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ABSTRACT: High-valent iron and manganese complexes effect some of the most
challenging biochemical reactions known, including hydrocarbon and water
oxidations associated with the global carbon cycle and oxygenic photosynthesis,
respectively. Their extreme reactivity presents an impediment to structural
characterization, but their biological importance and potential chemical utility
have, nevertheless, motivated extensive efforts toward that end. Several such
intermediates accumulate during activation of class I ribonucleotide reductase
(RNR) β subunits, which self-assemble dimetal cofactors with stable one-electron
oxidants that serve to initiate the enzyme’s free-radical mechanism. In the class I-c β subunit from Chlamydia trachomatis, a
heterodinuclear Mn(II)/Fe(II) complex reacts with dioxygen to form a Mn(IV)/Fe(IV) intermediate, which undergoes
reduction of the iron site to produce the active Mn(IV)/Fe(III) cofactor. Herein, we assess the structure of the Mn(IV)/Fe(IV)
activation intermediate using Fe- and Mn-edge extended X-ray absorption fine structure (EXAFS) analysis and multifrequency
pulse electron paramagnetic resonance (EPR) spectroscopy. The EXAFS results reveal a metal−metal vector of 2.74−2.75 Å and
an intense light-atom (C/N/O) scattering interaction 1.8 Å from the Fe. Pulse EPR data reveal an exchangeable deuterium
hyperfine coupling of strength |T| = 0.7 MHz, but no stronger couplings. The results suggest that the intermediate possesses a di-
μ-oxo diamond core structure with a terminal hydroxide ligand to the Mn(IV).

■ INTRODUCTION

Metalloenzymes catalyze a diverse array of biochemical
reactions in metabolism and regulation; some of the most
chemically challenging of these reactions are effected by high-
valent iron and manganese complexes. Among a myriad of
other examples,1−7 the oxidation of methane to methanol by
the soluble form of methane monooxygenase (sMMO),8−11 the
production of deoxyribonucleotides for DNA synthesis and
repair,12−15 water oxidation by the oxygen evolving complex of
photosystem II,16−18 and metabolism of the majority of
prodrugs in humans19,20 all involve such complexes at key
steps. A robust understanding of the structures of these potent
intermediates and how enzymes generate and control them is
central to efforts to develop bioinspired catalysts for water
oxidation, C−H-bond activation, and other processes not yet
mastered by synthetic chemists.7,21

The ferritin-like dimetal-carboxylate (FDC) oxidases and
oxygenases are a particularly illustrative example of how
structurally similar proteins can direct different pathways for
formation and decay of high-valent transition metal inter-
mediates and thereby specify different outcomes. Members of
this important enzyme superfamily utilize a largely conserved
protein structure and ligand sphere to bind nonheme dimetal
cofactors that interact with dioxygen or reduced forms thereof
to generate an array of distinct intermediates and carry out

diverse biological functions.22 One of the most extensively
studied FDC proteins, the hydroxylase component of soluble
methane monooxygenase (sMMOH), effects the conversion of
methane to methanol. sMMOH activates oxygen at its
diiron(II/II) cluster to form a μ-peroxodiiron(III/III) complex,
P (or Hperoxo), which subsequently decays to the high-valent
intermediate, Q, a diiron(IV/IV) complex.9,23 The potently
oxidizing Q overcomes the high homolytic C−H bond-
dissociation energy (104 kcal/mol) of methane to initiate its
hydroxylation. An analogous mechanism has been proposed for
the related fatty acid desaturases.24 Another FDC protein,
aldehyde deformylating oxygenase (ADO), converts Cn fatty
aldehydes to the corresponding Cn−1 alk(a/e)nes and formate,
a formally redox-neutral conversion.25−27 ADO activates
oxygen, purportedly via a diiron(III/III)-peroxyhemiacetal
complex,28,29 which undergoes univalent reduction to initiate
a radical-scission reaction that cleaves the C−C bond.29 Thus,
different members of the FDC family utilize divergent
mechanistic strategies to achieve chemically diverse outcomes.
Additional distinct outcomes occur in the β subunits of class

I ribonucleotide reductases (RNRs). RNRs catalyze the
reduction of ribonucleotides to deoxyribonucleotides via a
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largely conserved free-radical mechanism,13,30 initiated by a
transient cysteine-thiyl radical.31,32 In class I RNRs, present in
eukaryotes as well as some bacteria and archaea, this thiyl
radical is generated by a long-range electron transfer from the
cysteine in the α subunit to a stable, one-electron oxidant in the
β subunit.31,33 The β subunit is an FDC protein, and the
dimetal cofactor serves either directly as the catalytically
required oxidant or to generate this oxidant. In a class I-a RNR,
the diiron(II/II) form of the β subunit reacts with oxygen to
form a μ-peroxodiiron(III/III) complex akin to P in
sMMOH,34−36 but instead of undergoing a redox-neutral
conversion to a Q-like diiron(IV/IV) complex, it (or its
nonaccumulating successor) instead undergoes one-electron
reduction to produce the diiron(III/IV) complex, X.12,37 X
oxidizes a nearby tyrosine to form a stable tyrosyl radical
cofactor,38−42 which serves as the initiating one-electron
oxidant of the cysteine in α. Class I-b enzymes employ a
structurally similar dimanganese cluster to install the tyrosyl
radical;43−45 rather than reacting directly with dioxygen, the
dimanganese(II/II) cofactor reacts with superoxide (generated
from O2 by a flavin-containing activator protein, NrdI, that
forms a complex with the RNR β subunit) to form a
dimanganese(III/IV) intermediate that oxidizes the tyro-
sine.15,43,46 In contrast, the β subunits of class I-c RNRs,
exemplified by the protein from Chlamydia trachomatis (Ct),
have a phenylalanine at the sequence position occupied by the
radical-harboring tyrosine in the class I-a/b subunits.47 The
stable one-electron oxidant is instead harbored directly on the
metallocofactor, a Mn(IV)/Fe(III) complex.14,48−51 In the Ct
RNR β subunit, the Mn(II)/Fe(II) complex reacts with
dioxygen to generate a Mn(IV)/Fe(IV) intermediate (hereafter
denoted 4/4; Scheme 1),52 which is reduced by one electron to
form the active Mn(IV)/Fe(III) cofactor.53

The FDC proteins thus constitute a remarkably flexible
scaffold that can use iron or manganese in diverse O2-activation
chemistry that enables multiple essential biological functions.
This functional flexibility depends on the capacity of the
individual proteins to direct formation of intermediate states
with appropriate reactivity, to avoid formation of alternative
high-valent complexes, and, thereby, to suppress undesired
outcomes (e.g., self-hydroxylations) for which the FDC scaffold
is competent. To understand the structural basis for this control
of reaction pathway, it is necessary to define the manifold of
structures represented among these high-valent intermediates.
Historically, structural characterization of these complexes has
been fraught with controversy. Indeed, despite the more than
two decades of scrutiny, Q and X continue to be subjects of
structural studies. Nearly 20 years ago, an examination of Q by
extended X-ray absorption fine structure (EXAFS) suggested an
Fe−Fe distance of only 2.46 Å, leading to the proposal of a di-

μ-oxo diamond core structure for the intermediate.10 However,
for the ensuing 19 years, this structural assignment has
remained controversial, as such a short distance could not
readily be reproduced in either computational models or small
molecule mimics,55−58 and other studies suggested that an
“open core” might, in fact, be significantly more reactive for the
H·-abstraction step needed to initiate methane hydroxylation.55

More recent continuous-flow resonance Raman experiments
were interpreted in favor of the originally proposed diamond-
core geometry,11 but it remains unclear whether a structure
with a 2.46 Å Fe−Fe separation is possible. Similar controversy
has surrounded the structure of X. An early EXAFS study
concluded that it also has an unusually short Fe−Fe distance of
only 2.5 Å,59 but a more recent study on more concentrated
samples gave an Fe−Fe distance of 2.8 Å,60 compatible with the
distance expected of a di-μ-oxo core. Potentially at odds with
the conclusions of the second EXAFS study, magnetic circular
dichroism (MCD) experiments were interpreted as necessitat-
ing that one of the two single-atom (presumably oxygen)
bridges, required to give the short Fe−Fe distance determined
by EXAFS, be protonated (i.e., a μ-oxo/μ-hydroxo core).61,62

However, distances longer than the measured 2.8 Å are
predicted for such a core,60 and electron nuclear double
resonance (ENDOR) experiments on X carried out over 20
years have consistently shown no evidence for the required
proton of a hydroxo bridge.37,63−65 Compounding the
uncertainty, the most recent ENDOR work suggested that it
might have only a single nonprotein oxygen bridge, a
conclusion that is potentially incompatible with the short
Fe−Fe distance.66 Clearly, whereas the structures of these
intermediates are of significant interest, the history of attempts
to define them has been rife with controversy.
The Mn(IV)/Fe(IV) activation intermediate in the class I-c

RNR β subunit (4/4) is directly analogous to sMMOH Q, in
that both metals have a formally +IV oxidation state following
direct reaction of the dimetal(II/II) cluster with dioxygen. On
this basis, it was suggested that 4/4 might also have a di-μ-oxo
diamond core geometry,52 although no dispositive evidence for
or against this hypothesis has been reported. Investigation of
the structure of 4/4 has the potential to illuminate mechanisms
of oxygen activation at heterodinuclear Mn/Fe sites, for which
the range of chemical capabilities remains underexplored
relative to that of their diiron counterparts. The potential of
this manifold for difficult oxidation outcomes has been
underscored recently by the discovery of the “R2lox” family
of proteins, in which a heterodinuclear Mn/Fe site has been
shown to activate an aliphatic C−H bond and an aryl O−H
bond in formation of an intraprotein Val-Tyr cross-link.67,68

This reactivity contrasts with the one-electron chemistry
performed by 4/4, reminiscent of the divergent functions of
the diiron complexes, Q and X. Moreover, 4/4 remains, to our
knowledge, the only known example of a Mn(IV)/Fe(IV)
complex, and its structure is therefore of fundamental interest
in inorganic chemistry.
The heterodinuclear nature of 4/4 confers a number of

distinct advantages in investigating its structure. First, it leads to
a ground state with total electron spin, Stot, of 1/2 (by contrast
to the integer-spin ground state of Q), enabling application of
electron paramagnetic resonance (EPR) methods.52 Second, it
allows the structure of the cofactor to be probed in site-
selective fashion by X-ray absorption spectroscopy (XAS), as
was previously done for the active Mn(IV)/Fe(III) state.54 A
third advantage, conferred by the size and solubility of the Ct

Scheme 1. Activation Pathway of the Class I-c
Ribonucleotide Reductasea

aSubscripted letters u−z are intended to designate protonation states
that are not known; each term thus has an integer value ranging from 0
to 2.51,52,54
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RNR β subunit and the favorable formation and decay kinetics
of the intermediate, is that 4/4 can be prepared in relatively
high concentration and purity,52 a factor that has proven
relevant in the structural investigation of X.60 Capitalizing on
these advantages, we interrogated 4/4 by a combination of XAS
and EPR spectroscopy to deduce the structure of its inorganic
core.

■ RESULTS AND DISCUSSION
Samples containing high concentrations of 4/4 were prepared
by using the previously reported method of in situ generation of
oxygen from chlorite with the enzyme chlorite dismutase (for
details, see the Supporting Information).69 Because EXAFS
probes all absorbers in a sample, knowledge of the sample
composition was critical for proper data analysis; detailed
speciation information was obtained by analysis of the
Mössbauer spectra of the samples ([Fe] = 2.6 mM; [Mn] =
2.6 mM; 65% 4/4; for details, see the Supporting
Information).52,69

The Fe K-edge EXAFS data and fits (Figure 1 top and Table
1) reveal a first coordination sphere composed of a shell of

light-atom scatterers at an average distance of 1.81 Å and
another shell at an average of 2.01 Å. Both fit best with a
coordination number of two. At longer distances, an Fe−Mn
interaction is seen at 2.74 Å, and light-atom scatterers are
observed at 2.97 and 3.33 Å. A contribution at 2.5 Å is also
present, reminiscent of the early EXAFS data on Q and X, but
this intensity could not be acceptably fit with a metal scatterer
(see tables in the Supporting Information).

The Mn K-edge EXAFS data and fits (Figure 1 bottom and
Table 1) provide a picture that is complementary to that
afforded by the Fe data. A first shell of scatterers can be fit at a
distance of 1.86 Å. This distance, significantly less than the ∼2.0
Å expected for protein-derived ligands to Mn(IV), suggests that
the first shell is made up of both protein ligands and nonprotein
oxygen (e.g., oxo or hydroxo) ligands at an average distance of
1.86 Å from the Mn(IV). The lack of resolution of protein and
nonprotein constituents of this first shell can be rationalized by
the lower resolution in the Mn EXAFS data (∼0.15 Å), which
results from the limited k-range that can be interrogated before
the Fe edge interferes (at k = 12). A smaller contribution at
2.19 Å, likely a result of the ∼30% Mn(II) contaminant in the
sample, is also present. As with the fits to the Fe K-edge data, a
metal scatterer is observed at 2.75 Å, and metal-light atom
interactions are seen at longer distances. These distances are
quantitatively consistent with those obtained in a density
functional theory (DFT) optimized model for 4/4 with a di-μ-
oxo core.58 Importantly, no interaction is observed at 2.5 Å,
confirming that the intensity observed at that distance in the Fe
data does not arise from a metal scatterer. For both metal
edges, the sum of the coordination numbers for the first
coordination spheres is less than the expected value of six. We
attribute this discrepancy to static disorder within the samples,
which coalesces multiple shells of scatterers in a manner that
cannot adequately be modeled by the assumption of a Gaussian
distribution of distances embodied by the Debye−Waller
parameter.70 Similar observations have been noted in previous
studies on high-valent dimetal complexes.10,71

These EXAFS data provide structural metrics that drastically
limit the range of possible core structures for 4/4. The first
coordination sphere of the Fe contains two shells: one at 1.81 Å
and the other at 2.01 Å. The latter is consistent with the
expected distances between Fe(IV) and protein ligands. The
1.81 Å distance is too short for protein (∼2.0 Å) or hydroxide
ligands (1.85−1.95 Å) and too long for a terminal oxo (∼1.65−
1.70 Å), but it is entirely consistent the distance expected for a
bridging oxo ligand (∼1.80 Å).55,72,73 Although the observed
number of scatterers in the best fit to the data (two) is not a
reliable quantitative measure, the intensity of this feature in the
FT is notably high, particularly by comparison to those for
complexes known to have a single oxo scatterer. Moreover, the
intensity of this feature is very similar to that reported for a di-
μ-oxo-diiron(IV) diamond core complex; in fact, the entire
Fourier transform for the Fe-edge in the data for 4/4 is similar
to that for the diiron(IV) complex.55 Because the iron in its
binding site should have only two open coordination sites,74−76

the presence of two oxo scatterers would preclude the presence
of a μ-hydroxo ligand; the analysis would therefore suggest that
4/4 could have a di-μ-oxo diamond core geometry.
The metal−metal (M-M) scattering interaction at 2.74−2.75

Å, observed in both the Mn and Fe edge data, is markedly
short. While no structurally characterized high-valent Mn−Fe
model compounds that might serve as direct precedents have
been reported, Mn(IV)/Mn(IV),71,77−79 Fe(IV)/Fe(IV),55,73

and Fe(IV)/Fe(III)72,80 models are known. Among those
complexes with two oxo bridges, the range of M−M distances is
2.67−2.78 Å. By contrast, the known inorganic complexes with
one oxo and one hydroxo bridge have M-M distances in the
range of 2.79−2.91 Å, and a di-μ-hydroxo complex has a M−M
distance of ∼2.93 Å (Figures S1 and S2). The observed
distance of 2.74−2.75 Å for 4/4 is thus uniquely consistent
with those of the di-μ-oxo-dimetal models. This distance also

Figure 1. EXAFS traces (left) and corresponding Fourier transformed
data (right) of 4/4-containing samples at the iron (top) and
manganese (bottom) edges. Experimental traces are black, and fits
using parameters presented in Table 1 are red (Fe) and blue (Mn). A
putative metal−metal interaction (dashed line) is observed in both
Fourier transforms at ∼2.75 Å. Experimental data were acquired and fit
for k = 1−14 Å−1 for Fe and 1−11.5 Å−1 for Mn.
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precludes monobridged, “open-core” structures, which exhibit
even longer M-M distances (∼3.4 Å).73 Such structures would
also not be expected to yield the unusually intense 1.81-Å
interaction observed in the Fe EXAFS (vide supra), because a
single μ-oxo would be expected at ∼1.8 Å, and an additional
terminally coordinated oxo (if present), would be closer to the
metal ion (1.65−1.70 Å), likely unresolved, and therefore
anticipated to shift the peak arising from the μ-oxo to a value
less than 1.8 Å.
Although high-valent heterodinuclear models are unavailable,

the Mn(IV)/Fe(III) form of Ct RNR β offers a valuable point
of comparison. On the basis of EXAFS analysis, this form of the
cofactor was assigned as having a μ-oxo/μ-hydroxo diamond
core structure;54 this conclusion was corroborated by results
from nuclear resonance vibrational spectroscopy (NRVS) and
MCD spectroscopy.81 The EXAFS investigation indicated a
Mn−Fe distance of 2.92 Å, ∼0.17 Å longer than the distance
observed for 4/4 (vide supra). This elongation would be
expected to occur following one-electron reduction of the iron
site and protonation of one of the oxo bridges.71

The conclusion that the two presumptive bridging oxygen
ligands are unprotonated emerges only indirectly from the
EXAFS data, on the basis of comparisons of measured distances
to those found in a limited set of well-characterized
homodinuclear model complexes. Moreover, the data provide
no information concerning the protonation state of the
expected terminal oxygen ligand to the Mn(IV) site (Scheme
1), due in part to the low resolution of the Mn EXAFS data. In
order to address these questions, we examined 4/4 by
multifrequency pulse EPR techniques. In 4/4, the Mn(IV)
has an electron-spin quantum number, S, of 3/2 and couples
antiferromagnetically to the Fe(IV) ion (S = 2), resulting in an
overall Stot = 1/2 ground state, which makes the complex
amenable to EPR characterization.52 The continuous-wave
(CW) X-band spectrum of 4/4 reflects strong hyperfine (HF)
coupling of the unpaired electron with the 55Mn nucleus (with
nuclear-spin quantum number, I, of 5/2), which splits the
resonance into six discrete packets (Figure 2A). Using
simultaneous, multifrequency simulation, both X- and Q-band
spectra can be simulated with parameters g = [2.028, 2.021,
2.013] ± 0.001 and AMn = [221, 243, 246] ± 5 MHz, in
reasonable agreement with previously published parameters
(Figure S3).52 EPR can afford useful structural information by
revealing HF couplings to nearby magnetic nuclei, including
hydrons that are invisible to EXAFS analysis. In particular,
observation of HF couplings to exchangeable hydrons might
reveal the ligand protonation states and provide a more direct
assessment of the nature of the bridging and terminal
nonprotein oxygen ligands. To probe exchangeable hydrons,

field-dependent deuterium electron−nuclear double resonance
(2H-ENDOR) spectra were recorded at X-band on a sample of
4/4 prepared in 2H2O (D2O) buffer (Figure 2B). Comparison
to spectra recorded under identical conditions on a sample
prepared in H2O buffer indicates that the observed signals are
attributable to deuterium and that there is no observable
interference from other nuclei (e.g., 14N) in this frequency

Table 1. Numerical Results from Fits to the Fe and Mn EXAFSa

Fe Mn

scatterer N R (Å) σ2 (Å2) scatterer N R (Å) σ2 (Å2)

Fe−C/N/O 2 1.81 0.00978 Mn−C/N/O 2 1.86 0.00722
Fe−C/N/O 2 2.01 0.00636 Mn−C/N/O 1 2.19 0.00422
Fe−C/N/O 2 2.50 0.00400 Mn−Fe 0.7 2.75 0.00472
Fe−Mn 1 2.74 0.00384 Mn−C/N/O 2 2.99 0.00315
Fe−C/N/O 4 2.97 0.00542 Mn−C/N/O 2 3.28 0.00620
Fe−C/N/O 1 3.33 0.00271

F 0.467 F 0.401
E0 −2.05 eV E0 2.77 eV

aUncertainty in distance determinations are ±0.02 Å.

Figure 2. Interrogation of 4/4 by electron paramagnetic resonance
methods. (A) Continuous-wave, X-band spectrum with expanded view
of the packet at the highest magnetic field (inset). (B) X-band, field-
dependent, 2H-ENDOR spectra (blue) and simulations (red) of 4/4
prepared in D2O. The field positions for the ENDOR spectra are
indicated by the arrows in the inset of panel (A) . The peaks marked
with an asterisk are artifacts due to experimental setup. The deviations
between the experimental and simulated spectra near the Larmor
frequency (νL = 2.36, 2.37, 2.38, and 2.39 MHz at 361.1, 362.4, 363.8,
and 365.4 mT, respectively) are attributable to matrix deuterons. All
measurements were performed at 15 K. CW and ENDOR measure-
ments were performed with microwave frequencies of 9.628 and 9.702
GHz, respectively.
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regime (Figure S4). The 2H-ENDOR spectra can be simulated
with a single predominantly anisotropic hyperfine coupling
(Figure 2B) A2H = [-0.90, −0.43, 1.41] ± 0.1 MHz with Euler
angles [0, 25, 0] ± 15° (see the Supporting Information for
additional details). The deuterium nuclear quadrupole inter-
action was simulated with the tensor [-0.07, −0.07, 0.14] ±
0.03 MHz and Euler angles [0, 110, 0] ± 20°.
To verify the absence of stronger couplings (which might, in

theory, be obscured by the periodic blindspots inherent in the
Mims ENDOR pulse sequence utilized above), we performed
additional X- and Q-band ENDOR measurements of the 1H
region (Figure S5). The overall breadth of the field-dependent
1H-ENDOR spectra are compatible with the 2H hyperfine
coupling detailed above; no stronger couplings were observed.
The magnitude of the observed anisotropic HF coupling (|T|

= 0.7 MHz) and the rhombicity parameter (ε = 0.3), extracted
from the observed 2H HF coupling, can be related to geometric
information via a model that accounts for dipolar coupling of
the deuterium nucleus to the S = 3/2 Mn(IV) center and the S
= 2 Fe(IV) center, weighted according to their spin-projection
factors (Figure S6; for details, see Supporting Information). HF
parameters calculated according to this model for 2H nuclei
located at different positions relative to the Mn(IV)/Fe(IV)
cluster were compared to the measured values. The resulting
compatible positions are shaded black in Figure 3, with lighter
shading indicating less good agreement; the shaded region
constitutes a “geometric confidence interval.″

The resulting metal-2H distances are most compatible with a
terminal hydroxide/water ligand to the Mn(IV). The analysis
gives two mathematically compatible regions: one ∼2.45 Å
from Mn and the other ∼3.25 Å from Fe (Figure 3A). In both
cases, the observed coupling is too strong to be compatible with
exchangeable hydrons on first- and second-sphere residues
(e.g., coordinating histidines), as the closest exchangeable
hydrons are expected to be >5.0 Å from both the Mn site and
the Fe site, giving rise to couplings with magnitude less than or
equal to 0.1 MHz.58,74−76 Furthermore, the observed coupling
is both too weak and insufficiently rhombic to be assigned to
the 2H nucleus of a bridging hydroxide (|T| ∼ 1.7−2.3 MHz, ε
∼ 0.8−1.0).65,68,82−84 The ∼2.45 Å possibility is compatible
with a hydroxide/water ligand to Mn(IV), on the basis of
typical bond lengths/angles (2.4 ± 0.1 Å).54,58,78,79 In contrast,
the ∼3.25-Å possibility does not correspond to any 2H that
could be bonded to one of the known heteroatoms in a
chemically reasonable geometry, being too far away for a
hydroxide/water ligand to Fe(IV).
The structural assignment of a terminally coordinated

hydroxide/water ligand to Mn(IV) can be further refined by
consideration of the coordination sphere and the local
hydrogen bonding network (Figure 3B). The open coordina-
tion site for Mn(IV) is approximately perpendicular to the
Mn−Fe vector. Moreover, the Fe−Mn−O-H dihedral angle is,
theoretically and in the absence of restrictive hydrogen-bonding
interaction, subject to change by free rotation about the Mn−O
bond. However, the many available structures of RNR β
subunits suggest that hydrogen bonding interactions to either
Glu 89 or Glu 227 (or both) could very well restrict this
rotation and bias or fix the dihedral angle. Thus, there are two
likely positions for the exchangeable hydron, one in which the
O−H bond is oriented generally toward the Fe ion, allowing
the hydroxo ligand to donate an H-bond to Glu 227, and
another oriented away from the Fe, allowing H-bond donation
to Glu 89 (Figure 3B). Intriguingly, a deuteron oriented toward
Glu 227 is expected to exhibit a coupling that is significantly
more rhombic (ε = 0.8−1.0) and somewhat larger (|T| ∼ 0.8)
than the observed coupling (hydrogen with dashed outline in
Figure 3B). In contrast, the position oriented away from the
iron is completely compatible with the observed hyperfine
coupling, as the expected position (Figure 3B) shows significant
overlap with the region indicated by the EPR data (black
shading/isosurface). These data cannot definitively assign the
observed signals as arising from a single deuteron (i.e., on a
hydroxide ligand), rather than two (i.e., on a water ligand); it is
possible that the observed signal arises from the superposition
of two nonidentical HF couplings or from two indistinguishable
HF couplings. However, we favor the hydroxide possibility
because (i) a single HF coupling is sufficient to simulate the
data, and (ii) a second 2H nucleus would likely lie in the
position hydrogen bonded to Glu 227, which would, due to the
greater rhombicity predicted by the model, exhibit a
significantly larger coupling in one orientation than that
observed (rather than being indistinguishable).
The EXAFS and ENDOR data represent orthogonal probes

of the structure of 4/4 and together suggest a di-μ-oxo
diamond core structure with a terminally coordinated
hydroxide ligand to Mn(IV) (Figure 3B). The short Mn−Fe
distance (2.74−2.75 Å) observed in both Mn- and Fe-edge
EXAFS data requires at least two bridging atoms and precludes
monobridged or “open-core” structures. Among di-μ-(hydr)oxo
diamond core structures, a di-μ-oxo is most compatible with

Figure 3. Assessment of the geometric disposition of the detected
exchangeable deuterium in 4/4 with respect to the Mn(IV)/Fe(IV)
cluster. (A) Positions compatible with the observed 2H-hyperfine
coupling (black shading), relative to the Mn−Fe. The plane of the
paper represents an arbitrary plane containing Fe, Mn, and the
deuteron of interest. (B) Compatible positions (isosurface at 50% of
the maximum according to eq S4) represented in three dimensions,
superimposed on a three-dimensional model of 4/4, based on data
from Noodleman and co-workers.58 Atoms are color-coded as follows:
manganese (magenta), iron (rust), carbon (gray), nitrogen (blue),
oxygen (red), and hydrogen (white).
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both the M−M distance (by comparison to well-characterized
models) and the intense 1.81 Å first shell of scatterers around
Fe. Moreover, the presence of a μ-hydroxo ligand would give
rise to a large, rhombic HF coupling from an exchangable
hydron, which is not present. An exchangeable hydron is
observed by 2H-ENDOR, with parameters consistent with a
terminal hydroxide/water ligand to Mn(IV). This signal is most
compatible with a terminally coordinated hydroxide ligand to
Mn(IV), hydrogen bonded to Glu 89, though water cannot be
explicitly ruled out on the basis of the available data. This
comprehensive assignment represents the first structural
characterization of any Mn(IV)/Fe(IV) complex and adds to
the very few reported for other types of biological high-valent
transition metal complexes.

■ MATERIALS AND METHODS
Preparation of 4/4 Samples for XAS and EPR Analysis. The β

subunit of Chlamydia trachomatis (Ct) ribonucleotide reductase was
overexpressed and purified to homogeneity as previously described.14

Following removal of oxygen,2 Ct β2, Mn(II), Fe(II), and chlorite
dismutase were mixed to final concentrations of 2.2 mM, 3.3 mM, 3.3
mM, and 25 μM, respectively.69 This mixture was rapidly mixed in a
4:1 volume ratio with a 50 mM solution of sodium chlorite, and the
reaction solution was rapidly frozen after 0.23 s in liquid ethane (XAS)
or isopentane (EPR).
XAS Data Collection and Processing. X-ray absorption spectra

were collected on beamline 7-3 at the Stanford Synchrotron Radiation
Lightsource under ring conditions of 3 GeV and 500 mA. A Si(220)
monochromator (φ = 90°) was used for energy selection of the
incident beam; harmonic rejection was achieved using a Rh-coated
mirror (9 keV) and by detuning the monochromator by 25%. The
energy of the incident beam was calibrated using metal foils upstream
of the sample (7111.3 eV for Fe, 6539.0 eV for Mn). Scans were
carried out over the energy ranges of 6880−7930 eV (Fe) and 6310−
7110 eV (Mn) for 685 and 800 s durations, respectively. Sample
temperature was maintained at 10 K in an Oxford liquid helium
cryostat.
Data processing was performed using the EXAFSPAK software

package.85 Three-segment splines (of orders 2, 3, and 3) were
removed from the EXAFS using PySpline86 and the EXAFS data were
then fit using OPT. Scattering paths for EXAFS fits were generated
from appropriate structural models using FEFF 9.0 (additional details
can be found in the Supporting Information).87

XAS Damage Assessment. Due to the presence of two different
high-valent metal ions in 4/4, care was required to ensure that both
metals remained stable during both Fe and Mn scans. Initially, fresh
sample spots and highly attenuated beam were used to collect rapid
edge scans (60−100 s exposure) for both Fe and Mn; given the short
exposure time and low incident intensity, these spectra were taken to
be undamaged. Then, to assess the stability of a metal during its own
scan (e.g., Fe), a new spot was used to collect a full EXAFS scan at the
Fe edge, followed on the same spot by a rapid Fe edge scan; only when
the rapid edge scan overlaid with the initial, undamaged edge spectrum
was the EXAFS scan deemed to have a safe level of exposure. This
process was then repeated on a new sample spot, except that, instead
of rescanning the Fe edge afterward, a rapid Mn edge scan was
collected and compared to the undamaged Mn edge spectrum to
ensure that the Mn was also stable during the Fe scan. When the Fe
scan was established, this entire process was repeated for Mn. The
process of performing a full EXAFS scan in order to assess damage was
found to be critically important due to the energy dependence of the
X-ray flux; simply performing repeated rapid edge scans until damage
became apparent was found to overestimate safe exposure times by a
significant margin (∼10%). Edge overlays and additional details can be
found in Figures S7 and S8.
EPR Measurements. X-band CW measurements were performed

on a Bruker ESP 300 spectrometer with an ER 041 MR microwave
bridge and an ER 4116DM resonator. All other EPR measurements

were performed on a Bruker Elexsys E580 X-band spectrometer
equipped with a SuperX-FT microwave bridge. For pulse EPR
measurements at X-band, a Bruker EN 4118X-MD4 dielectric
ENDOR resonator was used in concert with an Oxford CF935
helium flow cryostat. Pulse EPR spectra at Q-band frequencies were
acquired using a home-built intermediate-frequency extension of the
SuperX-FT X-band bridge equipped with a Millitech 5W pulse power
amplifier.

EPR Analysis. Data processing and spectral simulations were
performed using Kazan viewer, a home-written suite of utilities in
MATLAB.88 One-dimensional EPR simulations were performed using
the “pepper” utility from the EasySpin software package.89 ENDOR
data were analyzed by simultaneous frequency domain simulation of all
field-dependent spectra until a satisfactory solution was achieved. Euler
angles are reported with respect to the 55Mn hyperfine coupling
tensor, which is colinear with the g matrix in our simulations.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b11563.

Additional details concerning sample preparation, data
collection, and analysis; additional EPR spectra;
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(67) Andersson, C. S.; Högbom, M. Proc. Natl. Acad. Sci. U. S. A.
2009, 106, 5633−5638.
(68) Shafaat, H. S.; Griese, J. J.; Pantazis, D. A.; Roos, K.; Andersson,
C. S.; Popovic-́Bijelic,́ A.; Gras̈lund, A.; Siegbahn, P. E. M.; Neese, F.;
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