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Abstract

Ribonucleotide reductases (RNRs) are a diverse family of enzymes that are alone capable of 

generating 2′-deoxynucleotides de novo and are thus critical in DNA biosynthesis and repair. The 

nucleotide reduction reaction in all RNRs requires the generation of a transient active site thiyl 

radical, and in class I RNRs this process involves a long-range radical transfer between two 

subunits, α and β. Due to the transient subunit association, an atomic resolution structure of an 

active α2β2 RNR complex has been elusive. Here we use a doubly-substituted β2, E52Q/(2,3,5)-

trifluorotyrosine122-β2 to trap wildtype-α2 in long-lived α2β2 complex. We report the structure 

of this complex by cryo-electron microscopy to 3.6-Å resolution, allowing for structural 

visualization of a 32-Å-long radical transfer pathway that affords RNR activity.

One Sentence Summary:

A structure of the long-range radical transfer pathway within a ribonucleotide reductase.

Ribonucleotide reductases (RNRs) convert ribonucleotides into deoxyribonucleotides and 

generate the deoxyribonucleotide pools needed for DNA biosynthesis and repair (Fig. 1A, 

S1). Due to these activities, RNRs are drug targets, with several FDA-approved RNR 

inhibitors employed clinically in the treatment of various forms of cancer (1). For all RNR 

classes, catalysis entails formation of a protein-based thiyl radical species in the active site 
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(2). In the case of the prototypic class Ia RNR from Escherichia coli, the generation of this 

thiyl radical species occurs on the α2 subunit (C439α•) and involves a long-range radical 

transfer from the β2 subunit’s diferric-tyrosyl radical cofactor (Y122β•) (Fig. 1B (3). The 

distance that radical species must travel has been estimated to be an incredibly long 35–40 

Å, based both on pulsed electron-electron double resonance (PELDOR) spectroscopy (4) 

and on a docking model of an α2β2 complex that was based on shape complementary of the 

separate α2 and β2 crystal structures (Fig. 1C, S2A) (5). Importantly, this radical transfer, 

which is proposed to occur through a series of reversible proton-coupled electron transfer 

(PCET) steps, does not involve typical electron-transfer cofactors, but instead requires a 

series of conserved aromatic amino acids (2, 3, 5, 6) (Fig. 1B). Key residue Y356β has never 

been structurally visualized; this residue is located on the C-terminal β-tail (residues 341β
−375β), which is disordered in all β2 structures. The goal of this study is to provide a 

structure of the active α2β2 state of an RNR that has the critical β-tail ordered and the intact 

PCET pathway visualized.

There are two main reasons why obtaining such a structure has eluded researchers. First, the 

α2β2 interaction that affords thiyl radical generation is transient, with a koff for β2 from α2 

of greater than 60 per sec (7). The PCET pathway is intact during the radical transfer 

process; however, following the return of the radical to β2, the PCET pathway disassembles. 

Second, the active α2β2 state is in equilibrium with an inactive α4β4 state (8). The shifting 

of this equilibrium between active and inactive states is responsible for regulating RNR 

activity in response to deoxyribonucleotide levels in E. coli (Fig. S2B) (8). For these two 

reasons, the structure of the active form of RNR has been elusive, requiring some means of 

trapping the active state to slow subunit dissociation and limit oligomeric state change.

Here we succeed in trapping the active state of RNR by using a previously studied doubly-

substituted E52Q/(2,3,5)-trifluorotyrosine122(F3Y122)-β2 (9) with wildtype-α2 in the 

presence of substrate GDP and specificity effector TTP (Fig. 1D). The overall resolution is 

3.6 Å, with local resolution ranging from ~3.3 Å within the core of the protein complex to 

5.5 Å on the α2 surface (Fig. S3, Table S1). Regions of highest resolution show clear 

density for side-chains (Fig. S4). Importantly, we further demonstrate that this RNR 

construct is active: it is capable of forming product (1 equivalent of dGDP per dimer), and it 

forms a pathway radical (Y356•) in a kinetically competent manner (Fig. S5). This structure 

addresses key questions about RNR and about biological PCET, including how PCET 

residues are arranged with respect to each other and to possible proton acceptors/donors; the 

molecular basis for the conversion of a disordered stretch of 20 amino acids into an ordered 

PCET pathway; why the PCET pathway disassembles after every round of turnover; the 

factors that trigger pathway disassembly and assembly; and to what degree the structure of 

an active RNR state looks like the docking model.

The first striking observation from our structure is that unlike the E. coli RNR symmetric 

docking model (Fig. 1C), the cryo-EM structure of the α2β2 complex is asymmetric (Fig. 

1D). The α2-β2 interface is formed primarily between one α monomer and β2, and minimal 

interaction with the other α monomer (hereafter referred to as α′) (Fig. 1D). This 

positioning of subunits precludes the simultaneous formation of two radical translocation 

pathways, which is consistent with prior evidence for half-sites reactivity such as the 
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observation that one equivalent of the cancer drug gemcitabine diphosphate inactivates both 

α monomers (10) We now see that only one α subunit can turnover at a time. Additionally, 

this finding of asymmetry is consistent with previous structural snapshots of class Ib RNRs 

(11, 12), the first of which is a structure that is best-described as β2 dangling off of one α 
monomer (Fig. S2C) (11).

We are able to visualize all residues of the elusive β-tail, including Y356 and the ~20 

residues within the ~35 residue-long β-tail (residues 341–375) that have been disordered in 

previous structures (Fig. 2A). Consistent with complex asymmetry, the tail of the other β 
monomer (hereafter referred to as β′) is only resolved up to residue 341 (of 375). The 

ordered β-tail extends far into the active site cavity in α, coming into direct van der Waals 

contact with substrate before making a sharp turn and extending back toward the β subunit, 

and finally looping around to a groove on the side of α (Fig. 2A, S6). This observation 

immediately allows us to answer the question of why the PCET pathway disassembles after 

every round of turnover: the β-tail completely sequesters the active site such that product 

dissociation would necessitate β departure (Fig. 2B, S7).

Additionally, this structure suggests how the binding of substrate/effector pairs could 

facilitate β-tail binding and PCET pathway assembly (See Fig. S1)substrate/effector pair 

explanation): the β-tail binding pocket simply does not exist as a pocket in the absence of 

substrate. Substrate itself forms the top of the pocket (Fig. 2B,C) and the right-side of the 

pocket is formed by a β-hairpin from the α subunit that is known to swing-in toward the 

active site when substrate-effector pairs are bound (13, 14) (Fig. 2C). Although we do not 

fully understand why this β-hairpin is swung-in in the presence of cognate substrate-effector 

pairs, our E. coli RNR structures bound with all four of these pairs (CDP/dATP, UDP/dATP, 

GDP/TTP, and ADP/dGTP) (13) show this swung-in position of the β-hairpin whereas 

substrate-free or effector-free structures do not. In this cryo-EM structure, we observe the 

same recognition mode for GDP/TTP as was described before (13) (Fig. S8), and again find 

a swung-in β-hairpin (Fig. 2C). Residues 643α−647α of this hairpin run parallel to residues 

343–346 of the β subunit, forming a mini β-sheet, and securing β in position for radical 

transfer (Fig. 2C, S9).

Further stabilization of the β-tail in its α binding pocket is derived from side chains of β-

residues Q349β and E350β (Fig. 2C, S9, Table S2). Q349β contacts PCET residue Y730α 
and E350β contacts K154α near the effector binding site and S647α of the β-hairpin. E350β 
is known to play a critical role in catalysis (15, 16) and in PCET gating (17), and we can 

now propose why this is the case. E350β appears to act as a latch, stabilizing the β-tail and 

thus the PCET pathway when substrate-effector pairs are bound and the active site is ready 

for catalysis. Notably, the β-hairpin is also present in class II RNR and shifts inward upon 

adenosylcobalamin binding to secure this cofactor in position for thiyl radical formation 

(18). Its conservation in class I RNRs was thought to be a vestige, but now appears to be 

playing an analogous role but with a different radical-cofactor. In both cases, this β-hairpin 

secures the cofactor for thiyl radical generation, which for class II RNR involves positioning 

adenosylcobalamin for a ~3.5-Å direct radical transfer to Cys, and for class Ia RNR involves 

positioning a PCET pathway for a ~35-Å remote radical transfer.
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The full PCET pathway is structurally resolved in our structure, revealing the position of 

Y356β relative to the other key residues along the PCET pathway (Fig. 3A), and showing 

that the radical-transfer distance is, in fact, extraordinarily long. The total distance from the 

hydroxyl group of F3Y122 in β to the thiyl group of C439 in α is 32.4 Å, close to the 

estimated 35–40 Å (4, 5). Several features of this pathway immediately stand out, including 

the position of W48β directly in between Y122β and Y356β (Fig. 3A). W48β’s role in 

PCET (if any) has been enigmatic, since substitution of this residue inactivates RNR at a 

step prior to PCET, i.e. cofactor formation (19). Now seeing W48β’s location, positioned at 

the edge of the β subunit just before Y356β, prompts us to propose that this residue plays a 

role in gating PCET to prevent radical loss when the β-tail is not ready to receive a radical 

species. Such a role will be hard to test experimentally, but could be probed computationally.

Also noteworthy are the differences in distances between PCET residues in β and those in α 
(Fig. 3A). PCET residues in α are 2.8–3.5 Å apart and side-chains of Y730α and Y731α are 

stacked, consistent with colinear transfer of an electron and a proton as suggested 

experimentally (20, 21). In contrast, PCET residues in β are 8.0–12.1 Å apart and the side-

chain of Y356β is not stacked with the other PCET residues. These latter distances are 

consistent with orthogonal electron and proton transfer (22), as well as with electron-transfer 

distances observed between cofactors within other enzymes (23).

Despite the fact that PCET requires proton donors and acceptors, key PCET residue Y356β 
does not make direct contact with any side-chains that could act as proton donor/acceptor. 

Y356β is however, surrounded by polar residues that could make through-water contacts 

(Fig. 3). Water molecules have been implicated in orthogonal proton transfer based on 

spectroscopic studies (24–26), including the proton transfer to Y122β by a water molecule 

on Fe1, which has been proposed to initiate forward PCET (22) (Fig. 1B). Polar residues 

along the PCET pathway of note include E52β (Q52β in this structure), which sits at the 

nexus of three polar-residue regions (colored yellow, pink and green in Fig 3D). In 

particular, Q52β is located directly at the α2-β2 interface where it contacts α residue N322 

(Fig. 3B), which in turn is adjacent to Y356β and R411α. The latter residue has been shown 

to affect the conformational flexibility of PCET residue Y731α (26) (Fig. 3D-pink). 

Additionally, E52β was previously shown to be part of a protracted hydrogen-bonding 

network that extends all the way into the core of the β2 subunit to the diiron cluster (9) (Fig. 

3C, 3D-yellow, S10), and finally this structure shows that Q52β is next to a loop containing 

E326 from both α and α′ in a region of the structure that leads to bulk solvent (Fig. 3D-

green). Whereas α makes the vast majority of interactions with β, α′ does help form this 

part of the α-β interface. Overall, we speculate that E52β’s essential function (9) is related 

to the proton transfer component of PCET, and we posit that residues and water molecules in 

the yellow and pink highlighted regions will be involved in proton transfer, with the residues 

in the green region providing the route for proton release to solvent.

Thus far, we have focused on α-β interaction, but the α′ structure is also worthy of 

comment. From the biochemical analyses of these RNR constructs ((9), Fig S5), we know 

that the α2β2 becomes trapped after a single turnover event, i.e. after one α subunit 

generates product. Consistent with these biochemistry results, α′ appears to be the subunit 

that underwent turnover, whereas α appears to be the one that is in the pre-turnover state 
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(Fig 4). Briefly, the active site of α (Fig. 4A, S11A) has clear density for a nucleoside 

diphosphate, and no evidence of a disulfide between C225 and C462, the two redox-active 

cysteines that become oxidized concomitant with turnover (27). In contrast, α′ (Fig. 4B, 

S11B) has no observable density in the active site corresponding to substrate/product, and 

the C225/C462 pair has density suggestive of a disulfide, indicating that nucleotide 

reduction and dithiol oxidation has occurred.

The oxidation of the C225/C462 cysteine pair is accompanied by a ~3 Å shift of Cα of both 

C225 and C462 towards the thiyl radical-forming C439 (Fig. 4C). This movement mirrors 

that observed in previous α2 crystal structures with reduced (13) and oxidized (14) cysteine 

residues (Fig. S11C, D). Notably, the disulfide generated by catalysis physically occludes 

the active site (Fig. 4B), likely facilitating product release. However, our structural data 

show that product cannot leave when the PCET pathway is intact as its exit is blocked (Fig. 

2B). Thus, a possible molecular mechanism for PCET pathway dissolution involves disulfide 

formation ‘pushing’ on product, and product ‘pushing’ on β, causing β to swing from α′ to 

α (Fig. S12). The displacement of β from α′ also appears necessary for the re-reduction of 

the active site disulfide, which is completely buried when the PCET pathway is intact. We 

observe that α′ still has its specificity effector bound, indicating that product loss is not 

necessarily coupled with that of the substrate-specificity effector.

These structural views of α and α′ provide insight into both PCET pathway assembly and 

disassembly, respectively, suggesting how substrate binding could serve to create the PCET 

pathway pocket, and how turnover (cysteine oxidation) could send a molecular push 

enabling pathway disassembly. The elegance of this molecular design has not escaped our 

attention, with one binding event/catalytic step triggering the next, guiding this enzyme 

through a series of elaborate conformational rearrangements that produce the requisite 

deoxynucleotide levels for DNA biosynthesis and repair.

The structure of the α2β2 active complex presented here is the culmination of decades of 

biochemical and structural studies (3, 7–9, 28–31) (Fig. S13) and provides a powerful 

example of the utility of unnatural amino acids for trapping transient protein-protein 

complexes. It also provides an illustration of the benefit of cryo-EM for studying transient 

enzyme complexes. Use of the doubly-substituted β2 slowed complex dissociation to the 

minute time scale of cryo-EM grid generation, but not to the hour-day time scale that 

crystallization requires. Without the resolution revolution that the cryo-EM field is 

experiencing, this work would not have been possible. These resulting structural data will 

serve as a launching point towards answering other long sought-after questions about both 

biological PCET and RNR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: RNR catalysis requires formation of a transient thiyl radical species.
A) Radical-based reduction of ribonucleoside diphosphates by class Ia RNR. Reducing 

equivalents are provided by a pair of active site cysteines that are oxidized concomitant with 

product formation. The resulting disulfide is re-reduced via disulfide exchange with NADPH 

as the ultimate source of electrons (27). B) Proposed proton-coupled electron transfer 

pathway that results in the transient oxidation of C439-α by Y122•-β. The direct 

involvement of W48 in the pathway is uncertain. C) Symmetric “docking model” of 260 

kDa α2β2 complex that was based on shape complementarity of the individual α2 and β2 

crystal structures (5). α2 is shown in cyan/blue and β2 is shown in red/orange. D) 3.6-Å 
resolution cryo-EM map of an asymmetric, active RNR trapped using a doubly-substituted 

E52Q/(2,3,5)-trifluorotyrosine122(F3Y122)-β2 with wildtype-α2 in the presence of 
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substrate GDP and specificity effector TTP. Model colors are as in Fig. 1C with cryo-EM 

density shown in transparent grey.
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Fig. 2: Fully visualized β-tail extends deep into the α active site.
A) Missing β residues 342–362 modeled into cryo-EM density (grey mesh, threshold set to 

0.0249). B) Slice through space filling representation showing tight packing between 

subunits which blocks solvent accessibility. C) β-C-terminus extends up to substrate-binding 

site in α. Regions of α that contact β-tail are displayed. Substrate GDP and effector TTP are 

shown in sticks, separated by the specificity loop, labeled at position R298. Inset: β-hairpin 

of α shifts 5-Å toward the active site upon substrate and effector binding and the ordering of 

the specificity loop. Three α2 structures were aligned to highlight movement of this β-

hairpin: substrate-free α2 (pink, PDB 2R1R (14)), substrate/effector-bound α2 from 

inhibited α4β4 (purple, PDB 5CNV (13)), and substrate-bound α2 from our structure of 

active α2β2 (blue).
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Fig. 3: The interface region of the α2β2 complex.
A) Key residues that are involved in PCET, including Y356, are shown with distances 

between them in angstroms. W48 is shown in partial transparency due to uncertainty 

regarding its direct participation in PCET. Colors are as in Fig. 1C. B) Positioning of Q52 of 

β with respect to PCET pathway (dashed lines). The Q52 side-chain is 2.5 Å from the side-

chain of N322, 6.9 Å from the side-chain hydroxyl of PCET residue Y356, and 5.2 Å from 

the C4 position of the indole ring of W48 in β. C) Superimposition of higher-resolution 

structure of β (yellow, PDB 5CI4 (32)) onto the cryo-EM structure (Fig. S10) shows that 

E52β connects the diiron site to α residue N322 via a hydrogen-bonding network (dashed 

lines) that involves several waters (red spheres). D) Regions surrounding E/Q52 are very 
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polar. See text for description of colored regions. Arrow indicates direction towards bulk 

solvent.
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Fig. 4: 
The active sites of α and α′ are structurally different. A) In α, density (shown in mesh) 

indicates the presence of substrate GDP and the absence of a disulfide between C225 and 

C462. Catalytic residues C439 and E441 are shown for context. B) In α′, density for GDP is 

absent and density is present indicative of a disulfide. C) A ~3 Å shift of Cα of both C225 

and C462 toward C439 and E441 within the active site of α′ is consistent with a disulfide 

between C225-C462, suggesting a post-turnover state. Arrow represents the directionality of 

this movement between α and α′. Density threshold for cryo-EM map in A) and B) were set 

to same level (0.0384).
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