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Abstract The enzyme ribonucleotide reductase R2 catalyzes an important step in the syn-
thesis of the building blocks of DNA, and harbors a dinuclear iron center required for
activity. Not only the iron valence states but also the protonation of the iron ligands govern
the enzymatic activity of the enzyme. We have performed Nuclear Inelastic Scattering (NIS)
experiments on the >’ Fe reconstituted ribonucleotide reductase R2 subunit from Escherichia
coli (EcR2a). Accompanying Mdossbauer spectroscopic investigations show that the partial
density of vibrational states (pDOS) of the 37 Fe reconstituted EcR2a sample contained con-
tributions from both 3’ Fe-EcR2a protein as well as unspecifically bound 37Fe. Subtraction
of a featureless pDOS as obtained from protein-coated iron oxide particles allowed mod-
eling of the contribution of non-specifically bound iron and thus the pDOS of 3’Fe-EcR2a
could be obtained. Quantum-mechanics/molecular-mechanics (QM/MM) calculations of
the whole *’Fe-EcR2a protein with variations of the cofactor protonation were performed
in order to assign characteristic bands to their corresponding molecular vibrational modes.
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1 Introduction

Ribonucleotide reductase (RNR) enzymes catalyze the formation of deoxyribonucleotides
from ribonucleotides in the synthesis of DNA [1]. Class I RNR consists of two proteins,
R1 and R2. One of the best known proteins of the R2 Ia class stems from Escherichia coli
(EcR2a). A prominent feature of this protein is a stable tyrosyl radical in the R2 unit close
to the diiron center [2]. The reaction mechanism proposed by Mao et al. [3] involves the
generation of a thiyl radical in the R1 subunit, which ultimately carries out the reduction of
ribonucleotides [4], by means of a long-range proton-coupled electron transfer. The proteins
of the R2a class carry a diiron cofactor. Its two iron ions may differ with respect to the
coordination sphere [5]: In the structure at highest available resolution (~1.4 A), site 1 is
5-coordinate whereas site 2 has a 6-fold coordination [6, 7]. Both iron ions are shown to be
in a Fe'l high spin (HS) state [5].

2 Materials and methods

Protein expression and reconstitution was performed after the procedure published in [7],
5TReSO4 was used for iron reconstitution.

Nuclear Inelastic Resonant Scattering (NIS) [8] data were recorded at the ID 18 nuclear
resonance beamline at ESRF (Grenoble) under experiment number L.S-2422. The beamline
was operated in 16 bunch mode. The data were recorded within an energy range of —20 to
+100 meV from the elastic scattering line with a step size of 0.2 meV. The measuring time
per scan was 1 second/channel with 560 channels. The shown pDOS data were obtained
from the positive energy region of 12 scans, and a binning over a range of 0.5 meV was
applied to improve the statistics. The elastic peak was subtracted from the data from —2
to 2 meV. Analysis of the NIS data was performed according to published procedures [9].
Moéssbauer spectroscopy was done at liquid nitrogen temperature (77 K) in an OptistatDN
Mossbauer Cryostat (Oxford Instruments) with a conventional Mossbauer spectrometer
using constant acceleration mode. The spectral components were determined by performing
least-mean-squares fit analysis using Lorentzian doublets. Mossbauer spectra with applied
external fields were recorded in a setup as described in [10, 11], including a closed-cycle
helium cryostat (Cryo Industries of America, Inc.) equipped with a superconducting magnet
with a maximal field of 5 T, oriented parallel to the y-radiation. The spectra were ana-
lyzed with WMOSS4f [12] using the spin Hamiltonian formalism [13, 14]. All Mossbauer
parameters are quoted relative to a-iron foil at room temperature.

QM/MM Calculations were done with Gaussian 09, Rev. D. [15], using the ONIOM [15]
method. The starting geometry was the X-ray crystal structure with the PDB ID IMXR
[16]. Hydrogens were added by the automatic algorithm included in GaussView 5.0 [17],
except for the w-oxo bridge and the terminal oxygen containing ligand at site 1, for which
the hydrogens were added manually using GaussView. The model included a model layer
treated at DFT level with the B3LYP hybrid functional [18] and the split-valence double zeta
CEP-31G [19] basis set. The whole protein was treated with molecular mechanics using the
universal force field (UFF) [20]. Geometry optimization with a convergence limit of 10~8
Hartree and an ultrafine integration grid was done, followed by a frequency calculation
based on normal mode analysis. The simulated partial density of vibrational states of 5’ Fe
was obtained by using the nisspec2 program [21]. Analysis of the vibrational modes was
done with GaussView 5.0.
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Fig. 1 Mossbauer spectra of the
EcR2a sample (a, shown as dots),
obtained at 77 K. Simulated
subspectra for component 1
(blue, b), 2 (red, ¢) and 3 (green,
d) are shown as lines above the
experimental spectrum. The sum
of the simulations is shown as a
black line in a
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3 Results and discussion

Figure 1 shows the Mossbauer spectrum of the EcR2a sample measured at 77 K. The sim-
ulation (black line) includes three components: Component 1 (blue line in Fig. 1b) has an
isomer shift of §; = 0.53 mms~! and a quadrupole splitting of AEq; = 1.63 mms~!, com-
ponent 2 (Fig. 1c, red line) has §; = 0.45 mms~! and AEqg =241 mms~!. The linewidth
is 12 = 0.30 mms~! for both components. These values correspond to the two iron sites
of the oxidized EcR2a as reported by Lynch et al. [5] and Bollinger et al. [22]. While the iso-
mer shifts represent typical values for high spin Fe', the quadrupole splittings have a higher
value due to the short iron-oxo distances of the j-oxo bridge [23]. Component 3 (green line
in Fig. 1d) has 83 = 0.50 mms~! and AEgps =0.82 mms~!, values which are also typical
for Fe'll_HS. AEq3 is not in the range for p-oxo-bridged iron, nor is it in the range of any
reaction intermediate of EcR2a [4, 22, 24, 25]. The linewidth I'; = 0.53 mms™!) is also
significantly larger than the linewidth of the other two components, indicating that this is
an iron species showing relaxational broadening [26]. Such iron species showing fast relax-
ation can form in a protein sample during the 37 Fe reconstitution due to excess iron, which
may unspecifically bind to the protein surface, where it forms iron-oxide and -hydroxide
species after oxidation [27]. Based on the relative surface areas and assuming a similar
Lamb-Mossbauer factor for all three components, it can be concluded that 45% of the iron
present in the sample was not coordinated in the EcR2a diiron cluster.

The Mossbauer spectrum of the sample measured at 4.2 K in an external magnetic field
of 5 T oriented parallel to the y radiation is shown in Fig. 2. It gives further evidence on
the third component being a superparamagnetic species, as the spectrum contains a broad,
magnetically split background. The diamagnetic components (1 and 2 in Fig. 2, shown as
blue and red lines above the spectrum) were simulated with the parameters of the two sites
of EcR2a as obtained from the 77 K spectrum (Fig. 1) and n taken from [5] (Table 1).
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Fig. 2 Mossbauer spectra of the EcR2a sample (a, shown as dots), obtained at 4.2 K in an external magnetic
field of 5 T oriented parallel to the y-ray. Simulated subspectra for component 1 (blue, b) and 2 (red, c) are
shown as lines above the experimental spectrum. The sum of the simulations is shown as a black line in a).
Component 3 from Fig. 1 was not included in the simulation as it was broad and featureless

Table 1 Parameters obtained from the Mossbauer spectra for the components of the EcR2a sample

Component 1 Component 2 Component 3
8 (mms™!) 0.53 +£0.02 0.45 +0.02 0.50 &+ 0.02
AEq (mms™') 1.63 +£0.03 2.41+0.03 0.82 +0.04
n (taken from [5]) 0.6 0.2 -
I (mms~!) 0.29 £ 0.02 (0T)/ 0.29 + 0.02 (0T)/ 0.53 £ 0.02 (0T)
0.40 +0.10 (5T) 0.40 £ 0.10 (5T)
rel. area (%) 274£15 274+15 452+ 1.5

The simulated spectra of these two components are in good agreement with the experimen-
tal spectrum, leading to the conclusion that they are indeed originating from the oxidized
Fel/Fe!! cluster of EcR2a, which has a diamagnetic ground state.

The partial density of (vibrational) states (pDOS) as derived from the NIS data of the
EcR2a sample is shown in Fig. 3a. Figure 3c shows a pDOS of BSA-iron oxide nanopar-
ticles taken from [28]. This pDOS may serve as a model for the unspecifically bound iron
oxide/hydroxide form which is represented by component 3 in the Mossbauer spectra. Keep-
ing in mind that areas of the experimental pDOS shown in Fig. 3a and ¢ are normalized to
unity and that Mossbauer spectroscopy shows that there is 45% unspecifically bound iron in
the EcR2a sample we have obtained the protein EcR2a pDOS by subtracting the data shown
in Fig. 3c) from the data shown in Fig. 3a) using a scaling factor of 0.45. The resulting
EcR2a pDOS -again scaled to unity- is shown in Fig. 3b).

The theoretical pDOS obtained from a QM/MM-DFT simulation is shown as a blue line
in Fig. 3d. For the further discussion, four spectral regions of the pDOS will be considered:
Region 1 from 0-125 cm~! showing no distinct features, region 2 from 125-250 cm™!,
region 3 from 250-450 cm™~! and region 4 starting at 450 cm™!.
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Fig. 3 a Experimental pDOS of the EcR2a sample containing the diiron cofactor and unspecifically bond
iron b Experimental pDOS of EcR2a protein resulting from subtracting a model pDOS from BSA-coated
iron-oxide nanoparticles scaled by a factor of 0.45 from the data shown in (a). Details: see text. ¢ Esperimen-
tal pDOS of BSA-coated iron-oxide nanoparticles, taken from [28] used as a model for the non-specifically
bound iron. d Simulated pDOS obtained from DFT calculations for the model with protonated Tyr 122. The
black bars represent the normalized means square displacement of the iron, the modes which are discussed in
the text are marked with arrows, labels refer to the energy of the modes in [cm™!]. e Schematic representation
of the refined protonation model for the diiron cluster

For a better comparison the bands and modes discussed in the text are given as an
overview in Table 2. The experimental pDOS of the EcR2a (Fig. 3a) shows a gener-
ally higher intensity in the low energy region below 250 cm™! than the simulated pDOS
(Fig. 3d), which was obtained using the x-ray crystal structure with a refined model for the
diiron cofactor as shown in Fig. 3e. After subtraction of the model pDOS for unspecifically
bound iron (Fig. 3c), the band is distinctly reduced at 142 cm~! (Fig. 3b). Together with
the results obtained via Mossbauer spectroscopy, it can be concluded that this band orig-
inated from the unspecific iron impurity in the sample. The enhanced intensity in regions
1 and 2 could be successfully removed by subtracting a model pDOS, leading to a pDOS
that now mostly contains information on the oxidized diiron cofactor of EcR2a. The further
discussion will therefore concentrate on the EcR2a pDOS displayed in Fig. 3b.

In region 2, the experimental pDOS of EcR2a shows two intense bands at 194 and
234 ¢cm™!, whereas bands are found at 190 and 204 and 222/230 cm™! in the simulated
pDOS. Region 3 shows bands at 284, 302, 342, 394 cm™! and 411 cm™! in the experimen-
tal pDOS, whereas the simulated pDOS shows intense bands at 254, 298, 310, 340, 396, and
424 cm~!. The region above 450 cm™! the experimental pDOS shows bands at 458, 500,
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Table 2 Comparison of band energies obtained from the experimental pDOS, from the calculated pDOS
and of the most intense modes discussed in the text

Experimental bands Calculated band maximum (most Most intense modes (contributing to
(cm™) bands consist of several the simulated bands) (cm™!)
calculated modes) (cm™!)

194 190 Not discussed
204
234 222/230 228/229
254 256
284 298 272
302 310 304
342 340 340
394 396 Not discussed
411 424 423
458 - -
500 474/482 483
496 Not discussed
542 528 Not discussed
710 680 680
722 704 705

542,710, and 722 cm™!, compared to bands at 474, 482, 496, 528, 680, and 704 cm~!in
the simulated pDOS.

The normal mode calculation also gives information on the type of displacement of the
iron in vibrational modes which e.g. include displacements of the whole cluster and/or spe-
cific iron-ligand modes like Fe-uO-stretch modes. At energies close to the experimental
band at 234 cm™!, displacements of both iron centers combined with in-plane rotations of
the histidine residues could be identified. The calculated mode at 256 cm™! does not cor-
respond to a band in region 3, but is close to the intense experimentally observed band at
234 cm! in region 2. It shows a displacement of the two iron centers opposite to each other.
The closest calculated intense mode in the range of the experimental band at 286 cm™! is at
272 cm~!. It shows a displacement of both iron ions in opposition with Fe(1) in direction
of the His 118/H,O(2) axis and Fe(2) between Glu 238 and H,O.

The calculated mode at 304 cm™! is close to the experimental band found at 302 cm™!.
For this mode, both iron ions show an in-phase displacement with the t-oxo oxygen mov-
ing in the opposite direction forming a Fe-O-Fe bending mode. In the energy range of the
experimental band at 342 cm~! the most intense calculated mode is at 340 cm ™! (Fig. 4f).
It shows a displacement of both irons in opposite direction and a displacement of the p-oxo
oxygen perpendicular to the iron-iron axis. Both water ligands contribute with a displace-
ment in the opposite direction of the iron displacements. The calculated mode at 423 cm™!
(Fig. 4i) is in the same energy range as the experimental band at 411 cm~!. This mode is
characterized by a Fe(1)-OH, stretch accompanied by an in-plane rotation of tyrosine 122.
Tyr 122 is important for the catalytic activity of the R2a, as it is used to store a stable radical
in the active form of R2a [2].

Above 450 cm™! only few, but intense modes were calculated for the simulation. Modes
were calculated at energies of 483, 680 and 705 cm~!. The mode at 483 cm™! is close to
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i)

Fig. 4 Atom displacements for simulated modes at 228 (a), 229 (b), 256 (c), 272 (d), 304 (e), 340 (f), 423
(g), 483 (h), 680 (i) and 705 cm™! (§)- Iron atoms are colored in margenta, ogygen in red, nitrogen in blue,
carbon in dark gray and protons in pale gray
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the experimental band at 500 cm™!, the modes at 680 and 705 cm™! are close to the exper-
imentally obtained bands at 710 and 722 cm~!. All of these modes show an asymmetric
Fe-O-Fe-stretch character. A prominent waving of both histidine ligands can be seen for the
mode at 680 cm~! lower energy. Sjoberg et al. assigned the asymmetric stretch modes to a
band located at 756 cm ™! in room-temperature Raman spectra [29]. Compared to the high-
est experimentally observed band at 722 cm™! in NIS, this would be a shift of 36 cm™! to
higher wavenumbers. The exact position could not be determined by Sjoberg et al. due to
an underlying band, but this shift is larger than the uncertainty in mode assignment.

According to [30] an Fe-O-stretch around 720 cm™! corresponds to a Fe-O-Fe angle of
120°. The 756 cm™! mode as reported by Raman spectroscopy [29] thus corresponds to a
Fe-O-Fe angle of 130°. Since there is some spectral noise in the 700-800 cm™~! region in
our EcR2a pDOS (Fig. 3b) and also in the Raman data of ref [29] it is reasonable to assume
that the 756 cm~! mode is not intense enough to be observed by NIS and that the diferric
iron center of EcR2a possibly has two conformations in frozen solution.

Short Fe-O distances are also expected for proteins of the R2¢c subgroup, which most
probably are bridged by a p-oxo and a p-hydroxo bridge in their Mn(IV)Fe(III) form [31].
However, in a NIS study by Kwak et al. [32] no features at energies higher than 400 cm~!
could be found. In a previous NIS study on GkR2lox, which most probably has a p-
hydroxo bridge and no p-oxo bridge, no features at energies higher than 550 cm~! could
be found experimentally for both, the Mn(II[)Fe(IIT) and the Fe(IIT)Fe(I1I) form [33]. This
is in accordance with the generally longer Fe-O distances in p-hydroxo bridges and fur-
ther emphasizes the importance of this energy region as a marker region for vibrations of
iron and oxygen in short p-oxo bridges. As our data clearly show (Fig. 3a,b), we do have
features in this spectral region in EcR2a, and our calculations (Fig. 4g—j) show correspond-
ing modes with a displacement of primarily Fe(1), which is replaced by Mn in the R2¢c
and R2lox in their MnFe form. This is partly in accordance with the theoretical findings
by Kwak et al. [32], although the theoretical calculations shown therein unfortunately don’t
include the energy range above 650 cm~! where the asymmetric Fe-O-Fe stretching bands
could be found in our study both theoretically and experimentally.

In conclusion we obtained the pDOS of EcR2a protein containing the oxidized cofactor
with two ferric iron ions and unspecifically bound surplus iron. Mdssbauer spectroscopy
was used for quantitative discrimination between both iron species. We were able to show
that the unspecific iron could be subtracted from the experimental pDOS by using a model
pDOS of protein-coated iron oxide nanoparticles, leading to a pDOS that agrees well with a
theoretical pDOS for EcR2a obtained via ONIOM-DFT calculations. Normal mode analysis
showed a mode at 423 cm~! where the catalytically important Tyr 122 was displaced along
with the water ligand at site 1. From our experimental and theoretical findings we conclude
that Fe-O-Fe stretching marker bands characteristic for R2a proteins with diiron cofactors
with a short z-oxo-bridge may be found in the energy range above 650 cm™!.
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