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1. Supporting Figures and Supporting Scheme 

Figure S1. Extracted ion chromatograms of the Boc-protected thiol conjugates TCP1- TCP2, 
TCP6, TCP8- TCP12, TCP15- TCP17, TCP17, TCP19- TCP20. 
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Figure S2. Extracted ion chromatograms of the thiol conjugates TC1-TC20. 
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Figure S3. Extracted ion chromatograms of the lipoic acid conjugates TCLA1 and TCLA2.  
 

 

 

Figure S4. Time-based NMR monitoring of the conversion rate of intermediate 11 with N-
acetylcysteamine. 
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Figure S5. Conversion rate of thiol capture based on integration of NMR experiment in 
Figure S4.  
 

 

Figure S6. Extracted ion chromatograms of the conjugates detected in the chemoselectivity 
test demonstrating selectivity for thiols. 
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Figure S7. Extracted ion chromatograms of the conjugates detected in the chemoselectivity 
test using iodoacetamide. 
 



 10 

Figure S8. Extracted ion chromatograms of thiol conjugates before and after the stability test.  
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Figure S9. Extracted ion chromatograms of the captured cysteamine conjugate (TC3) and 
pantetheine (TC14), 
 

 

Figure S10. Extracted ion chromatograms of the synthetic cysteine persulfide conjugate 
TC21 captured using probe A. 
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Figure S11. A) Heatmap of oxidative stress comparison experiment in E. coli; B) Volcano 
plot of oxidative stress comparison. 
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Scheme S1. Synthesis of standard lipoic acid probe conjugates TCLA1 and TCLA2 for the 

LC-MS based analysis. 
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2. Supporting Tables 
Table S1. Features of thiol-containing metabolites in the human plasma. 

The tentative chemical structure names are based on HMDB annotation (confidence level 3) and the 
correct structure without higher level of confidence can possibly be a regioisomer. Color indicators 
are related to the possible origin of metabolite according to HMDB database: 

This compound is not a naturally occurring metabolite. 

Diet related. 

Naturally occurring metabolite. 

 

 

Feature ID Monoisotopic 
mass 

Conjugate 
mass 

retention 
time 
(min) 

Metabolite name HMDB MF 

M485T711 63.9930 485.2165 11.84  CH4OS 
M493T676 71.9965 493.2200 11.25 Thioacrolein C3H4S 
M497T724 76.0346 497.2552 12.07 1-Propanethiol C3H8S 
M498T653 77.0299 498.2424 10.87 Cysteamine C2H7NS 

M507T731 86.0121 507.2356 12.18 Divinyl sulfide/ 2,3-
Dihydrothiophene C4H6S 

M513T578 92.0478 513.2713 9.63  C2H8N2S 

M529T731 107.9942 529.2177 12.18 Vinylsulfonic Acid C2H4O3S 
M537T635 116.0479 537.2714 10.58  C4H8N2S 

M543T733 122.0372 543.2607 12.21 Diethyl sulfone/ 
Thiodiglycol C4H10O2S 

M556T708 135.0354 556.2669 11.78 Homocysteine C4H9NO2S 
M572T692 151.0387 572.2622 11.53 Thioacetanilide C8H9NS 
M572T716 151.0638 572.2873 11.93  C5H13NO2S 

M573T663 152.0156 573.2463 11.03 Mercaptopurine C5H4N4S 

M575T670_1 154.0378 575.2613 11.16 1-(5-Methyl-2-thienyl)-1-
propanone C8H10OS 

M575T651 154.0380 575.2615 10.85 3-Acetyl-2,5-
dimethylthiophene C8H10OS 

M577T625 156.0153 577.2388 10.42 Methyl phenyl disulfide C7H8S2 

M577T642_2 156.0538 577.2773 10.69 2-
[(Isopropylthio)methyl]furan C8H12OS 

M587T767 166.0385 587.2620 12.78 2-Methyl-6-thiopurine C6H6N4S 

M587T767 166.0385 587.2620 12.78 6-Methylmercaptopurine C6H6N4S 

M589T620_2 168.0176 589.2411 10.32 (Phenylthio)acetic acid C8H8O2S 
M603T662 182.0698 603.2933 11.03  C5H14N2O3S 

M605T721 184.0489 605.2724 12.01 (+/-)-3-[(2-methyl-3-
furyl)thio]-2-butanone C9H12O2S 

M607T602 186.0279 607.2514 10.02  C8H10O3S 

M609T767 188.0206 609.2441 12.78  C7H8O4S 

M609T569 188.0439 609.2674 9.47 2-(Sec-butyldisulfanyl)-1h-
imidazole C7H12N2S2 

M609T600 188.0436 609.2671 9.99 2-(Sec-butyldisulfanyl)-1h-
imidazole C7H12N2S2 
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M619T758 198.0651 619.2886 12.71 4-[(2-Furanylmethyl)thio]-2-
pentanone C10H14O2S 

M625T767 203.9946 625.2181 12.78  C4H4N4O4S 
M627T721 206.0310 627.2545 12.02  C5H10N4OS2 

M641T758 220.0469 641.2704 12.70  C7H12N2O4S 

M647T643 226.0960 647.3195 10.72 3-[(2-Methyl-3-furanyl)thio]-
4-heptanone C12H18O2S 

M649T646 228.0752 649.2987 10.69 Antigastrin/ Phosphonol C13H12N2S/ 
C6H17N2O3PS 

M652T753 231.0902 652.3137 12.28 
L-Proline, 1-(2-methyl-3-

(methylthio)-1-oxopropyl)-, 
(S)- 

C10H17NO3S 

M653T727 232.0867 653.3102 12.12  
C10H16O4S 

M669T708_2 248.0805 669.3040 11.72 (5'-methylthio)pentylmalate C10H16O5S 

M688T647 267.1590 688.3825 10.77  C10H25N3O3S 

M699T625 278.1300 699.3103 10.41 Pantetheine C11H22N2O4S 

M717T576 296.0975 717.3210 9.60 Bentazepam C17H16N2OS 

M724T771 303.1591 724.3826 12.85 
1-Oxononan-4-yl (2R)-2-

acetamido-3-
sulfanylpropanoate 

C14H25NO4S 

M727T668 306.0607 727.2842 11.13 Monoacetyldapsone 
hydroxylamine C14H14N2O4S 

M729T690 308.0760 729.2995 10.85 phenylacetohydroximoyl-
cysteinylglycine C13H14N3O4S 

M731T664 310.0919 731.3154 11.05  C13H18N4OS2 

M731T614 310.1126 731.3361 10.23 Dibutyl sulfosuccinate C12H22O7S 

M731T626 310.1114 731.3349 10.43 Dibutyl sulfosuccinate C12H22O7S 
M747T641 326.0870 747.3105 10.67  C12H22O6S2 
M751T652 330.0583 751.2818 10.85  C6H14N6O8S 

M757T715 336.1078 757.3313 11.91 Firocoxib C17H20O5S 

M757T677 336.1079 757.3314 11.27 Firocoxib C17H20O5S 

M773T677 352.1030 773.3265 11.28 Hexythiazox/ Penicilloic 
acid 

C17H21ClN2O2S/ 
C16H20N2O5S 

M785T785 364.1397 785.3632 13.09 Pyridaben/ Desacetyl-
alacepril 

C19H25ClN2OS/ 
C18H24N2O4S 

M787T708 366.1182 787.3417 11.78 Ilaprazole C19H18N4O2S 

M789T642 368.0979 789.3214 10.69 Phenoxomethylpenicilloyl C16H20N2O6S 

M798T718 377.0869 798.3104 11.96 S-Pyruvylglutathione C13H19N3O8S 
M817T653 396.1289 817.3524 10.88  C17H24N4O3S2 
M818T624 396.1287 817.3522 10.39  C17H24N4O3S2 
M841T625 420.2168 841.4403 10.40  C24H36O2S2 
M863T625 442.1989 863.4224 10.40  C17H34N2O9S 
M879T633 458.0831 879.3066 10.54  C15H18N6O9S 
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Table S2. Features of thiol-containing metabolites in the pooled human feces. 
The tentative chemical structure names are based on HMDB annotation (confidence level 3) and the 
correct structure without higher level of confidence can possibly be a regioisomer. Color indicators 
are related to the possible origin of metabolite according to HMDB database: 

This compound is not a naturally occurring metabolite. 

Diet related. 

Naturally occurring metabolite. 

 

Feature ID Monoisotopic 
mass 

Conjugate 
mass 

retention 
time 
(min) 

Metabolite name HMDB MF 

M483T726 61.9066 483.1301 12.11    

M485T480_2 63.9650 485.1885 7.98  
 

M485T669 63.9932 485.2167 11.76  CH4OS 

M493T687 71.9968 493.2203 11.44 Thioacrolein C3H4S 

M513T586 92.0482 513.2717 9.77  C2H8N2S 

M529T726 107.9945 529.2180 12.11  
C2H4O3S 

M542T793 121.0197 542.2746 13.21 Cysteine C3H7NO2S 

M543T755 122.0378 543.2613 12.42  
C4H10O2S 

M543T766 122.0377 543.2612 12.75  
C4H10O2S 

M543T755 122.0378 543.2613 12.59  
C4H10O2S 

M551T691 130.0640 551.2875 11.52 6-Methyl-5,6-dihydro-4H-1,3-
thiazin-2-amine 

C5H10N2S 

M553T558 131.9817 553.2052 9.3  C3H4N2S2 

M556T720 135.0354 556.2674 11.99 Homocysteine C4H9NO2S 

M572T703 151.0392 572.2627 11.73 Thioacetanilide C8H9NS 

M575T675 154.0389 575.2624 11 1-(5-Methyl-2-thienyl)-1-
propanone 

C8H10OS 

M575T622 154.0387 575.2622 10.37 3-Acetyl-2,5-
dimethylthiophene 

C8H10OS 

M575T634 154.0388 575.2623 10.56 1-(2-Thienyl)-1-butanone C8H10OS 

M575T692 154.0387 575.2622 11.25  
C4H10O4S 

M577T651 156.0542 577.2777 10.83 2-[(Isopropylthio)methyl]furan C8H12OS 

M587T766 166.0386 587.2621 12.74 2-Methyl-6-thiopurine C6H6N4S 

M593T612 172.0491 593.2726 10.2  C4H8N6S 
M593T628 172.0492 593.2727 10.47  C4H8N6S 
M593T668 172.0495 593.2730 11.14  C4H8N6S 
M603T671 182.0703 603.2938 11.19  CH10N8OS 

M605T717 184.0496 605.2731 11.96 (+/-)-3-[(2-methyl-3-furyl)thio]-
2-butanone 

C9H12O2S 

M609T766 188.0207 609.2442 12.76  
C7H8O4S 

M609T611 188.0442 609.2677 10.15 2-(Sec-butyldisulfanyl)-1h-
imidazole 

C7H12N2S2 

M615T549 193.9432 615.1667 9.14  C3H2N2O4S2 
M621T550 199.9926 621.2161 9.17  C3H8N2O4S2 
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M631T763 209.9096 631.1331 12.72  H2O9S2 

M641T756 220.0470 641.2705 12.68  
C7H12N2O4S 

M645T791 224.0813 645.3048 13.18 Propyl 1-(propylthio)propyl 
disulfide 

C9H20S3 

M647T651 226.0963 647.3198 10.85 3-[(2-Methyl-3-furanyl)thio]-4-
heptanone 

C12H18O2S 

M651T669 230.1072 651.3307 11.16 Dicyclohexyl disulfide C12H22S2 

M652T758 231.0908 652.3143 12.63 1-(2-methyl-3-(methylthio)-1-
oxopropyl)- 

C10H17NO3S 

M655T727 233.9347 655.1582 12.11  C6H2O6S2 
M661T397 239.9467 661.1702 6.62  C7N2O6S 

M667T791 246.0631 667.2866 13.18 S-Nitrosocaptopril/ 9-Deaza-
9-(3-thienylmethyl)guanine 

C9H14N2O4S 

M699T634 278.1300 699.3109 10.54 Pantetheine C11H22N2O4S 

M709T980 288.1203 709.3438 16.33 Soterenol C12H20N2O4S 

M717T585 296.0986 717.3221 9.75 Bentazepam C17H16N2OS 

M729T647 308.0770 729.3005 10.73 
Dansylglycine/ 

phenylacetohydroximoyl-
cysteinylglycine 

C14H16N2O4S 

M774T688 352.1036 773.3271 11.47 Hexythiazox C17H21ClN2O2S 

M798T758 377.0878 798.3113 12.25 S-Pyruvylglutathione C13H19N3O8S 

 

Table S3. Features only detected in the control samples compared to the oxidative stress 
sample. 

Ctrl Conjugated mass RT 
M493T663 493.0626 11.06 
M779T544 779.1509 9.07 
M507T567 507.2501 9.44 
M742T662 742.3156 11.03 
M590T707 590.0541 11.79 
M595T707 595.0536 11.79 
M611T557 611.2542 9.28 
M583T835 583.0559 13.91 

 

Table S4. Features only detected in the oxidative stress sample. 
OS Conjugated mass RT 

M506T649 506.1175 10.82 
M520T652 520.2656 10.87 
M526T528 526.1745 8.80 

M548T527_1 548.1085 8.79 
M555T771 555.3034 12.85 

M566T529_2 566.1390 8.82 
M581T603_2 581.2938 10.05 

M594T620 594.3142 10.33 
M673T632 673.3456 10.54 
M719T786 719.1918 13.10 
M738T528 738.1378 8.81 
M795T632 795.4018 10.53 
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M894T651 894.3784 10.85 
Table S5. Semi-quantitative analysis of GSH in the comparison between control samples and 
oxidative stress samples through comparison of an internal standard. 
 

AUC Ctrl-1 Ctrl-2 Ctrl-3 Ctrl-4  

GSH 35654 41399 45417 33873  
IS 651750 516590 463422 860325 Mean 

Ratio 0.054705 0.080139 0.098004 0.039372 0.068055 
      

AUC OS-1 OS-2 OS-3 OS-4  

GSH 20058 17490 19998 23349  
IS 653478 610691 530855 870360 Mean 

Ratio 0.030694 0.02864 0.037671 0.026827 0.030958 
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Table S6. Detected Top100 features from bacteria lysates with intensities. 
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Table S7. Metadata of patients for the pooled fecal and plasma sample. 
 

Patient Gender Age MRI Other 

Fecal     

060 Male 52 NAD  
043 Male 62 BD-

IPMN 
Lynch Syndrome 

056 Female 66 Cyst  
046 Female 37 NAD Hepatomegaly and splenomegaly 
063 Male 68 NAD  
068 Male 67 MF BD-

1PMN 
Polyarthritis 

058 Female 62 MF BD-
1PMN 

 

047 Female 53 BD-
1PMN 

 

Plasma     

039 Female 52 N/A N/A 
 

NAD- No acute distress 

IPMN- Intraductal Papillary Mucinous Neoplasm 

BD- Branch Duct 

MF- Multifocal 

  



 23 

3. General 
 

All reagents and solvents were purchased from Sigma-Aldrich or Fischer Scientific and 

were used without further purification. Mass spectrometry grade solvents were used for 

UHPLC-ESI-MS analysis. Solutions were concentrated in vacuo on a Heidolph. Thin Layer 

Chromatography (TLC) was performed on silica gel 60 F-254 plates. Visualization of the 

developed chromatogram was performed using fluorescence quenching. Chromatographic 

purification of products was accomplished using flash column chromatography on Merck silica 

gel 60 (40−63 μm). NMR spectra were recorded on Agilent 400 MHz spectrometer (1H NMR: 

400 MHz, 13C NMR: 100 MHz). Chemical shifts are reported in parts per million (ppm) on 

the δ scale from an internal standard. Multiplicities are abbreviated as follows: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet. Glass vials used for handling magnetic beads 

were microwave vials from Biotage (0.2-0.5 mL or 0.5-2.0 mL). The UHPLC-MS/MS analysis 

was performed in a Maxis II ETD Q-TOF mass spectrometer using an electrospray ionization 

(ESI) source with an Elute UHPLC system and equipped with a Waters ACQUITY UPLC BEH 

C18 column (2.1 × 75 mm, 1.7 μm particle size) or Waters ACQUITY UPLC HSS T3 column 

(1.8 × 100 mm, 2.1 μm particle size). Milli-Q water with 0.1% formic acid was used as mobile 

phase A and LC-MS grade methanol with 0.1% formic acid was used as mobile phase B. The 

column temperature was kept at 40 °C, and the autosampler was kept at 4 °C. The flow rate 

was set to 0.22 mL/min. The gradient used was as follows: 0–2 min, 0% B; 2–15 min, 0–100% 

B; 15–16 min, 100% B; 16–17 min, 100-0% B; 17–23 min, 0% B. The system was controlled 

using the Compass HyStar software package from Bruker. High-resolution mass spectra were 

acquired in positive mode at a mass range of m/z 50–1200. Data acquisition was performed in 

MSE mode or AutoMSMS. 
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4. Synthetic procedures 

Preparation of compound 5  

 

Compound 5 was prepared from the carboxylic acid 3 according to procedure described in 

literature.1 

1H NMR (400 MHz, CDCl3) of 5: δ 2.15-2.26 (m, 2H), 2.57-2.71 (m, 3H), 4.15-4.24 (m, 1H), 

5.12 (s, 2H), 7.30-7.39 (m, 5H). 

 

Preparation of compound 6 

 

Benzyl 3-((methylsulfonyl)oxy)cyclobutane-1-carboxylate (6) 

The solution of 5 (1.5 g, 7.47 mmol, 1 equiv.) in dry DCM (15 mL) was cooled to 0 ⁰C and 

triethylamine (1.56 mL, 11.20 mmol, 1.5 equiv.) was added. Methanesulfonyl chloride (693 

uL, 8.96 mmol, 1.2 equiv.) was added dropwise at 0 ⁰C. This reaction mixture was stirred under 

nitrogen for 30 minutes while allowing it to warm to room temperature. The TLC analysis at 

this point showed the complete exhaustion of the starting material. Half-saturated sodium 

bicarbonate was added and the aqueous phase was extracted four times with DCM.  The 

combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo. The 

yellow oil was column chromatographed on silica gel (gradient 5% to 25% ethyl 

acetate/hexane) to give a slight yellow solid of 6 (1.8 g). Yield = 85%. 

1H NMR (400 MHz, CDCl3): δ 2.55-2.64 (m, 2H), 2.67-2.84 (m, 3H), 2.99 (s, 3H), 4.89-4.97 

(m, 1H), 5.14 (s, 2H), 7.31-7.40 (m, 5H).  
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Preparation of compound 7 

 

Benzyl 3-bromocyclobutane-1-carboxylate (7) 

A mixture of 6 (1.8 g, 6.33 mmol, 1 equiv.) and lithium bromide (713 mg, 8.21 mmol, 1.3 

equiv.) in dry DMF (20 mL) was stirred overnight at 80 ⁰C. The TLC analysis of the reaction 

mixture in toluene: acetone (3:1) indicated the complete exhaustion of the starting material. 

The reaction was cooled down to the room temperature. Saturated sodium bicarbonate was 

added and the mixture was stirred for 30 minutes at room temperature. The aqueous layer was 

extracted thrice with ethyl acetate. The combined organic layers were dried over Na2SO4, 

filtered and concentrated in vacuo. The yellow oil was column chromatographed on silica gel 

(gradient 1 % to 2 % ethyl acetate/hexane) to give an oil of 7 (559 mg). Yield = 33 %. The H-

NMR indicated the product 7 contained the diastereomers in the ratio of 2:5.  

1H NMR (400 MHz, CDCl3) of diastereomeric mixture: δ 2.67- 3.06 (m, 7H), 3.39-3.47 (m, 

0.43H), 4.34-4.42 (m, 1H), 4.62-4.69 (m, 0.43H), 5.13-5.14 (m, 3H), 7.31-7.40 (m, 7H). 

1H NMR (400 MHz, CDCl3) of major diastereomer: δ 2.73- 2.91 (m, 4H), 2.98- 3.06 (m, 1H), 

4.34-4.42 (m, 1H), 5.13 (s, 2H), 7.31-7.40 (m, 5H).  

1H NMR (400 MHz, CDCl3) of minor diastereomer: δ 2.67- 2.74 (m, 2H), 2.91-2.97 (m, 2H), 

3.40-3.47 (m, 1H), 4.63-4.70 (m, 1H), 5.14 (s, 2H), 7.32- 7.39 (m, 5 H). 

  



 26 

Preparation of compound 8 

 

Sodium 3-bromocyclobutane-1-carboxylate (8) 

To the solution of 7 (559 mg, 2.08 mmol, 1 equiv.) in THF (7 mL) was added 5N NaOH (420 

µL) and the mixture was stirred overnight at 45 ⁰C. The mixture was cooled to room 

temperature and the volatiles were removed in vacuo to give an off-white solid of 8. This solid 

was used in the next step without further purification. 

1H NMR (400 MHz, CD3OD): δ 2.52-2.68 (m, 3.33H), 2.77-2.93 (m, 4.20H), 3.28-3.36 (m, 

0.33H), 4.45-4.53 (m, 1H), 4.63-4.70 (m, 0.40 H). 

Preparation of compound 10 

  

Methyl 4-(methylamino)benzoate (10) 

A mixture of 4-(methylamino)benzoic acid (1.0 g, 6.62 mmol, 1 equiv.) and 4-

methylbenzenesulfonic acid (1.5 g, 8.71 mmol, 1.3 equiv.) in methanol (20 mL) was refluxed 

overnight at 70 ⁰C. The TLC analysis of the reaction mixture indicated the complete exhaustion 

of the starting material after 16 h of refluxing. Methanol was removed in vacuo. Saturated 

sodium bicarbonate was added and the aqueous layer was extracted thrice with ethyl acetate. 

The combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo. The 

residue was column chromatographed on silica gel (gradient 5 % to 10 % ethyl acetate/hexane) 

to give a slight yellow solid of 10 (808 mg). Yield = 74%. 

1H NMR (400 MHz, CDCl3): δ 2.88 (s, 3H), 3.85 (s, 3H), 6.55 (d, J = 9.2 Hz, 2H), 7.87 (d, J 

= 8.8 Hz, 2H). 
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Preparation of compound 9 

 

Methyl 4-(3-bromo-N-methylcyclobutane-1-carboxamido) benzoate (9) 

To a stirred solution of 8 (700 mg, 6.13 mmol, 1.2 equiv.) in dry DMF (15 mL) was added 

propanephosphonic acid anhydride (50 wt% in ethyl acetate, 14 mL, 22.25 mmol, 7 equiv.) and 

N,N- diisopropylethylamine (4 mL, 22.25 mmol, 7 equiv.). Methyl 4-(methylamino) benzoate 

10 (525 mg, 3.18 mmol, 1 equiv.) in ethyl acetate (15 mL) was added. This reaction solution 

was refluxed overnight at 80 ⁰C. The TLC and LCMS analyses after the overnight stirring 

indicated the presence of both the starting material and the desired product. The reaction was 

allowed to cool down to room temperature and saturated sodium bicarbonate was added. This 

mixture was stirred for 30 minutes at room temperature. The aqueous layer was extracted five 

times with ethyl acetate. The combined organic layers were dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was column chromatographed on silica gel (gradient 5% to 

12.5% ethyl acetate/petroleum ether) to give a yellow oil of 9 (538 mg). Yield = 54%. 

1H NMR (400 MHz, CDCl3):   δ 2.30-2.52 (m, 2H), 2.73-2.80 (m, 3H), 3.28 (s, 3H), 3.94 (s, 

3H), 4.11-4.20 (m, 1H), 7.19 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.6 Hz, 2H).  

13C NMR (100 MHz, CDCl3):  δ 35.5, 37.2, 37.6, 38.7, 52.5, 127.2, 131.3, 147.5, 166.2, 171.8. 

HRMS (ESI) m/z [M+H]⁺ calcd for C14H17BrNO3 326.0386; Found 326.0389. 
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Preparation of compound 11 

 

Methyl 4-(N-methylbicyclo[1.1.0]butane-1-carboxamido)benzoate (11) 

To a stirred solution of 9 (538 mg, 1.65 mmol, 1 equiv.) in dry toluene (10 mL) was added 

lithium bis(trimethylsilyl)amide (1M in THF, 11.3 mL) at 0 ⁰C. This mixture was stirred under 

nitrogen for 1 h at 0 ⁰C. The TLC analysis of the reaction mixture indicated the complete 

exhaustion of the starting material. Saturated ammonium chloride was added and the aqueous 

layer was extracted three times with ethyl acetate. The combined organic layers were dried 

over Na2SO4, filtered and concentrated in vacuo. The residue was column chromatographed on 

silica gel (gradient 5 % to 20 % ethyl acetate/hexane) to give an off-white solid of 11 (345.8 

mg). Yield = 85%. 

1H NMR (400 MHz, CDCl3): δ 0.85 (d, J = 2.8 Hz, 2H), 1.87 (d, J = 3.2 Hz, 2H), 2.08-2.11 

(m, 1H), 3.39 (s, 3H), 3.93 (s, 3H), 7.35 (d, J = 8.4 Hz, 2H), 8.05 (d, J = 8.4 Hz, 2H).  

13C NMR (100 MHz, CDCl3):  δ 10.3, 18.5, 37.6, 52.4, 126.3, 127.8, 130.7, 149.4, 166.5, 172.0. 

HRMS (ESI) m/z [M+H]⁺ calcd for C14H16NO3 246.1125; Found 246.1127. 
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Preparation of compound 12 

 

4-(N-methylbicyclo[1.1.0]butane-1-carboxamido)benzoic acid (12) 

To the solution of 11 (44 mg, 0.18 mmol, 1 equiv.) in MeOH/ water (1:1, 10 mL) was added 

sodium carbonate (400 mg, 3.77 mmol, 21 equiv.). This mixture was stirred overnight at 50 ⁰C. 

The volatile components were removed in vacuo. The solution was cooled to 0 ⁰C and acidified 

to pH 4-5 with 1 M HCl. The cold aqueous layer was extracted five times with ethyl acetate. 

The combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo to 

give an off-white solid of 12 (38 mg). Yield = 92%. 

1H NMR (400 MHz, CD3OD): δ 0.86 (d, J = 2.4 Hz, 2H), 1.85 (d, J = 3.3 Hz, 2H), 2.15-2.18 

(m, 1H), 3.38 (s, 3H), 7.45 (d, J = 8.6 Hz, 2H), 8.07 (d, J = 8.6 Hz, 2H). 

13C NMR (100 MHz, CD3OD): δ 10.8, 19.0, 38.0, 38.1, 127.7, 130.3, 131.8, 150.1, 169.1, 

174.2. 

 HRMS (ESI) m/z [M+H]⁺ calcd for C13H14NO3 232.0968; Found 232.0965. 

Compounds 13 and 14 were synthesized according to procedures described in literature.2 
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Preparation of compound 2 

 

tert-Butyl (2-(N-(2-(4-(N-methylbicyclo[1.1.0]butane-1-carboxamido) 

benzamido)ethyl)benzamido)ethyl) carbamate (2) 

To a stirred solution of 12 (30 mg, 0.13 mmol, 1 equiv.) in dry DMF was added 

propanephosphonic acid anhydride (50 wt% in ethyl acetate, 90 µL, 0.14 mmol, 1.1 equiv.), 

N,N-diisopropylethylamine (70 µL, 0.40 mmol, 3.1 equiv.) and tert-butyl (2-(N-(2-

aminoethyl)benzamido)ethyl)carbamate 14 (48 mg, 0.14 mmol, 1.2 equiv.). After stirring the 

reaction overnight under nitrogen at room temperature, the TLC analysis showed the complete 

exhaustion of the starting material. Saturated sodium bicarbonate was added to the reaction 

mixture and stirring was continued for 30 minutes. The aqueous layer was extracted five times 

with ethyl acetate. The combined organic layers were dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was column chromatographed on silica gel (isocratic 4% 

methanol/dichloromethane) to give a white solid of 2 (29 mg). Yield = 43%. 

1H NMR (400 MHz, CDCl3): δ 0.81 (s, 2H), 1.42 (s, 9H), 1.83 (s, 2H), 2.07 (s, 1H), 3.26-

3.88 (m, 11H), 7.31-7.37 (m, 5H), 7.56 (s, 1H), 7.85-7.95 (m, 3H). 

13C NMR (100 MHz, CDCl3): δ 10.2, 18.2, 28.5, 29.8, 37.5, 37.8, 39.0, 40.2, 44.9, 49.8, 53.6, 

79.9, 126.4, 126.6, 127.2, 128.2, 128.6, 129.8, 131.7, 136.1, 148.1, 148.6, 164.9, 166.9, 

171.9, 174.5.  

HRMS (ESI) m/z [M+H]⁺ calcd for C29H37N4O5 521.2759; Found 521.2758. 
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Preparation of compound 1a 

 

Methyl (E)-5-(5-benzoyl-1-(4-(N-methylbicyclo[1.1.0]butane-1-carboxamido)phenyl)-

1,9-dioxo-10-oxa-2,5,8-triazatridec-12-en-13-yl)-2-nitrobenzoate (1a) 

To the stirred solution of 12 (25 mg, 0.11 mmol, 1 equiv.) in dry DMF (5 mL) was added 

propanephosphonic acid anhydride (50 wt% in ethyl acetate, 110 µL, 0.16 mmol, 1.5 equiv.), 

N,N- diisopropylethylamine (57 µL, 0.32 mmol, 3.0 equiv.) and 13 (56 mg, 0.12 mmol, 1.1 

equiv.). This reaction mixture was sealed, flushed with nitrogen and stirred for 21 h at room 

temperature. Saturated sodium bicarbonate was added and stirring was continued for 30 

minutes. The aqueous layer was extracted four times with ethyl acetate. The combined organic 

l ayers were dried over Na2SO4, filtered and concentrated in vacuo. The residue was column 

chromatographed on silica gel (gradient 1 % to 4 % methanol/dichloromethane) to give a white 

solid of 1a (29 mg). Yield = 23%. 

1H NMR (400 MHz, CDCl3): δ 0.79 (s, 2H), 1.83 (s, 2H), 2.06 (s, 1H), 3.35-3.92 (m, 14H), 

4.62-4.71 (m, 2H), 6.42-6.46 (m, 1H), 6.65 (d, J = 15.6 Hz, 1H), 7.07-7.92 (m, 12H). 

13C NMR (100 MHz, CDCl3): δ 10.2, 18.2, 29.8, 37.6, 37.7, 39.7, 40.1, 45.1, 49.9, 53.5, 64.8, 

124.4, 124.8, 126.4, 126.6, 127.5, 128.1, 128.7, 128.8, 129.2, 129.8, 131.5, 136.0, 141.7, 146.7, 

148.2, 156.1, 166.2, 167.2, 171.9, 174.4. 

HR-MS (ESI) m/z [M+H]⁺ calcd for C36H38N5O9 684.2665; Found 684.2655. 
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Preparation of compound 1 

 

(E)-5-(5-benzoyl-1-(4-(N-methylbicyclo[1.1.0]butane-1-carboxamido)phenyl)-1,9-dioxo-
10-oxa-2,5,8-triazatridec-12-en-13-yl)-2-nitrobenzoic acid (1) 

To the solution of 1a (6 mg, 8.78 µmol) in methanol/ water (1:1, 2 mL) was added lithium 

hydroxide (150 uL, 2M solution in water). This was stirred for 30 minutes at room temperature. 

After the complete consumption of the starting material was confirmed by the TLC analysis, 

the volatiles were removed in vacuo. The reaction solution was cooled to 0 ⁰C and acidified to 

pH 4-5 with 1 M HCl. The cold aqueous layer was extracted three times with ethyl acetate. The 

combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo to give an 

off-white solid of 1 (5 mg, yield = 86 %). This solid was treated with the amine-derivatized 

magnetic beads without further purification. 

1H NMR (400 MHz, CD3OD): δ 0.82 (d, J = 21.6 Hz, 2H), 1.83 (d, J = 15.6 Hz, 2H), 2.14-2.17 

(m, 1H), 3.24- 3.84 (m, 11H), 4.67-4.79 (m, 2H), 6.54-6.61 (m, 1H), 6.71-6.78 (m, 1H), 7.26-

7.44 (m, 7H), 7.57-7.89 (m, 5H).  

HR-MS (ESI) m/z [M+H]⁺ calcd for C35H36N5O9 670.2508;  Found 670.2503. 

 

Synthesis of reduced lipoic acid 

The method was adapted from procedure reported in literature.3 

To a solution of (±)-α-lipoic acid (1.0 g) in 0.25 N sodium bicarbonate (19.5 mL), a total of 0.2 

g of sodium borohydride was added portion wise. The mixture was well stirred and kept below 

5 ⁰C. After 30 minutes of stirring, toluene (16 mL) was added, and the colorless reaction was 

acidified to pH 1 with ice cold 5 N HCl. The content of the toluene layer was concentrated in 

vacuo to yield 0.7 g of reduced lipoic acid: lipoic acid in the ratio of 1:0.23. 
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1H NMR (400 MHz, CDCl3): δ 1.29-1.37 (m, 1H), 1.43-1.79 (m, 7H), 1.87-1.95 (m, 1H), 2.36-

2.40 (m, 2H), 2.43-2.50 (m, 0.25H), 2.62-2.82 (m, 2H), 2.86-2.97 (m, 1H), 3.08-3.22 (m, 

0.45H), 3.54-3.61 (m, 0.23H).  

Preparation of 1-butanethiol-probe conjugate TC11 for the LOD determination 

 

 

To compound 2 (12 mg, 23 µmol) in DMF (1 mL) was added aqueous potassium carbonate (1 

mL, 129 mM). 1-Butanethiol (20 µL, 173 µmol) was added and the reaction was stirred 

overnight at room temperature. Aqueous sodium bicarbonate solution was added and the 

mixture was stirred under nitrogen for 1 h. The aqueous layer was extracted four times with 

ethyl acetate, and the combined organic layers were dried over Na2SO4, filtered, and 

concentrated in vacuo to give a yellow oil. This was column chromatographed on silica gel 

(isocratic 6% methanol/dichloromethane) to give an off-white solid of TCP11 (7 mg). Yield = 

50%. 

1H NMR (400 MHz, (CD3)2SO): δ 0.83 (t, 3H, J = 7.2 Hz), 1.23-1.44 (m, 13H), 1.98-2.11 (m, 

3H), 2.36-2.42 (m, 2H), 2.99-3.04 (m, 2H), 3.16-3.63 (m, 12H), 7.30-7.38 (m, 7H), 7.79-7.89 

(m, 2H). 

1H NMR (400 MHz, CDCl3): δ 0.88 (t, 3H, J = 7.2 Hz), 1.42 (s, 9H), 1.50- 3.88 (m, 24H), 

7.16-7.90 (m, 9H). 

13C NMR (100 MHz, CDCl3): δ 13.8, 22.2, 28.5, 29.9, 30.5, 31.3, 32.0, 32.4, 33.2, 34.5, 34.6, 

35.1, 35.7, 37.5, 40.6, 50.0, 50.1, 126.5, 127.2, 127.4, 128.9, 129.9, 135.9, 136.0, 152.6, 173.2. 

HRMS (ESI) m/z [M+H]⁺ calcd for C33H47N4O5S 611.3262; Found 611.3255. 
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To compound TCP11 (2.5 mg, 4 µmol) in DCM (2 mL) was added trifluoroacetic acid (100 

µL) and stirred overnight at room temperature. After the completion of reaction was confirmed 

by TLC, the volatiles were removed in vacuo. The resulting residue was dissolved in methanol 

to obtain a solution of 20 mM. This solution was further diluted to different concentrations 

with 5 % acetonitrile/ water and the LODs of the solutions were measured. 

 

Preparation of Boc-protected cysteine persulfide conjugate TCP21 for the LC-MS analysis 

 

Compound 15 was synthesized according to procedure reported in literature.4  

1H NMR (400 MHz, CDCl3) of 15: δ 7.49-7.53 (m, 4H), 7.55-7.61 (m, 1H), 7.63-7.67 (m, 1H), 

7.93 (d, J = 7.6 Hz, 1H). 

To compound 15 (11.1 µl, 80 mM in THF) was added L-cysteine T1 (200 µl, 400 mM in PBS) 

and stirred at room temperature for 2 minutes. Probe 2 (200 µL, 4.8 mM in THF) was added 

dropwise over 10 minutes. The reaction mixture was analyzed using UHPLC-MS at time- 

points 5 min, 10 min, 15 min, 20 min and 1 h.  
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5. Methods 

5.1 Preparation of immobilized probe A  

Magnabind amine derivatized beads (50 µL, Thermo ScientificTM) solution was taken in a 

1.5 mL Eppendorf tube. Original solution from the supplier was removed using magnetic 

separation. The beads were washed with THF (2 x 200 µL) followed by DMF (1 x 200 µL). 

To the washed beads, DMF (200 µL) and DIPEA (5 µL) were added, and vortexed for 30 s. 

This solution was removed using the magnetic separation. The beads were washed with DMF 

(1 x 200 µL). To the washed beads, an amide coupling solution (13.5 mM PyBOP, 13.3 mM 

HOBt, 100 µL DMF), DIPEA (5 µL) and compound 1 (8.9 mM, 100 µL DMF) were added. 

This mixture was incubated using a Thermomixer (1,500 rpm, 30 ⁰C, 16 h). The solution was 

removed using the magnetic separation and the beads were washed with DMF (2 x 200 µL). 

The beads were suspended in DMF (100 µL) and utilized for the biological sample treatment.  

5.2 Preparation of LC-MS standard of TC21 

 

To compound 15 (11.1 µl, 80 mM in THF) was added L- cysteine T1 (200 µl, 400 mM in 

PBS) and stirred at room temperature for 2 minutes. Magnetic bead-bound probe A (50 µL) 

was added to the reaction mixture and stirred at 30 ⁰C. At the reaction intervals of 10 min and 

60 min, 25 µL of the reaction mixture was transferred to a glass vial and incubated with 

triphenylphosphine (48.5 µL, 12.9 mM in THF), 1,3-dimethylbarbituric acid (45.0 µL, 30.7 

mM in THF), and Pd(OAc)2 solution (42.0 µL, 6.53 mM in THF) at 25 ⁰C for 16 h. The 

supernatants were separated from the beads using magnetic separation. The supernatants were 

concentrated in vacuo. The residues were redissolved in LCMS-grade methanol (15 µL) and 

triphenylphosphine and triphenylphosphine oxide were precipitated through the addition of 

water (60 µL). The suspension was centrifuged in a benchtop centrifuge (12,000 g, 5 min). The 

supernatants were transferred into Eppendorf tubes and concentrated in vacuo. The residues 

were dissolved in 25 µL of LCMS-grade methanol, diluted to 1:3 with 5% v/v 

acetonitrile/water and analyzed by UHPLC-MS. 
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5.3 Preparation of fecal metabolite extracts 

A scalpel was used to collect approximately 60 mg of the frozen fecal sample from eight 

different patients (stored at - 80 ⁰C) in specialized tube D (MP Biomedicals). Ultrapure water 

(100 µL) and LCMS-grade methanol (400 µL) were added to each tube. The mixtures were 

vortexed and homogenized by a FastPrep 24 homogenizer (3 cycles, 6 m/s, 40 s, MP 

Biomedicals). The mixtures were transferred from tube D to Eppendorf tubes and stored at - 

20 ⁰C for 1 h. The mixtures were centrifuged (17,500 g, 5 min, 4 ⁰C). The supernatants were 

collected, combined and the solvent was removed in vacuo. The dried extract was dissolved in 

DMF (380 µL) and treated with the immobilized probe A.   

5.4 Preparation of plasma metabolite extracts 

Ice cold methanol (200 µL) was added to plasma sample aliquot (50 µL) for protein 

precipitation. The sample was vigorously shaken for 30 s and cooled at 4 ⁰C for 30 min. The 

supernatant was transferred into an Eppendorf tube and methanol was removed in vacuo. The 

dried extract was dissolved in DMF (200 µL) and treated with the immobilized probe A. 

5.5 Treatment of fecal metabolite extract  

A suspension of immobilized probe A in DMF (100 µL) was added to the fecal extract 

solution (380 µL DMF). Triethylamine (60 µL) was added and the mixture was stirred at 30 ⁰C 

for 22 h. The fecal extract solution was removed and the beads were washed with THF (2 x 

200 µL) and resuspended in THF (300 µL THF). For the control experiment, the amine-

derivatized beads (unmodified) were incubated with the fecal extract solution under the same 

reaction conditions. 

5.6 Treatment of plasma metabolite extract  

A suspension of immobilized probe A in DMF (100 µL) was added to the plasma extract 

solution (200 µL DMF). Triethylamine (60 µL) was added and the mixture was stirred at 30 ⁰C 

for 22 h. The plasma extract solution was removed and the beads were washed with THF (2 x 

200 µL) and resuspended in THF (300 µL THF). For the control experiment, the amine-

derivatized beads (unmodified) were incubated with the plasma extract solution under the same 

reaction conditions. 
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5.7 Preparation of bacterial strain lysates and supernatants 

Salmonella enterica serovar Typhimurium SL1344 (Salmonella), Shigella flexneri M90T 

(Shigella), and Escherichia coli DH10B (E. coli) were used as bacterial strains in this study. 

Each bacterium was inoculated in 10 mL Luria broth (LB) and grown for 16 h overnight at 

37 ⁰C. The bacteria in each overnight culture were pelleted by centrifugation (4 ⁰C, 15 min, 

20.000g). For each sample, 2 mL of the supernatant was diluted to 10 mL with mass 

spectrometry grade methanol. The remaining supernatant was removed, and 4 ml of 

ethanol:water (3:2) solution was added to the bacterial pellet. The pellet lysate mixtures were 

heated at 78 ⁰C for 3 min with rigorous vortexing every minute, cooled, and subsequently 

cleared by centrifugation (4 ⁰C, 15 min, 20,000g). The supernatant and pellet lysate samples 

were dried in vacuo. The dried samples were dissolved in dimethylformamide and treated with 

probe A.  

In order to induce oxidative stress, E. coli DH10b was inoculated in 20 mL of Luria broth 

(LB) and grown for 16 h overnight at 37 ⁰C. Subsequently, half of the culture was treated with 

hydrogen peroxide (H2O2) at a final concentration of 1 mM for 30 min at 37 ⁰C, while the other 

half was left untreated and used as a control. Bacterial pellets were lysed and collected as 

specified above. 

5.8 Cleavage of the bead-bound probe A 

The THF suspension of the treatment and control beads were transferred to glass vials. 

Triphenylphosphine (97.0 µL, 12.9 mM in THF, 1.25 µmol) and 1,3-dimethylbarbituric acid 

(90.0 µL, 30.7 mM in THF, 2.76 µmol) solutions were added to the vial, followed by palladium 

(II) acetate solution (84.0 µL, 6.53 mM in THF, 549 nmol). The vials were sealed and a stream 

of nitrogen was passed through until approximately half the volume of the suspension 

remained. The vials were shaken using Thermomixer (700 rpm) at 25 ⁰C for 16 h. The 

supernatants were separated from the beads using magnetic separation. The supernatants were 

concentrated in vacuo. The residues were redissolved in LCMS-grade methanol (30 µL) and 

triphenylphosphine and triphenylphosphine oxide were precipitated through the addition of 

water (120 µL). The suspension was centrifuged in a benchtop centrifuge (12,000 g, 5 min). 

The supernatants were transferred into Eppendorf tubes and concentrated in vacuo. The 

residues were dissolved in 100 µL of LCMS-grade methanol, diluted to 1:1 with 5% v/v 

acetonitrile/water and analyzed by UHPLC-MS.  
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5.9 Preparation of probe-conjugated thio-intermediates TCP1-TCP20 

To the simplified probe 2 (0.2 mg, 1 equiv.) in DMF (200 µL) was added the thiol T1-T20 

(10 equiv.) either dissolved in water or DMF (100 µL). Potassium carbonate (20 equiv.) in 

water (100 µL) or trimethylamine (80 equiv.) was added. The reaction vials were sealed under 

nitrogen and stirred overnight at room temperature or 28 ⁰C. An aliquot (5 µL) was diluted to 

100 µL with 5% v/v acetonitrile/ water and analyzed by UHPLC-MS.   

5.10 Preparation of probe-conjugated standards TC1-TC20 

After confirmation of the successful conjugation under 5.9, trifluoroacetic acid (100 µL) 

was added to each reaction mixture (where conjugated using K2CO3) and stirred overnight at 

room temperature. The reaction mixture was concentrated in vacuo. An aliquot (5 µL) of the 

reaction mixture was diluted to 50 µL with LCMS-grade methanol. An aliquot (10 µL) of this 

solution was further diluted to 60 µL with 5% v/v acetonitrile/ water and analyzed by UHPLC-

MS. This sequence of dilution was important for obtaining a clear sample solution.  

5.11 Stability of thiol conjugates under Pd(0) conditions 

The thiol conjugates TC1- TC3, TC5, TC7, TC10, TC13 and TC19 prepared above were 

incubated with Pd(0) reagents according to the method described in 5.8 and analyzed by 

UHPLC-MS. 

5.12 Chemoselectivity test 

Compound 2 (0.2 mg, 1 equiv.) or iodoacetamide (0.2 mg, 1 equiv.) was incubated with 

N-acetyl-L-cysteine T2 (0.6 mg, 10 equiv.), L-serine (0.4 mg, 10 equiv.), L- lysine (0.6 mg, 10 

equiv.) and potassium carbonate (0.5 mg, 10 equiv.) in 50 % DMF/H2O (0.8 mL) at 28 ⁰C for 

22 h. The reaction was analyzed using UHPLC-MS for the formed conjugates.  

5.13 LOD experiment 

Synthetic conjugated thiol TC11 was prepared in a solution of water and acetonitrile (95:5 

v/v) at a range of concentrations (5 µM, 500 nM, 50 nM, 5 nM, 0.5 nM) before being submitted 

for UHPLC-MS analysis. The measurement was based on the conventional concepts that signal 

to noise ratios are at least higher than 3 corresponding to Limit of Detection (LOD). The signal 

to noise ratios were calculated according to European Pharmacopoeia guidelines by using 

MassLynx 4.1. 
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6. Ethical approval 
Patient fecal samples were obtained in accordance with the World Medical Association 

Declaration of Helsinki and all patients gave written informed consent. Approval for the study 

was obtained from the ethical committee at Karolinska Institutet Hospital (Ethical approval 

number: Dnr 2017/290-31). Fecal samples were collected using routine clinical collection 

protocols and all patient codes have been removed in this publication. All samples were stored 

at -80 °C. Metadata of the patients can be found in Table S7.  
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8. NMR spectra 
1H NMR (400 MHz, CDCl3) of reduced lipoic acid 
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1H NMR (400 MHz, (CD3)2SO) of TCP11 

 
 

1H NMR (400 MHz, CDCl3) of TCP11 
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13C NMR (100 MHz, CDCl3) of TCP11 

 
1H NMR (400 MHz, CDCl3) of 15  
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1H NMR (400 MHz, CDCl3) of 5  

 

 
1H NMR (400 MHz, CDCl3) of 6  
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1H NMR (400 MHz, CDCl3) of the diastereomer mixture of 7  

 

 

1H NMR (400 MHz, CDCl3) of major diastereomer of 7  
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1H NMR (400 MHz, CDCl3) of minor diastereomer of 7  

 
1H NMR (100 MHz, CD3OD) of 8 

 



 46 

1H NMR (400 MHz, CDCl3) of 10 
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1H NMR (400 MHz, CDCl3) of 9 

 
13C NMR (100 MHz, CDCl3) of 9 
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1H NMR (400 MHz, CDCl3) of 11 

 
13C NMR (100 MHz, CDCl3) of 11 
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1H NMR (400 MHz, CD3OD) of 12 

 
13C NMR (100 MHz, CD3OD) of 12 
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1H NMR (400 MHz, CDCl3) of 2 

 
13C NMR (100 MHz, CD3OD) of 2 
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1H NMR (400 MHz, CDCl3) of 1a 

 
13C NMR (100 MHz, CDCl3) of 1a  
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1H NMR (400 MHz, CD3OD) of 1 

 


