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            Abstract
Singlet molecular oxygen (1O2) has well-established roles in photosynthetic plants, bacteria and fungi1,2,3, but not in mammals. Chemically generated 1O2 oxidizes the amino acid tryptophan to precursors of a key metabolite called N-formylkynurenine4, whereas enzymatic oxidation of tryptophan to N-formylkynurenine is catalysed by a family of dioxygenases, including indoleamine 2,3-dioxygenase 15. Under inflammatory conditions, this haem-containing enzyme is expressed in arterial endothelial cells, where it contributes to the regulation of blood pressure6. However, whether indoleamine 2,3-dioxygenase 1 forms 1O2 and whether this contributes to blood pressure control have remained unknown. Here we show that arterial indoleamine 2,3-dioxygenase 1 regulates blood pressure via formation of 1O2. We observed that in the presence of hydrogen peroxide, the enzyme generates 1O2 and that this is associated with the stereoselective oxidation of l-tryptophan to a tricyclic hydroperoxide via a previously unrecognized oxidative activation of the dioxygenase activity. The tryptophan-derived hydroperoxide acts in vivo as a signalling molecule, inducing arterial relaxation and decreasing blood pressure; this activity is dependent on Cys42 of protein kinase G1Î±. Our findings demonstrate a pathophysiological role for 1O2 in mammals through formation of an aminoÂ acid-derived hydroperoxide that regulates vascular tone and blood pressure under inflammatory conditions.
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                    Fig. 1: Identification of a tryptophan-derived tricyclic hydroperoxide as an arterial relaxant.


Fig. 2: Arterial formation of cis-WOOH via oxidative activation of IDO1 dioxygenase activity.


Fig. 3: Generation of 1O2 by IDO1 and H2O2 is required for formation of cis-WOOH and arterial relaxation.


Fig. 4: Regulation of arterial relaxation and blood pressure by IDO1-mediated Trp metabolism is dependent on PKG1Î± Cys 42.
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Extended data figures and tables

Extended Data Fig. 1 Only peak 6 induces arterial relaxation in resistance and conduit arteries from different vascular beds and species.
a, Lack of relaxation of pre-constricted abdominal aortas from wild-type mice without (naive) and with IFN-Î³ pretreatment, and with intact (+EC) or denuded endothelium (âˆ’EC), in response to purified Kyn (nÂ =Â 9) or NFK (nÂ =Â 4). b, Representative myography traces of purified Trp-induced relaxation of IFN-Î³-pretreated and noradrenaline (NA) pre-constricted abdominal arteries from: wild-type (Ido1+/+) mice without (top) and with the IDO1 inhibitor 1-l-methyltryptophan (1-L-MT) (middle); and Ido1âˆ’/âˆ’ mice (bottom). c, Relaxation of noradrenaline pre-constricted abdominal aortas from Ido1+/+ or Ido1âˆ’/âˆ’ (nÂ =Â 6) mice in response to vehicle (open bars) or purified Trp (filled bars)Â Â±Â 1-L-MT, with IDO1 expression induced ex vivo by IFN-Î³-pretreatment or in vivo by LPS treatment of mice. d, Concentration-dependent arterial relaxation of noradrenaline pre-constricted, endothelium-denuded mouse abdominal aorta by purified peaks 1â€“6. eâ€“i, Peak 6 concentration-dependent arterial relaxation in endothelium-denuded mouse (e), rat (f, g, h) and porcine (i) arteries pre-constricted with noradrenaline (e, f) or the thromboxane A2 receptor agonist U46619 (g, h, i). Data show meanÂ Â±Â s.e.m. of nÂ =Â 18 and 6 (c, vehicle treatment for IFN-Î³ and LPS, respectively), nÂ =Â 5 (c, Trp without IFN-Î³), nÂ =Â 10 and 6 (c, Trp addition for IFN-Î³ and LPS, respectively), nÂ =Â 5 and 6 (c, Trp addition in presence of 1-MT for IFN-Î³ and LPS, respectively), nÂ =Â 6 (c, Trp addition in Ido1âˆ’/âˆ’ for IFN-Î³ and LPS, respectively) nÂ =Â 4 (dâ€“h) and nÂ =Â 5 (i) independent experiments, with type and diameter range of the arteries indicated. Data shown in b are representative of the data shown in c.


Extended Data Fig. 2 Characterization of reaction products formed during 1O2-mediated oxidation of tryptophan.
a, LCâ€“MS chromatogram of reaction products from the oxidation of l-tryptophan by Rose Bengal and O2 andÂ light, showing molecular ions, [MÂ +Â H]+ for peaks 1â€“8. b, MS/MS spectra of precursor ions with m/z ratio of 221 (peaks 2 and 4) and 237 (peaks 5 and 6). c, HPLC chromatograms of reaction products from l-tryptophan oxidation by Rose BengalÂ andÂ O2Â andÂ light, showing retention times of peaks 1â€“6 monitored at 230Â nm and their corresponding post-column chemiluminescence (CL) signals. d, HPLC-UV and chemiluminescence chromatograms of peaks 5 and 6 after their chemical reduction with sodium borohydride. Data shown are representative of six (a) andÂ two independent experiments (bâ€“d).


Extended Data Fig. 3 Identification of reaction products formed during 1O2-mediated oxidation of Trp.
a, Comparison of molecular ions and fragmentation pattern of peaks 2 and 4 with those of chemically reduced peaks 5 and 6. b, Comparison of 1H NMR spectra of peaks 2 and 4 (top) with those of chemically reduced peaks 5 and 6 (bottom). c, d, 1H NMR spectra of irradiated peak 2 (c) in CD3OD/D2O and peak 4 (d) in CD3OD (top spectra). The arrow indicates the spectral peak irradiated. The bottom spectra show the respective NOE differential spectra of the irradiated peak with the dashed oval indicating anti-phase NOE interaction. e, f, Structures of peak 2 (trans-WOH) and peak 4 (cis-WOH) showing irradiated proton H8a and indication of the NOE correlation. Data shown are representative of two (a, b) and one separate experiments (c, d).


Extended Data Fig. 4 Conversion of cis-WOOH to NFK.
a, Spectral changes during incubation of cis-WOOH in phosphate buffer at 37 Â°C measured in 15-min intervals. Arrows indicate increase (â†‘) and left shift (â†�) in absorbance, whereas the inset shows spectrum of authentic NFK. b, 1H NMR spectra of cis-WOOH in D2O and 25 Â°C recorded at 5 min (top) and 360 min (middle). Arrows indicate increases in spectral peaks at 4.1, 7.6, 7.9, 8.1 and 8.3 p.p.m. Bottom shows 1H NMR spectra of authentic NFK. c, Time-dependent loss of cis-WOOH and formation of NFK during incubation of cis-WOOH at 37 Â°C in the presence of DTPA, as assessed by LCâ€“MS/MS. d, Light emission upon addition of cis-WOOH in D2O phosphate buffer at 72 Â°C (left), with corresponding chemiluminescence spectra (right). e, Proposed mechanism of formation of cis-WOOH from 1O2-mediated oxidation of Trp. Data shown are representative spectra of one (b, c) and two separate experiments (a, d).


Extended Data Fig. 5 Role of 1O2 in IDO1â€“H2O2-mediated oxidation of Trp to cis-WOOH and Trp-induced arterial relaxation.
a, LCâ€“MS/MS analysis of cis-WOOH (circles) and trans-WOOH (squares) following exposure of Trp to Rose BengalÂ andÂ O2Â andÂ light for the time indicated. b, Formation of cis- and trans-WOOH during oxidation of Trp by Rose BengalÂ andÂ O2Â andÂ light (RB) and IDO1â€“H2O2. c, Inhibition of IDO1â€“H2O2-mediated cis-WOOH formation by different pharmacological IDO1 inhibitors (all tested at 1 mM), with results expressed as the percentage of cis-WOOH formed in presence versus absence of inhibitor (control). d, IDO1-mediated formation of Trp-derived metabolites with bolus addition of H2O2 in Ar or O2-flushed buffer. Metabolite yield is expressed as percentage of that observed in the reaction under air. e, Trp-induced relaxation of mouse abdominal aortas pretreated with mouse recombinant IFN-Î³ and vehicle (Ctrl), polyethylene glycol (PEG) or PEG-catalase (PEG-Cat). f, Fluorescence changes upon addition of H2O2 to SOSG in the presence of human serum albumin (HSA, red), or IDO1 without (green) and with Trp (black). g, LCâ€“MS/MS chromatograms of the reaction mixture of IDO1 and EAS after incubation without (top) and with H2O2 (bottom). h, Fluorescence changes upon addition of H2O2 to SOSG in the presence of either IDO1Â Â±Â inactivated carbon monoxide-releasing molecule-A1 (iCORM-A1, green), IDO1 pretreated with CORM-A1 (red), urate (blue), or DEANO (black). i, NIR emission upon addition to H2O2 of IDO1 pretreated with CO gas. j, Formation of cis- and trans-WOOH during oxidation of Trp by horseradish peroxidase (HRP)â€“H2O2, myeloperoxidase (MPO)â€“H2O2 and purified IDO2â€“H2O2. k, Trp-induced relaxation of pre-constricted abdominal aortas from wild-type, Ido1âˆ’/âˆ’ or Ido1âˆ’/âˆ’Ido2âˆ’/âˆ’ mice. l, Effect of cis-norbixin (100 Î¼M) on relaxation of IFN-Î³-pretreated mouse abdominal aorta induced by Trp or the nitric oxide donor DEANO. In b, c and f, reactions were initiated by the addition of H2O2â€“Trp and the mixtures incubated for 5â€“15 min at 25 Â°C before products were quantified by LCâ€“MS/MS. Data shown are meanÂ Â±Â s.e.m. ofÂ three (aâ€“d, j, k, relaxation to DEANO in l) orÂ five (e, relaxation to Trp in l) independent experiments, or representative data (f, h) of three independent experiments. Ep, epacadostat; NLG, NLG919; RB, Rose Bengal. *PÂ =Â 0.05 compared with absence of inhibitor (c) or air control (d), one-tailed Mannâ€“Whitney test. The specific P values indicated were derived using a one-sided Mannâ€“Whitney (l) and a Kruskalâ€“Wallis test with Dunnâ€™s multiple comparison (e).


Extended Data Fig. 6 Mechanism of 1O2 formation by IDO1â€“H2O2.
Known mechanisms of 1O2 generation by dark reactions in biochemical systems involve superoxide radical anion, thiyl radicals, hypochlorite plus H2O2, energy transfer from excited triplet carbonyls, or peroxy radicals25. For all reactions, IDO1 (2 or 4 Î¼M) was incubated for 5 min (h for 30 min) at 25 Â°C in the presence of 100 Î¼M DTPA, 100 Î¼M Trp and the scavengers and substrates indicated, with the reaction being initiated by addition of a 50-fold molar excess of H2O2. cis-WOOH was then quantified by LCâ€“MS/MS. a, b, Lack of effect of Cu/Zn superoxide dismutase (SOD) and NEM on cis-WOOH formation by IDO1â€“H2O2,Â which suggests that superoxide and thiyl radicals are unlikely to be involved in 1O2 generation by IDO1â€“H2O2. Results in a are expressed as the percentage of cis-WOOH formed in the presence versus absence (control) of 100 U SOD, whereas in b theÂ results are expressed as percentage of Trp converted to cis-WOOH. c, Lack of effect of IDO1â€“H2O2 on conversion of HE to 2-chloroethidium (2-Cl-E+) in PBS, as determined by LCâ€“MS/MS, ruling out the involvement of hypochlorite. d, Scavengers of excited carbonyls (sorbate) modestly, and scavengers of oxygen-centred radicals (DMPO) substantially, attenuate formation of cis-WOOH by IDO1â€“H2O2. e, Support for the implied involvement of protein peroxy radicals by the formation of IDO1 fragments (double arrow) and dimers (arrow) upon reaction of IDO1 with H2O2 in the absence or presence of Trp or DMPO as assessed by SDSâ€“PAGE under non-reducing conditions and visualization of proteins by silver stain. f, g, Formation of IDO1-associated dityrosine-specific fluorescence and IDO1 hydroperoxides during exposure of IDO1 to H2O2 in 100 mM phosphate buffer in the absence of TrpÂ Â±Â DMPO (f) orÂ Â±Â ascorbate (Asc, g). Reaction mixtures were subjected to size exclusion chromatography with HPLCâ€“UV214Â nm (left) and (f) fluorescence or (g) post-column chemiluminescence (CL) detection (right). Ascorbate was used as a reductant for protein hydroperoxides. h, IDO1â€“H2O2-mediated conversion of EAS (1 mM) to EAS endoperoxide (EAS-O2) in the absence and presence of DMPO. Inhibition of formation of dityrosine fluorescence and conversion of EAS to EAS-O2 by DMSO suggests59 that the reaction of IDO1 with H2O2 yields a porphyrin radical, which delocalizes to aromatic amino acid residues of IDO1, most probably a Tyr residue. The resulting amino acid-derived phenoxy radical may then engage in dityrosine formation, Î²-scission and/or fragmentation reactions, as well as formation of protein peroxy radicals (Extended Data Fig.Â 9a), in accordance with known chemistry60. Consistent with this possibility, reaction of IDO1 with H2O2 also generated protein carbonyls (i), the formation of which was inhibited by Trp and DMPO. Following reaction, IDO1 was denatured with 6% SDS in the presence of dinitrophenylhydrazine (DNPH) before protein was transferred onto nitrocellulose membrane, and carbonyls detected using anti-DNPH antibody. Qualitative data shown are representative of 2â€“3 separate experiments. Quantitative data shown are meanÂ Â±Â s.e.m. of three independent experiments. *PÂ â‰¤Â 0.05 (Mannâ€“Whitney, one-sided) compared with absence of inhibitors (a, d).


Extended Data Fig. 7 Role of PKG1Î± in arterial relaxation by IDO1â€“cis-WOOH.
a, b Concentrationâ€“response curves to cis-WOOH after pretreatment of denuded mouse abdominal aortas with vehicle (filled squares) or the competitive cGMP PKG inhibitor RP-8-CPT-cGMP (a, open squares), or the competitive ATP binding PKG inhibitor KTÂ 5283 (b, open squares). c, Relaxation of pre-constricted mouse mesenteric resistance arteries from LPS-treated wild-type (black) and PKG1Î±(C42S) knock-in mice (grey) by the nitric oxide donor DEANO (nÂ =Â 4 for both genotypes). d, e, IDO activity in kidney homogenate (d) and plasma kynurenine-to-tryptophan ratio (as an index of systemic IDO activity) (e) obtained from wild-type (WT) or PKG1Î±(C42S) knock-in (KI) mice after treatment with LPS. f, Dimerization of PKG1Î± in human smooth muscle cells induced by Trp, 1 Î¼M H2O2 or both, in the presence (+) or absence (â€“) of the IDO1 inhibitor epacadostat (nÂ =Â 5). Cells were pretreated with (+) or without (â€“) 100 ng mlâˆ’1 rhIFN-Î³ for 72 h. Data show meanÂ Â±Â s.e.m. of 5 (a, f), 4 (b, c, e) or 3â€“4 (d) independent experiments. *PÂ â‰¤Â 0.05 using repeated measures two-way ANOVA with Å idÃ¡k multiple comparison post hoc test (aâ€“c), Kruskalâ€“Wallis with Dunnâ€™s test (f). NS, not significant (Mannâ€“Whitney).


Extended Data Fig. 8 Role of IDO1 in pressure-overload related cardiac pathophysiology and experimental atherosclerosis.
a, Cardiac expression of Ido1 mRNA after sham and TAC for 21 days (nÂ =Â 3 mice per treatment), with IFN-Î³-treated hearts (nÂ =Â 2 mice) as positive control. Inset, increase in ventricle weight-to-tibia length ratio as evidence for TAC-induced cardiac hypertrophy. b, c, IDO1 staining (brown colour) of (b) atherosclerotic lesions in thoracic aorta and (c) resistance vessel in kidney of Apoeâˆ’/âˆ’ (top, representative of nÂ =Â 1 and 4 mice for b and c, respectively) and Apoeâˆ’/âˆ’Ido1âˆ’/âˆ’ mice (bottom, representative of nÂ =Â 2 and 3 mice for b and c, respectively) after six months of Western diet. Middle panels represent rabbit negative immunoglobulin fraction control staining of (b) atherosclerotic lesions in thoracic aorta (representative of nÂ =Â 1 mouse) and (c) resistance vessels in kidney (representative of nÂ =Â 4 animals) of Apoeâˆ’/âˆ’ mice after six months of Western diet. For each animal, sections were taken in duplicate. Magnification 60Ã— (b) and 20Ã— (c). Arrow heads (c) indicate microvessels. d, Plasma concentrations of Trp and Kyn in Apoeâˆ’/âˆ’ and Apoeâˆ’/âˆ’Ido1âˆ’/âˆ’ mice after six months of Western diet with n indicating the number of animalsÂ used. e,Â Trp-induced relaxation of pre-constricted, atherosclerotic lesion-containing aortic rings isolated from Apoeâˆ’/âˆ’ and Apoeâˆ’/âˆ’Ido1âˆ’/âˆ’ mice in the presence or absence of IDO1 inhibitor 1-MT after six months of Western dietÂ with individual data points reflectingÂ the number of animalsÂ used for each treatment. f, Systolic blood pressure (SBP) of Apoeâˆ’/âˆ’ and Apoeâˆ’/âˆ’Ido1âˆ’/âˆ’ mice before (âˆ’) and after (+) administration of 1-D-MTÂ (n =Â 6 animals for each group). The specific P values indicated were derived fromÂ a two-tailed Mann Whitney (d) andÂ Kruskalâ€“Wallis test with Dunnâ€™s multiple comparisons (e, f).


Extended Data Fig. 9 Proposed mechanism for formation of 1O2 by IDO1 plus H2O2 and chemical synthesis of epacadostat.
a, Proposed mechanism for formation of 1O2 by IDO1 plus H2O2.Â Reaction of Fe3+-haem IDO1 with H2O2 results in formation of the two-electron oxidized form, compound I, consisting of a Fe4+=O iron centre and a porphyrin cation radical (not shown). The latter is transferred to an amino acid side chain of IDO1, such as Trp (not shown) orâ€”more likelyâ€”aÂ Tyr such as Y126 or Y353, which are close to the active-site haem in IDO161. The IDO1 tyrosyl radical may then engage in the formation of fluorescent di-tyrosine crosslinks or H-abstraction reactions leading to protein fragmentation according to established pathways60. Alternatively, a resonance form of the IDO1 tyrosyl radical may add to molecular oxygen, resulting in the formation of a quinone peroxy radical at the para position (for example, shown on R1-Tyr-R2) or the ortho position (for example, shown on R6-Tyr-R7). The resulting intermediate quinone peroxy radical may then participate in inter- or intra-residue peroxy radical combination, the latter subsequent to additional H-abstraction and oxidation reactions and formation of a putative intra-residue di-peroxy radical. For inter-residue peroxy radical combination to occur, it is hypothesized that the haemÂ of IDO1 catalyses the decomposition of the hydroperoxide to an alkoxy radical. In the scheme, this reaction is combined with oxygen addition to the alpha carbon radical. The resulting tetroxides will decay with release of 1O2 according to the Russell mechanism26. The observed stereospecific formation of cis-WOOH by IDO1â€“H2O2â€“l-Trp suggests formation of 1O2 close to the active site haem rather than release into the bulk phase, and may therefore be more consistent with the intra-residue peroxy radical combination pathway. For clarity, the R1â€“R7 labels represent the continuation of the peptide backbone. In the case of the inter-residue peroxy radical combination, it is envisioned that peroxy radicals on two different Tyr residues within the same IDO1 molecule combine. b, Chemical synthesis of epacadostat.


Extended Data Table 1 1H and 13C NMR data for purified peaks 2, 4, 5 and 6 in D2O (calibrated to 4.79 p.p.m.)Full size table
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