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ARTICLE INFO ABSTRACT

Handling Editor: J.P. Jin Bacterial ferredoxin(flavodoxin)-NADP™" reductases (FPR) primarily catalyze the transfer of reducing equivalents
from NADPH to ferredoxin (or flavodoxin) to provide low potential reducing equivalents for the oxidoreductive
metabolism. In addition, they can be implicated in regulating reactive oxygen species levels. Here we assess the
functionality of FPR from B. ovis to understand its potential roles in the bacteria physiology. We prove that this
FPR is active with the endogenous [2Fe-2S] Fdx ferredoxin, exhibiting a Kf,[dx in the low micromolar range. At the
molecular level, this study provides with the first structures of an FPR at room temperature obtained by serial
X-ray diffraction femtosecond crystallography, envisaging increase in flexibility at both the adenine nucleotide moiety of FAD and
Serial femtosecond crystallography the C-terminal tail. The produced microcrystals are in addition suitable for future mix-and-inject time-resolved
XFEL studies with the NADP*/H coenzyme either at synchrotrons or XFELs. Furthermore, the study also predicts the
Microcrystals ability of FPR to simultaneously interact with Fdx and NADP'/H.
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1. Introduction

Plant-type Ferredoxin-NADP(H) reductases (EC 1.18.1.2) are FAD-
dependent enzymes catalyzing the reversible electron transfer (ET) be-
tween the hydride exchanger NADPH and the single electron carrier
ferredoxin/flavodoxin (Fd/Fld) [1-5]. This family is divided into plas-
tidic type ferredoxin-NADP " reductases (herein FNR) and bacterial type
ferredoxin(flavodoxin)-NADP™" reductases (herein FPR). FNRs are found
in plants and cyanobacteria where they primarily utilize electrons from
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photosystem I, via Fd or Fld, to generate and store reducing power in the
form of NADPH [1,2,4,6]. In contrast, FPRs typically catalyze the
reverse, transferring reducing equivalents from NADPH to Fd (or Fld) to
provide low-potential reducing power for the bacterial oxidoreductive
metabolism [1,4,6-11].

FNRs and FPRs consist of two distinct domains: The N-terminal
domain, which accommodates the FAD cofactor, and the C-terminal
domain, responsible for binding the pyridine nucleotide coenzyme.
However, they show differences in the FAD conformation and
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environment [1,2,6,10,12-17]. In FNRs, the FAD shows an L-shaped
extended conformation, with the pyrophosphate (PPi) group acting as a
hinge and the adenosine moiety being bound to a flexible
sheet-loop-sheet motif. In addition, in FNRs the isoalloxazine stacks
between two tyrosine residues, being the tyrosine located at the re-face
of the ring the C-terminal residue [1,2,6,10,17,18]. However, in FPRs
the FAD adenine nucleotide moiety folds back towards the isoalloxazine
[6,10,15,17,19-21]. Moreover, FPRs have a C-terminal extension
(known as C-terminal tail) and the residue facing the re-face of the
isoalloxazine is not the C-terminal. The length and sequence of this
extension differentiates FPRs into two subclasses. In subclass I, an
alanine residue stacks at the re-face of the isoalloxazine, followed by a
phenylalanine and up to five additional residues. In subclass II, a tyro-
sine residue stacks against the re-face of the isoalloxazine, followed by a
tryptophan. In both cases, the aforementioned Phe or Trp at the C-ter-
minal tail are stacked on top of the adenosine moiety of FAD, apparently
contributing to its folded conformation. These structural differences
have been related to FNRs showing, in general, higher efficiencies than
FPRs in the overall ET process, likely due to the requirements of the in
vivo specific physiological processes they are involved in ([18]. In gen-
eral, less is known about the FPR functions and mechanisms when
comparing to FNRs, but structural differences between them are thought
to be a consequence of divergence achieved along functional
specialization.

Brucella ovis, the causative agent of ovine brucellosis, encodes an FPR
as well as two Fds as potential electron acceptors [22]. One of these Fds
is expected to contain a [2Fe2S] cluster (named Fdx), while the other is
predicted to hold one [3Fe4S] and one [4Fe4S] cluster (FdA). By simi-
larity with others, FPR from B. ovis was proposed to deliver electrons
from NADPH to the redox-based metabolism and/or to oxidize NADPH
to regulate the soxRS regulon that protects bacteria against the host
oxidative response during infection. In a previous study, we reported
that this FPR efficiently oxidizes NADPH [23]. Cryogenic crystal struc-
tures for the oxidized FPR, both in its free form (herein cryo-FPR.) and
in complex with NADP" (herein cryo-FPR,:NADP™"), revealed minimal
structural differences and confirmed it belongs to subclass I (Fig. S1)
[23]. In addition, the structure of the FPR,,:NADP™ complex (Fig. S1B),
despite binding the 2'P-AMP moiety of NADP" at the expected site,
shows the redox-reactive nicotinamide nucleotide (NMN) portion of the
coenzyme in a non-competent orientation for hydride transfer (HT). In
fact, in this structure, as well as in those reported for other FPRs in
complex with the coenzyme [10,23,24] and PDB ID 5THX (unpub-
lished), the adenine moiety of FAD and the C-terminal tail prevent
approaching of the NMN of the coenzyme to the isoalloxazine ring of
FAD. However, pre-steady-state kinetics in solution revealed the for-
mation of two charge-transfer complexes, corresponding to the FPRy:
NADPH and the FPR,::NADP™ species [23], confirming that during
catalysis the nicotinamide and flavin reacting rings stack to facilitate
HT. These studies also identified the HT itself as the rate limiting step in
the reductive half reaction of FPR [23]. Moreover, the C-terminal tail of
FPR and the folded conformation of the FAD are expected to play a key
role in this process, with the adenine of the cofactor as the element to
position the reactive atoms in conformations competent for HT.

This study investigates the role of FPR from B. ovis, focusing on its
potential roles as an electron donor and in the structural aspects of the
catalytic reaction. We prove that FPR shows activity with the endoge-
nous B. ovis [2Fe-2S] Fdx. In addition, we provide the first structures of
FPR,x at room temperature obtained by serial femtosecond crystallog-
raphy. Our room temperature structures display an increase in flexibility
at both the adenine nucleotide moiety of FAD and the C-terminal tail.
Finally, we also predict the ability of FPR to simultaneously interact with
NADP*/H and Fdx.

Archives of Biochemistry and Biophysics 762 (2024) 110204

2. Materials and methods
2.1. Expression and purification of FPR and Fdx

Recombinant FPR from B. ovis was expressed and purified from
Escherichia coli cultures as previously reported and stored in 25 mM Tris/
HCl, pH 7.4 [23]. To produce Fdx from B. ovis, the sequence of the gene
encoding it (ENA|ABQ60274|ABQ60274.1 Brucella ovis ATCC 25840
ferredoxin, 2Fe-2S) was cloned into pET28a(+) vector (GenScript) as a
recombinant Hisg-fusion protein with a LEVLFQGP cleavage site for the
PreScission Protease. E. coli Rosetta™(DE3) competent cells were
transformed with the pET28a(+)-Fdx plasmid. Transformed colonies,
grown on agar plates, were used to inoculate a starter culture in
Luria-Bertani (LB) media supplemented with kanamycin (30 pg/ml).
This culture was incubated overnight at 37 °C and 180 rpm. Next day, it
was diluted 1:50 in 1 L of LB media, supplemented with kanamycin (30
pg/ml), and incubated at 37 °C and at 180 rpm. When the optical density
at 600 nm (ODggp) was 0.8, Fdx expression was induced with 0.2 mM
isopropyl p-p-1-thiogalactopyranoside, and supplemented with a ferrous
sulphate chelate solution 100x (Sigma). Cells were further grown at 30
°C, with orbital shaking at 180 rpm overnight, then harvested by
centrifugation at 5000xg at 4 °C, and then stored at —20 °C. Frozen cells
were thawed in lysis buffer (20 mM Tris/HCI, pH 8.0, 300 mM NacCl, 10
% glycerol, and Triton X-100) supplemented with the protease inhibitor
cocktail cOmplete EDTA free (Roche), 1.0 mg/ml lysozyme, 20 pg/ml
DNAase I (Sigma), and 4.5 mM MgSO4. The mixture was incubated for
1h and subsequently sonicated in a DRH UP200 DR sonicator (Hielscher)
for 10 cycles of 30 s, with 80 % amplitude and 0.5 s pulses, each followed
by resting periods of 60 s, in an ice bath. The cell debris was removed by
centrifugation at 40 000xg at 4 °C for 45 min. The purification protocol
for Fdx was adapted from those previously reported for similar proteins
[25]. The first purification step was performed on a His-Trap™ column
(Cytiva) connected to the AKTA™ system (Cytiva) using a 50-300 mM
imidazole gradient in 20 mM Tris/HCl, pH 8.0, 300 mM NaCl. The
fractions containing the Hisq-tagged Fdx were pooled, and the Hisg-tag
was cleaved from Fdx using PreScission Protease at a 1:5 protease-to-Fdx
mass ratio (mg). The cleavage was performed during extensive over-
night dialysis at 4 °C in 20 mM Tris/HCl, 150 mM NaCl, pH 8.0. The
solution was passed through two columns in tandem, a GST-trap™ and a
His-trap™ (Cytiva), connected to the AKTA™ system (Cytiva) to
respectively bind the protease and the remaining un-cleaved Hiss-tagged
Fdx in 20 mM Tris/HCI, 150 mM NacCl, pH 8.0. Fdx was obtained in the
flow-through fraction after passing the tandem columns. This sample
was concentrated using 10 kDa Merck Amicon™ ultrafiltration devices
(Millipore) and further purified with size exclusion chromatography
(SEC) using a Superdex® Increase 75 10/300 GL (Cytiva) column pre-
viously equilibrated in 20 mM Tris/HCl, 150 mM NaCl, pH 7.5. In
comparison with the native form, the Fdx purified in this study con-
tained four additional amino acids (GPSH) at the N-terminus.

For both FPR and Fdx, detection during purification and purity were
assessed by 15 % SDS-PAGE. Pure proteins were stored at —20 °C until
use. Protein and NADPH concentrations were determined by absorption
spectroscopy using the following extinction coefficients: FPRoy, €451nm
= 11.5 mM ! em™! [23]; FdXox, €423nm = 7.2 mM~! em™! [26] and
NADPH (Sigma-Aldrich), €340nm = 6.22 mM~! em™!. The correct as-
sembly of the Fdx iron-sulphur cluster was evaluated by determining the
A340/A280, A412/A280, and A456/A280 ratios [25,27]

2.2. Steady-state enzymatic assays

The FNR-dependent NADPH cytochrome ¢ reductase activity was
used to establish the Fdx ability to accept electrons from FPR, as well as
to evaluate the corresponding FPR steady-state kinetic parameters [28].
Standard reaction mixtures contained 10 nM FPRy, 0.75 mM cyto-
chrome ¢ (Sigma), and varied concentrations of NADPH or Fdx. The
cytochrome c reduction by Fdx was monitored spectrophotometrically
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at 550 nm using 20 mM ! cm™! as the extinction coefficient of change
for cytochrome c reduction [29]. Measurements were carried out at 25
°C in 50 mM Tris/HCl, pH 8.0. k¢at and KE yalues were calculated by
data fitting to the Michaelis-Menten equation using Origin 2024.

2.3. Production and optimization of FPR,, microcrystals

Initial micro-crystallization tests were conducted using both the
batch and the free interface diffusion (FID) methods [30]. These tests
involved evaluating various precipitant buffer compositions,
protein-to-precipitant ratios (1:1, 1:2, and 1:3), and different protein
concentrations (16 and 22 mg/mL) (Table S1). The precipitant buffers
used in the micro-crystallization trials were formulated based on
established crystallization conditions known to produce large crystals
[23]. Best FPRyx microcrystals were obtained by the batch method with
a precipitant of the following composition: 25 % PEG 4000, 0.1 M MES
pH 6.5, 0.2 M MgCl,, using a 1:2 protein to precipitant ratio and a
protein concentration of 22 mg/mL (Fig. 1A). We employed seeding
techniques to improve the homogeneity and quantity of crystalline
samples for measurements at the Linac Coherent Light Source (LCLS) at
the SLAC National Accelerator Laboratory (Menlo Park, USA) and Eu-
ropean XFEL (EuXFEL) (Hamburg, Germany) facilities. Using the pre-
viously described crystallization conditions, we added 1 pL of crystal
seeds to 100 pL of precipitant buffer and then repeated the batch
experiment. The seeds were prepared by crushing previously obtained
crystals with glass beads (Fig. 1B). After 24 h, rod-shaped crystals with
an average length of 25-35 pm in their longest dimension were pro-
duced (Fig. 1C, D and 1E).

2.4. Serial data collection on FPR,, microcrystals at LCLS and the
EuXFEL

Serial room temperature data collection on FPRyx microcrystals was
performed at two XFEL facilities, the MFX instrument [31] of the LCLS
during protein crystal screening beamtime P10027 and the SPB/SFX

A e} B
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instrument of the EuXFEL during the protein crystal screening proposal
ID P5458. In both experiments, pure FPRy protein was shipped to the
XFEL facility and FPR, microcrystals were obtained on site as described
in section 2.4. The microcrystal suspension was filtered before injection
using a 20 pm mesh filter to break up large crystals aggregates and to
avoid clogging problems while injecting the sample. The experimental
setup used in these experiments is shown in Fig. 2A. At the LCLS, SFX
data were collected using the microfluidic electrokinetic sample holder
(MESH) injector [32] at a flow rate of 3 pL/min (Fig. 2B). Diffraction
snapshots were collected on the ePix10k-2M [33] detector at a repetition
rate of 120 Hz and X-ray energy of 11.2 keV using a pulse duration of 40
fs. The sample to detector distance was set to 135 mm. A customized
version of OnDA (Online Data Analysis) Monitor called OM, was used for
live feedback of crystal hit rates [34]. At the EuXFEL, data collection was
performed initially with the double flow focusing nozzle (DFFN) [35,36]
(Fig. 2C) with the following settings: sample at 20 pL/min, ethanol at 20
pL/min, and helium at 18-22 mg/min. However, due to nozzle clogging,
we switched to C-type GDVN [36] for the remainder of the reservoir,
adjusting the settings to 40-50 pL/min for the sample and 33 mg/min
for helium. Diffraction snapshots were collected on the AGIPD 1 Mpx
detector [37] at a repetition rate of 1.1 MHz with the DFFN and 0.5 MHz
with the C-type GDVN, and X-ray energy of 9.4 keV using a pulse
duration of 25 fs. The sample-to-detector distance was set to 122 mm. All
data collection statistics are listed in Table 1.

2.5. Data processing and structure determination of FPR

Data processing was carried out off-site after the experiments. For
LCLS data, crystal hits were initially identified using the Cheetah soft-
ware [38] following gain calibration. A crystal hit was defined based on
specific criteria: Peakfinder 8 was used with an ADC threshold of 50, a
minimum SNR of 5, and a minimum of one pixel per peak to identify at
least 10 peaks within a resolution range of 0-700 pixels. Hits were then
indexed using CrystFEL software (version 0.10.2) [39,40]. Indexing at-
tempts were conducted with algorithms including MOSFLM [41] and

Fig. 1. Microcrystals of FPR obtained by the batch method. (A) Schematic of the batch method. A protein solution (22 mg/mL) was added dropwise to pre-
cipitant number 3 (as listed in Table S1) at a 1:2 ratio and mixed immediately using a micropipette for approximately 30 s. The mixture was then incubated
overnight. (B) Large crystals of FPR,y (100 pm) obtained as described in (A). (C) Schematic of seed production. FPR,y seeds were produced by crushing the large
FPR, crystals from (B) using glass beads and vortexing for 2 min. (D) FPR,, microcrystals (25-35 pm) obtained using seeding. 1 pL of seeds from (C) was mixed with
100 pL of the same precipitant used in (A), then mixed as described in (A) with FPRx at 22 mg/mL in a 1:2 ratio. (E) Enlarged image of FPR,x microcrystals.
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Fig. 2. Experimental setup of the SXF experiments carried out in this study. (A) FPR,, microcrystals were delivered in a serial fashion, in random orientations,
using (B) the MESH delivery device (helium gas sheath is shown in grey) and using the (C) delivery device DFFN (ethanol is shown in yellow and helium gas sheath is

shown in grey) and they interact with the X-ray pulses at the interaction point.

XGANDALF [42], in that order. Intensities were integrated and merged
into the point group 4 using CrystFEL’s partialator.

In the case of EuXFEL data, a similar hit finding and indexing pro-
cedure was applied. Data was calibrated using Cheetah [38], and
peakfinder8 was used to classify images as hits if they satisfied the
following criteria: ADC threshold of 100, a minimum SNR of 7, and a
minimum of one pixel per peak to identify at least 10 peaks across the
detector. Indexing was attempted using the algorithms mosflm, xds [43,
44].

The MTZ files for phasing and refinement were generated by the
CTRUNCATE program [45] for LCLS data and SCALA program [46] for
EuXFEL data from the CCP4 software package [47], with a fraction of 5
% reflections included in the generated Rge. set. Initial phases were
obtained by molecular replacement with PHASER [48] from PHENIX
software suit [49] using the cryo-FPR structure with PDB ID 6RR3 [23]
as the search model. The obtained models were refined using alternate
cycles of automated refinement with PHENIX.refine in the PHENIX
software suite [49] and manual inspection performed with COOT [50].
The electron-density maps were calculated with the MAPS tool [49].
Structural figures presented in this study were generated with PyMol
[51]. All data refinement statistics are listed in Table 1.

For structural comparison, B factors were also analyzed to assess the
mobility of the C-terminal tail and the FAD relative to the rest of other
protein atoms. To enable the comparison across different crystal struc-
tures, the B factors were normalized as previously reported [52,53],
yielding a distribution with a mean of zero and a variance of one, ac-
cording to the following formula:

where < B > and sd(B) are the mean value and the standard deviation of
the distribution of B factors for all protein atoms within each crystal
structure, respectively. In this normalization, a Byorm value of O repre-
sents a water molecule with mobility equivalent to the average protein
atom, while positive and negative values indicate higher or lower

mobility, respectively, compared to the protein average.

2.6. Theoretical structural models for the Fdx:FPR and Fdx:FPR:NADP"
complexes

The structural model for the binary Fdx:FPR interaction was con-
structed by using the AlphaFold 3 (AF3) server (https://alphafoldserver.
com/) [54,55] and the corresponding protein sequences (Uniprot IDs
AOAOH3ASL8 and AOAOH3ARIO respectively for FPR and Fdx) from
B. ovis. In addition to the protein folding, AF3 also incorporated the FAD
cofactor into FPR, but not the [2Fe2S] cluster of Fdx. To introduce it, the
model of the complex was superimposed to the crystal structure of Fd VI
from Rhodobacter Capsulatus (PDB ID 1E9M), being the [2Fe2S] cluster
directly transferred to the B. ovis Fdx:FPR AF3 model. The positioning of
the NADP ™" coenzyme to produce the ternary Fdx:FPR:NADP' complex
was carried out by structural comparison with the crystal structure of
the cryo-FPR(,,(:NADP+ complex (PDB ID 6RRA). All models were
analyzed using PyMol [51].

3. Results
3.1. FPR displays ferredoxin reductase activity

Fdx was overexpressed in E. coli Rosetta strain (DE3), being visible as
a prominent band in an SDS-PAGE of extracted-cell lysates (Fig. S2). In
these gels, the observed molecular weight of Fdx apparently varied
along purification, and when pure appeared as at band of nearly (~20
kDa) twice of that theoretically calculated using ProtParam (11.5 kDa)
(Fig. S2). This striking difference is usually found in [2Fe-2S] Fds
exhibiting low isoelectric points (Fdx has a value of 4.02 according to
ProtParam), which make them to establish unusual binding modes with
SDS micelles decreasing their electrophoretic mobility [27]. A total of 6
mg of Fdx were obtained from 20 g of cells.

The purified Fdx was reddish-brown, as typically found in Fds con-
taining the [2Fe-2S] cluster (Fig. 3A inset) [27], and showed an
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Table 1
Data collection and refinement statistics for the room temperature struc-
tures of FPR from B. ovis. Values for the outer shell are given in parentheses.

LCLS-FPR EuXFEL-FPR

Data collection statistics

X-ray source/beamline LCLS/MFX
Sample delivery MESH
Sample flow rate (pL/min) 3

EuXFEL/SPB-SFX
DFFN and C-type GDVN
20 (DFFN) and 40-50

(GDVN)
Photon energy (keV) 11.2 9.4
Wavelength (A) 1.107 A 1.319A
Repetition rate 120 Hz 1.1/0.5 MHz
Pulse duration (fs) 40 25
Beam size (pm) (FWHM) 3x4 1.6 x 1.6
Sample-to-detector 135 122
distance (mm)
Temperature (K) 293K 293K
Detector ePix10k AGIPD 1MPx
Space group P4, P4,
a, b, c (A) a=39.6A,b=39.6A,c a=39.9Ab=39.94,c
=167.6 A =168.6 A
o, B,y (°) a=p=y=90° a=p=y=90°

35.2-2.1 (2.2-2.1)
28 492 (2878)

23.0-1.9 (2.0-1.9)
20 670 (2013)

Resolution range A
No. of unique reflections

Completeness (%) 100 (100) 100 (100)
Multiplicity 413 (268) 48 (31)
Rsplit (%) 12.2 (170.4) 35.0 (106.9)
Avg. I/o (I) 5.3(0.2) 2.9 (0.8)
CC* 0.9949 (0.5825) 0.9479 (0.6284)
CCy,2 0.9798 (0.2043) 0.8157 (0.2460)
Overall B factor from 76.24 24.2

Wilson plot (AZ)
Refinement Statistics
Resolution range (A) 35.8-2.2 22.97-1.90
No. of reflections, working 13025 20610

set
No. of reflections, test set 5% 5%
Ruwork/Réree (%) 17.8/19.7 23.0/25.2
No. of non-H atoms
Protein 2070 2070
Water 23 64
Others 53 53
R.m.s. deviations
Bond length (A) 0.002 0.002
Bond angles (°) 0.498 0.562
Ramachandran plot
Favored (%) 1.57 1.18
Allowed (%) 98.43 98.82
Outliers (%) 0.0 0.0
PDB code 9GXC 9GXB

absorption spectrum with maxima at 340, 412, and 456 nm, as well as a
noticeable shoulder at 510 nm (Fig. 3A). All these features are typical of
[2Fe-2S] Fds [25,27]. The A340/A280, A412/A280 and A4se/Asgg ratios for
pure Fdx showed values of 0.71, 0.56, and 0.47, respectively. Based on a
€458nm (7.2 mM ! cm™Y) for [2Fe2S] holo-Fdx a 1:1 cluster-to-peptide
ratio, A4se6/Aggo, should be expected. Given the ratio A4se/Azgy =
0.47, this agrees well with over 90 % of the here purified Fdx incorpo-
rating the [2Fe2S] redox cofactor [56,57].

When evaluating the produced Fdx as electron acceptor of FPR in the
NADPH cytochrome ¢ reductase assay, it was found that it was able to
accept electrons from NADPH-reduced FPR and transfer them to the
final cytochrome c acceptor. Controls in the absence of Fdx hardly
showed NADPH cytochrome c reductase activity (which was subtracted
from the one in the presence of Fdx), confirming that Fdx is required to
mediate ET from FPR to cytochrome c. Under steady-state conditions,
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the rate constants for the process showed a Michaelis-Menten concen-
tration profile (Fig. 3B), allowing to determine k., and KFMdx values of 7.8
+0.4s ! and 4.2 + 0.7 pM, respectively, at saturating concentrations of

NADPH.
3.2. Room temperature structures of FPR,, at XFELs

We have successfully determined the first room temperature struc-
tures of FPRy from B. ovis using data collected from serial femtosecond
crystallography experiments at both the LCLS and the EuXFEL facilities.
The crystals belonged to space group P4;, with unit cell dimensions of a
=39.6A,b=39.6A, c=167.6,0=p =y = 90° for LCLS, and a = 39.9
A,b=39.94,c=168.6 A, a =p =7 = 90° for EuXFEL. FPR crystals
diffracted to a resolution of 2.1 A at the LCLS, while at the EuXFEL they
reached 1.9 A. Representative diffraction pattern of FPR microcrystals
with diffraction up to 2.1 A (LCLS) and 1.9 A (EuXFEL) are shown in
Fig. S3. At the LCLS, 1143469 frames were collected, with 306005
classified as hits and a percentage indexed, resulting in 80086 indexed,
integrated, and merged lattices. The SLAC-FPR structure was solved by
molecular replacement using PDB ID 6RR3 [23] and refined to 2.2 A
resolution with Ryyork and Reee 0f 17.8 % and 19.7 %, respectively. At the
EuXFEL, 1127566 frames were collected, with 3438 classified as hits and
a percentage indexed, resulting in 3431 indexed, integrated, and merged
lattices. The EuXFEL-FPRyy structure was also solved by molecular
replacement using PDB ID 6RR3 (Pérez-Amigot, Taleb et al., 2019) and
refined to 1.9 A resolution with Rwork and Rree Of 23.0 % and 25.2 %,
respectively. The final structures at both facilities included one
component in the asymmetric unit, as illustrated in Fig. 4. Full data
collection and refinement statistics are provided in Table 1.

The two XFEL structures of FPRox were completely modeled from N-
terminus to C-terminus, with uninterrupted residue sequences. The high
quality of the structures is evident from the electron 2mF,-DF. density
maps around the FAD cofactor and the residues at the catalytic site
(Fig. 4A). Both, like the previously reported cryo-FPRyx and cryo-FPRx:
NADP™ structures, feature a six-stranded antiparallel p-barrel and a
short o-helix in their N-terminal domains (residues 3-98) (Fig. 4B and
C). Their C-terminal domains (residues 99-258) exhibit a Rossmann
fold, typical of proteins that bind nucleotides. These structures also
revealed some water molecules: 23 in the LCLS-FPR structure and 64
in the EuXFEL-FPRy structure.

3.3. Structural comparison of room temperature FPR to related structures

Further evaluation of the quality of the two FPR structures reported
here was performed by comparing them with the crystal structure
described for FPR under cryogenic conditions (PDB IDs 6RR3 and 6RRA
[23]). Overall, our structures were in close alignment with the
cryo-structures, with a root mean square deviation (R.M.S.D.) of
0.26/0.34 A and 0.17,/0.26 A for the superposition of the C, atoms of the
cryo-FPRyy structures (6RR3/6RRA) with the LCLS-FPRyx and
EuXFEL-FPR«-structures, respectively. Therefore, the overall folding of
the FPR protein chain and the FAD conformation are conserved among
the available FPRyy structures. Nevertheless, despite the similar folding
of the protein chain, relevant differences are particularly observed in the
degree of mobility of the cofactor FAD and the respective C-terminal tail
regarding the rest of the structure. In the cryo-structures, the isoallox-
azine and adenine rings of the cofactor exhibit the lower mobility values
with respect to the protein average, being some of them close to the
overall minimum (Fig. S4). In these structures, the FAD shows the higher
mobility in the PPi and ribose moieties, especially in FPRyx (6RR3).
Moreover, in the cryo-FPRy structure the C-terminal tail appears more
flexible than in the cryo-FPR,:NADP™" structure, probably because the
presence of NADP" (6RRA) limiting its mobility. In contrast, in our room
temperature structures, the C-terminal has significantly higher B-factors
than the protein average. In particular, B-factor values for the FAD PPi
and ribose moieties in the EuXFEL-FPRy structure are close to the
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Fig. 3. Fdx as electron acceptor of FPR. (A) UV/visible absorption spectrum of Fdx,y from B. ovis in 25 mM Tris/HCl, pH 7.2, 0.15 mM NaCl. The inset shows a
picture of a pure Fdx fraction. (B) Michaelis-Menten plots for the NADPH-dependent cytochrome ¢ reductase activity of FPR at 25 °C in 50 mM Tris/HCl pH 8.0 at
saturating NADPH concentration (200 pM).

Ala254

FAD C-terminal tail

Phe255

F

Glu257

Fig. 4. Room temperature structures for B. ovis FPR,y. (A) Electron density maps around the FAD cofactor and the C-terminal residues (254-258) of SLAC-FPRx
(left) and EuXFEL-FPR, (right) structures, contoured at 0.6 and 0.9 sigma, respectively. Overall models for the (B) SLAC-FPR, and (C) EuXFEL-FPR,y structures. The
N-terminal domain, C-terminal domain and C-terminal tail are respectively shown in lime, wheat and deep teal. Detail at the active sites in the (D) SLAC-FPR, and
(E) EuXFEL-FPR,, structures of the spatial organization of the FAD and the C-terminal tail (254-258). In all panels the FAD cofactor is shown in CPK colored sticks
with carbons in orange.
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structure maximum (Fig. 5A). Noticeably, in this structure the FAD
isoalloxazine and adenine rings also show the highest mobility among
the rest of all compared structures. However, in the FPR4-LCLS struc-
ture, B-factors indicate a more flexible C-terminal (Fig. 5B). These fea-
tures indicate overall higher FAD mobility in the room temperature
structures, with its ribose and phosphate moieties being the most flex-
ible parts.

The absence of the large loop interacting with the adenine moiety of
FAD as observed in plastidic FNRs, together with the presence of a C-
terminal tail absent in FNRs, causes the FAD cofactor to adopt a folded
conformation in FPRs also in room temperature structures [17,58]
(Figs. 4 and 5). As in the cryo-FPRyy structures [23], Phe255 at the
C-terminal tail stacks towards the adenine ring of the cofactor and the
adenine ribose interacts with the C-terminal Val256 and Glu257 resi-
dues in both room temperature structures (Tables S2-S5). The C-ter-
minal Lys258 residue interacts with the PPi in the FPR4-LCLS structure
as in the cryo-FPRyy and cryo-FPRo:NADP" structures, but such inter-
action is not observed in the EuXFEL-FPR structure. The PPi moiety of
our structures is also stabilized by residues Arg52, Leu77 and Thr78,
similarly to both cryo-FPRs, and the polar interactions around the
isoalloxazine ring are conserved. However, in the room temperature
structures, the stabilizing contacts of the ribitol moiety of FAD with the
protein chain are reduced to just one (Fig. 5 and Tables S2-S5), where
the O3 atom interacts with the O atom of Tyr54. This is partly due to the
absence of interaction of 02’ with Ala53, which is present in the
cryo-structures, as well as to the fewer water molecules found in the
room temperature structures. It is noteworthy that despite the low
number of water molecules modeled in these later structures, one water

Archives of Biochemistry and Biophysics 762 (2024) 110204

molecule is consistently observed in all FPR structures interacting with
both the N5 atom of the isoalloxazine and the side chain of the catalytic
Ser55 (which also H-bonds the N5 atom). In addition, the catalytic triad,
Ser55, Cys220, and Glu252, typical of the FNR family and essential for
interacting with the nicotinamide moiety of NADP'/H for competent
catalysis [18], maintains the same spatial orientation in the room tem-
perature structures as observed in the cryo-FPRyy structures.

Therefore, the room temperature structures of this study further
suggest that during catalysis, the adenine of FAD, which is positioned
between the isoalloxazine and nicotinamide reacting rings in the crystal
structure, may become displaced. Moreover, B-factor values also suggest
that the C-terminal tail might somehow contribute to that displacement
in the case of FPRs.

3.4. The FPR structure can simultaneously allocate Fdx and NADP*

It is well stablished that plastidic FNRs can simultaneously bind both
the electron donor Fd and the NADP' hydride acceptor without dis-
placing one another, with substrate binding being ordered to ensure
efficient ET [3,59-62]. Nonetheless, these two binding sites have been
shown not to be completely independent, as negative cooperativity has
been observed in the ternary interaction when all components are in the
oxidized state. Nonetheless, such negative cooperativity in binding ap-
pears translated into positive cooperativity at the kinetic level [3,4,60,
61,63,64]. Given structural and functional similarities between plastidic
FNRs and bacterial FPRs, the formation of a transient ternary complex
could be also expected during the function of FPRs. Here, we have used
AF3 to build a potential model for the binary interaction of Fdx and FPR

-1 0 1

2

3 4

Normalized B-factor

Fig. 5. FAD environment and normalized B-factors in the room temperature FPR structures. (A) SLAC-FPR,x and (B) EuXFEL-FPR,. Top panels show the H-
bond network stabilizing the FAD folded conformation in the FPR,y structures. Polar contacts are represented by black dashed lines. These contacts and other in-
teractions like carbon-pi, cation-pi and ring-ring are listened in Tables S4 and S5. Lower panels show normalized B-factors of FAD and C-terminal tail, as calculated by

following the procedure indicated in section 2.5.



A. Moreno et al.

from B. ovis (Fig. S5). The top five models generated for the Fdx:FPR
interaction were virtually identical, with predicted template modelling
and interface predicted template modelling scores of 0.83 and 0.79,
respectively; which is indicative of an overall high-confident prediction.
When comparing this binary Fdx:FPR complex generated by AF3 with
the cryo-FPRox (6RR3), SLAC-FPRx (9GXC), EuXFEL-FPRx (9GXB), and
cryo-FPR,:NADP* (6RRA) structures, the RMSD values were 0.372 ;\,
0.389 A, 0.347 A, and 0.343 A, respectively. These low values suggest
that the presence of Fdx does not induce significant structural changes in
the reductase model. Based on our Fdx:FPR binary structural model,
Fig. 6 illustrates the modeling of a putative Fdx:FNR:NADP™ ternary
complex by superimposing the AF3 binary model to the structure of the
cryo-FPR,:NADP' complex (Fig. S1B). The resulting ternary complex
reveals that the NADP™" binding site on FPR does not overlap with the
Fdx:FPR interface (Fig. 6), suggesting that the prior binding of either Fdx
or NADP" to FPR should not interfere with the binding of the other
substrate. However, due to the cryo-FPR,,:NADP" template we used, the
nicotinamide of the coenzyme is not optimally positioned for HT with
the flavin isoalloxazine [23].

The molecular interface between Fdx and FPR in the model shows
high complementarity characterized by a network of hydrophobic in-
teractions (Fig. 6C). These interactions are mainly mediated by Met68,
Met72 and Phe75 at the a-helix 68-75 of Fdx, which contact to Phe38,
Met40 and the methyl groups of the FAD isoalloxazine. Additionally, the
loop containing the residues 41 to 46 that houses the [2Fe2S] cluster in
Fdx, also flanks the benzyl moiety of the flavin ring and stacks against
the residues forming the characteristic C-terminal tail of FPRs. More-
over, the O of Ala46 in Fdx forms an H-bond with the N of Ala53 of FPR
(a residue in the very close environment of the isoalloxazine ring), and
two salt bridges are also present: Asp74pgqx-Lys95ppr and Glu4Opgx-
Arg52ppg. Thus, this model suggests that Fdx primarily binds to the N-
terminal domain of FPR, with the [2Fe2S] cluster and the isoalloxazine
ring being as close as 8.6 A. Noticeably, the ternary model suggests that
the C-terminal tail of FPR lies at the interface between the Fdx and
NADP" binding sites on the reductase (Fig. 6). Specifically, it interacts
with the Fdx loop containing the [2Fe2S] redox cluster, the PPi and
adenine moieties of the FAD cofactor, and the NMN moiety of the
NADP' coenzyme. Therefore, these observations suggest potential
communication between the binding sites for both substrates and for the
FAD cofactor through the arrangement of the C-terminal tail. Moreover,
the presence of Fdx does not appear to introduce constrains within this
ternary complex model that might prevent the adenine and/or C-ter-
minus to shift to allow movement of the nicotinamide towards the flavin
as suggested for the binary FNR:NADP'/H complexes.

4. Discussion

Marked progress has been done in the past decades in understanding
the structure-function relationships behind the kinetics of ET and HT
processes involving FNRs and FPRs. However, many fundamental
questions remain open regarding the function and regulation of FPR, as
well as the molecular mechanism underlying such processes. In the case
of the FPR from B. ovis, previous studies showed that it efficiently oxi-
dizes NADPH, and its 2,6-Dichlorophenolindophenol diaphorase activ-
ity allowed determining k.q, Ky NADPH ond K; values of 14.3 &= 0.7 s 1,
3.7 £ 0.2 pM, and 52 + 8 pM, respectively [23]. Here, we show that the
[2Fe2S] cluster of Fdx from B. ovis can accept electrons from the reduced
NADPH FPR with a K5 in the low pM range (Fig. 3B). This Kig* is in the
range of those reported for the interaction of FPRs and FNRs with Fd/Fld
electron carrier proteins [3-5,28,65,66]. This insight is valuable
because it will aid in identifying the pathways through which electrons
coming from FPR are utilized in the B. ovis metabolism. In pathogenic
bacteria, Fd:FPR: systems have been reported to act as recycling redox
systems, providing reducing power to mobilize the Fe>" stored in the
interior of Fe3*-siderophore and bacterioferritin complexes and driving
its reduction to Fe2t [67,68]. In some bacteria, the biogenesis of
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iron-sulphur clusters, from a persulphide species (S°) and Fe?", takes
place through the IscS/IscU scaffold and the complex requires of an
electron donor system [57,69-72]. In several species this is proposed to
be a NADPH:FPR:Fd system. Two siderophores having key roles in
virulence as well as the IscS/IscU system are present in Brucella species
[73-75], suggesting these might be potential roles of the FPR:Fdx redox
couple in B. ovis.

Iron is an essential element for all organisms and maintaining its
balance is key for protecting against iron-induced toxicity, because free
iron can promote the formation of ROS, such as superoxide, hydrogen
peroxide, and hydroxyl radicals [76,77]. Therefore, free levels of iron
must be tightly regulated to ensure metabolic needs while preventing
toxicity. Some studies have shown that the FPR activity might contribute
to ROS formation [78-81]. Others, indicate that the FPR action triggers
the expression of the soxRS regulon that in turns protects cells against
ROS [82], relying on a strict regulation of the NADPH/NADP™ ratio to
properly deploy such defensive response [82-84]. In this context, FPR is
proposed to indirectly protect against ROS via NADPH oxidation
without participation of Fd/Fld [79,82], but further research is neces-
sary to elucidate the role played by FPRs in the regulation and preven-
tion of mechanisms governing oxidative damage.

At the atomistic level it is well accepted that in both FNRs and FPRs,
the HT process involving the NADP*/H coenzyme occurs between the
N5 atom of the FAD isoalloxazine and the C4 atom of the nicotinamide of
NADP"/H. In FNRs, the C-terminal tyrosine plays a crucial role in their
high catalytic efficiency by: i) modulating the FAD midpoint reduction
potential; ii) avoiding a too strong interaction between the reacting rings
that would be incompatible with product release, iii) optimizing the
geometry between the reacting atoms for HT; and iv) providing the
active site with the required flexibility to allow the HT occurring
through tunnel. In contrast, the folded conformation of FAD and the
presence of the C-terminal tail in FPRs suggest a more complex mech-
anism for achieving the catalytically competent interaction [4,85]. In
fact, during HT, active sites of FPRs have been reported to be in general
more organized and rigid than those of FNRs [18]. These differences are
likely due to the evolution of the active sites and catalytic mechanisms to
fulfil their particular metabolic roles, establishing a compromise be-
tween protein flexibility and functional optimization.

The structural results of FPR,x microcrystals produced at room
temperature in this study highlight the adenine nucleotide moiety of
FAD and the C-terminal tail of FPR as the potentially flexible structural
elements that may be displaced to form a coenzyme catalytic complex
for HT (Fig. 5). In addition, the analysis of the crystal packing of the
FPRx microcrystals (Fig. S6) reveals that the FAD cofactors are exposed
within aqueous channels formed between monomers, allowing NADP*/
NADPH to approach and interact with FPRy at the active site. These
preliminary findings suggest that FPRyx microcrystals are suitable for
mix-and-inject time-resolved studies at XFELs or synchrotrons (experi-
ments currently underway), which could provide further insights into
the dynamics and reaction mechanism of FPR with NADPH.

Here, we also predict that FPR can simultaneously bind both Fdx and
NADP™ (Fig. 6). This observation could be related to the potential
regulation of the overall HT/ET processes from NADPH to Fdx, similar to
what has been proposed for plastidic FNRs [3,4,59,61,63,86]. Conse-
quently, potential structural rearrangements in the regions making the
Fdx:FPR binary interaction may depend on the redox states of their
[2Fe2S] and FAD cofactors. Thus, the Fdx’s redox state might influence
the conformation of the loop holding its [2Fe2S] cluster, which in turn
could affect the conformation of the adjacent C-terminal tail of FPR.
Changes in the redox state of Fdx might trigger subsequent conforma-
tional changes in the C-terminal tail, potentially impacting the FAD
conformation and thereby altering the affinity and orientation of
NADP"/H. Similarly, variations in the redox state of the coenzyme or of
the cofactor could alter the FPR’s affinity for Fdx and contribute to its
release upon ET. In fact, in the case of plastidic Fd, displacement of the
loop holding the redox cluster upon change in redox state has been
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FPR C-terminal tail

Fig. 6. Model of a Fdx:FPR:NADP + ternary complex in B. ovis. Overall view of the ternary complex model as (A) surface and (B) cartoon. Right panels show a
zoom at the interface of the three components. (C) Detail of the arrangement of redox centers and the residues involved in the Fdx:FPR binary interaction. Fdx is
shown in light pink with the Ala39-Cys47-loop in chocolate, while for FPR the N-terminal domain, C-terminal domain and C-terminal tail are respectively shown in
lime, wheat and teal. The FAD cofactor and the NADP ™ coenzyme are shown in sticks with carbons respectively in orange and violet, while the [2Fe2S] cluster of Fdx
is shown in CPK colored spheres. Superposition of the coordinates of the binary modeled complex with those of the cryo-FPR,,:NADP " complex from B. ovis (6RAA)
and Fd VI from Rhodobacter Capsulatus (PDB 1E9M) allowed to place the NADP™ coenzyme on to the FPR chain and the [2Fe2S] on the Fdx one.
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associated with the different affinity of FNR for oxidized and reduced Fd,
and it is thought to play a role in the release of oxidized Fd after ET to
FNR takes place [61,87-90].

The study presented here, shows that FPR can use Fdx as electron
acceptor. This finding opens new avenues for exploring FPR’s relevance
in the B. ovis physiology. In addition, this study provides new tools for
examining at the atomic and molecular level conformational changes in
FPR during the HT process from NADPH. We also provide with a po-
tential model for a ternary Fdx:FPR:NADPH complex that could
contribute to modulate the HT and ET processes involved in FPR ac-
tivity. This research lays the groundwork for future studies to clarify the
functions and molecular features of FPRs in general, and particularly
those of FPR from B. ovis. FPR conformational dynamics during catalysis
remains unexplained because the expected molecular movements for the
nicotinamide stacking against the isoalloxazine of the FAD are not
evident. Future research is required to identify the main molecular in-
termediates and final species of the equilibrium mixture in the ET and
HT processes within competent binary and ternary complexes, and to
understand the role of coupled proton transfer coupled in efficiency of
ET from FPR.4 to oxidized Fdx. We have yet to uncover how the presence
of Fdx might modulate the HT from NADPH to FPR., or how the
presence of the coenzyme modulates the interaction and ET between
FPR and Fdx at the atomistic, molecular, and dynamic levels. As these
reactions are essential to bacterial survival, resolving these questions
will aid in exploring FPRs as potential antimicrobial targets.
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