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Abstract
The class Ib ribonucleotide reductase of Escherichia coli can initiate reduction of nucleotides to
deoxynucleotides with either a MnIII

2-tyrosyl radical (Y•) or a FeIII
2-Y• cofactor in the NrdF

subunit. Whereas FeIII
2-Y• can self-assemble from FeII

2-NrdF and O2, activation of MnII
2-NrdF

requires a reduced flavoprotein, NrdI, proposed to form the oxidant for cofactor assembly by
reduction of O2. The crystal structures reported here of E. coli MnII

2-NrdF and FeII
2-NrdF reveal

different coordination environments, suggesting distinct initial binding sites for the oxidants
during cofactor activation. In the structures of MnII

2-NrdF in complex with reduced and oxidized
NrdI, a continuous channel connects the NrdI flavin cofactor to the NrdF MnII

2 active site.
Crystallographic detection of a putative peroxide in this channel supports the proposed mechanism
of MnIII

2-Y• cofactor assembly.

Ribonucleotide reductases (RNRs) catalyze the reduction of nucleotides to deoxynucleotides
in all organisms, providing the precursors required for DNA synthesis and repair (1). Class I
RNRs are composed of two homodimeric subunits: α2, which contains the site of nucleotide
reduction, and β2, which contains a metallocofactor required to initiate catalysis in α2. Two
class I RNRs are found in Escherichia coli. The class Ia enzyme supplies deoxynucleotides
during normal aerobic growth. In many prokaryotes, including several important human
pathogens, the class Ib RNR plays a similar role. The function of the class Ib RNR in E. coli
is not clear, but it is expressed under iron-limited and oxidative stress conditions (2–4). The
class Ia RNRs require a stable diferric-tyrosyl radical (FeIII

2-Y•) cofactor generated from
diferrous (FeII

2) β2 in the presence of O2 and a reductant. This process occurs in vitro by
self-assembly (5) and in vivo by a biosynthetic pathway (6). By contrast, the identity of the
metallocofactor in β2 of the class Ib RNRs (NrdF) has been controversial (7–10). Recent
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studies, however, have shown in vitro that both FeIII
2-Y• and dimanganese(III)-Y• (MnIII

2-
Y•) cofactors are active in nucleotide reduction (7). Whereas the FeIII

2-Y• cofactor in NrdF
can be formed by self-assembly from FeII and O2 (8,9,11), the MnIII

2-Y• cofactor can be
generated from MnII

2-NrdF only in the presence of O2 and the flavodoxin-like protein NrdI
(7).

We have recently shown that E. coli MnII
2-NrdF can form a complex with NrdI in vitro and

in vivo and have proposed that reduced NrdI (NrdIhq) in this complex generates
hydroperoxyl anion (HO2

−), which channels to the metal site in NrdF (7). Two equivalents
of HO2

− would be required to generate the MnIII
2-Y• cofactor. In vitro support for this

proposal is based on the observations that NrdI, in contrast to most flavodoxins, behaves as a
two-electron reductant (11) and that neither H2O2 nor O2

•− activates cofactor assembly
(7,8). Support in vivo is provided by the conservation of NrdI in all organisms containing a
class Ib RNR and by genetic studies showing that NrdI is essential for Streptococcus
pyogenes class Ib RNR activity (12). Sequence alignments suggest that the E. coli system is
representative of most class Ib RNRs, including those from Corynebacterium ammoniagenes
and the human pathogens Mycobacterium tuberculosis and S. pyogenes.

The formation of two different active cofactors, FeIII
2-Y• and MnIII

2-Y•, in NrdF in vitro
using the same protein ligands (two His, three Glu, and one Asp) to coordinate the metals
(13), but different oxidants, raises the question of how this process is controlled in vivo.
These same metal ligands are involved in Fe ligation in the class Ia RNR (14), which cannot
form an active MnIII

2-Y• cofactor. Here we present the crystal structures of E. coli NrdF in
the MnII

2 and FeII
2 forms, providing structural insight into how NrdF generates Y• from two

different metallocofactors using two different oxidants. We also present structures of NrdF
in complex with NrdIhq and oxidized NrdI (NrdIox). Reaction of the NrdIox-NrdF complex
in the crystal with 100 mM dithionite and O2 results in trapping of a small molecule best
modeled as a peroxide in a channel linking the NrdI flavin to the NrdF metal site, supporting
the proposed model of MnIII

2-Y• cofactor activation by oxidant channeling.

The 1.65 Å resolution (table S1) crystal structure (15) of MnII
2-NrdF contains one monomer

per asymmetric unit with the other half of the dimer related by crystallographic symmetry.
The overall fold closely resembles that of other class I β2 subunits (16) (fig. S1). Anomalous
diffraction data are consistent with the presence of two fully occupied MnII sites (Fig. 1A
and fig. S2) with a Mn-Mn distance of 3.7 Å. Mn1 is coordinated by His101, Asp67, and a
terminal water molecule, and Mn2 is coordinated by His195 and a terminal water molecule.
Three glutamate residues (Glu98, Glu158, and Glu192) bridge the two metals in a manner
previously not observed in RNRs and related carboxylate-bridged diiron enzymes (Fig. 1A
and fig. S2) (17). Thus, each MnII is six-coordinate so ligand dissociation or reorganization,
possibly via loss of the solvent molecule coordinated to Mn2 (17,18), is necessary for
reaction of the cluster with the oxidant. The non-coordinating side-chain oxygen atom of
Asp67 is hydrogen bonded to the hydroxyl group of Tyr105, the site of the stable Y•. A
similar interaction is observed in the E. coli class Ia FeII

2 β2 structures (16). In the class Ib
FeII

2 β2 structures, however, the interaction between Asp67 and Tyr105 is mediated by a
water molecule. As a result, the Mn1-Tyr OH distance is 5.8 Å as compared to the Fe1-Tyr
OH distances of Salmonella typhimurium NrdF (6.4 to 7.0 Å) (18), C. ammoniagenes NrdF
(6.2 to 6.7 Å) (13), and E. coli FeII

2-NrdF (6.7 Å), which was determined to 1.9 Å resolution
by soaking apo crystals of NrdF with FeII (table S1,Fig. 1B, and fig. S2) (19). The shorter
Mn1-Tyr OH distance may be associated with the unusual electron paramagnetic resonance
spectrum of the Mn-associated Y• relative to the Fe-associated Y• in NrdF (7).

The two MnII ions are bridged by Glu98 in a µ-1,3 fashion and by Glu192 in a µ-(η1,η2)
arrangement (Fig. 1A and fig. S2). The position of Glu192 is similar to that observed for the
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equivalent ligand in the E. coli class Ia β2 structure obtained by soaking FeII into apo
crystals (14). The most notable difference between MnII

2-NrdF and other β2 structures is the
orientation of Glu158, which bridges the two MnII ions in a µ-1,3 mode, rather than
coordinating Fe2 or Mn2 in a monodentate or bidentate fashion (Fig. 1 and fig. S2). Glu158

is in a short π-helical segment analogous to a conformationally flexible region observed in
other β2s and diiron enzymes and hypothesized to dictate access to the active site (18,20,21).
The space occupied by the Glu158 side chain in FeII

2-NrdF is occupied by two solvent
molecules in MnII

2-NrdF: the coordinated water at Mn2 and a second water that links the
coordinated water to the side chain of conserved residue Ser154 (Figs. 1 and 2). Ser154 is
involved in a conserved hydrogen bonding network that connects Glu158 to a solvent
channel from the protein surface (Fig. 2). The channel opening is located near conserved
residue Lys260. This channel is better suited to allow access to the metal site by a peroxide
oxidant than the channel present in class Ia β2 structures, which is more hydrophobic,
smaller, and less solvent exposed, and therefore more appropriate for O2 passage (fig. S3).
The ordered solvent and hydrogen bonding interactions may help constrain the unusual
orientation of Glu158 in MnII

2-NrdF. Moreover, the location of the two interacting solvent
molecules at Mn2 could easily accommodate the proposed HO2

− oxidant (22) (Fig. 2, inset).
These waters may dissociate, allowing the oxidant to initially bind terminally to Mn2 in this
position, by analogy to the proposal for H2O2 binding to the structurally related Mn
catalases (23). By contrast, in both class Ia (fig. S3) and Ib FeII

2 structures, including FeII
2-

NrdF (Fig. 1B),Glu158 and Phe162 create a hydrophobic pocket above the Fe2 site opposite
His195 (E. coli NrdF numbering), an ideal destination for O2 before it reacts with the FeII

2
site. This solvent channel likely represents the oxidant route to the metal cluster, and the
environment near the active site may reflect different geometric or electrostatic requirements
for correctly orienting O2 and the putative HO2

− for reaction with their respective metal
centers.

The complex between NrdIox and MnII
2-NrdF (NrdIox-NrdF) was crystallized and its

structure determined to 2.5 Å resolution (table S2). Two NrdI and two NrdF molecules are
present in the asymmetric unit (Fig. 3A and fig. S4). One NrdI protein is bound to each
NrdF opposite the dimer interface and directly over the solvent-exposed channel to the
active site. The location of the C-terminal NrdF residue in this complex (fig. S4) suggests
that the NrdI and α2 binding sites (24) are distinct. The NrdI-NrdF interface, which buries
~800 Å2 surface area per chain, is largely hydrophobic, with several interprotein hydrogen
bonds (fig. S5). The overall fold of NrdF is the same as in the MnII

2-NrdF structure, and the
active site is nearly identical, including the unusual coordination mode of Glu158 (fig. S6).
NrdI adopts a typical flavodoxin-like fold (25), with the isoalloxazine ring of the flavin
mononucleotide (FMN) cofactor near the protein surface and enclosed by two loop regions
(Fig. 3B). One of these loops provides the closest positive charge on NrdI to the reactive
C4a position of the flavin (Arg92), whereas the other, the glycine-rich “50s loop,” interacts
with the N5 position and displays pronounced redox-dependent conformational changes (see
below). The 50s loop comprises residues 50 to 56 (Gly4-Thr-Ala-Gly), and as predicted
(11), the amide nitrogen atom of Gly51 is within hydrogen bonding distance of the flavin N5
atom, similar to what is observed in oxidized long-chain flavodoxins (26). The electron
density for the NrdI 50s loop is not completely continuous, suggesting conformational
flexibility.

The structure of the NrdIox-NrdF complex reveals how NrdF contributes to the electrostatic
environment of the FMN binding pocket. Typical flavodoxins carry out single electron
transfers partly through destabilization of the reduced FMN, bound in the anionic form
(FMNH−, protonated at N5 and deprotonated at N1), by acidic residues proximal to the
isoalloxazine ring (27). The FMN environment in NrdI is more positively charged (Arg92

and Arg108), and in complex with NrdF, three additional charged residues from NrdF
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(Lys18, Arg25, and Arg190) are located within 12 Å of the FMN C4a position. The presence
of positive charges near the O2-reactive C4a position is a conserved feature of flavoprotein
oxidases, which reduce O2 to H2O2 as part of their catalytic cycle (28), suggesting that
electrostatics may play a similar role in NrdI to favor two-electron reduction of O2 to a
peroxide oxidant.

Complex formation between NrdI and NrdF results in a 10 Å extension of the NrdF active-
site channel along the NrdI-NrdF interface toward the flavin ring (Fig. 4A). Solvent access
to the channel is prevented by NrdI Phe86 and other hydrophobic and bulky residues near the
flavin. Like the portion of the channel within NrdF, the interfacial region is lined with polar
uncharged residues and backbone atoms. The side chains of NrdI residues Asn83

(completely conserved) and Asn85 (largely conserved) point into the channel. The position
of the highly conserved Lys260 in NrdF enforces a sharp turn in the channel, leading directly
to the MnII

2 site. Lys260 is involved in a hydrogen bond network with the strictly conserved
residues Tyr256 and NrdI Glu110 (figs. S5 and S7). The NrdF portion of the channel is lined
by the side chains of Ser159, Tyr197, and Asn264 (figs. S7 and S8). Approximately 7 Å from
the Mn2 site, the channel constricts to 4.1 Å (Figs. 2 and 4). This constriction is formed by
the carbonyl oxygen of bridging ligand Glu192 and the side chain of Ser159, which follows in
sequence space the unusual bridging ligand Glu158. Thus, the interactions that define this
narrow point of the channel are intimately connected to theMnII

2 coordination sphere.

As a first step toward investigating the NrdI-mediated activation of the NrdF
metallocofactor on the molecular level, we determined two structures of reduced NrdI in
complex with NrdF (table S2). For the first structure (NrdIhq-NrdF, 2.0 Å resolution),
crystals were grown in the presence of 3 mM dithionite in an anaerobic chamber. These
crystals were colorless, indicating that the flavin was reduced. For the second structure,
which reveals a trapped species best modeled as peroxide (NrdIhq-NrdFperox, 2.35 Å
resolution), NrdIox-NrdF crystals were soaked in 100 mM dithionite outside the anaerobic
chamber until the bright yellow color bleached (~2 min). Both structures reveal
conformational changes near the FMNH− cofactor suggesting reduction of the flavin (Fig.
3C and fig. S9). The most pronounced change involves the NrdI 50s loop, which adopts a
more open conformation exposing the isoalloxazine ring to solvent (Fig. 3C). Protonation of
the flavin N5 concomitant with reduction breaks the N5 hydrogen bond with the amide
nitrogen of Gly51, and the carbonyl oxygen of Gly50 is positioned to accept a hydrogen bond
from the FMNH− N5H. In addition, NrdF Arg25 is oriented closer to C4a (6 Å) compared
with the NrdIox-NrdF complex, and in one NrdF monomer, it is hydrogen bonded to the
backbone carbonyl of NrdI Gly50, perhaps locking in place the orientation of the 50s loop.
The proximity of a positively charged residue to the reduced FMN may be important in its
reaction with O2 and is consistent with the unusual redox properties of NrdI (29). As in the
NrdIox-NrdF structure (Fig. 4A), there is no clear solvent access route to the channel. The
NrdIhq-NrdF structure reveals little conformational change within the complex when
compared with NrdIox-NrdF. However, a highly ordered water network is evident within the
channel (fig. S8) that extends along the NrdI-NrdF interface to the NrdI FMN cofactor.

Surprisingly, strong (~7σ) unexplained electron density (Fig. 4B) was observed in both
active-site channels of the structure obtained from aerobically dithionite-soaked crystals
(NrdIhq-NrdFperox). This density is oblong in shape (Fig. 4C), and a number of small
molecules have been modeled in an effort to determine its identity (fig. S10). Modeling as a
single water molecule results in strong difference electron density (4.5σ), consistent with a
diatomic species. Modeling as dioxygen yields difference density at the edges, suggesting
that the O-O bond distance is longer than 1.2 Å. Less difference density was evident with
superoxide (O-O bond distance 1.34 Å), with the best fit being a fully occupied peroxide
species with an O-O bond distance of 1.47 Å. Given that the crystals were exposed to 100
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mM dithionite, we also considered the possibility that bisulfite, a dithionite breakdown
product, could account for the density. Modeling with bisulfite (fig. S10E) yields Fo − Fc
difference density and high B factors, however. Therefore, we modeled the electron density
as a peroxide. Peroxide could have been produced by reaction of O2 with NrdIhq or with the
dithionite used to reduce NrdIox (30,31).

The putative peroxide species is lodged at the bend in the active-site channel ~10 Å from the
FMN isoalloxazine ring and ~10 Å from the Mn2 site (Fig. 4B). It is within hydrogen
bonding distance of residues from both NrdF and NrdI, as well as solvent molecules in the
channel (Fig. 4, C and D). The side chain of the single charged residue in the channel, NrdF
Lys260, is 3.9 Å from the distal peroxide oxygen atom, consistent with a role in electrostatic
attraction, but not close enough for protonation. It is also protected from protonation by
Tyr163 by an intervening solvent molecule. The modeled peroxide is involved in an
extensive hydrogen bonding network in which the proton donors and acceptors can be
inferred (Fig. 4D and figs. S11 and S12). The structure suggests that the proximal oxygen
atom is protonated, consistent with either H2O2 or HO2

− (32). The presence of the trapped
species supports the relevance of the channel for oxidant transport.

The structures of NrdIox-NrdF and NrdIhq-NrdF show that complexation results in
continuation of the NrdF channel to the NrdI FMN cofactor, delineating an obvious path
from the NrdI site of oxidant formation to Mn2. The NrdIhq-NrdFperox structure offers a
crystallographic snapshot of a putative peroxide species within the channel. The lack of
conformational changes at the MnII

2 site in all three NrdI-NrdF complexes, when compared
to MnII

2-NrdF, suggests that the requirement for NrdI for MnII
2-NrdF activation, if

structural, is subtle. The structures strongly support the proposed mechanism of MnII
2-NrdF

activation by NrdIhq and O2 and afford new insight into how reactive small molecules are
channeled within complex enzyme systems.

Supplementary Material
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Fig. 1.
Structures of MnII

2-NrdF and FeII
2-NrdF. (A) Stereoview of the MnII

2-NrdF active site.
MnII ions are shown as purple spheres, water molecules are shown as red spheres, and NrdF
side chains are represented in stick format and colored by atom type. (B) Stereoview of the
FeII

2-NrdF active site. FeII ions, modeled at 0.5 occupancy, are shown as orange spheres.
Metal-ligand interactions are highlighted with dashed lines.
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Fig. 2.
The MnII

2-NrdF solvent-exposed active-site channel terminating at Mn2. A 2Fo − Fc
electron density map (red mesh, contoured at 2σ) shows ordered waters in the channel. The
Mn anomalous difference Fourier map (purple mesh, contoured at 12σ) is also shown.
Residues implicated in channel access are shown as white sticks, and a conserved hydrogen
bonding network (illustrated with dashed lines in inset) linking ordered solvent in the
channel to Mn2 ligand Glu158 is shown as yellow sticks. Ser154 is modeled in two separate
rotamer conformations in MnII

2-NrdF, but in all NrdI-NrdF complex structures, it adopts the
rotamer that points into the solvent channel.
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Fig. 3.
Structures of NrdI-NrdF protein-protein complexes. (A) A ribbon diagram of the NrdIox-
NrdF structure. NrdI is shown in green and MnII

2-NrdF is shown in white. The NrdI FMN
cofactor is shown as yellow sticks. (B) The NrdI FMN environment in the NrdIox-NrdF
structure (NrdI shown in green). (C) The NrdI FMN environment in the NrdIhq-NrdF
structure (NrdI shown in purple). Hydrogen bonding interactions with the FMN N5 position
are shown as dashed lines. The electron density for the 50s loop is not completely
continuous between the asterisks.
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Fig. 4.
The NrdI-NrdF channel. (A) NrdI-NrdF complex formation extends the NrdF active-site
channel to the FMN cofactor. The complex channel is depicted as a light blue mesh and was
calculated using a 1.4 Å probe radius. Selected NrdI (green) and NrdF (white) residues
lining the channel are shown as sticks. (B) Observation of a trapped species, best modeled as
peroxide, in the NrdI-NrdF channel in a crystal reduced by dithionite in the presence of
oxygen (NrdIhq-NrdFperox). Strong Fo − Fc electron density (green mesh, contoured at 3.3σ)
is present in the channel after the first refinement cycle. The FMN cofactor (yellow), NrdI
side chains lining the channel (purple), NrdF residues in the channel and at the active site
(white), and the peroxide (red) are all shown as sticks. (C) A magnified view of the modeled
peroxide shown in Fig. 3B and hydrogen bonding interactions with residues and solvent in
the channel. The final 2Fo − Fc electron density (blue mesh, contoured at 1.8σ) is
superimposed on the initial Fo − Fc electron density map from Fig. 3A. Water molecules are
shown as red spheres. Dashed black lines indicate potential hydrogen bonding interactions.
The gray dashed line represents the distance between the modeled peroxide and the nearest
charged residue, conserved NrdF residue Lys260. The Glu192 backbone carbonyl group and
the side chain of Ser159 constitute the narrowest point of the active-site channel. The oxygen
atom distal to the MnII

2 site interacts strongly with the side chains of NrdI residues Asn85

(2.8 Å) and conserved Asn83 (2.8 Å). (D) The extended hydrogen bonding network near the
putative peroxide binding site. The side-chain orientations of Asn83 and Asn257 can be
assigned unequivocally based on their interactions with Lys260 and the backbone amide
nitrogen of Asn85, and the carbonyl oxygen of Phe253, respectively. The interactions of w2
with Asn257 (2.8 Å) and the backbone carbonyl of Ser159 (2.7 Å) constrain w2 to act as a
hydrogen bond acceptor for the proximal oxygen atom of the modeled peroxide (2.9 Å),
suggesting that this oxygen is protonated. The distal oxygen accepts two hydrogen bonds
from Asn83 and Asn85. Because no other potential hydrogen bond donor or acceptor exists
for this oxygen atom, its protonation state cannot be determined from this analysis.
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