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Ribonucleotide reductases (RNRs) are essential for DNA synthesis in most organisms. In class-Ic RNR from
Chlamydia trachomatis (Ct), a MnFe cofactor in subunit R2 forms the site required for enzyme activity, instead
of an FeFe cofactor plus a redox-active tyrosine in class-la RNRs, for example in mouse (Mus musculus, Mm).
For R2 proteins from Ct and Mm, either grown in the presence of, or reconstituted with Mn and Fe ions, struc-
tural and electronic properties of higher valence MnFe and FeFe sites were determined by X-ray absorption
spectroscopy and complementary techniques, in combination with bond-valence-sum and density functional

Keywords:
Rigonudeoﬁde reductase theory calculations. At least ten different cofactor species could be tentatively distinguished. In Ct R2, two dif-
Chlamydia ferent Mn(IV)Fe(lll) site configurations were assigned either LyMn"'(u0),Fe""'L, (metal-metal distance of

~2.75A, L = ligand) prevailing in metal-grown R2, or LyMn"'(uO)(uOH)Fe"L,; (~2.90 A) dominating in
metal-reconstituted R2. Specific spectroscopic features were attributed to an Fe(IV)Fe(lll) site (~2.55 A)
with a LyFe!'(u0),Fe"L; core structure. Several Mn,Fe(Ill)Fe(Ill) (~2.9-3.1 A) and Mn,Fe(Ill)Fe(Il) species
(~3.3-3.4 A) likely showed 5-coordinated Mn(llI) or Fe(lll). Rapid X-ray photoreduction of iron and shorter
metal-metal distances in the high-valent states suggested radiation-induced modifications in most crystal
structures of R2. The actual configuration of the MnFe and FeFe cofactors seems to depend on assembly se-
quences, bound metal type, valence state, and previous catalytic activity involving subunit R1. In Ct R2, the
protonation of a bridging oxide in the Mn"'(nO)(uOH)Fe™ core may be important for preventing premature
site reduction and initiation of the radical chemistry in R1.
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1. Introduction binding site and R2 contains a dinuclear metal center, which is the

catalytic center of dioxygen (O,) reduction. In the standard case, the

Ribonucleotide reductases (RNRs) are the only enzymes that cata-
lyze the reduction of ribonucleotides to their deoxy-forms essential
for DNA synthesis in all organisms [1-6]. Class I RNRs found in eu-
karyotes and certain microorganisms are hetero-tetrameric enzymes
of R1,R2; organization [7]. The R1 protein contains the nucleotide

Abbreviations: BVS, bond-valence-sum; Ct, Chlamydia trachomatis; DFT, density
functional theory; DTT, dithiothreitol; EPR, electron paramagnetic resonance spectros-
copy; EXAFS, extended X-ray absorption fine structure; FWHM, full width at half max-
imum; Mm, Mus musculus (mouse); PCET, proton-coupled electron transfer; R1/2,
subunits R1 and R2 of RNR; RNR, ribonucleotide reductase; TXRF, total-reflection X-
ray fluorescence analysis; XANES, X-ray absorption near-edge structure; XAS, X-ray
absorption spectroscopy
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metal site in a high-valent state oxidizes a neighboring tyrosine resi-
due to a stable tyrosyl radical, which is an essential step for activation
of the enzyme [8]. In class Ia RNRs, e.g. from Escherichia coli (E. coli)
and eukaryotes such as mouse and humans, the metal center contains
two iron atoms and thus is of the FeFe type [9].

Only recently, a novel type of RNRs (class Ic) has been discovered
in the human pathogen Chlamydia trachomatis (Ct). In this enzyme,
the R2 subunit contains a redox-inert phenylalanine, which is at the
position of the usual radical-carrying tyrosine. In addition, R2 harbors
a hetero-bimetallic site in its most active form, which consists of a
manganese and an iron ion forming a MnFe site [10-12]. The MnFe
enzyme is the only RNR encoded in the genome of this organism
[13,14]. Closely related MnFe sites have been found in purple acid
phosphatases [15], in an N-oxygenase [16], and in a potential mono-
oxygenase [17], suggesting that the Ct RNR and these enzymes may
belong to a larger family of O,-activated MnFe enzymes [13,18].

Extensive investigations on FeFe RNRs have established that the
catalytic reaction involves activation of an O, molecule at the di-
metal cluster to generate a high-potential site, which oxidizes the
nearby tyrosine residue to a tyrosyl radical, Yo [19-21]. Y* in turn,
via a redox cascade of intervening tyrosine and tryptophan residues,
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generates a cysteine radical at the substrate binding site in R1, which
initiates ribonucleotide reduction [22-26]. Usually, the Ye radical can
be observed by EPR in aerobically purified FeFe RNR proteins [27]. In
R2 from mouse, this Tyr177 is at ~6 A distance to the nearest iron
atom of the active site [27,28]. In the MnFe RNR of Ct, however, in
which Phe127 replaces the radical-forming tyrosine, no stable Y+ or
other amino acid radical was observed. This is true even for the
Phe—Tyr mutant [29]. Thus, in the MnFe RNR, the function of the Y*
radical in R2, which is to represent the oxidized entity responsible
for the reversible initiation of the redox cascade and enzymatic activ-
ity in R1, is taken over by the metal site itself. For this function, stabi-
lized high-valent redox states of the metal ions are required
[2,13,14,30-32].

For both FeFe and MnFe RNRs, high-valent states of the metal cen-
ter have been shown to be essential in the electron transfer reactions.
At least the Fe(IIl),, Fe(IV)Fe(Ill), and Fe(IV), states seem to be in-
volved in the FeFe RNRs [33-35]. The Fe(IV)Fe(Ill) state, which has
been termed “intermediate X” [35,36], oxidizes the neighboring tyro-
sine to Ye. For the MnFe RNR, the Mn(Ill)Fe(Ill), Mn(IV)Fe(IlI), and
Mn(IV)Fe(IV) states have been shown to exist and the Mn(IV)Fe(III)
state seems to be the functional mimic of the Y<Fe(Ill), moiety in ini-
tiating the redox cascade in the R1 subunit [2,13,14,30-32].

High-resolution structural information is indispensable to unravel
the individual steps of O,-activation of the RNR metal sites. Further-
more, it is required to understand the differences in structure and
function of the FeFe and MnFe centers. The structural data base con-
tains more than forty crystal structures of R2 proteins of RNRs from
various organisms. They mostly contain an FeFe site, but also struc-
tures with MnMn, CoCo, or ZnZn sites are available. Ct apo-R2 can
also be reconstituted with Fe(II) ions so that a typical, but low activity
FeFe cofactor is formed [13,14,37]. Two crystal structures with this
cofactor have been reported [12,29] and very recently also a structure
with a MnFe cofactor [29]. In all structures, the metal ions are coordi-
nated by conserved amino acids, i.e. three glutamate residues and one
aspartate (four Glu are found in the Ct R2), and two histidines. In ad-
dition, a variable number of terminal metal-bound oxygen species
(H,0 or OH), metal-bridging oxo (1O) or hydroxo (MOH) groups,
and carboxylates in various coordination configurations were
detected [32].

X-ray irradiation induced reduction of high-valent metal ions in
proteins is a problem in the determination of three-dimensional struc-
tures by crystallography, in particular when metal sites with high
redox potential, as the ones in RNR, are studied [38-40]. Analysis of
the crystal structures by bond-valence-sum (BVS) calculations [41] re-
veals that in none of them the apparent mean metal oxidation state
exceeds ~2.5; the average value is close to 2 (Figs. 1 and S1). This
means that it is likely that in the proteins with initial (IIl), metal oxi-
dation state, one or both metal ions had become reduced during dif-
fraction data collection. Accordingly, the functional relevance for the
various metal coordination geometries in the protein crystals and
their relation to the metal oxidation state is unclear. Also the effects
of site-directed mutations are ambiguous. Crystal structures of R2 con-
taining high-valent metal sites presumably are not available so far.

X-ray absorption spectroscopy (XAS) is a method by which
atomic-resolution structural information also on high-valent metal
sites can be obtained [42-44]. However, only few XAS studies on
RNRs have been reported [9,32,45-49]. The MnFe site in Ct RNR has
been investigated by XAS previously by us and other authors
[32,45]. An apparent discrepancy exists with respect to the structure
of the Mn(IV)Fe(lll) state, for which a metal-metal distance of
~2.75 A was proposed in Ref. [32], but of ~2.9 A in Ref. [45]. One dif-
ference in the two studies was that in Ref. [32] recombinant R2 pro-
tein was grown in the presence of Mn and Fe ions, whereas in Ref.
[45] metal-reconstituted recombinant R2 protein was used. The
exact sample conditions may therefore possibly influence the struc-
ture of the metal site.
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Fig. 1. Metal oxidation states and distances in R2 subunits of RNRs. BVS values (see
Materials and methods) on the y-axis are used as a measure of the apparent metal
oxidation state. For further correlations see Fig. S1. BVS of metal sites in R2 crystals
in the data base (given oxidation states follow assignments in the respective data
files): @ Fe(Ill),; O Fe(ll),; A Fe, (valences not specified); B Mn(Ill),; [ Mn(Il),;
A Co(Il)2; V Zn(Il),; > Fe(Ill); in Ct R2 (1ANI, 1SYY); @ average BVS from all crys-
tal data above. Mean BVS of first-sphere metal-ligands and mean metal-metal dis-
tances from Fe and Mn EXAFS data in this work (Table 4, Fig. 7), %: (1) CtR28\pe,
(2) CtR2"\vinFe, (3) CtR1R2%ypre, (4) CtRIR2 repe, (5) CtR2%pepe, (6) MMR2'pere. BVS
and metal-metal distances of DFT structures (Fig. 10): ¢ Fe,Mn(IV)Fe(Ill) states
and ¢ Fe,Mn(III)Fe(Ill) states. BVS values for DFT structures were multiplied by
1.06 to include a possible mean overestimation of bond lengths by 0.02 A. x data
for pure oxidation states and respective metal-metal distances from EXAFS as
assigned in the present and previous [32] investigations.

In the present work, XAS at the Mn and Fe K-edges was employed
to compare FeFe and MnFe cofactors in RNR from Ct and mouse (Mus
musculus, Mm) in their higher valence states. Metal reduction by X-
rays is rapid and thus difficult to avoid in crystallography, but allowed
us to estimate relative redox potentials for the metal sites. Structural
properties from XAS, in particular metal-metal distances, and elec-
tronic features from X-ray emission spectroscopy and EPR, are
reported, e.g., for Fe(IV)Fe(Ill) and Mn(IV)Fe(lll) sites. Two Mn(IV)
Fe(Ill) configurations are proposed based on the XAS data, which re-
solves the apparent controversy in the literature. Structural and elec-
tronic features are interpreted with regard to model structures as
derived from density functional theory (DFT) calculations.

2. Materials and methods
2.1. Protein sample preparation

Recombinant Ct R2 RNR protein was overexpressed in E. coli strain
BL21(DE3) containing pET3a-R2 plasmids encoding wild-type R2
protein. Recombinant mouse (Mm) R2 RNR protein was overex-
pressed in Rosetta 2(DE3)pLysS strain containing pET-R2 plasmids
encoding native mouse R2 protein. Bacteria were grown in LB medium
(with and without metal supplements) at 37 °C to a 595 nm absorption
of 0.8, induced with 500 uM isopropyl-1-thio-3-D-galactopyranoside
(IPTG), further grown for 20h at 17 °C, and harvested. For cells
grown in Mn-enriched LB medium, 80 uM MnCl, was added after
induction with IPTG [32]. Ct and Mm RNR proteins were purified as
described before [11,50]. Protein (polypeptide) concentrations were
derived photometrically using extinction coefficients at 280 nm of
138660 M~ ! cm ™ 'and 57750 M~ ! cm™ ! for CtR1 and R2, respectively
[13], and 62,000 M~ ' cm™! for Mm R2 [50].

The following protein samples were prepared. (1) Ct R2 RNR pro-
tein as purified from E. coli cells grown in Mn-enriched LB medium
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(Fe and Mn concentrations of 8 and 30 uM), further on is denoted
CtR28yj,re. (2) Ct R2 RNR apoprotein reconstituted with Mn and Fe
(R2 protein was purified from E. coli cells grown in the standard LB
medium, metals were removed, and the apoprotein was metal-
reconstituted as described previously [13,51]) is denoted CtR2"yjne.
(3) Sample CtR28y,re Was incubated with a catalytic mixture and hy-
droxyurea [37] according to the following procedure: 200 uM R1 was
incubated with 50 mM KCI, 10 mM DTT, 1.2 mM MgCl,, 0.4 mM ATP
in 50 mM Tris-HCI buffer, pH 7.6 for 1 min; 200 pM R2 and 2 mM
CDP were added; the mixture was incubated for 5 min at room tem-
perature and 1 mM hydroxyurea was added; the sample was frozen
in liquid nitrogen after 20 min incubation at room temperature. This
sample is denoted CtR1R28y,re. (4) Ct R2 RNR apoprotein reconsti-
tuted with Fe and incubated with the catalytic mixture according
to the following procedure: R2 protein was purified from E. coli
cells grown in the standard LB medium, metals were removed,
and the apoprotein was reconstituted with an anaerobic solution of
Fe(H4N)2(SO4) at a ratio of 6 Fe(Il) ions per R2 monomer [11,51];
200 pM R1 protein was incubated with 50 mM KCl, 10 mM DTT,
1.2 mM MgCl,, 0.4 mM ATP in 50 mM Tris-HCI buffer, pH 7.6 for
1 min; 200 UM R2 protein and 2 mM CDP were added; the sample
was frozen in liquid nitrogen after 10 min incubation at room tem-
perature. This sample is denoted CtR1R2"gepe. (5) Ct R2 RNR protein
as purified from E. coli cells grown in TB medium (14 uM Fe) is
denoted CtR2%geg.. (6) Purified Mm R2 RNR apoprotein was reconsti-
tuted with an anaerobic solution of Fe(NH,4),(SO4), at a ratio of 10
Fe(Il) ions per R2 monomer and after incubation for 30 min on ice,
excess iron was removed by gel filtration. This sample is denoted
MmRszeFe-

2.2. Metal content quantification

Metal contents of protein samples were quantified by total-
reflection X-ray fluorescence analysis (TXRF) [32,52] on a PicoFox
spectrometer (Bruker) using a gallium metal standard (Sigma) and
the respective protein concentrations, expressed as R2 polypeptide
concentrations.

2.3. EPR spectroscopy

9.5 GHz X-band EPR spectroscopy was carried out on a Bruker
E580 ELEXSYS spectrometer with samples kept at 20 K in a helium
cryostat (Oxford). For spectrometer settings see figure captions.
Spin quantification was done by comparison of the double integrated
signal of RNR samples with that of a CuSO,4-standard. Spectral simula-
tions were carried out with the MatLab (MathWorks) toolbox Easy-
Spin [53] as described in Refs. [32,37]. R2 protein concentrations in
EPR samples are given in Table 1.

2.4. Optical absorption spectroscopy
Absorption spectra were recorded on a Cary50 spectrometer using

aliquots of the protein samples for XAS, which were diluted by a fac-
tor of 100 in Tris-HCl buffer (10 mM, pH 7.0).

Table 1

2.5. Resonance Raman spectroscopy

Raman scattering spectra were measured on a Jobin Yvon XY spec-
trometer using sample excitation by the 647 nm emission line of a
krypton laser (1 mW); samples were held in a liquid nitrogen cryo-
stat (Linkam) at 80 K [54]. Displayed spectra resulted from data ac-
quisition at a resolution of ~0.5 cm™ ! for 15 min each.

2.6. X-ray spectroscopy

X-ray absorption spectroscopy (XAS) was performed at beamline
KMC-1 of BESSY (Helmholtz-Center Berlin) using a double-crystal Si
[111] monochromator. Ka-fluorescence-detected XAS spectra at the
Fe and Mn K-edges were collected at 20 K using an energy-resolving
13-element Ge detector (Canberra) and a helium cryostat (Oxford)
as previously described [32]. Detector-deadtime corrected XAS spec-
tra (scan duration ~30 min) were averaged (8-12 scans) after energy
calibration using an Fe foil or a KMnO4 sample as energy standards
[55,56]. EXAFS spectra were derived using Ey values of 7112 eV (Fe)
and 6540 eV (Mn); E, refined to 7120+ 2 eV and 6547 + 1 eV in the
least-squares simulations of unfiltered k3-weighted spectra (in-
house program SimX [57], phase functions calculated by FEFF8
[58,59], amplitude reduction factors, SZ, of 0.9 (Fe) and 0.85 (Mn)).
The given error sum (Rg) is defined as the deviation in % between
the Fourier-filtered k-space EXAFS data in the fit range and the fit
curve [57].

The distance resolution of EXAFS data may be calculated according
to AR=m/2Ak, with Ak being the k-range of data in the simulation.
For the k-ranges of Mn (~10.5 A~ !) and Fe (~14.5 A~ !) data, the res-
olution was estimated as ~0.15 A (Mn) and ~0.11 A (Fe), which is
smaller or about equal to the distance spread found in the fits of the
EXAFS data. The development of satisfactory EXAFS simulation
models involved gradual refinement of the fit approach by the inclu-
sion of additional metal-backscatterer shells (see SI). By fixing, e.g.,
the Debye-Waller parameters (20?) to physically meaningful values,
it was assured that only a reasonably low number of unrestricted fit
parameters was used in the simulations.

The pre-edge features in the XANES were extracted using the pro-
gram XANDA [60] and fitted by Gaussian functions. K-edge energies
were determined by the “integral method” (integration limits of
15% and 90% of normalized fluorescence) [57]. For R2 protein concen-
trations in the X-ray spectroscopy samples see Table 1.

Higher-resolution Fe K-edge measurements, X-ray photoreduc-
tion studies, and X-ray emission spectroscopy (XES) at the Fe KR
emission line were done at beamline ID26 of the European Synchro-
tron Radiation Facility (ESRF) at Grenoble (France). The incident en-
ergy was set by a Si[311] double-crystal monochromator (spot size
on the sample of ~1x0.2 mm?, photon flux ~4x10'?>s™"). Higher
harmonics were suppressed by two Si-coated mirrors in total reflection
mode. Emission detection using a vertical-plane Rowland-circle spec-
trometer [61] with 5 spherically-bent Ge wafers at R=1000 mm
yielded an energy bandwidth of ~1 eV (Ge[620] Bragg reflection). An
avalanche photodiode was used as a detector. Samples were held in a
liquid-helium cryostat at 20 K. KB-fluorescence detected XANES spectra
were measured in 5s using the rapid-scan mode of ID26 [62]. KB

Concentrations of R2 protein monomers, metal contents, and FeFe and MnFe site populations in R2 samples. Metal contents were derived from spectra as in Fig. 2. Amounts of MnFe
and FeFe sites represent upper limits, neglecting single-occupancy and potential small amounts of (mixed-metal) Zn- or Cu-containing sites.

Sample R2 [mM] Mn [mM] Fe [mM] Zn [mM] Mn/R2 Fe/R2 Zn/R2 Fe/Mn MnFe [%] FeFe [%]
CtR28\inre 1.7 0.60 0.94 0.18 0.35 0.55 0.11 1.57 78 22
CtR2" MinFe 1.8 0.72 1.70 0.06 0.40 0.94 0.03 2.36 63 37
CtR1R28\ppe 1.5 0.46 1.28 0.43 0.31 0.85 0.27 2.78 53 47
CtR1R2 pere 2.6 0.02 5.92 0.45 0.01 227 0.17 296 <1 >99
CtR28ere 3.6 0.04 3.28 0.23 0.01 0.91 0.06 82 2 98
MmR2 gere 14 <0.01 3.10 0.17 <0.01 221 0.12 >500 <1 >99
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Fig. 2. TXRF spectra of RNR proteins. Spectra were normalized on the Fe Ko X-ray fluo-
rescence line and vertically displaced. A Ga standard (std) was present in all samples.
The Ko fluorescence lines of metals are marked, other features show KR emission lines.

emission lines were measured within 7035-7070 eV (100 data points,
0.1 s acquisition per data point, off-resonance excitation at 7600 eV).
The X-ray beam was attenuated by Al foils until no photoreduction
could be detected. X-ray photoreduction at the Fe K-edge was followed
using the timescan technique [62]. K8 emission lines were calculated by
a multiplet approach using the program CTM (version 3.11) [63].

2.7. Bond-valence-sum (BVS) calculations

Calculations were done using Eq. (1) [64] and the following pa-
rameters: 3=0.37 A; values of Ry for Fe-O of 1.737 A, Fe-N of
1.792 A, Mn-0 of 1.762 A, Mn-N of 1.843 A, Co-O of 1.678 A, and
Co-N of 1.735 A were used. These values represent the average over
literature data for metal(Il)- and metal(lll)-ligand bonds [64-67];
Ro was 1.718 A for Zn(11)-0 and 1.704 A for Zn(I1)-N [68]. In addition,
metal-ligand bond lengths (R;) from crystal structures (including O
and N atoms within a radius of 2.7 A around each metal ion and cal-
culating the average over all metal ions in a structure data file) or
EXAFS were utilized (the sum is over all first-sphere ligand species,
i, weighted by their coordination numbers, N;).

BVS = 3N;exp|(Ry;—R:)/B]. (1)

2.8. Density functional theory calculations (DFT)

Spin-unrestricted geometry optimizations and calculations of
electronic parameters of structural models of the metal sites were
performed using the ORCA program [69] as described previously
[70]. Geometry optimizations involved the BP86 exchange-
correlation functional [71] with a triple-zeta valence (TZVP) basis
set [72] with one set of polarization functions used for all atoms in
the models (SI, Table S2). The resolution-of-identity (RI) approxima-
tion was used with the auxiliary TZV/] Coulomb fitting basis set [73].
A dielectric constant of e=4 in a COSMO solvation model [74] was
used. To derive the correct spin coupling of the two metal atoms,
the broken-symmetry formalism using the flip-spin technique as
implemented in ORCA [75,76] was applied: first, the high-spin, ferro-
magnetic state of the system was calculated, then, in order to produce

a starting electron density in which the two metal atoms had opposite
spins, the alpha- and beta-spin blocks of the electron density at one of
the metal atoms were exchanged; finally, starting from this state, the
system was converged to the final anti-ferromagnetic solution. Dur-
ing the geometry optimizations, the C, atom of each amino acid res-
idue was fixed at its crystallographic position in structure 1SYY (PDB
entry number) of wildtype Ct R2. Mulliken population analysis was
performed as implemented in ORCA.

3. Results
3.1. Protein samples investigated

The following RNR protein samples were analyzed; the respective
R2 polypeptide concentrations are shown in Table 1: (1) CtR28ype, Ct
R2 grown with Mn and Fe; (2) CtR2 ke, Ct R2 reconstituted with Mn
and Fe; (3) CtR1R28yyre, Mn,Fe-grown Ct R2 incubated with a catalyt-
ic mixture, R1, and the inhibitor hydroxyurea; (4) CtR1R2"gep., Fe-
only reconstituted Ct R2 incubated with a catalytic mixture and R1;
(5) CtR28gepe, Ct R2 grown with Fe only; and (6) MmR2" kg, Fe-only
reconstituted mouse R2. The sample preparation procedures were
designed such that distinct structural motifs and oxidation states of
the MnFe and FeFe sites in R2 prevailed [11,32,50,51].

3.2. Contents of MnFe and FeFe sites

Quantification of metal contents by TXRF (Fig. 2) and of protein
concentrations of RNR samples allowed estimation of MnFe and
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Fig. 3. Optical absorption and Raman scattering of the Fe(IV)Fe(IIl) state. (A) Absorp-
tion spectra of CtR1R2'gere (26 UM R2) and CtR2%gere (36 UM R2) normalized at
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close-up of low frequency bands of CtR1R2"gere.
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FeFe site amounts in the R2 proteins (Table 1). Fe-only reconstituted
proteins from both Ct and Mm showed near-quantitative occupation
of R2 by close to two Fe ions per polypeptide chain. As-grown pro-
teins contained substoichiometric metal amounts and thus also
empty or singly-occupied sites. Mn was only detected in Mn,Fe-
grown or -reconstituted Ct samples; the average Fe per Mn ratio of
~2 is similar to previous data [32,77]. Zn levels were elevated in the
as-grown samples, increased in the presence of R1 protein, and al-
most as high as the Mn content in CtR1R2%y;,re. A similar trend at
lower concentrations was found for Cu (Fig. 2). Neglecting possible
MnMn and Zn/Cu containing sites, metal site contents of 55-80% for
MnFe and 20-45% for FeFe in the Mn,Fe-grown or -reconstituted Ct
R2 samples and ~100% for FeFe in Fe-reconstituted R2 of Ct and Mm
were estimated (Table 1).

3.3. Optical absorption and resonance Raman on CtR1R2"g,r, protein

Visual inspection revealed a strong green color only for sample
CtR1R2"kere, Which was obtained after incubation of the Ct FeFe R2
with the catalytic mixture and R1. The color was stable in samples
frozen in liquid nitrogen (77 K) for months, but faded out at room
temperature within hours. The electronic absorption spectrum of
CtR1R2"gere revealed increased intensity in the range of 350-900 nm
with two distinct peaks at ~395 nm and ~656 nm, which were miss-
ing in the spectrum of CtR28.r. (Fig. 3A). Rather similar spectra have
been reported for synthetic Fe(p1O),Fe model complexes of the R2 ac-
tive site (see Fig. 3A for an example) and attributed to Fe(IV)Fe(III)
states [78,79].

The Raman scattering spectrum of CtR1R2"gere Showed prominent
vibrational bands in the 350-550 cm~! region. Their magnitudes
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Fig. 4. EPR spectra at X-band of RNR protein samples at 20 K. Spectra were recorded for
a microwave frequency and power (MP) of ~9.4 MHz and 20 mW and a modulation
amplitude (MA) of 10 G, and scaled and vertically displaced for comparison. Open cir-
cles show simulations with previously determined EPR parameters [32,77]. Left inset:
spectrum of CtR2"wre after subtraction of a small Mn(II) contribution, asterisks mark
additional band features. Right inset: spectra (vertically displaced, MA=3 G) of
CtR1R2"kere (top, Fe(IV)Fe(III) signal; MP =2 mW) and MmR2 g (bottom, Tyre radical
signal; MP =50 pW).

Table 2

Quantification of paramagnetic states by EPR. Spins per R2 monomer were derived
using double-integration of spectra in the g=2 region in Fig. 4, comparison to a
CuSO4 spin standard, and protein concentrations in Table 1. The error is about 0.1
spin per R2.

Sample g~ 2 signal Spin/R2
CtR2Eynre Mn(IIT)Fe(11I) 0.2
CtR2" vinre Mn(II)Fe(III) 0.2
CtRIR2E e Mn(II)Fe(II) 0.7
CtR1R2 Fere Fe(IV)Fe(Ill) 0.2
CtR2%kere (EPR-silent) -
MmR2" ¢ere Tyr'-radical >0.9

decreased by ~50%, in parallel to the absorption at ~655 nm, in the
same sample upon annealing at ~20 °C for 3 h. Similar bands were
completely absent in CtR2%g.r. (Fig. 3B). Unresolved bands in the
650-850 cm ™ ' region were alike in CtR1R2"ere and CtR28gere, but in-
creased in amplitude in the annealed CtR1R2'gee, as was a band at
550 cm ™ !, Similar bands at 950-1050 cm ™~ ! in all three samples sug-
gest protein resonances (Fig. 3B). The 395 cm™ ! band of CtR1R2 fere
is at the lower frequency limit of symmetric Fe-uO-Fe vibrational
modes in synthetic iron compounds [80-82]. The band at 550 cm ™'
and features at 650-850 cm™ ! may show Fe-OH muotifs [83]. Bands
at 850-900cm~! due to iron-bound peroxide [84-86] or at
750-850cm ™! due to Fe(IV)=0 bonds [87] were not found in
CtR1R2 ere. We attribute the 395cm™! vibration and bands at
375 cm~ ! and 435 cm ™ ! to a special FeFe site configuration only pre-
sent in CtR1R2 kere. The above results and the EPR and XAS data below
seem to suggest that this species may be an Fe(IV)Fe(Ill) cofactor,
which converts upon annealing to an Fe(Ill)Fe(III) species similar to
that found in CtR2%r. We note that, e.g., "O-isotope labeling
would be required for unambiguous assignment of the Raman
bands, i.e. to an Fe(IV)-containing site.

3.4. Paramagnetic states studied by EPR

Mn(IIT)Fe(III), Mn(II)Fe(II), Fe(Ill)Fe(II), and Fe(IV)Fe(IIl) sites are
paramagnetic and EPR-detectable, in contrast to mixed-valence MnFe
and equal-valence FeFe sites [29,37,88]. In Fig. 4, EPR spectra of the
six RNR samples are compared.

3.4.1. EPR signals around g =2

The prominent EPR spectrum of CtR1R28yy,re is due to a Mn(III)Fe(III)
state trapped by the inhibitor hydroxyurea after catalytic turnover of the
R1R2 complex [32,37,88]. It reflects antiferromagnetic coupling of high-
spin Mn(Ill) (S=2) and Fe(Ill) (S=5/2) ions in a ground-state S=1/2
system [32,37,77,88]. Simulation (Fig. 4) was achieved using previously
determined g-tensor values [37,77]. Spin quantification assigned this
state to ~70% of the protein in CtR1R28y;,r. (Table 2). Mn(Il) signals
were not clearly detectable in the EPR spectra and the Mn(II) content
thus was below about 5%.

The EPR spectra of CtR28y,re and CtR2 yyre differed from the one
of CtR1R28re (Fig. 4). Their intensities corresponded to ~0.2 spins
per R2 in both the former samples (Table 2). These spectra mostly
were due to a Mn(III)Fe(IIl) site in R2 not in contact with R1, which
differs from the hydroxyurea-inhibited Mn(Ill)Fe(Ill) site in the
R1R2 complex [32,77]. The spectrum of CtR2%y;,r. Was well simulated
with parameters from Ref. [32] (Fig. 4). Additional features in the
CtR2"\inre Spectrum could be due to a small (~15%) contribution
from a Mn(IV)Mn(IIl) site [89,90]. Mn(IIl)Fe(Ill) and Mn(IV)Mn(III)
states thus were minor species in CtR2%y,re and CtR2"yre, Which
mostly contained EPR-invisible Mn(IV)Fe(III) sites.

In the Fe-only samples (CtR1R2'pere, CtR2%pepe, MMR2'kere),
broad signals around g=2 were absent, due to the dominance of
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Fig. 5. XANES spectra of RNR samples. (A) Fe K-edges of protein samples and of Fe(IlI),03
shown for comparison. Inset: isolated pre-edge features from high-resolution K-edge
spectra. Black lines, experimental data; coloured lines, simulations using Gaussian func-
tions (FWHM = 1.3 eV) with parameters in Table 3 and an additional band at ~7117.8 eV
(asterisk). Spectra were vertically displaced for comparison. (B) Mn K-edges of protein
samples and of Mn(IV) [128] and Mn(Ill) [129] reference compounds [105]. Inset:
first derivatives of spectra.

Fe(Ill)Fe(Ill) states. The narrow signal of CtR1R2"gere (Fig. 4, right
inset) in ~20% of the protein (Table 2) has been assigned to an
Fe(IV)Fe(Ill) state [29,36,91]. This signal was not obvious in the
other Fe-only samples. A minor contribution of the signal (in <10%
of protein) may be found in the CtR1R2ppnre Spectrum as well.
Mouse R2 (MmR2"ere) showed near-quantitative amounts of the typ-
ical stable tyrosine radical signal, which was absent in the Ct samples
(Fig. 4).

Table 3

Mn and Fe K-edge energies and Fe pre-edge peak areas and KB'> emission line ener-
gies of RNR samples. Pre-edge areas (A) resulted from Gaussian fits of spectra in
Fig. 5A with peak energies (+0.2 eV) of 7113.7 eV and 7115.1 eV and (in parenthesis)
7112.6 eV and 7116.2 eV. KB'> energies refer to the calculated first moment [127]
within 7154-7164 eV of spectra in Fig. 8. Parameters of reference substances
(Mn(IV), Mn", compound [128]; Mn(Ill), Mn", compound [129]; Fe",03) (Fig. 5)
are given for comparison.

Sample Eedge [EV] (Ml’l: FE) Apre—edge [l'.l_l.] (Fe) EK@1.3 [EV] (Fe)
CtR28\inre 6551.4; 7123.0 8.3,7.7 (08,0.2) n.d.

CtR2 e 6550.9; 7122.9 67,94 (0.5,0.1) 70589
CtR1R2®\pre 6549.9; 7122.6 6.4,7.3 (3.0,3.6) 7058.9

CtRTR2 Fere - 71224 9.2,6.2 (2.8,3.3) 7058.6
CtR28gere - 7123.1 8.1,5.8 (2.1,1.1)  7059.1

MmMR2 sere - 71227 70,86 (34,33) nd.

Mn(IV/III); Fe(Ill)  6552.1/6549.7; 7122.7 n.d. 7058.9

3.4.2. EPR signals around g =4

In all samples, EPR signals in the g=4 region were observed.
However, their spectral shapes differed (Fig. 4). The smallest signal
of MmMR2"gere Was likely due to minor amounts of “rhombic” high-
spin Fe(Ill) (S=5/2) [92], i.e. bound unspecifically or in single-
occupancy R2 sites. In the Ct samples, larger signals of Fe(IIl) species
were detected, showing pronounced line splitting only in metal-
grown CtR28yre, CtR1R28\ nre, and CtR2%gcre (Fig. 4). In these sam-
ples also the Zn content was increased (Table 1). In agreement with
EPR-simulations (not shown), the split g =4 signal may be attributed
to an Fe(III) weakly coupled to a Zn(Il) in minor amounts of FeZn sites
[93]. Contributions to the split signal from S=2 Fe(Il) species, how-
ever, cannot be fully excluded.

3.5. Fe and Mn K-edge XAS spectra

The XANES spectrum provides information on the metal oxidation
state and first-sphere coordination [32,94]. The shape and energy of
the Fe K-edge spectra of all RNR samples were rather similar
(Fig. 5A). In comparison to Fe(Ill),05 this indicated the prevalence
of Fe(III) in all proteins (Table 3). Spectral broadening at low edge en-
ergies suggested small Fe(Il) contributions in CtR1R2&y.re and
CtR1R2"ere containing the R1R2 complex. A slightly higher edge en-
ergy in CtR1R2"gepe Was likely due to the Fe(IV) contribution. The K-
edge of MMR2 "gere Showed an increased primary maximum, pointing
to an overall more symmetric first-sphere iron coordination in the
mouse R2 compared to the FeFe Ct R2.

More information on the Fe site symmetry and electronic struc-
ture was derived from the pre-edge features of high-resolution
XANES spectra. These features are due to dipole-forbidden 1s—3d
electronic transitions, which gain intensity, e.g., by 3d/4p-orbital mix-
ing upon decreasing symmetry of the iron coordination [95] (Fig. 5A,
inset). Two major peak features in all spectra at ~7113.6 eV and
~7115.1 eV (Table 3) reflect 1s electron excitations into t,, and eg d-

FT of EXAFS
EXAFS xk*

i x
% o
. ey & N/ AP
fee 2% &
CMR1R29,, .. 0N -/ i
[1 F " (ORI, [Py, =
01 2 3 4 5 6 3 9

6
reduced distance / A k/A"
Fig. 6. EXAFS analysis of RNR proteins. Left panel, Fourier-transforms (FTs) of EXAFS
spectra in the right panel (top, Fe spectra; bottom, Mn spectra). Thin lines, experimen-
tal data; thick lines, simulations with parameters in Table 4. FTs were calculated for k-
ranges of 2-16 A= (Fe) and 2-12 A~ ! (Mn) using cos?>-windows extending over 10%
at both k-range ends.
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orbitals [95]. The peak separation by ~1.5 eV is about the crystal field
splitting energy (10Dq). It was similar to octahedral ferric model
complexes with O and N ligands [95-97]. In CtR28.ge the ratio of
the t,g and e, peak areas of ~1.4 (Table 3) was close to that for octa-
hedral (Oy,) Fe(III) [95,97]. For CtR1R2 e additional spectral intensi-
ty at lower and higher energies suggests contributions from Fe(II) and
Fe(IV) species (Table 3). The spectrum of MmR2"er. Showed a smal-
ler separation of its two main peaks, pointing to a deviation from
centro-symmetry, i.e. due to a fraction of 5-coordinated Fe(III) [95].

In MnFe-containing CtR2"wipre and CtR1R28ynre, the ey peak at
higher energies was larger than the t,5 peak, at variance with CtR28yre
and FeFe-containing Ct samples for which this was reversed
(Fig. 5A, Table 3). An enhanced e feature is observed for, e.g., 5-
coordinated Fe(lIl), because axial bond elongation leads to enhanced
4pz/3dz? orbital mixing with the 1s—3dz? transition at the highest en-
ergy [95]. Accordingly, this suggests longer (i.e. Fe-uOH instead of
Fe-p0) or absent (5-coordinated iron) axial Fe—O bonds in CtR2"yinpe
and CtR1R28y,re compared to CtR28\,re. The latter sample thus pre-
sumably contained shorter Fe-pO bonds and 6-coordinated iron. A
pre-edge feature at ~7117.8 eV in all samples (Fig. 5A) is assigned to
1s—3d transitions due to inter-metal 4p/3d orbital mixing of the two
metal ions [95,98]. This observation is in agreement with the short
metal-metal distances in both the MnFe and FeFe sites (see later).

The Mn K-edge spectra are shown in Fig. 5B. The small pre-edge
features of all samples suggest predominantly 6-coordinated Mn
[57]. The edge energy of CtR1R28y,re Was close to that of a Mn(III)
reference (Table 3), in agreement with the large Mn(III)Fe(Ill) EPR
signal in this sample. Mn(Il) was almost absent as discernable from
the first derivatives of K-edge spectra [32,99] (Fig. 5B). For both
CtR2%\hre and CtR2'winre the edge energy was closer to that of a
Mn(IV) than to a Mn(lll) reference (Table 3). This indicates that
more than half of the manganese in these samples was present as
Mn(IV).

3.6. EXAFS analysis

Interatomic distances in the metal sites were determined from
EXAFS spectra at the Fe and Mn K-edges (Fig. 6). All Fourier-
transformed (FT) spectra revealed maxima at 1-2 A due to first-
sphere ligands and at 2-3 A mostly due to metal-metal distances.
Gradual refinement of the fit approaches showed that highest fit
qualities required three first-sphere metal-ligand distances and sev-
eral metal-metal distances (Tables 4 and S1).

3.6.1. Fe-only containing samples

In CtR28gcre and MmR2" e containing mainly Fe(III)Fe(III) cofac-
tors, most Fe-O/N distances were around 2 A and few shorter bonds
of ~1.85 A were detected (Table 4). The large Debye-Waller factor
(20?) of the ~2 A O/N-shell suggests the presence of 5-coordinated
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Fig. 7. Metal-metal distances in R2 proteins from EXAFS. Squares, data from Fe-EXAFS;
triangles, data from Mn-EXAFS (see Table 4). Vertical dashed lines mark distances as
discussed in the text. Small and presumably insignificant N-values are shown in paren-
thesis. For a similar graphical representation of respective first-sphere distances see
Fig. S2.

iron besides the 6-coordinated iron. Fe-O/N distances of ~2.5 A possi-
bly reflect long Fe-N(His) bonds. The metal-metal distance in ~65%
of both samples was 3.07 A. This value hence reflects the major
Fe(Il)Fe(Ill) species, which is rather similar in Ct and Mm
R2 (Fig. 7). Minor amounts of shorter (~2.95 A) and longer (~3.4 A)
distances were likely due to a second Fe(III)Fe(IIl) species and to an
Fe(Ill)Fe(ll) state. In CtR1R2 ere, higher numbers of short (~1.8 A)
and long (~2.2 A) Fe-O/N bonds were detected compared to the Ct
and Mm samples without R1 (Table 4). The shorter bonds should re-
flect Fe(IV)-pO motifs and the longer bonds Fe-N(His) interactions.
Even shorter bonds, which could be due to Fe=0 motifs, were absent.
Only for CtR1R2"epe, a particularly short Fe-Fe distance of 2.56 A
was found in ~20% of the protein (Fig. 7). We attribute it to an
Fe(IV)Fe(lll) site. Longer Fe-Fe distances of ~2.95A, ~3.05 A, and
~34 A as in CtR1R2"epe Were also observed in the other Fe-only Ct
and Mm R2 proteins (Fig. 7). They thus presumably belong to similar
Fe(Ill)Fe(Ill) and Fe(Ill)Fe(Il) sites present at varying concentrations
in all these samples.

3.6.2. Min and Fe containing samples

For the Mn,Fe containing proteins, both Fe and Mn EXAFS revealed
that the first-sphere Fe—-O/N and Mn-0O/N distances were by at least
0.05 A shorter in CtR28ynre compared to CtR2%ynre. The Mn-O/N

Simulation parameters of Fe and Mn EXAFS spectra. Data sets correspond to fit curves shown in Fig. 6. N;, coordination number; R;, metal-ligand/metal distance; 20%;, Debye-Waller
factor; Ry, error sum calculated for reduced distances of 1-3.0 A [57]. Fit restraints: the sum of N(O/N) values was set to 6, the sum of N(Fe/Mn-Fe) values was 1, 20%; was 0.002 A? if

not otherwise stated (see SI-2 for refinement of fit parameters for MnFe containing R2).

Sample Metal-backscatterer interaction; N; [per metal ion]/R; [A] (202 x 10® [A2]) Re
Fe-0O Fe-O/N Fe-O/N Fe-Fe(Mn) Fe-Fe(Mn) Fe-Fe(Mn) Fe-Fe(Mn) %]
CtR28\inre 0.81/1.77 (2) 4.10/1.98 (7) 1.09/2.18 0.28/2.77 0.33/2.93 0.23/3.07 0.16/3.30 15.8
CtR2" \nre 1.77/1.87 (9) 3.76/2.03 (5) 0.47/2.49 0.18/2.75 0.47/2.91 0.28/3.05 0.07/3.34 129
CtR1R28\nFe 0.60/1.78 (2) 4.87/1.99 (13) 0.53/2.46 0.25/2.76 0.48/2.92 0.19/3.05 0.08/3.28 174
CtR1R2 kere 0.82/1.83 (2) 3.23/2.00 (4) 1.95/2.17 0.19/2.56 0.13/2.95 0.38/3.07 0.30/3.42 15.6
CtR28ere 0.44/1.87 (4) 4.90/2.01 (13) 0.66/2.52 0.07/2.72 0.20/2.95 0.62/3.08 0.11/3.42 14.5
MmR2" kee 0.63/1.80 (2) 4.89/1.98 (10) 0.48/2.49 0.02/2.71 0.15/2.93 0.66/3.07 0.17/3.44 14.6
Mn-0 Mn-0 Mn-0O/N Mn-Fe Mn-Fe Mn-Fe
CtR28\nre 0.87/1.71 (5) 4.35/1.91 (26) 0.78/2.38 0.38/2.75 0.43/2.90 0.19/3.30 10.1
CtR2 "MinFe 1.98/1.76 (20) 3.33/1.97 (25) 0.69/2.31 0.11/2.76 0.56/2.87 0.33/3.28 9.9
CtR1R28\nFe 1.78/1.78 (9) 2.88/2.00 (38) 1.34/2.18 0.23/2.76 0.45/2.89 0.32/3.29 8.1
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Fig. 8. Fe K& X-ray emission line spectra of RNR. Spectra of proteins and of a powder
sample of Fe(Ill),03 were normalized according to the areas under the curves. Upper
inset, KR! lines in magnification; lower inset, first derivatives of spectra (asterisks
mark additional maxima). Spectra represent averages of data measured on 3-5 sample
spots.

distances in CtR2"\inre Were more similar to those in CtR1R2%yre
(Table 4). Furthermore, the Mn-O/N bonds were by ~0.1 A shorter
than the Fe-O/N bonds, as expected for the higher mean Mn oxida-
tion state in CtR2%\re and CtR2"ypre. Very short Mn-O bonds of

CIR1R29,.¢,
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Fig. 9. X-ray photoreduction of R2 metal sites at 20 K. Time-dependent changes of X-
ray fluorescence levels (traces vertically displaced) due to shifts of the Fe K-edge to
lower energies are shown (excitation energy of 7124 eV, detection of KB fluorescence
at 7059.5 eV; see SI-3). Black lines, experimental data (averages of 2-5 traces from in-
dividual sample spots); colored lines, simulations with parameters in Table 5; traces
were normalized to unity total amplitude according to the fits. The time axes were cor-
rected for slight variations in the incident X-ray flux (<10%) in measurements of the
different samples, assuming a linear dependence of the photoreduction rate on the
X-ray flux. Inset: the first seconds of traces on a linear time scale.

~1.7 A were only detected in CtR28re, Which likely are due to addi-
tional Mn(IV)-pO bonds. For CtR1R2%yfe, the slightly longer mean
Mn-ligand distance and the larger Debye-Waller factors of the
major Fe,Mn-0 interactions of ~2 A suggested the presence of higher
amounts of 5-coordinated metal ions.

A major metal-metal distance close to 2.9 A and smaller amounts
of distances of ~3.05 A and ~3.3 A were detected by Fe and Mn EXAFS
in all three Mn,Fe-containing Ct R2 samples (Fig. 7). In CtR1R28yre,
the ~2.92 A is the Mn(Ill)-Fe(lll) distance, because this state was
dominant according to EPR. The Mn(IIl)-Fe(Ill) distance hence was
shorter than the distances attributed to Fe(Ill)Fe(lll) sites (~2.95 A,
~3.07 A) in Fe-only R2. Notably, minor amounts of the ~3.07 A dis-
tance were also detected by Fe EXAFS in the Mn,Fe Ct samples, mean-
ing that these samples contained a similar Fe(Ill)Fe(IIl) state as the
Fe-only samples. The longest distance of ~3.3 A was similar to the
~3.4 A of the Fe(lll)Fe(Il) state in the Fe-only R2 and hence attributed
to small amounts of Mn(III)Fe(II) sites in the Mn,Fe-R2.

A particularly short metal-metal distance of ~2.75 A was most
prominent in the Fe and Mn EXAFS of CtR22y;,re, present but less ap-
parent for CtR1R28y,re, and close to the detection limit for CtR2 yipre
(Fig. 7). A similar distance has been previously observed in Mn,Fe-
grown Ct R2 and attributed to a Mn(IV)Fe(Ill) site [32]. The metal-
metal distance of a second Mn(IV)Fe(Ill) site dominating in the Mn,
Fe-reconstituted Ct R2 (CtR2"winre) Was ~0.15 A longer (2.91 A) and
similar to the Mn(III)Fe(IIl) site in CtR1R2%y,re (Fig. 7). The same
value of 2.91 A has previously been reported for reconstituted Ct R2
in the Mn(IV)Fe(IIl) state [45]. The Mn-Fe distance from Mn EXAFS,
which was by ~0.04 A shorter than the respective Fe-Mn distance
from Fe EXAFS, and the Debye-Waller factor (0=0.03 A, ie.
20%=0.002 A?) suggested that in CtR2"ure a minor fraction of
Mn(IV)Mn(IIl) sites (see the EPR results) may have a Mn-Mn dis-
tance <2.84 A.

3.7. KB X-ray emission

The KI8 X-ray emission lines reflect refilling of the 1s core hole by
3p electrons. Overlap of 3p and, e.g., 3d and valence electronic levels
causes sensitivity of the line energy and shape to the metal oxidation
state and coordination geometry [100,101]. The Fe KR spectra of all
samples overall were similar to Fe(Ill),05, indicating predominance
of high-spin Fe(Ill) in the proteins (Fig. 8). The ~0.3 eV lower KR'*
line energy in CtR1R2"gee presumably was explained by the admix-
ture of ~20% Fe(IV) only in this sample [102-105]. The first-
derivative spectra (Fig. 8) showed additional low-energy maxima for
CtR2"vinre and CtR1R2'gepe compared to CtR1R2%y,re and CtR2%gcpe,
due to shoulders on the K& lines. Tentative multiplet calculations
of KR spectra [63] (not shown) revealed possible low-energy shoul-
ders for increased coordination symmetry at Fe(Ill) or for an admix-
ture of Fe(IV). This suggests octahedral Fe(Ill) in Mn(IV)Fe(IIl) sites
of CtR2"ynre compared to, i.e., 5-coordinated Fe(IIl) in Mn(III)Fe(III)
sites of CtR1R2%yjupe. CtR1R2'gepe likely contained near-octahedral
Fe(IV).

Table 5

Parameters describing X-ray photoreduction of iron in RNR samples. Halftimes and rel-
ative amplitudes (A) resulted from bi- or mono-exponential simulations of data in
Fig. 9. The amplitude of the fast phase for CtR28r Was estimated by comparison
of its K-edges at 0 s and 30 s of irradiation to those of CtR2"yiure (Slow phase not deter-
mined for CtR28ype).

Sample tiz2 [s] A" [%] tip [s] A% %]
CtR2%\1npe 2.7 32() n.d. 68
CtR2" nre 1.8 38 253 62
CtR1R2%ynre 22 19 201 81
CtR1R2Fere 13.7 34 231 66
CtR2%pere 1.6 25 209 75
MmR2"ere - - 299 100
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Fig. 10. Model structures of metal sites in R2 from DFT calculations. (A) Structure with
amino acid metal-ligands derived from Ct R2 crystal data (1SYY) and used as a start-
ing point for DFT (for atomic coordinates of the respective FeFe and MnFe structures
see Table S2). (B) Core structures from DFT for two Mn(IV)Fe(Ill) species (top),
Mn(III)Fe(Ill) (middle left) and Fe(Ill)Fe(Ill) (middle right) sites, and an example of
an Fe(IV)Fe(Ill) site with 5-coordinated Fe(lll), additional H-bonding, and shorter
Fe-Fe distance (bottom). Metal distances and selected bond lengths, i.e. longest and
shortest Fe,Mn-pO(H,) bonds, are given in A (mean Fe-O distances in parenthesis).
For further model structures see Fig. S4.

3.8. X-ray photoreduction and redox potentials

X-ray induced reduction of iron was monitored by shifts of the Fe K-
edge to lower energies [38,56] (Figs. 9 and S3). The slow monophasic
reduction of MmMR2" k. likely reflected the Fe(III)Fe(IIl)— Fe(III)Fe(II)
transition. The second Fe(Ill) seemingly was not reduced on the exper-
imental time scale. The Ct RNR samples showed biphasic photoreduc-
tion with halftimes of a few seconds and several minutes both for
MnFe and FeFe containing R2 (Table 5) (Fig. 9). For CtR2%g.f. the two
phases may be due to the reduction of two different Fe(IIl)Fe(III) sites,
correlating to the minor (~2.95 A) and major (~3.07 A) Fe(Ill)-Fe(lII)
distances. The major slower phase may belong to an Fe(III)Fe(lII) site

similar to the one in MmMR2"sepe. For CtR1R2 :epe the first reduction
phase was considerably slower than for CtR28g. (Table 5). Its small
magnitude suggested assignment to the Fe(IV)Fe(Ill) state in ~20% of
the protein. CtR25yre, CtR2 \inpe, and CtR1R2%y;,re showed similar bi-
phasic reduction kinetics as CtR2%gre. The fast phase was larger in
CtR28\1nre and CtR2" e compared to CtR1R2%y e, in agreement with
the higher Mn(IV) content in the former samples. It thus was attributed
to reduction of Fe(Ill) in Mn(IV)Fe(Ill) sites. The slower phase was
assigned to reduction of Fe(Ill) in Mn(Ill)Fe(IIl) and Fe(III)Fe(IIl) sites
present in all three Mn,Fe-containing R2 samples.

Faster X-ray reduction was expected for a more positive redox
midpoint potential (E,,) of the metal sites [56,106]. Thus, the re-
spective halftimes (Table 5) suggest the following order of E,, values:
Mn(IV)Fe(Ill) reconstituted ~Fe(Ill)Fe(Ill) (high-E,, species)>Mn(IV)
Fe(Ill) grown> Fe(IV)Fe(Ill) >Mn(Ill)Fe(Ill) and Fe(Ill)Fe(Ill) (low-E,
species) >>Fe(Ill)Fe(I). The Mn(IV)Fe(IIl) states were similarly rapidly
reduced as the water-oxidizing manganese complex of photosystem II
possessing an E, close to +1V [38,107,108]. The Mn(IV)Fe(IIl) sites in
R2 thus likely exhibit a comparably positive redox potential.

3.9. Density functional theory calculations

Geometry-optimizations using DFT were carried out on MnFe and
FeFe site models to verify structural and electronic features deduced
from the spectroscopic data (Fig. 10). A classical “diamond” core ge-
ometry, featuring a Mn(IV)(uO),Fe(lll) site with one carboxylate
bridge, readily reproduced the ~2.75 A metal-metal distance particu-
larly observed for CtR28;,re, in agreement with previous DFT results
[30,45,109]. Also the Mn/Fe-N(His) and mean Mn/Fe-O(Glu) dis-
tances and a particularly short Mn(IV)-pO bond were in good agree-
ment with the EXAFS data (Fig. 10). Protonation of one bridging oxide
in a Mn(IV)(nO)(nOH)Fe(Ill) core elongated the metal-metal dis-
tance to 2.95 A. This distance is similar to the main Mn(IV)-Fe(Ill)
distance in CtR2"yyre. For the protonated bridge, a homogenization
of Fe-ligand bond lengths was observed in the DFT structure, which
also is in agreement with the EXAFS analysis.

For both Mn(IIl)Fe(Ill) and Fe(Ill)Fe(IIl) sites, metal-metal dis-
tances close to the ~3 A found in the RNR samples were calculated
for (uO)(HOH)-bridged complexes (Fig. 10) [30,45,109]. However,
depending on the particular combination of bridging pO/1OH and ter-
minal OH/OH, groups, also deviating Mn/Fe(IllI)Fe(III) structures with
distances in the range of about 2.6-3.0 A were obtained (for an exam-
ple see Fig. S4). As a tendency, the shorter distances required more
severe structural changes in the complex, e.g. 5-coordinated Fe(III)
or Mn(III), and more extensive hydrogen bonding [109].

The short metal-metal distance of 2.56 A, attributed to the
Fe(IV)Fe(Ill) site in CtR1R2"gere, Seemingly did not reflect a canoni-
cal “diamond” core. The DFT structure of an Fe(IV)(uO),Fe(Ill) site
showed a 2.72 A distance, similar to the Mn(IV)Fe(lll) site [30,86,110].
However, there was a trend in the calculations that the Fe(Ill) became
5-coordinated by histidine ligand rotation, inducing more complex H-
bonding patterns, which involved terminal OH,, ligands at the Fe(IV)
and carboxyl side chains. Such a structure produced an Fe(IV)-Fe(III)
distance of 2.6 A (Figs. 10 and S4). Notably, structures containing
Fe(IV)Fe(Ill) and bridging-chelating carboxylates [32] or a triple-pO(H)
bridge [111] were unstable in the DFT calculations and transformed
into pHO(H),-bridged structures (not shown) with metal-metal dis-
tances exceeding 2.7 A.

The electronic configurations from DFT for the two different
Mn(IV)Fe(Ill) sites (Fig. 10) indicated high-spin octahedral Fe(III)
(about equal occupancy of the 5d-orbitals) and high-spin octahedral
Mn(IV) (equal occupancy of low-energy t, (Xy, Xz, yz) and lower oc-
cupancy of higher energy e, (x>-y?, z%) d-orbitals). The dz? orbitals
approximately aligned along the opposed Mn-pO(H) and Fe-pO
bonds in the structures (Fig. 11). The more localized Mn dz? orbital
and by ~1.5eV lower d-orbital energies of Mn and Fe in the
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Fig. 11. Electronic configuration of Mn(IV)Fe(Ill) sites from DFT (see Fig. 10). Left: molecular orbitals (MOs) with highest metal-dz? character aligning with metal-pO(H) bonds.
Right: metal-d atomic orbital (AO) charges (normalized to sums of 3 for Mn(IV) and 5 for Fe(Ill)) versus averaged energies of o- and B-spin MOs with highest respective Fe-d

contents.

Mn(IV)(pO)(uOH)Fe(1II) site (Fig. 11) suggest a higher redox potential
of the protonated Mn(IV)Fe(llI) site. By ~4 eV lower d-orbital energies
of Fe(Ill) compared to Mn(IV) implied that reduction of the Fe(III) ion
should precede the reduction of the Mn(IV) [32].

4. Discussion
4.1. Tentative assignment of metal cofactor species

The spectroscopic data in the present work and in previous studies
[2,12,13,32,45,77] provide evidence for at least ten different metal
site species of the MnFe and FeFe types in the Ct R2 protein. For the
higher valence states, the structural features of the metal sites seem
to deviate significantly from crystal data of R2 proteins (Fig. 1). Ten-
tatively, we assign the states found in Ct R2, particularly relying on
the metal-metal distance, as follows: Fe(IV)Fe(lll), ~2.55 A; Mn(IV)
Fe(lll), ~2.75A and ~2.90 A; Mn(lll)Fe(Ill), ~2.90 A; Fe(Ill)Fe(1II),
~2.95 A and ~3.07 A; Mn(Ill)Fe(1l), ~3.30 A; Fe(Ill)Fe(Il), ~3.42 A. A
Mn(IV)Mn(Ill) site found in low amounts may correspond to a
~2.85 A distance. In a previous XAS study, a metal-metal distance of
~3.65 A was attributed to a Mn(IIl)Fe(ll) site, possibly containing a

Mn,Fe-reconst.

apo-R2 % R2",.re

bridging-chelating carboxyl group, and a distance of ~4.15A was
assigned to a Mn(Il)Fe(II) site [32].

The five more prominent metal cofactor species are related to the
presently studied RNR samples as derived by the various procedures
for metal incorporation and oxidation in Fig. 12. Because of their rela-
tively high abundance in one or several samples and/or due to their
more distinct structural and spectroscopic features, these respective
species appear to be relatively clearly defined (see below). We note
that in particular the longest metal-metal distances, which were found
in minor quantities in the R2 proteins, may in part also reflect the pres-
ence of differently metallated sites such as Fe/Mn-Zn(II)/Cu(Il) species.
However, the metal-metal distances shorter than ~3 A, which most like-
ly require di-uO(H)-bridging of metal ions with valences of (III) or (IV),
in our opinion are unlikely to be due to sites containing divalent Zn or Cu
ions.

4.2. Heterogeneity of metal sites in the RNR samples

To access a broad range of different metal site configurations, we
have prepared the R2 protein samples according to procedures,
which have been established previously in the literature
[2,12,13,32,45,77]. The metal ions either were incorporated in vivo

290 A
L,Mn"V(pO)(HOH)Fe'L,

Mn, Fe
: 275 A R1, cat. mix, HU
R2%nre § L,MnV(uO),Fe'lL, R1R2%, .
'd s N
2.95 A
5 3.05 A L,Mn"(nO)(uOH)Fe"'L,
R2% c. L,Fe"(pO)(HOH)Fe''L,
Fe Fe-reconst., R1, cat. mix. .
255 A
apo-R2 R1R2'... L,Fe"(uO),Fe'L,

Fig. 12. Ct RNR protein preparations and prominent metal site species in R2. Further species exist in all samples (see the text). L = terminal metal-ligands (carboxyls of Glu, OHj,
possibly peroxidic species in certain metal(Ill), states), cat. mix. = catalytic mixture, HU = hydroxyurea; respective rounded metal-metal distances and valences are indicated.
Bridging motifs (uO(H)) and ligand numbers are tentative, but plausible according to XAS and DFT.
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(as-grown R2 overexpressed in E. coli) or in vitro (metal-reconsti-
tuted R2 apo-protein). The metal cofactor configuration of R2 in the
afterwards deep-frozen protein samples thus is expected to represent
a “snapshot” of the various steps of the oxygen activation reaction
performed by the R2 protein and/or of the catalytic reactions occur-
ring in the R1R2 complex. Metal site heterogeneity therefore is an in-
trinsic feature of these samples. A study of the pure states presumably
would require a protocol for reaction synchronization, which present-
ly is not yet available. However, by the applied multi-spectroscopy
approach, including XAS/XES, EPR, and optical absorption and
Raman spectroscopy methods, the various site characteristics, as
based on different electronic and structural features, at least in part,
were resolvable.

4.3. Properties of an Fe(IV)Fe(Ill) cofactor in Ct R2

Only in the Ct R1R2 complex containing an FeFe site in R2 and after
catalytic turnover in the presence of nucleotides, a particular state was
detected that we assign to an Fe(IV)Fe(Ill) species. This species appar-
ently is distinguished by a specific EPR spectrum [29,36,91], optical ab-
sorption and Raman features, and XAS/XES signatures. Its very short
metal-metal distance of ~2.55 A is quite unusual. However, similar dis-
tances have been detected for R2 of other RNRs and also for methane-
monooxygenase (MMO), which contains a comparable metal site
[112]. In the latter studies, the short distance consistently has been
assigned to Fe(IV)Fe(IlI) states [48,49,113]. The optical absorption spec-
trum of the Ct R2 is very similar to synthetic Fe(IV)Fe(Ill) compounds,
for which the absorption maximum around 650 nm was assigned to
ligand-to-metal or, perhaps more likely, metal-to-metal charge transfer
bands [78-80]. A prominent Raman band at ~395 cm~ ! of the Ct R2 is
not yet assigned unambiguously, but at the lower frequency limit for
Fe—pO vibrations in model compounds [80-82]. This cumulative evi-
dence favors the presence of a distinct Fe(IV)Fe(Ill) species in
CtR1R2 "Fepe-

The Fe(IV)Fe(III) state has been denoted “intermediate X” and this
species is believed to oxidize the nearby tyrosine in class la R2
proteins [35,36]. Structural proposals for this state include typical
“diamond” cores (L4Fe(IV)(pO)(nO(H))Fe(Ill)Ly, L represents non-
bridging ligands) [1,30,36,114-116], but also more distorted site ge-
ometries, which in some cases contain a bridging-chelating carboxyl
side chain [29,117]. For the Fe(IV)Fe(lll) site in Ct R2, our DFT and
XAS results suggest that a short Fe-Fe distance requires considerable
asymmetry at the two iron atoms, which possibly may be achieved
by the presence of one 5-coordinated Fe(Ill) and by additional
hydrogen-bonding between OH,,-ligands and carboxyl groups for ex-
ample (Fig. 10). Interestingly, the slower X-ray photoreduction sug-
gested a lower apparent redox potential (E;,) of the Fe(IV)Fe(IIl)
site compared to the Mn(IV)Fe(lll) sites. This result is in contrast to
DFT calculations in Ref. [30], which suggest that the Fe(IV)Fe(III) co-
factor is a stronger oxidant than the Mn(IV)Fe(Ill) cofactor. However,
our spectroscopic results suggest that the “green” Fe(IV)Fe(III) cofac-
tor exhibits a different ligand geometry than the “diamond core”
structure considered in Ref. [30], which may account for its lower
En. The lower Ey, of this Fe(IV)Fe(Ill) species in the tyrosine-lacking
R2 of Ct RNR may relate to the inferior activity of the FeFe cofactor
compared to the MnFe cofactor in initiating the reversible redox cas-
cade in the R1 subunit [37,118,119].

4.4. Two configurations of the Mn(IV)Fe(IlI) site in Ct R2

The X-ray spectroscopy results on the metal-reconstituted and
-grown Mn(IV)Fe(Ill)-containing Ct R2 proteins, in particular the by
~0.15 A longer Mn-Fe distance, the more symmetric Fe(Ill) coordina-
tion, and the slightly faster X-ray reduction of the Fe(Ill) in CtR2"ynre
compared to CtR28\,re, Strongly suggest that two different configura-
tions of the Mn(IV)Fe(Ill) cofactor can exist in this enzyme. For the

activation catalysis
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Fig. 13. Activation and catalysis in MnFe RNR. Starting from the Mn(II)Fe(Il) state, ac-
tivation by O, should involve three-fold metal oxidation and one electron from an ex-
ternal reductant (red.) [1,2], to reach a Mn(IV)(uO),Fe(IlI) “diamond” core structure of
the metal cofactor in R2. The protonated Mn(IV)(pO)(uOH)Fe(lll) site, due to its more
positive E,, supposedly initiates the redox cascade in R1 involving forward and reverse
long-range proton-coupled electron transfer (PCET) between the metal site in R2 and
the active site in R1 during cysteine radical formation and ribonucleotide-
diphosphate (NDP) reduction and conversion to deoxyribonucleotide-diphosphate
(dNDP) [22]. Inter-conversion of the two Mn(IV)Fe(III) states could result, e.g., from
a structural change in R2 leading to (reversible) puO-bridge protonation, and may
even be related to the binding of R1.

reconstituted Ct R2, the Mn-Fe distance of ~2.90 A is similar to that
in a previous report [45] and we thus attribute it to the same
Mn(IV)Fe(Ill) species described in Ref. [45]. For the metal-grown
R2, besides a ~2.90 A distance, we have found an additional Mn-Fe
distance of ~2.75 A in this work and previously in similar samples
[32]. These results and our DFT calculations on Mn(IV)Fe(Ill) model
structures are consistently explained under the assumption, that the
~2.75 A distance belongs to a second type of Mn(IV)Fe(Ill) cofactor.
The prevailing Mn(IV)Fe(IIl) species thus seems to depend on the pro-
cedure, which is used for the assembly of the metal cofactor in Ct R2.
The model structures from DFT in the present study and in previous re-
ports [30,36,109] suggest that a LyMn(IV) (nO),Fe(III)L, “diamond” core
structure readily accounts for the ~2.75 A distance in the metal-grown
R2 (Fig. 12).

As implied by the DFT results in this work and from other authors,
already a slight modification, namely a single protonation of a bridg-
ing oxide to yield a (1O)(MOH) motif, can explain the metal distance
elongation and homogenization of the Fe(Ill) bond lengths observed
in the Mn,Fe-reconstituted Ct R2 [30,36,109]. Such a deviating pro-
tonation state may be related to differences in the site assembly se-
quence in the cell and during the reconstitution procedure. This
may lead to a different H-bonding network around the cofactor, for
example due to varying numbers or orientations of nearby water
molecules, which may result in a shift of the pK of a bridging oxide
[119].

At least catalytic turnover in the R1R2 complex seems to involve
similar MnFe site species in R2, independently of the metal site as-
sembly procedure. Evidence for this conclusion comes from the ob-
servation by EPR of a similar hydroxyurea-inhibited Mn(III)Fe(III)
state in both Mn,Fe-grown and Mn,Fe-reconstituted R2 in the pres-
ence of R1 [13,32,77,88]. Because this Mn(III)Fe(IIl) state apparently
is the reduction product of a Mn(IV)Fe(Ill) precursor, this could
mean that also the precursor is similar in both protein types. Possibly,
the protonation state of the oxo-bridge may even be related to a con-
formational change due to R1 binding. Thus, both Mn(IV)Fe(IIl) states
could be viable intermediates in the O,-activation process of R2. Our
X-ray photoreduction study showed a slightly faster reduction of
the Fe(Ill) in the Mn(IV)Fe(IIl) site of the Mn,Fe-reconstituted com-
pared to the Mn,Fe-grown Ct R2. We interpret this result as an indica-
tion for a higher apparent E, in the reconstituted protein. Therefore,
presumably the Mn(IV)(pO)(nOH)Fe(Ill) species initiates the redox
cascade in R1 [119]. It is tempting to speculate that R2 site proton-
ation related to R1 binding could even be a regulatory process,
which prevents premature reduction of the metal cofactor prior to ca-
talysis in R1 in the cell (Fig. 13).

4.5. X-ray photoreduction of the metal cofactors

Additional configurations of the metal cofactor were observed in
all R2 samples. Evidence for minor amounts of a Mn(IV)Mn(III) site
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in Mn,Fe-reconstituted Ct R2 was obtained by EPR and XAS, tentatively
assigned to a Mn-Mn distance of ~2.85 A in a Mn(IV)(uOH,,),Mn(lII)
bridged complex. This is not surprising because crystal structures
show that MnMn sites in R2 are stable species [120-123]. That such
MnMn sites may also be active in the O,-activation chemistry is implied
by their apparent high-valence state. The lack of evidence for MnMn
species in the metal-grown Ct R2 could suggest that in vivo mechanisms
exist for the discrimination of Mn and Fe ions during insertion into their
specific binding positions in R2.

Several different configurations of metal(Ill), species could be dis-
criminated. An Fe(Ill)Fe(Ill) site with a metal-metal distance of
~3.07 A was found in the R2 proteins from both Ct and Mm. This
could mean that the overall cofactor structure is similar and insensi-
tive to the exchange of an Asp for a Glu residue as a metal-ligand in
Ct R2. Similarly rapid X-ray photoreduction suggests that also the
E,, of both species is similar. The photoreduction velocity of a minor
FeFe species (metal-metal distance of ~2.95 A) in the Fe-grown Ct
R2 was close to that of the Mn(IV)Fe(lll) sites. Because there was no
evidence for Fe(IV) in this sample, it is assigned to an Fe(III)Fe(III)
state, which may comprise a 5-coordinated Fe(IIl). The Mn-Fe dis-
tance for the as-grown Mn(Ill)Fe(lll) site was ~2.90 A, similar to the
Mn(IV)Fe(IlI) site in the metal-reconstituted Ct R2. The slower photo-
reduction, however, suggested a considerably lower E, for the
Mn(Ill)-containing site. According to our XAS and DFT results, the
Mn(II)Fe(Ill) site may contain a 5-coordinated Mn(IIl), as also pro-
posed, e.g., for Mn(lII) in the manganese complex of photosystem II [43].

The longest metal-metal distance of ~3.4 A detected by XAS is sim-
ilar to the distances that usually were observed in crystallized Ct FeFe
R2 (Fig. 1). Fe(Il)Zn(II) sites also show a similar metal-metal distance
[124]. The assignment of the ~3.4 A distance to an Fe(III)Fe(lI) site is in
agreement with a previous proposal [32]. A slightly shorter (~3.3 A)
distance is attributed to a Mn(IIl)Fe(II) site, which possibly contains
a 5-coordinated Mn(IIl) ion. Comparison of the metal-metal distances
of the Mn/Fe(Ill)Fe/Zn(Il) sites with the diffraction data suggests
that eventually in all crystal structures of R2 at least one divalent
metal ion is present (Fig. 1). X-ray photoreduction within seconds
of the Mn(IV)- and Fe(IV)-containing cofactors and even of an
Fe(IlI)Fe(III) site at a temperature as low as 20 K in the XAS experi-
ments suggests an E,, close to + 1V for these species [38,56]. There-
fore, we conclude that X-ray induced reduction of higher valence
states of the metal cofactor in R2 is difficult to avoid during crystallo-
graphic data collection, which usually involves higher X-ray doses
and temperatures, as it is for other high-valent metal cofactors in
proteins [38,56,125].

4.6. Mechanistic considerations

In previous studies on the Ct RNR lacking the radical-forming tyro-
sine, reaction sequences have been proposed for O, activation, lead-
ing to high-valent metal cofactors in R2 and subsequent radical
formation in R1, which involve, e.g., metal-bound peroxidic species
[32,51,119]. Bridging or end-on peroxides also may account for cer-
tain metal-ligand bond lengths of the Mn/Fe(Ill)Fe(IIl) states as de-
termined in the present study. However, OOH, ligands cannot be
discriminated from OH,, ligands solely on the basis of XAS data. Fur-
ther Raman studies on Ct R2 are required to clarify this important
issue.

Consistently, Mn(IV)Fe(lIl) states in Ct R2 have been suggested to
functionally substitute the Ye-Fe(IIl)Fe(III) entity in conventional R2
proteins during ribonucleotide reduction [1,2,12,109]. We propose
that both detected Mn(IV)Fe(IIl) site configurations may be involved
in O,-activation by the Ct R2. Presumably, it is the protonated cofactor
possessing a somewhat higher apparent E,, which initiates the re-
versible proton-coupled electron-transfer (PCET) reactions in R1 dur-
ing ribonucleotide reduction (Fig. 13). Our DFT results, showing that
the Mn dz? orbital is more condensed and oriented in the direction

of the Mn-His123 bond for the protonated structure, support the hy-
pothesis, previously put forward by Bollinger et al. [126], that the Mn
ion is the entry point for electron transfer along the Trp51-Asp226-
His123 hydrogen-bonded amino acid cluster to the metal site in Ct R2.
Clearly, further investigations are required to unravel the com-
plete molecular structure and functional significance of all relevant
configurations of MnFe and FeFe cofactors in RNR catalysis. However,
the cumulative spectroscopic evidence presented here widens the
concept of metal cluster structures in electron transfer enzymes
such as RNR. It reveals a manifold of ligation environments in the dif-
ferent redox states of a dedicated metal site, which may even depend
on inter-subunit interactions in the course of the enzyme reaction.
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