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Abstract

Aerobic ribonucleotide reductases (RNRs) initiate synthesis of DNA building blocks by generating
a free radical within the R2 subunit; the radical is subsequently shuttled to the catalytic R1 subunit
through proton-coupled electron transfer (PCET). We present a high-resolution room temperature
structure of the class le R2 protein radical captured by x-ray free electron laser serial femtosecond
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crystallography. The structure reveals conformational reorganization to shield the radical and
connect it to the translocation path, with structural changes propagating to the surface where

the protein interacts with the catalytic R1 subunit. Restructuring of the hydrogen bond network,
including a remarkably short O-O interaction of 2.41 A, likely tunes and gates the radical during
PCET. These structural results help explain radical handling and mobilization in RNR and have
general implications for radical transfer in proteins.

Uncontrolled or unmitigated free radicals can cause damage to cells; however, radicals

are also essential to numerous metabolic pathways and enzyme-mediated chemistry (1, 2).
Ribonucleotide reductase (RNR) is an archetypal radical enzyme, and the tyrosyl radical
(Y) in the R2 subunit from Escherichia coli was the first stable protein radical to be
observed 50 years ago (3). RNR provides the only pathway for de novo synthesis of
deoxyribonucleotides and represents a drug target for both cancer and infectious diseases
(4, 5). Aerobic RNR (class I) depends on the ferritin-like R2 subunit to generate a catalytic
radical in an oxygen dependent reaction; the radical must be transferred back-and-forth
with the catalytic R1 subunit, which performs the ribonucleotide reduction (6). Radical
translocation between the subunits proceeds via reversible long-range proton-coupled
electron transfer (PCET) in a transient R1-R2 complex (7). Radical transfer initiation
involves redox-induced structural changes in R2 (8, 9), conformational gating (10), short-
range proton transfer (11) coupled to long-distance electron transfer (12), and regulation by
R1 (7). Recently, the structure of an R1-R2 holocomplex was determined by cryo-EM (7)
providing a picture of the long-range radical transfer pathway. However, atomic resolution
snapshots of the radical state and the conformational gating taking place at the R2 active site
remain unresolved.

Most R2 proteins harbor a conserved tyrosine residue oxidized to Y+ by an oxygen-activated
metal center in the catalytically active state. In a recently discovered active metal-free R2
subclass, denoted R2e, this tyrosine residue is post-translationally /meta-hydroxylated to a
3,4-dihydroxyphenylalanine (DOPA) which serves as the radical-harboring residue (13, 14).
Oxygen activation of R2e and metal-containing R2 proteins display analogous pathways
consisting of a non-activated state, a catalytically active radical state and a radical-lost
ground state (Fig. 1A).

From an experimental point of view, R2e from Mesoplasma florum (MMR2) represents an
attractive model to study active radical states in RNRSs. Its radical state is metal-independent
which simplifies sample preparation and excludes partial-occupancy or mismetalation of the
metal site often encountered with metalloenzymes /n vitro (15). In addition, in absence of
protein R1 its radical state is remarkably stable with no decay observed after more than six
hours at 25°C (13). However, as with any radical state, it is expected to be highly sensitive
to photoreduction as x-ray radiation damage generates free radicals that spread through
protein crystals (16). This obstacle renders the structural characterization of a protein radical
state using standard x-ray crystallography methods unfeasible (17, 18). Though many crystal
structures of iron- and manganese-containing R2 proteins from different organisms have
been obtained, they describe either the non-activated state, the radical-lost ground state
(often referred to as the “met” state) or partially reduced states. Crystal structures of R2e
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have been solved from two different organisms (13, 14), likewise showing signs of X-ray
induced photoreduction.

Discrepancies between R2 crystal structures and spectroscopic data of radical states have
been observed, leading to contradictory theoretical models regarding the conformation

of Ye and its environment (8, 19-21). In the present study, by rapid protein

production, microcrystallization and X-ray free-electron laser (XFEL) serial femtosecond
crystallography, using the diffraction-before-destruction principle (22), we have determined
the atomic structure of M/R2 in the active radical state at room temperature. Compared with
the structure of the radical-lost ground state, also presented here, the radical state structure
reveals a notably short hydrogen bond and a critical rearrangement of conserved residues
upon acquisition of the radical. Based on these two distinct states, we propose a mechanism
for structural recognition of the radical state and a model for redox-coupled conformational
gating as a prologue to the radical transfer. This mechanism defines central aspects of the
PCET process and may be conserved in aerobic RNRs.

Structure of the radical-lost ground state of MfR2

In the catalytically active radical state, the radical-harboring meta-hydroxylated tyrosyl
(from here denoted popaY126¢) in MR2 exhibits a characteristic absorbance peak at 383
nm and colors the protein blue (13). The catalytic radical can be chemically quenched by
hydroxyurea, a known RNR radical scavenger used for decades as an antitumor drug (23)
proposed to inactivate R2 through PCET (24). Importantly, hydroxyurea causes a reversible
inactivation of M/R2 as the enzyme can recover activity upon re-oxidation by Nrdl (13).
Thus, the protein is not permanently inactivated or damaged but resides in a radical-lost
ground state (Fig. 1A).

To ensure an accurate depiction of the radical-lost ground state of M/R2, we solved the
crystal structure at 1.35 A resolution of the protein chemically quenched by incubation
with hydroxyurea before crystallization. This treatment abolished the 383-nm absorbance
peak and rendered the protein colorless (13). The electron density map clearly shows

the post-translational modification in the meta position of pppaY 126 (Fig. 1B). The two
oxygen-containing functional groups of ppg4Y126 in the paraand meta positions (denoted
para-0 and meta-O, respectively) form hydrogen bonds (H-bond) with D88. Strikingly, the
meta-0 is involved in a remarkably short interaction (Fig. 1B). Using END/RAPID error
analysis (25), the O-O distance between pppaY 126 and D88 was calculated to 2.43 + 0.04
A, alength which could correspond to a low-barrier or single-well H-bond (26, 27). In
addition, pppaY 126 does not interact with any water, nor with K213 whose e-ammonium
group is facing away from pppaY126 (Fig. 1B). Compared to previous R2e structures,
differences and alternate conformations are observed throughout the structures, particularly
variations in the conformation of popaY 126, D88 and K213 are observed (Fig. S1A).
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Structure of the radical state of MfR2 by serial femtosecond
crystallography

To circumvent photoreduction artefacts, we used XFEL serial femtosecond crystallography
to determine the structure of the catalytically active radical state of M/R2 at atomic
resolution. The active radical-harboring protein was crystallized in batch to produce a
suspension of blue microcrystals used to collect room temperature serial femtosecond
diffraction data at an XFEL source. The resulting dataset produced a model of the protein

at 1.5 A resolution, and the electron density map allows unambiguous interpretation (Fig.
1C). A short H-bond between pppaY 126 meta-O and D88 is present with a O-O distance
calculated to 2.41 + 0.05 A using END/RAPID error analysis (25) (see Methods for details).
A short H-bond is observed in both states of the protein and may play a special structural
role, as suggested in other cases (28), contributing to maintaining the integrity of the enzyme
active site (29). The short H-bond may stabilize the interaction between pppaY 126 and

D88 in order to ensure that no hydrogen is available to mediate a putative proton transfer
from D88 to the pppaY 126 para-O, which would annul productive PCET. We note that

this H-bonding structure results in a situation analogous to canonical R2 proteins where a
deprotonated aspartate is involved in metal coordination, and not in proton transfer, thus
forcing the latter to occur with a different nearby proton donor, suggested to be a metal-
bound water molecule (11). Furthermore, it is tempting to speculate that this short H-bond is
involved in redox tuning. By preventing the radical delocalization between the meta-O and
para-0, the DOPA radical becomes electronically more similar to a tyrosyl radical, rather
than a DOPA-semiquinone radical, in agreement with previous characterization of M/R2 by
electron paramagnetic resonance (EPR) (13).

A striking conformational shift takes place upon radical acquisition between popaY 126 and
D88: the dyad undergoes a coupled coplanar (but not coaxial) rotation of ~22°, with an
additional rotation of the aromatic ring of ~12° along the Cg-C; axis. It results in a 2-A
displacement of the para-O carrying the main radical spin density, away from D88, and a
reorganization of the interaction pattern around ppp4Y 126 (Fig. 1D). The aspartate residue
corresponding to D88 in M/R2 is strictly conserved as the N-terminal metal-coordinating
residue in Ye-harboring canonical R2 proteins and exhibits redox-induced conformational
changes in metal-containing R2 proteins (8, 30, 17, 31). Furthermore, coupled movements
of the conserved radical-harboring Y have been observed to be redox-induced in R2b

from Bacillus anthracis (17). For R2a from E. coli (EcR2a), the conserved aspartate is
proposed to form a H-bond with the reduced Y in the ground state. In contrast, single-crystal
EPR experiments suggest that the Ye rotates away in the radical state, leading to a ~1-A
displacement of the radical-harboring oxygen and breaking the connection with the aspartate
(8). A displacement of the Y could also be hypothesized from discrepancies observed
between crystal structures and spectroscopic data for R2 proteins from Bacillus anthracis
(32), Salmonella typhimurium (33), Corynebacterium ammoniagenes (30) and mouse (19).
This type of rearrangement upon acquisition of the radical is principally similar to what

we observe in M/R2 structures, and is less pronounced than movements proposed in other
studies, which involve either translation of the main chain or larger Y displacement by
several A (20, 21, 24).
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In addition, a clearly defined water molecule (w1) mediates a new H-bond between

poraY 126 and the e-ammonium group of K213, which displays a different orientation
facing towards ppg4Y 126 (Fig. 1C). K213 adopts a single well-defined conformation
different from previously published structures of active R2e determined using synchrotron
radiation (13) (Fig. S1B). The presence of a water molecule at a position similar to w1 has
been observed previously in other RNR systems (34, 35), and seems to be dependent on the
redox state (17) (Fig. S2). Moreover, superimposition with structures of R2 proteins shows
that the new location of the K213 e-ammonium group corresponds to the position of another
water molecule that is metal-coordinated in canonical R2 proteins (Fig. S2). This water is
proposed to transfer a proton to Ye in the conformational gate initiating the PCET (11,

36, 37). Residue K213 was recently suggested by density functional theory to be a proton
donor for radical transfer in R2e (38). Therefore, it may represent the water-equivalent
proton-donor in the case of R2e, and thus its conformational change could effectuate a
comparable conformational gate.

Comparing the structures of the defined radical and radical-lost states, determined here, to
previously solved structures of R2e proteins shows that no previous structure fully represents
either the radical state or the radical-lost state (Fig. S1). Although the proteins in prior work
may have originally crystallized in the ‘active form’, they appear to have suffered different
degrees of X-ray induced photoreduction during synchrotron data collection.

The XFEL structure can be reproduced in silico by a radical state

In order to evaluate if the crystal structure obtained by XFEL femtosecond crystallography
theoretically corresponds to a radical state, calculations were performed on the crystal
structure active site. Based on quantum chemical geometry optimizations, the short
interaction between popaY 126 and D88 could be reproduced with the main radical character
on the para-O. The proton could reside on either pppaY126 or D88, both states produced

a short O-0 distance (Fig. 1, E and F, fig. S3, A and B). The calculated energy difference
of 3 kcal/mol between the two states suggests that both states are accessible, with a slight
favor of the proton residing closer to pppaY126e. In addition, various alternative pppaY 126
states were modeled by quantum mechanical calculations, none of them agreeing well with
the experimental observations. In particular a longer hydrogen bond with D88 is observed
when popaY 126 is modeled as a neutral DOPA, a DOPA quinone or with the radical
located on the meta-O (Fig. S3, C to E). Furthermore, the calculated spin population of
poraY 126+ in the protein active site models revealed an asymmetric distribution closer to

a meta-substituted Y than the fully delocalized character of an ortho-semiquinone, based
on comparisons with calculated distributions in smaller models. This is fully consistent
with spectroscopic data of the radical (13, 14) and indicates a possible role for the

short popaY126-D88 hydrogen bond to destabilize the otherwise potentially too stable
semiquinone radical in the protein.

Molecular dynamics (MD) simulation starting from the XFEL structure of the radical
state but with induced loss of the radical /n sifico, showed pppaY 126 movement with
the dynamics dominated by the position of the radical-lost ground state, forming two
H-bonds to D88 (Fig. S3, F to H), consistent with the crystal structure. Altogether, our

Science. Author manuscript; available in PMC 2024 January 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lebrette et al.

Page 6

calculations support that the structure obtained by XFEL corresponds to the catalytically
active radical state of the M/R2 protein, and are in agreement with previous EPR and
UV-vis spectroscopic results (13) showing that the spin density distributes similar as in a
meta-substituted tyrosyl radical rather than as in an ortfio-semiquinone.

Specific protein rearrangements upon radical acquisition

The radical acquisition in M/R2 leads to two major protein rearrangements that are of
particular interest as they can directly be implicated in radical generation, stabilization and
transfer. The first major protein rearrangement takes place within the activating-oxidant
path. The channel connecting the Nrdl flavin cofactor to the R2b metal site (39, 40),
proposed as the O,*~ route for activation, seems to be conserved in R2e (14). In the
radical-lost ground state of M7/R2, in place of the metal center present in canonical R2,

a continuous chain of well-defined H-bonded water molecules creates the link between
the putative oxidant route and the ppp4Y126-D88 dyad. In contrast, in the radical state

of MR2, this water network is disrupted by Q91 which undergoes a large sidechain flip
towards D88 (Fig. 2, Movie S1). In the radical-lost ground state, Q91 is involved in a
H-bond network conserved in the R2b subclass (Q70 in R2b from E£. coli), which lines the
channel for oxidant transport to the Mn'!, active site (40). Our data suggest that Q91 could
play a key role as it obstructs the putative oxidant channel in the radical state, preventing
radical quenching by further oxidant access to the active site.

The second major protein rearrangement upon radical acquisition concerns the PCET

route. In the immediate vicinity of the side chain of pppaY 126, residues L183 and F187
undergo large conformational changes in the radical state of M/R2, leaving space for the
positioning of three water molecules (including wl) and creating a water-mediated H-bond
network between popaY126, D88, K213 and Q91 (Fig. 2, Movie S1). Residues L183 and
F187 belong to helix a E which forms a distorted m-helix conserved across many ferritin
superfamily members. The rt-helix conformation of helix oE is believed to play a functional
role (41, 42), and is known to undergo redox-induced structural rearrangements (17, 30,

34). Residues L183 and F187 are conserved in all R2 proteins, the position of L183 being
either F or L (in 91% and 9% of sequences, respectively) and F187 being conserved in

99% of the sequences. In none of the R2 crystal structures solved to date, these residues
exhibit conformations similar to those in the M/R2 radical state (Fig. S4). In the first solved
structure of R2, it was noted that the radical-harboring tyrosyl oxygen was surrounded

by a conserved hydrophobic pocket formed by residues F208, F212 and 1234 in £EcR2a
(equivalents to L183, F187 and 1209 in M/R2, respectively) (43). The major function of
these residues was proposed through mutational studies to contribute to the tyrosyl radical
stability by insulating the radical-harboring tyrosyl oxygen (44). Our observation of hitherto
unseen movements of these radical shielding residues further implicates them in radical
control and suggests their involvement in gating of the ribonucleotide reductase PCET
mechanism. The specific local rearrangements at the radical site also translate to movements
of the protein backbone and global structural changes of the protein scaffold protruding to
the R1 interaction surface and the radical transfer path (Movie S2). It has previously been
shown that the active R1-R2 complex exhibits tighter binding after radical initiation (45-47).
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We propose that these global structural changes observed in R2 provide a mechanism by
which the R1-R2 binding properties can be modulated during the catalytic cycle.

Model of conformational gating for radical transfer initiation

In MR2, the catalytically active radical state and the radical-lost ground state are
interconvertible by quenching the radical and through Nrdl-mediated re-oxidation of
poraY126 (Fig. 1A). Based on our structural data, we propose a model of the
conformational gating orchestrated by R2 after radical acquisition, which is a prelude to
the radical translocation to the R1 subunit (Fig. 3). This model proceeds in three steps.
Firstly, the oxidation of ppp4Y 126 leads to a repulsion between its para-O and D88 due

to the removal of the H-bonding hydrogen atom, resulting in the 2-A displacement of the
poraY 126 para-O (Fig. 3A). Secondly, this triggers a cascade of structural changes to
shield the radical and prepare its transfer: Q91 blocks the access to further oxidant, L183
and F187 reshape the insulating pocket around the radical, and water w1 connects the
poraY 126 radical-carrying oxygen with the PCET route (Fig. 3B). This also leads to global
structural rearrangements of protein R2, including the R2-R1 interaction surface and binding
of protein R1 (Fig. 3C, Movie S2). Thirdly, the formation of the R1-R2 complex results in
the ordering of the full R2 C-terminal tail at the R1-R2 interface (as demonstrated in (7)),
completing the electron transfer path and inducing the injection of an electron to reduce
popaY 126, e.g. via the conserved W52 and/or Y325 (corresponding to W48 and Y356 in
EcR2a), as previously suggested (12) (Fig. 3D). Coupled to this event, a proton transfer
from K213 to ppopaY 126+ occurs via the water wl (as proposed in (38)), and initiates the
long-range radical translocation. Figure 3 summarizes the proposed steps of conformational
gating in R2e. The interaction with R1 is modeled based on a superposition of the cryo-EM
structure of the R1-R2 holocomplex from E. coli (7).

This conformational gating model for initiating the radical translocation could be common
to class | RNR systems. In PCET, proton transfer occurs through H-bond networks and
requires the proton donor and acceptor to be within a standard ~2.8 A H-bond distance

(48). As a displacement of the radical-harboring Y upon radical acquisition is also observed
by spectroscopy in other R2 proteins (8, 19, 30, 32, 33), an intermediary may be required
between the metal-bound water and Ye. In M/R2 the additional water wl gained upon
radical acquisition represents the missing piece of the puzzle, connecting the radical to K213
(Fig. 3D). We note that an analogous binding site for water has been observed in other R2
proteins (Fig. S2), and that the e-ammonium group of K213 is located at the position of the
metal-bound water in metal-containing R2s (Fig. S2). Therefore, we speculate that, similarly
as in R2e, a water in this position links the radical to the metal-bound water proposed to be
the proton donor in canonical R2 proteins and gates the first proton transfer to initiate radical
translocation to R1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One sentence summary

XFEL serial femtosecond crystallography was used to obtain an atomic resolution
snapshot of a ribonucleotide reductase R2 protein radical.
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Fig. 1. Radical state and radical-lost ground state of MfR2.
(A) Outline of the proposed activation pathway of metal-free R2e, including the non-

activated state, catalytically active radical state, and radical-lost ground state (also known
as “met” in canonical R2). The two states determined in this work are indicated in green.
The structure of R2e in the non-activated state has been determined previously (13, 14).
For clarity, chemical reactions are not strictly balanced. (B) Structure of MfR2 in the
radical-lost ground state obtained after chemical-quenching by hydroxyurea (monomer

A is shown). (C) Structure of M/R2 in the radical state obtained from XFEL serial
femtosecond crystallography showing a reorganization of the site compared to the ground
state including a coupled movement of the ppz4Y126-D88 dyad, the presence of a new
water wl and the inward conformation of K213. The short H-bond is highlighted in
orange. (D) Superimposition of the ground and radical states. The 2-A displacement of
the DOPA para-O is marked in purple. Nitrogen and oxygen atoms are shown in blue and
red, respectively. Carbons are shown in grey and cyan for the radical-lost ground state and
radical state, respectively. Distance between atoms involved in H-bond interactions are in
A. Simulated annealing composite Omit 2/, F, electron density maps are shown in green
and contoured at 2 o. The structural changes are further illustrated in Movie S1. (E, F)
Using quantum mechanical calculations on the XFEL structure, the short H-bond between
poraY 126 and D88 can be reproduced by a DOPA radical state with the radical mainly
located on the para-O and the proton located on meta-O (E, neutral DOPA radical state)
or D88 (F, negatively charged DOPA radical state). For clarity, only a subset of residues
included in the calculations is presented on the figure (see Fig. S3 for full details).
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Fig. 2. Major conformational changes between theradical-lost ground state and theradical state.
(A) Structure of M/R2 in the radical-lost ground state obtained after chemical-quenching

by hydroxyurea. (B) Structure of M/R2 in the radical state obtained from XFEL serial
femtosecond data showing reorganization of the site compared to the radical-lost ground
state, including conformational changes of Q91, L183 and F187. In the radical state, Q91
displaces two water molecules, breaking the water H-bond network toward pppaY126.
Structural movements of L183 and F187 leave space for 3 water molecules interacting with
D88, poeaY126 and K213. Simulated annealing composite Omit 2 F,~F electron density
maps are shown in green and contoured at 1.5 o. (C) Superimposition of the structures of
M1R2 in the radical state (cyan) and radical-lost ground state (grey).
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Fig. 3. Model of conformational gating and radical transfer during PCET in R2e.

(A) Oxidation of the radical-lost ground state ppg4Y 126 (grey) displaces pogaY126-D88
and introduces a water molecule (w1) to facilitate the proton transfer from the redirected
amino group of K213 (cyan). (B) Concurrently, the cavity surrounding the generated
poraY 126 radical is reshaped, shown in surface representation (radical-lost state and radical
state in grey and cyan, respectively). Primarily, Q91 flips away from Y163 to block access
of any further oxidant from Nrdl through the R2-Nrdl channel and, L183 and F187 flip to
reshape the cavity and facilitate electron transfer from W52 to ppp4Y126. (C) Structure
superposition of MR2 in the radical (cyan) and radical-lost (grey) states at the R1 binding
interface. Reshaping of the pockets surrounding the ppp4Y 126 leads to conformational
changes protruding to the R2-R1 interaction surface and binding to protein R1 completes
the PCET pathway. (D) PCET is initiated by a proton transfer (PT) from the amino group
of K213 to ppopaY 126 mediated by w1, and simultaneously an electron transfer from

W52 t0 popaY 126, thus translocating the radical towards the active site C394 of R1. R1
(represented in red) is modelled in complex with the radical-state M/R2 using the cryo-EM
structure of the R1-R2 holocomplex from E. coli (PDB ID: 6w4x) (7).
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