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Abstract

Radical chemistry, once deemed too reactive for biological systems, is del-
icately controlled within metalloenzymes to catalyze challenging chemical
transformations under physiological conditions. This review explores the
diverse strategies employed by metalloenzymes to generate, stabilize, and
utilize highly reactive radical intermediates. We discuss amino acid–based
radicals (tyrosyl, tryptophan, cysteinyl, glycyl, and DOPA), radicals derived
from molecular oxygen (in heme, manganese, copper, and nonheme iron
enzymes), and cofactor-based radicals (specifically adenosylcobalamin and
radical S-adenosylmethionine enzymes). We devote special attention to ri-
bonucleotide reductases as a prime example of evolutionary convergence of
radical mechanisms.The interplay among redox-active cofactors,metal ions,
and protein scaffolds highlights nature’s ingenuity in generating, controlling,
and utilizing radicals.We also discuss emerging themes and open questions,
emphasizing how advances in structural and spectroscopic techniques con-
tinue to deepen our understanding of these complex and vital enzymatic
processes.

81

mailto:hogbom@dbb.su.se
https://doi.org/10.1146/annurev-biochem-051024-013029
https://doi.org/10.1146/annurev-biochem-051024-013029
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0
https://www.annualreviews.org/doi/full/10.1146/annurev-biochem-051024-013029


D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  U
ni

ve
rs

ity
 o

f U
pp

sa
la

 (
ar

-2
51

87
0)

 IP
:  

13
0.

23
8.

17
1.

17
7 

O
n:

 T
ue

, 0
7 

Ju
l 2

02
6 

08
:4

1:
01

BI95_Art04_Hogbom ARjats.cls May 28, 2026 1:14

Contents

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
AMINO ACID–BASED RADICALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Tyrosyl Radicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Tryptophan Radicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Cysteinyl Radicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Glycyl Radicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

RADICAL TRANSFORMATIONS INITIATED BY O2 OR ITS REDUCED
DERIVATIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Copper Radical Oxygenases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Radical Heme Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Nonheme Mononuclear Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Nonheme Dinuclear Metal Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Copper-Containing Oxygenases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

RADICAL ENZYMES INVOLVING 5′-DEOXYADENOSYL
AND RELATED SYSTEMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5′-Deoxyadenosyl Radical Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
AdoCbl enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
FeS Cluster–Initiated Radicals Beyond Radical SAM Enzymes . . . . . . . . . . . . . . . . . . . . 101

SELECTED EXAMPLES OF NOVEL AND POTENTIAL RADICAL
METALLOENZYMES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Dimanganese-Mediated C–H Bond Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Frontiers in Radical Copper Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Methane Monooxygenases sMMO and pMMO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

CONCLUSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

INTRODUCTION

Radicals—molecular species with unpaired electrons—are associated with high reactivity and in-
stability. Yet biology harnesses radical chemistry with remarkable precision and control. We find
radical intermediates in processes that couple single-electron transfer events to subsequent chem-
ical transformations involving the two-electron process of bond making and breaking. Numerous
examples of such chemistry can be found in, for example, chemical energy conversion, where
photosystems and electron transfer by ferredoxins operate via one-electron processes. Moreover,
radical-catalyzed reactions are indispensable in biochemistry because of their unique ability to
enable chemically challenging transformations under physiological conditions. These reactions
proceed via the generation and stabilization of reactive radical intermediates so as to perform
kinetically difficult bond cleavages and rearrangements with high selectivity. The first spectro-
scopic observation of radical species in metabolically active tissues was reported in 1954 by
Commoner et al. (1, 2). Around 20 years later, Ehrenberg & Reichard (3) showed that puri-
fied enzymes per se can stabilize and utilize radicals for chemical transformations. Today, it is
well-established that a plethora of enzymes, including photosynthetic reaction centers, ribonu-
cleotide reductases (RNRs), glycyl radical enzymes (GREs), radical S-adenosylmethionine (SAM),
and adenosylcobalamin (AdoCbl or coenzyme B12)-dependent enzymes harness radicals to enable
central biochemical processes, including electron transport and enzymatic catalysis under both
anaerobic and aerobic conditions.

82 Böhm et al.
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In this review, we group biochemical radicals into three main categories: amino acid–based
radicals, metal–oxygen-based radicals, and radicals harbored at an organic cofactor. While this
grouping is not strict, it serves well to highlight similarities and differences.Table 1 summarizes
the structure and chemistry of the radical species discussed herein.

Once an unpaired election is generated, it is commonly transferred between various sites.
Nature has evolved great control over redox potential and stabilization of these species. For
example, RNRs (Figure 1) use all three categories of radicals to perform de novo synthesis of
deoxyribonucleotides. RNRs have evolved to operate under many different conditions, under-
scoring the importance of this reaction. Class I RNRs (Figure 1) use O2 to generate a stable
tyrosyl or 2,3-dihydroxyphenylalanine (DOPA) radical or a metal-centered electron hole that
initiates a cascade of electron transfers to produce the catalytic cysteinyl radical in a different
subunit of the enzyme. Class II RNRs (Figure 1), in contrast, are O2 independent and use an
AdoCbl cofactor. Here, homolytic cleavage of the Co–C bond produces a 5′-deoxyadenosyl
radical (5′-dAdo• ) that, in turn, generates the catalytic cysteinyl radical. The anaerobic class
III RNRs (Figure 1) use yet another mechanism and generate a 5′-dAdo• via SAM and an
Fe–S cluster that is then delivered to the catalytic subunit via a Cα-based glycyl radical. In each
type of RNR, the resulting catalytic cysteinyl radical abstracts a hydrogen atom, initiating a
substrate-based radical mechanism common to all classes.

Radical-mediated mechanisms greatly expand the catalytic repertoire of enzymes and serve
as models for biomimetic catalysis in synthetic chemistry. In this review, we explore the diver-
sity and mechanisms of radical chemistry in metalloenzymes, with a focus on how specific amino
acids, cofactors, and metal centers facilitate radical generation, stabilization, and propagation.
We begin with amino acid–based radicals, including tyrosyl, tryptophan, cysteinyl, and glycyl
species, as well as modified amino acids. We then examine radicals in connection to O2 or its
reduced derivatives, encompassing heme and nonheme iron enzymes, copper-based oxygenases,
and superoxide-utilizing systems.We continue with a discussion of radical chemistry mediated by
cofactors such as SAM and AdoCbl. Finally, we consider newly identified and hypothetical bio-
logical radical mechanisms, offering perspectives on the expanding frontier of radical enzymology.
Through this review, we aim to illustrate not only the biochemical ingenuity behind radical con-
trol in proteins but also the emerging themes and open questions driving current research in this
dynamic field.

AMINO ACID–BASED RADICALS

Several enzymes directly use radicals harbored at amino acid residues within the protein sequence.
These residues, such as tyrosine, tryptophan, cysteine, and glycine, are typically highly conserved
and often located near a metal center that influences the generation of radicals. The resulting
radicals can serve various functions and may be classified according to their reactivity, which can
be broadly subdivided into proton-coupled electron transfer (PCET) and hydrogen-atom transfer
(HAT) (4–6).

Tyrosyl Radicals

Tyrosyl radicals in metalloenzymes serve as transient redox intermediates, enabling long-range
electron transfer and catalysis. The unpaired electron is delocalized in the conjugated phenol ring
and is often stabilized by nearbymetal centers (such as iron, copper, ormanganese) or protonatable
side chains, enabling these radicals to carry and relay electron holes (or oxidizing equivalents)
without damaging the protein. Some notable examples are described below.

www.annualreviews.org • Radical Chemistry in Metalloenzymes 83
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Figure 1

The radical chemistry of RNRs. Radical categories are indicated by background color. RNRs utilize a plethora of initiator radicals and
radical intermediate steps to generate a cysteinyl radical in a common structural motif that catalyzes ribonucleotide reduction. RNRs
are the only enzymes that perform de novo synthesis of deoxyribonucleotides. The three classes can function in different biological
niches, ranging from O2 dependent (class I) to anaerobic (class III). Abbreviations: AdoCbl, adenosylcobalamin; DOPA,
2,3-dihydroxyphenylalanine; RNR, ribonucleotide reductase; SAM, S-adenosylmethionine; 5′-dAdo• , 5′-deoxyadenosyl radical.

Photosystem II. Photosystem II (PSII) is a light-driven enzyme that initiates the photosynthetic
electron transport chain by extracting electrons from water and reducing the plastoquinone pool,
releasingO2 as a by-product (7).The oxidation of water is an energetically challenging process that
requires high oxidizing potentials and synchronized PCET reactions. PSII contains two redox-
active tyrosine residues with similar spectroscopic properties but distinct functional roles (8).
These tyrosines are symmetrically located on the oxidizing part of the enzyme, in the D1–D2 pro-
tein heterodimer, which houses most of the cofactors involved in electron transfer (9) (Figure 2).

Tyr161 on the D1 protein, commonly denoted TyrZ, serves as an intermediate redox link be-
tween the oxidized P680 and the CaMn4O5 cluster (8). P680 is the primary electron donor in PSII,
oxidized after initial charge separation, and the CaMn4O5 cluster is the site of water oxidation.
The oxidation of TyrZ by P680+ • is a PCET process that occurs in two phases: a dominating,
fast nanosecond phase (electron transfer phase) and a slower microsecond phase (deprotonation
phase).During this process, the phenolic proton is transferred to the nearbyHis190 residue (HisZ),
leaving TyrZ in an oxidized neutral radical state (TyrZ • ) that exhibits distinct spectroscopic fea-
tures, as shown by UV–visible (10, 11), Fourier transform IR (12, 13), and electron paramagnetic
resonance (EPR) (14, 15) spectroscopy and confirmed by mutagenesis studies (16, 17).
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TyrZ

TyrD

HisZ

HisD

CaMn4O5
cluster

a b

Trp191

Trp51
P680

His175

Asn298

Figure 2

Structure around tyrosyl and tryptophan radicals in PSII and CcP. (a) Water-oxidizing complex in PSII with the CaMn4O5 cluster and
TyrZ bound by the D1 protein subunit are shown along with chlorophylls of the primary electron donor, P680. The second redox-active
tyrosine, TyrD, on the D2 protein is also depicted. HisZ and HisD are the hydrogen-bonding partners of the corresponding tyrosines.
(b) CcP, showing the heme and redox-active residues, including Trp191, where a stable radical is located. Red spheres represent water
molecules in close proximity to the radical sites. Abbreviations: CcP, cytochrome c peroxidase; PSII, photosystem II.

TyrZ • is a very strong oxidant (Em, 900–1,000 mV; 18–20) in close proximity to the CaMn4O5

cluster (∼5 Å) (Figure 2a). It drives the four-step water oxidation reaction on a microsecond to
millisecond timescale (21). Its unique, water-rich environment facilitates rapid electron transfer,
accompanied by well-coordinated deprotonation events, not only at the radical itself but also at
the substrate water sites at the metal cluster (22, 23) as well as the surrounding H+, O2, and water
channels (24).

In contrast, TyrD is located at Tyr160 of the D2 protein,∼28 Å away from the CaMn4O5 clus-
ter (Figure 2a). Although its spectroscopic properties closely resemble those of TyrZ, its kinetic
behavior is markedly different (19). TyrD is oxidized on a millisecond to second timescale and,
once deprotonated by His1891 (HisD), remains a neutral radical for an extended period (often
hours) in the active PSII complex (25, 26).

The redox reactions of both TyrZ and TyrD are pH dependent, indicating complex proton
transfer dynamics within a well-ordered structure. However, their strikingly different kinetic be-
haviors suggest that the surrounding environment significantly modulates their redox properties.
Specifically, the proximity of a largemetal cluster and awell-structured network of watermolecules
near TyrZ appear to enhance PCET, making it kinetically dominant.

Cytochrome c oxidase.Cytochrome c oxidase (27) is the terminal oxidase in the electron trans-
port chain of cellular respiration. It catalyzes the opposite reaction to PSII: the four-electron
reduction of O2 to water (28, 29). The functional core of cytochrome c oxidase comprises subunits
I–III, where subunit I contains the dinuclear metal center that reduces O2. This site consists of the
high-spin heme a3 and a copper ion (CuB) (30, 31). Subunit I also contains a unique, functionally
critical Tyr244,2 which is covalently linked to the CuB-coordinating His240, forming an integral
part of the catalytic site (29).

During theO=Obond cleavage reaction, Fe(II) and Cu(I) provide three electrons, and another
electron is most likely supplied by Tyr244 (29, 32). Detection of the Tyr244• neutral radical has

1Cyanobacterial numbering.
2Bovine numbering.
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been challenging, as it is short-lived and close to the metal centers (32, 33). Yu et al. (32) sug-
gested that a tyrosinate intermediate may be involved in the donation, after which the radical
migrates via the nearby Trp126, Trp236, or Tyr129.Wikström et al. (28) proposed that the repro-
tonation of the oxidized Tyr244 (Tyr244• ) not only restores the tyrosine to its neutral state but
also contributes directly to proton loading into the catalytic site. This event may be part of the
K-channel proton translocation pathway, which delivers protons from the mitochondrial matrix
(or bacterial cytoplasm) to the binuclear center both for water formation and, possibly, for driving
the proton-pumping mechanism across the membrane (34).

Tryptophan Radicals

Although they are traditionally viewed as structural or hydrophobic anchors within proteins, tryp-
tophan residues are key redox-active sites in various biological systems. The indole side chain
of tryptophan is highly conjugated, allowing the radical to delocalize over the aromatic system,
which stabilizes its oxidized form. Tryptophan often acts as a relay in multistep electron transfer
enzymes, particularly in copper and iron proteins. Here, metal-induced oxidation of tryptophan
enables controlled electron transfer over distances that would otherwise be electronically unfavor-
able (35–37). Tryptophan radicals have also been observed in some peroxidases (38, 39; for more
details, see the section titled Radical Heme Proteins).

Azurin. Azurin is a well-studied copper-containing redox protein from Pseudomonas species. It acts
primarily to facilitate fast and reversible electron shuttling with its type 1 copper center. Under
oxidative conditions or in engineered enzyme variants, a radical can form on conserved Trp48 and
Trp108 residues, in concert with metal redox chemistry. These tryptophan radicals are long-lived,
stabilize the charge transfer state, and may serve as an intermediate electron transfer relay or a
protective site to quench oxidative stress (36, 40). Similar to tyrosyl radicals, efficient electron
transfer also requires deprotonation by a nearby base during tryptophan radical formation (36,
41).

Cytochrome c peroxidase.Tryptophan radicals can operate in conjunction with redox-active
metal centers. In cytochrome c peroxidase (CcP), cytochrome c is oxidized from Fe(II) to Fe(III),
linked with the reduction of H2O2 to water (6, 42) (Figure 2b). Trp191 forms a stable protonated
radical intermediate during catalysis. This radical is generated by electron abstraction from the
heme compound I (CpI) species [an Fe(IV)=O+ porphyrin π-cation radical] (42–45). Hydrogen
bonding leads to exchange coupling between the iron heme andTrp191.This interaction is crucial
for enzyme activity (46, 47). Similarly, in tryptophan 2,3-dioxygenase, the interaction between
tryptophan radicals and iron centers is essential for the enzyme’s function (48).

Notably, tryptophan (and, optionally, tyrosyl) radicals are also key players in light-driven elec-
tron transfer in photolyases and cryptochromes. In both proteins, a conserved tryptophan triad
channels electrons to the FAD cofactor upon light excitation. These radical-mediated pathways
drive FAD photoreduction and initiate biological function such as DNA repair in photolyases and
signaling in cryptochromes (49–51).

Cysteinyl Radicals

Cysteine has a crucial role in redox transformations through the formation of cysteinyl radicals
(52–54). These highly reactive species can be stabilized through interaction with nearby metal
centers (55) and are instrumental in critical reactions like HAT. They often function in concert
with glycyl radicals, and their formation, stabilization, and reactivity are relatively well-studied in
several systems (for a recent comprehensive review, see 56).

www.annualreviews.org • Radical Chemistry in Metalloenzymes 89
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RNRs are arguably the best-studied radical protein systems, and they were also the first pro-
teins demonstrated to harbor and use a protein radical for catalysis (3, 57–59). RNRs represent a
remarkable example of the use and adaptation of radical chemistry under different conditions and
biological niches.

RNRs utilize a cysteinyl radical to catalyze the only de novo pathway for conversion of ribonu-
cleotides to all four deoxyribonucleotides, thus providing the building blocks of DNA. RNRs are
essential for all DNA-based life forms. Despite a common catalytic mechanism, the radical initia-
tion chemistry of these systems has diverged and developed dramatically during evolution. RNRs
are subdivided into three major classes, I, II, and III, primarily on the basis of the type and re-
quirements for generation of the initiator radical. The initiator radicals and their generation are
discussed further below.

The catalytic mechanism underlying ribonucleotide reduction is shared among all RNRs, and
the core structure of the catalytic subunit is conserved among all domains of life (Figure 1).
The catalytic subunit comprises an unusual 10-stranded β/α barrel surrounding a finger loop
containing the radical-harboring cysteine. Upon binding of substrate and allosteric effectors,
ribonucleotide reduction starts by radical transfer from initiator radicals (see the section titled
Nonheme Dinuclear Metal Sites, below), forming a transient cysteinyl radical at the substrate-
binding site. The cysteinyl radical abstracts the ribonucleotide 3′-hydrogen atom. The substrate
2′-hydroxyl is then eliminated as water, enabled by protonation by a nearby cysteine, which con-
stitutes the driving force for the abstraction. The reductant for the two-electron reduction is a
redox-active cysteine pair on the same subunit (or formate). The catalytic cycle completes with
the return of the abstracted proton to the product, regenerating the cysteinyl radical (57, 60, 61).

Glycyl Radicals

Glycyl radicals are highly reactive intermediates that catalyze difficult, often anaerobic reactions
such as decarboxylation, isomerization, and hydrocarbon activation. These enzymes (the GRE
family) contain a conserved glycine residue that is posttranslationally modified to a radical via an
activating enzyme, which typically harbors an Fe–S cluster and uses SAM as the radical initiator.
The resulting captodatively stabilized backbone radical is oxygen sensitive. O2 exposure results in
cleavage of the peptide backbone, but under anaerobic conditions the radical is remarkably stable
and capable of initiating a wide range of radical chemistry (62). Recently, Fu et al. (63) discovered
that a significant number ofmembers of theGRE family display alanine, serine, or threonine in the
radical-harboring position. They also showed that these proteins still generate α-carbon-centered
radicals, broadening the range of radical chemistry these enzymes utilize.

Class III ribonucleotide reductases.Class III RNRs operate under strictly anaerobic conditions,
unlike other classes of RNRs. They employ a glycyl radical as the catalytic initiator (64). This
radical is located on a conserved Gly681 residue within the catalytic subunit and is generated
by the activating NrdG subunit, which harbors a [4Fe–4S] cluster (64, 65). Radical formation
proceeds via the canonical SAM mechanism, wherein the [4Fe–4S]+ cluster donates an electron
to reductively cleave SAM, yielding methionine and a 5′-dAdo• . The 5′-dAdo• then abstracts
a hydrogen atom from the Gly681 residue in the catalytic subunit, generating the stable glycyl
radical (66, 67) (Figure 1). A more detailed description of radical SAM enzymes can be found
below, in the section titled Radical Enzymes Involving 5′-Deoxyadenonsyl and Related Systems.

Structurally and mechanistically, class III RNRs are homologous to pyruvate formate–lyase
(PFL), another member of the GRE family. Both class III RNRs and PFL possess a strictly con-
served glycine motif within a similar structural framework and require radical SAM-activating

90 Böhm et al.
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enzymes with [4Fe–4S] clusters for posttranslational radical installation (68, 69). Their nearly
identical EPR signatures support the idea that they are evolutionarily and mechanistically con-
served. Vey et al. (69) and Yang et al. (70) reported transient radical species formed during
activation, including the elusive 5′-dAdo• intermediate, using EPR and spin trapping.

The [4Fe–4S] cluster in theNrdG subunit is coordinated by a canonical CxxxCxxCmotif. Sub-
stitution of any of the cysteine residues within this motif abolishes enzyme activity and prevents
radical formation (65, 71). The [4Fe–4S] cluster is thus essential, and spectroscopic studies have
confirmed its involvement with SAM-derived intermediates. Details of the radical transfer and
stabilization mechanisms, however, remain unclear (6, 68).

Pyruvate formate–lyase. PFL is a key enzyme in anaerobic glucose fermentation, mediating the
bidirectional reaction between pyruvate and coenzyme A (CoA) to yield acetyl-CoA and formate
(72, 73). This reaction uses a glycyl radical located on Gly734 (74) and transient cysteinyl radicals.
The glycyl radical, which is stable on the order of minutes (75), is generated via HAT from the
nearby Cys419 in an exchange reaction (76). A radical SAM enzyme initially generates the radical,
similar to what occurs in class III RNRs (56).

4-Hydroxyphenylacetate decarboxylase. 4-Hydroxyphenylacetate decarboxylase is another
glycyl radical enzyme that catalyzes the decarboxylation of p-hydroxyphenylacetate to p-cresol
under anaerobic conditions. The reaction is initiated by a glycyl radical via a radical SAM
reaction. The glycyl radical then abstracts a hydrogen atom to drive the decarboxylation of
p-hydroxyphenylacetate (77, 78).

Benzylsuccinate synthase. Benzylsuccinate synthase is a glycyl radical enzyme that catalyzes the
anaerobic addition of toluene to fumarate, forming benzylsuccinate—the first step in anaerobic
toluene degradation. The reaction is initiated by a glycyl radical on the enzyme’s α subunit. It
abstracts a hydrogen atom from toluene, enabling C–C bond formation (79, 80).

RADICAL TRANSFORMATIONS INITIATED BY O2 OR ITS REDUCED
DERIVATIVES

O2 presents a paradox in biological systems: Despite being a thermodynamically powerful oxidant
capable of accepting four electrons, it remains kinetically unreactive under physiological condi-
tions due to its unique triplet ground-state electronic configuration. The paramagnetic nature of
O2 creates a spin restriction that prevents direct reaction withmost diamagnetic organicmolecules
in their singlet ground states. However, when O2 undergoes partial reduction, it generates a cas-
cade of highly reactive intermediates, collectively termed reactive oxygen species (ROS), which
include the superoxide anion radical (O •−

2 ), hydroperoxide (ROOH), and hydroxyl radical (•OH).
These reduced oxygen derivatives exhibit dramatically enhanced reactivity, readily participating
in electron transfer reactions,HAT, and addition reactions that can initiate radical chain processes.
The transformation from the relatively inert triplet oxygen to these potent oxidizing species rep-
resents one of the most significant chemical transitions in biological systems and is capable of
beneficial catalytic functions and signaling as well as cellular damage, depending on the concen-
tration and location as well as the cellular antioxidant capacity. Both the generation and scavenging
of ROS are done mainly by metal-containing proteins. In this review, we cover their genera-
tion only for chemical transformation of organic substrates, but we strongly encourage readers
to dive deeper into ROS scavenging, as interesting radical chemistry can be found therein as
well.

www.annualreviews.org • Radical Chemistry in Metalloenzymes 91
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Copper Radical Oxygenases

Copper radical oxidases (CROs) are a subgroup of copper enzymes commonly classified under
auxiliary activity family 5 (AA5). However, recent advances in sequence-based biochemical min-
ing have revealed additional CROs that do not fit into any of the established AA5 subfamilies.
Nevertheless, they all use a stable radical harbored on a covalently linked Cys–Tyr in their active
site (Table 1). In this section, we briefly describe the common characteristics of CROs, although
some aspects remain under debate (for a biology-focused perspective, see 81, and for detailed
chemical insights, see 82 and 83).

All CROs catalyze two-electron oxidation of various organic substrates while reducing O2

to H2O2. Challenging aspects of these enzymes include their low sequence identity—often less
than 30%—and their broad substrate specificity, making their identification a nontrivial task
(84). The active-site architecture is known from crystallography for many members of this fam-
ily. The architecture shows a mononuclear copper coordinated to axial tyrosine, two histidines,
and a peculiar Cys–Tyr radical cofactor. This Cys–Tyr link results in a significantly lower re-
dox potential, compared with other tyrosine residues, of ∼400 mV (85, 86). This active-site
motif is universally present across the entire enzyme family. The best-characterized enzymes
from this group are galactose oxidase (GalOX) and glyoxal oxidase (GLOX), which are classi-
fied into subgroups AA5_2 and AA5_1, respectively. Interestingly, several AA5_2 members, such
as BpAlcOx from Burkholderia pseudomallei (87), do not use galactose as their primary substrate
but still share key structural features that place them within the AA5_2 group. Furthermore,
as mentioned above, new CROs with different domain architectures have been identified and
are not classified within any of the AA5 subfamilies. Examples include GlxA from Streptomyces
lividans (88) and TrLOx from Trichoderma reesei (89) (for a detailed review of CRO diversity, see
84).

Despite the diversity among members of this enzyme family, their overall catalytic chemistry
can be condensed to 3+3 key steps. The catalytic cycle is divided into two half-reactions, a reduc-
tive and an oxidative reaction, which are often referred to collectively as a ping-pong mechanism
(82). The active enzyme is in a Cu(II) state with a Cys–Tyr radical. Upon coordination to the
copper ion, the substrate is first deprotonated by the axial tyrosine coordinating the Cu(II), after
which a hydrogen atom is abstracted by the tyrosyl radical. The third step is a one-electron trans-
fer from radical substrate to Cu(II), which reduces it to Cu(I) and yields the product. Wachter
& Branchaud (90) suggested a concerted mechanism of electron transfer and HAT on the basis
of calculations. Another theoretical study, by Himo et al. (91), suggested that the initial proton
transfer is preceded by an electron transfer from the Cys–Tyr radical to the axial tyrosine. The
oxidative half-reaction is the regeneration of the active site via O2. It is generally believed that,
after coordination of O2 to copper, a one-electron transfer to yield Cu(II)-bound superoxide oc-
curs, abstracting a hydrogen atom from the Cys–Tyr radical to reform the radical cofactor (92,
93). Lastly, a proton from the axial tyrosine is transferred to the Cu(II)–hydroperoxyl species to
release H2O2 (94).

Using site-directed mutagenesis of GalOX, Rogers et al. (95) showed that, in addition to the
key residues directly involved in catalysis, a stacking tryptophan above the Cys–Tyr radical has
a profound influence on GalOX’s reactivity and redox potential. These authors also proposed a
role of this residue in the pKa modulation of the axial tyrosine (95). Interestingly, this tryptophan
is replaced with a histidine in GLOX, decreasing the radical stability and increasing its redox
potential to 640 mV (85, 96). It is now understood that this position can be occupied by vari-
ous aromatic amino acids, each of which contributes differently to radical stability and reactivity
(81).

92 Böhm et al.
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Radical Heme Proteins

The number of heme-based enzymes that utilize radicals in their mechanism of action is vast,
ranging from the well-known and well-studied cytochromes P450 (CytP450s) (97), peroxidases,
and catalases (98) to tryptophan 2,3-dioxygenase (99), chlorite dismutase (100), and nitric oxide
synthase (101). In this section, we discuss their common themes in an effort to provide a holistic
understanding of a heme-based radical mechanism. Comprehensive reviews on this subject by
Poulos (102) and Huang & Graves (103) focus on enzymes and mechanistic details, respectively.

Heme enzymes can be broadly classified according to the oxidant they employ. Oxygenases
typically activate O2 to introduce oxygen atoms into substrates, while peroxidases rely on H2O2

to facilitate oxidation without necessarily incorporating oxygen (102). Interesting exceptions to
this classification system are the chlorite dismutases, which use chlorate as primary oxidants (100).
Even though the initial substrates for these classes of enzymes are different, they share common
intermediates in their mechanism. Oxygenases begin by reducing O2 to the peroxide level (two-
electron reduction). From this point forward, the two mechanisms converge. After the peroxide
adduct forms at the iron center, it is cleaved.To favor a heterologous cleavage, the protonation state
is tightly controlled by the enzyme, either by supplying protons, as for oxygenases, or by remov-
ing protons, as for peroxidases. After oxygen cleavage, CpI is generated. CpI has been identified
as a heme-oxo-ferryl Fe(IV) species with a delocalized radical on the porphyrin ring; however, for
some peroxidases, the radical is localized on a nearby amino acidic side chain, often a tryptophan
radical, as in Leishmania major peroxidase (38, 39). This highly oxidized Fe–O species initiates the
substrate transformation by a one-electron oxidation of the substrate molecule to form compound
II (CpII). The CpII intermediate was historically referred to as the intermediate found in peroxi-
dases (a ferryl-oxo species) but is now also used in the CytP450 literature to refer to the Fe–OH
intermediate. From here on, the chemistry diverges again.

For oxygenases such as CytP450s, the most common and accepted mechanism involves HAT
from the substrate molecule by CpI and the generation of hydroxyl-coordinated iron porphyrin
(CpII). The radical now resides on the substrate, which can either undergo further rearrangement
or be directly oxygenated by a radical rebound of the hydroxy group to form the product and
resting state of the enzyme (104).

For peroxidases, CpI extracts an electron from the substrate, and the substrate radical is depro-
tonated by an alternative proton acceptor.Thus, for oxygenases an Fe(IV)=O intermediate (CpII),
instead of an Fe(IV)–OH species, is observed (105). CpII can again oxidize a substrate molecule
by one electron to release water and enter its active-ready resting state (45).

The ability of CpI to perform HAT, a hallmark of oxygenase activity, depends on the strength
of the resulting ferryl–hydroxy bond in CpII. The higher the pKa and redox potential are, the
stronger the O–H bond will be. A pKa value of at least 8.2 is required for efficient HAT from car-
bon atoms (106). For horseradish peroxidase, a historically important model peroxidase, the pKa

value is less than 3.53 (107), rendering it unable to performHAT and thus limiting it to typical per-
oxidase chemistry. Bond length between the iron and oxygen is correlated to pKa—a shorter bond
results in a lower pKa. This bond length is influenced by the axial ligand: In CytP450s, the cysteine
thiolate ligand donates electron density to the iron, increasing the Fe–O bond length and therefore
the pKa. This effect is further modulated by nearby hydrogen-bond donors to the axial cysteine
residue, a common feature in Fe–S proteins (108). This is in stark contrast to peroxidases, where
the axial histidine is modulated by a hydrogen-bond acceptor. Notably, the polarity of the active-
site pocket plays a role: It lowers the ferryl oxygen’s affinity for protons in peroxidases compared
withCytP450s. In summary,heme-based radical enzymes demonstrate that, fromdifferent starting
points, similar radical intermediates can be generated and tuned to facilitate different reactions.
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Nonheme Mononuclear Iron

Nonheme mononuclear iron (NHM-Fe)-dependent enzymes are diverse and can be divided
into five groups according to their iron coordination, as proposed by Guo and colleagues (109).
These groups are 2-His, 2-His-1-carboxylate, 3-His, 3-His-1-carboxylate, and 4-His (110). Most
of the enzymes studied to date fall into the 2-His and 2-His-1-carboxylate groups, although a
recent notable study by Guo and colleagues (111) focused on the 3-His system. In this section, we
summarize the common themes of 2-His- and 2-His-1-carboxylate-ligated NHM-Fe (for more
insights into this topic, see 112 for a minireview and 113 for a more in-depth discussion of these
fascinating proteins).

The overall chemistry performed by these enzymes is reminiscent of that outlined above for
heme-based oxygenases, in that the radical initiator is an Fe(IV)–oxo species. The generation of
this species is similar regardless of the coordination environment. Some enzymes require a co-
substrate, such as 2-oxoglutarate (2OG) in the case of taurine α-ketoglutarate dioxygenase TauD
(114) or ascorbate in the case of 1-aminocyclopropane-1-carboxylic acid oxidase (ACCO) (115).
The cosubstrate coordinates to the iron, activating the center, and is consumed by oxidation in
the catalytic process. In other cases, such as isopenicillin N synthase (IPNS), only one organic
substrate is needed (116). Oxygen is required for the activity of all these enzymes, and chloride is
necessary for an interesting group of Fe–2OG halogenases (117). After binding of substrates (and
cosubstrates if needed), O2 binds rapidly to form a putative Fe(III)–superoxide species, which at-
tacks the cosubstrate. The type of attack and the nature of the intermediates differ. In the case of
TauD, a cyclic iron-coordinated peroxo intermediate with 2OG is formed, whereas in IPNS,HAT
from the substrate via superoxide may occur. Interestingly, superoxide species usually do not per-
form HAT; in this case, however, due to good alignment between superoxide and the C–H bond,
the activation barrier is low enough (1.1 kcal/mol) for HAT to occur (118). The intermediates
undergo O–O bond cleavage to form the Fe(IV)=O intermediate. As with heme-based radical
enzymes, the nature of the intermediate determines further chemical transformation, making the
nature of the intermediate of great interest to chemists. Additionally, the intermediate’s charac-
teristic spectroscopic features make it an anchor point in the comparison of different NHM-Fe
enzymes. In most cases, this high-valent iron–oxo intermediate, in turn, will perform HAT from
the substrate. The intermediate radical can then undergo further intramolecular transformation
[IPNS (119) or ACCO (115)], electron transfer [desaturases (120)], rebound with the hydroxyl
radical thus generated [TauD (114)], or, if coordinated chloride is present, chlorination [haloge-
nases (121)]. Thereafter, the product is released. For hydroxyl rebound, the orientation of the
substrate, its orbital overlap (117), and intra- or interanchimeric assistance (120) strongly influ-
ence reactivity. Interestingly, in IPNS, the final intramolecular ring closure is significantly more
thermodynamically favorable than hydroxyl rebound. This step is also the most exothermic in the
catalytic cycle and is thought to underlie IPNS’s overall reaction (118).

Paris et al. (111) showed that the Fe(IV)=O intermediate in the 3-His-coordinated NHM-Fe
enzyme OyoA neither performs HAT nor follows a radical mechanism in substrate conversion.
These authors argue that unusual reactivity is linked to the Fe(IV) intermediate’s S = 1 spin state.
All of the 2-His- and 2-His-1-carboxylate-coordinated NHM-Fe enzymes characterized to date
are thought to feature an Fe(IV)=O in the S= 2 spin state (109). Thus, as for heme-based iron en-
zymes that use radicals, subtle changes in coordination and spin state can drastically alter reactivity.

Nonheme Dinuclear Metal Sites

Proteins containing nonheme dinuclear metal sites of different types show broad and varied func-
tions. In terms of radical chemistry, the ferritin-like protein superfamily is particularly relevant.
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The superfamily shares a core four-helix bundle in which four carboxylates and two histidines
form a dinuclear metal–binding site. Depending on the protein, they may form dinuclear Fe–
Fe and Mn–Mn sites as well as heterodinuclear Mn–Fe sites (5, 122–125). The differences in
terms of protein and metalation result in chemical differences and variable reactivity to molecular
oxygen and other oxygen species. In general, the proteins bind the metal ions in the 2+ oxida-
tion state, generating a (II)–(II) metal site. The Fe–Fe and the heterodinuclear Mn–Fe sites are
capable of direct activation by O2, while the Mn(II)–Mn(II) sites are inert toward O2 and are
instead activated by superoxide (see the sections titled Mn–Mn R2, Class Id, O2

• −-Activated,
Mn(IV)–Mn(III) Metal Site Radical and Dimanganese-Mediated C–H Bond Activation, below).
Representative examples of these types of metal sites are found in various subclasses of class I RNR
radical–generating subunits.

Class I ribonucleotide reductases. A class I RNR enzyme consists of two different homodimeric
proteins: the catalytic subunit, denoted R1, and the radical-generating subunit, denoted R2. The
R2 subunit initiates catalysis by generating and storing a stable radical (Figure 1). This radical
is then reversibly delivered to the R1 subunit via long-range PCET. Radical transfer involves at
least six conserved amino acid residues:3 Tyr122, Trp48, and Tyr356 in R2 and Tyr731, Tyr730,
and Cys439 in R1, all of which span a distance of more than 30 Å (126). After the two-electron sub-
strate reduction is complete, the radical is recovered and returned to the R2 subunit’s radical site,
ready to be used for turnover. Under steady-state conditions, only the R2-stable radical (Tyr122• )
is observed in the wild-type enzyme, and its concentration remains unchanged during catalysis.
Nevertheless, transient radicals have been detected in protein variants, supporting the proposed
radical transfer pathway (3, 57–61). Thus far, five different subclasses of radical-generating sub-
units for class I RNRs (Ia–Ie) have been identified (Figure 1). They all share the same overall
structure but differ significantly in radical cofactor and reaction mechanism.

Fe–Fe R2, class Ia, O2-activated tyrosyl radical. Class I RNRs depend on oxygen to generate
radicals. Class Ia RNRs form a dinuclear Fe–Fe site that reacts with O2 to generate a stable tyrosyl
radical.The best-studied example comprises the class Ia RNR radical–generating subunit R2 from
Escherichia coli and its Tyr122• , which was also the first protein radical to be directly observed
(3). Class Ia RNRs are the primary RNRs utilized by eukaryotes and are also found in bacteria,
bacteriophages, viruses, and some archaea. Many species encode more than one class of RNRs (as
required for, e.g., facultative anaerobes).

Each polypeptide of the dimeric R2 protein binds two Fe(II) ions in a dinuclear metal site
composed of four carboxylates and two histidines. When exposed to O2, the diferrous metal
site undergoes oxidation, leading to the formation of the neutral phenoxy radical at the adjacent
tyrosine side chain:

ApoR2 : TyrOH + 2Fe2+ + O2 + e− + H+ → R2 : Fe3+ − O − Fe3+ : TyrO• + H2O.

This reaction involves multiple steps, beginning with the formation of a peroxo intermediate,
followed by homolytic cleavage of the O–O bond and injection of an external electron to gener-
ate a high-valent Fe(IV)–O–Fe(III) species. This reactive intermediate, denoted intermediate X,
subsequently oxidizes Tyr122 to form the stable radical.

Structural studies of class Ia R2 proteins have elucidated the metal site architecture in both the
reduced (II–II) and resting oxidized (III–III) states (127, 128). Combined X-ray crystallography

3E. coli numbering.
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and single-crystal EPR studies have revealed that, upon radical formation, the tyrosyl radical shifts
away from the metal site, involving rotation around the Cα–Cβ bond (129).

Mn–Mn R2, class Ib, O2
• −-activated tyrosyl radical. Class Ib R2 RNRs also generate a stable ty-

rosyl radical to initiate catalysis in R1. Similar to class Ia RNRs, they can form and utilize a di-iron
site with O2 for radical generation. However, in vivo studies of Bacillus anthracis, Corynebacterium
ammoniagenes, and E. coli suggest that a dimanganese center is used primarily for radical generation
in vivo (reviewed in 124). Unlike the di-iron site, the dimanganese site does not react directly with
O2. Instead, the class Ib operon includes a flavoprotein, NrdI, which reduces oxygen to O •−

2 .
The superoxide is believed to be directly transferred from the flavin to the manganese site

within theNrdI–R2 complex, oxidizing the site to aMn(IV)–Mn(III) state that, in turn, oxidizes ty-
rosine to generate the initiator radical, analogous to class Ia RNRs’ Fe(IV)–Fe(III) intermediate X:

ApoR2 : TyrOH : NrdI(red) + 2Mn2+ + O2 → R2 : Mn3+ − OH(X) − Mn3+ : TyrO•

+H2O + NrdI(ox).

Recent structural studies have suggested that intricate redox-induced conformational gating
mechanisms control this process and regulate radical access (130, 131).

Mn–Fe R2, class Ic, O2-activated,Mn(IV)–Fe(III) metal site radical. Mechanistically distinct R2
variants, the class Ic RNRs, were discovered in Chlamydia trachomatis and are the first RNR R2s
discovered to function without a tyrosyl radical (132, 133). Instead, they contain a heterodinuclear
Mn(II)–Fe(II) site that reacts directly with O2 to generate a high-valent Mn(IV)–Fe(III) radical–
equivalent metal cofactor:

ApoR2 + Mn2+ + Fe2+ + O2 + e− + H+ → R2 : Mn4+ − OH(X) − Fe3+ + H2O.

This mixed-metal, mixed-valent cofactor has a redox potential comparable to that of the tyrosyl
radical of classes Ia and Ib and thus can function in an analogous way to reversibly generate the
catalytic cysteinyl radical in the R1 protein (134).

Mn–Mn R2, class Id, O2
• −-activated, Mn(IV)–Mn(III) metal site radical. Class Id RNRs are

additional examples of a metal-based, non-tyrosyl-radical mechanism. They share features with
both classes Ib and Ic RNRs: Like class Ib, they use a dimanganese center and are activated by
O •−

2 , but like class Ic, they do not generate a tyrosyl radical. Instead, the resultingMn(IV)–Mn(III)
cofactor serves directly as the radical initiator:

ApoR2 + 2Mn2+ + O •−
2 → R2 : Mn4+ − OH(X) − Mn3+ + H2O.

Unlike that of class Ib, the class Id operon lacks an NrdI gene, and the R2 protein appears capable
of capturing environmental O •−

2 independently. Class Id enzymes have been identified primarily
in Flavobacteriia (135, 136).

Metal-free R2, class Ie, O2-dependent DOPA radical. Class Ie RNRs from mollicutes such as
Mycoplasma are particularly striking. These R2 proteins lack the metal-binding site, as three of
the six otherwise essential metal-coordinating residues are substituted by noncoordinating amino
acids. Two sequence variants have been observed (EEE→VPK and EEE→QSK). Studies have
shown that both variants encode active RNR enzymes (137–139).

Instead of a metal site, the tyrosine residue, which aligns with the radical-harboring tyrosine in
classes Ia and Ib, is posttranslationally hydroxylated. The active protein contains a stable DOPA
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radical, which serves as the initiator radical in this subclass:

R2 : TyrOH + NrdI + O2 → R2 : DOPA•
.

The mechanism of tyrosine hydroxylation and radical formation is not fully understood, but it is
known to require NrdI and O2. The radical can be regenerated directly on the DOPA residue in
the presence of NrdI and O2, if the radical is lost.

Notably, the crystal structure of the radical state of this protein was determined via femtosec-
ond X-ray crystallography. The protein undergoes conformational changes and restructures its
hydrogen-bond network upon radical formation (140).

Copper-Containing Oxygenases

The family of copper-utilizing monooxygenases is diverse. Its mechanistic details are less
well-understood compared with its iron counterpart because its intermediates are very short-
lived. Structurally, copper monooxygenases can be categorized into three classes: mononuclear
[e.g., formylglycine-generating enzyme (FGE), lytic polysaccharide monooxygenases (LPMOs),
dopamine β-monooxygenase (DBM), peptidylglycine-hydroxylating monooxygenase (PHM)],
dinuclear (e.g., tyrosinase), or multinuclear [e.g., particulate methane monooxygenase (pMMO)]
systems, depending on the active participation of copper involved in the catalytic mechanism. In
this section, we discuss mono- and dinuclear copper monooxygenases; pMMOs are discussed in a
separate section, below (for a chemical understanding of Cu–O species, see 141).

The mononuclear copper LPMOs form a superfamily of enzymes involved in the cleavage of
polysaccharide chains. They hydroxylate either C1 or C4 C–H bonds. These enzymes use the
histidine-brace motif to coordinate copper bidentally at their N-terminal histidine, with an addi-
tional histidine and axial tyrosine ligand forming a trigonal bipyramidal coordination sphere with
the other axial position vacant.This position is believed to be coordinated by O2. The exact mech-
anism of O2 activation and substrate hydroxylation is still a matter of debate, although potential
mechanisms have been proposed (142). Interestingly, other proteins that contain the histidine-
brace motif are unable to react with O2 in a productive fashion (143). A 2017 study suggests that
LPMOs should be classified as peroxygenases rather than monooxygenases (144). These conflict-
ing findings make it clear that we need further studies on this unusually reactive histidine-brace
protein.

Another interesting member of the mononuclear copper monooxygenase family is FGE,which
catalyzes the transformation of cysteine to formylglycine (141). Its active site is unique compared
with those of other copper monooxygenases. The copper is coordinated by two cysteines in a
linear fashion. Even more peculiarly, O2 is believed to be positioned by tryptophan and serine
via hydrogen bonding in the active site close to copper, but not coordinated by the metal center.
After that, O2 accepts an electron from said copper, entering the superoxide state; this superoxide
is believed to also only weakly interact with the metal center. This noncoordinated superoxide
abstracts a hydrogen atom from the copper-coordinated substrate. The resulting hydroperoxo
species is coordinated to copper and then performs a hydroperoxo transfer to generate an end-on
copper-coordinated alkyl–peroxido complex, after which the O–O bond is heterologously cleaved
to release the substrate and water from the active site (141). This catalytic model seems to be a
striking example that, under some conditions, a superoxide radical is strong enough to cleave a
C–H bond. However, a very recent study by Kipouros et al. (145) suggests a direct coordination
of the superoxide to copper that continues to produce a Cu(I)–OOH intermediate bound to a
peptidyl-thioaldehyde. The authors suggest that a Cu(I)–sulfenate species is generated, which has
never been observed in biology (145).
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Figure 3

Closed and open conformations of the peptidylglycine-hydroxylating monooxygenase (PHM) active site (Protein Data Bank ID:
4ZEL). Blue circles indicate copper-binding sites. In the closed conformation, the Cu–Cu distance is approximately 4–5 Å, whereas in
the open conformation, the distance exceeds 14 Å (149).

DBM and PHMhave been the subject of investigation since the 1960s.They were traditionally
classified as mononuclear enzymes, even though they possess multiple copper-binding sites, but
chemistry was believed to take place only at the CuH site (146–148). However, recent structural
studies of both enzymes (149, 150), challenged this viewpoint, proposing two different conforma-
tional states, an open state separating the CuH and CuM sites by around 14 Å and a closed state
wherein the CuH–CuM distance measures only around 4 Å, only the latter of which is thought to
be active (Figure 3). Therefore, DBM and PHM should be considered members of the dinuclear
family. This reclassification would have important implications for their mechanism of action and
is supported by theory and spectroscopy (141, 143).

A dinuclear copper cluster usually comprises two copper ions in close proximity (around 4 Å),
each coordinated by three histidines. However, this coordination can be variable. In DBM and
PHM, the coordination is asymmetric: CuH is bound by three histidines, while CuM is ligated
by two histidines and a methionine. The latter seems to be essential for the activity of these en-
zymes (143). The catalytically active form of all dinuclear monooxygenases, such as tyrosinases,
is a µ–η2;η2 peroxido complex generated via the addition of O2 to the resting state. For DBM,
however, the addition of reducing equivalents to the substrate-bound state is necessary to activate
the catalytic cycle, purportedly because of the necessary conformational shift initial to reduction.
Additionally, both PHM and DBM seem to require substrate binding before O2 reactivity of their
active site sets in (143). For tyrosinase, the most likely mechanism is an SRN1 mechanism to ox-
idize its substrate (151). For PHM and DBM, HAT followed by a rebound mechanism has been
suggested as the mechanism (152).

The wide range of copper monooxygenase mechanisms—from the debated LPMO chemistry
to FGE’s unusual superoxide use to the updated dinuclear view of DBM and PHM—shows how
complex this enzyme family is. Despite their differences, all rely on radical intermediates using
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superoxide, HAT steps, or SRN1 pathways to drive selective oxidations. As structural and spec-
troscopic tools improve, settling these debates will be key to understanding copper-based radical
chemistry and advancing their biotechnological applications.

RADICAL ENZYMES INVOLVING 5′-DEOXYADENOSYL
AND RELATED SYSTEMS

5′-Deoxyadenosyl Radical Enzymes

Two enzyme families feature 5′-dAdo• as a key intermediate: AdoCbl and radical SAM enzymes.
Members of these families are capable of enabling the same reactions, as exemplified by RNRs.
Class II RNRs utilize an AdoCbl cofactor, while class III RNRs depend on a radical SAM activase
to generate their critical glycyl radical. However, the explosion of radical SAM enzymes identified
in recent years strongly indicates that radical SAM enzymes are significantly more common, and
they appear much more diverse in the reactions they catalyze.

AdoCbl enzymes.

AdoCbl enzymes represent a subset of vitamin B12, or cobalamin (Cbl), cofactor-dependent en-
zymes in which a Co(III) ion is coordinated by a tetradentate corrin ligand. The defining feature
of the AdoCbl enzymes is the axial ligation of 5′-dAdo via a Co–C bond. Homolytic cleavage
of the Co–C bond of AdoCbl generates a Co(II)–Cbl species and the 5′-dAdo• intermediate
(Figure 4), which subsequently perform HAT from the substrate to initiate a radical-based
reaction.

AdoCbl enzymes can be divided into three different classes, depending on the nature of the
chemical transformation they catalyze (153): class I mutases, class II eliminases, and class III
aminomutases. Broadly, they often perform rearrangement reactions triggered by HAT from the
substrate to yield a carbon-based radical. However, they can also operate indirectly, as observed

a b c d

Figure 4

Schematic depiction of key species in AdoCbl and radical SAM enzymes: (a) AdoCbl, (b) 5′-dAdo• , (c) � intermediate, and (d) SAM
bound to the [4Fe–4S] cluster of a radical SAM enzyme. Abbreviations: AdoCbl, adenosylcobalamin; SAM, S-adenosylmethionine;
5′-dAdo• , 5′-deoxyadenosyl radical.
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in class II RNRs, where 5′-dAdo• abstracts the hydrogen atom from a cysteine thiol to generate
the catalytically active cysteinyl radical common to all RNRs (154, 155).

The final step of AdoCbl enzyme–catalyzed reactions is the quenching of the substrate radical
via HAT from the adenosyl moiety. This radical rebound mechanism yields the final product and
regenerates the AdoCbl cofactor. Thus, the AdoCbl cofactor is not consumed in the process.

A striking aspect of the AdoCbl enzymes’ protein scaffolds is their extreme effect on the
Co(III)–C bond. In comparison to the free cofactor in solution, integration into the enzyme en-
hances the rate of homolytic bond cleavage by a factor of 1010–1014 (156, 157). Extensive research
efforts have gone into rationalizing this observation; combined spectroscopic and computational
data support the idea that it arises from stabilization of the product Co(II)/5′-dAdo• state, rather
than destabilization of the resting Co(III)–AdoCbl state (158).

Radical SAM enzymes. Radical SAM enzymes have been extensively reviewed in recent years
(e.g., 159–161). For this reason, we refrain from an extensive description of this enzyme family
but, in light of their importance and obvious relevance to the topic of this review, provide a short
summary below.

The radical SAM enzyme superfamily was identified in 2001 (68) and contains more than
700,000 unique sequences (162). They are found in all domains of life and operate on diverse
substrates, ranging from DNA and RNA to proteins to small organic molecules. Critically, it is
not only the substrate scope that is broad but also the type of reactions catalyzed. To date, approx-
imately 100 different types of chemical reactions have been found to be catalyzed by radical SAM
enzymes.Examples includeC–Cbond breaking; isomerizations; cyclizations; andC–C,C–S,C–O,
and C–N bond formation reactions, in particular those prevalent in the cross-linking of riboso-
mally synthesized, posttranslationally modified peptides (see also the section titled Frontiers in
Radical Copper Enzymes) (161, 162). Indeed, along with CytP450, radical SAM enzymes appear
to be nature’s primary choice for initiating radical reactions.

Despite this enormous diversity, all radical SAM enzymes share a common radical initiation
mechanism. Similar to AdoCbl, radical SAM enzymes utilize 5′-dAdo• as the radical initiator.
However, their mechanism of formation is clearly distinct. A defining structural feature of all
radical SAM enzymes is a [4Fe–4S] cluster that is bound to the protein via three cysteines, usually
in a CxxxCxxC motif. The fourth iron ion of the cluster is coordinated by SAM, which binds as
a bidentate ligand via the carboxylate and amino group of methionine (Figure 4). This binding
mode was initially observed through electron–nuclear double-resonance spectroscopy (163, 164)
and subsequently X-ray diffraction (165).

Reduction of the [4Fe–4S] cluster triggers electron transfer to the SAM ligand, causing
cleavage of the methionine sulfur–adenosyl 5′-carbon bond. This process is facilitated by the co-
ordination mode of SAM, which positions the methionine sulfur in close proximity to the cluster,
enabling inner-sphere electron transfer (166). The initial product of the reaction is an interme-
diate, termed the � intermediate, in which the methionine retains its bidentate coordination and
the 5′-dAdo• moiety forms an Fe–C bond (167) (Figure 4). Thus, just as in AdoCbl, 5′-dAdo•

appears as an organometallic species in the reaction. However, the stability of the Fe–C bond in
radical SAMs is significantly weaker than the Co–C bond in AdoCbl. While the latter is stable at
room temperature, to date the former has been observed only as a transient intermediate in rapid
mixing stopped-flow experiments.

A feature of radical SAM enzymes is that they enable challenging oxidation chemistry in the
absence of O2 and, as such, serve as a complement to many O2-dependent enzymatic processes,
such as those catalyzed by CytP450s. Indeed, radical SAM enzymes are generally associated with
anaerobic conditions. However, there is at least one reported example of a radical SAM enzyme
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incorporatingO2-derived oxygen atoms into an ether linkage, as verified through isotopic labeling
experiments (168).This report showed that radical SAM reactions can also proceed in the presence
of O2, implying that members of this enzyme family can operate under aerobic conditions.

Comparing AdoCbl and radical SAM enzymes.Considering the apparent similarities in what
can be accomplished with AdoCbl and radical SAM enzymes, it is worth reiterating and consider-
ing key differences between the two families. In terms of reactivity, both types of enzymes feature
5′-dAdo• as their radical initiator. However, they also differ in several noteworthy ways. In terms
of reactivity, AdoCbl enzymes appear insensitive to the presence of oxygen, while radical SAM
enzymes are commonly observed to be highly O2 sensitive. A possible reason for the apparent
preference for radical SAM enzymes despite their O2 sensitivity is the complex biosynthetic path-
way required to assemble the corrin ligand of Cbl. Biosynthesis of AdoCbl requires at least 30
genes and occurs only in certain organisms, none of which are eukaryotes (169).

FeS Cluster–Initiated Radicals Beyond Radical SAM Enzymes

[4Fe–4S] clusters play a central role in another family of radical enzymes, the ketyl radical enzymes
(170). Ketyl radicals are highly useful intermediates in organic synthesis, where they commonly
form via one-electron reduction of ketones (171). In biology, they can form through both oxida-
tion and reduction. Illustrative examples of the former type are found in the catalytic cycles of, for
instance, RNRs (57, 60, 61) and the glycyl radical diol dehydratases (172), where the ketyl radi-
cal forms through HAT from an alcohol. Ketyl radicals are also central species in the anaerobic
metabolism of microorganisms, where they appear in the processing of amino acids and aro-
matic substrates. However, here the precursor is commonly a thioester, which can be regarded
as a masked ketone (173).

Illustrative examples of this chemistry are 2-hydroxyacyl-CoA dehydratases, which partici-
pate in the fermentation of amino acids by catalyzing the conversion of (R)-2-hydroxyacyl-CoA
substrates into α,β-unsaturated acyl-CoAs (enoyl-CoAs) (174). As in many of the other cases dis-
cussed in this article, here radical chemistry is employed to bypass an otherwise very challenging
two-electron reaction. The high pKa value of the β carbon of amino acids and, by extension,
the 2-hydroxyacyl-CoA substrate prohibits dehydration from occurring via elimination through
acid–base chemistry (pKa ≈ 40). Instead, the 2-hydroxyacyl-CoA dehydratases initiate the reaction
through a one-electron reduction of the substrate, yielding a transient ketyl radical intermediate.
These dehydratases are two-component systems, consisting of the dehydratase and an activator.
The actual dehydratase is a heterodimeric enzyme, featuring two [4Fe–4S] clusters, denoted α

and β clusters (175). The two clusters are located approximately 12 Å apart, a distance suitable
for facile electron transfer. The α cluster is coordinated by three cysteines; in analogy to the rad-
ical SAM enzymes, this cofactor coordination environment allows the substrate to form a dative
bond to the Fe–S cluster. Electron transfer from the β cluster to the α cluster enables reduction
of the substrate to yield an initial substrate ketyl radical anion. Subsequent elimination of the
hydroxy group yields an enoxy radical intermediate with a dramatically lower pKa value (∼14)
at the β carbon (176), in turn enabling deprotonation and formation of the product ketyl radi-
cal anion. The transient formation of this anion has been confirmed by EPR spectroscopy (177).
Finally, the product ketyl radical anion re-reduces the α cluster to yield the enoyl-CoA product
while concomitantly enabling the formation of a new substrate ketyl radical, thereby reinitiating
the catalytic cycle. Through this process of radical shuttling from one substrate to the next, the
enzyme is capable of up to 104 turnovers before requiring another electron injection from an ex-
ternal electron donor, or radical initiator. This radical initiator constitutes the second component
of the 2-hydroxyacyl-CoA dehydratases and is often referred to as the activator (or archerase)
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(178). Although the role of the activator involves the seemingly simple one-electron reduction of
the dehydratase component, the chemistry is made more complex by the high reduction potential
of the target substrate. Specifically, the reduction potential of the 2-hydroxyacyl-CoA substrate
is at least 200 mV more negative than that of ferredoxin (E0

′ ≈ 420 mV versus normal hydro-
gen electrode). The extra driving force needed for the reduction to proceed is attributable to ATP
hydrolysis. In a manner similar to nitrogenase (179), electron transfer from the activator to the de-
hydratase is coupled to the consumption of two ATP equivalents per electron. Notably, these two
ATP-dependent reductases appear to be phylogenetically unrelated (174). The usefulness of such
ATP-driven electron transfer is underscored by the increasing number of so-called nitrogenase-
like enzymes observed to rely on similar archerase-promoted reduction of various challenging
substrates (180). Thus, it is likely that additional (anaerobic) metabolic processes will be found to
depend on similar chemistry.

SELECTED EXAMPLES OF NOVEL AND POTENTIAL RADICAL
METALLOENZYMES

Dimanganese-Mediated C–H Bond Activation

As noted above, dimanganese (II/II) sites are generally inert toward reaction with O2 but are
reactive to its reduced derivatives. Recently, Liu et al. (181) described an interesting variation,
demonstrating that the cambialistic sulfonate β-monooxygenase (SfbO) from Litorilinea aerophila
can function as a dimanganese hydroxylase that depends on O2 to activate C–H bonds. The
dimetal cofactor in SfbO is similar to the RNR R2 cofactors, although it is coordinated by three
carboxylates and three histidines, as opposed to four carboxylates and two histidines for R2.

The SfbOMn(II)–Mn(II) cofactor firstmatures through stoichiometric amounts of superoxide,
resulting in a Mn(III)–Mn(II) cofactor that is capable of direct O2 activation followed by C–H
bond activation.Themore facile activationwithO2 of themixed-valent speciesmight be due to the
generation of a more reactive d4 Mn(III) species versus d5 Mn(II). The Mn(III)–Mn(II) cofactor is
hypothesized to bind molecular oxygen to form aMn(III)2–superoxo intermediate responsible for
substrate HAT and hydroxylation. The full reaction cycle subsequently regenerates the Mn(III)–
Mn(II) oxygen-activating cofactor:

ApoSfbO + 2Mn2+ + O •−
2 →→ SfbO : Mn3+O2 − activating + O2 → [

Mn3+ − superoxo
]
.

The recent discoveries of this and related protein families, such as R2lox and CADD, suggest
that there is a rich bioinorganic chemistry of manganese that is likely underappreciated (5, 124,
182–184).

Frontiers in Radical Copper Enzymes

Recent advances in radical-mediated biocatalysis have expanded the frontiers of enzymatic C–H
bond functionalization, as exemplified by two landmark studies. In the first biochemical character-
ization of the ApnU halogenase, Chiang et al. (185) showed that this enzyme from the DUF3328
protein family can functionalize sp3 carbons via a radical rebound mechanism at a presumably
dinuclear copper center, coordinated via two histidines each. The enzyme can use different halo-
gens and other anions to functionalize said carbon, in a range not observed before in their
nonheme iron halogenase counterparts (185). Structural and detailed mechanistic information
is lacking, but the range of functionalization is astonishing, demonstrating that we have not yet
discovered the limits of enzyme-catalyzed radical chemistry.

Another interesting case is burpitide cyclase, which belongs to a group of copper enzymes
responsible for posttranslational modification of peptides, thus facilitating intramolecular ring
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closures and C–O/C–N bond formation (186). Mydy et al. (187) showed that for AhyBURP this
reaction takes place via a radical intermediate, which requires both copper and O2. Even though
convincing mechanistic evidence is lacking, the authors hypothesized an open–close mechanism
similar to what has been recently proposed for PHM (188).

Together, these studies highlight the growing versatility of copper-dependent enzymes in
radical-mediated C–H bond transformations.Despite the open questions surrounding their struc-
tural dynamics and catalytic cycles, these enzymes underscore a broader trend: Nature’s catalytic
toolbox is more chemically adventurous than previously thought.

Methane Monooxygenases sMMO and pMMO

As outlined above, C–H bond activation is a recurring theme in radical metalloenzymes. The
oxidation of methane to methanol presents a particular biochemical challenge. The small
and hydrophobic nature of the substrate places high demands on substrate binding, handling,
and specificity. The methane hydrocarbon bond is also the most inert saturated C–H bond
(∼105 kcal/mol), requiring exquisite control of the reaction mechanism to prevent side reactions
and protein self-inactivation.

Two functionally different enzyme systems perform direct methane-to-methanol oxidation:
one soluble, iron-dependent methane monooxygenase (sMMO) and one membrane-bound,
copper-dependent particulate methane monooxygenase (pMMO). Various radical mechanisms
have been proposed for both sMMO and pMMO, but many questions persist despite their
industrial, environmental, and scientific importance.

sMMO. sMMO is a soluble protein complex. The hydroxylase protein (MMOH) is a dimer-of-
trimers (αβγ)2 complex with the active di-iron site located in the α subunit.Two additional proteins
are required for function: MMOR and MMOB.MMOR is a FAD and [2Fe–2S] cluster reductase
that reduces the oxidized metal site in MMOH by electron transfer from NADH. MMOB is
a regulatory subunit that, upon binding to MMOH, tunes parameters and increases substrate
specificity and reactivity dramatically (189–191).

O2 activation and methane oxidation occur at a dinuclear iron site coordinated by two histidine
and four glutamic acid residues in a four-helix bundle, very similar to the site found in class Ia
RNRs. Analogously to the class Ia RNR R2, an Fe(II)–Fe(II) site initially reacts with and reduces
O2, resulting in a number of high-valent Fe–O intermediates.Themechanism has been intensively
studied for decades, and the field has reached a consensus of an eight-step mechanism for oxygen
activation and methane oxidation.

A central difference between sMMO and class Ia RNR R2 is that in the latter an external
electron is injected during O2 activation whereas in the former all four electrons are provided by
the iron ions, resulting in the key intermediate Q upon cleavage of the O=O bond.Q is a formally
Fe(IV)–Fe(IV)–oxo state responsible for methane activation (189, 190, 192).

The structure of intermediate Q has been extensively studied spectroscopically and computa-
tionally for decades and is still under intense debate. Fundamentally, two competing models have
been proposed: a closed diamond coremodel, including two bridging oxo species, and an open core
model, including one bridging oxo and one terminal Fe–oxo (193–197). Reaction with methane
results in an oxo-bridged Fe(III)–Fe(III) product complex. This reaction is proposed to proceed
via HAT from methane, resulting in an intermediate R, suggested to be a hydroxyl radical–bound
Fe(III)–Fe(IV) cluster, and a methyl radical. Recombination of the radicals results in formation
of methanol and the oxo-bridged Fe(III)–Fe(III) metal site. Notably, intermediate R has not
been directly observed (189, 191, 197). Several studies using substrate analogs, including radical
clock substrates, indicate a mechanism that involves a short-lived methyl radical formed upon the
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reaction of intermediate Q with methane. Steric effects of larger substrates, however, influence
how substrates interact with the metal site, which may result in mechanistic differences (189, 191,
197).

pMMO. pMMO is an integral membrane protein that consists of three subunits, PmoA, PmoB,
and PmoC, arranged as an α3β3γ3 trimer (191). PmoA forms seven transmembrane helices. PmoB
consists of two transmembrane helices flanked by N- and C-terminal cupredoxin-like domains.
The cupredoxin-like domains are located on the periplasmic side andmake up the only extramem-
branous parts of the protein. PmoC consists of six transmembrane helices. In addition, a number of
phospholipids and other molecules such as detergents have been modeled in crystal and cryoelec-
tron microscopy structures (198–201). Density corresponding to helices of unidentified origin or
peptides of unknown function has also been observed in the membrane plane, potentially indicat-
ing the involvement of additional proteins or a binding site for a protein partner or large ligand
(199, 202, 203). Moreover, pMMO has been observed to arrange into higher-order oligomers
(204).

Copper is required for pMMO function, and several lines of evidence suggest that it is the
native metal cofactor for the enzyme. Copper is present in the natively produced enzyme and
also restores activity in metal-depleted protein (191, 205, 206). Notably, despite structural data
for several pMMO proteins, defining the metal sites and the active site for methane oxidation has
proven surprisingly challenging (191).

Several metal-binding sites and stoichiometries have been proposed for pMMO.The sites that
have attracted the most interest are a site in PmoB, denoted CuB, and two nearby sites in PmoC,
denoted CuC and CuD. CuB is coordinated by three histidines and the PmoB N terminus. CuB
has been suggested to be either mono- or dinuclear, depending on the protein, method, and study
(191). This discrepancy appears to have been resolved, and the site is assigned as monocopper
(203, 207). The CuC site is a monocopper site coordinated by two histidines and one carboxy-
late (201). The CuD site long evaded identification but was observed in structures of the enzyme
reconstituted in lipid nanodiscs and native membranes (200, 203).

At present, the CuD site appears most likely to be the active site. CuD and CuC might func-
tion in concert, where, if occupied simultaneously, they would have a Cu–Cu distance of 5–6 Å.
Conformational changes could move them closer together, generating a dicopper site for methane
oxidation. However, current structural data do not provide support for simultaneous metal occu-
pancy of the CuD andCuC sites (200, 208).Recent structures of pMMO in nativemembranes show
metal occupancy in the CuD but not the CuC site (203), supporting the idea that a mononuclear
CuD is the site for methane oxidation.

Given the uncertainty of the location and even the effective nuclearity of the active site in
pMMO, a consensusmechanism has not yet been reached.Computational studies of theO2 activa-
tion andmethane oxidation mechanisms have been performed,with varying results. These involve
mono- and dinuclear copper sites, and radical intermediates such as Cu(II)–oxyl and Cu(II)–
hydroxy with significant spin on the oxygen ligands (209) have been proposed for theO2 activation
mechanism.Other mechanistic suggestions (reviewed in 191) suggest quinone cofactor radicals to
be involved in the substrate reaction. Investigations using substrate analogs,mainly longer alkanes
or alkenes, generally seem to favor concerted reaction mechanisms and have shown no evidence of
radical intermediates (reviewed in 191).However, note that, in analogy with sMMO, it is likely that
different substrates could be oxidized via different mechanisms and that the biologically relevant
reaction with methane may differ.

Quantum chemical modeling of methane oxidation by the mononuclear CuD site has been
performed (209) and indicates that the mechanism underlying methane oxidation requires only
a single copper ion. Starting from a Cu(I) site, O2 binding followed by two PCET steps to O2
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results in a singlet Cu(II) species with significant spin density on the protonated oxygen ligands.
This species can be considered an O2 radical bound to Cu(II). This state is in equilibrium with
a Cu(III) state with a fully cleaved O2, but it is the Cu(II)–O2–radical state that is capable of
methane activation.HAT frommethane by this intermediate, forming amethyl radical, is the rate-
limiting step of the reaction. The methyl radical subsequently binds to the copper ion, resulting in
a Cu(III)–methyl species. Finally, methane is created via formation of the C–O bond in a strongly
exergonic step, yielding the product and a Cu(I) site (209).

CONCLUSION

Radical chemistry, once considered too unruly for biological systems, has proven to be a cor-
nerstone of enzymatic chemistry. Through the precise control of highly reactive intermediates,
nature has evolved diverse strategies to perform otherwise inaccessible chemical transformations
with remarkable specificity and efficiency. This review has highlighted the central role of rad-
icals in a wide spectrum of enzymatic processes, from amino acid–derived radicals to complex
metal cofactors and from ancient RNRs to newly discovered radical SAM– and copper-dependent
systems. The interplay among redox-active cofactors, metal ions, and carefully tuned protein scaf-
folds underscores the evolutionary ingenuity in harnessing and stabilizing radical intermediates.
As structural, spectroscopic, and computational tools continue to advance, the field of radical en-
zymology is poised to uncover new paradigms and mechanisms. These discoveries will not only
deepen our understanding of fundamental biochemistry but also provide powerful models for the
development of biomimetic catalysts and synthetic methodologies in chemistry. The frontier of
radical enzymology remains dynamic and richly complex, with many unanswered questions and
promising directions for future exploration.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The authors dedicate this review to Prof. Anders Ehrenberg, who sadly passed away during the
preparation of this manuscript. Anders was the first to observe and describe a protein radical (3)
more than half a century ago and continued as a true pioneer in the field of radical biochemistry.

The writing of this review was funded by the Knut and Alice Wallenberg Foundation (grant
2023.0201) and the Swedish Research Council (grants 2021-03992 and 2021-04471).

LITERATURE CITED

1. Commoner B, Heise JJ, Townsend J. 1956. Light-induced paramagnetism in chloroplasts. PNAS
42(10):710–18

2. Commoner B, Townsend J, Pake GE. 1954. Free radicals in biological materials.Nature 174(4432):689–
91

3. Ehrenberg A, Reichard P. 1972. Electron spin resonance of the iron-containing protein B2 from
ribonucleotide reductase. J. Biol. Chem. 247(11):3485–88

4. Shibata N, Toraya T. 2015. Molecular architectures and functions of radical enzymes and their
(re)activating proteins. J. Biochem. 158(4):271–92

5. Högbom M. 2010. The manganese/iron-carboxylate proteins: What is what, where are they, and what
can the sequences tell us? J. Biol. Inorg. Chem. 15(3):339–49

6. Stubbe J, Van Der Donk WA. 1998. Protein radicals in enzyme catalysis. Chem. Rev. 98(2):705–62

www.annualreviews.org • Radical Chemistry in Metalloenzymes 105



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  U
ni

ve
rs

ity
 o

f U
pp

sa
la

 (
ar

-2
51

87
0)

 IP
:  

13
0.

23
8.

17
1.

17
7 

O
n:

 T
ue

, 0
7 

Ju
l 2

02
6 

08
:4

1:
01

BI95_Art04_Hogbom ARjats.cls May 28, 2026 1:14

7. Shevela D, Kern JF, Govindjee G, Messinger J. 2023. Solar energy conversion by photosystem II:
principles and structures. Photosynth. Res. 156(3):279–307

8. Styring S, Sjöholm J,Mamedov F. 2012. Two tyrosines that changed the world: interfacing the oxidizing
power of photochemistry to water splitting in photosystem II.Biochim.Biophys.Acta Bioenerg.1817(1):76–
87

9. Umena Y, Kawakami K, Shen J-R, Kamiya N. 2011. Crystal structure of oxygen-evolving photosystem
II at a resolution of 1.9 Å.Nature 473(7345):55–60
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X-ray data. PNAS 100(6):3209–14

130. Grāve K, Lambert W, Berggren G, Griese JJ, Bennett MD, et al. 2019. Redox-induced structural
changes in the di-iron and di-manganese forms of Bacillus anthracis ribonucleotide reductase subunit
NrdF suggest a mechanism for gating of radical access. J. Biol. Inorg. Chem. 24(6):849–61

131. John J, Aurelius O, Srinivas V, Saura P, Kim I-S, et al. 2022. Redox-controlled reorganization and
flavin strain within the ribonucleotide reductase R2b–NrdI complex monitored by serial femtosecond
crystallography. eLife 11:e79226

132. HögbomM, Stenmark P, Voevodskaya N,McClarty G, Gräslund A, Nordlund P. 2004. The radical site
in chlamydial ribonucleotide reductase defines a new R2 subclass. Science 305(5681):245–48

133. JiangW,YunD, Saleh L, Barr EW,XingG, et al. 2007. Amanganese(IV)/iron(III) cofactor inChlamydia
trachomatis ribonucleotide reductase. Science 316(5828):1188–91

134. Roos K, Siegbahn PEM. 2009. Density functional theory study of the manganese-containing ri-
bonucleotide reductase from Chlamydia trachomatis: why manganese is needed in the active complex.
Biochemistry 48(9):1878–87

135. Rose HR, Ghosh MK, Maggiolo AO, Pollock CJ, Blaesi EJ, et al. 2018. Structural basis for superoxide
activation of Flavobacterium johnsoniae class I ribonucleotide reductase and for radical initiation by its
dimanganese cofactor. Biochemistry 57(18):2679–93

136. Rozman Grinberg I, Berglund S, Hasan M, Lundin D, Ho FM, et al. 2019. Class Id ribonucleotide
reductase utilizes a Mn2(IV,III) cofactor and undergoes large conformational changes on metal loading.
J. Biol. Inorg. Chem. 24(6):863–77

137. Blaesi EJ, Palowitch GM, Hu K, Kim AJ, Rose HR, et al. 2018. Metal-free class Ie ribonucleotide re-
ductase from pathogens initiates catalysis with a tyrosine-derived dihydroxyphenylalanine radical.PNAS
115(40):10022–27

138. John J, Lundin D, Branca RM, Kumar R, Srinivas V, et al. 2025. Characterization of a second class Ie
ribonucleotide reductase. Commun. Biol. 8:281

139. Srinivas V, Lebrette H, Lundin D, Kutin Y, Sahlin M, et al. 2018. Metal-free ribonucleotide reduction
powered by a DOPA radical inMycoplasma pathogens.Nature 563(7731):416–20

140. Lebrette H, Srinivas V, John J, Aurelius O, Kumar R, et al. 2023. Structure of a ribonucleotide reductase
R2 protein radical. Science 382(6666):109–13

141. Tovar JD, Leblay R, Wang Y, Wojcik L, Thibon-Pourret A, et al. 2024. Copper–oxygen adducts: new
trends in characterization and properties towards C–H activation. Chem. Sci. 15(27):10308–49

142. Meier KK, Jones SM, Kaper T, Hansson H, Koetsier MJ, et al. 2018. Oxygen activation by Cu LPMOs
in recalcitrant carbohydrate polysaccharide conversion to monomer sugars.Chem. Rev. 118(5):2593–635

143. Welch EF, Rush KW, Arias RJ, Blackburn NJ. 2022. Copper monooxygenase reactivity: Do consensus
mechanisms accurately reflect experimental observations? J. Inorg. Biochem. 231:111780
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