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Quantum mechanical/molecular mechanical (QM/MM) calculations were carried out to investigate the
mechanisms of the generation, transfer, and regeneration of the DOPA radical for metal-free class Ie
ribonucleotide reductase. The crystal structure of MfR2 (Nature, 2018, 563, 416–420) was adopted for
the calculations. The QM/MM calculations have revealed several key points that are vital for understand-
ing the mechanisms. The superoxide O2

�� provided by the flavoprotein NrdI cannot directly oxidize the
residue Tyr126 to the DOPA radical. It should be protonated to HO2

� . The calculation results suggest that
the covalent modification of Tyr126 and the DOPA radical generation can be carried out with no involve-
ment of metal cofactors. This addresses the concerns of the articles (Nature, 2018, 563, 416–420;
PNAS, 2018, 115, 10022–10027). Another concern from the articles is that how the DOPA radical is trans-
ferred from the radical trap. The DFT calculations have demonstrated that Lys213 is a key residue for the
radical transfer from the DOPA radical. The e-amino group of Lys213 is used not only as a bridge for the
electron transfer but also as a proton donor. It can provide a proton to DOPA126 via a water molecule, and
thus the radical transfer from DOPA126 to Trp52 is facilitated. It has also been revealed that the proto-
nation of Asp88 is the prerequisite for the DOPA radical generation and the radical transfer in class Ie.
Once the radical is quenched, it can be regenerated via the oxidations by superoxide O2

�� and hydroper-
oxyl radical HO2

� .
� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
1. Introduction

DNA is the carrier of genetic information of life, and the replica-
tion and repair of DNA is one of the core links in life. In all known
organisms, the four 20-deoxyribonucleoside triphosphate (dNTPs)
substrates used for DNA synthesis are provided by the catalysis
of ribonucleotide reductase (RNR). RNR catalyzes the reduction of
C20-OH of ribonucleotides (NDPs/NTPs) to form corresponding
deoxyribonucleotides (dNDPs/dNTPs), providing the required pre-
cursor for DNA synthesis and repair [1,2]. RNR is a kind of enzyme
that catalyzes reactions through biological organic radicals, and
can be grouped into three classes, Ⅰ–III [3–13]. Class I RNRs are usu-
ally composed of two nonidentical dimeric subunits, a subunit
(also known as R1 subunit) and b subunit (also known as R2 sub-
unit), and the two subunits interact to form a2b2 heterotetramer
[5]. R1 is the catalytic subunit and R2 is the radical generation sub-
unit. The reaction of ribonucleotide reduction can be started by the
cysteinyl radical (Cys�) located in R1 subunit, and this radical is
transferred from the tyrosyl radical (Tyr�) in R2 subunit over a long
distance (more than 35 Å). Depending on the identities of metal
cofactors combined by R2 and the mechanism of radical genera-
tion, class I RNRs can be divided into four subclasses: Ia
(PMID:4337857), Ib (PMID:20698687), Ic (PMID:15247479), and
Id (PMID:29609464) [14–17]. All those subclasses contain dinu-
clear metal cofactors [18–24].

Since the discovery of RNR, metal cofactors have been consid-
ered to be necessary for the generation and stabilization of the cat-
alytic radical in RNR. However, Högbom et al. [25] and Boal et al.
[26] have found a group of RNR (class Ie) with a trace amount of
metal cofactors in human pathogens. Compared to the central
region of the dimanganese cluster in the R2 subunit of Ib enzymes
(Fig. 1a), the active site of class Ie consists of an aspartic acid, a
valine, a proline, a lysine, and two histidines (Fig. 1b). For class I
RNRs, the six residues being coordinated to the transition metal
cofactors in R2 subunits are completely conserved. The six con-
served residues and the transition metal cofactors are necessary
for enzyme activation. While class Ie is the only subclass that is
independent of metal cofactor [25,26]. It is considered to be
evolved in response to the extreme metal-limited environments.
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Fig. 1. Structures of R2 subunits. (a) Structure of the dinuclear metal site and the conserved metal-coordinating residues in standard class Ib R2 from E. coli (PDB ID:3N37).
Cyan, red, and blue represent carbon, oxygen, and nitrogen, respectively, and Mn ions are represented by purple spheres. (b) The active site structure of the inactive MfR2
(PDB: 6GP3). (c) The active site structure of the active MfR2 (PDB: 6GP2). Green, red, and blue represent carbon, oxygen, and nitrogen, respectively, and water is represented
by red sphere.

Fig. 2. Solvent access channel and total electrostatic potential (ESP). (a) Solvent access channel in the inactive MfR2 (PDB: 6GP3). Green, red, and blue represent carbon,
oxygen, and nitrogen, respectively, and water is represented by red sphere. The dotted line in red represents the solvent access channel. (b) Total electrostatic potential (ESP)
for the side chains around the solvent access channel.
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These changes imply that the mechanism of radical generation and
stabilization in class Ie is completely different from that of other
subclasses.

In the R2 protein of class Ie, the tyrosine residue can be oxidized
to a stable 3,4-dihydroxyphenylalanine (DOPA) radical during
enzyme activation, and this radical can initiate the ribonucleotide
reduction in vitro and in vivo. The active site structure of the active
R2 is shown in Fig. 1c. Covalent modification of the residue tyro-
sine to form the DOPA radical is a three-electron oxidation process.
It is suggested that the superoxide provided by flavoprotein NrdI
takes part in the oxidations [25,26]. How the superoxide partici-
pates in the DOPA radical generation is unclear [25,26]. A trace
amount of metal ions are detected in R2 protein. It is not clear
whether the metal ions are transiently involved in the generation
of the DOPA radical [25,26].

In the active state of class Ie-R2 subunit, the tyrosine-derived
DOPA radical, which serves as the catalytic initiator, is transferred
to a cysteine residue in the R1 subunit through a transfer chain
when the ribonucleotide reduction reaction is initiated. After the
reaction, the radical is then reversibly transferred back to its initial
position at the DOPA residue [25,26]. Stubbe et al. [27] used DOPA
as a probe to study the radical transfer chain. They have found that
1112
the reduction potential of DOPA was 260 mV lower than that of
tyrosine at pH 7.0. It is indicated that DOPA forms a radical trap
in the class Ie-R2 subunit. Compared to the tyrosine radical, the
DOPA radical is more stable and difficult to be transferred to other
residues. Therefore, prior to transferring the DOPA radical, there
may be a triggering mechanism that the redox potential difference
between DOPA and other residues in the transferring chain is
adjusted. This adjustment may be induced by the changes of the
protein microenvironment and the conformation of the R2 subunit
after binding to R1 subunit. It is no clear that how the redox poten-
tial of amino acid residues is adjusted upon the changes of the pro-
tein microenvironment and conformation in class Ie. Another
concern for Ie RNR is that how to regenerate the DOPA radical
directly from the DOPA residue after the radical quenching.
Högbom et al. confirmed that once the radical is lost, it can be
regenerated by NrdI in an oxygen-dependent process [25]. Hence,
the activation step most likely also takes place via superoxide.

As a new discovered RNR enzyme, class Ie is completely differ-
ent from the previous subclasses in structure and function [25,26].
Understanding the mechanisms of the generation, transfer, and
regeneration of the DOPA radical in class Ie is helpful for the com-
bat of pathogens and the development of anti-pathogen drugs. For



Fig. 3. Structures and geometrical parameters for the DOPA radical generation using O2
�� as the oxidant in the deprotonated state of Asp88. For clarity, only six residues of the

model are shown here. The atoms in MM region which linked to QM region are replaced by hydrogens. Red, blue, and white represent oxygen, nitrogen, and hydrogen,
respectively. For Tyr126, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray. The dotted line in black represents
hydrogen bond.

Scheme 1. The pathway for the DOPA radical generation using O2
�� as the oxidant in the deprotonated state of Asp88 based on DFT simulation.
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Fig. 4. Structures for the DOPA radical generation using O2
�� as the oxidant in the protonated state of Asp88. For clarity, only six residues of the model are shown here. The

atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen, nitrogen, and hydrogen, respectively. For Tyr126,
the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray. The dotted line in black represents hydrogen bond.
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this purpose, in this work, density functional theory (DFT) has been
used to study the mechanisms of the generation, transfer, and
regeneration of the DOPA radical.
2. Computational methods

2.1. System setup

Two models (models 1 and 2) of the class Ie-R2 subunit were
constructed. The initial geometries for building the two models
were constructed based on the experimental X-ray crystal struc-
tures of chain A of the inactive MfR2 (PDB: 6GP3, model 1) and
the active MfR2 (PDB: 6GP2, model 2) [25]. The difference of the
crystal structures between the inactive and active states is that,
3,4-dihydroxyphenylalanine (DOPA) at the active site of the active
state corresponds to the tyrosine residue Tyr126 at the active site
of the inactive state. (Fig. 1b, c). The protonation states of the titrat-
able residues were determined at pH 7.0 based on the protein pKa
predictor PROPKA 3.0 [28-30] or based on the neighboring hydro-
gen bond networks. It is reasonable that all arginine (Arg) and
lysine (Lys) residues are in their protonated states, whereas all
aspartic acid (Asp) and glutamic acid (Glu) residues are in their
1114
deprotonated states with the exception of Asp88 (for asp88, we
investigated different protonation states). All histidines (His) are
in protonated states. His107 and His122 are protonated at their
Ne2 positions, and His143 and His216 are protonated at their
Nd1 positions. For the amino acid chain, the N-terminal is proto-
nated, whereas the C-terminal is deprotonated.
2.2. Molecular dynamics (MD) simulations

All classical molecular dynamics simulations were performed
using AMBER99SB-ILDN force field [31] with the GROMACS
2019.5 software package [32,33]. The missing hydrogen atoms
were added automatically. The TIP3P model was used for the sol-
vent water molecules [34]. The system was placed in a periodic
truncated cubic box, and the closest distance between the surface
of the box and the protein atom was set to 8 Å. The protein was
hydrated using SPC216 water molecule, and then neutralized by
adding ions (Na+ and Cl�) to generate 0.15 mol/L NaCl solution sub-
sequently. The energy minimization was performed to relax the
system using steepest descent and conjugate gradient algorithms.
Then, the position restriction equilibrium simulations were con-
ducted in following. (i) The minimized system was heated from 0



Scheme 2. The pathway for the DOPA radical generation using O2
�� as the oxidant in the protonated state of Asp88 based on DFT simulation.

Fig. 5. Structures and geometrical parameters for the DOPA radical generation using HO2
� as the oxidant in the deprotonated state of Asp88. For clarity, only six residues of the

model are shown here. The atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen, nitrogen, and
hydrogen, respectively. For Tyr126, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray. The dotted line in black
represents hydrogen bond.
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Scheme 3. The pathway for the DOPA radical generation using HO2
� as the oxidant in the deprotonated state of Asp88 based on DFT simulation.
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to 300 K at constant volume using the velocity-rescale thermostat
in a NVT canonical ensemble for 100 ps. (ii) The system was equi-
librated in a NPT ensemble for 100 ps, employing the Berendsen
barostat at the constant temperature of 300 K and 1 bar. Isotropic
pressure coupling was applied with a compressibility of 4.5� 10�5-
bar�1. All of the solute molecules were restrained to the origin
using harmonic potential of 1000 kJ mol�1 nm�2 during the equi-
librium simulation process. Finally, a production MD run was per-
formed for continuous 30 ns in a NPT ensemble with a target
pressure of 1 bar and a pressure coupling constant of 2 ps. The peri-
odic boundary conditions were employed in all the simulations,
with time integration step size of 2.0 fs. LINCS algorithm was used
to constrain bonds involving hydrogen [35]. Long-range electro-
static interactions were calculated using the particle-mesh Ewald
(PME) summation algorithm [36] with fast Fourier transform
(FFT) grid spacing of 1.6 Å and an cubic interpolation order of 4.
Lennard-Jones and short-range Coulomb interaction cut off values
were both 10 Å. Frames were collected at 10 ps intervals, and the
production trajectories were analyzed using Visual Molecular
Dynamics (VMD) [37]. Visualization was performed using PyMOL
(the PyMOL Molecular Graphics System, Schrödinger, LLC) and
CYLview [38]. RMSD changes in skeleton atoms of protein along
the MD trajectories for the inactive and active MfR2 are shown in
Fig. S1.
2.3. QM/MM calculations

The initial structure of the QM/MM calculation was taken from
the trajectory of the MD simulations. In order to simplify the
research model, the solvent molecules beyond 5 Å of the protein
were removed. All QM/MM calculations were performed using
ONIOM [38-41] implemented in the Gaussian 09 program [42].
Model 1 was used to study the mechanism of the generation and
regeneration of DOPA radical at the active site of the R2 subunit.
The active site residues include Asp88, His122, Tyr126, and
Lys213, and the neighboring residues are Leu84, Val119, Leu183,
Phe187, and Ile209. O2

�� or HO2
� are the oxidants. All these consti-
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tute the QM region of model 1. Model 2 is used to study the trans-
fer mechanism of DOPA radical between DOPA126 and Trp52.
Trp52 is closed to Arg211, Asp212, and W558, they have
hydrogen-bonding interactions with His122 of the active site.
The residues of the QM region of model 1, Trp52, Arg211,
Asp212, W558, and W580, constitute the QM region of model 2.
In addition, DOPA126 replaces Tyr126 in model 1. The remaining
part of the system was regarded as the MM region. To maintain
the contribution of outer residues and water molecules to the sys-
tem, all amino acid residues and water molecules beyond 6 Å of the
QM region were freezed. An electronic embedding scheme [43]
was applied to include the polarizing effect of the enzymatic envi-
ronment on the QM region. Hydrogen link atoms [44] with the
charge shift model were employed to treat the QM/MM boundary.
The AMBER force field was used for the MM region. The pure QM
part was treated by density functional theory (DFT) with the
B3LYP exchange–correlation functional method [45–48]. The
B3LYP functional, which is a density-functional theory (DFT) type
of calculation based on hybrid functional, has been proved to pro-
vide a good balance between speed and accuracy for modeling
enzyme reactions [49,50]. Geometry optimizations were per-
formed using a double-f 6-31G (d,p) basis set (labeled B1). All min-
ima were fully optimized without any symmetry restraints. The
transition states (TSs) were determined by an initial potential
energy surface (PES) scans followed by fully TS optimizations. Fre-
quency calculations were performed using the theory and method-
ology same to that of geometry optimizations to identify the
correct minimum (no imaginary frequency) and transition state
(one imaginary frequency) structure, and to obtain zero-point
energies (ZPE). To obtain more accurate energies, single-point
energies were calculated using a larger all-electron basis set, which
is 6-311G (2df,p) for all the atoms (labeled B2). The free energy was
obtained based single-point energy, which is corrected by zero-
point energy. Based on the ground-state electronic wave functions,
the total electrostatic potential (ESP) analysis, charge analysis, spin
density analysis, and spin natural orbitals distribution analysis
were performed using Multiwfn 3.6 program [51,52].



Fig. 6. Structures and geometrical parameters for the DOPA radical generation using HO2
� as the oxidant in the protonated state of Asp88 (pathway A). For clarity, only six

residues of the model are shown here. The atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen,
nitrogen, and hydrogen, respectively. For Tyr126/DOPA126, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray.
The dotted line in black represents hydrogen bond. The length is in Angstrom and angle in Degree.

J. Zou, Y. Chen and W. Feng Computational and Structural Biotechnology Journal 20 (2022) 1111–1131
Rate constants for the radical transfer between DOPA126 and
Trp52 were calculated according to the Marcus-Hush-Levich for-
mula (Eq. (1)) [53–59].

kPCET ¼ 2p
—h

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkkBT

p HDAj j2exp � kþ DGð Þ2
4kkBT

 !
ð1Þ
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In this expression, k is the nuclear reorganization energy
accompanying electron transfer, HDA is electronic coupling matrix
element between the donor and acceptor, DG is the reaction free
energy, ⁄ is Planck’s constant, kB is Boltzmann’s constant, and T is
temperature. HDA is estimated by the method in the articles
[53,60,61].
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3. Results and discussion

3.1. Generation mechanism of the DOPA radical

3.1.1. Superoxide (O2
��) as the oxidant when Asp88 in deprotonated

state
Through analysis of the crystal structure of the inactive MfR2

(PDB: 6GP3), it is found that there is a solvent access channel con-
necting the active site with NrdI (Fig. 2a). This hydrophilic channel
exists in both Ib and Ie subclasses and is used to transport super-
oxide produced by NrdI [26]. At the end point of the channel, there
is a water molecule (W530), which has hydrogen bonding interac-
tions with both Tyr126 and Asp88. Superoxide (O2

��) is generated
by the single-electron reduction of O2 under the catalysis of NrdI
[62,63]. The experiments showed that NrdI is involved in the for-
mation of the DOPA radical, therefore O2

�� is speculated to be the
oxidant for the formation of the DOPA radical [25,26]. Thus, direct
oxidation by O2

�� was first investigated. Once O2
�� is generated, it

enters into the active site via the solvent access channel. Based
on analysis of the crystal structure, it is suggested that after O2

��

enters into the active site, it arrives at the position of W530 and
expels the water.

In R2 protein, Asp88 was found to be located in the vicinity of
Tyr126 and interact with Tyr126 via a hydrogen-bonded water
(W530). Asp88 is an acidic amino acid, and its protonation state
is depended on the side chain pKa. According to the protein pKa
predictor PROPKA 3.0 [28–30], the pKa of Asp88 is 5.86 in the inac-
tive MfR2 and 6.20 in the active MfR2. Therefore, we speculate that
Asp88 may exhibit different protonation states in the active center,
and the protonation state plays an important role in the radical
Fig. 6 (cont
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generation and transfer. In order to analyze the protonation state
of Asp88, we carried out MD simulations (30 ns) for the crystal
structures in different protonation states. Through the overlay of
the initial crystal structures and the structures after the MD simu-
lations, it is found that the structure of Asp88 in deprotonated state
is more close to the initial structure after MD simulation (Fig. S2).
Therefore, we have simulated the direct oxidation by O2

�� when
Asp88 is in deprotonated state. As illustrated in Fig. 3, the struc-
tures have been obtained after optimization, including the initial
state when Asp88 is deprotonated (IN1), reactant complex (RC),
the first transition state (TS1), and the first intermediate (IM1).
In IN1, there are a salt bridge between Asp88 and Lys213 and a
hydrogen bond between Asp88 and W530. In RC, O2

�� enters into
the active site and occupies the position of the water molecule
(W530). Asp88 and O2

�� are separated away from each other. The
distal oxygen atom Od of O2

�� forms a hydrogen bond with the phe-
nol OH group of Tyr126 at a distance of 1.37 Å. As the reaction pro-
ceeds, O2

�� moves toward Tyr126. The proximal oxygen atom Op of
O2
�� approaches the meta position (C30) of Tyr126 and forms a C-O

bond through radical substitution reaction. Meanwhile, the phenol
proton of Tyr126 moves toward O2

�� to form HO2
� . Unfortunately,

the reaction cannot proceed after IM1 (Scheme 1).
3.1.2. Superoxide (O2
��) as the oxidant when Asp88 in the protonated

state
Then we carried out the calculations for the direct oxidation by

O2
�� when Asp88 is protonated. The optimized geometries are

shown in Fig. 4. The salt bridge between Asp88 and Lys213 disap-
pears when Asp88 is protonated in IN2. As O2

�� enters the active
site, it abstracts the proton from Asp88 due to its strong elec-
inued)



Fig. 7. Spin density distributions for the DOPA radical generation using HO2
� as the oxidant in the protonated state of Asp88 (pathway A). Blue and green represent the

negative and positive spin density, respectively.

Table 1
Atomic dipole corrected hirshfeld (ADCH) atomic charges (unit: C), spin densities and spin natural orbitals (SNO) distribution of unpaired single-electron for the DOPA radical
generation using HO2

� as the oxidant in the protonated state of Asp88 (pathway A).

HO2
� Tyr126/DOPA126 Op Od O1

ADCH charge RC 0.00 0.02 �0.08 �0.18 �0.12
TS1 �0.20 0.22 �0.20 �0.18 �0.27
IM1 �0.14 0.03 �0.16 �0.25 �0.23
TS2 — 0.20 �0.22 �0.37 �0.23
IM2 — 0.16 �0.16 �0.45 �0.23
TS3 — 0.15 �0.19 �0.44 �0.24
PC — 0.08 �0.16 �0.51 �0.28

Spin density RC 0.98 0.01 0.68 0.30 0.01
TS1 0.40 0.60 0.36 0.04 0.06
IM1 0.04 0.99 0.03 0.01 0.07
TS2 — 0.77 0.21 0.23 0.04
IM2 — 0.98 0.79 0.00 0.04
TS3 — 0.99 0.50 0.00 0.18
PC — 0.99 0.06 0.00 0.35

SNO distribution RC 92% 3% 62% 30% 1%
TS1 35% 64% 29% 5% 6%
IM1 — 98% 4% 1% 6%
TS2 — 79% 22% 18% 4%
IM2 — 96% 69% 0 3%
TS3 — 97% 40% 0 10%
PC — 98% 6% 0 25%

J. Zou, Y. Chen and W. Feng Computational and Structural Biotechnology Journal 20 (2022) 1111–1131
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Fig. 8. Spin natural orbitals distribution of unpaired single-electron for the DOPA radical generation using HO2
� as the oxidant in the protonated state of Asp88 (pathway A).

Blue and green represent the negative and positive spin density, respectively.
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tronegativity as indicated in RC. However, the oxidation reaction
cannot proceed after RC as illustrated in Scheme 2.
3.1.3. Hydroperoxyl radical (HO2
� ) as the oxidant when Asp88 in

deprotonated state
The above results have demonstrated that, no matter Asp88 is

protonated or deprotonated, through the direct oxidation by O2
��,

the DOPA radical cannot be formed. O2
�� can be protonated to form

hydroperoxyl radical (HO2
� ) (O2

�� + H+ ? HO2
� ), and this protonation

reaction is reversible [64–66]. As an oxidant, HO2
� has been shown

to have a stronger oxidation capability than O2
�� [67]. Thus, we

started the simulation with HO2
� as the oxidation. The optimized

structures and geometries of the key steps of the oxidation process
are shown in Fig. 5. HO2

� gradually approaches the meta position
(C30) of Tyr126 and the C-O bond is formed through the radical
substitution reaction. Then the dioxygen bond breaks, in the mean-
time the distal oxygen atom Od abstracts a proton to form a water
molecule. However, after IM1 as illustrated in Scheme 3, the oxida-
tion cannot be proceeded. It is ascribed to that, in IM1, HO2

� is
1120
hydrogen bonded to Asp88 in deprotonated state with a distance
of 1.62 Å, and the strong hydrogen bonding interaction restricts
the movement of Od.
3.1.4. Hydroperoxyl radical (HO2
� ) as the oxidant when Asp88 in

protonated state
Further calculations were carried out when Asp88 is in proto-

nated state, and the optimized structures and geometries are
shown in Fig. 6. In the reactant complex RC, the proximal oxygen
atom Op forms a hydrogen bond with the phenol OH group of
Tyr126 at a distance 1.95 Å. According to the spin density analysis
(Table 1, Figs. 7, 8), the unpaired single-electron is mainly located
on the dioxygen of HO2

� , with the spin densities of Op and Od being
0.68 and 0.30, respectively. Due to possessing an unpaired single-
electron, HO2

� has a strong oxidation reactivity.
The oxidation reaction starts with HO2

� moving toward the aro-
matic ring of Tyr126. HO2

� approaches the meta position (C30) of
Tyr126 forming the C-O bond. This step undergoes the first transi-
tion state (TS1) and the first intermediate (IM1). As HO2

�



Scheme 4. The pathway for the DOPA radical generation based on DFT simulation (pathway A).

Fig. 9. Potential energy profile of pathways for the DOPA radical generation (pathway A), transfer (pathway B) and regeneration (pathway C, D) based on DFT simulation.
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Fig. 10. (a) Structure for the DOPA radical transfer between DOPA126 and Trp52 in the deprotonated state of Asp88. For clarity, only six residues of the model are shown here.
The atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen, nitrogen, and hydrogen, respectively. For
DOPA126, Lys213 and Trp52, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray. (b) Pin density distribution.
Blue and green represent the negative and positive spin density, respectively.

Fig. 11. Structures and geometrical parameters for the DOPA radical transfer between DOPA126 and Trp52 in the protonated state of Asp88 (pathway B). For clarity, only six
residues of the model are shown here. The atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen,
nitrogen, and hydrogen, respectively. For DOPA126, Lys213 and Trp52, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are
shown in gray. The length is in Angstrom.
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approaches Tyr126, the C3-Op distance is shortened from 3.97 Å in
RC to 1.88 Å in TS1. Meanwhile, Od departs from Op, and the Od-
Op distance is elongated from 1.33 Å in RC to 1.43 Å in TS1. In
IM1, the C3-Op bond is formed with a bond length of 1.47 Å. In
the meantime, Od further departs from Op, and the Od-Op distance
is 1.47 Å. The spin density on HO2

� is changed from 0.98 in RC to
0.04 in IM1, and the spin density on Tyr126 increases from 0.01
in RC to 0.99 in IM1 (Table 1, Fig. 7). The unpaired spin density
located HO2

� is almost transferred to Tyr126. This step is endother-
1122
mic. The calculated free energy barrier is 15.5 kcal/mol and the
reaction free energy is 7.1 kcal/mol.

In the second step (IM1 ? IM2), the distal oxygen atom Od
abstracts the phenol proton of Tyr126, with the formation of a
water molecule. In IM1, the hydrogen bond distance between
HO2

� and the carboxyl group of Asp88 is 1.93 Å. This hydrogen bond
is very weak, hence has little effect on the oxidation reaction. From
IM1 to IM2, the Od-Op distance is gradually elongated and the Od-
H2 distance is gradually shortened. In the intermediate IM2, the



Table 2
Atomic dipole corrected hirshfeld (ADCH) atomic charges (unit: C), spin densities and
spin natural orbitals (SNO) distribution of unpaired single-electron for the DOPA
radical transfer between DOPA126 and Trp52 in the protonated state of Asp88
(pathway B).

DOPA126 Trp52

ADCH charge RC1 �0.50 �0.10
RC2 0.10 �0.10
TS 0.50 0.02
PC 0.49 0.06

Spin density RC1 0.99 0.00
RC2 1.00 0.00
TS 0.86 0.14
PC 0.80 0.19

SNO distribution RC1 97% 0
RC2 98% 0
TS 84% 14%
PC 79% 19%
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Od-Op and O1-H2 bonds break simultaneously, and the Od-H2
bond is formed with the formation of a water molecule. This step
is exothermic. The free energy barrier is 10.5 kcal/mol, and the
reaction free energy is �42.9 kcal/mol.

In IM2, the unpaired single-electron is essentially located on Op
with a spin density of 0.79 (Table 1, Fig. 7), revealing that Op has a
strong activity and can receive a hydrogen. Therefore, the third
step (IM2 ? PC) involves the abstraction of hydrogen H1 by Op
to generate the C30 hydroxyl group. This step undergoes the third
transition state (TS3). In IM2, the distances of the C3-Op and C3-
H1 bonds are 1.35 Å and 1.12 Å, respectively, and the angle \Op-
C3-H1 is 106.7�. Due to the abstraction by Op, H2 moves toward
Op, and the angle \Op-C3-H1 gradually becomes smaller. In TS3,
the angle \Op-C3-H1 becomes 63.1�, and the distances of the
Fig. 12. Spin density distributions for the DOPA radical transfer between DOPA126 and
negative and positive spin density, respectively.
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C3-Op and C3-H1 bonds are elongated to 1.37 Å and 1.23 Å, respec-
tively. Upon the generation of the hydroxyl group, the DOPA radi-
cal is finally formed in the product complex (PC). In PC, the charge
and spin density of the oxygen atom O1 are�0.28 and 0.35, respec-
tively (Table 1). 25% of the unpaired single-electron is located on
O1 (Table 1, Fig. 8g), confirming the formation of phenoxyl-
radical. In the final step, the calculated free energy barrier is
18.3 kcal/mol, and the reaction free energy is �43.4 kcal/mol,
revealing that this step is highly exothermic.

Scheme 4 illustrates the mechanism of the DOPA radical gener-
ation. Based on the DFT simulations, it has been found that HO2

� ,
not O2

��, can directly oxidize Tyr126 to form the DOPA radical. It
is suggested that the oxidation does not need the participation of
metal ions. The reaction is a three-electron oxidation, which
undergoes the tyrosine meta-hydroxylation and the DOPA radical
generation. The calculation results are consistent with that pro-
posed by Högbom et al. [25]. Fig. 9 shows the calculated potential
energy profile for the pathway A, which undergoes three steps
after RC. The third step is the rate-determining step, and it is
exothermic. The calculated rate constant in the third step is
1.43 � 102 s�1, which is close to the experimental reaction rate
of HO2

� with phenylalanine <180.0 ± 50.0 s�1 [68]. The total
reaction energy of the pathway is �79.2 kcal/mol. Therefore, the
reaction pathway is thermodynamically favorable. It is noticed that
in the pathway, the DOPA radical, not DOPA, is directly formed.

When Asp88 is in the deprotonated state, the oxygen atom of
the carboxyl group can form a strong hydrogen bond with the sur-
rounding hydrogen atom. The hydrogen bonding interaction is not
favorable for the oxidation reaction. Whereas Asp88 in the proto-
nated state, the hydrogen bonding interaction is significantly
weakened. Therefore, the prerequisite of the oxidation reaction is
that the side chain of Asp88 is protonated. According to the pKa
Trp52 in the protonated state of Asp88 (pathway B). Blue and green represent the
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of Asp88 of the inactive MfR2 and the MD simulation of the initial
crystal structure (Fig. S2), Asp88 is likely to be deprotonated in the
initial state. Therefore, there may be a switch mechanism in class
Ie. Once the reaction of the DOPA radical generation is initiated,
the switch mechanism can facilitate Asp88 to be protonated. Previ-
ous researches have proposed a histidine switch mechanism for
viral membrane fusion [69–71]. This mechanism shows that, in
many viral fusion proteins, histidines are located in the vicinity
of positively charged residues in the prefusion conformation, and
are singly protonated at neutral pH. However, once stimulated by
external conditions such as mildly acidic conditions (pH 4.5–6.5),
that are close to the pKa of histidine side-chain protonation, his-
tidines are doubly protonated and positively charged. Many pro-
teins make use of conformational changes to achieve their
functional purposes [72]. The conformational change is usually
coupled with the protonation states of ionizable residues such as
Lys, Glu, Asp, and Arg residues, and the coupling is an effective reg-
ulation mechanism of proteins [72]. The internal ionizable residues
would adjust their protonation states and pKa values in different
microenvironments. For aspartic acids, when they are exposed to
a hydrophilic region, they exhibit deprotonation states. However,
when they are located in a relatively hydrophobic region of the
protein, their pKa values would tend to rise, and they exhibit neu-
tral protonation states. In the active site of the R2 subunit, Asp88 is
located in vicinity of the e-amino group of Lys213. As shown in
Fig. 13. Spin natural orbitals distribution of unpaired single-electron for the DOPA radic
B). Blue and green represent the negative and positive spin density, respectively.
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Fig. 2b, the total electrostatic potential (ESP) around the e-amino
group of Lys213 is positive. Based on the protein pKa predictor
PROPKA 3.0 [28-30], the pKa of Asp88 of the inactive MfR2 is
5.86, and that of the active MfR2 is 6.20. Therefore, it is speculated
that there is a ‘‘switch phenomenon” in class Ie. When the flavo-
protein NrdI binds to the R2 subunit, the microenvironment of
the active site is changed from neutral hydrophilic to mildly acidic
and relatively hydrophobic, leading to that the pKa of Asp88 is
increased from 5.86 to 6.20. In the meantime, Asp88 turns to be
in a protonated state. After the generation of the DOPA radical,
R2 separates from NrdI. The microenvironment of the active site
is changed from relatively hydrophobic to hydrophilic, and the
pKa of Asp88 is decreased to 5.86. Thus, Asp88 is deprotonated
and returned to its initial state. The possible reason for this mech-
anism is that when the protein aggregates, the solvent channel
between the active site and the external aqueous solution is
blocked to some extent, the active site of protein becomes more
hydrophobic.

O2
�� can be protonated to form hydroperoxyl radical HO2

� . There-
fore, like the protonation of Asp88, it is speculated that when R2 is
bonded to NrdI, the microenvironment of the active site turns to be
mildly acidic, which benefits the protonation of O2

��. In the active
site, the positively charged e-amino group of Lys213 is located in
the vicinity of the solvent access channel (Fig. 2a). We speculate
that O2

�� can be protonated to HO2
� at such a mildly acidic condition.
al transfer between DOPA126 and Trp52 in the protonated state of Asp88 (pathway



Scheme 5. The pathway for the DOPA radical transfer between DOPA126 and Trp52 based on DFT simulation (pathway B). The line in red represents the radical transfer
chain.

Fig. 14. Radical transfer chain in the active MfR2 (PDB: 6GP2). Green, red, and blue
represent carbon, oxygen, and nitrogen, respectively, and water is represented by
red sphere. The dotted line in pink represents radical transfer chain.
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HO2
� has been demonstrated to be more reactive than O2

�� [67]. It is
reasonable that HO2

� is the oxidant that oxidizes the side chain of
Tyr126 to form the DOPA radical.

3.2. Transfer mechanism of the DOPA radical

The radical transfer in proteins is accomplished through a
proton-coupled electron transfer (PCET) mechanism [73]. Electron
is transferred by a long-range electron tunneling. In biological pro-
teins, the amino acids, which can serve as waystations for electron
tunneling (hopping) reactions, are almost tyrosine and tryptophan
residues [74]. After careful analysis, it is found that Trp52 is the
first electron waystation nearby DOPA126. So, when the DOPA rad-
ical transfer is initiated, an electron located on Trp52 is transferred
1125
to the phenol group of DOPA126 over the radical transfer chain,
creating a cationic tryptophan radical Trp52+�. The radical transfer
from DOPA126 to Trp52 is the first and most important step. The
radical transfer in the deprotonated state of Asp88 has been stud-
ied. However, we could not obtain Trp52+� after optimization. As
shown in Fig. 10a, the hydrogen on C3-OH of DOPA126 has been
transferred to the carboxyl group of the side-chain of Asp88. This
leads to that the radical is still on DOPA126 and cannot be trans-
ferred to Trp52, although the C40 phenoxyl radical (C-O�) has been
protonated. Fig. 10b shows that Trp52 has no spin density. This
result is consistent with the opinion of Boal et al. [26], who pro-
posed that the retention of this hydrogen is critical for tuning of
the redox potential of the DOPA radical. Hence, in order to hold
the hydrogen of C3-OH on its position, Asp88 should be protonated
before the initiation of the proton/electron transfer.

Further calculations were carried out. The structures are illus-
trated in Fig. 11, including the reactant which has a neutral DOPA
radical in the deprotonated state of Asp88 (DOPA126�-Trp52, RC1),
the reactant in the protonated state of Asp88 (DOPA126�-Trp52,
RC2), the transition state (TS), and the product complex
(DOPA126-Trp52+�, PC). In RC2, there are two intermolecular
hydrogen bonds between DOPA126 and Lys213. The optimized dis-
tances of O1-H1 and O2-H2 are 1.78 Å and 1.81 Å, respectively.
About 98% of the unpaired single-electron is distributed on
DOPA126, which has a spin density of 1.0 (Table 2, Figs. 12, 13).
There is almost no spin density resides on the other residues. The
charge analysis (Table 2) shows that the total charge of Trp52 is
�0.10, indicating that Trp52 is initially electronegative. As the rad-
ical transfer is initiated, the atom H1 gradually moves toward O1,
and H2 gradually approaches to O2. This step undergoes a transi-
tion state (TS). From RC2 to TS, the O1-H1 distance changes from
1.78 Å to 1.11 Å, and the O2-H2 distance changes from 1.81 Å to
1.05 Å. In TS, about 14% of the unpaired single-electron is trans-
ferred to Trp52 (Table 2, Figs. 12, 13). As the reaction proceeds,



Fig. 15. Structures for the DOPA radical regeneration using O2
�� as the oxidant in the protonated state of Asp88 (pathway C). For clarity, only six residues of the model are

shown here. The atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen, nitrogen, and hydrogen,
respectively. For DOPA126, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray. The dotted line in black
represents hydrogen bond. The length in Angstrom.

Fig. 16. Spin density distributions for the DOPA radical regeneration using O2
�� as the oxidant in the protonated state of Asp88 (pathway C). Blue and green represent the

negative and positive spin density, respectively.
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the O1-H1 and O2-H2 distances are gradually shortened. In PC, the
O1-H1 and O2-H2 bonds are formed simultaneously. The lengths of
the O1-H1 and O2-H2 bonds are 1.07 Å and 1.03 Å, respectively. As
the reaction going from RC2 to PC, the charge of Trp52 changes
1126
from �0.01 to 0.06, and the spin density changes from 0.00 to
0.19 (Table 2, Fig. 12). About 19% of the unpaired single-electron
is distributed on Trp52 in PC (Table 2, Fig. 13), revealing that the
cationic tryptophan radical Trp52+� is formed, although most of
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the unpaired single-electron (79%) is still located on DOPA126. The
unpaired spin density mainly resides on the aromatic ring of
DOPA126 in PC, demonstrating that the electron transfer between
these two residues is complicated. The changes of protein environ-
ment and conformation may be needed in the transfer process. Our
calculations help to understand radical transfer mechanism, and
address the concern from the articles that how the DOPA radical
is transferred from the radical trap.

From RC2 to PC, the reaction is endothermic. The forward and
backward energy barriers are 15.2 and 1.0 kcal/mol (Fig. 9), respec-
tively, and the calculated rate constants are 1.17 � 103 and
2.89 � 1013 s�1, respectively. The forward rate constant obtained
is in agreement with previous study [74]. The backward energy
barrier is slightly endothermic (1.0 kcal/mol), which means that
the transfer rate is very fast.
Fig. 17. Spin natural orbitals distribution of unpaired single-electron for the DOPA radica
Blue and green represent the negative and positive spin density, respectively.

Scheme 6. The pathway for the DOPA radical regeneration using O2
�� as the oxid
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Scheme 5 illustrates the radical transfer between DOPA126 and
Trp52. According to the mechanism of the radical transfer between
DOPA126 and Trp52 and the hydrogen bonds formed, the residues
along the radical transfer chain are identified, DOPA126 M H2-
O M Lys213 M His122 M Asp212 M Trp52 M Arg211 M Tyr356
(Fig. 14) (Tyr356 was not resolved in the crystal structure).

The e-amino group of Lys213, not only as a bridge for electron
transfer but also as a proton donor, provides a proton to the phe-
noxyl radical (C-O�) of DOPA126 to form the phenol group (C-
OH). Lys213 is the key residue in the radical transfer chain between
DOPA126 and Trp52. Between the side chains of DOPA126 and
Lys213, there is a water molecule (W580). The water molecule
forms hydrogen bonds with both DOPA126 and Lys213. Thus, an
electron and proton channel is formed. It is a water mediated
double-proton-coupled electron transfer (dPCET), that occurs
l regeneration using O2
�� as the oxidant in the protonated state of Asp88 (pathway C).

ant in the protonated state of Asp88 based on DFT simulation (pathway C).



Fig. 19. Spin density distributions for the DOPA radical regeneration using HO2
� as the oxidant in the protonated state of Asp88 (pathway D). Blue and green represent the

negative and positive spin density, respectively.

Fig. 18. Structures for the DOPA radical regeneration using HO2
� as the oxidant in the protonated state of Asp88 (pathway D). For clarity, only six residues of the model are

shown here. The atoms in the MM region which is linked to the QM region are replaced by hydrogens. Red, blue, and white represent oxygen, nitrogen, and hydrogen,
respectively. For DOPA126, the carbon atoms and the C–C bonds are shown in green. For other residues, the carbon atoms are shown in gray. The dotted line in black
represents hydrogen bond. The length is in Angstrom.

J. Zou, Y. Chen and W. Feng Computational and Structural Biotechnology Journal 20 (2022) 1111–1131

1128



J. Zou, Y. Chen and W. Feng Computational and Structural Biotechnology Journal 20 (2022) 1111–1131
between the side chains of DOPA126 and Lys213. The dPCET mech-
anism indicates that protons can be transferred between the side
chains of DOPA126 and Lys213. Previous studies have shown that,
the existence of water molecule between the side chains can
decrease the barrier height of electron tunneling and facilitate
the electron transfer [53,75,76].

3.3. Mechanism of the DOPA radical regeneration

3.3.1. Superoxide (O2
��) as the oxidant

The DFT calculations have shown that the Asp88 being in the
protonation state is the prerequisite for the DOPA radical genera-
tion and transfer. For the regeneration of the DOPA radical, we
Scheme 7. The pathway for the DOPA radical regeneration using HO2
� as the oxid

Fig. 20. Spin natural orbitals distribution of unpaired single-electron for the DOPA radic
D). Blue and green represent the negative and positive spin density, respectively.
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simulated the oxidation by O2
�� when Asp88 is in the protonated

state. The optimized structures of the key steps of the process
are illustrated in Fig. 15. The oxidant O2

�� occupies the position of
the water molecule when it enters the active site. In RC, the proton
in the carboxyl group of the side-chain of Asp88 is transferred to
O2
�� to form HO2

� due to the strong electronegativity of O2
��. As the

reaction going from RC to PC, the phenol proton of DOPA126 is
transferred to HO2

� , the free radical is transferred concomitantly
from HO2

� to DOPA126. HO2
� is protonated to form a hydrogen per-

oxide molecule in PC. The reaction undergoes a transition state
(TS). Figs. 16, 17 show the transfer of the unpaired single-
electron from HO2

� to DOPA126. The calculated energy barrier is
4.0 kcal/mol, and the reaction free energy is �5.2 kcal/mol
ant in the protonated state of Asp88 based on DFT simulation (pathway D).

al regeneration using HO2
� as the oxidant in the protonated state of Asp88 (pathway
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(pathway C in Fig. 9), indicating that the reaction is exothermic.
Hence, the regeneration reaction is thermodynamically favorable
from the energy point of view. The reaction mechanism is illus-
trated in Scheme 6.

3.3.2. Hydroperoxyl radical (HO2
� ) as the oxidant

DFT calculations also have been carried out using hydroperoxyl
radical (HO2

� ) as the oxidant, and the optimized structures of the
key steps of the process are illustrated in Fig. 18. In RC, HO2

� is
hydrogen bonded to the C30 hydroxyl group of DOPA126. As the
reaction going from RC to PC, the phenol proton of DOPA126 is
transferred to HO2

� , the free radical is transferred concomitantly
from HO2

� to DOPA126. HO2
� is protonated to form a hydrogen per-

oxide molecule in PC. The reaction also undergoes a transition state
(TS). Figs. 19, 20 confirm the transfer of the unpaired single-
electron from HO2

� to DOPA126. The calculated energy barrier is
6.7 kcal/mol, and the reaction free energy is �12.7 kcal/mol (path-
way D in Fig. 9). The reaction is exothermic and the regeneration
reaction is thermodynamically favorable. The reaction mechanism
is illustrated in Scheme 7.

4. Conclusions

For class Ie RNR, the mechanisms of the covalent modification
of Tyr126 to the DOPA radical and the radical transfer and regener-
ation have been studied based on DFT calculations. As a new class
of RNR enzyme, class Ie exhibits different mechanisms of radical
generation and transfer. The DFT calculations have showed that
O2
�� cannot directly oxidize Tyr126 to form the DOPA radical in

class Ie. It must be protonated to HO2
� prior to the oxidation. The

DFT calculations suggest that the covalent modification of Tyr126
and the DOPA radical generation can be carried out with no
involvement of metal cofactors. The DFT study reveals the steps
of bond formation and bond breaking upon the oxidation of
Tyr126 by HO2

� . This work supports that metal environment and
amount may not have an effect on the survival of pathogens con-
taining class Ie [25,26]. The protonation of Asp88 is the prerequi-
site for the generation and transfer of the DOPA radical in class
Ie. The protonation state of Asp88 can be regulated by the change
of protein microenvironment, which is induced by the protein
aggregation and separation of the R2 subunit with flavoprotein
NrdI or the R1 subunit. The e-amino group of Lys213 plays an
important role in the DOPA radical generation and transfer. Once
the radical is quenched, it can be regenerated via the oxidations
by superoxide O2

�� and hydroperoxyl radical HO2
� .

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (21978018).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.csbj.2022.02.027.

References

[1] Aye Y, Li M, Long MJ, Weiss RS. Ribonucleotide reductase and cancer: biological
mechanisms and targeted therapies. Oncogene 2015;34:2011–21.
1130
[2] Herrick J, Sclavi B. Ribonucleotide reductase and the regulation of DNA
replication: an old story and an ancient heritage. Mol Microbiol
2007;63:22–34.

[3] Reichard P. From RNA to DNA, Why so many ribonucleotide reductases?
Science 1993;260:1773–7.

[4] Fontecave M. Ribonucleotide reductases and radical reactions. Cell Mol Life Sci.
1998;54:684–95.

[5] Eklund H, Uhlin U, Färnegårdh M, Logan DT, Nordlund P. Structure and
function of the radical enzyme ribonucleotide reductase. Prog Biophys Mol Biol
2001;77:177–268.

[6] Kolberg M, Strand KR, Graff P, Andersson KK. Structure, function, and
mechanism of ribonucleotide reductases. Biochim Biophys Acta 2004;1699:1–34.

[7] Nordlund P, Reichard P. Ribonucleotide reductases. Annu Rev Biochem
2006;75:681–706.

[8] Tomter AB, Zoppellaro G, Andersen NH, Hersleth H-P, Hammerstad M, Røhr ÅK,
et al. Ribonucleotide reductase class I with different radical generating
clusters. Coordin Chem Rev 2013;257:3–26.

[9] Jordan A, Torrents E, Sala I, Hellman U, Gibert I, Reichard P. Ribonucleotide
reduction in Pseudomonas species: simultaneous presence of active enzymes
from different classes. J Bacteriol 1999;181:3974–80.

[10] Stubbe J, Ge J, Yee CS. The evolution of ribonucleotide reduction revisited.
Trends Biochem Sci 2001;26:93–9.

[11] Fontecave M, Eliasson R, Reichard P. Oxygen-sensitive ribonucleoside
triphosphate reductase is present in anaerobic Escherichia coli. Proc Natl
Acad Sci USA 1989;86:2147–51.

[12] Young P, Ohman M, Sjöberg BM. Bacteriophage T4 gene 55.9 encodes an
activity required for anaerobic ribonucleotide reduction. J Biol Chem
1994;269:27815–8.

[13] Young P, Andersson J, Sahlin M, Sjöberg BM. Bacteriophage T4 anaerobic
ribonucleotide reductase contains a stable glycyl radical at position 580. J Biol
Chem 1996;271:20770–5.

[14] Ehrenberg A, Reichard P. Electron spin resonance of the iron-containing B2

from ribonucleotide reductase. J Biol Chem 1972;247:3485–8.
[15] Cox N, Ogata H, Stolle P, Reijerse E, Auling G, Lubitz W. A tyrosyl-dimanganese

coupled spin system is the native metalloradical cofactor of the R2F subunit of
the ribonucleotide reductase of Corynebacterium ammoniagenes. J Am Chem
Soc 2010;132:11197–213.

[16] Högbom M, Stenmark P, Voevodskaya N, McClarty G, Gräslund A, Nordlund P.
The radical site in chlamydial ribonucleotide reductase defines a new R2

subclass. Science 2004;305:245–8.
[17] Rose HR, Ghosh MK, Maggiolo AO, Pollock CJ, Blaesi EJ, Hajj V. Structural basis

for superoxide activation of Flavobacterium johnsoniae class I ribonucleotide
reductase and for radical initiation by its dimanganese cofactor. Biochemistry
2018;57:2679–93.

[18] Boal AK, Cotruvo Jr JA, Stubbe J, Rosenzweig AC. Structural basis for activation
of class Ib ribonucleotide reductase. Science 2010;329:1526–30.

[19] Boal AK, Cotruvo Jr JA, Stubbe J, Rosenzweig AC. The dimanganese(Ⅱ) site of
Bacillus subtilis class Ib ribonucleotide reductase. Biochemistry
2012;51:3861–71.

[20] Hammerstad M, Hersleth HP, Tomter AB, Røhr ÅK, Andersson KK. Crystal
structure of Bacillus cereus class Ib ribonucleotide reductase di-iron NrdF in
complex with NrdI. ACS Chem Biol 2014;9:526–37.

[21] Bollinger Jr JM, Jiang W, Green MT, Krebs C. The manganese(Ⅳ)/iron(III)
cofactor of Chlamydia trachomatis ribonucleotide reductase: structure,
assembly, radical initiation, and evolution. Curr Opin Struct Biol
2008;18:650–7.

[22] Jiang W, Yun D, Saleh L, Bollinger Jr JM, Krebs C. Formation and function of the
manganese(Ⅳ)/Iron(III) cofactor in Chlamydia trachomatis, ribonucleotide
reductase. Biochemistry 2008;47:13736–44.
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