2 Hz, 1H), 3.79 (s, 2H), 3.16 (t, J = 6.6 Hz, 2H), 2.09 

– 1.87 (m, 2H), 1.65 – 1.37 (m, 4H), 0.10 (s, 9H). 13C NMR (D2O) δ 175.1 (C), 162.8 (C), 61.9 

(CH2), 55.7 (CH), 42.8 (CH2), 32.2 (CH2), 31.2 (CH2), 24.2 (CH2), -1.4 (CH3). LCMS m/z: 277 

[M+H]+, no chromophore. HRMS (ESI+) calcd. for C11H24N2O4Si [M+H]+ 277.1578, found 

277.1583. 
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Figure S1. 1H and 13C NMR spectra of N2-(tert-butoxycarbonyl)-N6-

(((trimethylsilyl)methoxy)carbonyl)-L-lysine in CDCl3. 
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Figure S2. 1H and 13C NMR spectra of N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine 

hydrochloride in D2O.  
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b) Screening of functional ChPylRS that recognizes TMSK by FACS 

A pBK-ChPylRS plasmid was first constructed by introducing a ChPylRS (Y384F) gene under 

a mutant GlnS promoter (GlnS’) into a pBK vector.3,4 An expression cassette for MbtRNACUAPyl 

under the control of the lpp promoter was cloned into the vector in the opposite direction of the 

synthase gene. Randomized triplet NNK codons (N = A + G + T + C and K = G + T) were 

introduced at the intended mutation sites using doped oligonucleotide primers containing these 

codons. Residues A302, L305, Y306, N346, C348, and V401 were targeted for full 

randomization. This library theoretically encodes 6.4 x 107 variants of ChPylRS mutants. The 

library was constructed in the same way as described previously.4 The actual resulting library 

contained approximately 109 individual transformants. DNA sequencing of randomly picked 

colonies revealed no significant bias. All primers and gene fragments were synthesized by 

Integrated DNA Technologies (USA). A pBAD-H6RFP plasmid encoding a His6-

amber(TAG)-RFP (H6RFP) reporter gene under the control of the araBAD promoter was used 

as the selection plasmid. 

To carry out the selection, the library plasmid pBK-ChPylRS was transformed into E. 

coli DH10B cells harbouring the selection plasmid pBAD-H6RFP. Following recovery from 

transformation, the culture was directly inoculated into a flask with 20 mL LB medium 

containing 100 μg/mL ampicillin and 50 μg/mL kanamycin, supplied with 0.2% L-arabinose 

and 1 mM TMSK. Overnight expression at 37 oC led to a well-detectable level of RFP. Cells 

were resuspended in 15 mL PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4) after harvesting. A 100-fold dilution yielded a concentration suitable for 

cell sorting by FACS on an Aria II high speed cell sorter (BD Biosciences, USA). The top 0.2% 

of cells with high RFP levels were selected from the 1P+ round, collecting 5.0 x 105 cells in 90 

min. The cells collected were subjected to the following round of negative selection (2N–), 

from where cells with low RFP expression levels (40.6% of the total) were selected, collecting 

1.0 x 106 cells in 5 min. These cells were aliquoted to inoculate media with positive (3P+) and 

negative (3P–) conditions, but the difference in RFP expression level was still small. Therefore, 

the top 1.3% of RFP-positive cells from the 3P+ round were collected (5.0 x 105 cells in 40 

min) and recovered under negative condition as sample 4N-. Following sorting (1.0 x 106 cells 

in 5 min), 31.9% of the cells showing the lowest level of RFP fluorescence were selected. They 

were aliquoted to be recovered for the samples 5P+ and 5P–. At this stage, the number of RFP-

fluorescent cells was approximately two-fold higher in the 5P+ than in the 5P- sample. 2.0 x 

105 cells were collected from the top 7.8% RFP fluorescent cells of the 5P+ sample to conduct 

another 6N- round in order to further decrease the abundance of false positive candidates. Half 
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of the collected cells were also recovered under positive selection conditions (6N+) as a control, 

and there were 2.5 times more RFP-negative cells in the 6N- than in the 6N+ sample. 1.0 x 105 

cells were collected in 10 min from the non-fluorescent fraction of the 6N- sample, which 

corresponded to 55.8% of the total remaining population. The selection process was ended after 

this round, as sequencing suggested that the remaining sequence diversity encompassed fewer 

than ten different mutants. 

The cells selected from the 6N- sample were allowed to recover on LB agar plates 

containing 100 μg/mL ampicillin and 50 μg/mL kanamycin, and individual clones were 

analyzed using 96-well plates. 60 candidates were inoculated into both positive (+1 mM 

TMSK) and negative (without TMSK) growth conditions. The fluorescence level was 

measured after expression overnight, using a SpectraMax plate reader (Molecular Devices, 

USA) and normalized by the OD600 of the cell culture. The 8 candidates with the highest RFP 

level in the positive condition were chosen for sequencing. The following two mutants were 

found: C348G/V401C/Y384F and V401K/Y384F. The site-specific incorporation of TMSK 

with either of these two synthetases was further confirmed by mass spectrometry analysis. 

 

c) In vivo protein expression and purification 

For the site-specific incorporation of N6-(((trimethylsilyl)methoxy)carbonyl)-L-lysine 

(TMSK), E. coli B-95.DA cells were co-transformed with pRSF-ChPylTMSK and the pCDF 

plasmid containing the TAG interrupted gene of the protein of interest, and the cells were 

grown at 37 °C in LB medium containing 50 µg/L kanamycin and 50 µg/L spectinomycin. An 

aliquot (1 mL) of an overnight culture was used to inoculate 100 mL terrific broth (TB) medium 

supplemented with 50 µg/L kanamycin, 50 µg/L spectinomycin, and 1 mM TMSK. The cells 

were grown at 37 °C to an OD600 of 0.6–1. At this point, the temperature was reduced to 25 °C 

and protein expression induced by the addition of 1 mM IPTG. 

For site-specific dual incorporation of TMSK and tert-butyl-tyrosine (Tby), E. coli B-

95.DA cells were co-transformed with pRSF-ChPylTMSK, pEVOL-CNRS, and pCDF-

AncCDT1-P57TAG/N151TGA and the cells were grown at 37 °C in LB medium containing 

25 µg/L kanamycin, 17 µg/L chloramphenicol, and 25 µg/L spectinomycin. An aliquot (2.5 

mL) of an overnight culture was used to inoculate 250 mL TB medium supplemented with 25 

µg/L kanamycin, 17 µg/L chloramphenicol, 25 µg/L spectinomycin, 0.2% L-arabinose, 1 mM 

TMSK, and 1 mM Tby. The cells were grown at 37 °C to an OD600 of 0.6–1, whereupon the 

temperature was reduced to 25 °C and protein expression induced by adding 1 mM IPTG. 



S10 
 

To produce the wild-type proteins, the respective genes were cloned between the NdeI and 

BamHI restriction sites of the pET-3a expression plasmid (Novagen, USA). The corresponding 

pET-3a plasmid was then transformed into E. coli BL21(DE3) cells and the cells were grown 

at 37 °C in LB medium containing 100 µg/L ampicillin. An aliquot (2.5 mL) of an overnight 

culture was used to inoculate 250 mL LB medium supplemented with 100 µg/L ampicillin. The 

cells were grown at 37 °C to an OD600 of 0.6–1. Next, the temperature was reduced to 25 °C 

and protein expression induced by the addition of 1 mM IPTG. 

Cells were harvested by centrifugation after expression for 16 h. Following resuspension 

in buffer A (50 mM sodium phosphate, pH 7.5, 500 mM NaCl), the cells were lysed using an 

Avestin Emulsiflex C5 (Avestin, Canada) (two passes using 10,000–15,000 psi). The cell 

lysates were centrifuged for 1 h at 30,000 g. The supernatant was loaded onto a 1 mL His 

GraviTrap TALON® column (Cytiva, USA). The column was washed with 20 column volumes 

buffer B (same as buffer A but with 5 mM imidazole) and the protein was eluted with 5 column 

volumes buffer C (same as buffer A but with 300 mM imidazole). Afterwards, the buffer was 

exchanged to the storage buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl) using an Amicon 

ultrafiltration centrifugal tube (Merck Millipore, USA) with a molecular weight cut-off of 10 

kDa. 

 

d) Incorporation of TMSK using high cell-density fermentation 

The protocol for incorporation of TMSK into CNRS using high cell-density fermentation was 

adapted from the protocol published by Gossert and co-workers.5 E. coli B-95.DA cells were 

co-transformed with pRSF-ChPylTMSK and pCDF-CNRS-N117TAG, or pCDF-CNRS-

H160TAG and the cells were grown at 37 °C in LB medium containing 50 µg/L kanamycin 

and 50 µg/L spectinomycin. Afterwards, the cells were used to inoculate 50 mL TB medium 

supplemented with 50 µg/L kanamycin and 50 µg/L spectinomycin (pre-culture). Following 

growth at 37 °C for 16 h, the pre-culture was used to inoculate 450 mL rich fermenter medium 

containing 50 µg/L kanamycin, 50 µg/L spectinomycin, and 1 mM TMSK in a Labfors 5 

bioreactor (Infors‐HT, Switzerland). The cells were grown at 37 °C with air flow = 2.5 L/min, 

minimal pO2 = 20%, stirring cascade: 500–1200 rpm and pH = 7.0. When the OD600 value of 

the culture reached 15, the temperature was reduced to 18 °C and 1 mM IPTG was added for 

the induction of protein overexpression. After 16 h, the fermentation was stopped and the cells 

were harvested. The final OD600 value was about 20. 
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The harvested cells were lysed as described above and the clarified cell lysate was loaded 

onto a 5 mL HiTrap TALON® crude column connected to an ÄKTA pure 25 chromatography 

system (Cytiva, USA). The column was washed with 20 column volumes buffer B and the 

protein was eluted with 3 column volumes buffer C. The eluted protein was loaded onto a 

HiLoad 26/600 Superdex 200 pg column (Cytiva, USA) equilibrated with buffer D (50 mM 

Tris-HCl, pH 7.5, 400 mM sodium chloride). After gel filtration, the fractions corresponding 

to CNRS were combined and the buffer was exchanged to the storage buffer (25 mM Tris-HCl, 

pH 7.5, 150 mM NaCl) using an Amicon ultrafiltration centrifugal tube with a molecular 

weight cut-off of 10 kDa. 

 

e) Incorporation of TMSK by cell-free protein synthesis (CFPS) 

The CFPS reactions were conducted using S30 extract depleted of the release factor RF1 as 

described by Loscha et al.6 Each CFPS reaction was conducted at 30 °C for 16 h in a dialysis 

system.7 In addition to the usual reagents, the inner buffer contained 100 µM purified 

MaPylTMSK  or G1PylTMSK and 0.5 mg/mL of the total tRNA containing the corresponding 

tRNACUAPyl. 1 mM TMSK was provided in the outer buffer. 

 

f) Intact protein mass spectrometry 

Intact protein analysis was performed on an Orbitrap Elite Hybrid Ion Trap-Orbitrap mass 

spectrometer (Thermo Fisher Scientific, USA) connected to a Thermo Fisher Scientific 

UltiMate 3000 HPLC system equipped with ZORBAX 300SB-C3, 3.5 µm, 4.6 x 50 mm HPLC 

column (Agilent Technologies, USA). Approximately 7.5 pmol of sample was injected using 

a 500 µL/min linear gradient of solvent A (0.1% (v/v) formic acid in water) and solvent B 

(0.1% (v/v) formic acid in acetonitrile), ramping solvent B from 5% solvent B at the start to 

80% after 12 min. Data were collected using an electrospray ionization (ESI) source in positive 

ion mode. Protein intact mass was determined by deconvolution using the program Xcalibur 

3.0.63 (Thermo Fisher Scientific, USA). 
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g) NMR spectroscopy  

All NMR spectra were recorded at 25 °C in aqueous buffers containing 10% D2O, using Bruker 

600 MHz or 800 MHz NMR spectrometers equipped with TCI cryoprobes. 1D 1H NMR spectra 

were recorded with water suppression using the double-spin echo8 with an acquisition time of 

0.5 s and Fourier transformed to a digital resolution of 0.75 ppb/point. 2D NOESY spectra 

were recorded with the pulse sequence of Figure S3. 

 

 

 
Figure S3. Pulse sequence of the NOESY experiment used to measure NOEs with the TMS 

resonances. The bars indicate 90o pulses. A pulsed field gradient was applied at the end of the 

mixing time tm with a gradient strength of 20 G/cm. Phase cycle: f1 = x, -x; f2 = (45o)4 (225o)4; 

f3 = x, x, -x, -x; f4 = -x, -x, x, x; receiver = x, -x, -x, x, -x, x, x, -x. The purpose of the 45o 

phase shift of the second pulse is to avoid inversion of the water magnetisation. With the carrier 

frequency set on the water resonance, radiation damping returns the water magnetisation to the 

z-axis within 10 ms9 and the jump-return sequence10 before the acquisition time t2 avoids 

excitation of the water resonance, while the delay t was chosen for maximal excitation of the 

TMS resonance.  
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h) Measurements of Kd values  

The chemical shift or peak height of the TMS resonance as a function of ligand concentration 

was used to determine the dissociation constant Kd. The fittings were performed using the 

program OriginPro 9.0 (OriginLab Corporation, USA).  

 

Two different equations were used. 

For a 2-state system consisting of a protein with and without ligand, the observed chemical 

shift changes can be described by the equation:11 

 

Ddobs = Ddmax{(Kd + [L] + [P]) - [(Kd + [L] + [P])2 - 4[L][P]]1/2}/2[P]                        (S1) 

 

where Ddobs is the observed change in chemical shift, Ddmax is the maximal chemical shift 

change when the protein is fully saturated with ligand, [L] and [P] denote the concentrations 

of ligand and protein, respectively, and Kd is the dissociation constant. When analysing peak 

heights or integrals, Eq. S1 can be used by replacing the chemical shift changes by the 

experimental peak heights or integrals, respectively. 

 

For a dimeric protein featuring cooperative binding of the ligand to the two monomers, the 

cooperativity can be captured by the Hill equation12 

 

Ddobs = Ddmax [L]n/(Kd + [L]n)         (S2) 

 

which describes the equilibrium 

 

P + nL ⇌	PLn 	 	 	 	 	 	 	 	 	 	(S3) 
 

with an apparent dissociation constant Kd = [P][L]n/[PLn]. As the Kd value in these equations 

refers to the reaction in Eq. S3, where both protein monomers bind ligand molecules 

simultaneously, this Kd value only figures as an apparent dissociation constant. Eq. S2 allows 

fitting sigmoidal binding curves, where a Hill coefficient n > 1 indicates positive cooperativity 

of binding. 
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Figure S4. FACS enrichment of bacterial cells with active and specific ChPylRS enzymes that 

recognize TMSK. Red frames identify the fractions collected. P+ and N- labels refer to cell 

growth in the presence or absence of TMSK, respectively. The vertical axis plots the forward 

scatter that reports on cell size and the horizontal axis indicates the level of RFP fluorescence.  
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Figure S5. Integrated data from Figure S4, showing histograms of cell counts in the six 

selection rounds. After the sixth negative round, the ratio of cells with high RFP fluorescence 

was much greater in the presence of TMSK (6N+) than in the absence of TMSK (6N-).   
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Figure S6. Intact protein mass spectrometric analysis of PpiB H147TMSK, using different 

expression vectors and E. coli cell lines. (a) pEVOL/pET plasmid in BL21(DE3), (b) 

pRSF/pCDF plasmid in BL21(DE3), (c) pRSF/pCDF plasmid in the strain B-95.DA. The 

calculated masses for PpiB H147TMSK, PpiB H147W, and PpiB H147Q are 19,097.62 Da, 

19,025.44 Da, and 18,967.35 Da, respectively. 

 

 

 

 
 

Figure S7. Intact protein mass spectrometric analysis of TMSK incorporation into CNRS. (a) 

CNRS E28TMSK (calcd. 35,878.95 Da), (b) CNRS N117TMSK (calcd. 35,893.96 Da), (c) 

CNRS H160TMSK (calcd. 35,870.92 Da). 
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Figure S8. Titrations of CNRS H160TMSK with (a) CNF and (b) AcF. The spectra were 

recorded under the same conditions and with the same parameters as the spectra of the 

N117TMSK mutant (Figure 6). 
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Figure S9. Kd calculations of CNRS H160TMSK for CNF. (a) Peak fittings for the titration 

data. The TMS resonance was fitted with two Lorentzian line shapes to determine the ratio of 

ligand-free and ligand-bound protein. The experimental peak (black) and the Lorentzians of 

the ligand-free (red) and ligand-bound (blue) signal are shown together with the sum of the 

fitted Lorentzians (magenta). (b) Fit of the binding affinity curve by Eq. S1 (red) and S2 (blue) 

with the resulting Kd values indicated. 
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Figure S10. Kd calculations of CNRS H160TMSK for AcF. (a) Peak fittings for the titration 

data. The TMS resonance was fitted with two Lorentzian line shapes to determine the ratio of 

ligand-free and ligand-bound protein. The experimental peak (black) and the Lorentzians of 

the ligand-free (red) and ligand-bound (blue) signal are shown together with the sum of the 

fitted Lorentzians (magenta). (b) Fit of the binding affinity curve by Eq. S1 (red) and S2 (blue) 

with the resulting Kd values indicated. 
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Figure S11. Determination of the Kd value for CNF binding to CNRS E28TMSK. (a) Titration 

of CNRS E28TMSK with CNF. The spectra were recorded under the same conditions and with 

the same parameters as the spectra of the N117TMSK mutant (Figure 6 in the main text). (b) 

Titration data fitted using Eq. S1 (red) and S2 (blue). The fits yielded dissociation constants Kd 

of 107 and 114 µM, respectively. The Hill coefficient associated with the fit using Eq. S2 was 

2.2.  
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Figure S12. Chemical structures of the C1-Gd3+ and MTSL tags, distributions of the distance 
between paramagnetic center and TMS group across the dimer interface of CNRS, and model 
of CNRS with MTSL and TMSK. (a) Chemical structure of the C1-Gd3+ tag. The tag is 
designed to attach to cysteine side chains by formation of a disulfide bond.13–14 (b) Chemical 
structure of MTSL. The tag equally attaches to cysteine side chains via a disulfide bond. (c) To 
determine the paramagnetic relaxation enhancement effect of the Gd3+ ion on the 1H NMR 
resonance of the TMS protons, the program PyParaTools10 was used to calculate rotamer 
libraries of (i) the cysteine residue in position 81 with C1-Gd3+ tag in one monomer and (ii) the 
TMSK residue in position 117 of the other monomer of the CNRS homodimer, using the crystal 
structure 3QE4.15 The rotamer libraries were established by random variation of the side chain 
dihedral angles of the respective residues. The nine distances of the Gd3+ ion to each proton of 
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the TMS group were measured individually (and not averaged). The maximum of the distance 
distribution (red curve) is located at 20.4 Å. As paramagnetic relaxation enhancements (PRE) 
depend on the distance r with 1/r6, even low populations of short distances generate large PRE 
effects. This is illustrated by the blue curve, which was derived from the red distance 
distribution by dividing the populations by the sixth power of the distance and normalizing the 
amplitude of the resulting distribution to give its maximum the value 100. To assess the effect  
of averaging due to methyl rotation, we also calculated the corresponding distributions by using 
the distances to the TMS methyl carbons instead of the individual methyl protons. The resulting 
curves did not differ significantly from those shown. Although some distances are as short as 
5 Å, the largest contribution to the PRE is from TMS protons that are about 11 Å from the Gd3+ 
ion. (d) Same as (c), but for the MTSL tag. The largest contribution to the PRE is from TMS 
protons that are located about 14 Å from the nitroxide group. (e) Ribbon representation of the 
homodimer interface of CNRS (PDB: 3QE4)15 showing the monomeric subunits in blue and 
red, respectively. TMSK was modeled in position 117 and a cysteine residue with MTSL in 
position 81 (shown in stick representations). CNF in the active sites is shown by spheres.  
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Figure S13. Sequence alignment of MmPylRS, MaPylRS, and G1PylRS using Clustal 

Omega.16 Residues referenced in the main text are indicated by asterisks. 
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Figure S14. Cell-free incorporation of TMSK. RFP with an amber stop codon following the 

N-terminal methionine residue (RFP TMSK) was used as the target protein to test the 

incorporation of TMSK using MaPylTMSK and G1PylTMSK. RFP yields were determined 

relative to wild-type RFP by measuring RFP fluorescence at 640 nm with an excitation 

wavelength of 582 nm. Uncertainty bars were derived from three independent experiments. 

 

 

 
Figure S15. Intact protein mass spectrometry analysis of TMSK incorporation into RFP 

M0TMSK by cell-free protein synthesis using G1PylTMSK. The calculated mass minus the 

N-terminal methionine is 26,799.28 Da.  
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Figure S16. Site-specific dual incorporation of TMSK and Tby into AncCDT-1. The calculated 

mass for AncCDT-1 P57TMSK/N151Tby is 27,702.98 Da. 
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Table S1. Plasmids used in this work to test for TMSK incorporation in E. coli BL21(DE3) 

Plasmid 
(origin of replication/copy number) 

PylRS promoter tRNAPyl promoter Antibiotic 
resistance 

pCDF (CloDF13/medium) T7 proK SmR 

pEVOL (p15A/medium) araBAD lpp CmR 

pET3a (pBR322/high)   AmpR 

pRSF (RSF1030/high)   KnR 
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Table S2. Complete nucleotide sequences of the plasmids used in the two-plasmid system for 

TMSK incorporationa 

Plasmid DNA sequence 
pRSF-
ChPylTMSK 

TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATACA
TATGGATAAGAAGCCGCTGGATGTTCTGATCTCTGCGACCGGTCTGTGGATGTCCCGTACCGGCACGCTGCACAAGATC
AAGCACTATGAGGTTTCTCGTTCTAAAATCTACATCGAAATGGCGTGTGGTGACCATCTGGTTGTGAACAACTCTCGTT
CTTGTCGTACCGCACGTGCATTCCGTCATCATAAATACCGTAAAACCTGCAAACGTTGTCGTGTTTCTGACGAAGATAT
CAACAACTTCCTGACCCGTTCTACCGAAGGCAAAACCTCTGTTAAAGTTAAAGTTGTTTCTGCGCCGAAAGTGAAAAAA
GCGATGCCGAAATCTGTTTCTCGTGCGCCGAAACCGCTGGAAAATCCGGTTTCTGCGAAAGCGTCTACCGACACCTCTC
GTTCTGTTCCGTCTCCGGCGAAATCTACCCCGAACTCTCCGGTTCCGACCTCTGCAAGTGCCCCCGCACTTACGAAGAG
CCAGACTGACAGGCTTGAAGTCCTGTTAAACCCAAAAGATGAGATTTCCCTGAATTCCGGCAAGCCTTTCAGGGAGCTT
GAGTCCGAATTGCTCTCTCGCAGAAAAAAAGACCTGCAGCAGATCTACGCGGAAGAAAGGGAGAATTATCTGGGGAAAC
TCGAGCGTGAAATTACCAGGTTCTTTGTGGACAGGGGTTTTCTGGAAATAAAATCCCCGATCCTGATCCCTCTTGAGTA
TATCGAAAGGATGGGCATTGATAATGATACCGAACTTTCAAAACAGATCTTCAGGGTTGACAAGAACTTCTGCCTGAGA
CCCATGCTTGCTCCAAACCTTTACAACTACCTGCGCAAGCTTGACAGGGCCCTGCCTGATCCAATAAAAATTTTTGAAA
TAGGCCCATGCTACAGAAAAGAGTCCGACGGCAAAGAACACCTCGAAGAGTTTACCATGCTGGCATTCGCGCAGATGGG
ATCGGGATGCACACGGGAAAATCTTGAAAGCATAATTACGGACTTCCTGAACCACCTGGGAATTGATTTCAAGATCGTA
GGCGATTCCTGCATGGTCTTTGGGGATACCCTTGATGTAATGCACGGAGACCTGGAACTTTCCTCTGCAGTAGTCGGAC
CCATACCGCTTGACCGGGAATGGGGTATTGATAAACCCTGGATAGGGGCAGGTTTCGGACTCGAACGCCTTCTAAAGGT
TAAACACGACTTTAAAAATATCAAGAGAGCTGCAAGGTCCGAGTCTTACTATAACGGGATTTCTACCAACCTGTAAGTC
GACCATCATCATCATCATCATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCT
GATACAGATTAAATCAGACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGGTTTGTGAGCTCC
CGGTCATCAATCATCCCCATAATCCTTGTTAATTCCGCTTCGCAACATGTGAGCACCGGTTTATTGACTACCGGAAGCA
GTGTGACCGTGTGCTTCTCAAATGCCTGAGGCCAGTTTGCTCAGGCTCTCCCCGTGGAGGTAATAATTGACGATATGAT
CAGTGCACGGCTAACTAAGCGGCCTGCTGACTTTCTCGCCGATCAAAAGGCATTTTGCTATTAAGGGATTGACGAGGGC
GTATCTGCGCAGTAAGATGCGCCCCGCATTGGAAACGTGATCATGTAGATCGAACGGACTCTAAATCCGTTCAGTGGGG
TTAGATTCCCCACGTTTCCGCCAAATTCGAAAAGCCTGCTCAACGAGCAGGCTTTTTTGCATGCTCGAGCAGCTCAGGG
TCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTAGCAACCAGGCGTTTAAGGGCA
CCAATAACTGCCTTAAAAAAACTTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAGCGGT
GTCAGCTCACTCAAAAGCGGTAATACGGTTATCCACAGAATCAGGGGATAAAGCCGGAAAGAACATGTGAGCAAAAAGC
AAAGCACCGGAAGAAGCCAACGCCGCAGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGC
TCAAGCCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTC
CTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACG
CTGTTGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGC
TGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCATTGGTA
ACTGATTTAGAGGACTTTGTCTTGAAGTTATGCACCTGTTAAGGCTAAACTGAAAGAACAGATTTTGGTGAGTGCGGTC
CTCCAACCCACTTACCTTGGTTCAAAGAGTTGGTAGCTCAGCGAACCTTGAGAAAACCACCGTTGGTAGCGGTGGTTTT
TCTTTATTTATGAGATGATGAATCAATCGGTCTATCAAGTCAACGAACAGCTATTCCGTTGAAGATCCTTTGATCTTTT
CTACGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAACAATAAAACTGTCTGCTTACAT
AAACAGTAATACAAGGGGTGTATGAGCCATATTCAACGGGAAACGTCTTGCTCGAGGCCGCGATTAAATTCCAACATGG
ATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAA
GCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTA
AACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCA
CTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGC
AGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAG
GCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAG
TCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCT
TATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCC
ATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTG
ATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAACACTGGCAGAGCATTACGCTGACTTGACGGGA
CGGCGTTGTAATTCTCATGTTTGACAGCTTATCATCGATAAGCTTGGTACCCAA 

pCDF-PpiB-
H147TAG 

AAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATA
TACATATGGTTACTTTCCACACCAATCACGGCGATATTGTCATCAAAACTTTTGACGATAAAGCACCTGAAACAGTTAA
AAACTTCCTGGACTACTGCCGCGAAGGTTTTTACAACAACACCATTTTCCACCGTGTTATCAACGGCTTTATGATTCAG
GGCGGCGGTTTTGAACCGGGCATGAAACAAAAAGCCACCAAAGAACCGATCAAAAACGAAGCCAACAACGGCCTGAAAA
ATACCCGTGGTACGCTGGCAATGGCACGTACTCAGGCTCCGCACTCTGCAACTGCACAGTTCTTCATCAACGTGGTTGA
TAACGACTTCCTGAACTTCTCTGGCGAAAGCCTGCAAGGTTGGGGCTACTGCGTGTTTGCTGAAGTGGTTGACGGCATG
GACGTGGTAGACAAAATCAAAGGTGTTGCAACCGGTCGTAGCGGTATGTAGCAGGACGTGCCAAAAGAAGACGTTATCA
TTGAAAGCGTGACCGTTAGCGAGCACCACCATCATCACCACTAATAAAGAATTCGAGCTCCCGGGTACCATGGCATGCA
TCGATAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAAC
CCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTACAGGCATTTGAGAAGCACACGGTCA
CACTGCTTCCGGTAGTCAATAAACCGGTAAACCAGCAATAGACATAAGCGGCTATTTAACGACCCTGCCCTGAACCGAC
GACCGGGTCATCGTGGCCGGATCTTGCGGCCCCTCGGCTTGAACGAATTGTTAGACATTATTTGCCGACTACCTTGGTG
ATCTCGCCTTTCACGTAGTGGACAAATTCTTCCAACTGATCTGCGCGCGAGGCCAAGCGATCTTCTTCTTGTCCAAGAT
AAGCCTGTCTAGCTTCAAGTATGACGGGCTGATACTGGGCCGGCAGGCGCTCCATTGCCCAGTCGGCAGCGACATCCTT
CGGCGCGATTTTGCCGGTTACTGCGCTGTACCAAATGCGGGACAACGTAAGCACTACATTTCGCTCATCGCCAGCCCAG
TCGGGCGGCGAGTTCCATAGCGTTAAGGTTTCATTTAGCGCCTCAAATAGATCCTGTTCAGGAACCGGATCAAAGAGTT
CCTCCGCCGCTGGACCTACCAAGGCAACGCTATGTTCTCTTGCTTTTGTCAGCAAGATAGCCAGATCAATGTCGATCGT
GGCTGGCTCGAAGATACCTGCAAGAATGTCATTGCGCTGCCATTCTCCAAATTGCAGTTCGCGCTTAGCTGGATAACGC
CACGGAATGATGTCGTCGTGCACAACAATGGTGACTTCTACAGCGCGGAGAATCTCGCTCTCTCCAGGGGAAGCCGAAG
TTTCCAAAAGGTCGTTGATCAAAGCTCGCCGCGTTGTTTCATCAAGCCTTACGGTCACCGTAACCAGCAAATCAATATC
ACTGTGTGGCTTCAGGCCGCCATCCACTGCGGAGCCGTACAAATGTACGGCCAGCAACGTCGGTTCGAGATGGCGCTCG
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ATGACGCCAACTACCTCTGATAGTTGAGTCGATACTTCGGCGATCACCGCTTCCCTCATACTCTTCCTTTTTCAATATT
ATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGCTAG
CTCACTCGGTCGCTACGCTCCGGGCGTGAGACTGCGGCGGGCGCTGCGGACACATACAAAGTTACCCACAGATTCCGTG
GATAAGCAGGGGACTAACATGTGAGGCAAAACAGCAGGGCCGCGCCGGTGGCGTTTTTCCATAGGCTCCGCCCTCCTGC
CAGAGTTCACATAAACAGACGCTTTTCCGGTGCATCTGTGGGAGCCGTGAGGCTCAACCATGAATCTGACAGTACGGGC
GAAACCCGACAGGACTTAAAGATCCCCACCGTTTCCGGCGGGTCGCTCCCTCTTGCGCTCTCCTGTTCCGACCCTGCCG
TTTACCGGATACCTGTTCCGCCTTTCTCCCTTACGGGAAGTGTGGCGCTTTCTCATAGCTCACACACTGGTATCTCGGC
TCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTAAGCAAGAACTCCCCGTTCAGCCCGACTGCTGCGCCTTATCCGGTA
ACTGTTCACTTGAGTCCAACCCGGAAAAGCACGGTAAAACGCCACTGGCAGCAGCCATTGGTAACTGGGAGTTCGCAGA
GGATTTGTTTAGCTAAACACGCGGTTGCTCTTGAAGTGTGCGCCAAAGTCCGGCTACACTGGAAGGACAGATTTGGTTG
CTGTGCTCTGCGAAAGCCAGTTACCACGGTTAAGCAGTTCCCCAACTGACTTAACCTTCGATCAAACCACCTCCCCAGG
TGGTTTTTTCGTTTACAGGGCAAAAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACTGA
ACCGCTCTAGATTTCAGTGCAATTTATCTCTTCAAATGTAGCACCTGAAGTCAGCCCCATACGATATAAGTTGTAATTC
TCATGTTAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGG
TGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAG
CTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGT
GAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCA
GCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTAC
CGAGATGTCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACC
AGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTT
CCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGA
ACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCT
TCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAG
CTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTG
CACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGA
GATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTT
TGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTT
CGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTAT
AACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGC
GCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGG 

 

aThe nucleotide sequences of the ChPylTMSK and MbtRNACUAPyl genes are highlighted in red 

and blue, respectively. 
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Table S3. DNA and corresponding amino acid sequences of the proteins used in this study. 

Protein DNA sequence Amino acid sequencea 
PpiB H147TAG ATGGTTACTTTCCACACCAATCACGGC

GATATTGTCATCAAAACTTTTGACGAT
AAAGCACCTGAAACAGTTAAAAACTTC
CTGGACTACTGCCGCGAAGGTTTTTAC
AACAACACCATTTTCCACCGTGTTATC
AACGGCTTTATGATTCAGGGCGGCGGT
TTTGAACCGGGCATGAAACAAAAAGCC
ACCAAAGAACCGATCAAAAACGAAGCC
AACAACGGCCTGAAAAATACCCGTGGT
ACGCTGGCAATGGCACGTACTCAGGCT
CCGCACTCTGCAACTGCACAGTTCTTC
ATCAACGTGGTTGATAACGACTTCCTG
AACTTCTCTGGCGAAAGCCTGCAAGGT
TGGGGCTACTGCGTGTTTGCTGAAGTG
GTTGACGGCATGGACGTGGTAGACAAA
ATCAAAGGTGTTGCAACCGGTCGTAGC
GGTATGTAGCAGGACGTGCCAAAAGAA
GACGTTATCATTGAAAGCGTGACCGTT
AGCGAGCACCACCATCATCACCACTAA 

MVTFHTNHGDIVIKTFDDKAPETVKNFLDYCR
EGFYNNTIFHRVINGFMIQGGGFEPGMKQKAT
KEPIKNEANNGLKNTRGTLAMARTQAPHSATA
QFFINVVDNDFLNFSGESLQGWGYCVFAEVVD
GMDVVDKIKGVATGRSGM*QDVPKEDVIIESV
TVSEHHHHHH 

DnaB Y104TAG ATGTCTGAACTGTTCTCTGAACGTATC
CCGCCGCAGTCTATCGAAGCGGAACAG
GCGGTTCTGGGTGCGGTTTTCCTGGAC
CCGGCGGCGCTGGTTCCGGCGTCTGAA
ATCCTGATCCCGGAAGACTTCTACCGT
GCGGCGCACCAGAAAATCTTCCACGCG
ATGCTGCGTGTTGCGGACCGTGGTGAA
CCGGTTGACCTGGTTACCGTTACCGCG
GAACTGGCGGCGTCTGAACAGCTGGAA
GAAATCGGTGGTGTTTCTTACCTGTCT
GAACTGGCGGACGCGGTTCCGACCGCG
GCGAACGTTGAATAGTACGCGCGTATC
GTTGAAGAAAAATCTGTTCTGCGTCGT
CTGATCCGTACCGCGACCTCTATCGCG
CAGGACGGTTACACCCGTGAAGACGAA
ATCGACGTTCTGCTGGACGAAGCGGAC
CGTAAAATCATGGAAGTTTCTCAGCGT
AAACACTCTGGTGCGTTCAAAAACATC
AAAGACATCCTGGTTCAGACCTACGAC
AACATCGAAATGCTGCACAACCGTGAC
GGTGAAATCACCGGTATCCCGACCGGT
TTCACCGAACTGGACCGTATGACCTCT
GGTTTCCAGCGTTCTGACCTGATCATC
GTTGCGGCGCGTCCGTCTGTTGGTAAA
ACCGCGTTCGCGCTGAACATCGCGCAG
AACGTTGCGACCAAAACCAACGAAAAC
GTTGCGATCTTCTCTCTGGAAATGTCT
GCGCAGCAGCTGGTTATGCGTATGCTG
gtgGCGGAAGGTAACATCAACGCGCAG
AACCTGCGTACCGGTAAACTGACCCCG
GAAGACTGGGGTAAACTGACCATGGCG
ATGGGTTCTCTGTCTAACGCGGGTATC
TACATCGACGACACCCCGTCTATCCGT
GTTTCTGACATCCGTtgcAAAgtgCGT
CGTCTGAAACAGGAATCTGGTCTGGGT
ATGATCGTTATCGACTACCTGCAGCTG
ATCCAGGGTTCTGGTCGTTCTAAAGAA
AACCGTCAGCAGGAAGTTTCTGAAATC

MSELFSERIPPQSIEAEQAVLGAVFLDPAALV
PASEILIPEDFYRAAHQKIFHAMLRVADRGEP
VDLVTVTAELAASEQLEEIGGVSYLSELADAV
PTAANVE*YARIVEEKSVLRRLIRTATSIAQD
GYTREDEIDVLLDEADRKIMEVSQRKHSGAFK
NIKDILVQTYDNIEMLHNRDGEITGIPTGFTE
LDRMTSGFQRSDLIIVAARPSVGKTAFALNIA
QNVATKTNENVAIFSLEMSAQQLVMRMLVAEG
NINAQNLRTGKLTPEDWGKLTMAMGSLSNAGI
YIDDTPSIRVSDIRCKVRRLKQESGLGMIVID
YLQLIQGSGRSKENRQQEVSEISRSLKALARE
LEVPVIALSQLSRSVEQRQDKRPMMSDIRESG
SIEQDADIVAFLYRDDYYNKDSENKNIIEIII
AKQRNGPVGTVQLAFIKEYNKFVNLERRFDEA
QIPPGAHHHHHH 



S30 
 

TCTCGTTCTCTGAAAGCGCTGGCGCGT
GAACTGGAAGTTCCGGTTATCGCGCTG
TCTCAGCTGTCTCGTTCTGTTGAACAG
CGTCAGGACAAACGTCCGATGATGTCT
GACATCCGTGAATCTGGTTCTATCGAA
CAGGACGCGGACATCGTTGCGTTCCTG
TACCGTGACGACTACTACAACAAAGAC
TCTGAAAACAAAAACATCATCGAAATC
ATCATCGCGAAACAGCGTAACGGTCCG
GTTGGTACCGTTCAGCTGGCGTTCATC
AAAGAATACAACAAATTCGTTAACCTG
GAACGTCGTTTCGACGAAGCGCAGATC
CCGCCGGGTGCGCATCATCATCACCAT
CATTAA 

CNRS ATGGACGAATTTGAAATGATAAAGAGA
AACACATCTGAAATTATCAGCGAGGAA
GAGTTAAGAGAGGTTTTAAAAAAAGAT
GAAAAATCTGCTCTGATAGGTTTTGAA
CCAAGTGGTAAAATACATTTAGGGCAT
TATCTCCAAATAAAAAAGATGATTGAT
TTACAAAATGCTGGATTTGATATAATT
ATAGTTTTGGCTGATTTACATGCCTAT
TTAAACCAGAAAGGAGAGTTGGATGAG
ATTAGAAAAATAGGAGATTATAACAAA
AAAGTTTTTGAAGCAATGGGGTTAAAG
GCAAAATATGTTTATGGAAGTGAATGG
ATGCTTGATAAGGATTATACACTGAAT
GTCTATAGATTGGCTTTAAAAACTACC
TTAAAAAGAGCAAGAAGGAGTATGGAA
CTTATAGCAAGAGAGGATGAAAATCCA
AAGGTTGCTGAAGTTATCTATCCAATA
ATGCAGGTTAATGGTGCTCATTATCTT
GGCGTTGATGTTGCAGTTGGGGGGATG
GAGCAGAGAAAAATACACATGTTAGCA
AGGGAGCTTTTACCAAAAAAGGTTGTT
TGTATTCACAACCCTGTCTTAACGGGT
TTGGATGGAGAAGGAAAGATGAGTTCT
TCAAAAGGGAATTTTATAGCTGTTGAT
GACTCTCCAGAAGAGATTAGGGCTAAG
ATAAAGAAAGCATACTGCCCAGCTGGA
GTTGTTGAAGGAAATCCAATAATGGAG
ATAGCTAAATACTTCCTTGAATATCCT
TTAACCATAAAAAGGCCAGAAAAATTT
GGTGGAGATTTGACAGTTAATAGCTAT
GAGGAGTTAGAGAGTTTATTTAAAAAT
AAGGAATTGCATCCAATGGATTTAAAA
AATGCTGTAGCTGAAGAACTTATAAAG
ATTTTAGAGCCAATTAGAAAGAGATTA
CATCATCATCACCATCATTAA 

MDEFEMIKRNTSEIISEEELREVLKKDEKSAL
IGFEPSGKIHLGHYLQIKKMIDLQNAGFDIII
VLADLHAYLNQKGELDEIRKIGDYNKKVFEAM
GLKAKYVYGSEWMLDKDYTLNVYRLALKTTLK
RARRSMELIAREDENPKVAEVIYPIMQVNGAH
YLGVDVAVGGMEQRKIHMLARELLPKKVVCIH
NPVLTGLDGEGKMSSSKGNFIAVDDSPEEIRA
KIKKAYCPAGVVEGNPIMEIAKYFLEYPLTIK
RPEKFGGDLTVNSYEELESLFKNKELHPMDLK
NAVAEELIKILEPIRKRLHHHHHH 

MaPylTMSK  ATGCACCACCACCACCACCATGAGAAT
CTGTATTTCCAGGGTATGACCGTGAAG
TACACCGATGCGCAAATCCAGCGTCTG
CGTGAATACGGTAACGGCACCTATGAG
CAGAAGGTGTTCGAGGACCTGGCGAGC
CGTGACGCGGCGTTTAGCAAAGAAATG
AGCGTTGCGAGCACCGATAACGAGAAG
AAAATCAAGGGCATGATTGCGAACCCG
AGCCGTCACGGTCTGACCCAACTGATG
AACGACATCGCGGATGCGCTGGTTGCG
GAGGGCTTCATTGAAGTTCGTACCCCG

MHHHHHHENLYFQGMTVKYTDAQIQRLREYGN
GTYEQKVFEDLASRDAAFSKEMSVASTDNEKK
IKGMIANPSRHGLTQLMNDIADALVAEGFIEV
RTPIFISKDALARMTITEDKPLFKQVFWIDEK
RALRPMLAPNLYSVMRDLRDHTDGPVKIFEMG
SCFRKESHSGMHLEEFTMLNLGDMGPRGDATE
VLKNYISVVMKAAGLPDYDLVQEESDVFKETI
DVEINGQEVCSCAVGPHYLDAAHDVHEPWSGA
GFGLERLLTIREKYSTVKKGGASISYLNGAKI
N 
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ATCTTTATTAGCAAAGATGCGCTGGCG
CGTATGACCATCACCGAGGACAAGCCG
CTGTTCAAACAGGTGTTTTGGATTGAC
GAAAAACGTGCGCTGCGTCCGATGCTG
GCGCCGAACCTGTACAGCGTGATGCGT
GACCTGCGTGATCACACCGACGGTCCG
GTTAAAATCTTCGAAATGGGTAGCTGC
TTTCGTAAAGAGAGCCACAGCGGCATG
CACCTGGAGGAGTTCACCATGCTGAAC
CTGGGCGATATGGGTCCGCGTGGTGAC
GCGACCGAAGTTCTGAAGAACTATATT
AGCGTGGTTATGAAAGCGGCGGGTCTG
CCGGACTACGATCTGGTGCAGGAAGAG
AGCGATGTTTTTAAGGAAACCATCGAC
GTGGAAATTAACGGTCAAGAGGTGTGC
AGCTGCGCGGTTGGTCCGCACTACCTG
GATGCGGCGCATGATGTTCATGAGCCG
TGGAGCGGTGCGGGCTTTGGTCTGGAA
CGTCTGCTGACCATCCGTGAGAAGTAT
AGCACCGTGAAAAAGGGCGGCGCGAGC
ATCAGCTACCTGAATGGTGCGAAAATC
AACTAA 

G1PylTMSK ATGCACCACCACCACCACCATGAGAAT
CTGTATTTCCAGGGTATGGTGGTGAAA
TTTACCGATAGCCAGATTCAGCATCTG
ATGGAATATGGTGATAATGATTGGAGC
GAAGCCGAATTTGAAGATGCAGCAGCA
CGTGATAAAGAATTTAGCAGCCAGTTT
AGCAAACTGAAAAGCGCCAATGATAAA
GGCCTGAAAGATGTTATTGCAAATCCG
CGTAATGATCTGACCGATCTGGAAAAC
AAAATTCGCGAAAAACTGGCAGCCCGT
GGTTTTATTGAAGTTCATACCCCGATT
TTTGTGAGCAAAAGCGCACTGGCAAAA
ATGACCATTACCGAAGATCATCCGCTG
TTCAAACAGGTGTTTTGGATTGATGAT
AAACGTGCACTGCGTCCGATGCATGCA
ATGAATCTGTATAAAGTTATGCGTGAA
CTGCGCGATCATACCAAAGGTCCGGTT
AAAATCTTTGAAATTGGTAGCTGCTTT
CGCAAAGAAAGCAAAAGCAGTACCCAT
CTGGAAGAATTTACCATGCTGAACCTG
GGCGAAATGGGTCCTGATGGTGATCCG
ATGGAACATCTGAAAATGTATATTGGC
GATATCATGGATGCCGTTGGTGTTGAA
TATACCACCAGTCGTGAAGAATCAGAT
GTTTTTGTTGAAACCCTGGACGTGGAA
ATTAATGGCACCGAAGTTGCAAGCGGT
TGCGTTGGTCCGCATAAACTGGATCCG
GCACATGATGTGCATGAACCGTGGGCA
GGTATTGGTTTTGGTCTGGAACGTCTG
CTGATGCTGAAAAATGGTAAAAGCAAT
GCACGCAAAACCGGCAAAAGTATTACC
TATCTGAATGGCTACAAACTGGATTAA 

MHHHHHHENLYFQGMVVKFTDSQIQHLMEYGD
NDWSEAEFEDAAARDKEFSSQFSKLKSANDKG
LKDVIANPRNDLTDLENKIREKLAARGFIEVH
TPIFVSKSALAKMTITEDHPLFKQVFWIDDKR
ALRPMHAMNLYKVMRELRDHTKGPVKIFEIGS
CFRKESKSSTHLEEFTMLNLGEMGPDGDPMEH
LKMYIGDIMDAVGVEYTTSREESDVFVETLDV
EINGTEVASGCVGPHKLDPAHDVHEPWAGIGF
GLERLLMLKNGKSNARKTGKSITYLNGYKLD 

RFP TAG ATGGCTTCTATGACCGGTCACCATCAC
CATCACCATTAGGCCAGTAGTGAAGAC
GTTATCAAGGAGTTTATGCGTTTCAAA
GTACGTATGGAGGGTAGTGTTAACGGA
CACGAATTTGAGATCGAGGGAGAGGGG
GAAGGTCGTCCTTACGAGGGAACTCAA

MASMTGHHHHHH*ASSEDVIKEFMRFKVRMEG
SVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGG
PLPFAWDILSPQFQYGSKAYVKHPADIPDYLK
LSFPEGFKWERVMNFEDGGVVTVTQDSSLQDG
EFIYKVKLRGTNFPSDGPVMQKKTMGWEASTE
RMYPEDGALKGEIKMRLKLKDGGHYDAEVKTT
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ACGGCCAAATTAAAGGTGACCAAAGGT
GGGCCCTTGCCATTCGCGTGGGACATC
TTGTCACCCCAGTTCCAGTACGGGTCG
AAGGCATACGTAAAACACCCAGCGGAC
ATTCCTGACTATCTTAAGTTATCTTTC
CCGGAAGGTTTTAAATGGGAACGCGTG
ATGAACTTTGAGGATGGGGGGGTTGTT
ACGGTGACACAAGACTCCTCATTGCAA
GATGGAGAGTTTATCTATAAAGTCAAA
CTTCGCGGCACCAATTTTCCATCTGAC
GGTCCTGTAATGCAGAAAAAAACAATG
GGCTGGGAAGCCTCCACAGAACGTATG
TACCCCGAAGATGGAGCTTTAAAGGGC
GAAATTAAAATGCGCTTAAAACTTAAA
GACGGCGGCCATTACGACGCCGAAGTG
AAAACGACGTATATGGCTAAGAAACCC
GTCCAGCTTCCGGGAGCCTATAAAACT
GACATCAAACTGGATATTACATCACAC
AACGAAGATTATACTATTGTCGAACAG
TACGAACGCGCCGAAGGCCGCCATTCA
ACGGGAGCATAA 

YMAKKPVQLPGAYKTDIKLDITSHNEDYTIVE
QYERAEGRHSTGA 

AncCDT-1 
P57TAG/ 
N151TGA 

ATGATCGCAGCAAGCACCCTGGATGAA
ATTATGAAACGTGGCACCCTGCGTGTT
GGCACCGATGCAGATTATAAACCGTTT
AGCTTCAAAGACAAAAACGGTCAGTAT
ACCGGCTTTGATATTGATCTGGCAAAA
GCACTGGCCAAAGAACTGGGTGTTAAA
GTTGAATTTGTTTAGACCACCTGGGAT
GGTATTATTCCGGCACTGCAGACCGGT
AAATTTGATATCGTTATGAGCGGTATG
ACCATTACACCGGAACGTAAAAAAAAA
GTGGATTTCAGCGATCCGTATATGACC
GCAGGTCAGACCATTCTGGTTAAAAAA
GATAACGCCGATAAAATCAAAAGCTTT
GAAGATCTGAACAAACCGGATGTTAAA
GTGGCAGTTCAGCTGGGTACAACCAGC
GAACAGGCAGCAAAAGAATTTCTGCCG
AAAGCAAAAATTCGCACCTTTGAATGA
AATGCCGAAGCCTTTCAAGAGGTTGTT
AGCGGTCGTGCAGATGCAATGGTTACC
GATAGTCCGGTTGCAGCATATTACGCC
AAAAAAAACCCTGGTCTGGCAGTTGTT
GTTGTGGATGAACCGTTTACCCATGAA
CCGCTGGGTTTTGCAATTCGTAAAGGT
GATCCGGAACTGCTGAATTGGGTGAAT
AATTGGCTGAAACAAATGAAAAAAGAC
GGCACCTATGACAAACTGTACGAAAAA
TGGTTTAAACTCCATCATCATCACCAT
CATTAA 

MIAASTLDEIMKRGTLRVGTDADYKPFSFKDK
NGQYTGFDIDLAKALAKELGVKVEFV*TTWDG
IIPALQTGKFDIVMSGMTITPERKKKVDFSDP
YMTAGQTILVKKDNADKIKSFEDLNKPDVKVA
VQLGTTSEQAAKEFLPKAKIRTFE*NAEAFQE
VVSGRADAMVTDSPVAAYYAKKNPGLAVVVVD
EPFTHEPLGFAIRKGDPELLNWVNNWLKQMKK
DGTYDKLYEKWFKLHHHHHH 

 

a Stars indicate the positions of unnatural amino acids. 
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