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Abstract

Radicals in biology, once thought to all be bad actors, are now known to play a central role 

in many enzymatic reactions. Of the known radical-based enzymes, ribonucleotide reductases 

(RNRs) are pre-eminent as they are essential in the biology of all organisms by providing the 

building blocks and controlling the fidelity of DNA replication and repair. Intense examination of 

RNRs has led to the development of new tools and a guiding framework for the study of radicals 

in biology, pointing the way to future frontiers in radical enzymology.

Graphical Abstarct

Introduction

Radicals in biology are often vilified in the popular press as agents of aging and even death. 

For such portrayals, radicals are often categorized without distinction, and if mentioned, 

they are described as reactive oxygen or nitrogen species (ROS, RNS) such as O2•−, HO•, 

NO•.1 The origins of the small molecule oxygen radicals are traced to reactions with 
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reduced metals2 during the transition from an anaerobic to aerobic world >800 million 

years ago.3 Whereas O2 is essential to respiratory organisms, when left uncontrolled, its 

reductive metabolites can result in DNA damage, mutations, and cell death (Figure 1A). 

NO• is produced intracellularly from arginine by NO synthases. It can react with O2 or 

O2•− to produce RNS such as N2O3 and ONO2
− (peroxynitrite), respectively which can 

damage DNA (Figure 1A).4 O2•− and NO• are Janus-faced molecules. The former places an 

essential role in metal cluster assembly in enzymes and the latter plays an important role as a 

signaling agent.5

Radicals are actually found throughout biology. They play a central role in cofactor 

biosynthesis used to expand the repertoire of enzyme catalyzed reactions6 and are essential 

for many metabolic transformations in primary and secondary metabolism and in cell 

signaling. In addition, stable and transient amino acid radicals of tyrosine, cysteine, glycine 

and tryptophan within proteins (Figure 1B) play an important role in metabolism.7 The 

significance of radical based reactions was initially underappreciated because they are highly 

reactive species with “fleeting” lifetimes, making them difficult to observe on timescales 

accessible with common biochemical and biophysical methods of earlier times. The first 

inkling of “radicals” in proteins remained unidentified due to their exchange coupling to 

metals.8 However, in 1978, the first stable protein radical,9 a tyrosyl radical (Y•) in the E. 
coli ribonucleotide reductase (RNR) was structurally identified. Tyrosyl radicals of varying 

stability were subsequently established to be essential in electron transport from the reaction 

center to the O2 evolving complex of Photosystem II10 and in the electron/proton chemistry 

of the reduction of O2 to water by cytochrome c oxidase of the respiratory chain.11 The 

explosion of information from genome sequencing and analysis has revealed >500,000 

enzymes and proteins known to derive function from radicals,6,12 giving birth to the field of 

radical enzymology. This Perspective provides an overview of how Nature has harnessed the 

reactivity of radicals to carry out difficult and essential reactions with exquisite specificity, 

beginning with RNR as the exemplar, and then moving to new frontiers in radical chemistry 

and biology.

RNRs Central Role in DNA Replication and Repair

RNRs are essential for the conversion of four nucleoside di- and tri-phosphates (ND(T)Ps) 

to deoxynucleotides (dND(T)Ps) in all three domains of life and in all organisms. They 

play essential roles in the regulation of the fidelity of DNA replication, repair and cell 

survival.13,14 As with all things biological, homeostasis is paramount to controlling radical 

reactivity and is central to an organism’s biological function and survival.

A general mechanistic model for NDP(NTP) reduction evolved from early studies on the 

E. coli and L. leichmannii RNRs (class Ia and II, Figures 2)7,15 in conjunction with their 

x-ray structures that revealed the location of the three important cysteines shown in Figure 

2.16-18 These studies led to the classification of RNRs based on the metallocofactor involved 

in generating a cysteine radical (C•) (red C in Figure 2).19 This cysteine (C408 in L. 
leichmannii in class II, C439 in E. coli in class Ia and C290 in T4 phage in class III) in all 

RNRs is located at the tip of a finger loop inserted into a 10 stranded α/β barrel of their 

conserved α structures. This C• is central to initiating ND(T)P reduction by removal of the 
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3′-H atom (red H in NDP, Figure 2).7,15 The prominent role of RNRs in a broad range of 

radical-based reactions with avoidance of their self-destruction suggests that lessons learned 

from studies of these enzymes could provide a roadmap to Nature’s designs for controlled 

radical reactivity in all enzymes and offers new opportunities for drug design targeting the 

control of radicals.

Radical Transport in RNR

L. leichmannii RNR,17 a monomeric α, possesses the simplest pathway for C• generation 

(Figure 2) and was a keystone to generalizing radical initiation, transport and substrate 

activation for all other RNR classes. Stopped flow visible and rapid freeze quench EPR 

spectroscopic studies on the enzyme revealed formation of a C• that was exchange coupled 

to cob(II)alamin and was generated in a kinetically competent fashion.20

Class I RNRs, in contrast to the class II enzymes, require two subunits, α and β (Figures 

2 and 3A), for activity. Prior to a cryo-EM structure on a trapped, active α2β2 complex,21 

the field was guided by a symmetrical docking model based on the shape complementarity 

between the individual α2 and β2 structures.16 The oxidant to generate the C439•, is 

a diferric-Y122• cofactor located in β that resides 32 A from C439 (Figure 2). The 

generation of C439• by Y122• is reversible and radical transport (RT) between them 

occurs on every turnover of the enzyme. The pathway involves the five and possibly six 

amino acids (if W48 is involved) shown in Figure 2, that form transiently oxidized radical 

intermediates.16,22 Obtaining evidence in support of this model for RT and the subsequent 

chemistry of NDP reduction has been challenging as the rate-limiting step(s) in all RNRs 

is(are) conformationally gated, masking the chemistry of the long-range radical transfer 

pathway.

Quaternary RNR Structures

Diverse quaternary structures of RNRs regulate active and inactive states, mediated by 

dNTPs, ATP, and likely other small molecules. An allosteric specificity site (S-site, Figure 

3A) is essential for determining which dNTP or ATP effector controls which NDP is 

reduced.14,16,23 A second allosteric site in α, the activity site (A-site or cone domain in 

green, Figure 3A), requires further examination.24 ATP was initially proposed to be a 

universal activator and dATP a universal inhibitor. It is now clear, however, that quaternary 

structural changes of α, and α and β together, have evolved to generate “new” inhibited 

structures that can be controlled not only by dATP and combinations of ATP/dNTPs,25 

but by dAMP and other metabolites that remain to be discovered.26 The cone domain 

architecture is mobile and is also present in many bacterial transcription factors involved in 

regulation of deoxynucleotide metabolism, although the small molecule regulators remain 

unknown.24 Recently, studies with the clinically used nucleoside anticancer therapeutic 

(clofarabine, ClF)27,28 and prospective antibacterials (2-hydroxypyridone derivatives)29 have 

been proposed to work by trapping inhibited RNR states (Figure 3C); evidence suggests that 

an α6 hexameric state30 is trapped in the former case and that an α4β4 state31 in the latter 

case. These two inhibited RNR states have also been shown to occur inside cells.29,32
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Breakthroughs Enabling Radical Investigations in RNR

Rate limiting conformational steps often mask radical chemistry. The amino acid radical 

propagates in biology by transferring a H•, arising from the coupling of a proton to an 

electron. The high-energy barriers encountered by transferring an electron independent 

of a proton dictate that the coupled process must occur to maintain compatibility with 

physiological conditions. Because the proton resting mass is ~2,000 times larger than the 

electron, the wavelength of the proton is ~40 times shorter than that of an electron at 

a fixed energy. Consequently, proton transfer is fundamentally limited to short distances 

whereas the lighter electron may transfer over very long distances.33 Thus, small changes 

in proton distance induced by conformational changes can have significant impact on RT 

and overall enzymatic and cellular function. The RT pathway in RNR is exemplar of how 

small changes in the proton transfer distance can disrupt RT and enzyme function. As such, 

the study of radicals in the class I enzymes require conformational gating to be unmasked. 

Another complexity in class I RNRs is the mechanism of their cofactor assembly in β. 

Diferric-Y• cofactor formation in class Ia (Figure 2) requires in vitro, Fe2+, O2 and a 

reductant, and in vivo likely proteins involved in a biosynthetic pathway, both of which 

are incompletely understood.34 Accordingly, new methods (Figure 4) have been essential to 

unmasking radical chemistry in RNR. These methods are general and will be useful to study 

other radical-based systems.

Biochemical Methods.

Site-directed incorporation of unnatural amino acids (UAA) using orthogonal tRNA 

synthetase technology35 has played a central role in studying the E. coli class Ia RNRs. 

tRNA synthetases (RS)/tRNAs were evolved to incorporate UAA radical traps such as 

NH2Y, DOPA and FnYs (n=2,3) , which provide altered pKas and redox potentials (Figure 

4A).22,36,37 Placement and trapping of FnYs• in the RT pathway due to their unique EPR and 

vis spectroscopic handles have been especially central to understanding RT.

Cryo-EM.

The cryo-EM structure of an active E. coli RNR21 with both subunits, α and β present 

(Figure 3B), has displaced the Uhlin and Ekund docking model.16 Disorder of the C-

terminal tails of both subunits in all class I RNRs has presented a major obstacle to 

understanding RT and reactivity. In α, the tail is essential for re-reduction of the active 

site disulfide (Figure 2) that provides the reducing equivalents for dNDP produced during 

each turnover. For β, the terminal ~35 amino acids of the tail are disordered with the last 15 

paramount to α2 interaction,38,39 which is weak and dynamic. Studies with several trapped 

radicals in the RT pathway resulted in enhanced α/β affinity40 and in conjunction with 

the kinetics of their radical transfer, suggested a time course for freezing each sample for 

cryo-EM analysis. Indeed, an active α2β2 complex with a β-Y356• was successfully trapped 

during back radical transfer with a double mutant (F3Y122•/E52Q-β2) with α2, GDP and 

TTP.41 In this trapped state, one dGDP was formed along one arm of the α′/β′ complex. 

Switching radical transport to the second arm of the α/β pair caused alignment of the radical 

transport pathway. This structure (Figure 3B) provided the first visualization of the subunit 

interface and the entire C-terminal tail of β, which moves into α enclosing the active site 
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when the correct substrate and effector pair are bound (orange, Figure 4C). Within this 

sequestered environment, the radical chemistry involved in dNDP formation occurs rapidly 

and with exquisite specificity.

Multi-Frequency and High-Field (HF) EPR.

Multifrequency HF-EPR methods (Figure 4E) have been used in conjunction with 

specifically located FnYs and NH2Ys within the RT pathway.42-45 They have been central to 

elucidating the mechanism of RT and revealing the flexibility of RT pathway residues (e.g., 

Y731-α) and the importance of structured water at the α/β interface. Trapping of FnY•s 

within the RT pathway and monitoring their equilibration with other pathway Ys have been 

possible due to HF-EPR and the hyperfine interactions associated with the 19F magnetic 

nuclei.22,46 These studies are consistent with the proposed uphill thermodynamic landscape 

for the journey of the radical from Y122• to C439• in the forward direction and the rapid 

downhill regeneration of Y122• in reverse direction.47 ENDOR has allowed examination 

of the interaction of magnetic nuclei (1H, 2H, 19F) with trapped radicals in the pathway 

giving distances and orientations.42,45 PELDOR methods have provided the first picture of 

an active, asymmetric α2β2 complex and the importance of stacked Y731/Y730 pairs within 

α2 of the complex.48 These studies and rapid chemical quench studies to monitor product 

formation led to a model where dNDP formation in one α/β pair happens prior to dNDP 

formation in the second pair. The mechanism of conformational switching from α′/β′ to 

α/β (Figure 3B) remains a mystery.

Photo-RNRs.

Photo-RNRs uncouple conformational gating from radical generation and transport. The 

photo-RNRs are effectively a “RNR photosystem” that allows radicals to be generated 

promptly and kinetics to be observed with precision (ns to ms timescales). A photooxidant 

(PO) attached site-specifically to the C-terminal tail of β2 enables the light-mediated 

generation of Y356• at the α/β interface (Figure 4D).49 The success of the method in 

retrospect is due to the asymmetry in the active RNR structure, allowing for the PO to 

be accommodated without significantly interfering with subunit association (Figure 4C and 

4D). Rapid kinetics experiments provided the first measurements of the “fast chemistry” 

of RT and of 3′C-H bond cleavage of NDP reduction with the normal substrate and 

mechanism-based inhibitor within the C-site of α.50 Variants of photo-RNR studies using 

FnY356 amino acids as a function of pH, have also allowed direct interrogation of RT across 

the subunit interface and the importance of water channels in managing proton transfer 

within the subunit interface.51

Proton-Coupled Electron Transfer (PCET).

RT may be deconvolved into PCET events embodying the proton and the electron.33 

Prior to the discovery of radicals in biology, PCET had been treated at a thermodynamic 

level, as it was known that protons affect redox potentials of cofactors.52 Mitchell first 

recognized the importance of the energetics of electron-proton coupling with his proposal 

of the chemiosmotic principle.53 From a kinetics perspective, PCET had been inferred from 

isotope effects on the overall rates of reaction, but had not been isolated until supramolecular 

donor-acceptor complexes, which allowed for the movement of an electron coupled to a 
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proton to be temporally resolved.54,55 On this experimental foundation, the first theory of 

PCET emerged33 in which the electron transfer was treated on one coordinate and the proton 

transfer was treated on an orthogonal coordinate – giving rise to the “square scheme” for 

PCET.

Within this framework of PCET, a model for RT in the RNR complex was proposed to 

involve different PCET mechanisms for RT in the α and β subunits.22,56 In β, oxidation 

and reduction of the Y122 and Y356 are coupled to orthogonal proton hops (to water in 

the interface for Y356 and water bound to the diiron cofactor for Y122), coupled to a 

long-distance electron transfer through β. Conversely, PCET in α is unidirectional in which 

a proton shift among amino acids and possibly structured waters accompany the transfer 

of the electron between the Y731 interface residue and active site C439. PCET has also 

provided a guiding framework for deciphering the active site chemistry where redox events 

are tightly coupled to proton transfers to glutamates and cysteines within the active site.48

Frontiers in Radical Biology Emerging from RNR

The remainder of this Perspective describes four targets of opportunity in basic and 

translational science associated with the radical chemistry of RNR and other enzyme 

systems, and a final thought on the enigmatic role that RNR may play in the origin of 

life.

Metallocofactor Assembly in Cells and in vitro.

An estimated one third of all proteins require metallocofactors of varying complexity for 

activity.34 These cofactors often utilize biosynthetic machinery for their assembly and repair 

if they become damaged. Identifying the protein networks and obtaining homogeneous 

metallocofactors are essential for understanding their biology in the cellular context and the 

chemistry of their catalytic transformations.

Class I RNRs have a diverse array of metallocofactors that must be assembled correctly to 

produce active enzyme. The diferric-Y• cofactor of the E. coli class Ia in an α2β2 complex 

was once thought to be a paradigm for all class I RNRs. However, recent discoveries of class 

Ib-Ie RNRs with very different cofactors for radical generation (Table 1),18,57- 62 despite 

sharing the same β framework, challenges this premise. For class I RNRs, new method(s) 

to obtain a homogenous metallocluster in β2 is(are) essential for obtaining structural insight 

about active α2β2 and its dynamics or other active states, the role of the metallocluster in 

long range RT, and to target metallocofactor assembly with therapeutics.

The importance of homogenous metallocluster formation in cells and in vitro extend far 

beyond RNR. Non-heme iron mononuclear, binuclear and FeS species are ubiquitous and 

recent studies in S. cerevisiae, show they are linked to each other through regulatory 

mechanisms, which are actively being investigated.63 Development of new methods to 

provide greater insight about metallocofactor assembly strategies will set a foundation for a 

quantitative biochemistry for a large expanse of iron-based and other metalloenzymes.
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Dynamics of Regulatory Proteins.

The structural basis for conformational gating of active and inactive states of regulatory 

enzymes in biology remain difficult to define due to the challenges associated with the 

lifetime of the states and their interconversions, and the sensitivity of the methods for the 

detection of mixtures of their often closely related structures. Cryo-EM offers, a unique 

opportunity to trap conformationally-gated active and inactive states under physiological 

conditions. While still early days, an understanding of regulation by conformation 

will be forthcoming by combining trapped cryo-EM structures with new biochemical, 

spectroscopic, and computational methods.

RNR is paradigmatic in its ability to use conformation to control the reactivity of radicals. 

The biochemistry enabling the E. coli Ia RNR cryo-EM structure sets the stage for trapping 

other distinct conformations of α2β2 during both forward and reverse RT. The tools to 

study RNR chemistry, mechanism-based inhibitors and UAA trapping of RT residues, 

may provide ways to trap RNRs in distinct states.48 Obtaining a number of moderately 

homogenous trapped states analyzed by cryo-EM in conjunction with method development 

for deconvolution of structurally similar states within one sample, may lead to a model for 

the conformational dynamics of the E. coli RNR during turnover.

In the class Ia RNRs the active state(s) is(are) in dynamic equilibrium with inactive state(s), 

providing an important mechanism to manage the ratios and amounts of dNTP pools. The 

recent discovery of dATP-α4β4 inhibited state in the E.coli RNR31 and its perturbation by 

2-hydroxypyridone inhibitors29 will provide insight about the dynamics of nucleotide-state 

interconversions and mechanisms of small molecule perturbations. In the class Ia human 

RNRs, despite the α,β structural homology with the subunits of E. coli, no high-resolution 

structures of the metallocofactor centers of β2s or any active α/β complexes, have been 

reported. The dATP-inactivated state is an α6 ring structure with no β (Figure 3C)30 and 

α is also hexameric in the presence of ATP and other dNTPS.25 The dynamics of α6 and 

its interaction with an undetermined number of β2s to generate an active state(states) also 

remain undefined.30,64 The central role of RNR in DNA replication and repair biology 

provides an imperative for an understanding of the structures of the human RNR subunits, 

their active and inactive states and the dynamics of quaternary structural interconversions.

Radical Chemistry Beyond Tyrosine.

Tyrosyl radical has been preeminent in studies of radical-based enzymes due to the ease of 

their detection by visible and EPR spectroscopies. However, RNRs have also highlighted 

the importance of C• and glycyl radicals (G•). The glycyl radical enzymes65 a small subset 

of the rSAM superfamily (SF) of enzymes,6,12,66 often catalyze C• formation, and are 

of interest in the human microbiome and metabolic engineering.67 Sulfur radicals have 

been proposed in a number of enzymatic transformations, but have eluded detection as 

they are not easily observed due to their weak absorption features and unusual electronic 

structure and EPR parameters.68 Their importance has firmly been established within RNRs 

by trapping them with bond formation to adjacent residues allowing for their detection 

when subsequent transformations are blocked.69 In the absence of such protein protective 

mechanisms, advanced methods will be needed to uncover them in biology (Figure 4A, 
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4D, 4E), including among others, site-specific incorporation of selenocysteine using UAA 

engineering.70 Development of these methods will provide ways to further probe the 

importance of amino acid C• and other radical-mediated transformations, many, of which 

will involve, unprecedented chemistries, as with RNRs. Genomics and bioinformatics have 

revealed that the rSAM SF of enzymes has >500,000 members.66,71 They employ the 

iron-sulfur cluster to bind SAM to reductively cleave it to generate 5-deoxyadenosyl radical 

via an organometallic intermediate,71 which then abstracts H-atoms to give rise to a large 

swath of carbon centered radicals to drive diverse chemistry and enzymology. Though the 

function of most members of this SF remain to be discovered, those characterized to date are 

harbingers of an exciting frontier in radical chemistry.

Radicals as Targets of Advanced Therapeutics.

RNRs are essential in the viability of all organisms as they are key responders to states 

arising from DNA mutations. RNRs control the amounts and ratios of dNTP pools in 

collaboration with editing domains of DNA polymerases, the mismatch repair pathway, and 

damage response pathways that deal with replication stress.72,73 Distinct features between 

the human, bacterial, and viral RNRs also suggest that these enzymes provide unique targets 

for selective therapeutic intervention.48 RNR function involves controlled radical chemistry, 

disruption of which could lead to a number of therapeutic targets (Figure 5) including: (A) 

interruption of the assembly of the essential metallocofactor or its repair, (B) inhibition of 

radical chemistry in the active site, and (C) promotion of inactive states that disrupt the RT 

pathway. For all drug design investigations, high throughput assay development inside the 

cell and in vitro will be essential.74 Promising paths for advanced therapeutics are:

(A) Selective disruption of cluster assembly.—The human β2, a tumor promoter 

often overexpressed in chemoresistant tumors, is a therapeutic target. Drugs that interfere 

with the assembly of the iron-Y• cofactor provide a unique opportunity for therapeutic 

intervention.75,76 However, extensively investigated compounds such as triapine (TP)77 and 

hydroxyurea (HU)78 (Figure 5) suffer from lack of specificity. Thus, cofactor targeting alone 

will be challenging, given the connection of this process to the machinery that controls Fe 

homeostasis and oxidative stress.

(B) Small molecules that reversibly bind to the C-site in α.—Napthylsalicylacyl 

hydrazine reversibly binds the C-site of human α279 and has been a starting point to screen 

for and design more potent non-nucleoside inhibitors. However, a singular focus on α2 may 

not be sufficient as E. coli Ia cryo-EM structure has recently shown that the disordered 

C-terminus of β closes transiently over the C-site in α to form a tightly enclosed cavity.21 

If a similar strategy is used by the β tail of human RNR, then consideration of the β tail in 

conjunction with the α active site reversible binders represent a new way to target RNRs. 

The β tail (C-terminal, ~last 15 amino acids) in itself presents an opportunity to inhibit 

subunit interaction, as peptide-X in Figure 5 has been shown to be a potent therapeutic of 

Herpes simplex virus RNR.80,81

(C) Small molecules that promote inhibited quaternary structures.—
Mechanism-based inhibitors such as gemcitabine (F2C), which targets both the human 
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and E. coli Ia RNRs, are used clinically.82 One equivalent F2CDP (Figure 5) per α2β2 

is sufficient for inactivation and the enzymes are trapped in distinct states in the presence 

and in the absence of reductants.83 Whereas mechanism-based inhibitors have been the 

historical path of RNR drug design, the design of drugs that promote inhibited quaternary 

structures provide a new opportunity for the development of selective therapeutics, as 

bacterial and human RNRs have different inactive states (Figure 3C). The ClF therapeutic 

in its triphosphate (ClFTP) and diphosphate (ClFDP) states (Figure 5) can trap human RNR 

in stabilized, inhibited α6 state(s) in vitro27,28 and in cells.32 ClFDP binds in the C-site and 

ClFTP binds to the A-site, cone domain (Figure 5).27 Since E. coli RNR does not form an 

α6 state, it is not inhibited by ClF nucleotides. Recently, multidrug resistant N. gonorrhoeae 
strains have been shown to be responsive to several 2-hydroxypyridone analogs. Their 

targets appear to be the α4β4 inactive state in vitro and they show in vivo efficacy in a 

mouse model.29 Recent reports of unusual inhibited quaternary structures of class Ia, Ib and 

Id RNRs26,84-86 suggest that trapping other RNRs may be possible for obtaining structures 

for cryo-EM analysis and for guided inhibitor (re)design.

Evolution of a DNA World from a RNA World

The transformation of a RNA world to a DNA world is the subject of lively scientific 

debate.87 RNRs are currently the only way in biology to make deoxynucleotides in all 

organisms, and as depicted in Figure 2, C• chemistry is central to promoting the conversion 

of RNA to DNA building blocks. This conserved C• chemistry and the SAM bound-FeS-

metallocofactor central to the large rSAM SF of “ancient” enzymes, suggest that long 

overlooked sulfur chemistry deserves further study.

Prebiotic chemistry studies have long indicated the building blocks for RNA and proteins 

can be made abiotically. Newer studies suggest that ara- and deoxy-pyrimidine nucleotide 

building blocks can be made using thiouridines, light, and H2S reductant.87 RNR has 

begun to reemerge in the continued discussions about the conversion of an RNA to a 

DNA/protein world. Using the current understanding of the RNR mechanism involving 

thiols, radicals, and a putative prebiotic environment (H2S, S•), computational methods 

have led to the proposition of several feasible mechanisms for nucleoside/ deoxynucleoside 

interconversion.88

A second issue concerns the evolution of the unprecedented long-range RT pathway (Figure 

2) observed in the class I RNRs and brings this Perspective full circle to the control of 

radical reactions for challenging transformations and the avoidance of oxidative stress. The 

β2 subunit of class I RNRs are members of the ferritin SF of enzymes, with all members 

sharing a four-helix bundle architecture and binding sites for two redox active metals. 89 

This SF may have evolved from an anoxic ocean 1.8-0.8 billion years ago during the 

transition to an aerobic world,3 to perhaps help ameliorate self-destruction by the “bad 

radicals” produced by the Fe(II) and Cu(I)-mediated reductive metabolites of O2. Ferritin 

currently sequesters iron and is an important contributor to protecting organisms from the 

“bad” radicals. So how did this four-helix bundle scaffold become the current structural 

basis for β2s that generate an active dimetallocofactor using O2, or O2
•− or H2O2 to initiate 

a reversible oxidation over the 32 Å that involves the amino acid radical transport chain 
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shown in Figure 2? Both cluster assembly and long-range RT in all class I RNRs are 

essential to making DNA building blocks, essential for fidelity of DNA replication and 

repair, while avoiding self-destruction. While the answer to this issue remains elusive, RNRs 

have provided us with new ways to think about the importance and the central role of 

controlled radical chemistry in biology and chemistry.

Concluding Remarks

A large number of enzymes are now known to or postulated to derive their function 

from radical chemistry. These enzymes perform diverse metabolic roles while maintaining 

specificity and limiting the production of reactive oxygen and other destructive species. 

Penetrating studies on the radical chemistry and biology of RNRs have provided the 

community with new tools and a guiding framework for future studies aimed at 

understanding the chemistry and biology of radicals, and the treatment of their associated 

disease states.
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Figure 1. The dichotomy of radicals in biology.
(A) Reactive oxygen radicals such as O2•

−/HO• are often generated as the inadvertent 

consequence of our external or intracellular environments. While O2 is stable, in the 

presence of Fe(II) and Cu(I), ROS are produced. NO• is produced intracellularly by 

NO synthase. Its reaction with O2 or O2•
− generate RNS. Both ROS and RNS if left 

to their own demise, can modify DNA, proteins, and lipids and contribute to the aging 

process and diseased states. (B) In contrast, Nature harnesses the reactivity of radicals 

to mediate challenging, essential reactions in biology with exquisite specificity. Enzymes 

involved in primary and secondary metabolism often require cofactors such as flavins 

(FAD), thiamin pyrophosphate (TPP), pyridoxal phosphate (PLP) that can be involved in 

controlled radical-based reactions. Stable and transient amino acid radicals of tyrosine 

(Y•), glycine (G•), cysteine (C•) and 5′-deoxyadenosine (5′-dA•) play essential roles in 

ribonucleotide reductases (RNRs). These enzymes make the deoxynucleotides essential for 

DNA replication and are central in the fidelity of the damaged DNA repair. The RNRs and 

their associated amino acid radicals are the focus of this Perspective.
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Figure 2. Thyl radical initiation in RNRs.
RNRs catalyze de novo deoxynucleoside (di or triphosphates) biosynthesis in all organisms 

initiated by a cysteine thiyl radical, red C•, in the protein α. It is generated by distinct 

metallocofactors that define the three classes of RNR (I, II and III). In class I, this process 

requires a second subunit β (which is part of a homodimer β2) with the metallocofactor 

initiating C• formation over 32 Å. This process involves a reversible RT pathway with 

multiple PCET steps involving 4Ys (122, 356, 731, 730), a C (439) and possibly a 

tryptophan (W48). Residue numbers are for E. coli Ia RNR. The wavy lines indicate that 

the amino acid radicals are part of the protein. The class II RNRs use adenosylcoblamin 

(AdoCbl, with a DMB axial ligand(dimethylbenzimidazole). The class III RNRs also require 

a second protein, the activating enzyme, that uses S-adenosylmethionine and an [4Fe4S] + 

cluster to generate its glycyl radical (G•). The G• then generates the C• in α. In general, 

the reducing equivalents to make the deoxynucleotides are supplied by oxidation of two 

additional cysteines in α to a disulfide. They are recycled by reducing equivalents supplied 

by redoxin systems such as thioredoxin (Trx), thioredoxin reductase (TrxR) and NADPH. 
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In a subclass of class III RNRs, formate is oxidized to CO2 and supplies the reducing 

equivalents (gray).

Stubbe and Nocera Page 18

J Am Chem Soc. Author manuscript; available in PMC 2022 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Subunit, active, and inactive structures of class I RNRs.
(A) The α (cyan/blue) and β (red/orange) subunits in the E. coli class Ia RNRs are each 

homodimers. α has three nucleotide binding sites: the catalytic site (C-site), the specificity 

site (S-site) and the activity site (A site or cone domain, green) in α2, and the radical 

initiation metallocofactor in β2. The C- and N-termini tails are disordered, indicated by 

colored dashed lines. (B) The only RNR structure of an active α2β2 complex is an E. coli 
double mutant that has been trapped in the presence of substrate and effector and solved by 

cryo-EM. C Structures of dATP inhibited states α4β4 in E. coli and α6 in human Ia RNRs 

have been solved crystallographically and by cryo-EM.
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Figure 4. Methods to investigate radicals in RNRs:
(A) site-specific incorporation of UAA; (B) mechanism-based inhibitors; (C) cyro-EM; 

(D) radical photogeneration with a covalently attached photooxidant (PO, a [ReI] complex 

bound to C355 in β; and, (E) high field and multifrequency (9.4, 34, 94, 263 GHz) 

paramagnetic resonance methods (figure adapted from multifrequency studies of Bennati 

and coworkers42,43,45).
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Figure 5. Therapeutics that inhibit RNRs by distinct mechanisms.
Chlofarabine (ClF) as the diphosphate (ClFDP) and ClFTP reversibly bind to the C-site and 

A-site of α respectively resulting in formation of “stable” inhibited α6 states. Gemcitabine 

(F2C) as F2CDP binds to the C-site of α and requires the presence of β to form an active 

RNR and become a mechanism-based, irreversible inhibitor. Both ClF and F2C are used 

clinically. Hydroxyurea (HU) and triapine (TP) target β and interfere with the assembly 

and/or stability of its diferric-tyrosyl radical cofactor. HU is used clinically and triapine is 

in ongoing clinical trials. The peptide-X analog targets uniquely the herpes simplex virus 

(HSV) RNR, by specifically binding to its α, interfering with α/β subunit interactions and 

thus active HSV RNR formation.
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Table 1.

Class I cofactors for radical generation.

Class Amino Acid M1 M2 Ref

Ia Y• Fe3+ Fe3+ 18

Ib Y• Mn3+ Mn3+ 57

Ic F Mn4+ Fe3+ 58

Id Y Mn4+ Mn3+ 59,60

Ie DOPA• NH3
+-K – 61,62
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