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Abstract

Ribonucleotide reductses (RNRs) catalyze the conversion of all four ribonucleotides to 

deoxyribonucleotides and are essential for DNA synthesis in all organisms. The active form of E. 
coli Ia RNR is composed of two homodimers that form the active α2β2 complex. Catalysis is 

initiated by long-range radical translocation over a ~32 Å proton-coupled electron transfer (PCET) 

pathway involving Y356β and Y731α at the interface. Resolving the PCET pathway at the α/β 
interface has been a long-standing challenge due to the lack of structural data. Herein molecular 

dynamics simulations based on a recently solved cryogenic-electron microscopy structure of an 

active α2β2 complex are performed to examine the structure and fluctuations of interfacial water, 

as well as the hydrogen-bonding interactions and conformational motions of interfacial residues 

along the PCET pathway. Our free energy simulations reveal that Y731 is able to sample both a 

flipped-out conformation, where it points toward the interface to facilitate interfacial PCET with 

Y356, and a stacked conformation with Y730 to enable collinear PCET with this residue. Y356 

and Y731 exhibit hydrogen-bonding interactions with interfacial water molecules and, in some 

conformations, share a bridging water molecule, suggesting that the primary proton acceptor for 

PCET from Y356 and from Y731 is interfacial water. The conformational flexibility of Y731 and 

the hydrogen-bonding interactions of both Y731 and Y356 with interfacial water and hydrogen-

bonded water chains appear critical for effective radical translocation along the PCET pathway. 

These simulations are consistent with biochemical and spectroscopic data and provide previously 

unattainable atomic-level insights into the fundamental mechanism of RNR.
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Graphical Abstract

Introduction

Ribonucleotide reductases (RNRs) catalyze the conversion of all four ribonucleotides to 

deoxyribonucleotides and are essential enzymes for DNA synthesis.1–3 Moreover, because 

RNR controls the relative concentrations of cellular deoxyribonucleotides, this enzyme also 

plays an important role in DNA replication and repair in all living organisms.4 In E. coli and 

other class Ia RNRs, such as human and mouse, catalysis is initiated when a stable diferric-

tyrosyl radical oxidizes a distal cysteine to a thiyl radical,5 which abstracts a hydrogen atom 

from the bound ribonucleotide,6–8 leading to a complex series of steps that ultimately 

produces the deoxyribonucleotide (Scheme 1). Allosteric specificity and activity effectors 

determine the substrate that will be reduced and the rate of this reduction, enabling RNR to 

maintain a balance of the deoxyribonucleotide pools within the cell.9, 10 The long-range 

radical translocation over ~32 Å from the diferric-tyrosyl radical to the cysteine is proposed 

to occur through a series of proton-coupled electron transfer (PCET) reactions11–15 

involving tyrosine residues and purportedly a tryptophan residue. In general, oxidation of 

tyrosine decreases the pKa by ~12 units16 and is typically associated with a concerted PCET 

mechanism, in which the proton is transferred to a nearby acceptor. Illumination of the 

overall PCET pathway and the mechanisms of the individual PCET steps in RNR has broad 

biochemical implications.

The active form of RNR, α2β2, is composed of two dimers: the α2 subunit, which contains 

the substrate and effector binding sites, and the β2 subunit, which contains the diferric-

tyrosyl cofactor. Thus, the radical translocation pathway from the diferric-tyrosyl radical to 

the cysteine spans the β2 and the α2 subunits (Figure 1). This pathway, which was first 

proposed by Uhlin and Eklund using a docking model of α2 with β217 and later supported 

by mutagenesis studies,2, 18, 19 has recently been structurally characterized by cryogenic 

electron microscopy (cryo-EM) to 3.6 Å resolution.20 This structure of E. coli class Ia RNR, 

which was trapped in an α2β2 complex using a doubly substituted β2, E52Q/2,3,5-F3Y122-

β2,19 and wild type α2, has revealed the positioning of residues known and proposed to be 

part of this pathway:20 Y122β↔[W48β] ↔Y356β ↔Y731α ↔Y730α ↔C439α. The 
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participation of these four tyrosine residues was established by perturbing their redox 

potentials with tyrosine analogs,21–28 whereas the involvement of W48 in the PCET 

pathway has been proposed but has been more challenging to probe experimentally. The 

structure20 (Figure 1) shows the four tyrosine residues and W48 lined up along this pathway, 

with ~10 Å distances between the tyrosines and bridging tryptophan in β, ~8 Å at the α/β 
interface between Y356β and Y731α, and ~3.5 Å in between the tyrosines and cysteine in 

α. These distances are consistent with PCET reactions being orthogonal to the pathway in 

the β2 subunit (i.e., the proton transfers to a residue or water molecule that is not along the 

electron transfer pathway) and collinear in the α2 subunit (i.e., the proton transfers to a 

residue along the electron transfer pathway).2 The overall distance of radical transfer 

between Y122β and C439α to initiate catalysis is 32 Å, which is close to the distance 

predicted from spectroscopic studies of 35–38 Å.26 This long distance is even more 

remarkable considering that the radical transfer occurs in both directions; upon completion 

of the conversion of the ribonucleotide to the deoxyribonucleotide, the reverse radical 

translocation process restores the diferric-tyrosyl radical.29

The availability of a structure of the active state of RNR20 opens the door for computational 

analysis that was not possible previously. In particular, this structure has allowed for the 

visualization of the full β C-terminus, often referred to as the β-tail, which forms the α/β 
interface that affords the radical transfer between subunits. Twenty residues of this β-tail, 

including key PCET residue Y356, were disordered in all previous structures.17, 30–35 This 

structure reveals that the β-tail stretches away from the core of β, runs deep into the α 
subunit, comes into contact with the substrate, makes a sharp turn at residues 348–350, and 

comes back toward β, inserting Y356β between W48β and Y731α to complete the PCET 

pathway, and finally wrapping around the α subunit and ending (Figure 1C). Although 

providing insights, previous computational studies on RNR were limited by the lack of 

structural information at the interface.36–40

With the structure of a trapped active state of RNR,20 we can now begin to address a series 

of question about this long-range PCET process. A long-standing question has been whether 

the side chains of the tyrosines along the radical transfer pathway need to rearrange to 

enable PCET in the forward and reverse directions. More specifically, does the packing of 

the β-tail close to Y731α stabilize this residue in the observed stacked conformation with 

Y730α (Figure 1C), or is Y731α still able to rearrange (flip-out) as has been observed 

previously?41, 42 Notably, the interconversion between the flipped-out and stacked 

conformations of Y731 has been shown to be within the timescale of turnover by 

spectroscopic studies on mutants,43, 44 but it is unclear how the packing of the β-tail against 

Y731α might alter the behavior of this residue.

Another long-standing question has been the identities of the proton donors and acceptors 

for the interfacial PCET process involving Y356β and Y731α (Figure 1D). Two residues, 

E350β and E52β, have been proposed to serve as proton acceptors and/or be involved in the 

radical-transfer gating based on mutagenesis studies.18, 19, 45, 46 One of these residues, 

E350β, is far from the PCET pathway20 and appears to be important for anchoring the β-tail 

to the α subunit in the active state of RNR (Figure 1C). The other residue, E52β, is directly 

along the PCET pathway (Figure 1C), and its substitution to Q52 was key for the trapping of 
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active RNR for structural analysis.19, 20 E52β is an excellent candidate for PT based on both 

its location and on the dramatic effect that its substitution has on the α2β2 complex stability,
19 but this residue appears to be too far from Y356 to be directly involved in PT. According 

to the cryo-EM structure,20 no side chains appear to be close enough to PCET residue Y356 

to directly transfer a proton. Therefore, either water molecules are involved in PT or side 

chains must rearrange. Although the resolution of the cryo-EM structure allows for 

visualization of side chains, it did not allow for the visualization of water molecules, leaving 

as unanswered the question of water structure surrounding the PCET residues. Questions 

about water structure and side chain movement are ideally suited for computational analysis.

The cryo-EM data of the asymmetric α2β2 structure20 provides two test structures for 

molecular dynamics (MD) studies because one α subunit is in contact with a β subunit, 

forming an intact PCET pathway, whereas the other α subunit, which we will refer to as α’, 

is not in contact with its partner β’. Biochemical analysis of the construct used in the cryo-

EM structure determination showed that one product is produced per α2 dimer, indicating 

that one active site should be in a post-turnover state with the cysteines 225α and 462α 
oxidized, and the other active site should be in a pre-turnover state with the cysteines 

reduced and substrate bound.20 The EM density indicates that the α’ subunit is in the post-

turnover state because a disulfide bond has formed and the β’-tail is disordered, whereas the 

α subunit appears to be trapped in the pre-turnover state with the substrate GDP bound, the 

effector TTP bound, and the β-tail ordered for PCET. Thus, this structure allows the 

simulation of the pre-turnover state with an intact PCET pathway between the α and β 
subunits, while also allowing comparison to the post-turnover state in the resolved regions of 

the α’ and β’ subunits.

Using this entire asymmetric cryo-EM structure as a starting point, we perform MD 

simulations to elucidate the entire PCET pathway, with particular emphasis directed at the 

previously elusive but critical interfacial region. Our MD simulations illustrate the 

conformational motions of the interfacial Y731α residue when the α subunit is interacting 

with the β subunit within an intact PCET pathway and when this interaction is absent for the 

α’ subunit. These simulations also elucidate the structure and fluctuations of the interfacial 

water, as well as the hydrogen-bonding interactions with the interfacial residues. Moreover, 

these simulations provide insights into the primary proton acceptor for the two critical 

interfacial residues, Y356β and Y731α. The understanding about the PCET pathway 

obtained from these simulations will serve as the foundation for future mechanistic studies.

Methods

Molecular dynamics trajectories

The recently solved cryo-EM structure of the α2β2 complex using a doubly substituted β2 

(E52Q/(2,3,5-F3Y122)-β2) and WT α2, in the presence of bound substrate GDP and effector 

TTP, revealed an asymmetric structure, which consists of the active, interacting αβ pair and 

the inactive α′β′ pair. We used this structure as the basis for wild-type RNR simulations, 

reverting the mutated residues to their wild-type identities. In our simulations, the active αβ 
pair was modeled in the resting state (Fe2-OH2/Y•), and the inactive α′β′ pair was modeled 

in two different states, either the met state (Fe2-OH2/Y) or the state after radical 
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translocation (Fe2-OH/Y) to account for the uncertainty in the structure.47 In all simulations, 

the second iron atom in the di-iron complex was modeled with a bound water molecule 

(Fe1-OH2). Our work uses the numbering present in the crystal structures, where Fe2 is the 

iron atom closest to Y122 and Fe1 is the distal iron atom.20, 33 To examine the sensitivity of 

the results to the initial water configurations, we prepared the system using two different 

protocols: (1) adding water molecules according to the standard MD protocol, and (2) 

docking the water molecules resolved in the 5CI4 β2 crystal structure33 into the active β 
subunit of the cryo-EM structure. The data from the simulations with two different initial 

water configurations, as well as those with the two different states of the metal cofactor in 

the β′ subunit, were found to be statistically equivalent in the analysis of the active αβ pair, 

and therefore the data were combined in the final analysis. For each system studied, three 

independent trajectories were propagated with different initial velocities. Table S1 

summarizes the four systems studied herein, which corresponds to 12 independent 100 ns 

trajectories and a total of 1.2 μs of unbiased sampling.

The details about the system preparation, force field parameters, and equilibration are 

provided in the SI and are only briefly described here. The Amber ff14SB force field48 was 

used to model the protein, and the TIP3P water model49 was used to describe the solvent. 

The parameterization of the bound GDP and TTP molecules, as well as the tyrosine radical 

in the interacting β subunit, is described in the SI. The diiron metal center was 

parameterized using the MCPB.py utility50 with AmberTools, and the Mg2+ ion coordinated 

to each of the TTP phosphate tails was treated with parameters from Ref.51. The atom types, 

partial charges, and optimized geometries for the RESP fittings are provided in Tables S2–

S5.

All of the simulations started from the cryo-EM structure discussed above with hydrogen 

atoms added using the H++ webserver52 at pH = 7.0, followed by manual adjustments for 

residues ligated to the metal centers (see SI). The system was solvated with TIP3P water 

molecules in a periodic cuboid box, and long-range electrostatic interactions were treated 

with the particle mesh Ewald method.53 The net negative charge of the protein with bound 

nucleotides was neutralized with sodium ions, and additional Na+ and Cl‒ counterions were 

added to achieve a salt concentration of ~150 mM. Each solvated system contained 

~300,000 atoms and was thoroughly equilibrated (Figure S1, Table S6). The root-mean 

square deviation (RMSD), for the Cα atoms in the wild-type systems averaged over all of the 

production trajectories was 2.2 – 2.6 Å with respect to the cryo-EM structure, and this 

average RMSD decreased to 1.4 – 1.5 Å if the lower-resolution α′β′ pair was excluded. The 

B-factors computed from the root-mean-square fluctuations in the MD simulations are 

qualitatively consistent with those of the cryo-EM structure (Figure S2). In general, MD 

simulations are limited by the accuracy of the potential energy surface, which is determined 

by the molecular mechanical force field in this case, and the amount of conformational 

sampling, which corresponds to the 12 independent 100 ns trajectories propagated herein. 

Given these limitations, the results depend strongly on the initial cryo-EM structure 

described in the Introduction.

The trajectories were visualized with the VMD program54 and analyzed with the CPPTRAJ 

program55 in AmberTools. The hydrogen-bonding interactions, inter-residue distances, and 
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solvent occupancy, and structure were analyzed for all trajectories. The hydrogen bonds 

were defined to have a heavy-atom distance less than or equal to 3.0 Å and a donor-

hydrogen-acceptor angle greater than or equal to 135 degrees. The solvation shells around 

Y356, Y730, and Y731 were identified in terms of the distances between the tyrosine 

hydroxyl oxygen atom and water oxygen atoms with the first solvation shell defined as 3.4 

Å. The radial distribution functions (RDFs) centered at the hydroxyl oxygen atoms of Y356, 

Y730, and Y731 were computed out to 30.0 Å with a grid spacing of 0.1 Å.

Umbrella Sampling of Y731 Motion

To investigate the conformational flexibility of Y731, we examined the motion of this 

residue in both the α and α′ chains for the WT enzyme (System #1 in Table S1) using 

umbrella sampling. Specifically, we generated the potential of mean force (PMF) along the 

χ1 angle (N-Cα-C ß-Cγ) of Y731. During the equilibration procedure for the MD 

trajectories described in the SI, after the harmonic restraints on the protein atoms were 

released, Y731α in the α2β2 structure flipped out, converting from the stacked 

conformation with χ1 ~ 271° found in the cryo-EM structure to a flipped-out conformation 

with χ1 ~ 180°. For each of the 12 independent 100 ns trajectories (i.e., three independent 

trajectories for each of the four systems defined in Table S1), it remained in this flipped-out 

conformation for the remainder of the trajectory. Because Y731α was in the flipped-out 

conformation for all of the equilibrated structures, and the umbrella sampling was started 

from the window corresponding to the flipped-out conformation, the simulations may have 

been biased toward this conformation. To address this issue, we also performed an 

independent set of umbrella sampling simulations with initial structures equilibrated to 

Y731α in the stacked conformation by applying a restraint on the dihedral angle during this 

equilibration.

These two independent sets of umbrella sampling simulations produced qualitatively similar 

but quantitatively different free energy profiles along the Y731α dihedral angle. Note that 

these two independent sets of umbrella sampling simulations differed only in their starting 

structures, with one starting in the flipped-out conformation and the other starting in the 

stacked conformation, but both sets sampled the entire range of the Y731α dihedral angle to 

describe the interconversion between the two conformations. Although sufficient local 

sampling is demonstrated for each set of simulations (Figure S3 and S4), the quantitative 

discrepancies most likely arise from differences in slow conformational changes from the β-

tail loop and partially solvated interface. To ensure adequate sampling of the relevant β-tail 

conformations, we performed two-dimensional (2D) umbrella sampling simulations as a 

function of the original dihedral angle χ1 and an additional reaction coordinate describing 

the distance between P348:N and Y731:OH over the range 4.5 Å – 11.0 Å. The distance 

between Y731 and P348 was chosen as the second reaction coordinate because P348 is 

closest to Y731 in the cryo-EM structure, and a change in this distance describes the 

transition from a structure in which Y731 is packed tightly against the tip of the β-tail to a 

structure in which Y731 is further away. Moreover, P348 is a relatively rigid sidechain with 

no persistent sidechain hydrogen-bonding interactions and with limited ability to rotate, 

thereby avoiding complications in the interpretation of the resulting free energy surface. 

Additional details of the umbrella sampling simulations are given in the SI.
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Results and Discussion

Prior to the recently solved cryo-EM structure of the active α2β2 complex,20 the proposed 

PCET pathway lacked structural resolution because it traverses the interface between the α 
and β subunits (Figure 1). The identities of the residues at the interface were unknown, and 

the twenty residues of the β-tail that form much of the α/β interface had never been 

visualized in any structure. The α2β2 cryo-EM structure revealed the positions of these 

twenty residues and showed that the positions of other interfacial residues were 

predominantly consistent with those determined from structures of the individual subunits. 

Interfacial water structure and hydrogen-bond networks were not established, however, 

because the cryo-EM structure could not resolve water molecules. The average distances 

between residues along the proposed PCET pathway obtained from our MD simulations are 

in agreement with the corresponding distances in the cryo-EM structure (Table 1), with 

distances involving Y356 fluctuating the most. These greater fluctuations observed for Y356 

are due mainly to the partially solvated interface and flexible nature of the β-tail on which 

Y356 resides. The total distance between the Y122 radical and the terminal pathway residue 

C439 is maintained during the MD simulations. This agreement between distances along the 

PCET pathway, as well as the RMSD values given above, provides validation for the 

simulated model protein system.

Conformational sampling of PCET residue Y731

As mentioned above, Y731α was observed to be in the stacked conformation in the cryo-EM 

structure but remained in the flipped-out conformation for each of the 12 independent 100 ns 

MD trajectories. In the flipped-out conformation, the Y731 side chain is pointed toward the 

interface, allowing greater interaction with interfacial water and Y356. This conformation 

has been observed in an aminotyrosine-substituted Y730 α2 structure (PDB code: 2XO4),41 

where this angle is measured as ~188° (Figure S5). A comparison of this X-ray 

crystallographic structure and the cryo-EM structure to flipped-out and stacked 

conformations obtained from our MD simulations is illustrated in Figure 2. In contrast to 

Y731α, the analogous Y in the α′ chain exhibits much more dynamic behavior in the MD 

simulations, oscillating between the flipped-out and stacked conformations. This behavior 

was observed across all of the independent trajectories (Figure S6).

We also performed additional simulations to ensure that the persistence of the flipped-out 

conformation for Y731α was not the result of biased initial conditions. When the system 

was equilibrated with a restraint applied to the dihedral angle of Y731α to maintain the 

stacked conformation (χ1 ~ 271°), the system remained stable in this conformation for ~20 

ns and then exhibited greater fluctuations around the stacked conformation for another ~100 

ns and eventually moved to the flipped-out conformation (Figure S7). These simulations do 

not provide information about the timescale of interconversion because of the restraints used 

to prepare the system and the observation of only a single interconversion. Moreover, as 

discussed above, Y731α remained in the flipped-out conformation in the combined 1.2 μs of 

unbiased MD simulations, preventing a direct measure of the timescale for interconversion. 

However, the combined unbiased MD trajectories do suggest that Y731α′ interconverts 

between the flipped-out and stacked conformation on the nanosecond timescale in the 
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absence of interactions with the β-tail, whereas this interconversion is significantly slower, 

possibly on the microsecond timescale, for Y731α in the presence of these interactions. 

Recent spectroscopic experiments indicate that Y731 is dynamic, interconverting between 

the stacked and flipped-out conformations on the nanosecond to microsecond timescale,
44, 46 which is faster than the enzyme turnover measured experimentally to be on the 

timescale of seconds (i.e., 2 – 10 s−1).9

To explore the relative thermodynamic stabilities of the observed Y731 conformations, we 

performed umbrella sampling to compute the PMF as a function of the Y731 side chain 

dihedral angle, χ1. Altogether, over 5 μs of umbrella sampling was performed, exploring the 

dihedral angle for both Y731α and Y731α′. The one-dimensional PMF along the dihedral 

angle was generated from two independent sets of umbrella simulations starting from 

different equilibrated configurations corresponding to either the stacked or flipped-out 

conformation of Y731. In both cases, three free energy minima were observed, with the 

most favorable minimum corresponding to the flipped-out conformation with a dihedral 

angle of ~180°. Although they were qualitatively consistent, the two independently 

generated PMFs exhibited quantitative differences in the relative free energies of the minima 

(Figure S8), most likely due to limitations in conformational sampling of the slower 

motions, particularly in the β-tail region (Figure S9). Figure 3 depicts the PMF obtained by 

combining the data from both of these simulations for Y731α (blue solid curve). For 

comparison, the free energy profile for Y731α′, which does not interact with the β′ subunit, 

is also shown (green dashed curve).

As mentioned above, in the unbiased MD trajectories, Y731α was found to be relatively 

stable in the flipped-out conformation (χ1 ~ 182°), but Y731α ′ was found to be much more 

mobile and to interconvert between the flipped-out and stacked conformations (χ1 ~ 170 ‒ 
300°) (see Figure S6). For the Y731α′ PMF, the region spanning 170 ‒ 300° is nearly 

isoergic (Figure 3), consistent with the observation that all of these conformations are 

sampled during the unbiased 100 ns MD trajectories. Furthermore, the relative populations 

of the Y731α conformations are also consistent with the observations from the unbiased MD 

trajectories, where the flipped-out state was predominant. Note that the umbrella sampling 

simulations provide thermodynamic information about the relative free energies of the two 

conformations but do not provide quantitative information about the timescale because the 

PMF is computed along a specified reaction coordinate that may not correspond to the 

minimum free energy path. However, these simulations do allow a qualitative comparison 

between the PMFs for the two different subunits along the same reaction coordinate.

The observation that Y731 moves freely between the stacked and flipped-out conformations 

in the α′ subunit but not in the α subunit during the unbiased MD simulations, as well as the 

significantly higher free energy barrier observed in the PMF for the α subunit, suggests that 

the β-tail influences the kinetics for interconversion between these two conformations. 

Specifically, the interactions between Y731α and the β-tail may inhibit facile 

interconversion, although these interactions do not appear to prevent the interconversion 

altogether. The interactions between Y731α and the β-tail appear to be mainly of a steric 

nature, on the basis of the proximity of P348 and the lack of hydrogen-bonding interactions 

within 3.0 Å in the cryo-EM structure and in our simulations.
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To further characterize this motion and explore the influence of the β-tail on the Y731 

conformation, we generated a 2D PMF as a function of the dihedral angle and a second 

reaction coordinate describing the position of P348, near the tight turn of the β-tail, with 

respect to the Y731 hydroxyl oxygen (Figure 4, top). For the two-dimensional PMF (Figure 

4, bottom), the lowest free energy minimum corresponds to the off-pathway conformation 

(dark purple), while the flipped-out and stacked conformations are ~5 kcal/mol higher in 

free energy but are isoergic with each other (i.e., within 0.2 kcal/mol). Although the 

umbrella sampling simulations do not provide reliable information about the minimum free 

energy pathways and the associated free energy barriers, the off-pathway conformation was 

never observed in any of the unrestrained MD trajectories, suggesting that the off-pathway 

conformation is most likely kinetically inaccessible in these simulations. The relative free 

energies of the flipped-out and stacked conformations of Y731 were computed to be ~4 

kcal/mol from the 1D PMF and zero from the 2D PMF, illustrating the challenges associated 

with adequate conformational sampling for this large, flexible system. Nevertheless, all of 

these umbrella sampling simulations illustrate that both the flipped-out and stacked 

conformations observed in previous structural data are thermodynamically accessible at 

room temperature, even though the relative populations cannot be quantified because of 

sampling limitations.

As mentioned above, in the combined 1.2 μs of unbiased MD trajectories, Y731 remains 

predominantly in the flipped-out conformation, and even when it is equilibrated in the 

stacked conformation, it reverts to the flipped-out conformation in ~100 ns (Figure S7). 

Moreover, the 1D umbrella sampling simulations also suggest that the flipped-out 

conformation is more thermodynamically favorable, although the 2D umbrella sampling 

simulations suggest that they are nearly isoergic. Thus, the force field used in these 

simulations appears to favor the flipped-out conformation, even though the stacked 

conformation is observed in the cryo-EM structure. Several explanations may account for 

this apparent discrepancy. The force field may not be able to accurately describe the 

somewhat weak stacking interactions between Y730 and Y731, which is inherently quantum 

mechanical in nature. On the other hand, the doubly-substituted cryo-EM structure may be 

trapped in a state that does not correspond to the lowest free energy of the wild-type system 

as we modeled it. Both conformations have been observed in previous α2 crystal structures 

of RNR.27, 41 Another possibility is that the relative populations of the stacked and flipped-

out conformations could depend on the location of the radical along the PCET pathway, and 

this radical location may be different in the simulations versus the cryo-EM structure. 

Despite these uncertainties, the simulations demonstrate that both conformations of Y731α 
are thermodynamically accessible and that the relative populations are strongly influenced 

by interactions with the β-tail.

Hydrogen bonding along PCET pathway and with interfacial water

We also analyzed the hydrogen-bond network along the PCET pathway and the interfacial 

region between the α and β subunits. The hydrogen-bonding structure within the β subunit is 

similar to the structure described in the literature,19 with a strong network of hydrogen 

bonds formed between D237, R236, Q43, and W48 (Table S7, Figure S11). The polar region 

adjacent to the tyrosyl radical at Y122 is relatively immobile, as shown by the persistence of 
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a significant number of hydrogen bonds and small fluctuations in the Y122-W48 distance 

(Table 1, standard deviation of 0.3 Å). In contrast, at the αβ interface, Y356 does not form 

persistent hydrogen bonds with the surrounding side chains, hydrogen bonding to R411α 
and N322α with a frequency less than <5% across the MD trajectories. In addition, Y356 

interacts with E52 within the β subunit by forming a direct hydrogen bond (Figure S12) or 

interacting through a bridging water molecule (Figure 5) for 18% and 9%, respectively, of 

the combined MD trajectories (Table S7). Notably, we find that E52β can adopt multiple 

positions, corroborating the previous observations in the literature suggesting the ability of 

this residue to sample multiple conformations.19, 20 The mobility of E52 and other 

interfacial residues is evident by the root-mean-square fluctuations (Table S8), which 

indicate that E52, Y356, and Y731 are 3‒5 times more mobile in comparison to W48.

Although E52 can hydrogen bond directly to Y356, the most frequent hydrogen-bonding 

partners of Y356 are water molecules located in the interfacial region between the α and β 
subunits. Previous modeling of EPR spectra suggests that two symmetrical, exchangeable, 

hydrogen bonded water molecules could reproduce the perturbed gx tensor of Y356•,56 

although the mechanistic roles of these water molecules are unclear. This modeling also 

suggested that a single water molecule and a hydrogen bond from a protein residue could 

produce a similar shift, although less likely. The possibilities discussed in the context of 

modeling the EPR data are consistent with the variety of conformations observed in our MD 

simulations. Consistent with this previous work, we observed an average of 1.5 ± 0.8 water 

molecules with oxygen atoms within 3.4 Å of the Y356 oxygen atom (Table S9). In the 

majority of conformations sampled from the combined MD trajectories, two water 

molecules satisfied this criterion (Figures 5 and 6).

In some conformations sampled during the MD trajectories, Y356 was found to share 

bridging waters with Y731 and/or E52, although these interactions fluctuate due to the 

dynamic nature of the solvated interface. In some cases, a chain of two hydrogen-bonded 

water molecules was found between E52 and Y356, or a chain of hydrogen-bonded water 

molecules was observed to lead from Y356 to bulk water (Figure 5). The solvent structure 

around Y356 was also analyzed by computing the radial distribution function (RDF) 

between the tyrosine hydroxyl oxygen atom and surrounding water molecules (Figure 7, 

dark blue curve). Y356 exhibits a relatively broad peak for the first solvation shell because 

of the probability of two simultaneous hydrogen-bonding interactions at the solvated 

interface. Thus, the MD simulations suggest that the proton acceptor for Y356 is a water 

molecule in the interfacial region, and presumably this proton is subsequently shuttled to 

bulk solvent. Water networks allowing redox active enzymes to shuttle protons to solvent 

have also been characterized computationally in other proteins.57, 58

Previously, Y356 and Y731 were proposed to communicate across the interface on the basis 

of EPR experiments indicating that the local environment around Y356 is influenced by 

Y731 via mutation studies.56 However, a direct hydrogen bond between these two residues 

is not supported by H1 ENDOR data44 or the distances in the cryo-EM structure.20 We did 

not observe a direct hydrogen bond between Y356 and Y731 in our MD simulations, but a 

bridging water molecule was found between Y356 and Y731 in the flipped-out conformation 

for 6% of the combined MD trajectories (Figure 5). The presence of this bridging water 
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depends on the relative orientation of Y356 and Y731 and thus was observed with a 

frequency of 25% for two of the 100 ns MD trajectories and not at all for some of the other 

MD trajectories. Y731 exhibited a hydrogen bond with at least one water molecule for 97% 

of the combined unbiased MD trajectories, for which Y731 was predominantly in the 

flipped-out conformation (Table S10). Moreover, for the majority of conformations sampled, 

Y731 was found to have two water molecules in the vicinity of its oxygen atom (Figures 5 

and 6). Note that analysis of the stacked Y731 conformations obtained from the MD 

trajectory equilibrated with a restraint on the Y731 dihedral angle maintaining the stacked 

conformation decreased the percentage of hydrogen bonding with at least one water 

molecule from 97% to 84% (Figure S7, Table S10).

To further interrogate the local water environment of Y730 and Y731, we computed the 

RDFs of Y731 and Y730 with respect to the surrounding water molecules for the combined 

MD trajectories with Y731 predominantly in the flipped-out conformation (Figure 7). 

Similar to Y356, the RDF for Y731 exhibits a strong but slightly narrower peak for the first 

solvation shell, with an average of 1.8 water molecules within 3.4 Å. In contrast, Y730 

exhibits a sharp peak for the first solvation shell, and then the RDF quickly decays to zero 

before rising again. This behavior arises because Y730 is not located at the interface, and the 

water molecule hydrogen bonded to this residue is not readily exchangeable. As a result, 

Y730 maintains a persistent, strong hydrogen bond to a single water molecule (i.e., a 

hydrogen bond with a donor-acceptor distance < 3.0 Å persists for 94% of the combined 

trajectories) and occasionally interacts with Q349 (Table S10). The interaction with this 

water molecule is consistent with structural17, 27, 59 and spectroscopic data,27 but an 

additional water molecule may also be located nearby, as evident by the average of 1.3 water 

molecules within 3.4 Å (Table S9).

Conformational gating of PCET afforded by E350 interactions

The β-tail residue E350 has been extensively studied,18, 25, 43, 46 with the recent analyses 

indicating that E350 plays an essential role in the conformational gating of PCET.40 The 

cryo-EM structure suggested how E350 might contribute to the establishment of the PCET 

pathway, revealing that E350 interacts with two residues of the α subunit, K154α and 

S647α, which would serve to support the tight turn that the β-tail makes underneath the 

substrate-binding site. To further examine the role of E350, we analyzed its interactions over 

the MD trajectories in the α2β2 systems. In our α2β2 MD simulations, E350β retains a salt 

bridge with K154α throughout the trajectories and forms a hydrogen bond with S647α for 

25% of the MD trajectories (Figure 8 and Table S11). The maintenance of these interactions 

is consistent with the observed interactions in the cryo-EM structure and corroborates the 

proposal that E350 aligns the interface for PCET.20 In particular, weakening of these 

interactions would affect the β-tail positioning and could thereby impact the positioning and 

flexibility of Y731α. As discussed above, our MD simulations show that interconversion 

between the stacked and flipped-out conformations is significantly influenced by 

interactions with the β-tail.
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Conclusions

Our MD simulations based on the recently solved E. coli RNR α2β2 cryo-EM structure have 

elucidated the conformational flexibility of interfacial residues, the hydrogen-bonding 

interactions along the 32 Å PCET pathway, and the role of water in the interfacial region. 

The PCET reaction between Y731α and Y730α is thought to require a stacked conformation 

between these two tyrosine residues to enable collinear proton transfer between them, but 

the interfacial PCET reaction between Y356β and Y731α is less understood because the 

proton transfer is presumed to be orthogonal to the PCET pathway. Our free energy 

simulations illustrate that Y731α is flexible enough to sample the flipped-out conformation, 

in which it is pointing toward the interface, as well as the stacked conformation. The relative 

free energies of the stacked and flipped-out conformations are sufficiently similar to enable 

both to be populated at room temperature. This conformational flexibility of Y731α, even 

when it is closely associated with the β subunit, could be important for allowing this residue 

to participate in both forward and reverse PCET reactions. Moreover, our simulations imply 

that the interactions of Y731α with the β subunit impact the mobility of this residue, as well 

as the interconversion between and the relative populations of the two different 

conformations.

These simulations also suggest that interfacial PCET involves proton transfer to and from 

water molecules. Typically, Y356β forms hydrogen bonds with two water molecules that can 

be shared as a bridging water molecule or bridging hydrogen-bonded water chain with E52β 
and/or Y731α in some cases. Although E52β is conformationally flexible enough to adjust 

to a position that is capable of direct hydrogen bonding with Y356β, the much higher 

prevalence of water compared to E52 for exhibiting hydrogen-bonding interactions with 

Y356 in our MD simulations supports water as a more likely candidate for the proton 

acceptor from Y356β. However, E52β cannot be completely ruled out as a possible proton 

acceptor. Furthermore, Y731α is almost always hydrogen bonded to at least one interfacial 

water molecule and is often hydrogen bonded to two of them in the flipped-out 

conformation, suggesting that PCET from Y731α, which entails interfacial electron transfer 

to Y356β, is accompanied by proton transfer to an interfacial water molecule. The 

conformational flexibility of Y731α at the interface, combined with hydrogen-bonding 

interactions with interfacial water, may be important for effective radical transfer along the 

PCET pathway.

These simulations are consistent with previous biochemical and spectroscopic data and 

provide atomic-level insights that were not attainable prior to the recently solved cryo-EM 

structure of the active complex. However, these simulations most likely do not describe 

many of the slower, potentially rate-limiting conformational changes and do not explore the 

chemical steps along the PCET pathway. Nevertheless, this work forms the foundation for 

future investigations of the individual PCET reactions as we strive to understand this 

remarkably long radical transfer process. The mouse, human, and E. coli class Ia RNRs 

share the same active site chemistry and effector specificity and the same PCET pathway 

residues.60 All of these RNRs also exhibit asymmetric and dynamic interactions between the 

subunits. Thus, the PCET pathway associated with radical transfer in E. coli RNR is 
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generalizable to the mouse and human Ia RNRs. Moreover, understanding the subtle 

differences between human and bacterial RNRs could have therapeutic implications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic depiction of the reaction catalyzed by RNR and visualization of the radical 

pathway. A) The cryo-EM structure of the α2β2 complex reveals asymmetry: the αβ 
interacting pair (red and dark blue) is trapped in a pre-turnover state with the PCET pathway 

intact, whereas the α′β′ (lavender and cyan) pair appears to be in a post-turnover state with 

the β′ tail dissociated. B) Visualization of the PCET pathway residues and the β-tail loop 

with α in red and β in blue. C) The proposed ~32 Å PCET pathway in RNR: Y122β↔
[W48β] ↔Y356β ↔Y731α ↔Y730α ↔C439α and proposed proton transfers to water at 

the interface and putative conformational change of Y731 in dark green. For simplicity, this 

figure does not show the full mechanism of nucleotide reduction.
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Figure 2. 
Superimposition of conformations of Y731/Y730 observed in X-ray crystal or cryo-EM 

structures with those from the MD simulations. In these figures, the blue coloring represents 

the X-ray crystal or the cryo-EM structure, whereas the red coloring represents the 

conformation from the MD simulations. (A) Y-Y dyad in Y730NH2 substituted Class Ia E. 
coli RNR,41 χ1 = 188°, and a flipped-out conformation from the MD simulations, χ1 = 

180°,. (B) Y-Y dyad from the cryo-EM structure, χ1 = 271°, and the same MD conformation 

from panel A. (C) Y-Y dyad observed in umbrella sampling simulations, χ1 = 274°, and the 

cryo-EM structure.
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Figure 3. 
Free energy profiles of the combined data for the Y731 χ1 dihedral angle rotation in the α 
(blue solid) and α′ (green dashed) subunits. The three minima in the Y731α PMF 

correspond to the off-pathway (χ1 = 77.5°), flipped-out (χ1 = 182.5°), and stacked (χ1 = 

292.5°) conformations.
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Figure 4. 
Reaction coordinates used to generate the 2D PMF (top) and the two-dimensional free 

energy surface as a function of the Y731 dihedral angle (χ1) and the P348:N and Y731:OH 

distance in the α′ subunit (bottom). The full 2D PMF extending to larger distances is given 

in Fig. S10. The flipped-out and stacked conformations are 5.5 and 5.3 kcal/mol, 

respectively, higher than the off-pathway conformation, which is likely to be kinetically 

inaccessible in this RNR.
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Figure 5. 
Conformations depicting the diversity of water configurations at the interfacial region, 

illustrating (A) two hydrogen bonds of Y356 with water molecules and the sharing of these 

bridging water molecules with E52 and Y731; (B) bridging water molecule between Y356 

and Y731, as well as a network of two water molecules between Y356 and E52; (C) network 

of two water molecules between Y356 and E52; (D) network of several water molecules 

from Y356 to bulk water, with Y731 interacting with two other water molecules. Note that 

Y356 is solvent accessible, and these are only examples of water conformations sampled 

during the 1.2 μs of MD. An example of Y356 hydrogen bonding with E52 is given in 

Figure S12.
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Figure 6. 
Percentage of conformations with precisely one, two, or three water molecules with the 

oxygen atom within 3.4 Å of the specified Y oxygen atom. For each Y, the deviation of the 

sum of these percentages from 100% is the percentage of conformations with no water 

molecules within this distance. The percentages were determined from over 120,000 

conformations obtained from 1.2 μs of MD, where Y731 was always in the flipped-out 

conformation.
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Figure 7. 
Radial distribution function (RDF) between the phenolic oxygen of Y356, Y730, or Y731 

and surrounding water molecules. The hydration numbers, defined as the average number of 

water molecules with oxygen atoms within 3.4 Å of the Y oxygen atom, are 1.5, 1.3, and 1.8 

for Y356, Y730, and Y731, respectively, where Y731 is in the flipped-out conformation. 

These radial distribution functions approach unity at longer distances (Figure S13).
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Figure 8. 
Interactions of E350β with K154α in a conformation obtained from the MD trajectories. 

Residues 180–240, 430–460, and 610–640 of α were excluded for visualization purposes. 

The backbone of α is represented in red, while the backbone of β is represented in blue.
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Scheme 1. 
Conversion of Nucleoside 5′-Diphosphates (NDPs) or Triphosphates (NTPs) to 

Deoxynucleotides (dNDP or dNTP) by RNR.
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Table 1.

Average Distances with Standard Deviations along PCET Pathway from Cryo-EM Structure and MD 

Simulations.
a

System Y122:O• - W48:NH Y122O• - Y356:OH Y356:OH - Y731:OH Y730:0H - C439:SG
b Y122:O• - C439:SG

Cryo-EM 10.0 Å 21.2 Å 8.3 Å 2.8 Å 32.4 Å

MD α2β2 10.2 ± 0.3 Å 20.3 ± 1.1 Å 8.0 ± 1.6 Å 3.5 ± 0.3 Å 32.4 ± 0.6 Å

a
The distances were averaged over 120,000 conformations obtained from 1.2 μs of MD simulations.

b
The starting structure used for the MD differed slightly from the deposited structure in having fewer cycles of refinement than the deposited PDB. 

The RMSD of the Cα atoms in the starting structure for MD compared to the cryo-EM structure is 0.087 Å.
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