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            Abstract
Ribonucleotide reductase (RNR) catalyses the only known de novo pathway for the production of all four deoxyribonucleotides that are required for DNA synthesis1,2. It is essential for all organisms that use DNA as their genetic material and is a current drug target3,4. Since the discovery that iron is required for function in the aerobic, class I RNR found in all eukaryotes and many bacteria, a dinuclear metal site has been viewed as necessary to generate and stabilize the catalytic radical that is essential for RNR activity5,6,7. Here we describe a group of RNR proteins in Mollicutes—including Mycoplasma pathogens—that possess a metal-independent stable radical residing on a modified tyrosyl residue. Structural, biochemical and spectroscopic characterization reveal a stable 3,4-dihydroxyphenylalanine (DOPA) radical species that directly supports ribonucleotide reduction in vitro and in vivo. This observation overturns the presumed requirement for a dinuclear metal site in aerobic ribonucleotide reductase. The metal-independent radical requires new mechanisms for radical generation and stabilization, processes that are targeted by RNR inhibitors. It is possible that this RNR variant provides an advantage under metal starvation induced by the immune system. Organisms that encode this type of RNR—some of which are developing resistance to antibiotics—are involved in diseases of the respiratory, urinary and genital tracts. Further characterization of this RNR family and its mechanism of cofactor generation will provide insight into new enzymatic chemistry and be of value in devising strategies to combat the pathogens that utilize it. We propose that this RNR subclass is denoted class Ie.
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                    Fig. 1: A new RNR subclass can rescue an E. coli strain that lacks aerobic RNR.[image: ]


Fig. 2: The active R2 protein is metal-free but covalently modified.[image: ]


Fig. 3: Characterization of a stable DOPA radical species in MfR2.[image: ]


Fig. 4: Catalytic competency of the radical and proposed mechanistic scheme in class Ie RNR.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Unrooted maximum-likelihood phylogeny of representative NrdF (RNR subclass Ib radical-generating subunit) sequences.
All RefSeq NrdF sequences were clustered at 75% identity to reduce redundancy and a maximum-likelihood phylogeny was estimated. Sequences with non-canonical amino acids in the positions involved in coordinating the metal centre of the enzyme formed a well-supported clan in the NrdF2 group of sequences. We identified two variants, one in which three of the glutamates were replaced by glutamine, serine and lysine (NrdF2.QSK) and the other in which they were replaced by valine, proline and lysine (NrdF2.VPK). Both variants thus have a substitution of a lysine for the normally metal-bridging glutamine (residue 213 in M. florum NrdF2.VPK). Together, the two variants form a well-supported (96% bootstrap support) clan in the phylogeny inside the NrdF2 diversity. The NrdF2.VPK clan seems to be derived from the NrdF2.QSK clan. Behind the sequences in the tree are a set of sequences that are more than 75% identical to each represented sequence. The VPK and QSK sequences in the phylogeny represent 138 and 182 sequences in RefSeq, respectively.


Extended Data Fig. 2 Small-angle X-ray scattering characterization of the MfR2–NrdI complex.
Solution scattering data for MfR2 (left) and MfR2 incubated with MfNrdI (right). a, Experimental solution scattering profiles (black spheres) for MfR2 alone and incubated with MfNrdI superimposed with the theoretical scattering profile of the MfR2 crystal structure (red line) and the theoretical scattering profile from the homology model based on the E. coli R2-NrdI complex structure (blue line). Theoretical scattering curves and goodness of fit values were calculated using CRYSOL. b, Guinier fit and p(r) function of MfR2 alone and incubated with MfNrdI. The fit to the data are shown as an orange line. The shift in invariant parameters Rg and Dmax indicate that an increase in dimensions occurred as MfR2 was incubated with MfNrdI. Radius of gyration statistics were derived from 60 data points within the Guinier region for MfR2 and 55 for MfNrdI–MfR2. c, Ab initio models (calculated using DAMMIF) of both MfR2 alone and with NrdI (grey surface) overlaid with the crystal structure of MfR2 (left) and the homology model based on the E. coli R2–NrdI complex structure model (right).


Extended Data Fig. 3 Metal analysis and radical generation in the presence of a chelator.
a, Representative TXRF spectra measured for MfR2 (blue, at 664 µM) and Fe-reconstituted class Ia EcR2 (orange, at 635 µM), on the 5–10 keV energy range. The spectra have been scaled using the peak size of the Ga internal standard and offset slightly in the y direction for clarity. K-level X-ray emission lines are indicated with arrows. For elements, in which both Kα and Kβ lines are present, they are specified. Otherwise, arrows indicate Kα lines. Experiments were repeated three times. b, Concentrations of Mn, Fe, Co, Ni, Cu and Zn were measured in the active MfR2, MfNrdI and MfR1 protein solutions and in their respective buffers, as well as in a solution of E. coli class Ia R2 protein reconstituted with Fe in vitro. Mean concentrations and s.d. of measurements on three independently prepared samples for each sample are reported. The concentrations were converted to metal-to-protein molar ratio. The measurements show that none of the MfRNR proteins contain a substantial amount of metal, as opposed to EcR2a which, as expected, contains in the order of two metal ions per monomer also after a desalting step. Buffer 1 is the buffer system used for MfR2; that is, 25 mM HEPES-Na pH 7, 50 mM NaCl. Buffer 2 is the buffer system used for MfR1 and MfNrdI; that is, 25 mM Tris-HCl pH 8, 50 mM NaCl. The protein purification involves a nickel-affinity step, which is probably the reason for nickel being the dominant metal species in the sample. c, HPLC-based in vitro assays show that RNR activity can be restored after MfR2 is quenched by hydroxyurea. MfR2 is regenerated by the addition of MfNrdI followed by redox cycling with dithionite- and oxygen-containing buffer (green) (see main Fig. 2d). Reactivation and activity are observed also in the presence of a metal chelator (EDTA 0.3 mM, blue). Addition of extra metals (0.2 mM of each Mn, Fe, Co, Ni, Cu, Zn) does not improve the activity recovery (pink).


Extended Data Fig. 4 Mass spectrometric characterization of intact proteins.
Intact protein mass spectra obtained from purified MfR2 proteins. Inactive protein (top) and active protein (bottom). Insets represent the decharged and deisotoped mass as calculated by the program Protein Deconvolution (version 4.0) using the ReSpect algorithm therein. The result from the deconvolution of n = 30 consecutive scans in one LC–MS run per protein form is shown. Each protein form was analysed in duplicate LC–MS runs. Protein intact masses are given as mean ± s.d. The s.d. was 1.4 Da for the inactive protein and 2 Da for the active form. The results show that the active protein is 17 ± 2 Da heavier than the inactive MfR2.


Extended Data Fig. 5 MS2 fragmentation spectra of peptides with oxidized tyrosine.
a, c, Annotated MS2 fragmentation spectra and respective theoretical fragment ion tables of the doubly charged precursor ion 661.8458 m/z corresponding to peptide VAVHARSY(+15.995)GSIF (a) and the doubly charged precursor ion 458.7279 m/z corresponding to peptide ARSY(+15.995)GSIF (c) both with the oxidized (+16) Y126 residue. The peptides shown in a and c were obtained by proteolytic digestion of the active form of the MfR2 protein with chymotrypsin and pepsin, respectively. The mass error is typically less than 0.01 m/z, in accordance with the high resolution used (15,000). Errors in p.p.m. are indicated for the corresponding fragment ions when detected. Among the fragment ions observed, the most relevant are the b7 and b8 ions for the peptide shown in a. The experimental m/z values, the annotation, theoretical m/z values and p.p.m. errors are shown in b, including the peaks for the corresponding isotope envelope. In d the Y(+O) immonium ion for c is shown, demonstrating that Tyr126 is modified by a mass of +15.995 and the absence of the corresponding immonium ion for the unmodified Y. Four independent experiments per peptidase treatment were performed, confirming the modified peptide sequences shown. Figures are taken from one representative experiment.


Extended Data Fig. 6 Radical stability and isotope labelling.
a, Superimposed UV–vis absorption spectra at time points between 0 and 400 min. Inset, absorbance at 383 nm at 0, 4, 129, 140, 210 and 400 min. Experiments were repeated three times. b, X-band spectra of the radical observed in collected cells grown in minimal medium supplemented with deuterated amino acids. EDTA (0.5 mM) was added before induction. From top: non-labelled tyrosine, β,β-d2 tyrosine, 3,5-d2 tyrosine, indole-d5 tryptophan and d5 glycine. The doublet signal collapses to a singlet when β,β-deuterated tyrosine is incorporated in the protein. Furthermore, the additional coupling to the remaining 3 or 5 proton in the 3,5-d2 tyrosine grown cells disappears, which is also in line with the radical being tyrosine-derived. Finally, the exclusion of tryptophan and glycine as source for the observed radical is evident from the two lower traces in the figure, which are identical to the top spectrum. Five independent cultures were grown, each including one of the indicated deuterated amino acids. Spectra were recorded at 100 K in a nitrogen-flow system. The spectra have been normalized to the same double integrals; that is, the same number of spins in the cavity.


Extended Data Fig. 7 EPR and ENDOR characterization.
See Supplementary Information. a, Q-band ENDOR and HYSCORE spectra of the spectral region in which an 14N hyperfine coupling should be observed. Experimental parameters are listed in Methods. b, Full multifrequency (X-band, top left; Q-band, bottom left) EPR dataset and corresponding field dependent Q-band ENDOR spectra (right). Experimental parameters are listed in Methods. The red dashed lines represent a simultaneous simulation of all datasets using the spin Hamiltonian formalism. Simulation parameters are listed in Supplementary Table 1. c, Inferred orientation (θ1, θ2) of the Cβ protons relative to the phenoxyl radical ring plane as determined by the dihedral angle (ϕ) between the ring plane (C1) and Cα. d, Candidates proposed for the MfR2 radical species, see Supplementary Information. All ENDOR measurements were repeated at a second microwave frequency (W-band) giving similar results. Pulse EPR and ENDOR measurements represent extensive data accumulations or averages. EPR: 300 averages (6 scans/50 shots). ENDOR: 600 averages (600 scans/1 shot).


Extended Data Fig. 8 EPR saturation.
EPR saturation behaviour of the MfR2 radical at 103 and 298 K. Saturation curves at different temperatures determine the microwave power at half saturation P1/2. The temperature dependence of P1/2 gives information about possible relaxing transition metals in the vicinity of the radical. A fast-relaxing metal site will give a higher P1/2 than an isolated radical. The microwave saturation behaviour of the MfR2 is similar to that for an irradiated tyrosine solution. Here we evaluate P1/2 ≈ 0.6 mW at 103 K and P1/2 ≈ 30 mW at 298 K for MfR2. This can be compared to irradiated Tyr• with P1/2 ≈ 0.4 mW at 93 K and E. coli Tyr• with P1/2 ≈ 150 mW at 106 K and not possible to saturate at 298 K.


Extended Data Fig. 9 Primers and operon construct.
a, Primers used in this study. b, Construction of the M. florum class Ie RNR operon.


Extended Data Table 1 Data collection and refinement statisticsFull size table
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