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Binuclear non-heme iron enzymes utilize O, to catalyze
a variety of reactions, including hydrogen atom abstraction,
desaturation, electrophilic aromatic substitution, and so on.!!
In most cases, their catalytic cycles begin with the reductive
binding of O, by biferrous centers to form high-spin
antiferromagnetically coupled (AFC) peroxo-bridged biferric
intermediates.”) These peroxo intermediates can either react
with substrate or convert to more reactive high-valent species.
Because of their transient nature, structural information must
be deduced from spectroscopic data, which are rich for some
peroxo intermediates, while for others too limited for geo-
metric and electronic structural insight. The peroxo inter-
mediate of W48F/D84E ribonucleotide reductase (RR),
referred to as P, does exhibit distinct spectral features.
These include electronic absorption (Abs) and resonance
Raman (rR) spectra that are equivalent to those of cis p-1,2
end-on peroxo-bridged Fe™, model complexes, thus provid-
ing a basis for the computational model of P as a cis p-1,2
peroxo-bridged Fe'", species (with the (Glu),(His), ligand set
of this protein active site).’) However, P is not reactive and
must convert to a second-peroxo-level intermediate P’ that
does not have Abs spectral features for rR-based structural
elucidation.
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For systems that do not have chromophores or are
photoactive, nuclear resonance vibrational spectroscopy
(NRVS) is an alternative to rR spectroscopy. NRVS is
a synchrotron-based technique that probes vibrational side
bands of ¥Fe nuclear transitions.[*! Its spectral intensity is
determined by the amount of Fe displacement in each normal
mode, thus allowing the specific investigation of the Fe active
site with high sensitivity and without the limitation of the
selection rules of rR spectroscopy. In this study, we establish
the basis for the NRVS analysis of peroxo-bridged Fe™,
intermediates, based on structurally well-characterized syn-
thetic model complexes. We have measured the NRVS
spectra of [Fe,(WOH)(nO,)(6Me,-BPP),]" (1) and [Fe,(nO)-
(nO,)(6Me,-BPP),] (2; Figure 1; 6Me,-BPP = N,N-bis(6-
methyl-2-pyridylmethyl)-3-aminopropionate). These com-
plexes are cis p-1,2 peroxo-bridged species, the former with
an additional hydroxo bridge and the latter with an oxo

(a)

Figure 1. Schematic representations of a) 1 and b) 2.

bridge."! We have assigned their NRVS spectral features,
utilizing density functional theory (DFT) calculations in
combination with normal coordinate analysis (NCA). Corre-
lations between spectral and structural variations have been
derived to elucidate spectral differences between 1 and prior
data reported® and to establish a basis for structural
elucidation of enzyme—peroxo intermediates.

The NRVS spectra of 1 and 2 (Figure 2a) are distinct from
those of their starting materials, thus confirming homogeneity
of the samples (Figure S1). The spectra display a major
intense band that spans the region from 200 to 400 cm!
(Figure 2a). This band is broader in 1 and down-shifted in
energy from 1 (black) to 2 (gray), as their peaks are located at
221 and 202 cm™, respectively. In both spectra, the high-
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Figure 2. a) Experimental and b) DFT-calculated NRVS spectra of
1 (black) and 2 (gray). Bars are the mode factors of normal modes.
PVDOS = partial vibrational density-of-states.

energy side of the band shows an additional weaker feature at
around 350 cm~'. At more than 400 cm™!, three prominent
peaks are observed at 463, 509, and 563 cm ' in the spectrum
of 1, while 2 exhibits four peaks at 456, 519, 565, and 695 cm ™.
Considering the resolution of NRVS spectroscopy (~8 cm )
and ***'Fe isotope shifts, the three peaks of 1 match with prior
rR data (a Fermi doublet at 456 and 473 cm™', and two
additional peaks at 498 and 548 cm ™), and the NRVS peaks at
456 and 695 cm™" of 2 were also observed in its rR spectrum.!”’
Based on the rR enhancement by the uO,-to-Fe charge-
transfer band, the peak at around 460 cm ™! in both species has
been assigned to the symmetric Fe—peroxide stretch, v (Fe-
HO,).

To interpret these NRVS spectral features, the initial
geometries of 1 and 2 obtained from crystal structures'’! were
optimized using a spin-unrestricted DFT formalism with the
6-31G* basis set and the BP86 functional combined with 10 %
Hartree-Fock exchange (Figure 1). High-spin ferromagneti-
cally coupled (FC) structures were obtained first and further
optimized to get AFC structures. Both FC and AFC
structures of 1 and 2 agree with their X-ray structures,
although the {Fe,0,} core is slightly more expanded in the FC
than in the AFC structure (see Table S1 and Figure S2 in the
Supporting Information).

NRVS spectra predicted by DFT frequency calculations
on the AFC structures successfully reproduce the experimen-
tal data, including the spectral differences between 1 and 2
(Figure 2b). Normal modes that contribute significantly to
the NRVS spectra with high Fe displacements can be divided
into five energy regions. First, the lower-energy side and the
peak of the major band envelope at less than 190 cm ™" in the
DFT-predicted spectra (Figure 2b, (1)) correlate with that at
less than 220 cm™! in the experimental spectra (Figure 2a).

Angew. Chem. Int. Ed. 2013, 52, 1294—1298

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Region (1) contains the most intense features, involving
a group of modes in which the {Fe,(nO,)} core translates or
rotates without significant distortion (Figure 3(1), core
motions). Region (2) at 200220 cm™' in the DFT-predicted
spectra is associated with normal modes that contain out-of-
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Figure 3. DFT-calculated vibrational modes of 1 and 2. For clarity, only
first-coordination-sphere motions are presented. Modes in frames are
from the side view, while others are from the top view.

plane peroxide bends, in which the two Fe atoms move in
opposite directions (Figure 3(2), peroxide twist). On the
higher energy side of the peroxide twist at 225-250 cm™!
(Figure 2b, (3)), there are modes involving out-of-plane
peroxo bends, in which the two Fe atoms move in the same
direction (Figure 3(3), butterfly). Regions (2) and (3) con-
tribute to the band envelope between 220 and 325 cm™ in
Figure 2a. Region (4) is associated with a normal mode
involving in-plane peroxide bends (Figure 3(4), peroxide
rock), and contributes to the experimentally observed band at
around 350 cm™'. Region (5) consists of four Fe—O stretches,
including symmetric and antisymmetric Fe-pO, and Fe-
PO(H) stretches (Figure 3(5), Fe-O stretch). DFT calcula-
tions predict similar v{(Fe—uO,) and v,(Fe—uO,) for 1 and 2
(440 and 524 cm™! for 1; 451 and 521 cm™' for 2). Alterna-
tively, v{(Fe—pO) and v, (Fe—O) of 2 are predicted at 495 and
668 cm™!, while those of 1 are down-shifted to 372 and
480 cm ™! as a result of the protonation of the oxo bridge. DFT
calculations underestimated vy,,(Fe—nO,) and v,(Fe—pO)
compared to the rR and NRVS data, but qualitatively
reproduce the experimental NRVS features at more than
400 cm™! (i.e., three bands at 463, 509, and 563 cm™ in the
NRVS spectrum of 1 and four bands at 456, 519, 565, and
695 cm ™! in that of 2).

Based on these DFT-assisted spectral assignments, the
decrease in energy and narrowing of the major band at
around 220 cm ™' from 1 to 2 (Figure 2 a) reflects a decrease in
energy of the core motions (region (1)) and decrease in
intensity of the peroxo twist (region (2)). The DFT-optimized
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structures of 1 and 2 show that the deprotonation of the
hydroxo bridge results in strengthening of the resultant Fe—
O bonds and thus weakening of the bonds between Fe and
the non-core terminal ligands (Figure S3). The stronger Fe—
nO bonds restrain the Fe displacements of the peroxide twist,
decreasing its NRVS intensity, while the weaker Fe—terminal
ligand bonds decrease the frequencies of core motions that
involve these stretch motions (Figure S4).

It should be noted that the previously reported NRVS
spectrum of [Fe,(nO,)(N-EtHPTB)(PhCO,)]*" (3), which has
a p-1,2 end-on peroxide, a p-alkoxide, and a carboxylate
bridging two AFC ferric ions (Figure S5),) displays three
major bands at 190, 275, and 330 cm ™!, rather than the one
broad feature at less than 400 cm™' observed for 1 and 2.
Consistently, the DFT-predicted NRVS spectrum of 3,
obtained using the same computational method as for 1 and
2, also displays three features at 170, 220, and 280 cm™
associated with regions (1), (2), and (3) of 1 (Figure 4a).
One of the major differences between the DFT-optimized
structure of 3 and that of 1 (and 2) is that in 3, the pO bridge is
no longer in the {Fe,(uO,)} plane (the angle between the
{Fe,uO} plane and the {Fe,(nO,)} plane 6=155°). Alterna-
tively, if 3 is optimized as an FC rather than an AFC structure,
it has a planar {Fe,(nO)(nO,)} core as in 1 (Table S2) and its
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Figure 4. DFT-predicted NRVS spectra of a) 3, b) FC 3, and c) 1. Inset
shows variation in the planarity 6 from 3 (gray, 126°) to FC 3 (dark
gray, 155°) to 1 (black, 179°). From (a) to (c), regions (2) and (3) shift
down in energy by around 20 and 30 cm™, respectively, with a decrease
in intensity by approximately 60% of region (3).
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computed NRVS spectrum displays one broad band at less
than 300 cm™' (Figure 4b), similar to that of 1 (Figure 4c).
Thus, the split three-peak pattern in the NRVS spectrum of 3
relative to 1 (and 2) is associated with the decrease in
planarity of the peroxo/hydroxo-bridged structure.

This result indicates that the NRVS spectra of peroxo-
bridged Fe™, species are sensitive to the bridged core
structure. We used a NCA approach to systematically
evaluate the origin of this structural dependence of the
NRVS data (Figure 5). Starting with the first-shell atoms of
DFT-optimized 1, the internal force constants were initially
guessed from the DFT frequency calculation and then refined
to fit the DFT-predicted NRVS spectrum (Figure 5a and
Table S3). Three geometric perturbations were tested. First,
a carboxylate bridge was added to the planar {Fe,(nO)(n0O,)}
core. This perturbation significantly increases the intensity of
the butterfly mode (by 80%, (3) in Figure 5b) but with
a minor increase in energy (by 3.5 cm™"), as the now present
Fe—carboxylate bends contribute to the butterfly mode.
Second, with the carboxylate bridge present, the planarity
of the {Fe,(nO)(nO,)} core, 0, was decreased from 179° to
111° (Figure 5c¢). This increases the frequency and intensity of
the butterfly mode (by 12 cm™" and 92 %, (3) in Figure 5c). In
the less-planar core, the butterfly mode involves increased
contributions from Fe-equatorial ligand stretches and
decreased contributions from pO-Fe-O,.(N,.) bends that
have lower force constants (Table S4). Because of this
increased stretch component in the less-planar core, the
butterfly mode (3) exhibits increased amplitude of Fe motions
as these bisect bonds (Figure S7). Additionally, the v{(Fe—pO)
mode of the less-planar core involves out-of-plane Fe motion
and thus Fe—nO, stretches, resulting in its increased frequency
relative to that of the planar core (by 24 cm™"). Finally, the
increase of the Fe-O-O-Fe dihedral angle (¢) from 4° to 68°
increases the energy of the peroxide twist (by 15 cm™"; (2) in
Figure 5d) and decreases that of the peroxide rock (by
37 cm™'; (4) in Figure 5d). When the peroxide is distorted out
of the {Fe,(nO,)} plane, the peroxide twist gains more Fe—
equatorial ligand stretch, and loses a contribution from pO,-
Fe-0,4.(Nayia) bend, resulting in its increased frequency. For
the peroxide rock (4), an increase of ¢ shifts its composition
from the higher-frequency Fe-uO, stretch to the lower-
frequency Fe-axial ligand stretch, and thus reduces its
frequency. Moreover, an up-shift of v,(Fe-p0O,) (by 38 cm™;
Figure 5d) upon increase in ¢ was also seen in the rR study of
[Fe,(1O,)(OB2),{HB(pz)s},]

To summarize, the NRVS spectra of 1 and 2 can be divided
into five regions. In order of increasing energy, the regions
correspond to: (1) core motions (<220 cm™"), (2) peroxide
twist (220-265 cm ™), (3) butterfly (265-320 cm '), (4) perox-
ide rock (320-350 cm™!), and (5) Fe—O stretches (>350 cm™;
Figure 2 and 3). The DFT and NCA calculations show that
these five NRVS spectral features are sensitive to specific
variations in the first-coordination-sphere structure.
Region (1) shifts down in energy when the Fe-terminal
ligand bonds are weakened. Region (2) shifts up in energy
when the Fe-O-O-Fe dihedral angle (¢) increases, while
region (4) shifts down for the same structural variation. For
region (3), the frequency and NRVS intensity increase upon
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Figure 5. a) DFT-predicted NRVS spectrum of 1 (gray) and its NCA fit (black), b) NCA-predicted NRVS spectral changes upon addition of

a carboxylate bridge (from black to gray),

c) NCA-predicted NRVS spectral changes upon variation of 6 from 179° (solid gray) to 164° (dotted

gray) to 146°(dashed gray) and to 111° (black), and d) NCA-predicted NRVS spectral changes upon variation of ¢ from 4° (black) to 68° (gray).

the addition of a carboxylate bridge or with a decrease in the
planarity of the core (0). Finally, for region (5), v{(Fe-pO)
increases with a decrease in 0, while v{(Fe—pO,) increases as ¢
increases.

These results can now be extended to predict the NRVS
spectrum of P based on its structure suggested by the prior
Abs/rR study.! Tts DFT-optimized structure was obtained by
adding O, in a p-1,2 end-on fashion to the biferrous structure
that had been DFT-optimized from the crystal structure of
E. coli biferrous RR'" with o-carbon constraints, second-
sphere residues, and one five-coordinate Fe, as calibrated by
magnetic circular dichroism spectroscopy.!'!! This P structure
has two carboxylates bridging two high-spin AFC Fe™ atoms
with 6s of 111° and 109° relative to the {Fe,(nO,)} plane,
which has a ¢ of 44° (Figure 6, inset). Its DFT-predicted
NRVS spectrum displays three prominent features that are
well-separated in energy (=170, ~260, and =340 cm™).
These features predicted for P correspond to regions (1)-(3)
in 1, but are at higher energy. Region (4) of P is predicted to
be lower in energy than that of 1, while the v(Fe—pO,) of P is
at a similar energy to that of 1, as observed in the rR studies.”!
These spectral perturbations for P relative to 1 reflect the
above spectral/structural correlations. The higher energy of
region (1) calculated for P relative to 1 can be attributed to its
shorter and thus stronger Fe—carboxylate terminal bonds. The
higher energy of region (2) combined with the down-shift in
energy of region (4) calculated for P are consistent with the
increase of ¢ from 3.5° (1) to 44° (P). Finally, the up-shift in
energy of region (3) calculated for P relative to 1 reflects the
replacement of the uUOH bridge of 1 by a carboxylate bridge in
P, which decreases the planarity 6 from 179° (1) to 111° (P).
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Figure 6. DFT-predicted NRVS spectra of a) 1 and b) P. c) DFT-opti-
mized, first-sphere structure of P.

These correlations between NRVS spectral and geometric
structural variations found in this study of high-spin peroxo—
Fe™, complexes can now be used as a basis for extracting
structural information on peroxo intermediates in enzymes.
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In particular, it will be important to evaluate the accuracy of
the rR-predicted structure of P in W48F/D84E RR and to
extend this correlation to other peroxo intermediates, includ-
ing W48A/Y122F RR, which is the intermediate P’ activated
for reduction to form X and for which rR has proved to be
impossible.['?

Experimental Section

Samples were prepared as previously described.” NRVS spectra were
collected at BLO9XU, SPring-8, and processed using the PHOENIX
program.'¥) DFT and NCA calculations were performed using the
Gaussian ‘09 package and the Vibratz 2.3 package, respectively (see
the Supporting Information).
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