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A B S T R A C T

Oxygen (O2) activation is a central challenge in chemistry and catalyzed at prototypic dimetal cofactors in
biological enzymes with diverse functions. Analysis of intermediates is required to elucidate the reaction paths of
reductive O2 cleavage. An oxidase protein from the bacterium Geobacillus kaustophilus, R2lox, was used for
aerobic in-vitro reconstitution with only 57Fe(II) or Mn(II) plus 57Fe(II) ions to yield [FeFe] or [MnFe] cofactors
under various oxygen and solvent isotopic conditions including 16/18O and H/D exchange. 57Fe-specific X-ray
scattering techniques were employed to collect nuclear forward scattering (NFS) and nuclear resonance vibra-
tional spectroscopy (NRVS) data of the R2lox proteins. NFS revealed Fe/Mn(III)Fe(III) cofactor states and
Mössbauer quadrupole splitting energies. Quantum chemical calculations of NRVS spectra assigned molecular
structures, vibrational modes, and protonation patterns of the cofactors, featuring a terminal water (H2O) bound
at iron or manganese in site 1 and a metal-bridging hydroxide (μOH−) ligand. A procedure for quantitation and
correlation of experimental and computational NRVS difference signals due to isotope labeling was developed.
This approach revealed that the protons of the ligands as well as the terminal water at the R2lox cofactors
exchange with the bulk solvent whereas 18O from 18O2 cleavage is incorporated in the hydroxide bridge. In
R2lox, the two water molecules from four-electron O2 reduction are released in a two-step reaction to the
solvent. These results establish combined NRVS and QM/MM for tracking of iron-based oxygen activation in
biological and chemical catalysts and clarify the reductive O2 cleavage route in an enzyme.

1. Introduction

Enzymes within the ferritin-like superfamily of four-helix-bundle
proteins [1–4] incorporate a dimetal-carboxylate cofactor and perform
crucial small molecule activation reactions among the top-ten chal-
lenges in chemistry [5]. Prominent examples are ribonucleotide re-
ductases essential in DNA synthesis [6–9] and methane mono-
oxygenases catalyzing methane to methanol conversion [10–12] as well
as numerous oxidases with widespread functions [13–16]. The classical
cofactor comprises two iron ions ([FeFe] type) bound by four glutamate
or aspartate and two histidine residues, but in recent years, also di-
manganese ([MnMn]) and mixed-metal ([MnFe]) cofactors were dis-
covered [13,17–22]. Deeper insight into the reasons for the different

metallations [13,23–25] as well as potential variations in reaction
pathways at homo- vs. hetero-metallic cofactors [26] is required and
may aid the design of improved bimetallic catalysts [27–30].

A common feature of the dimetal cofactors is their high reactivity
towards molecular oxygen (O2) [15,16,31]. Initially divalent metal
ions, i.e., Fe(II) or Mn(II), are bound to the apo-proteins and oxidized in
the presence of O2 so that high-valent cofactor species with Mn/Fe(III)/
(IV) ions are formed, which are then employed for amino acid or sub-
strate oxidation reactions to form, e.g., radical species [32–35], on the
way to the final products. The oxygen activation reactions in effect lead
to reduction of O2 by four electrons, resulting in O]O bond cleavage
and in two oxygen species at the formal redox level of water, with often
unknown protonation state (H2O, OH−, or O2−) [15,36]. In crystal
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structures of reduced enzymes, few oxygen species (besides the car-
boxylate groups) are usually found to be bound to the metal ions
whereas in structures of O2-exposed enzymes, additional oxygen li-
gands are observed in metal-bridging and/or terminal positions at dif-
ferent dimetal cofactor types [11,37–39] (ref. [15] for review). Whether
such species represent the O2 cleavage products or stem from water
molecules (i.e., from the solvent) is a central question of the present
study.

Here, we used a structurally characterized ligand-binding oxidase
from the bacterium Geobacillus kaustophilus, which resembles the R2
subunit of ribonucleotide reductases and is therefore termed R2lox
[40–43], as a model system for O2 activation at [FeFe] and [MnFe]
cofactors. Quantitative in-vitro insertion of these cofactor types into
apo-protein is feasible [13,43]. Upon supplementation with divalent
metal ions and O2, the enzyme likely forms initial Mn/Fe(IV)Fe(IV)
species, followed by oxidation and cross-linking of neighboring tyrosine
and valine residues, which results in stable Mn/Fe(III)Fe(III) cofactors
(Fig. 1) [41,43–46]. Crystal structures of reduced and oxidized R2lox

proteins show varying metal-bridging as well as terminal oxygen spe-
cies bound at the Fe and Mn ions (Fig. 1) [41,43–45]. Earlier spectro-
scopic and computational studies have established the ligand protona-
tion state as a terminal water (H2O) at Mn/Fe in site 1 and a bridging
hydroxide (μOH−) in the Mn/Fe(III)Fe(III) cofactors [40,42,47,48].
Therefore, R2lox is well suited for isotopic labeling experiments for
exploration of the origin of the oxygen ligands.

Vibrational spectroscopy is particularly versatile for monitoring li-
gand binding, exchange, and protonation at metal cofactors [49]. Nu-
clear resonance (X-ray scattering) vibrational spectroscopy (NRVS) at
synchrotron sources is exclusively sensitive to 57Fe sites (56Fe is in-
visible), so that all vibrational modes of the [MnFe] and [FeFe] cofac-
tors with contributions from the labeled iron centers become accessible,
and is unlimited by the selection rules of infrared or Raman spectro-
scopy [50–54]. The method has rarely been applied to dimetal cofactors
[47,55–57]. NRVS relies on the Mössbauer effect, that is, resonant ex-
citation of 57Fe nuclei using ~14.4 keV X-rays to create a 1s level
photoelectron due to nuclear excited state decay followed by core hole
refill from higher electron levels (e.g., Fe-2p) and X-ray fluorescence
photon emission (e.g., Fe Kα at ~6.4 keV). The emission is employed to
probe excitation or annihilation of phonons in the Stokes or anti-Stokes
energy regions close to the 57Fe resonance by scanning of a high-re-
solution (meV) monochromator for monitoring of vibrational modes. In
addition, nuclear forward scattering (NFS) probes coherent emission
interference during decay (lifetime 141 ns) of the I1/2 and I3/2 57Fe
excited nuclear spin levels to access Mössbauer parameters (quadrupole
splitting energy, ΔEQ, and line width, Γ) in parallel to NRVS spectra
[58]. Assignment of vibrational bands in NRVS spectra requires normal
mode analysis (spectral calculations) based on molecular models as
derived from quantum mechanics/molecular mechanics (QM/MM) or
density functional theory (DFT) approaches, which was previously es-
tablished for R2lox and other systems (see, for example, refs. [40, 42,
47, 53, 54, 59, 60]).

In this study, R2lox apo-protein was in-vitro reconstituted with Mn
(II) and 57Fe(II) ions under aerobic and isotopic labeling conditions (H/
D2

16/18O buffers saturated with 16/18O2) and the resulting [57Fe57Fe]
and [Mn57Fe] cofactors were investigated by nuclear resonance X-ray
scattering. NFS revealed the formation of Mn/Fe(III)Fe(III) cofactors.
Different NRVS spectra for the two cofactor types and varying shifts of
vibrational bands under the different isotopic conditions were ob-
served. QM/MM calculations facilitated attribution of the NRVS bands
to vibrational modes in particular of the terminal water and bridging
hydroxide ligands. A quantitative method for correlation of experi-
mental and computational NRVS difference spectra was developed. It
assigned the band shifts to individual H/D and/or 16/18O exchanges,
indicating that the terminal water is more rapidly exchangeable than
the bridging hydroxide, which stems from O2. Our findings clarify the
O2 cleavage pathway in R2lox and establish a dedicated method for
addressing the reaction coordinate of oxygen activation in iron systems.

2. Materials and methods

2.1. Preparation of R2lox protein and reference samples

57FeIICl2 was prepared from metallic 57Fe powder [61]. 57FeIICl2
(100 or 50mM, pH 7.0) solution samples (i.e. containing hexaquo 57Fe
(II) ions) were prepared in pure H2O, D2O, and H2

18O or in 50:50
H2O:D2O and H2

16O:H2
18O mixtures. Metal-free R2lox apo-protein

(pET-46 construct with an N-terminal His6 tag) was over-expressed in
Escherichia coli and purified as described previously [43,44,47]. Metal
reconstitution, isotopic exchange, and further handling of 18O2-exposed
R2lox samples was carried out in an anaerobic glove box (MBraun
Unilab-Plus-SP, O2 partial pressure < 10 ppm) and of 16O2-exposed
R2lox samples was carried out in air (atmospheric O2 partial pressure).
All buffers used in the glovebox for 18O2 R2lox sample preparation were
deoxygenated by bubbling with N2 gas for 1 h to remove dissolved O2

Fig. 1. Crystal structures of [FeFe] and [MnFe] cofactors in R2lox. Geometries
are based on PDB entries of (a) anaerobically Mn(II)/Fe(II) reconstituted (re-
duced) enzymes, 4XBV and 4HR4 ([FeFe], 1.8 Å and [MnFe], 1.9 Å resolution)
and (b) aerobically Mn(II)/Fe(II) reconstituted (O2 oxidized) enzymes, 5OMK
and 4HR0 ([FeFe], 1.7 Å and [MnFe], 1.9 Å resolution) [41,43,91]. Color code:
green, Fe or Mn in site 1; orange, Fe in site 2; red, O; blue, N; grey, C; protons
are not resolved in the protein crystal structures. E202 shows bridging-che-
lating vs. monodentate metal binding in reduced vs. oxidized structures, the
terminal H2O at Mn/Fe in site 1 is present in all structures, and a bridging oxide
as well as a tyrosine-valine ether cross-link is found only in the oxidized
structures. A second bridging carboxylate ligand stems from a long-chain fatty
acid as modelled in the structures. Dashed lines mark putative hydrogen-
bonding interactions at the H2O and μOH− ligands.
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prior to use. For in-vitro metal cofactor assembly, to a solution (500 μL,
811 μM) of R2lox apo-protein 878.5 μL reconstitution buffer (100mM
HEPES-Na, pH 7.0, 50mM NaCl) were added and for Fe/Fe proteins
121.5 μL of a 10mM aqueous 57FeCl2 solution (concentration ratio
protein:Fe 1:3) or for Mn/Fe proteins first 81.0 μL of a 10mM aqueous
MnCl2 solution and then 40.5 μL of a 10mM aqueous 57FeCl2 solution
(concentration ratio protein:Mn:Fe 1:2:1) were added (total sample
volume 1.5mL each, protein concentration 270 μM). 16O2 samples were
incubated in air (atmospheric oxygen) for 1 h at ca. 20 °C whereas 18O2

samples were prepared in the glovebox and gently bubbled with a
stream of 18O2 gas for 4min prior to the same incubation period. The
initially colorless samples showed an immediate color change in-
dicating rapid reaction of the proteins with oxygen and formation of the
cofactors with trivalent metal ions. Samples were centrifuged for 4min
(13,000 rpm, 4 °C) and unbound metal ions were removed by passing
through a 5mL HiTrap desalting column (GE Healthcare) equilibrated
with 25mM HEPES-Na buffer (pH 7.0, 50mM NaCl). The eluate was
concentrated by centrifugation (10,000 rpm, Vivaspin-500, 30 kDa
cutoff) to a volume of ca. 100 μL. Isotopic labeling of metal-recon-
stituted R2lox was achieved by buffer exchange using 50% D2O or 90%
H2

18O containing buffers (25mM HEPES-Na, pH 7.0, 50mM NaCl; di-
luted from a H2

16O buffer stock solution at 10-fold higher concentra-
tions). Protein precipitation at higher D2O contents limited the maximal
D2O content of R2lox samples to 50% (i.e., each 50% H2O and D2O). To
50 μL of the 16/18O2 metal-reconstituted R2lox samples, 450 μL of D2O
or H2

18O buffer was added, the samples were concentrated as above to
~100 μL, and the buffer addition and concentration procedure was
repeated three times (unlabeled O2/H2O R2lox was treated in the same
way, but with H2

16O containing exchange buffer). This procedure
yielded the final R2lox samples (Fig. 2; ~50 μL each, protein con-
centrations given in Tables 1 and S1; 50% D2O in the 16/18O2/D2O
samples and 90% H2

18O in the 16/18O2/H2
18O samples). R2lox and

57FeCl2 samples were loaded (~50 μL) immediately into Kapton-cov-
ered acrylic-glass holders and frozen in liquid nitrogen until use at the

synchrotron. Further samples were prepared from additional batches of
R2lox protein using comparable preparation procedures with slight
variations (e.g., of relative concentrations and incubation periods) in
the cofactor reconstitution and isotopic labeling procedures.

2.2. Metal content determination by TXRF

TXRF [62] on a PicoFox spectrometer (Bruker) was employed to
determine the metal contents in the actual R2lox protein samples after
the nuclear resonance scattering experiments (Fig. S1). A gallium ele-
mental standard (Sigma-Aldrich, 40 mg L−1) was added (1:1 v:v) to the
protein samples (7 μL) prior to TXRF analysis, which included the
software routines provided with the spectrometer [41,44,47]. Each two
measurement repetitions on two independently pipetted samples and
averaging of the derived metal contents yielded the values in Tables 1
and S1.

2.3. Nuclear resonance spectroscopy

Nuclear resonance scattering data were collected at undulator
beamline ID18 at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) [63] during four beamtime periods (data (a) on a set
of 12 R2lox samples prepared by the above main method was collected
in one period and further data (b, c, d) on similarly prepared proteins
and FeCl2 was collected during the other periods) using the previously
described set-up (heat-load monochromator and high-resolution
monochromator, FWHM~0.7meV; gated APD detectors, ~1 cm2 active
area, for prompt and delayed inelastic and forward scattering detection;
cold-finger liquid‑helium cryostat) [47,64]. The shown NRVS difference
spectra exclusively correspond to spectra that have been collected
during one beamtime period (i.e. data (a) in Figs. 4 and 5, see also Figs.
S8 and S14) and no averaging of data from different beamtime periods
was involved in the analysis. The storage ring was operated in 16-bunch
mode (~90mA). A sample temperature during the measurements of
50 ± 15 K was estimated from the ratio of NRVS counts in± 3–7meV
windows around the resonance [47]. NFS time traces were collected in
a ~160 ns time window within ~30min with 4 stacked APD detectors
at ~2m behind the sample. NRVS counts were detected with an APD at
90° to the incident X-ray beam and at ~4mm distance from the sample.
The energy axis of the high-resolution monochromator was calibrated
using the CN− vibrational band at 70.0 meV of a (NH4)2Mg57Fe(CN)6
powder sample as a reference [65]. NRVS spectra were collected in a
−15meV to 100meV energy region around the resonance (0.2 meV
steps, 3 s per data point, X-ray spot size on sample ~1.5×0.5mm2).
Up to 16 scans were averaged for signal-to-noise ratio improvement
(≤4 scans of ~30min per sample spot). The count background level
per second (due to, e.g., electronic noise and imperfectly clean bunch
filling of the storage ring) was determined in separate measurements on
the samples including data acquisition for 300 s at a ~200meV off-
resonance energy. NRVS data were processed (including background
subtraction) and the partial vibrational density of states (PDOS) was
calculated with the software package available at ID18. Final NRVS
spectra were derived by smoothing of averaged, raw spectra by ad-
jacent averaging over 9 data points (1.8 meV) and interpolation to a
0.4 meV energy step axis, followed by energy to frequency axis con-
version (1meV=8.06554 cm−1) to give an effective band resolution of
~14 cm−1 (full width at half maximum, FWHM). Quadrupole splitting
energies (ΔEQ) were determined from fit analysis of NFS time traces
(Eq. (1) with one or two components i, I=NFS amplitude,
Ai= amplitude scaling factor, τι=effective decay lifetime,
υi =modulation frequency, φ=phase shift, B= detector count offset;
ΔEQ=hυ with h=4.135×10−6 neV s) [66–68]:

∑= − + +I t A t τ πν t ϕ B( ) exp( / )cos ( ) .NFS i i i i
2 (1)

The apparent Mössbauer linewidth (Γ) was calculated from the τ

Fig. 2. R2lox protein sample preparation procedure. Metal reconstitution into
apo-protein, [FeFe] and [MnFe] cofactor assembly during reductive O2 acti-
vation, and isotopic exchange yielded twelve different R2lox preparations (see
Tables 1 and S1 for protein and metal contents and Materials and Methods for
details).
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values (Eq. (2); excited state lifetime, τ0= 141 ns;
1 mm s−1= 4.8×10−5 meV):

= +Γ h/2π(1/τ 1/τ)0 (2)

We note that the small sample thickness in the NFS experiment on
dilute protein solutions containing 57Fe in the cofactors most likely does
not lead to dynamical beats due to multiple scattering contributions to
the time traces, but the pattern is practically exclusively due to the
double-resonance quadrupole splitting. This follows from the observa-
tion that the given sample conditions (~5mm X-ray path through the
sample, ~5mM average 57Fe concentration) would correspond to a
57Fe metal foil of< 0.2 μm thickness, for which no dynamical beats are
observed according to data in literature [58,69–72]. This assumption is
further evidenced by the similar Mössbauer parameters that were de-
termined from protein samples with 57Fe concentrations that varied up
to a factor of 2 (Tables S2, S3, S4). We therefore conclude that multiple-
scattering effects in the NFS traces are negligible and the relative Fe(III)
and Fe(II) amounts are reliably determined (estimated error ± 5%,
Table S4).

2.4. QM/MM calculations

Calculations were carried out on the computer clusters of Freie
Universität Berlin and based on whole-protein/cofactor model struc-
tures as constructed using R2lox crystal structures and our earlier ex-
perimental and computational results (Fig. 1). A QM/MM approach
including ONIOM [73,74] and the universal force field as implemented
in the Gaussian09 program [75] were used for the MM treatment of the
protein environment (low-layer) and the B3LYP functional [76,77] with
the TZVP basis-set [78] was used for the QM core (high-layer including
the dimetal cofactor and adjacent amino acids) for unconstrained
geometry-optimization and spectral calculations. In addition, DFT cal-
culations with the same functional/basis-set combination were carried
out on models including only the cofactors (metal ions plus truncated
amino acid ligands and water species). A broken-symmetry approach
and proper assignment of molecular fragments were used for calcula-
tion of anti-ferromagnetic spin couplings [47,64,79,80]. The total spin
multiplicity (M=2S+1) was 1 (S= 0) for the diamagnetic Fe(III)Fe
(III) cofactor and 2 (S=½) for the paramagnetic Mn(III)Fe(III) cofactor
[42,43,47]. NRVS vibrational frequencies were derived from normal
mode analysis of relaxed structures using Gaussian09. NRVS and nor-
malized (spectral area=1) PDOS spectra were calculated using NIS-
spec [81]. Calculated (stick) NRVS spectra were broadened by Lor-
entzians (FWHM 14 cm−1) for comparison with experimental spectra.
In-house software and functionalized EXCEL-sheets were used to pro-
cess Gaussian09 and NISspec output files. NRVS vibrational modes were
visualized with ChemCraft.

2.5. Correlation of experimental and computational NRVS difference
spectra

NRVS difference spectra were calculated from the experimental and
computational data (spectra of isotope-exchanged cofactor species

minus spectra of unlabeled, i.e., H2O/μOH cofactor species).
Experimental NRVS difference spectra were smoothed over 5 data
points for display. Quantification of experimental, normalized NRVS
difference spectra (PDOS) was carried out using Eq. (3). First, their
modulus was calculated and the resulting spectra were integrated (if
not stated otherwise) in a 100–550 cm−1 spectral range, ΔFSB, to yield
the area corresponding to the signal-plus-background level (SB, in %)
and in a 600–750 cm−1 spectral range, ΔFB, without significant band
features to yield the area corresponding to the background (noise) level
(B, in %). Subtraction of the background level after scaling by a factor,
X= ΔFSB / ΔFB, of 3 (to compensate for its 3-fold shorter frequency
range) from the signal-plus-background level resulted in the NRVS
difference signal (S, in %), which included most of the significant vi-
brational band features:

∫ ∫= − ⋅S SB B Xmod( ) mod( ) .F FΔ ΔSB B (3)

A similar procedure was applied to the computational (i.e., noise
free) NRVS difference spectra, but omitting the background subtraction,
to yield the calculated NRVS difference signal. The following scaling
factors were applied to the resulting experimental NRVS difference
signals (for Fe/Fe and Mn/Fe proteins) for comparison with the com-
putational data (see Fig. S10 for further justification of the scaling
factors): x2 for the 16O2/D2O proteins to compensate for the presence of
only 50% D2O, x1.5 for the 18O2/D2O proteins to compensate for the
presence of only 50% D2O and assuming a 50% contribution of the H/D
exchange to the total NRVS difference signal according to the calcula-
tion results, and x1.1 for the 16/18O2/H2

18O proteins to compensate for
the presence of only 90% H2

18O (x1 for the other difference signals).
The root-mean-square deviation (rmsd) between experimental and
calculated NRVS difference signals (S) was calculated using Eq. (4):

= −rmsd S S( ) .cal exp
2 (4)

3. Results

3.1. Isotopic labeling and metal content of R2lox

Purification of metal-free R2lox apo-protein, followed by addition of
Mn(II) and 57Fe(II) ions or only of 57Fe(II) ions, reconstitution of the
oxidized [MnFe] and [FeFe] cofactors during exposure to 16O2 or 18O2

and exchange of buffers containing water isotopes (see Materials and
Methods), resulted in twelve concentrated (ca. 3.0–5.5mM), com-
pletely 57Fe labeled holo-protein samples for nuclear resonance scat-
tering experiments denoted further on: O2/H2O, O2/D2O, O2/H2

18O,
18O2/H2O, 18O2/H2

18O, and 18O2/D2O (Fig. 2). Metal contents of the
R2lox samples were determined by TXRF (Fig. S1; Tables 1, S1). In the
Fe/Fe-reconstituted R2lox samples, negligible manganese and near-
stoichiometric iron binding was found (mean of 1.9 ± 0.1 Fe ions or
0.95 ± 0.05 [FeFe] cofactors per protein). The Mn/Fe-reconstituted
proteins contained slightly sub-stoichiometric metal (mean of
1.4 ± 0.2 metal ions or 0.70 ± 0.10 dimetal cofactors per protein)
and 0.75 ± 0.10 Mn ions per Fe ion on average, from which mean

Table 1
Mean metal contents and Mössbauer parameters of R2lox protein samples.a

R2lox
protein

Mn per protein Fe per
protein

Mn per Fe M per protein [FeFe] [%] [MnFe] [%] [MM] per
protein

Fe(II) [%] ΔEQ Fe(III)
[mm s−1]

Γ Fe(III)
[mm s−1]

Fe/Fe < 0.01(1) 1.92(7) < 0.01(1) 1.92(7) >99(1) < 1(1) 0.96(4) 2.8(1.3) 0.79(1) 0.38(2)
Mn/Fe 0.61(3) 0.79(4) 0.77(6) 1.40(11) 13(4) 87(4) 0.70(6) 2.8(1.7) 0.83(2) 0.52(9)

a Metal contents were determined by TXRF (Fig. S1). Mössbauer parameters (quadrupole splitting energy, ΔEQ; line width, Γ) of Fe(III) species and Fe(II) contents
were determined from NFS data (Figs. 3, S2). The mean protein concentration was 4.2 mM, full parameter variation ranges over all protein samples are given in
parentheses, for parameters of the individual samples see Tables S1 and S2. [FeFe] and [MnFe] cofactor contents were calculated under the assumption that all
manganese ions are bound in [MnFe] cofactors (M and [MM] denote the sums of metal ions and dimetal cofactors per protein). Other first-row transition metals were
negligible in all protein samples (Table S1).
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[MnFe] and [FeFe] cofactor contents of 87 ± 4% and 13 ± 4% were
calculated (Table 1). Only small and unsystematic metal loading
(± 10%) and cofactor content (± 5%) variations were observed for
the Fe/Fe and Mn/Fe samples exposed to the different isotopic condi-
tions. Earlier Mössbauer and EPR data on similar R2lox samples have
shown that unspecific Fe(III) contaminations are negligible [40,42,47].
These results reveal the efficient and selective formation of [FeFe] and
[MnFe] cofactors in R2lox, which is practically independent of recon-
stitution in the presence of 16O2 or 18O2, as well as unaffected by sub-
sequent H/D2

16/18O buffer exchange.

3.2. Cofactor redox state and Mössbauer parameters

Nuclear forward scattering (NFS) nanosecond transients were col-
lected for the twelve different R2lox samples (Fig. 3). For selected
isotopic conditions, further NFS transients of independently prepared
R2lox samples were obtained (Fig. S2). Overall similar kinetic behavior
of the Fe/Fe and Mn/Fe samples was observed, featuring rapid NFS
amplitude decay and oscillation with a low frequency [47]. These
properties were only marginally affected by the different sample pre-
paration procedures including O2 and water isotopes. For comparison
with the R2lox data reflecting mostly Fe(III) species (see below), NFS
transients were recorded for 57FeCl2 solutions containing hexaquo-Fe
(II) ions as prepared with H2O, D2O, or H2

18O (Fig. S3). These transients
revealed a much larger amplitude oscillation frequency of the solution
Fe(II) ions compared to the Fe(III) species in R2lox, which was not
affected by the isotopic conditions. In addition, NFS transients were

recorded for Fe/Fe and Mn/Fe R2lox samples (O2/H2O) directly after
prolonged X-ray exposure (~2 h) at ~50 K or after annealing the same
samples at ~220 K for 1 h (Fig. S4). The annealing was expected to
cause reduction of protein-bound metal(III) to metal(II) species due to
reaction of X-ray induced protein and solvent radical species, which are
trapped at 50 K, with the cofactors at 220 K [47,82]. Accordingly, the
NFS transients of the annealed R2lox samples showed an overlay of
amplitude oscillations with lower and higher frequencies.

Fit analysis of the NFS transients using Eqs. (1) and (2) (with one or
two kinetic phases) provided the relative amounts of divalent and tri-
valent iron species in the R2lox samples as well as Mössbauer para-
meters, that is, the quadrupole splitting energy, ΔEQ, and the apparent
line width, Γ (Figs. 3, S2; Tables 1, S2). The Mössbauer parameters of
hexaquo-Fe(II) in the 57FeCl2 solutions were typical for ferrous iron
[83] and barely affected by the presence of only H2O or 50/100% D2O
or 50/100% H2

18O, as well as by concentration variation (50mM vs.
100mM Fe) (Table S3, mean values of ΔEQ= 3.24 ± 0.01mm s−1 and
Γ=0.71 ± 0.05mm s−1). The transients of annealed Fe/Fe and Mn/
Fe R2lox both revealed a ~33% NFS contribution with Mössbauer
parameters due to Fe(II) (Table S4, mean values of
ΔEQ=2.60 ± 0.05mm s−1 and Γ=0.50 ± 0.02mm s−1) that differ
from the 57FeCl2 values, which implies that the formed Fe(II) was still
bound to the cofactor sites in R2lox. Simulations of the NFS transients
of the corresponding non-annealed R2lox samples showed that a re-
spective Fe(II) contribution was very small (≤5%), indicating the mere
absence of X-ray induced reduction of the dimetal cofactors during
nuclear resonance scattering data collection as well as no significant
residual divalent iron in the samples from the metal reconstitution.

Simulations of the NFS transients of R2lox for the various isotopic
conditions (Figs. 3, S2) revealed slightly different Mössbauer para-
meters for Fe(III) in the Fe/Fe or Mn/Fe proteins (Tables 1, S2), namely
mean values of (Fe/Fe) ΔEQ= 0.79 ± 0.01mm s−1 and
Γ=0.38 ± 0.02mm s−1 and (Mn/Fe) ΔEQ= 0.83 ± 0.02mm s−1

and Γ=0.52 ± 0.09mm s−1. These values were practically in-
dependent of the isotopic conditions and well reproducible in in-
dependently prepared protein samples (Fig. S5). The larger Γ for Mn/Fe
R2lox is mostly attributed to contributions from the minor amounts of
[FeFe] sites, as judged from a weak correlation of Γ with the [FeFe]
cofactor percentage in the Mn/Fe samples (Fig. S6). Although the Fe(II)
contributions were very small (≤5%) in all samples (Fig. S7), the Fe/Fe
protein showed larger Fe(II) amounts in the non-18O2 samples, while
the Mn/Fe protein showed larger Fe(II) amounts in the 18O2 samples,
which mostly explained the visual deviations between the respective
NFS transients of Mn/Fe and Fe/Fe R2lox (Fig. 3). In summary, the NFS
data indicated the presence of almost exclusively Fe(III)Fe(III) cofactors
in the Fe/Fe proteins and, taking into account also our earlier quanti-
fications of Mn(III) [40,44,47], of Mn(III)Fe(III) cofactors in the Mn/Fe
proteins.

3.3. NRVS analysis of isotope effects in R2lox

NRVS spectra of the Fe/Fe and Mn/Fe R2lox samples were collected
(Figs. 4, S8). Significant differences of relative amplitudes and fre-
quencies of vibrational bands were observed for the Fe/Fe vs. Mn/Fe
samples, which reflect the presence of two different Fe(III) sites in the
[FeFe] cofactors compared to Fe(III) only in site 2 in the [MnFe] co-
factors (besides the minor [FeFe] amounts in Mn/Fe R2lox, Fig. S9). For
the various isotopic conditions, overall similar NRVS spectra were ob-
served, which revealed relatively small band shifts mostly to lower
frequencies (on the order of ~5 cm−1 or less, e.g., for the main band at
~250 cm−1) compared to the O2/H2O samples, as visible in the re-
spective difference spectra (Figs. 4, S8). The main band shift directions
suggested isotopic exchange at the cofactors because lower vibrational
frequencies were expected for the H2O and μOH ligands including the
heavier 18O and/or D atoms. However, the difference spectra also
showed sizeable background (noise) contributions, as discernable, e.g.,

Fig. 3. NFS time traces of R2lox protein samples. Experimental data (top panel,
Fe/Fe samples; bottom panel, Mn/Fe samples) are shown together with fit
curves (smooth lines, parameters in Tables 1 and S2). Traces were normalized
to an initial amplitude of unity at zero time according to the fit results, note the
logarithmic scaling of the y-axes.

S. Mebs, et al. BBA - Bioenergetics 1860 (2019) 148060

5



in the> 550 cm−1 frequency region where no significant vibrational
bands were observed (Figs. 4 and 5), even after averaging of all Fe/Fe
or Mn/Fe spectra to further decrease the noise level (Fig. S9). Accord-
ingly, for discrimination of the actual site of isotope exchange at the
cofactors, a method for quantification of the small band shift features
was needed.

For this purpose, NRVS spectra of the 57FeCl2 samples were re-
corded, which showed significant (≤15 cm−1) band down-shifts for
hexaquo-Fe(II) in D2O or H2

18O vs. H2O (Fig. S10). Visual inspection
revealed overall twice as large amplitudes of the difference spectra for
100% instead of 50% D2O or H2

18O in the samples, as expected due to
H/D or 16O/18O exchange in the complete or (on average) half of the
water ligand sphere at the 57Fe(II) ions. The integral of the modulus of
the difference spectra was calculated (Eq. (3)) in two spectral regions
where only background (noise) contributions or also vibrational bands
were present, and the weighted background amplitudes were sub-
tracted from the total background plus signal amplitudes, which yielded
the true differential-signal amplitudes. This procedure resulted in signal
amplitudes due to vibrational band shifts in the 57FeCl2 samples, which

reproduced the expected difference-spectra amplitude changes by a
factor of two with about± 5% accuracy even for largely (3-fold) di-
verging background contributions to the NRVS spectra (Fig. S10, mean
relative error of the D2O - H2O and H2

18O – H2O difference signals of ca.
10%). In the following, this method for difference-spectra quantifica-
tion was applied to compare experimental and theoretical NRVS data of
R2lox.

Two quantum chemical approaches (QM/MM and DFT) [47] based
on crystal structures of the whole R2lox protein/cofactor system or only
of the cofactor/amino-acid ligands (Fig. S11) were used to calculate
NRVS spectra for eight different isotopic labeling patterns of the brid-
ging hydroxide and terminal water ligands (OH/H2O, OD/D2O, OH/
H2

18O, 18OH/H2O, 18OH/H2
18O, OD/D2

18O, 18OD/D2O, 18OD/D2
18O)

at the [FeFe] and [MnFe] cofactors (Figs. 6, S12). The QM/MM spectra
reproduced the broad background due to coupled protein/cofactor
modes, the relative intensities of the main NRVS band features, as well
as the differences between the spectra of Fe/Fe and Mn/Fe proteins
(Fig. S13) in the experimental data reasonably well (and better than the
DFT spectra). The absence of prominent band features above about

Fig. 4. NRVS spectra of R2lox protein samples. Top panels, NRVS spectra (PDOS) and bottom panels, NRVS difference spectra of Fe/Fe samples (left) and Mn/Fe
samples (right). Spectra are vertically displaced for comparison (grey lines show shifted spectra of O2/H2O protein samples, dotted lines mark respective baseline
levels). The maximal noise level in the NRVS spectra or difference-spectra is estimated from the spectral levels above ca. 600 cm−1 where no real bands occur as ~5%
or 20% of the maximal amplitudes at lower frequencies (smaller relative noise levels are expected at lower frequencies due to the exponentially increasing weighting
of data at increasing frequencies in the NRVS evaluation).
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550 cm−1 in the calculated and experimental spectra (Figs. 4 and 5)
confirmed the earlier determined protonation state of the [FeFe] and
[MnFe] cofactors with a terminal water (H2O) at the metal in site 1 and
a bridging hydroxide (μOH−) [42,47]. It further showed that above
550 cm−1, background contributions dominate the experimental
spectra. For the different isotopic labeling patterns overall similar NRVS
band shifts were observed in the QM/MM and DFT difference spectra,
despite the deviations in relative NRVS band intensities (Figs. 6, S12).
In particular, the difference spectra for the [FeFe] cofactor showed
prominent (ca. 3–22 cm−1) band down-shifts in mainly three spectral
regions (around 260 cm−1, 380 cm−1, and 470 cm−1), whereas the
difference spectra for the [MnFe] cofactor showed overall smaller
(≤5 cm−1) band down-shifts in mainly two regions (around 300 cm−1

and 400 cm−1).
NRVS vibrational modes with prominent contributions of the H2O

and μOH ligands at the cofactors were identified by inspection of the
computational output files (stick spectra), each including more than
5000 normal modes (Fig. 7). For the [FeFe] and [MnFe] cofactors,

distinct variations in the frequencies of such vibrations were observed,
but for both cofactors, coupled vibrations with contributions from both
ligands were found around 275 cm−1, vibrations with mainly H2O
contributions occurred in the 300–360 cm−1 region, and prominent
vibrations with mainly μOH− contributions were scattered over the
360–400 cm−1 and 480–530 cm−1 regions (Fig. 7). We note, however,
that coupled vibrations with weak contributions from both ligands were
spread over the entire spectral regions showing significant NRVS band
features. These findings implied that analysis of only a few (prominent)
band shift features in the experimental NRVS spectra of the isotope-
exchanged R2lox samples is not sufficient, but that the whole (differ-
ence-) spectra need to be taken into account for reliable discrimination
of different H/D and 16O/18O labeling patterns.

3.4. Quantification of experimental and computational NRVS difference
signals

We applied the quantification method described above to the ex-
perimental and calculated isotopic NRVS difference spectra of R2lox
(Figs. 4, 5 and S8, S12). The resulting NRVS difference signal ampli-
tudes are shown in Figs. 6, 8 and S14, S15. For the experimental data of
the Fe/Fe and Mn/Fe samples (Fig. 4), similar relative signal ampli-
tudes of the difference spectra were observed, with an about 2-fold
smaller O2/H2

18O – O2/H2O signal compared to the similar O2/D2O –
O2/H2O and 18O2/H2O – O2/H2O signals and (up to 1.5-fold) larger
signals of the 18O2/H2

18O – O2/H2O, and, in particular, 18O2/D2O – O2/
H2O differences (Figs. 6 and S14). For the further R2lox protein pre-
parations (Fig. S8), even for pronounced (≤10-fold) noise level varia-
tions in the NRVS spectra, the relative as well as the absolute signal
amplitudes were well reproducible (within less than±10% margins,
Fig. S14). On average, the difference signals of the Fe/Fe samples were
about twice as large as the signals of the Mn/Fe samples, with only
minor variations (Mn/Fe:Fe/Fe, 0.5 ± 0.1:1). These results indicate
significant alterations in the difference signal amplitudes due to the
varying isotopic substitutions. For comparison with the computational
data, the experimental difference signals of the O2/D2O and O2/H2

18O
R2lox samples were scaled by factors of 2.0 and 1.1 to compensate for
the sub-stoichiometric (50% or 90%) D2O or H2

18O contents in the
preparations, which, according to the 57FeCl2 results (above), was ex-
pected to cause isotopic labeling of only 50% or 90% of the cofactors on
average. The signals of the 18O2/D2O protein samples were scaled by a
factor of 1.5, to account for only 50% D2O in these preparations, be-
cause the computational data suggested that the H/D exchange con-
tributed about 40–60% to the experimental difference-signals of the
samples with simultaneous 18O and D substitutions. In addition, slight
scaling (factors of 1.01–1.04) of the experimental difference signals was
applied to compensate for the minor Fe(II) contents in the protein
samples. These procedures resulted in consistent NRVS difference-
signal data sets for the Fe/Fe and Mn/Fe R2lox preparations (Fig. 8).

For the calculated NRVS spectra of the [FeFe] and [MnFe] cofactors,
the QM/MM approach yielded mean difference signal amplitudes,
which were overall similar to the experimental data (Fig. S15). The DFT
approach yielded about 1.5-fold larger mean signals, but the relative
signal amplitudes for the different isotopic patterns were similar to the
QM/MM data (Fig. S15). Both approaches revealed similar relative
signal amplitudes for the corresponding isotopic patterns in the [FeFe]
and [MnFe] cofactors, with the smallest signal seen for the OH/H2

18O –
OH/H2O difference, about 2-fold larger and similar signals for the OD/
D2O – OH/H2O, 18OH/H2O – OH/H2O, 18OH/H2

18O – OH/H2O, and
OD/D2

18O – OH/H2O differences, and increasingly larger signals for the
18OD/D2O – OH/H2O and 18OD/D2

18O – OH/H2O differences. Similar
to the experimental data, on average 2-fold larger [FeFe] vs. [MnFe]
signals were found. Merging the QM/MM and (scaled) DFT data pro-
vided computational NRVS difference-signal data sets of the [FeFe] and
[MnFe] cofactors (Fig. 8). Visual comparison of the experimental and
computational NRVS difference signals already showed that the overall

Fig. 5. Quantification of NRVS difference signals of R2lox samples. (A)
Indicated NRVS difference signals for Fe/Fe (top panel) and Mn/Fe (bottom
panel) R2lox samples with isotopic exchanges derived from NRVS (PDOS)
spectra in Fig. 4 using Eq. (3) (frequency ranges of ΔFSB, 100–550 cm−1 and
ΔFB, 600–750 cm−1 and a scaling factor X of 3). For further NRVS difference
signals see Fig. S14 (data shown here correspond to data (a) in Fig. S14; the
mean relative error of the difference signals was estimated from up to three
measurements of independent samples with the same isotopic composition to
be ca. 12%).
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amplitudes, for example of the O2/D2O or O2/H2
18O Fe/Fe and Mn/Fe

samples and the OD/D2O or OH/H2
18O labeled [FeFe] and [MnFe]

cofactors, matched very well (i.e. within about± 10%) (Fig. 8) so that
quantitative comparison was feasible.

3.5. Assignment of cofactor isotope labeling patterns

Quantitative comparison was based on calculation of the root-mean-
square deviation (rmsd) between the experimental and computational
NRVS difference signals for all possible combinations of isotopic R2lox
preparations and calculated cofactor labeling patterns. The matrices
that resulted from inclusion of the QM/MM, (scaled) DFT, or mean
computational data as well as of the [FeFe] or [MnFe] cofactor species
in the calculations revealed essentially similar rmsd patterns with
minima (smallest deviations between experimental and computational
data) at similar positions (Fig. S16). This finding indicated that similar
isotopic patterns were realized in the [FeFe] and [MnFe] cofactors in
the R2lox protein. Therefore, mean rmsd values were calculated by
averaging of the experimental data for the Fe/Fe and Mn/Fe prepara-
tions as well as of the computational data for the [FeFe] and [MnFe]
cofactors, which facilitated assignment of the isotopic patterns in R2lox
(Table 2, Fig. S17).

The rmsd was minimal for comparing the experimental values of the
O2/D2O-labeled protein preparations to the calculated values of the
OD/D2O-labeled cofactors. This finding indicated that the protons both
at the terminal water and the bridging hydroxide (μOH−) were ex-
changed by deuterons upon protein solvation in heavy water. Small

rmsd values for comparing the experimental values of the O2/D2O-la-
beled protein samples to some calculated D/18O double-labeled co-
factor species are coincidental because there was no 18O in these pro-
tein preparations. In particular, this holds for comparison with the
18OH/H2

18O cofactor species. The rmsd for comparison to the double-
labeled species 18OD/D2

18O was larger, as expected due to the rela-
tively large joint contributions to the NRVS difference amplitudes of
18O in the hydroxo and water ligands. Comparison to the D-labeled
species with 18O either in the bridging hydroxo or terminal water ligand
yielded comparably small rmsd values because for 18O in OD/D2

18O or
18OD/D2O, the labeled ligand contributes only relatively small NRVS
difference amplitudes. In any event, the latter apparently good corre-
lations are coincidental (no matter whether the rmsd is small), because
there is no 18O in the O2/D2O protein samples.

A unique rmsd minimum was observed when comparing the O2/
H2

18O protein data to the calculated OH/H2
18O cofactor data whereas

much higher rmsd values resulted from comparison to the calculated
18O2/H2O or 18O2/H2

18O cofactor data (Table 2, Fig. S17). This result
showed that the terminal water bound at iron in site 1 of the cofactor
was exchanged with a H2

18O molecule from bulk water after formation
of the Fe/Mn(III)Fe(III) cofactor by O2 reduction, whereas the μOH−

mostly did not exchange with the solvent. Minimal rmsd values were
found for comparison of the 18O2/H2O proteins to the calculated OD/
D2O, OD/D2

18O, and 18OH/H2O cofactors. The former two species were
ruled out because there was no deuterium in these preparations. In
these cases, relatively small rmsd values are obtained because the
deuterium labeling adds only small NRVS difference amplitudes and the

Fig. 6. Computational NRVS spectra from QM/MM. Top panels, NRVS spectra (PDOS) and bottom panels, NRVS difference spectra of R2lox protein structures with
[FeFe] cofactors (left) or [MnFe] cofactors (right). The respective isotopic labeling patterns are indicated, for example OH/H2O refers to cofactor structures with a
metal-bridging μ16OH− and a terminal H2

16O ligand at the metal in site 1. See Fig. S12 for spectra from DFT, Fig. S11 for underlying model structures, and Materials
and Methods for computational procedures.
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18O labeling of the bridging hydroxide presumably was non-quantita-
tive (see below). Comparison to the calculated OH/H2

18O and 18OH/
H2

18O cofactors yielded larger rmsd values. These findings indicated
that upon formation of the Fe/Mn(III)Fe(III) cofactor, one oxygen atom
from (i.e., isotopically labeled) O2 was incorporated in the μOH−. Be-
cause of its exchangeability as shown with H2

18O, 18O-labeling of the
terminal water after 18O2 reduction in unlabeled water was not ex-
pected and barely observed. For the 18O2/H2

18O preparations, an
overall similar distribution of rmsd minima as for the 18O2/H2O pre-
parations for comparison to the calculated 18O-labeled cofactor species
was observed, but the rmsd for the calculated 18OH/H2

18O cofactor
species was significantly smaller for the 18O2/H2

18O preparations
(Table 2, Fig. S17). Accordingly, in the 18O2/H2

18O protein samples
both the terminal water and the μOH− were 18O-labeled. This ob-
servation strengthens our assignment that the terminal water exchanges
with the bulk and one oxygen atom from O2 is present in the hydroxide.
The 18O2/D2O protein preparations showed clear rmsd minima for
comparison to the calculated 18OD/D2O and 18OD/D2

18O cofactor
species. Because of its exchangeability (see above), persistent 18O-la-
beling of the terminal water was not expected in heavy water, so that

this result further corroborated inclusion of an oxygen atom from O2

only in the hydroxide.

4. Discussion

The ligand-binding oxidase R2lox was employed to study reductive
oxygen activation at [FeFe] and [MnFe] cofactors using nuclear re-
sonance scattering. Aerobic in-vitro assembly facilitates high-yield in-
corporation of 57Fe(III)57Fe(III) or Mn(III)57Fe(III) cofactors in the
protein, as revealed by TXRF and NFS in agreement with our earlier
results [41,43,44,47,84]. Crystal structures have suggested that the
trivalent metal sites are stabilized due to previous formation of a tyr-
osine-valine cross-link close to the cofactors [43–45]. These properties
render R2lox a well-suited model system to evaluate the combination of
X-ray vibrational spectroscopy (NRVS) and quantum chemical compu-
tations (QM/MM) as a tool for assigning the O2 cleavage products at the

Fig. 7. Vibrational modes of [FeFe] and [MnFe] cofactors. Amplitudes and
directions of atomic motions (arrows, not drawn to scale) in normal modes from
QM/MM with prominent contributions from the μOH− and H2O ligands at the
(unlabeled) [FeFe] (left) or [MnFe] (right) cofactors at given approximate
frequencies (in cm−1) are indicated; each panel shows an overlay of the two
structures at the maximal deflection points of the O-atom vibrations of the two
ligands. Color code: violet, Mn; orange, Fe; red, O; blue, N, grey, C; white, H.

Fig. 8. Experimental and computational NRVS difference signals. Top: experi-
mental NRVS (PDOS) difference signals for Fe/Fe and Mn/Fe R2lox (mean
values over data from spectra in Figs. 4 and S8 where applicable, error bars
show full signal ranges). Experimental difference signals were scaled to com-
pensate for non-quantitative D2O or H2

18O contents in the protein samples (see
text); unscaled signals are shown in Fig. S14. Bottom: calculated NRVS (PDOS)
difference signals for [FeFe] or [MnFe] cofactors in model structures with in-
dicated isotopic labeling patterns. Signals represent mean values over QM/MM
and scaled (x0.7) DFT data, error bars show full signal ranges; see Fig. S15 for
individual (unscaled) data sets.
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dimetal sites in isotope-labeled protein.
The NRVS spectra for Fe/Fe or Mn/Fe reconstituted R2lox with

varying isotopic compositions showed intricate vibrational band pat-
terns in a wide frequency range (≤550 cm−1), which are different for
[FeFe] and [MnFe] cofactors [47], as well as relatively small band shifts
(mostly ≤5 cm−1) in the entire spectral range due to isotope exchange.
The NRVS spectra include all vibrational modes with contributions
from the 57Fe nuclei, due to the lack of respective selection rule lim-
itations, rendering them considerably more complex than, for example,
Raman spectra of related dimetal systems [36,85–90]. In fact, the cri-
tical modes of, e.g., iron‑oxygen interactions are not identified with
distinct normal modes in the NRVS spectra, but these vibrations are
mixed into a relatively large number of normal modes of the Fe/Fe and
Fe/Mn cores. These properties preclude a direct (“fingerprinting”) as-
signment of NRVS bands to specific vibrational modes of the metal li-
gands and of frequency shifts to isotope exchange patterns. Therefore,
calculation of NRVS spectra is required for normal mode and isotope
labeling assignment, which in turn mandates a reliable method for
quantitative comparison of experimental and computational NRVS
features. Here, we developed an approach based on quantification of
NRVS difference spectra for correlation of vibrational band shifts. Good
reproducibility of the expected NRVS difference signal ratios for a re-
ference system, decent agreement of experimental and calculated signal
amplitudes, as well as observation of similar signal patterns for Fe/Fe
and Mn/Fe R2lox indicated that the method allows consistent analysis
of NRVS data with reasonable sensitivity even for differing noise con-
tributions and small frequency shifts.

Rigorous correlation of the experimental and computational NRVS
signals has provided an unambiguous assignment of isotope exchange
positions at the [FeFe] and [MnFe] cofactors in R2lox. We find that in
the Mn/Fe(III)Fe(III) cofactors, the protons of the metal-bridging hy-
droxide (μOH−) and of the terminal water (H2O) ligand at the metal in
site 1 exchange with the bulk solvent, which confirms the earlier de-
termined protonation state of both ligands [42,47]. The H2O ligand
readily exchanges with the solvent. After exposure of R2lox containing

divalent Mn/Fe ions to 18O2, 18O was found to be incorporated only in
the μOH− bridge. Accordingly, only one 18O atom (μOH−) from O2

cleavage is detectable in the Mn/Fe(III)Fe(III) cofactors and from NRVS,
there is no evidence for the fate of the second 18O atom. In the R2lox
crystal structures, mostly similar positions of water molecules at dis-
tances≥7 Å to both metal sites were found for anaerobic Mn/Fe(II) and
aerobic Mn/Fe(III) proteins [40,41,43–45,91], meaning that the addi-
tional O2-derived water species can also not be localized in the struc-
tures of the oxidized proteins.

Earlier EPR experiments on R2lox, which did not address the loca-
tion of the oxygen atoms from O2, have shown incorporation of 17O in
the water ligand and (in part) in the bridging hydroxide in the Mn(III)
Fe(III) cofactor formed in the presence of 16O2 after buffer exchange to
H2

17O [48]. The generally slightly smaller experimental NRVS differ-
ence signals for the 18O2/H2O and 18O2/H2

18O R2lox preparations in
comparison to the calculated signals for the 18OH/H2O and 18OH/
H2

18O cofactors may suggest that the μOH− shows limited (~15%)
exchange with bulk water within the duration of the buffer exchange
also in the present experiments. Diminished exchange of the μOH− with
the solvent in the NRVS vs. EPR data likely is due mainly to a ~10-fold
higher protein concentration in the buffer exchange procedure of the
NRVS samples. In addition, the intrinsically small differences in the
experimental NRVS data may result in a somewhat diminished sensi-
tivity to the μOH− exchange compared to EPR. These findings suggest
that the H2O ligand is replaced much faster (minutes) than the duration
of the buffer exchange, whereas the decreased μOH− replacement for
an increased protein concentration at similar buffer exchange durations
indicates much slower (hours) replacement of the μOH− ligand.

Starting from R2lox with two divalent metal ions, exposure to O2

and four-electron chemistry has been proposed to result in a transient μ-
peroxo Mn/Fe(III)Fe(III) intermediate, followed by a Mn/Fe(IV)Fe(IV)
state with two metal-bridging oxides at the cofactor [43,46], i.e., a
“diamond core” configuration [30] (Fig. 9). Such species were inferred
from spectroscopic data on similar enzymes and direct structural in-
formation for R2lox is not available. Similar diferric μ-peroxo as well as

Table 2
Assignment of isotopic labeling patterns at the R2lox cofactors.a

Calculated PDOS 

difference signal 

Experimental PDOS difference signal 

O2/D2O – 

O2/H2O 

O2/H2
18O – 

O2/H2O 

18O2/H2O – 

O2/H2O 

18O2/H2
18O – 

O2/H2O 

18O2/D2O – 

O2/H2O 

rmsd [%] 

OD/D2O – OH/H2O 1.5 2.5 0.7 0.2 3.2 

OH/H2
18O – OH/H2O 4.1 0.1 1.9 2.4 5.8 

18OH/H2O – OH/H2O 1.4 2.6 0.8 0.3 3.1 

18OH/H2
18O – OH/H2O 0.5 3.5 1.8 1.3 2.2 

18OD/D2O – OH/H2O 1.0 5.0 3.2 2.7 0.7 

OD/D2
18O – OH/H2O 1.0 3.0 1.2 0.7 2.7 

18OD/D2
18O – OH/H2O 1.8 5.8 4.1 3.5 0.1 

a rmsd values (Eq. (4)) were calculated using data in Fig. 8 for all possible combinations of experimental and computational NRVS difference signals for the
isotope-exchanged R2lox preparations (mean values over Fe/Fe and Mn/Fe species) and model structures (mean values over [FeFe] and [MnFe] cofactors and QM/
MM and DFT data are shown, Fig. S17 shows a graphical data representation; for individual rmsd values for QM/MM and DFT data as well as for [FeFe] and [MnFe]
cofactors see Fig. S16). rmsd minima correspond to apparent best agreement of experimental and computational data, white cells denote cofactor labeling-pattern
assignments (dark-gray cells mark coincidental, i.e., excluded correlations; light-grey cells mark sub-optimal correlations; see text).
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diamond-core species, often based on Raman spectroscopy in isotope-
exchange studies or crystallographic data, were proposed to occur
during O2 reduction at the diiron cofactors, e.g., in ferritin, soluble
methane monooxygenase, R2 subunits of ribonucleotide reductases,
chloramphenicol oxygenase, and stearoyl-ACP desaturase (see ref. [30]
and refs. therein). In the latter enzymes, the high valent states are
employed to oxidize external substrates or neighboring amino acids to
yield reactive radical species. In R2lox, however, the putative Mn/Fe
(IV)Fe(IV) species likely generates the Tyr-Val cross-link thereby
leaving the stable Mn/Fe(III)Fe(III) cofactor (Fig. 9). This reaction was
assigned to an activation process, but a suitable substrate for testing the
enzyme activity is still missing. Such a substrate may bind at a similar
metal-bridging position as the fatty acid that co-purifies with the R2lox
protein [41,43]. The presence of only one bridging oxide in the Mn/Fe
(III)Fe(III) cofactor implies that the second oxygen atom resulting from
O2 reduction leaves as water during cross-link formation. It is reason-
able to assume that the μOH− becomes protonated upon metal reduc-
tion so that it can replace the terminal water at the metal in site 1. One
water molecule from O2 reduction thereby is released directly into the
solvent, whereas the other water (μOH−) is mainly released after co-
factor re-reduction (Fig. 9). The conditions for effective re-reduction
that primes the enzyme for its actual catalytic reactions yet remain to
be elucidated.

In summary, we show that site-selective and isotope-sensitive 57Fe
nuclear resonance X-ray scattering in combination with quantum
chemistry facilitates assignment of structures due to reductive O2 ac-
tivation at a biological dimetal cofactor. Oxygen activation is a key
topic in biology and chemistry, with many of the diverse reaction types
involving iron centers (see ref. [92] for recent reviews). At present,
however, the X-ray technique is available only at a handful of syn-
chrotron sources. Inauguration of further experimental facilities may
lead to a more central role of NRVS in the characterization of oxygen
activation catalysts in the future.
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Abbreviations

DFT density functional theory
R2lox R2-like ligand-binding oxidase from Geobacillus kaustophilus
NFS nuclear forward (X-ray) scattering
NRVS nuclear resonance vibrational (X-ray) spectroscopy
PDOS partial vibrational density of states
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