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O2 Activation and Enzymatic C-H Bond Activation Mediated by a 
Dimanganese Cofactor

Chang Liua, Guodong Raob, Jessica Nguyena, R. David Brittb, Jonathan Rittlea,*

aDepartment of Chemistry, University of California, Berkeley, Berkeley, California 94720, United 
States

bDepartment of Chemistry, University of California, Davis, Davis, California 95616, United States

Abstract

Dioxygen (O2) is a potent oxidant used by aerobic organisms for energy transduction and 

critical biosynthetic processes. Numerous metalloenzymes harness O2 to mediate C-H bond 

hydroxylation reactions, but most commonly feature iron or copper ions in their active site 

cofactors. In contrast, many manganese-activated enzymes – such as glutamine synthetase and 

isocitrate lyase – perform redox neutral chemical transformations and very few are known to 

activate O2 or C-H bonds. Here we report that the dimanganese-metalated form of the cambialistic 

monooxygenase SfbO (Mn2-SfbO) can efficiently mediate enzymatic C-H bond hydroxylation. 

The activity of the dimanganese form of SfbO towards substrate hydroxylation is comparable that 

of its heterobimetallic Mn/Fe form but exhibits distinct kinetic profiles. Kinetic, spectroscopic 

and structural studies invoke a mixed-valent dimanganese cofactor (MnIIMnIII) in O2 activation 

and evidence a stoichiometric role for superoxide in maturing an O2-inert MnII
2 cofactor. 

Computational studies support a hypothesis wherein superoxide addition to the MnII
2 cofactor 

installs a critical bridging hydroxide ligand that stabilizes higher-valent manganese oxidation 

states. These findings establish the viability of proteinaceous dimanganese cofactors in mediating 

complex, multistep redox transformations.
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INTRODUCTION

Enzymatic C-H bond activation is essential for many biological processes, including nutrient 

acquisition, cellular signaling, natural product biosynthesis and xenobiotic metabolism.1-5 

Only a handful of cofactors are known to mediate these processes owing to complex 

catalytic cycles that often involve multiple electron- and group transfer steps. Diiron and 

dicopper clusters, present in many well-studied hydroxylases, possess the electronic and 

geometric flexibility required to satisfy these tall mechanistic demands.6-8 In contrast, 

dimanganese clusters are not known to mediate catalytic C-H bond activation processes 

in biological systems, a likely consequence of the pronounced kinetic and thermodynamic 

stability of the bioavailable manganese(II) ion. In very few cases, Mn cofactors are known 

to mediate O2- and/or C-H bond activation but include those cofactors in certain catechol-

cleaving dioxygenases and manganese lipoxygenase.9-15 In the rare cases where catalytic or 

stoichiometric C-H bond activation and/or O2 activation processes are mediated directly by 

a manganese-containing cofactor, a second redox-active element is often present, such as the 

manganese-iron active sites found in class Ic ribonucleotide reductase β-subunits (RNR-β 
Ic), R2lox, and the 2-amino-isobutyric acid hydroxylase AibH1H2.16-18

In two established enzymatic systems where dimanganese cofactors mediate redox 

processes, they act on, or must be matured by reactive oxygen species (ROS) in 

dimanganese catalase and the class Ib/Id ribonucleotide reductase β-subunits (RNR-β Ib/

Id), respectively.19-21 In manganese catalase, a dimanganese(II) (Mn2
II) cofactor reduces 

one equivalent of hydrogen peroxide to form a Mn2
III cofactor, that subsequently oxidizes 

another H2O2 molecule (Figure 1A) to return the cofactor to its Mn2
II oxidation state. In 

RNR-β Ib and Id, a Mn2
II cofactor reacts with superoxide to form a MnIIIMnIV cofactor, 

which either oxidizes a proximal tyrosine (RNR-β Ib) or directly (RNR-β Id) mediates 

hole transfer to the RNR α-subunit (Figure 1B).22 In neither case is a dioxygen activation 

event implicated in the consensus enzymatic- or cofactor activation mechanisms. Similarly, 

very few synthetic non-porphyrinoid Mn complexes are known to react with O.23,24 Yet, 

numerous Mn-based catalysts serve in alkane and alkene oxidations in the presence of 

peroxides or peracids,25,26 and certain oxidized Mn2 complexes stoichiometrically activate 

C-H bonds.27 Given these collective observations, one might conclude that biological Mn2 
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cofactors are generally inert to O2 but, upon suitable activation, can mediate challenging 

oxidation reactions.

Recently, we demonstrated the sulfonate β-monooxygenase (SfbO) from Litorolinea 
aerophila (Uniprot ID:A0A540VG95) is a cambialistic monooxygenase that performs 

catalytic C-H bond hydroxylation reactions with either a Mn/Fe or Fe2 cofactor, but is most 

active with the former cofactor.28 While the native substrate of SfbO remains unknown, 

this enzyme was previously reported to convert the 2-aminoethylsulfonate functional group 

of piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) to sulfoacetaldehyde (SA) (Figure 

2).28 We proposed that this reaction proceeded via C-H bond hydroxylation by the dimetal 

cofactor of SfbO to furnish an unstable hemiaminal that spontaneously hydrolyses to 

generate SA. The unusual preference for a Mn/Fe cofactor is comparable to another 

amidohy-drolase-related dinuclear oxygenase (ARO), AibH1H2, which requires a Mn/Fe 

cofactor for 2-aminoisobutyric acid hydroxylation.18 While very few ARO’s have been 

experimentally scrutinized, these representative enzymes suggest that the underlying protein 

structure present within this enzyme family engenders Mn-containing cofactors with unique 

biological activity. Curiously, some SfbO reaction assays performed in the absence of iron 

exhibited appreciable catalytic activity suggesting that Mn2-metallated forms of SfbO might 

prove comparably reactive. Herein, we report biochemical, structural, and spectroscopic 

studies on Mn2-metallated SfbO that support monooxygenase activity by a Mn2 cofactor 

embedded within a natural enzyme. We demonstrate that the MnIIMnIII redox state of the 

cofactor – and not the Mn2
II state – is competent for rapid dioxygen activation (Figure 1C).

RESULTS AND DISCUSSION

Establishment of Monooxygenase Activity by Mn2-SfbO

We first sought to establish the reactivity of SfbO in the presence of variable amounts of 

MnII and FeII to quantify the impact of the available metal ions on the enzymatic activity. 

To generate all of the possible MnxFe(2-x)-metalated forms of SfbO in situ, apo-SfbO28 was 

either (a) combined directly with a solution containing a premixed ratio of MnII and FeII, 

(b) metalated via sequential addition of solutions containing MnII and then FeII or (c) via 

sequential addition of solutions containing FeII and then MnII under anaerobic conditions at 

a total of 2 metal equivalents per SfbO monomer. These solutions were then combined with 

aerobic assay solutions containing PIPES and sodium ascorbate and allowed to incubate for 

3 hours. The resultant metal-dependent-enzymatic activity profiles (Figure 3A-C) illustrated 

that maximal SA production was highly dependent on the manner of metal ion exposure.

Comparable studies performed on RNR and R2LOX highlight that the metal binding 

dynamics of enzymes containing FexMn(2-x) cofactors (x = 0-2) is often highly dependent 

on the metalation protocol.16,17,29 Similar experiments performed on proteins that require a 

Mn/Fe cofactor, such as C. trachomatis RNR-β Ic, returned metal:activity trends loosely 

comparable to the data shown in Fig 3A and Fig 3B, but not Fig 3C. Unlike SfbO, 

C. trachomatis RNR-β Ic is not reported to be cambialistic and was found to display 

marginal catalytic activity in the presence of homobimetallic cofactors.16 The complexity 

observed for metal-dependent SA production by SfbO (Fig 3) partially stems from its highly 

asymmetric active site (Fig 2): Site 1 is expected to bind metals more tightly than Site 2 
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owing to its greater number of available protein-derived ligands. We hypothesize that the 

order of metal addition will therefore strongly influence the metal content of these sites 

and that the first metal added to apo-SfbO will preferentially occupy Site 1. Importantly, 
regardless of the divergent metal-dependent SA production at intermediate ratios of Fe:Mn, 
the SA generation in assays devoid of available Fe ions were found to be nonzero. In fact, 

SA production by SfbO in the presence of 2 equiv MnII was always found to be greater than 

in the presence of 2 equiv FeII. This suggests that a Mn2-metalated form of SfbO may be 

competent for this enzymatic reaction (Figure 2).

Biological Mn2 cofactors are not known to mediate the activation of O2 or C-H bonds, yet 

both of these processes are implied by the in-situ activity of SfbO. Since the Mn2 cofactors 

present in RNR-β Ib/Id and Mn-catalase are known to react with superoxide and hydrogen 

peroxide (Figure 1), respectively, we assessed the potential involvement of these ROS in the 

SfbO-mediated enzymatic reaction. Apo SfbO was combined with two equivalents of MnII 

and subjected to standard assay conditions in the presence or absence of catalase and/or 

superoxide dismutase (SOD). The resultant data (Figure 3D) indicated that maximal SA 

production was observed in the presence of both catalase and SOD, indicating that neither 

hydrogen peroxide nor superoxide represented the sacrificial oxidant in these mixtures (vide 
infra). Negligible SA was produced when SfbO was removed from these assays (Figure 

S1). This control experiment indicates that unbound MnII, catalase and/or SOD are not 

responsible for the measured SA production. Thus, the available data suggested that the 

presence of SOD and catalase enhanced the catalytic competence of Mn2-SfbO and we 

speculate that prolonged exposure to ROS may damage either the embedded Mn2 cofactor 

or the surrounding protein structure under these assay conditions. The protective effects 

of catalase and SOD were evaluated by monitoring time-dependent SA production. The 

presence of catalase appreciably extended the catalytic performance of Mn2-SfbO (Figure 

S1). The addition of 1 mM H2O2 to assay mixtures was also found to abolish the SA 

production and supports our hypothesis that H2O2 serves to deactivate SfbO. Since assays 

performed under anaerobic conditions generated negligible quantities of SA (Figure 3D), the 

available data supports the notion that Mn2-SfbO functions as an O2-dependent enzyme.

Since iron contamination could be non-negligible in biochemical reagents and plasticware, 

it is difficult to rigorously exclude this metal ion from any routine biochemical assay. 

Indeed, early studies on the N-oxygenase AurF advocated for a dimanganese active 

site,30 but were later debunked after rigorous metalation studies.31 Hence, we considered 

the possibility that the apparent activity of Mn2-SfbO stemmed from the generation of 

sufficient Mn/Fe-metalated SfbO to obscure the catalytic results. However, evidence against 

this proposal was gleaned from an analysis of the apparent kinetic isotope effect (KIE) 

observed for C-H bond cleavage of the PIPES substrate by SfbO. Assays performed with 

Mn/Fe-SfbO and d18-PIPES confirmed that a C-H/D bond cleavage step contributes to 

kcat, as >10 fold less product was generated as compared to otherwise identical assays 

that employed unlabeled PIPES as a substrate.28 Since the KM parameters for Mn/Fe-SfbO 

and Mn2-SfbO with unlabeled PIPES are similar and rather large (> 50 mM) (Figure 3E), 

simple competition assays performed in the presence of equimolar amounts of PIPES and 

d18-PIPES should allow for the apparent KIE determination of C-H/D bond cleavage at 

[PIPES]total = 300 mM.32 Productive enzymatic activity directed at PIPES or d18-PIPES is 
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expected to furnish d0-SA or d1-SA, respectively, as the dominant product isotopologues 

and these products are readily quantified by LC-MS analysis of derivatized assay mixtures 

(Figure 3F and Figure S2). Identical competition assays performed with Mn2- or Mn/Fe-

SfbO generated different relative amounts of these SA isotopologues (functionalized with 

2,4-dinitrophenylhydrazine, DNPH) which reflect apparent KIEs of 7.4 ±0.5 and 10.0 

± 0.3, respectively. The significant difference (p = 0.0015) in these values requires the 

presence of mechanistically-distinct C-H/D cleaving intermediates in Mn2- and Mn/Fe-SfbO 

preparations.33 These results, therefore, diminish the possibility that contaminating Mn-Fe 

cofactors substantially contribute to the enzymatic activity of Mn2-SfbO preparations, and 

indicate that the Mn2 cofactor in SfbO is capable of mediating catalytic C-H bond cleavage 

processes.

Mechanistic Studies of the Dimanganese Cofactor in SfbO.

X-band Electron Paramagnetic Resonance (EPR) spectra of apo SfbO metalated with two 

equivalents of MnII under anaerobic conditions revealed signals originating from three 

distinct paramagnetic species (Figure 4A, top). Sharp features near g~2 were readily 

assigned to Mn(OH2)6
2+,17 and a multiline signal at g~4 is consistent with a mononuclear 

MnII ion in a low-symmetry coordination environment.9,10,34 We tentatively assign this 

latter species to singly-metalated Mn-SfbO. Broad features (denoted with asterisks) that 

span a range of magnetic fields from 200 to 440 mT are comparable to spectra reported 

for the Mn2
II-form of bacteriophage λ phosphatase and synthetic model systems.35,36 

These signals can be ascribed to excited state transitions of weakly-antiferromagnetically 

coupled Mn2 clusters and often lack observable 55Mn hyperfine coupling in X-band spectra. 

These features were negligible when apo-SfbO was reconstituted with 1 equivalent of MnII 

anaerobically, and the multiline g~4 signal intensity was enhanced (Figure S4). The addition 

of a second equivalent of MnII to these samples diminished the g~4 signal and generated 

the broad Mn2
II features (Figure S4). In all of these spectra, the presence of unbound 

Mn(OH2)6
2+ reflects thermodynamic and kinetic lability of the MnII ions with SfbO. 

Representative MnII dissociation constants (KD) for proteins containing similar coordination 

environments to that of the SfbO active site are typically in the 1-30 μM range37 and 

since these EPR samples contained ~200 μM SfbO, the observation of signals ascribed to 

Mn(OH2)6
2+ is expected and frequently observed in studies of other MnII-binding proteins 

(reference 35 provides a particularly illustrative example).

Overnight exposure of the sample to air resulted in subtle spectral changes with 

slightly decreased intensity of the broad features (Figure 4A, middle). Interestingly, when 

comparably generated samples were exposed to sodium ascorbate and PIPES substrate under 

air to emulate catalytic assay conditions, a new multiline signal was observed underneath 

the persistent Mn(OH2)6
2+ features (Figure S5A) but exhibited wider spectral breadth and 

complexity. The signal intensity associated with this new species was enhanced when air-

oxidized Mn2-SfbO preparations (exposed to air for ~3 days) were rendered anaerobic and 

subsequently exposed to 5 mM sodium ascorbate (Figure S5B) or 20 mM sodium dithionite 

(DT) (Figure 4A, bottom), suggesting that this species was generated via the reduction of 

an in situ-generated, EPR silent species such as an antiferromagnetically coupled Mn2
III or 

Mn2
IV cofactor.
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Further analysis of the DT-reduced species by pulsed Q-band EPR enabled the resolution 

of hyperfine coupling to two I = 5/2 55Mn nuclei (Figure 4B). Simulation of this signal 

revealed an axial g tensor (2.03, 1.98, 1.98) and two 55Mn hyperfine coupling tensors 

AMn1 [(265, 252, 250) MHz] and AMn2 [(135, 126, 126) MHz], which collectively support 

the presence of either an antiferromagnetically coupled MnIIMnIII or MnIIIMnIV cofactor. 

Previously reported EPR spectra for other mixed-valent Mn2 cofactors and complexes are 

sufficiently variable to preclude unambiguous oxidation state assignment solely based on 

hyperfine parameters.20,21,38-40 However, since this species was only found to accumulate 

upon treatment with a chemical reductant, we favor a MnIIMnIII formulation. Curiously, 

the EPR features arising from this mixed-valent species proved stable at room temperature 

for 72 hours in the presence of 20 mM sodium dithionite (Figure S5C), suggesting that 

further reduction to a Mn2
II state is kinetically inhibited and is suggestive of key structural 

differences between these redox forms (vide infra).

These observations raise an important question: how is the Mn2
II cofactor of SfbO matured 

into the catalytically competent redox forms involved in enzymatic catalysis? In RNR-β 
Ib and Id the critical MnIIIMnIV intermediate is not generated from O2 directly, but 

instead via stoichiometric superoxide activation at a Mn2
II precursor.20-22 Accordingly, we 

speculated that one or more ROS may be necessary to prime the Mn2
II SfbO for subsequent 

O2-dependent catalytic turnovers. Exposure of Mn2
n-SfbO to H2O2 does not detectably 

perturb the UV/visible absorption features of Mn2
II-SfbO (Figure S7B) and no detectable 

SA is generated upon exposure of Mn2
II-SfbO to H2O2 (Figure S1), ruling out this ROS in 

cofactor maturation.

Kinetic evidence supporting a role for superoxide in cofactor maturation includes a 

pronounced impact of SOD on the initial rate of SA production by SfbO (Figure 5). When 

enzymatic assays of apo SfbO reconstituted with 2 equivalents of MnII were performed 

in the presence of PIPES and catalase (to remove adventitiously-generated H2O2), the 

formation rate of the SA product was linear over the first 20 minutes of the assay. 

In contrast, assays solutions that additionally contained SOD (to remove adventitiously-

generated O2−) generated much less SA during the first 5 minutes of the assay conditions. 

The addition of increasing amounts of SOD to the assay mixtures (up to 1 mg/mL) was 

found to reduce SA production in assays quenched after 8 minutes by ~60% (Figure S8). 

In contrast, varying the catalase concentration (Figure S9) had no significant impact on the 

SA production within an 8-minute assay. Following this induction period, however, the SA 

formation rate was indistinguishable from assays performed in the absence of SOD. These 

data suggest that superoxide was transiently accumulated under these assay conditions and 

may be necessary for Mn2-SfbO to gain catalytic competence.

Superoxide is known to be continuously generated in aerobic aqueous solutions of tertiary 

amines (e.g., HEPES).41,42 The ascorbate employed in the reaction assays is also known to 

furnish superoxide in the presence of oxygen.43,44 Collectively, we propose that these two 

established chemical reactions accumulate sufficient superoxide to mature the dimanganese 

cofactor of MnII-SfbO upon initiation of the assay (<5 min, Figure 5). We note that the 

time scale of these initial rate studies represents only a small fraction of the typical assay 

time (180 minutes). We speculate that the moderate protective effects of SOD on the SfbO 
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catalysis measured at this latter time point (Figure 3D) originate from the mitigation of 

another, presently unknown detrimental reaction of superoxide with Mn2-SfbO.

Probing the direct reaction of Mn2
II-metalated SfbO with superoxide is challenged by the 

millisecond half-life of this ROS in aqueous solution.45 Thus, we investigated photoredox-

mediated means of in situ superoxide generation. Superoxide is reliably generated 

with ruthenium(II)-tris-bipyridine (Ru(bpy)3
2+) upon reductive quenching of photoexcited 

Ru(bpy)3
2+ with tri-alkylamines in the presence of O2.46 We monitored the UV/visible 

absorption spectra of solutions containing 430 μM Mn2
II-SfbO, 5 mM iPr2NEt, 5 μM 

Ru(bpy)3
2+ (Figure 6A) during the course of LED lamp illumination aerobically at ambient 

temperature. New visible absorption features extending from 300 to 600 nm were evident 

following 120 minutes of illumination and may be ascribed to charge transfer bands 

stemming from an oxidized Mn2 cofactor. These features are comparable to those of 

the Mn2
III forms of class Ib RNR and dimanganese catalase20,47. In contrast, minimal 

spectral changes were observed when these experiments were repeated in the presence 

of SOD (Figure 6B). When similarly prepared solutions were analyzed by X-band EPR 

spectroscopy, the broad features ascribed to the Mn2
II cofactor were diminished in a light-

dependent fashion (Figure 6C). Importantly, Mn2-SfbO samples subjected to this photoredox 

protocol retain 80% activity for SA production as compared to standard enzyme assays 

(Figure S10), indicating that this process does not deactivate the enzyme. The MnIIMnIII 

form of Mn2-SfbO samples subjected to this photoredox protocol exhibit identical spectra 

those obtained from air-oxidized samples (Figure S11).

Notably, no additional EPR signals were generated under these conditions, consistent with 

the net oxidation of Mn2
II-SfbO by superoxide by two electrons to furnish Mn2

III-SfbO. 

While further investigation will be required to understand this unbalanced chemical reaction, 

these data support the plausibility of superoxide-mediated cofactor maturation in SfbO. 

We speculate that Mn2
II-SfbO can efficiently scavenge free superoxide owing to the solvent-

accessible nature of the active site (PDB: 9BU9). This is in stark contrast to the buried active 

site in RNR-β Ib which requires a dedicated flavodoxin to specifically deliver superoxide 

for cofactor activation.22 A similar trend was also observed in RNR-β Id that utilizes free 

superoxide for cofactor activation.21

Further UV/visible investigations (Figure 7) reveal unexpected reactivity profiles of the 

various cofactor redox states. The UV-visible features of Mn2
III-SfbO were diminished upon 

anaerobic titration with a total of 0.4 equivalents of DT (0.8 electrons/SfbO) (Figure 7A) 

consistent with formation of the EPR-active MnIIMnIII redox form. This electron inventory 

and weak absorbance of the product best supports a MnIIMnIII redox state rather than 

MnIIIMnIV, since the latter species is expected to display strong absorption features near 400 

nm (ε ~ 3 mM−1 cm−1).21 Similar to that found via EPR analyses, prolonged DT exposure 

does not detectably affect these UV/visible features. However, exposure of these MnIIMnIII-

SfbO preparations to air regenerated the Mn2
III absorption features within minutes, coupled 

with disappearance of the MnIIMnIII EPR signal, suggestive of dioxygen activation by this 

redox form (Figure 7B, Figure S5D). As previously reported,28 the UV/visible spectrum 

of anaerobically prepared Mn2
II-SfbO is essentially featureless at wavelengths >300 nm. 

No obvious spectral change was observed following ~1 hour of air exposure (Figure 
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7C), in stark contrast to the relatively rapid O2 reactivity of MnIIMnIII-SfbO preparations. 

Collectively, these results suggest that the MnIIMnIII redox state is kinetically competent for 

catalytic O2 activation by Mn2-SfbO, and the inert nature of the Mn2
II form excludes its 

participation as a catalytically-viable intermediate.

Structural Characterization of the Mn2
II and MnIIMnIII Co-factors.

There are only a handful of dinuclear metalloproteins known to stabilize Mn ions in 

oxidations states >2, and include the class 1 RNR’s, R2lox, manganese catalase, and AibH2. 

All of these active sites, like that in SfbO (Figure 2) share a combination of histidine, 

glutamate and aspartate-derived ligands, yet exhibit distinct enzymatic chemistry.16-21 

Since the available spectroscopic data suggested that the one-electron interconversion of 

Mn2
II, and MnIIMnIII forms of SfbO was unusually sluggish, we examined their structural 

differences with X-ray crystallography coupled with computational investigations. Single 

crystals of SfbO enriched in these cofactor redox forms diffracted to <1.4 Å resolution 

allowing for insightful structural comparisons. We note, however, that the occupancy 

of some Mn and aquo atoms are partial (50-80%) owing to the expected micromolar 

dissociation constants for MnII and this might distort bond metrics and merit computational 

validation (vide infra). Globally, both structures (PDB: 9BU9 and 9BUA) exhibited a high 

degree of structural similarity (RMSD: 0.22 Å, over all non-solvent atoms) but the active 

site dimanganese cofactors (Figure S12) exhibited salient differences (Table S3). Three 

aquo ligands (with undetermined protonation states, investigated computationally below) 

were observed in the MnIIMnIII form (Figure 8A), including one well-resolved bridging 

ligand. In contrast, no bridging aquo ligand is apparent in the 2Fo-Fc map of Mn2
II form 

(Figure 8B) and attempts to model such a ligand resulted in the appearance of appreciable 

negative density in the resultant Fo-Fc maps (Figure S13). Thus, each Mn ion in the 

Mn2
II form is 5-coordinate with coordination geometries best characterized as distorted 

(τ5 = 0.47) and idealized (τ5 = 0.01) square pyramidal for the Site 1 and Site 2 Mn 

ions, respectively. Since the Mn ions in the MnIIMnIII redox form exhibited 6-coordinate 

pseudo-octahedral geometries, formal one-electron oxidation of the Mn2
II cofactor requires 

concomitant installation of the bridging aquo ligand. We speculate that these structural 

differences may explain the kinetic stability of the MnIIMnIII redox form to excess DT 

and that the superoxide maturation process may critically serve to install the bridging aquo 

ligand.

Insight into the protonation states of the aquo ligands in the MnIIMnIII redox form was 

gleaned from gas-phase Density Functional Theory (DFT) computations on truncated active 

site models (Figure 9A, Supporting Information). Optimized gas-phase geometries of the 

dimanganese cofactor were obtained considering a combination of bridging O2−- or OH− 

ligands and either a terminal H2O or OH− ligand positioned adjacent to 342D (truncated 

schematics of these models are depicted in Figure 9B). The resultant Broken Symmetry 

wavefunctions consistently localized the d4 MnIII ion to Site 2 as evidenced by a Jahn-Teller 

axial compression of two aquo ligands in all models. The computational model harboring 

a bridging O2− ligand exhibited notable discrepancies with the experimental bond metrics, 

including overly short Mn…Mn and Mn-(μ-O) distances. In contrast, the corresponding 

metrics for models containing bridging OH− ligands were in good agreement with the 
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experimental data. For comparison, manganese catalase crystallized in its Mn2
III states is 

known to contain one bridging O2− ligand and exhibits a far shorter Mn…Mn distances of 

3.0-3.2 Å.48 Thus, the long intermetallic distance observed in MnIIMnIII-SfbO reflects the 

absence of a bridging oxo ligand.

Experimentally, the Site 2 aquo ligand positioned trans to the bridging hydroxide ligand 

was found to engage in a strong hydrogen bonding interaction with the carboxylate of 342D 

and exhibited a much shorter Mn-O distance than the cis terminal aquo ligand (Figure 

9B). We thus considered the possibility of a terminal OH− ligand at the former position. 

The corresponding metrics for optimized models that contained either a terminal aquo or a 

hydroxide ligand were consistent with the experimental bond distances within one standard 

deviation. Owing to this ambiguity and the partial occupancies of the Mn ions (50-80%) 

in the crystal structure, we are hesitant to assign the protonation state of this terminal 

aquo ligand. Collectively, these structural investigations highlight the subtle importance of 

a bridging hydroxide ligand in stabilizing partially-oxidized dimanganese cofactors, and 

mediating redox chemistry necessary for O2 activation.

While a detailed mechanism for C-H bond hydroxylation by Mn2-SfbO remains unknown, 

we speculate that O2 binding to MnIIMnIII-SfbO would likely furnish a dimanganese(III)-

superoxide intermediate (or a redox isomer) that might be directly competent for C-H 

bond activation. Such a scenario is related to the mixed-valent FeIIFeIII cofactors of PhnZ, 

MIOX and MbnBC that, upon O2 coordination, utilize diiron(III)-superoxo intermediates 

to abstract the C-H bonds of their respective substrates.49-52 Subsequent steps of the 

SfbO mechanism are complicated by the possible involvement of ensuing higher-valent 

intermediates and the apparent requirement of additional electron equivalents to convert 

PIPES to SA. The combination of freshly-prepared MnIIMnIII-SfbO with an aerobic 

assay mixture lacking ascorbate furnished negligible SA (Figure S14). Mn2
III-SfbO was 

similarly found to be incompetent for stoichiometric SA generation (Figure S14) and these 

experiments collectively suggest that Mn2-SfbO requires an additional electron to complete 

its catalytic cycle. Without knowledge of the timing of this reduction process, however, we 

hesitate to further speculate on the mechanism of SA formation by Mn2-SfbO.

CONCLUSIONS

The available catalytic and spectroscopic data collected on Mn2-SfbO implicate a 

dimanganese cofactor that can perform O2 activation, stoichiometric chemical reduction and 

C-H bond activation processes. These individual catalytic steps have rarely been observed 

at synthetic Mn2 clusters, and are jointly unprecedented within natural Mn2-dependent 

enzymes. Our studies here highlight an unusual role of superoxide in maturing a Mn2
II 

cluster to one that is redox-active and upon reduction to a MnIIMnIII state can subsequently 

activate O2 in situ. While this superoxide maturation process draws clear parallels to those 

cofactors in RNR-β Ib/Id, it is noteworthy that Mn ions are more commonly associated with 

superoxide dismutation in, e.g., Mn-SOD53 and phosphate-ligated Mn ions.54 Hence, the 

contrasting ability of Mn2-SfbO to assimilate this ROS may stem from unique structural and 

sequence features present within this unusual family of ARO enzymes that serve to endow 

manganese ions with atypical chemical reactivity.
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Since, in general, the weak-field and poorly electron-donating nature of proteinaceous amino 

acid residues rarely permit the stabilization of Mn ion oxidation states greater than II, these 

same features must simultaneously serve to harness higher-valent forms of Mn that engage 

in the observed hydroxylation reactions. Nonetheless, our structural investigation reveal 

that the metal coordinating ligands observed in SfbO are not, by any means, extraordinary. 

The collection of imidazole, carboxylate, aquo and hydroxide ions that ligate this cofactor 

are commonplace in many dinuclear enzymes. This observation may suggest that other 

Mn2-dependent redox enzymes – potentially from very different protein families – may be 

hiding in plain sight and only require some form of (electro)chemical maturation to unleash 

their reactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Examples of redox-active dimanganese cofactors in biology.
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Figure 2. 
(top) Cartoon representation of the dimetallic SfbO active site cofactor (PDB: 8SM6) and 

coordinating ligands, and (bottom) the proposed hydroxylation of β-aminoethyl-sulfonate-

containing molecules by SfbO. OHx represents a water derived ligand with unverified 

protonation state.
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Figure 3. 
Reactivity of SfbO metalated with 2 total equivalents of MnII and FeII per monomer, with 

(A) the MnII and FeII metal stock added simultaneously to the protein,28 (B) MnII added 

prior to FeII, or (C) FeII added prior to MnII. (D) Comparative reactivity of Mn2-SfbO in the 

presence of catalase or superoxide dismutase, or in the absence of oxygen. Standard reaction 

assay conditions (200 mM PIPES pH 7.25, 2 mM sodium ascorbate, 0.5 μM Mn2-SfbO, 

supplemented with 0.05 mg/ml catalase or 0.1 mg/ml SOD if included) were used. The 

reactivity was evaluated by the concentration of SA product generated. The assays were 

performed in triplicate and the error bar represents the standard deviation. (E) Michaelis–

Menten plot of the Mn2-SfbO reaction with PIPES (KM = 153 mM and kcat = 0.06 s−1), 

compared to Mn/Fe-SfbO.28 (F) LCMS analysis of Mn2- and Mn/Fe-SfbO reaction with 

150 mM PIPES and d18-PIPES for KIE calculations as described in Figures S2-3. The SA 

product was derivatized with DNPH to form DNPH-SA for quantification, as described in 

the methods section (Figure S2).
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Figure 4. 
(A) Continuous-wave X-band EPR spectra of (I) Mn2

II-SfbO, (II) Mn2
II-SfbO exposed 

to air overnight, (III) air-oxidized Mn2-SfbO with 20 mM sodium dithionite added 

anaerobically. The features annotated with asterisks are attributed to excited state transitions 

of weakly antiferromagnetically coupled Mn2
II species. (B) Pulsed Q-band EPR spectrum of 

MnIIMnIII-SfbO (Q-band pseudo-modulated electron spin-echo detected EPR, Figure S6).
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Figure 5. 
Initial reaction profiles of Mn2

II-SfbO performed in the presence of SOD and/or catalase. 

The assay components except SfbO (200 mM PIPES, 2 mM sodium ascorbate, 0.05 mg/ml 

catalase, and 0.1 mg/ml SOD if included) were mixed aerobically and incubated for 10 min 

before addition of the anaerobically prepared Mn2
II-SfbO.
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Figure 6. 
Spectral changes following superoxide maturation of Mn2

II-SfbO. (A) UV/visible spectra 

of 430 μM Mn2
II-SfbO and 2 equivalents of supplemental Mn2+ aerated for 10 min before 

5 mM iPr2NEt and 5 μM Ru(bpy)3
2+ was added. The UV/visible spectrum of the mixture 

was monitored over the course of illumination. (B) Duplication of the experiment shown in 

(A) in the presence of additional 2500 units/ml SOD. The absorbance of Ru(bpy)3
2+ was 

subtracted in panels (A) and (B). (C) Light-dependent reaction of Mn2
II-SfbO catalyzed 

by Ru(bpy)3
2+ monitored by EPR. Each sample was taken from the same mixture solution 

containing 342 μM Mn2
II-SfbO aerated for 10 min, supplemental Mn2+, 10 μM Ru(bpy)3

2+ 

and 10 mM iPr2NEt, and was illuminated for the specified time.
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Figure 7. 
UV/visible spectra of (A) Mn2

III-SfbO titrated with DT and exposure of MnIIMnIII-SfbO to 

air (B). (C) Air exposure of Mn2
II-SfbO monitored for 50 minutes.
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Figure 8. 
Close-up views of the Mn2 cofactors in MnIIMnIII-SfbO (A) and Mn2

II-SfbO (B). The 2Fo–
Fc maps are shown in teal (2.0σ) and the Fo–Fc map in green/red (+/−4.0σ).
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Figure 9. 
(A) DFT-optimized geometry of the Broken Symmetry STOT = ½ MnIIMnIII cofactor 

harboring a bridging hydroxide ligand and a terminal hydroxide bound to the Site 2 MnIII 

ion. (B) Comparison of salient bond distances of the MnIIMnIII cofactor obtained via XRD 

and three DFT models. Numbers in parentheses reflect the standard deviation obtained by 

comparing the 4 crystallographically-independent active sites.
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