
Role of Water in Proton-Coupled Electron Transfer between 
Tyrosine and Cysteine in Ribonucleotide Reductase

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

†Department of Chemistry, Yale University, 225 Prospect Street, New Haven, CT 06520

‡Department of Molecular Biophysics & Biochemistry, Yale University, 266 Whitney Avenue, New 
Haven, CT 06520

Abstract

Ribonucleotide reductase (RNR) catalyzes the reduction of ribonucleotides to 

deoxyribonucleotides and is critical for DNA synthesis and repair in all organisms. Its mechanism 

requires radical transfer along a ~32 Å pathway through a series of proton-coupled electron 

transfer (PCET) steps. Previous simulations suggested that a glutamate residue (E623) mediates 

the PCET reaction between two stacked tyrosine residues (Y730 and Y731) through a proton 

relay mechanism. This work focuses on the adjacent PCET reaction between Y730 and a cysteine 

residue (C439). Quantum mechanical/molecular mechanical free energy simulations illustrate 

that when Y730 and Y731 are stacked, E623 stabilizes the radical on C439 through hydrogen 

bonding with the Y730 hydroxyl group. When Y731 is flipped away from Y730, a water 

molecule stabilizes the radical on C439 through hydrogen bonding with Y730 and lowers the 

free energy barrier for radical transfer from Y730 to C439 through electrostatic interactions with 

the transferring hydrogen but does not directly accept the proton. These simulations indicate that 

the conformational motions and electrostatic interactions of the tyrosines, cysteine, glutamate, and 

water strongly impact the thermodynamics and kinetics of these two coupled PCET reactions. 

Such insights are important for protein engineering efforts aimed at altering radical transfer in 

RNR.
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Introduction

Ribonucleotide reductase (RNR) plays an essential role in DNA synthesis and repair by 

catalyzing the reduction of ribonucleotides to deoxyribonucleotides1–3 and is a drug target 

for many cancers.4–5 The active form of class I RNR is a complex composed of two 

homodimers, denoted α2β2 (Figure 1). A 32 Å pathway of reversible proton-coupled 

electron transfer (PCET) reactions spanning the α/β subunits generates transient tyrosyl 

and thiyl radicals that eventually lead to the ribonucleotide reduction reaction.6 On the basis 

of various experimental studies, the radical transfer pathway has been proposed to involve 

Y122β ↔ [W48β] ↔ Y356β ↔ Y731α ↔ Y730α ↔ C439α (Figure 1).3, 6 A recently 

solved cryo-EM structure7 of the α2β2 complex has further elucidated the PCET pathway. 

Analysis of this structure indicates that α and β are in a pre-turnover state, with an intact 

PCET pathway, whereas α′ and β′ are in a post-turnover state.

The cryo-EM structure of the active complex has motivated theoretical studies of the 

PCET pathway in RNR. Our previous molecular dynamics (MD) simulations8 based on 

this structure illustrated that Y731α, which is located at the interface of the α/β subunits, 

is conformationally dynamic, consistent with prior spectroscopic studies.9–10 The two 

dominant conformations correspond to a flipped conformation, in which Y731 is pointing 

toward the β subunit, and a stacked conformation, in which Y731 is stacked with Y730. Free 

energy simulations suggested that the stacked and flipped conformations can interconvert 

at room temperature.8 Moreover, quantum mechanical/molecular mechanical (QM/MM) 

free energy simulations of the PCET reaction between Y731α and Y730α in the stacked 

conformation indicated that the nearby E623α mediates this PCET reaction via a proton 

relay mechanism that involves double proton transfer between the tyrosine residues and 

E623.11

The goal of the current work is to characterize the adjacent PCET reaction between Y730 

and C439. Previous theoretical studies have investigated the role of water in the PCET 

reaction between Y730 and C439,12–13 as well as between Y731 and Y730.14 ENDOR 

spectroscopy experiments and accompanying DFT geometry optimizations of active site 

cluster models indicated that a water molecule is hydrogen bonded to the amino-substituted 

Y730 tyrosyl radical.12, 15–16 DFT calculations suggested that this water molecule slightly 
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decreases the endothermicity of radical transfer from Y730 to C439 but slightly increases 

the reaction energy barrier.12 Moreover, DFT calculations on small model systems in the 

gas phase and QM/MM geometry optimizations in the protein environment using a crystal 

structure of an isolated NH2Y730-subsituted α subunit17 suggested the possibility of a 

PCET mechanism involving double proton transfer from cysteine to tyrosine through an 

intervening water molecule.13 However, these QM/MM calculations were not based on 

the cryo-EM structure of the active complex and did not include conformational sampling 

of the protein or entropic contributions. Furthermore, all of these previous DFT studies 

only considered the stacked conformation of Y731. Nevertheless, these previous studies are 

valuable in that they predict a water molecule near Y730.

Herein, we investigate the PCET reaction between Y730 and C439 using QM/MM free 

energy simulations based on the cryo-EM structure of the active complex. These simulations 

consider the impact of the stacked and flipped Y731 conformations on this PCET reaction. 

Moreover, we also examine the influence of a nearby water molecule to determine if 

it mediates this PCET reaction via a proton relay mechanism, analogous to E623 for 

PCET between Y731 and Y730. Our calculations indicate that this water molecule strongly 

influences the free energy barrier and reaction free energy for PCET between Y730 and 

C439 through electrostatic and hydrogen-bonding interactions but does not directly accept 

the proton.

Methods

We use QM/MM finite temperature string simulations with umbrella sampling18–19 to 

investigate the PCET reaction between Y730 and C439. This PCET reaction is characterized 

by the following three reaction coordinates at the proton transfer interface: the distance 

between the C439 sulfur atom and the transferring hydrogen, the distance between the Y730 

oxygen atom and the transferring hydrogen, and the sulfur-oxygen distance (Figure S1). In 

some cases, a fourth reaction coordinate, defined as the distance between a nearby water 

oxygen atom and the transferring hydrogen, is also included.

For each system studied, an initial string composed of a series of 20 images was generated 

to connect approximate reactant and product structures. Each image was equilibrated on the 

QM/MM potential energy surface by performing 10 ps of MD for the MM region with the 

QM region frozen followed by at least 100 fs MD for the full system with the reaction 

coordinates harmonically restrained. After equilibration, the string was evolved using an 

iterative procedure, where each iteration entailed umbrella sampling for each image with 

harmonic restraints on the reaction coordinates determined by their average values from 

the previous iteration. All strings were fully converged according to the specified criteria 

(Figures S10 and S11). After each string was converged, the minimum free energy path 

(MFEP) and multidimensional free energy surfaces were computed using all sampling data 

with the weighted histogram analysis method (WHAM).20–21 Computational details are 

provided in the SI.

The system preparation and simulation details were adapted from our previous studies of 

RNR.8, 11 All simulations started with the cryo-EM structure of the α2β2 E.coli RNR 
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complex (PDB ID: 6W4X),7 solvated by explicit solvent molecules. Most of the strings 

simulated radical transfer between Y730 and C439 in the α subunit, corresponding to 

the pre-turnover state with the intact PCET pathway, although two strings simulated this 

reaction in the α′ subunit, corresponding to the post-turnover state for comparison.

For all strings, the QM region included Y731, Y730, and C439. Some of the strings also 

included a nearby water molecule or nearby residues Q349 or E623. The QM region was 

described by the ωB97X-D functional22 and the 6–31+G** basis set.23–25 This level of 

theory has been shown to be consistent with the complete active space self-consistent field 

with second-order perturbative corrections (CASSCF+NEVPT2) method for calculations on 

small model systems composed of cysteine and tyrosine (Figure S2). The MM region was 

described with the AMBER ff14SB force field.26–29 The QM/MM free energy simulations 

were performed with the AMBER/Q-Chem interface.30–32

As mentioned above, we validated the level of theory for the QM region by benchmarking 

against ab initio multireference calculations and ensured that all of the strings were fully 

converged, as supported by plots in the SI. In addition, we propagated two independent 

strings with flipped Y731 and the same QM region using three and four reaction 

coordinates, respectively, and qualitatively different initial strings. The agreement between 

the reaction free energies and free energy barriers for these converged strings illustrates 

the reproducibility of this approach. Similarly, we simulated analogous strings in the α 
and α′ subunits and observed consistent reaction free energies and free energy barriers, 

providing further validation for this approach. Nevertheless, the size of the QM region and 

the extent of conformational sampling are limited due to the computational expense of 

these simulations. Moreover, these simulations rely in the initial cryo-EM structure and do 

not account for relatively slow conformational changes that may be relevant to the radical 

transfer process.

Results and Discussion

We investigated both flipped and stacked Y731 conformations in our simulations of 

radical transfer from Y730 to C439. Previous spectroscopic experiments9–10, 33 and our 

recent simulations8 suggest that this interconversion occurs on the nanosecond or faster 

timescale. Specifically, the free energy barriers for interconversion were estimated to 

be in the range of ~2 – 5 kcal/mol, and the relative free energies of the flipped and 

stacked Y731 conformations were estimated to be in the range of 0 – 4 kcal/mol. These 

experimental and computational results suggest that this conformational transition is faster 

than radical transfer and that both conformations could be populated at equilibrium at room 

temperature.8, 10 Thus, although Y731 and Y730 are expected to be stacked during radical 

transfer from Y731 to Y730, subsequently Y731 could flip out prior to radical transfer from 

Y730 to C439. For this reason, we considered both the stacked and flipped conformations of 

Y731.

For flipped Y731, E623 moved ~6–7 Å away from Y730 during equilibration, allowing a 

water molecule to remain in the region near both Y730 and C439, although it remained 

closer to Y730 throughout the PCET reaction. Given the potential importance of this 
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water molecule, we included it in the QM region for two of the strings propagated in the 

flipped conformation but also propagated a third string without including water in the QM 

region for comparison. The two strings with water in the QM region were propagated with 

three and four reaction coordinates, respectively. As discussed in the Methods, the three 

reaction coordinates correspond to the distance between the Y730 oxygen and C439 sulfur 

as well as the distances between each of these atoms and the transferring hydrogen. The 

fourth reaction coordinate corresponds to the distance between the water oxygen and the 

transferring proton.

The fourth reaction coordinate was included to test the hypothesis that water could mediate 

PCET between Y730 and C439 through a double proton transfer mechanism. In the initial 

string, we restrained the proton to transfer to water, generating H3O+, as it transfers between 

C439 and Y730. To stabilize this initial string, each image was equilibrated with the reaction 

coordinates harmonically restrained according to the procedure described in Methods. 

During the subsequent iterative procedure, however, the string gradually evolved away from 

this initial string so that the proton no longer transferred to the water molecule and instead 

transferred directly from C439 to Y730 (Figure S4). The reaction free energy and free 

energy barrier associated with the resulting converged string are nearly identical to the free 

energies obtained with only three reaction coordinates (Table 1). This agreement between 

two independent strings with different numbers of reaction coordinates and qualitatively 

different initial strings provides validation for the approach and the results.

The free energy surface and MFEP for the string with flipped Y731 and water in the QM 

region, generated with four reaction coordinates, is shown in Figure 2A. Analysis of the key 

distances along the MFEP illustrates that the water molecule moves closer to the proton as 

it transfers to Y730 and forms a relatively strong hydrogen bond with the hydroxyl group 

on Y730 in the product (Figure 3A). This water molecule serves as a weak hydrogen bond 

donor with the radical oxygen on Y730 (~3.2 Å O-O distance, angle of 125°, Figure 4A) 

for the reactant and serves as a stronger hydrogen bond acceptor with the hydroxyl group 

on Y730 (~2.8 Å O-O distance, angle of 157°, Figure 4B) for the product. This movement 

and reorientation of the water molecule also occurs when the water molecule is not in the 

QM region (Figure S5, but a QM treatment of this water molecule includes the electronic 

polarization necessary to accurately describe the hydrogen-bonding interactions between the 

water molecule and Y730. The QM treatment of the water lowers the reaction free energy 

and free energy barrier by ~12 kcal/mol and 3.5 kcal/mol, respectively (Table 1). Further 

analysis indicates that this difference in reaction free energy can be attributed in part to the 

polarization of the QM water by the charges in the MM region and the associated impact 

on the interaction energies (Table S2). Other factors, such as differences in conformational 

sampling, may also contribute to this effect. Similar behavior was observed for two strings 

propagated in the α′ subunit with flipped Y731 (Table 1, Figure S8). For these independent 

strings in a different subunit, the reaction also became significantly more exoergic when the 

water was in the QM region, providing validation for this observation.

When Y731 is stacked with Y730, the region around Y730 is more crowded and E623 is 

close to both tyrosine residues. In this case, water is prevented from interacting strongly 

with Y730 (Table S3). Given this structural complexity, we explored three different types of 
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strings in the stacked conformation: (1) with water interacting on the E623 side of Y730, 

(2) without water interacting directly with Y730, and (3) with water interacting on the Q349 

side of Y730. Introducing water on the E623 side of Y730, where it was located for the 

strings with the flipped Y731 conformation (Figure 4A), disrupts the stacking interaction 

and causes E623 and Q349 to move apart. We propagated such a string with only Q349 

added to the QM region and obtained similar thermodynamics as obtained for flipped Y731 

when only Q349 is added to the QM region (Table 1, Figure S3A and S6A,B).

The string for the stacked Y731 conformation in the absence of nearby water was 

propagated with both Q349 and E623 in the QM region. In this case, the radical transfer 

from Y730 to C439 becomes exoergic by 5 kcal/mol (Table 1, Figure S3B and S6C,D). 

This effect is qualitatively similar to the effect of treating the water molecule quantum 

mechanically for flipped Y731. In this case, E623 forms a strong hydrogen bond with the 

hydroxyl group of Y730 (~2.8 Å O-O distance, angle of 169°) to stabilize the product. 

The free energy barrier is not significantly influenced when E623 is treated quantum 

mechanically for stacked Y731, however, in contrast to the lowering of this free energy 

barrier when the water is treated quantum mechanically for flipped Y731. This difference 

arises because water is able to shift its position and stabilize the configurations at the 

top of the barrier through electrostatic interactions with the transferring proton (middle 

configuration in lower part of Figure 3A), whereas E623 remains too far away to enable this 

stabilization (Table S3).

The string for the stacked Y731 conformation with water introduced on the Q349 side was 

propagated with Q349, E623, and the water molecule in the QM region (Figure 4C,D). 

In the initial string, water was restrained to remain close to Y730 (~3.0 Å O-O distance), 

followed by equilibration of all images with this restraint using the procedure described in 

Methods. As the string evolved, this water moved away from the Y730 radical in the reactant 

(Figure 4C). In the product (Figure 4D), this water serves as a weak hydrogen bond donor 

with Y730 (~3.3 Å O-O distance, angle of 109°), while E623 serves as a strong hydrogen 

bond acceptor with Y730 (~2.6 Å O-O distance, angle of 135°). These hydrogen-bonding 

interactions significantly stabilize the product (Table S3). Although the water does not 

interact strongly with the transferring proton (Figure 3B), the free energy barrier is lower 

for this string, most likely due to enhanced hydrogen-bonding interactions among the water, 

Q349, D334, and Y413 (Figure S7). The converged string has a similar free energy barrier 

(14.8 kcal/mol) and reaction free energy (−9.4 kcal/mol) as the strings with flipped Y731α 
and a QM water (Table 1).

In all of these strings, E623 was deprotonated on the basis of its pKa value of ~4.2,34 

although the protein environment is expected to modulate this value to some extent. Our 

previous simulations of PCET between Y731 and Y730 indicated that E623 mediates proton 

transfer by a proton relay mechanism in which it accepts and then donates the proton.11 

In the present simulations of PCET between Y730 and C439, however, E623 is not close 

enough to the region between Y730 and C439 to mediate proton transfer. Even when E623 

was included in the QM region for the strings with stacked Y731, E623 never accepted the 

proton during the PCET reaction between Y730 and C439. In contrast, the deprotonated 

E623 always accepted the proton in our previous simulations of the PCET reaction between 
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Y731 and Y730.11 On the other hand, in the present simulations of radical transfer from 

Y730 to C439 with stacked Y731, E623 remained close enough to Y730 to hydrogen bond 

to Y730 when the radical was on C439. These simulations investigated the two PCET steps 

independently, but we cannot exclude a concerted Y731 to Y730 to C439 radical transfer 

mechanism, which could be studied in the future.

Analysis of the spin densities of both the flipped and stacked Y731 conformations indicates 

that the electron and proton move concertedly during radical transfer from Y730 to C439. 

Figure 5 illustrates that the radical is localized on Y730 when the proton is bonded to C439 

in the reactant and is localized on C439 when the proton is bonded to Y730 in the product. 

For configurations near the top of the barrier along the MFEP, the radical is delocalized over 

both Y730 and C439, and the proton is approximately at the midpoint between the Y730 

oxygen and the C439 sulfur.

Previous studies combining ENDOR spectroscopy with DFT calculations suggested that 

water could hydrogen bond to the 3-aminotyrosine radical.12, 16 According to these 

studies, water hydrogen bonds to the 3-aminotyrosine radical from the Q349 side, which 

is opposite the amino group.16 In our simulations, water hydrogen bonds to the Y730 

radical in the flipped Y731 conformation on the E623 side and does not hydrogen bond 

to the Y730 radical in the stacked Y731 conformation. These differences between our 

simulations and the previous studies could arise from several factors. The main factor is 

that the aminotyrosine used in both the experiments and DFT calculations of the previous 

studies12, 16 could have a different hydrogen-bonding environment than the canonical 

tyrosine used in our simulations. Moreover, the DFT calculations used to interpret the 

ENDOR data were based on either a structure of RNR with the aminotyrosine substitution12 

or an isolated amino tyrosyl,16 whereas our simulations are based on the cryo-EM structure7 

without this substitution. In a separate combined ENDOR and DFT study,15 water was 

found to hydrogen bond to Y730 when the radical is on Y731. This experimental finding is 

consistent with our simulations that show Y730 hydrogen bonding to water when the radical 

is on C439 for both the stacked and flipped conformations.

Previous experimental and theoretical studies also examined other properties relevant 

to radical transfer from Y730 to C439. Spectroscopic experiments with selenocysteine 

substituted at position 439 in RNR did not directly observe the selenocysteine radical or 

the formation of deoxynucleotide product.35 However, the observation of thiyl radicals 

is challenging due to high reactivity and broadening of the EPR signal.36 In an earlier 

study, electrochemical experiments on glutathione, which contains a cysteine residue,37 

were interpreted to suggest that radical transfer from tyrosine to cysteine is approximately 

isoergic or slightly endoergic, but such model systems may not be representative of the RNR 

environment. Previous DFT calculations found that this radical transfer is slightly endoergic 

(~3 kcal/mol),12 but these calculations used small cluster models based on an earlier crystal 

structure38 without the intact PCET pathway and did not include entropic effects.

The QM/MM free energy simulations presented herein are based on the α/β subunits of the 

cryo-EM structure with a fully intact PCET pathway considered to be in the pre-turnover 

state.7 This structure is expected to favor forward radical transfer, and conformational 
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changes could occur during radical transfer that are not accessible on the simulation 

timescales. For these reasons, the finding that radical transfer from Y730 to C439 is exoergic 

may only be valid in this region of conformational space. On the other hand, the qualitative 

conclusions, such as the role of water, are expected to be more broadly applicable.

Conclusion

We performed QM/MM free energy simulations of the radical transfer reaction from Y730 

to C439. Our results show that the hydrogen-bonding interaction between a water molecule 

and Y730 plays an important role in lowering the free energy barrier and enhancing the 

exoergicity. The nearby E623 residue plays a similar but less pronounced role in stabilizing 

the product through hydrogen-bonding interactions with Y730 when Y731 is stacked with 

Y730. Understanding each PCET step along the pathway is critical for eventual simulation 

of the entire radical transfer process in this biochemically important enzyme. Furthermore, 

this study suggests that mutation of E623 will not only directly impact radical transfer 

between Y731 and Y730, but also may indirectly impact radical transfer between Y730 and 

C439. Such fundamental insights are relevant to drug design efforts.
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Figure 1. 
Cryo-EM structure of the α2β2 complex (left) and ordered PCET pathway (right), where ET 

and PT denote electron transfer and proton transfer, respectively. The participation of W48 is 

uncertain and therefore is shown in square brackets. Y731 has been shown computationally 

and experimentally to sample both flipped-out (green) and stacked (black) conformations. 

The PCET reaction between Y730 and C439 is indicated with a purple square bracket.
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Figure 2. 
Two-dimensional free energy surfaces for the PCET reaction associated with radical transfer 

from Y730α to C439α for strings with (A) flipped Y731 and (B) stacked Y731. Both strings 

have Y731, Y730, C439, Q349, and water in the QM region, as well as E623 for the stacked 

string, and use four reaction coordinates. The y-axis is the hydrogen transfer coordinate, 

defined as the difference between the C439 sulfur-hydrogen and Y730 oxygen-hydrogen 

distances, and the x-axis is the distance between the Y730 oxygen and C439 sulfur. The 

MFEP is indicated by the black curve. Note that only 18 images rather than 20 images are 

shown in part A because the first two images were redundant. In part B, the data from the 

first three iterations of the string was not included to ensure adequate equilibration; this 

removal changed the reaction free energy and free energy barrier by less than 0.2 kcal/mol.
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Figure 3. 
Average distances between the Y730 oxygen and C439 sulfur, as well as between the 

transferring hydrogen and the C439 sulfur, Y730 oxygen, and water oxygen. These distances 

were obtained from the final iteration of the converged string with (A) flipped Y731 or (B) 

stacked Y731. Both strings have Y731, Y730, C439, Q349, and water in the QM region, 

as well as E623 for the stacked string, and use four reaction coordinates. Configurations 

corresponding to the reactant, top of the barrier, and product with the transferring hydrogen 

shown in bright cyan and water circled in magenta for part (B) are also shown.
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Figure 4. 
Reactants (A and C) and products (B and D) of configurations with flipped Y731 (A and B) 

and stacked Y731 (C and D) for radical transfer from Y730 to C439 in the α subunit. These 

configurations were obtained from the converged strings with Y731, Y730, C439, Q349, 

and water in the QM region, as well as E623 for the stacked string, using four reaction 

coordinates. Analyses of the hydrogen bonds, labeled with dashed black lines, are provided 

in Table S3.

Zhong et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2023 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Spin densities computed for representative configurations along the MFEP from the 

converged strings for flipped (top) and stacked (bottom) Y731. The configurations 

correspond approximately to the reactant (left), top of the barrier (middle), and product 

(right). The spin densities were calculated with the complete active space self-consistent 

field (CASSCF) method in the gas phase using an (11e, 10o) active space and the 6–31+G** 

basis set. The transferring proton is shown in bright cyan. The analogous figure computed 

with DFT/ωB97X-D is given in Figure S9.
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Table 1.

Computed Reaction Free Energies (ΔG) and Free Energy Barriers (ΔG‡) for PCET Corresponding to Radical 

Transfer from Y730 to C439.

System QM Region
a ΔG‡ ΔG

⍺-stacked
b Q349 18.1 1.2

⍺-stacked Q349, E623 19.9 −5.1

⍺-stacked Q349, E623, H2O 14.8 −9.4

⍺-flipped Q349 17.9 1.1

⍺-flipped Q349, H2O 14.6 −11.4

⍺-flipped
c Q349, H2O 14.7 −10.0

⍺′-flipped 17.2 3.1

⍺′-flipped
c H2O 11.2 −15.9

a
All QM regions include Y730, Y731, and C439.

b
Y731 and Y730 are not completely stacked (Figure S3).

c
A fourth harmonic restraint was applied to WAT:O-H (Figure S1).
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