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The use of oxygen and nitrate as terminal electron acceptors provides organisms with a huge
amount of available energy but necessitates methods to detoxify reactive intermediates.
The mechanisms of NO and O, detoxification in many organisms involve flavodiiron
proteins (FDDPs). Although the proteinaceous ligands that coordinate the diiron active site
of these enzymes are well established, its exact coordination environment remains under
debate due to conflicting interpretations of crystallographic and spectroscopic/theoretical
studies. Using >’ Fe nuclear resonance vibrational spectroscopy (NRVS), complemented
by Méssbauer spectroscopy and density functional theory, we elucidated the redox-linked
structural changes in the FDP from Escherichia coli. The as-isolated diferric state is best
described as a dihydroxo-bridged Fe(III)-(LOH"),~Fe(III) core, which upon reduction
converts to a monohydroxo Fe(II)-(pOH")—Fe(II) center through the loss of one bridging
ligand. This ligand rearrangement defines the structural basis for redox-linked reactivity
in FDDPs. The study further demonstrates that photoreduction of a stable metalloprotein
species can occur under NRVS conditions, indicating that synchrotron-based vibrational
measurements may induce subtle redox changes even under low photon flux. These find-
ings provide a mechanistic framework for interpreting redox-linked ligand dynamics in
diiron enzymes and highlight the need to collect damage-free X-ray crystal structures
avoiding potential beam-induced reduction. Furthermore, diiron active sites are found
in numerous other enzyme classes (e.g., methane monooxygenase), and therefore, our
findings have implications way beyond the FDPs.

diiron enzymes | NO reduction | reaction mechanism | DFT | NRVS

Nitric oxide (NO) inhibits multiple cellular processes including aerobic respiration and
energy metabolism (1). Therefore, NO is produced in response to pathogens by the human
innate immune system. To mitigate this threat, microbes utilize dedicated enzymes to
detoxify NO. Among these are the flavodiiron proteins (FDPs), which reduce it to innoc-
uous nitrous oxide (N,O) with water as sole side product (2, 3). FDPs have a minimal
core constituted by a metallo-p-lactamase-like domain, containing the catalytic diiron
center, and a flavodoxin-like domain with a flavin mononucleotide (FMN). FDP from
Escherichia coli (EcFDP) contains an extra rubredoxin-like domain located at its C-terminus,
which acts as the electron entry point (3, 4), and therefore is also designated as flavoru-
bredoxin. Although some FDPs are able to reduce both dioxygen (O,) and NO to H,O
and N,O, respectively, most of them cannot accomplish the two reactions at the same
rate, thereby showing preference for one substrate, usually O, (5). EcEDP is the only
known FDP enzyme with a clear bias toward NO, exhibiting a rate ca. 10 times higher
for NO reduction than for O, reduction (3). Electrons for this reaction are supplied by
NADH via an NADH:flavorubredoxin oxidoreductase (5, 6).

Several X-ray structures of FDPs have been reported, which indicated [with the excep-
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Flavodiiron proteins (FDPs)
protect cells from nitric oxide
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diiron active site. Despite
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spectroscopic studies, the
detailed structure and redox
behavior of this site remained
unresolved. Using advanced
vibrational spectroscopy and
quantum chemical calculations,
we reveal how the diiron center
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tion of Desulfovibrio gigas FDP (7)] that the active site in the diferric state is coordinated
by four histidines, two aspartates, one glutamate, and a nonproteinaceous bridging
(u-)hydroxo ligand (Fig. 1) (8-10). With two histidines and a monodentate glutamate/
aspartate at each Fe ion and one bridging aspartate (Asp166 in £cFDP), the metal-ligand
core bears an approximate reflection symmetry (Fig. 1). Similar diiron centers, but with
distinct coordinating ligands and in a distinct protein scaffold, are found, for example, in
the soluble methane monooxygenase (sMMO), whose active site structure is also highly
debated (11-13), A9-desaturase, R2 ribonucleotide reductase (RNR), (bacterio)ferritin,
toluene monooxygenase, hemerythrin, and rubrerythrin (14).

Among the most studied FDP enzymes, we find the O,-biased protein from Zhermotoga
maritima (ImFDP), whose precise diiron site coordination and catalytic mechanism have
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Fig. 1. The active site of E. coli FDP as revealed by X-ray crystallography. (A)
Structure of the as-isolated (oxidized) form (PDB 4D02, 1.75 A resolution)
(8). (B) Structure of the sodium dithionite-reduced FDP (PDB 5LLD, 2.65 A
resolution) (8). Orange spheres represent iron ions, while the protein residues
are shown with a stick representation. The structure in A shows a u-hydroxo
(uOH") ligand bridging the two iron sites, while the structure in B contains an

0, molecule in vicinity of the diiron center (8). A phosphate ion cocrystallized
in the as-isolated enzyme structure (S/ Appendix, Fig. S5) was omitted for clarity.

H22

been the subject of extensive debate (15, 16). X-ray crystallo-
graphic data are limited for this FDP (see PDB entry 1VME),
however, EPR, Méssbauer spectroscopy, and computational stud-
ies have suggested that the diferric state likely adopts a
dihydroxo-bridged core, while the diferrous state features a mono-
hydroxo bridge. NO reduction is proposed to proceed with the
bridging hydroxo retained throughout the catalytic cycle, with
NO binding exclusively to the diferrous site (17-19). In particular,
a computational study by Blomberg ez a/. suggested that NO binds
directly to the diferrous center, which retains a bridging hydroxo,
following dissociation of a water molecule (17). In contrast, a
recent MCD (magnetic circular dichroism) study from the
Solomon group challenges the presence of a hydroxo bridge
between the irons in 7mFDD, highlighting persistent uncertainties
regarding the diiron coordination and redox-linked ligand arrange-
ments (20).

The active site of EcFDP exhibits unusual features: In the difer-
rous state, the X-ray structure appears to be devoid of bridging
hydroxo ligands, while the as isolated state contains a single hydroxo
ligand, in contrast to other FDP structures such as that from
Moorella thermoacetica (8), where the reduced and oxidized struc-
tures both contain a single hydroxo ligand. Instead, for £cFDDP, an
O, molecule was modeled in the diferrous state with a reported
Fe---O distance of ~2.6 A, far longer than typical Fe-O bond
lengths (8). Given the relatively low resolution (~2.7 A) of the
diferrous structure and the potential for photodamage during X-ray
data collection, it is plausible that the bridging hydroxo escaped
detection. To directly probe the ECFDP active site in both the dif-
erric and diferrous states, we employed *"Fe nuclear resonance vibra-
tional spectroscopy (NRVS) in combination with density functional
theory (DFT) and Méssbauer spectroscopy. NRVS, a synchrotron-
based technique, selectlvely observes vibrational modes of Mdssbauer-
active nuclei such as *'Fe (21, 22), and has previously provided
detailed structural information on diverse Fe-containing enzymes
including hydrogenases (23-25), nitrogenases (26, 27), heme
enzymes (28), and nonheme enzymes such as MMOs and dioxy-
genases (12, 29). Here, we report the vibrational fingerprint of the
EcFDP diiron center in both oxidized and reduced states, directly
observing different bridging hydroxo species in each redox form. In
addition, prolonged NRVS measurements revealed beam-induced
modifications at the diiron site, highlighting photoreduction events
that must be considered when analyzing both NRVS and X-ray
data. Importantly, this study provides direct and internally consist-
ent characterization of the FDP diiron active site, integrating struc-
tural, spectroscopic, and computational evidence on the same
analogue. This unified approach resolves previous ambiguities
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regarding the coordination environment and redox-linked ligand
rearrangements (20, 30), definitively establishing the presence and
role of bridging hydroxo species in both oxidation states.

Results and Discussion

To exclude spectroscopic contributions from the iron of the rubre-
doxin domain of EcFDD, a truncated form lacking the C-terminus,
i.e., having only the two core domains (1 to 400 residues) was
used, hereafter referred to as FDP-D. Characterized by comparable
spectroscopic and biochemical properties to natlve EL‘FDP (6),
FDP-D was isolated from a medium enriched with *’Fe. Further
details on the sample preparation are described in the Mazerials
and Methods section.

Oxidized FDP-D (FDP-Dgy). The redox state of as-isolated FDP-D
was substantiated by zero-field Méssbauer spectroscopy. The
Massbauer spectrum of FDP-Dy at 13 K (S Appendix, Figs. S1
and S2) is similar to that reported for 7mFDP in the oxidized
state (16, 30). The isomer shifts of 8 = 0.50 and 0.49 mm/s and
quadrupole splittings of AEq = 0.71 and 1.00 mm/s (S Appendix,
Tables S1 and S2) of FDP Dox indicate that both unequal iron
centers are high-spin Fe’* in the oxidized as-isolated state. The lack
of hyperfine splitting (at zero magnetic field) at this temperature is
consistent with an antiferromagnetic coupling of the two Fe spin
centers in the presence of at least one bridging ligand as suggested
for other FDPs (30).

To examine the coordination of the FDP-D active site irons,
vibrational spectroscopy was employed. Initial resonance Raman
(RR) spectroscopic experiments on FDP-Dy lacked resonance-
enhanced metal-ligand vibrations (31, 32) and produced only
signals inherent to the protein-bound FMN prosthetic group
(SI Appendix, Fig. S3).

FDP-Doy: NRVS and DFT. In contrast to the selection rule
limitations of RR spectroscopy (33), ”Fe-NRVS detects exclusively
contributions from >'Fe nuclei motion to vibrational modes,
thus havmﬁ high specificity and sensitivity to iron cofactors (25,
34). The ' Fe partial vibrational density of states ( Fe-PVDOS)
afforded by NRVS provides a strong handle to validate DFT-
calculated geometric and electronic structures of Fe-containing
metallocofactors (25, 34, 35). NRVS data on FDP-Dy showed
significant changes during its collection time (up to ca. 20 h,
SI Appendix, Fig. S44). Mossbauer data revealed that a prolonged
exposure of FDP-Dy to the 14.4 keV radiation during NRVS
measurements resulted in a partial photoreduction of the diiron
center (see below). Thus, only the first 4 h of NRVS data of
four different samples were used for the representative analysis
(Fig. 2A). The averaged NRVS spectrum of FDP-Dy displays
three major intensity bands at 206, 239, and 269 cm™ Broader
features of decreasing intensity are observed in the 300 to 600 cm™
region. Previous NRVS and DFT studies on a series of high-spin
Fe(IIT)Fe(II) synthetic compounds showed that largely Fe—~O/N
core vibrational modes contributed to the spectral region between
200 and 300 cm™', while Fe—O stretches of monooxo, peroxo,
and dioxo/ hydroxo brldgmg ligands were identified between 350
and 600 cm™ (36). Remarkably, major NRVS bands of FDP-
Dy resemble those recorded for di-oxo/hydroxo compounds [see
figure 3 in Park et al. (36)].

Various DFT models of the EcFDP active site were compu-
tationally explored. All the models contained invariantly the
seven side chains coordinating the two Fe ions as described in
the Materials and Methods section. The structural alternatives
involved modifications of the bridging oxygenous ligands, their
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Fig. 2. 5’Fe-PVDOS spectra of FDP-D in its (A) oxidized and (B) reduced states from NRVS experiments (thick gray traces) and DFT calculations (red and blue
traces, respectively) using models schematically shown in Fig. 3. Principal Fe-ligand vibrational characters contributing to the spectra are shown on the Top.
FDP-D sample for the NRVS spectrum in (B) was reduced with sodium dithionite; NRVS spectra of NADH-reduced FDP-D samples are shown in S/ Appendix, Fig. S4
and Fig. 4. Stick-style spectra indicate DFT-calculated normal mode positions and their *’Fe-PVDOS intensities, see alternatively S/ Appendix, Fig. S22. Selected
Fe-uOH™ normal modes are marked with dots and depicted using green arrows. These and other normal mode animations are available as part of the Data and
Materials. (37) Full-size DFT models are shown in S/ Appendix, Figs. S6 and S7. Dashed thin traces display spectra from DFT models with interchanged number of
Fe-bridging hydroxo ligands, see alternatively S/ Appendix, Fig. S15. NRVS spectra including error bars are shown in S/ Appendix, Figs. S4A and S28.

number, and protonation level, including primarily bridging
hydroxo OH™ species. Following the X-ray structural data
(81 Appendix, Fig. S5) (8, 9), weak coordination of either H,O
or O, molecules to the EcFDP active site pocket has been further
addressed. Possible effects from either the phosphate anion coor-
dination or the vacant bridging site, as resolved in the active sites
of as-isolated (oxidized) (PDB 4D02) or dithionite reduced
(PDB 5LLD) EcFDP (8), were also investigated. The calculations
additionally considered alternatives in the electronic structure
and modeling aspects of the protein strain. All these systems are
described in ST Appendix, Supplementary DFT Results (SI-DFT)
and listed in SI Appendix, Table S4, with their structures and
calculated *"Fe-PVDOS spectra displayed correspondingly in
SI Appendix, Figs. S6-S21.

PNAS 2026 Vol.123 No.2 2512429123

The best correspondence between the experimental and calcu-
lated *’Fe-PVDOS signatures (Fig. 24 and SI Appendix, Fig. S22B)
for the FDP-D 5y state was produced by a configuration described
as Fe(II)-(uOH"),~Fe(Ill), as suggested previously for the
O,-biased TmFDP (30). This model retains pseudoreflection sym-
metry of the metal-ligand core (Figs. 2 and 3 and S/ Appendix,
Figs. S6 and S7), where the mirror plane passes between the two
hexacoordinated Fe(IIl) ions, and encompasses two pHOH ligands.
DFT optimization further suggests an arrangement of the £cFDP
active site where the four iron-imidazole Fe(III)-N(His) bonds are
coplanar with the diiron-dihydroxo core (Fig. 3). The Fe(IIl)-
(uOH"),~Fe(IlI) model matches the observed pattern of FDP-D o
bands in the ~200 to 300 cm™ re%ion, including the global NRVS/
DFT maximum at 269/268 cm™ . These bands represent Fe—His/
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Fig. 3. Proposed metal-ligand arrangements of the diiron core of EcFDP in
the two oxidation states (A) FDP-Dyy and (B) FDP-Dggp; approximately coplanar
ligands are shown correspondingly in red and blue. The active site topology
is based on the NRVS-representative DFT models Fe(lll)-(uOH"),-Fe(lll) and
Fe(l1)-(uOH")-Fe(ll).

Asp/Glu stretches and bends, involving the entire imidazole and
carboxylate groups. The DFT model further disclosed a number of
mixed Fe—-uOH/O(Asp,Glu) vibrations in the ~300 to 400 cm™!
region, all contributing to the Fe-PVDOS. At higher energies, a
matching NRVS/DFT band at 452/453 cm™ ! revealed the under-
lying normal mode of mostly symmetric Fe—-uOH™ (or in-plane, as
defined above) stretching character, where the two HOH™ ligands
displace in-phase (Fig. 2 A, Righz). The antisymmetric Fe-uOH™
(out-of-plane) modes of FDP-Dy are predlcted at lower energies,
421 (in-phase) and 354 (out-of-phase) cm™, where they couple
with the Fe-O(Asp,Glu)/N(His) v1brat10ns gaining higher
*"Fe-PVDOS intensities relatively to the isolated Fe-uOH™ motions.
Unlike other spectral regions influenced by the protein environment
and secondary vibrations, the Fe~OH stretching modes are well
isolated and exhibit strong Fe-motion character, making them reli-
able markers for identifying the Fe(III)-(uOH"),—Fe(III) structure.
Furthermore, mixed Fe—pO H bending modes were calculated in
the ~600 to 800 cm™ spectral region with their *7Fe-PVDOS inten-
sities nearly at (or even below) the experimental noise level
(SI Appendix, Flg S22B). The mode characters listed above can be
traced in the ’ Fe—pOH /O(Asp,Glu)/N(His) kinetic energy dis-
tribution (KED) profiles shown in S/ Appendix, Fig. S23, as well as
in the DFT-based normal mode animations provided as part of the
Data and Materlals (37). Overall, both the experiment and theory
produced *Fe- PVDOS intensity profiles gradually decline up to
~500 to 600 cm ™.

In line with a known enhanced sensitivity of NRVS features at
higher energies (38-40), the bands predicted above 400 cm™!
displayed some variability depending on the finer details of the
computational models. In particular, the inclusion of a weakly
bound water molecule [SI-DFT (g), S/ Appendix, Fig. S13] or
modifications to the amino acid restraint scheme using a rigid
(“[R]”) protein backbone [SI-DFT (b), SI Appendix, Fig. S14]
produced band shifts of up to ~50 cm™ (SI Appendix, Figs. S20
and S21). Both cases illustrate enzyme—environment interactions
that may not be fully captured by the models. Moreover, experi-
mental factors such as cryogenic heterogeneities [e.g., local pH
shifts (41), transient photoreduction, or temperature-dependent
structural alterations (40, 42, 43)] could also contribute to dis-
crepancies between experimental and calculated *"Fe-PVDOS
features, particularly in the low-energy region. Focusing on the
Fe—OH stretching bands thus provides the most robust and inter-
pretable correlation between vibrational signatures and the struc-
tural rearrangements occurring at the diiron site.

Reduced FDP-D (FDP-Dggp). FDP-D was reduced anaerobically with
a sodium dithionite solution (87 Appendix) and the redox change
was confirmed by zero field Méssbauer spectroscopy. The Massbauer

spectrum of FDP-Dygp (ST Appendix, Figs. S1, S24, and S25) is
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similar to that previously reported for reduced 7mFDP (30). The
isomer shifts of & = 1.18 and 1.20 mm/s together with quadrupole
splittings of AE(, = 2.14 and 2.46 mm/s (I Appendix, Table S1)
indicate that both unequal iron species are high-spin Fe(II),
confirming reduction of the active site. These two species presumably
reflect pentacoordinated iron centers with a vacant coordination
site for the NO binding (19, 30), and this agrees with the large
values of AE, which reflects an anisotropic electric field gradient.
Furthermore, the Massbauer spectrum also shows a third minor
feature (12%) characterized by higher isomer shift and quadrupole
splitting parameters, tentatively attributed to a hexacoordinated
Fe(II) species, originating either from changes in the amino acid(s)
coordination or aqueous Fe(II) (44).

FDP-Dgep: NRVS and DFT. The NRVS spectrum of FDP-Dygpy
is shown in Fig. 2B and SI Appendix, Fig. S22A. The sodium
dlthlonlte reduction produces a shift of the intense bands below
350 cm™' to lower energies, consistent with the diiron center
reduction, which results in longer metal-ligand bond lengths
(34). The FDP-Dgyp, spectrum shows intense features at 164
225, and 245 cm™ . At higher energies, a broad 400 to 450 cm™
feature centered at 419 cm™' is observed, as well as a distinct
band at 581 cm™'. Notably, the 400 to 450 cm™ feature appears
better resolved in a sample reduced in the presence of E. coli
NADH:flavorubredoxin oxidoreductase, E. coli FDP-rubredoxin
domain and NADH as the primary reductant (from now on
designated as NADH-reduced for simplification) (SI Appendix,
Fig. $4B).

For the diferrous center of FDP-Dygp, various Fe(II)Fe(II)
DFT models were examined including none, one, or two bridging
OH’ ligands, along with other alternatives [SI-DFT (a-4)]. For
example, the model Fe(II)~(uOH"),~Fe(Il) with two hydroxo
ligands (SI Appendix, Fig. S8) lacks the distinct 581 cm™ ! band
observed in FDP- DRED, contains too high intensity bands in the
~300 to 400 cm™ reglon and shows that the global maximum
shifted to 160 cm™ (Flg 2B and SI Appendix, Fig. S15A). The
best fit between the NRVS-observed and DFT-calculated
’Fe-PVDOS signatures (Fig. 2B and ST Appendix, Fig. S22A) was
observed using a model with a single hydroxo bridge. This result
contrasts with the X-ray structure of the reduced £cFDP (PDB
5LLD), where no hydroxo bridge was observed (8). The
redox-dependent release of one hydroxo ligand [plausibly via pro-
tonation forming a water molecule (45)] leads to structural trans-
formations (Fig. 2 and SI Appendix, Figs. S6 and S7) where the
four iron-carboxylate Fe(II)-~O(Asp, Glu) bonds become approx-
imately coplanar with the reduced Fe(II)-(UOH")-Fe(Il) core
(Fig. 3).

In the high-intensity region below 300 cm™, three prominent
and matching bands in the FDP-Dyggp NRVS/DFT spectra are
those at 245/255, 225/220 (global maximum), and 164/161 cm ™.
Similar to FDP-Dy (see above), these intensities represent Fe—
His/Asp/Glu stretches and bends, however in FDP-Dygp, they
manifest in sharper and consolidated peaks, and a well-defined
cutoff of the hlgh intensity region at ~300 cm ™.

In brief, major structural changes in the reduced EcFDP active
site comprise an elongation of the Fe---Fe distance to 3.53 A, as
compared to the compressed Fe:--Fe = 3.06 A distance in the
dihydroxo-bridged Fe(III)~(uOH"),~Fe(III) center, in agreement
with what might be expected based on charge and bonding con-
siderations. Among the £cFDP protein ligands, the four carbox-
ylates move ~0.1 to 0.2 A further away from the metal sites upon
reduction, thereby redistributing the Fe~O(Asp/Glu) vibrations
to predominantly lower frequencies. The Fe-imidazolate distances,
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in contrast, remain essentially unaffected upon reduction of the
diiron core, exhibiting the corresPonding Fe—N(His) vibrational
pattern within ~100 to 400 cm™ . This reflects the difference in
bonding between carboxylates and imidazoles with metals where
the former are highly ionic and the latter show a high degree of
covalency.

In the region above 300 cm™', the matching NRVS/DFT
7Fe-PVDOS features of FDP-Dyy, are at i) ~400 to 440/420 to
450 (with maxima at 419/434) and ii) 581/574 cm™". DFT ration-
alizes these bands as i) symmetric and ii) antisymmetric Fe-uOH™
stretching vibrations (Fig. 2B), respectively. These *’Fe-PVDOS
features i) and ii) are produced by several normal modes each due
to the vibrational coupling between HOH™ and carboxylates from
the Fe, bound Asp83 (denoted proximal, “Fe;”, as the iron is
closer to the FMN) and the bridging Asp166. These couplings
have i) Fe~O(Asp) stretching and ii) Fe~O—C(Asp) bending char-
acter. 'The vibrational energy order of modes type i) and ii) is
opposite in FDP-D gy and FDP-Dygp, but in both states the type
i) symmetric Fe-pyOH™ normal modes produce higher individual
*"Fe-PVDOS intensities (S/ Appendix, Fig. §22). The close corre-
spondence between the experimental and computed Fe—pOH™
bands thus strongly supports the presence of a single bridging
hydroxo ligand in the reduced Fe(II)-Fe(II) core.

An important structural element, present in both the FDP-D
redox states, is a hydrogen bond between the bridging hydroxo
(donor) and carboxylate oxygen of Asp83 (acceptor), Figs. 2 and
3. The characteristic pO(H)---O(Asp) distance at ~2.5 to 2.8 A,
typically found in FDP crystal structures (8-10), is in good agree-
ment with the DFT-optimized distance of ~2.7 to 2.8 A. A local
minimum model avoiding the yOH---O(Asp83) hydrogen bond
was found unfavorable by 10 kcal/mol (S7 Appendix, Fig. S9) and
produced an inferior match to the FDP-Dggp NRVS data
[SI-DFT (6) and SI Appendix, Fig. S16A].

Méossbauer and NRVS Data Highlight Photoreduction of FDP-D
Samples. Mossbauer spectra recorded on FDP-Dyy after 20 h of
NRVS data collection revealed two additional iron species with a
total of 12% contribution (87 Appendix, Fig. S26 and Table S3).
The fitted isomer shifts (8 = 1.28 and 1.24 mm/s) and quadrupole
splittings (AEq = 2.03 and 2.70 mm/s) correspond to high-spin
Fe(II) species, which suggest partial photoreduction of the diiron
site by the incident 14.4 keV y-rays (see below) during NRVS
measurements. Three additional FDP-D 5y samples from the same
protein batch were investigated by NRVS for 4, 6, and 10 h data
collection intervals, respectively, and their Mdssbauer spectra were
subsequently recorded (S/ Appendix, Fig. S27). No changes were
observed in the spectra within the first 4 h of the NRVS data
collection, while Mossbauer data recorded on samples after 10 h of
beam exposure highlighted spectral changes attributed to high-spin
Fe(II) species. These species reached an intensity of approximately
6% after 10 h of synchrotron data collection, increasing to
12% after ca 20 h of data collection (S Appendix, Table S3 and
Supplementary Results and Discussion). Prolonged beam exposure
causes significant changes in the NRVS spectrum of FDP-Dy
(SI Appendix, Fig. S4A, top spectrum). In fact, comparing the
experimental data in the first and last 4 h of data acquisition,
we noticed alterations of both the high- and low-energy spectral
regions. In particular, the likely partially photoreduced FDP-D 5y
sample (SI Appendix, Fig. S44, 17 to 20 h) does not exhibit the
clear absorptions of the representative FDP-Dyy spectrum at 352,
402, and 452 cm™ all having significant Fe-uOH vibrational
character (Fig. 24 and S Appendix, Fig. S44, 1 to 4 h), thereby
suggesting photoreduction events and/or partial removal of one

OH" bridging ligand.
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Fig. 4. NRVS characterization of reduced FDP-D. The diiron site was reduced
using either its physiological electron transfer partner, NADH:flavorubredoxin
oxidoreductase and the EcFDP isolated rubredoxin domain (*°Fe, 130 uM) or
sodium dithionite. Spectra of NADH-reduced FDP-D were calculated averaging
the first 8 h and last 8 h of data collection. Dithionite-reduced FDP-D does
not exhibit changes upon prolonged NRVS data collection and is used as
a reference to highlight spectral changes in NADH-reduced sample. Major
bands are labeled with the corresponding wavenumbers. Color code: DFT data,
black; Sodium dithionite reduced FDP-D, brown; NADH-reduced (first 8 h),
red; NADH-reduced (last 8 h), blue.

Surprisingly, we also noticed spectral changes in the NRVS
spectrum of a NADH-reduced FDP-D sample (Fig. 4, red vs. blue
trace). Indeed, comparing the first and the last 8 h of data acqui-
sition, we observed a net increase of the 579 cm™' band, which
we assigned to the antisymmetric Fe-uOH" stretching vibration
of the Fe(Il)~(uOH")-Fe(Il) core (Figs. 2B and 4). Likely, the
NADH- reduction did not result in a completely reduced diiron
site, as shown before for 7mFDP, which required overnight incu-
bation to become fully reduced (16, 46), and the prolonged expo-
sure of the sample to the 14.41 keV radiation increased the
population of the reduced diiron center (Fig. 4, blue trace). The
overall spectrum of beam-exposed NADH-reduced FDP-D shows
good agreement with the DFT-computed data of FDP-Dygp,
(81 Appendix, Fig. S4B), further supporting the Fe(III)~(uOH"),~
Fe(IlI) — Fe(II)~(uOH")-Fe(Il) transition and reinforcing its
mechanistic significance. Some spectral features in the 350 to 500
cm™' energy region show even better correspondence than the
sodium dithionite-reduced spectrum, which might indicate pos-
sible FDP-Dygpy alterations by the (nonphysiological) reducing
agent (e.g., shifts of NRVS bands associated with protonation/
deprotonation events involving protein residues in proximity to
the diiron core). It is worth emphasizing that sodium dithionite
has been recently shown to be a noninnocent reducing agent when
employed to reduce metalloproteins such as hydrogenases (47).
Furthermore, no detectable spectral changes have been observed
during prolonged data collection on the dithionite-treated
FDP-Dyyp sample, reflecting the retention of a reduced Fe(II)—
(uOH")—Fe(II) core. Although synchrotron-induced photoreduc-
tion of metal centers has been reported in a few cases (12, 48, 52,
53), to the best of our knowledge, prior NRVS observations were
limited to highly reactive Fe(IV) = O species in MMO (12), which
exist only briefly and rapidly convert into more stable forms. This
study, in contrast, provides direct observation of photoreduction
in a stable metalloprotein by NRVS. Due to the relatively high
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energy of the NRVS X-rays (14.41 keV) but low incident flux
(10>-10" photons s mm™), it was previously postulated that
NRVS would not induce noticeable sample damage or alterations
over 10 to 20 h accumulation periods.

In conclusion, a comprehensive vibrational characterization of
the FDP from E. coli addressed its detailed active site composition,
geometry, and redox-dependent active site changes. NRVS and
DFT identified bands arising from Fe—pnOH" stretching coordi-
nates revealing two bridging hydroxo ligands in the oxidized dif-
erric form of FDP and one bridging hydroxo ligand in the reduced
diferrous state (Fig. 3). Other forms of the diiron core coordina-
tion explored computationally have been shown to provide an
inferior match to the experimental data. These findings shed light
on a discrepancy between the diiron coordination found in the
available crystallographic data (8), both in the oxidized and
reduced forms, as compared with the spectroscopic and compu-
tational information gained in this investigation. Accordingly, we
speculate that the higher incident fluxes of the X-ray diffraction
experiments might have induced photoreduction events resulting
in the loss of one hydroxo ligand in the oxidized EcFDP crystal-
lographic structure. We also identified photoreduction of the FDP
samples upon prolonged NRVS data collection, which highlights
the need of careful evaluation of data obtained using synchrotron
radiation. This latter aspect has so far been neglected in the NRVS
characterization of Fe-containing metalloproteins.

The proposed structural arrangements for £cFDP have been
also drawn for the O,-biased FDP from T. maritima, highlighting
conserved redox-dependent changes in the two enzymes (19, 30)
where a di-p-hydroxo diferric site (in the as-isolated enzyme) is
reduced to a mono-p-hydroxo diferrous center. These results yield a
clear mechanistic framework for FDPs, explaining prior structural
discrepancies and offering broader implications for interpreting met-
alloenzyme structures obtained under synchrotron irradiation.

Materials and Methods

sample Preparation. The enzyme construct, FDP-D (residues 1 to 400 of the
norV/ gene product, lacking the rubredoxin domain), was produced as previously
described (6). To obtain *’Fe enriched samples, the growth medium was supple-
mented with 0.1 mM *’FeCl, both atthe beginning of the growth and at the time
of induction. The cells were disrupted by 3 cycles in a French press at 16,000 psi
(Thermo) in the presence of DNAse (Applichem) and the crude extract was clarified
by low-speed centrifugation at 25,000 g for 25 min and at 138,000 g for 1 hand
30 minand at4°Cto remove cell debris and the membrane fraction, respectively.
The supernatant was dialyzed overnight at 4 °C against 20 mM Tris-HCl, pH 7.5
containing 18% glycerol (buffer A). The soluble extract was then loaded onto a
Q-Sepharose Fast-Flow column (50 mL, GE Healthcare) previously equilibrated
with buffer A. FDP-D was eluted with a linear gradient from buffer Ato 20 mM
Tris-HCI, pH 7.5 containing 18% glycerol and 500 mM NaCl. The eluted fractions
were analyzed by 15% SDS-PAGE and UV-visible spectroscopy. Fractions contain-
ing pure protein were pooled and concentrated. FDP-D sample was quantified
and the iron and flavin content was evaluated as previously described (54). The
determined Fe/flavin/protein ratio was 2 (+0.2)/0.8 (+0.2)/1. Chemical reduction
of FDP-D samples used for NRVS, resonance Raman, and Mdsshauer spectroscopy
measurements was performed anaerobically, inside a glovebox, by addition of a
buffered sodium dithionite solution or with 5 mM NADH together with its phys-
iological electron transfer partner, NADH:flavorubredoxin oxidoreductase and
the EcFDP isolated rubredoxin domain (**Fe, 130 uM) (54). Both as prepared
and reduced FDP-D samples were 2 mM in protein concentration. The rubredoxin
domain of £. coli flavorubredoxin and the E. coli NADH:flavorubredoxin oxidore-
ductase were produced and purified as previously described (6).

Méssbauer Spectroscopy. Zero-field Mdsshauer spectra were recorded on a

SEECO MS6 spectrometer that comprises the following instruments: a JANIS CCS-
850 cryostat, including a CTI-CRYOGENICS closed cycle 10 K refrigerator, and a

https://doi.org/10.1073/pnas.2512429123

CTI-CRYOGENICS 8200 helium compressor.The cold head and sample mountare
equipped with calibrated DT-670-Cu-1.4Lsilicon diode temperature probes and
heaters. The temperature was controlled by a LAKESHORE 335 temperature con-
troller. Spectra were recorded using an LND-45431 Kr gas proportional counter
with beryllium window connected to the SEECO W204 y-ray spectrometer that
includes a high voltage supply, a 10 bit and 5 us ADC and two single channel
analyzers. Motor control and recording of spectra was taken care of by the W304
resonant y-ray spectrometer. For the reported spectra a RITVERC MCO7.114
source (*’Co in Rh matrix) with an activity of about 1 GBq was used. All spectra
were recorded as frozen solutions at 13 K and data were accumulated for about
24 h. Mossbauer data were processed and fitted using the WMOSS4 program
(www.wmoss.org). Isomeric shifts are referenced to a-iron at room temperature.

NRVS. NRVS measurements were performed at SPring-8 BL19LXU and at Petra
11 P01 (DESY, Germany) with a 0.8-1 meV energy resolution at 14.4125 keV as
described previously (25).A2 x 2 elements avalanche photodiode detector array
was used to detect delayed nuclear fluorescence and K fluorescence by *’Fe atoms.
All measurements were performed ata 10 to 12 K reading of the cryostat sensor.
The real sample temperature, as obtained from the spectral analysis, was 30 to
80 K.The energy scales were calibrated with a[NEt,][*’FeCl,] sample.To enhance
the S/N ratio in the Fe-(OH)x-Fe range of the spectra, sectional measurements
of these regions were performed. While for the continuous scans the acquisition
time for every pointwas 5 s, in the sectional scans the acquisition time for every
data point was dependent on the region of interest, specifically 20/8/2 s for 400
t0 800/300 to 400/-80 to 300 cm™". For FDP-Dy, the first 4 h of measurements
on fourindependent samples were used for collection of averaged data. The raw
NRVS data were analyzed with the PHOENIX software package via the “NRVS
Spectra Processing Tool" web interface (https://www.spectra.tools/) to obtain the
iron partial vibrational density of states (*'Fe-PVDOS) (55-57).

Resonance Raman Spectroscopy. A LabRam HR-800 Jobin Yvon confocal
Raman spectrometer coupled to a liquid-N,-cooled charge-coupled device (CCD)
was applied to accumulate resonance Raman spectra of pure FMN (2 mM and 50
mM potassium iodide pH 7.5 in deuterated Tris-HCI 50 mM buffer) and FDP-D
samples (pH 7.5 in deuterated Tris-HCl 50 mM buffer). The 458 nm or 514 nm
emission lines of an Ar” ion laser beam at a power of 1-2 mW was focused on
a2 to 4 um spot on the surface of the sample drop to induce Raman scattering.
The temperature was set to 80 K using a liquid-N,-cooled cryostage (Linkam
Scientific instruments). Toluene was used as an external standard for frequency
calibration of each spectrum. Experimental data were analyzed and processed
using the Bruker OPUS software version 6.5 or higher.

DFT Calculations. E. coli FDP active site topology employed in the present DFT
modeling was based on the crystal structure of Moorella (M.) thermoacetica FDP in
its reduced and subsequently NO-reacted state, which corresponds to an oxidized
state (PDB 1YCH) (9). This structure shows a bridging monooxo coordination in
the active site. This selection of the X-ray reference based on a protein different
from E. coli FDP is justified by i) the absence of a cocrystallized species resolved
inthe active site of M. thermoacetica FDP, and ii) otherwise very similar active site
arrangements in the two enzymes as shown in S/ Appendix, Fig. S5. Upon adding
protons, the extracted M. thermoacetica FDP active site coordinates were conven-
iently used as a starting structure for the representative FDP-Dyg, state optimiza-
tion. The model system involved only the protein side chains binding the Fe sites,
terminating at C, carbons, and saturating them with protons to methyl groups
as shown in S/ Appendix, Fig. S7. At this modeling level, no conflicts are present
between the aligned amino acid residues of £. coli and M. thermoacetica FDPs.
The amino acids entering the model are H79(81), E81(83), D83(85), H84(86),
H147(148), D166(167), and H227(228), where the protein sequence numbers
are for £. coli and M. thermoacetica FDPs, respectively. All the seven C, terminal
carbon nuclei appearing in the above-described model were locked to their
original positions in the X-ray crystallographic structures during structural opti-
mizations (58) and treated as frozen during normal mode analyses. Additionally,
an alternative scheme including fixation of the entire -C,H; methyl terminals
has been investigated, as detailed below in SI Appendix, Supplementary DFT
Results, subsection (h). DFT structure optimizations were done using GAUSSIAN
09 Revision D.01 (59), based on a high-quality initial guess from single point
calculations using JAGUAR 9.4 (60).The qualified initial guess approach was spe-
cifically employed to ensure broken-symmetry (BS) (61) solutions, with electronic
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structures implying open-shell singlet states, unless otherwise mentioned. All
the calculations employed the PBEQ (62) hybrid functional in its spin-unrestricted
formalism, and the LACV3P** basis set as implemented in JAGUAR 9.4. For the
first- and second-row elements, LACV3P** implies 6-311G** triple-C basis sets
including polarization functions. For the Fe atoms, LACV3P** consists of a triple-C
basis set for the outermost core and valence orbitals, and the quasi-relativistic Los
Alamos effective core potential (ECP) for the innermost electrons. The molecular
systems environment was considered using a self-consistent reaction field (SCRF)
polarizable continuum model and integral equation formalism (IEF-PCM) (63),
with the static dielectric constant set to € = 4.0 as often used for proteins, and
the remaining IEF-PCM parameters at their default values for water. The calcula-
tions further included the two-body D3 dispersion corrections by Grimme et al.
(64, 65). *'Fe-PVDOS and diatomic internuclear KED spectral intensities were
extracted from GAUSSIAN 09 normal mode outputs using an in-house program
Q-SPECTOR, successfully applied previously (e.g., in refs. 24, 27, 34, 35, 38-40,
and 43).To empirically account for the observed NRVS lineshape, the computed
*’Fe-PVDOS and KED intensities were broadened by Lorentzian convolution with
a full width at half maximum (FWHM) = 14 cm™.

Data, Materials, and Software Availability. Data of NRVS and DFT calcu-
lations including coordinates of the DFT models and animated normal modes
for FDP characterization is available on Zenodo at https://doi.org/10.5281/
zenodo.15854815 (37). All other data are included in the manuscript and/or
Sl Appendix.
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