
Direct Proton-Coupled Electron Transfer between Interfacial 
Tyrosines in Ribonucleotide Reductase

Jiayun Zhong†, Clorice R. Reinhardt‡, Sharon Hammes-Schiffer†

†Department of Chemistry, Yale University, New Haven, Connecticut 06520, United States

‡Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, Connecticut 
06520, United States

Abstract

Ribonucleotide reductase (RNR) regulates DNA synthesis and repair in all organisms. The 

mechanism of Escherichia coli RNR requires radical transfer over a proton-coupled electron 

transfer (PCET) pathway spanning ~32 Å across two protein subunits. A key step along this 

pathway is the interfacial PCET reaction between Y356 in the β subunit and Y731 in the α 
subunit. Herein this PCET reaction between two tyrosines across an aqueous interface is explored 

with classical molecular dynamics and quantum mechanical/molecular mechanical (QM/MM) free 

energy simulations. The simulations suggest that the water-mediated mechanism involving double 

proton transfer through an intervening water molecule is thermodynamically and kinetically 

unfavorable. The direct PCET mechanism between Y356 and Y731 becomes feasible when Y731 

is flipped toward the interface and is predicted to be approximately isoergic with a relatively 

low free energy barrier. This direct mechanism is facilitated by hydrogen bonding of water to 

both Y356 and Y731. These simulations provide fundamental insights into radical transfer across 

aqueous interfaces.
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INTRODUCTION

Ribonucleotide reductase (RNR) is critical for DNA synthesis and repair in all living 

organisms,1–4 making it a target for cancer therapies.5–6 RNR catalyzes the reduction of 

ribonucleotides to deoxyribonucleotides through an initiating thiyl radical (Figure 1). In 

E. coli RNR, a proton-coupled electron transfer (PCET) pathway consisting of Y122β ↔ 
[W48β] ↔ Y356β ↔ Y731α ↔ Y730α ↔ C439α generates a series of tyrosyl radicals 

that eventually produces this critical thiyl radical.2, 4 This PCET pathway spans ~32 Å 
across both the α and β subunits of RNR. A key step along this pathway is the interfacial 

PCET reaction between Y356β and Y731α, which is not yet well understood. Recently 

a 3.6 Å resolution cryo-EM structure of the α2β2 complex of E. coli RNR was solved.7 

This structure is asymmetric in that the α/β pair is in the pre-turnover state with an intact 

PCET pathway, whereas the α′/β′ pair is in the post-turnover state (Figure 1). Within this 

structure, Y731 is observed to be stacked with the adjacent Y730 in the α subunit, and the 

distance between the oxygen atoms of Y731 in the α subunit and Y356 in the β subunit 

is 8.3 Å.7 Our previous molecular dynamics (MD) simulations8 based on this cryo-EM 

structure suggest that Y731 can flip out and point toward the α/β subunit interface, as 

also observed in spectroscopic experiments 9–10 and in a crystal structure of a modified α 
subunit11 and in another species.12 These spectroscopic experiments10 and our free energy 

simulations8 have indicated that both conformations can be sampled at room temperature.

Prior experimental studies13–16 and MD simulations8 have implicated water molecules 

hydrogen bonded to Y356 and Y731. Moreover, our previous quantum mechanical/

molecular mechanical (QM/MM) free energy simulations suggested that a glutamate residue 

mediates PCET between Y731 and Y730 through a proton relay mechanism.17 The 

significant distance between the oxygen atoms of Y356 and Y731 in the cryo-EM structure,7 

in conjunction with the experimental and theoretical evidence of water molecules hydrogen 

bonding to both Y356 and Y731,8, 13–14 suggests that water could play a similar role in the 

interfacial PCET reaction between Y356 and Y731 and serve as a mediator in a proton relay 

between these tyrosines. However, a recent electron-nuclear double resonance (ENDOR) 

experiment using fluorinated Y731 measured the distance between the oxygen atoms of 

Y356 and Y731 to be ~3 Å when Y731 is flipped out toward the α/β interface, supporting 

the possibility of a direct PCET mechanism.15 A previous computational study on a model 

system of two stacked tyrosines showed that direct PCET has a lower free energy barrier 

than a water-mediated mechanism.18 Furthermore, as shown by our previous QM/MM free 

energy simulations of the PCET reaction between Y730 and C439, water can influence the 

free energy barrier and reaction free energy through hydrogen-bonding interactions without 

directly participating in a proton relay process as a mediator.19

Herein, we investigate the interfacial PCET reaction between Y356 and Y731 in RNR 

using a combination of classical MD and QM/MM free energy simulations. In contrast to 

our previous classical MD simulations, where the radical was on Y122,8 we perform MD 

simulations with the radical on either Y356 or Y731 and analyze the distance between these 

two residues and their hydrogen-bonding interactions with surrounding water molecules. 

Subsequently, we conduct QM/MM free energy simulations of PCET between Y356 and 

Y731 to determine whether this PCET reaction occurs with Y731 in its stacked or flipped 
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conformation and whether an intervening water molecule serves as a mediator in a proton 

relay mechanism (Scheme 1). The simulations provide evidence for direct interfacial PCET 

between Y356 and Y731 in its flipped conformation.

METHODS

All simulations started from the cryo-EM structure of the active α2β2 complex of E.coli 
RNR (PDB ID: 6W4X).7 Note that the local resolution of this structure varies from 3.3 

to 5.5 Å, but the region of the intact PCET pathway across the α/β interface is ~3.3 Å 

resolution. The protein was immersed in a box of explicit TIP3P water20 molecules and 

neutralized with Na+ followed by addition of 150 mM NaCl. The system preparation and 

equilibration protocols were adapted from our previous MD simulations of RNR,8 and 

the details are described in the Supporting Information (SI). We propagated classical MD 

trajectories for the solvated RNR complex with the radical on either Y356, denoted Y356• 

simulations, or on Y731, denoted Y731• simulations. To ensure adequate sampling, we 

generated eight independent 100 ns trajectories for the Y356• and Y731• simulations, each 

with different initial conditions.

We conducted QM/MM finite temperature string simulations with umbrella sampling21–22 

to calculate the free energy surfaces for both water-mediated and direct PCET between 

Y356 and Y731. The initial conformations with Y731 in the flipped conformation were 

obtained from the classical MD simulations described above and in the SI, and the initial 

conformations with Y731 in the stacked conformation were obtained from our previous 

MD simulations with a restraint on the Y731• sidechain.23 The QM region was described 

with the ωB97X-D functional24 and the 6–31+G** basis set,25–27 and the MM region was 

described with the AMBER ff14SB force field.28–31 This level of theory was shown to be 

consistent with multireference complete active space self-consistent field calculations with 

second-order perturbative corrections (CASSCF+NEVPT2) for PCET between two tyrosine 

molecules in our previous work.17 We used the AMBER/Q-CHEM interface32–34 to perform 

the QM/MM free energy simulations. Additional details about the QM/MM free energy 

simulations are provided in the SI.

RESULTS AND DISCUSSION

We analyzed the Y731 conformation and the distance between Y356 and Y731 for the 

combined classical MD data. Y731 was observed to be in the flipped conformation for 

more than 70% of the conformations sampled, and the stacked conformation of Y731 was 

not observed (Figure S3). This finding is consistent with previous MD simulations with 

the radical on Y122, denoted Y122• simulations, where a restraint on the Y731 sidechain 

dihedral angle was necessary to adequately sample the stacked conformation.8 Y356 and 

Y731 were found to be ~2–3 Å closer to each other for the Y356• and Y731• simulations, 

compared to the previous Y122• simulations. Specifically, the average distance between the 

Y356 and Y731 oxygen atoms is 5.1 ± 2.1 Å and 5.9 ± 2.6 Å for the Y356• and Y731• 

simulations, respectively, compared to 8.0 ± 1.6 Å for the Y122• simulations (Figure S3). 

We observed that this distance is < 3.5 Å for 15 % and 23 % of the conformations sampled 

when the radical is on Y356 and Y731, respectively. A recent ENDOR spectroscopic study 
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using a F2Y731 variant of RNR measured this distance to be ~3 Å when Y731 is flipped 

toward the α/β interface.15

We also used the classical MD simulations to investigate hydrogen-bonding interactions 

between Y356 and Y731 and surrounding water molecules. Y731, Y731•, Y356, and 

Y356• hydrogen bond to at least one water molecule for 68%, 44%, 54%, and 30%, 

respectively, of the conformations sampled (Figure 2). As discussed below, these hydrogen-

bonded water molecules can significantly influence the thermodynamics and kinetics of the 

PCET reaction. Moreover, these hydrogen-bonding interactions are consistent with previous 

ENDOR spectroscopic studies.13–15 Y356 and Y356• were found to hydrogen bond to R411 

for 1% and 12%, respectively, of the conformations sampled. As mentioned above, ~15 to 

23% of the conformations sampled exhibited an oxygen-oxygen distance between the two 

tyrosines less than 3.5 Å, potentially favoring the direct PCET mechanism. In comparison, 

only 0.16% and 2.27% of the conformations sampled for the Y356• and Y731• simulations, 

respectively, exhibited a bridging water between Y356 and Y731 with the hydrogen atoms 

oriented in a manner favorable to a proton relay water-mediated mechanism (Scheme 1).

Following the classical MD simulations, we performed QM/MM free energy simulations to 

compute the free energy surfaces for both water-mediated and direct PCET. We simulated 

four independent strings corresponding to different mechanisms and conformations. The 

water-mediated PCET mechanism, where a bridging water molecule was located between 

Y356 and Y731, was investigated for both the stacked and flipped Y731 conformations. The 

direct PCET mechanism, where the distance between the oxygen atoms of Y356 and Y731 

was ~3.0 Å, was only investigated for the flipped Y731 because the proton donor-acceptor 

distance was not short enough to allow for direct PCET when Y731 was in the stacked 

conformation. Previously we computed the free energy profiles for the conformational 

change between the flipped and stacked conformation of Y731 in its standard8 and radical 

forms (see Figure S20 of Ref. 23). These previous simulations showed that both the stacked 

and flipped conformations are thermally accessible at room temperature with a relatively 

low free energy barrier for interconversion. Moreover, this interconversion is relatively 

local in that it does not require other significant conformational changes from the cryo-EM 

structure.7–8 Two different initial conformations of the surrounding water were explored for 

the direct PCET mechanism. The QM region included the sidechains of Y356 and Y731 

for all strings, as well as the bridging water for the water-mediated mechanisms and the 

sidechain of Y730 for the stacked Y731 conformation (Figure S1). Representative reactant 

and product conformations for the four strings simulated are shown in Figure 3.

The free energy barriers and reaction free energies for the mechanisms studied are given in 

Table 1. Both water-mediated PCET mechanisms are significantly endoergic with high free 

energy barriers, suggesting that these mechanisms are not likely. The barrier is higher for 

the stacked Y731 conformation but would be inaccessible for the flipped Y731 conformation 

as well. We also found that the two protons transfer concertedly in the double proton 

transfer process for both conformations of Y731 in the water-mediated PCET mechanism 

(Figure S7). The two direct PCET mechanisms have much lower free energy barriers and 

reaction free energies. The most favorable mechanism is isoergic with a free energy barrier 

of 9.0 kcal/mol. Previous pulsed electron–electron double resonance and EPR spectroscopy 
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experiments led to an estimated reaction free energy of 2.6 ± 1.2 kcal/mol for radical 

transfer from Y356 to Y731.35 Our most thermodynamically and kinetically favorable 

QM/MM string simulation predicts a reaction free energy ranging from ca. 0 to 1.0 

kcal/mol over the last 30 iterations (Figures S4 and S6). Given the uncertainties in both 

the experimental and computational estimates, the simulation results are considered to be 

qualitatively consistent with the experimental results.

To examine the role of water molecules in the direct PCET mechanism, we propagated two 

independent direct-flipped mechanism strings with different water distributions around the 

tyrosines (Figures 3A, 3B). The direct-flipped-1 string has a significantly lower free energy 

barrier and lower reaction free energy, in that it is isoergic, than the direct-flipped-2 string, 

which is endoergic (Table 1). These differences can be explained in terms of the relative 

number of hydrogen-bonding interactions between Y731 and water molecules at the top 

of the barrier and the product compared to the reactant (Table 2). For the direct-flipped-1 

string, the additional hydrogen-bonding interaction between Y731 and water at the top of the 

barrier compared to the reactant state lowers the free energy barrier (Figure 4). Similarly, the 

additional hydrogen-bonding interaction between Y731 and water in the product compared 

to the reactant lowers the reaction free energy. In contrast, the direct-flipped-2 string 

exhibits the same number of hydrogen-bonding interactions between water and Y731 in 

the reactant and at the top of the barrier and exhibits one less hydrogen-bonding interaction 

in the product, leading to a higher free energy barrier and reaction free energy than those 

observed for the direct-flipped-1 string. The increase in free energy barrier and reaction free 

energy of ~7 and 8 kcal/mol, respectively, for the direct-flipped-2 string compared to the 

direct-flipped-1 string is consistent with the energies of these types of hydrogen-bonding 

interactions.

According to our classical MD simulations discussed above, one or two water molecules 

can hydrogen bond to both Y356 and Y731 with reasonable probability. As shown in Figure 

2, however, hydrogen bonding to two water molecules is less likely when the tyrosine is 

in its radical form and is less likely for Y356 than for Y731. In contrast to Y731, Y356 

remains hydrogen bonded to one water molecule throughout the direct-flipped-1 string 

and to no water molecules throughout the direct-flipped-2 string, thus not influencing the 

relative number of hydrogen bonds along the PCET reaction pathway. In both direct-flipped 

strings, water molecules hydrogen-bonding to Y731/Y731• are more likely to reorient or 

even move away from this tyrosine compared to the water hydrogen bonding to Y356/Y356• 

in the direct-flipped-1 string. Based on our analysis of these two representative strings, we 

observed that water molecules hydrogen bonding to Y731/Y731• are also hydrogen bonding 

to more surrounding water molecules and residues, including R411, compared to the water 

hydrogen bonding to Y356/Y356•. The competing hydrogen-bonding interactions may lead 

to more dynamic hydrogen bonds between water molecules and Y731/Y731•. Additionally, 

in the direct-flipped-2 string, one of the water molecules hydrogen bonded to Y731 moves 

further away when the radical transfers to Y731, allowing the other hydrogen-bonding water 

molecule to reposition itself to facilitate its hydrogen-bonding interaction with Y731•.

These QM/MM free energy simulations focused on PCET between Y356 and Y731 starting 

from MD simulations based on the cryo-EM structure.7 This computational methodology 
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will not capture global conformational changes that occur on a relatively long timescale 

because of limitations in conformational sampling due to the computational expense. 

The QM/MM free energy simulations generate the free energy surface for the reversible 

PCET process between Y356 and Y731 without a preference for either direction, except 

that they were performed in the context of the initial cryo-EM structure, where the 

α/β pair with the intact PCET pathway is in the pre-turnover state. Given the short 

timescale of the simulations, they cannot describe slower conformational changes that 

occur between forward and reverse radical transfer. In this context, we did not observe 

any significant structural changes at the α/β interface along the simulated PCET reaction 

pathways. Similarly, the calculated free energy surfaces are influenced by the initial water 

conformations due to sampling limitations, leading to differences between the two direct-

flipped mechanism strings. The PCET reaction is expected to be dominated by the more 

thermodynamically and kinetically favorable conformations, corresponding to the direct-

flipped-1 mechanism. However, other mechanistic possibilities, such as participation of 

buffer molecules present in biochemical assays,36 were not considered in this work. These 

simulations also do not elucidate the proton transport process from the α/β interface to 

bulk solvent. Furthermore, these simulations do not provide information about the other 

PCET reactions along the pathway or insights into the global thermodynamics of radical 

propagation in RNR. Such insights will most likely rely on kinetic modeling, as performed 

in our previous work for photosensitized RNRs within the α subunit using a combination of 

computational and experimental input.23

CONCLUSION

In summary, we computed free energy surfaces for the key interfacial PCET reaction 

between Y356 and Y731 in RNR using QM/MM string simulations. Our results indicate 

that a direct PCET mechanism with Y731 flipped out toward the α/β interface is 

thermodynamically and kinetically favorable compared to a water-mediated mechanism 

involving concerted double proton transfer. Radical transfer from Y356 to Y731 is predicted 

to be isoergic or slightly endoergic, qualitatively consistent with spectroscopic estimates,35 

with a free energy barrier of ~9 kcal/mol. This radical transfer is facilitated by persistent 

hydrogen bonding of Y356 and Y731 with water molecules. The presence of interacting 

water near these residues is consistent with spectroscopic experiments.13–15 Hydrogen 

tunneling and nonadiabaticity are also expected to play a role in this PCET reaction.37 

Understanding this interfacial PCET step between the two subunits of RNR is essential 

for controlling and modifying the radical transfer pathway in this biochemically important 

enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cryo-EM structure of the α2β2 complex (top) and ordered PCET pathway in the active form 

of E. coli RNR. The role of W48 and its possible proton transfer partner is unresolved and 

therefore is shown in black square brackets. Double-headed arrows indicate ET (electron 

transfer, red) and PT (proton transfer, blue), and the collinear PCET steps are labeled 

in purple. Both the stacked (black) and flipped-out (green) conformations of Y731 are 

depicted. The interfacial PCET reaction between Y356 and Y731 is indicated with a purple 

square bracket. Water molecules were found to hydrogen bond to both of these tyrosines in 

spectroscopic experiments and classical MD simulations. Proton transfer to water molecules 

at the α/β interface and proton transport to bulk solvent are not shown here.
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Figure 2. 
Percentage of conformations with 0, 1, 2, and 3 water molecules hydrogen bonding to Y356 

and Y731 when the radical is on either Y356 (left) or Y731 (right).

Zhong et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Reactant and product conformations obtained from each of the four strings simulating 

radical transfer from Y356 to Y731. (A) direct-flipped-1 string, with one water hydrogen 

bonded to Y356 for both reactant and product and one water and two waters hydrogen 

bonded to Y731 for the reactant and product, respectively; (B) direct-flipped-2 string, 

with no water hydrogen bonded to Y356 and two waters and one water hydrogen bonded 

to Y731 for the reactant and product, respectively; (C) mediated-flipped string, and (D) 

mediated-stacked string.
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Figure 4. 
Direct PCET mechanism for radical transfer from Y356 to Y731 in the flipped 

conformation. On the top is the two-dimensional free energy surface obtained from QM/MM 

free energy simulations, with the converged string shown in black. The proton coordinate is 

the difference between the Y731O−H and Y356O−H distances, where H is the transferring 

hydrogen. On the bottom are representative conformations for the reactant, top of the barrier, 

and product. Two water molecules hydrogen bond to the tyrosines in the reactant, and three 

water molecules hydrogen bond to the tyrosines at the top of the barrier and in the product. 

These interactions decrease the free energy barrier and reaction free energy. Hydrogen bonds 

are indicated by dashed lines.
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Scheme 1. 
Schematic of Direct and Water-Mediated PCET Mechanisms between Y356 and Y731 in 

RNR without Depicting Protein and Solvent Environment.
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Table 1.

Reaction Free Energies (ΔG) and Free Energy Barriers (ΔG‡) for Radical Transfer from Y356 to Y731.

String ∆G‡

(kcal/mol)
∆G
(kcal/mol)

direct-flipped-1 a 9.0 0.0

direct-flipped-2 a 15.9 7.9

mediated-flipped b 26.9 17.3

mediated-stacked b 45.2 36.0

a
Two independent strings were propagated for the direct PCET mechanism starting with different conformations of the surrounding water. The 

direct-flipped-1 string has one water hydrogen-bonded to Y356 throughout the entire reaction and one water hydrogen-bonded to Y731 in the 
reactant and two waters hydrogen-bonded to Y356 at the top of the barrier and product (Figure 3A). The direct-flipped-2 string has no water 
molecules hydrogen-bonded to Y356 throughout the entire reaction and two waters hydrogen-bonded to Y731 in the reactant and top of the barrier 
and one water hydrogen-bonded to Y731 in the product (Figure 3B). The strings simulating the direct PCET mechanism used three reaction 
coordinates (Figure S1).

b
The strings simulating the water-mediated PCET mechanism used six reaction coordinates (Figure S1). Reactant and product conformations are 

shown in Figures 3C and 3D.
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Table 2.

Comparison of Average Distancesa and Number of Hydrogen Bonds between Water and Y356/Y731 for 

Strings Simulating Direct Radical Transfer from Y356 to Y731.

Y356O–H
(Å)

Y731O–H
(Å)

O–O
(Å)

# H-bonds
Y356 b

# H-bonds
Y731 b

direct-flipped-1

Reactant 1.91 1.00 2.86 1 1

Top of barrier 1.17 1.30 2.46 1 2

Product 0.96 2.03 2.98 1 2

direct-flipped-2

Reactant 1.91 0.97 2.86 0 2

Top of barrier 1.17 1.34 2.49 0 2

Product 0.97 1.97 2.92 0 1

a
The distances between the transferring hydrogen and each of the tyrosine oxygens (denoted Y356O–H and Y731O–H) and between the oxygens 

of Y356 and Y731 (denoted O–O) were averaged over the final iteration for the images closest to the reactant, top of the barrier, and product for the 
two strings. The analogous distances are given for the two water-mediated mechanisms in Table S1.

b
Number of hydrogen bonds between water and the specified tyrosine. Here a hydrogen bond is defined to have an O–O distance ≤ 3.0 Å and an 

O-H-O angle ≥ 135°.
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