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Abstract: The Escherichia coli fumarate and nitrate reduction (FNR) regulator acts as the cell’s master
switch for the transition between anaerobic and aerobic respiration, controlling the expression of
>300 genes in response to O, availability. Oxygen is perceived through a reaction with FNR'’s [4Fe-4S]
cluster cofactor. In addition to its primary O, signal, the FNR [4Fe-4S] cluster also reacts with nitric
oxide (NO). In response to physiological concentrations of NO, FNR de-represses the transcription
of hmp, which encodes a principal NO-detoxifying enzyme, and fails to activate the expression of
the nitrate reductase (nar) operon, a significant source of endogenous cellular NO. Here, we show
that the L28H variant of FNR, which is much less reactive towards O, than wild-type FNR, remains
highly reactive towards NO. A high resolution structure and molecular dynamics (MD) simulations
of the closely related L28H-FNR from Aliivibrio fischeri revealed decreased conformational flexibility
of the Cys20-Cys29 cluster-binding loop that is suggested to inhibit outer-sphere O, reactivity, but
only partially impair inner-sphere NO reactivity. Our data provide new insights into the mechanistic
basis for how iron-sulfur cluster regulators can distinguish between O, and NO.

Keywords: FNR; gene regulation; nitric oxide sensing; iron-sulfur; molecular dynamics

1. Introduction

Iron—sulfur cluster-containing transcriptional regulators comprise a growing family
that control a range of key cellular pathways, such as aerobic and anaerobic respiration,
iron-sulfur cluster biogenesis, iron uptake and responses to oxidative and nitrosative
stress [1,2]. In all cases, the cluster functions as the sensory module, but information about
sensing mechanisms has been difficult to obtain because of the sensitivity of such proteins
to aerobic conditions [2]. One of the best studied iron—sulfur cluster regulators is the
homodimeric fumarate and nitrate reduction (FNR) regulator from Escherichia coli (Ec), a
member of the large CRP-FNR protein family, which directly senses O, and, through this,
controls the switch between aerobic and anaerobic respiration [3-8].

While the structure of EcCFNR is not yet available, the Grenoble group has reported
the crystal structure of Aliivibrio fischeri (Af) FNR, which regulates the O,-dependent
luciferin-luciferase bioluminescence reaction and the anaerobic respiration of this symbiont
in the light organ of several marine organisms [9-11]. Similarly to other members of the
CRP-FNR protein family, each FNR monomer has two domains that, respectively, function
in signal sensing and DNA-binding functions. However, its mechanism of transcriptional
regulation is fundamentally different to other characterized members of the family. In the
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absence of O,, the N-terminal sensory domain coordinates a [4Fe-4S]?* cluster through four
Cys residues (Cys20, 23, 29 and 122) [6,11-14]. In this state, the protein forms a homodimer
and displays high-affinity, site-specific DNA binding to target promoters [4,11,15]. Under
aerobic conditions, the increased levels of O, directly degrade the [4Fe-4S]** cluster, leading
to its conversion, via a [3Fe-4S]!* intermediate, into a [2Fe-2S]** form [16,17]. The Norwich
group has reported time-resolved electrospray ionization mass spectrometry studies of the
EcFNR O;-dependent cluster degradation process, providing novel insight into the reaction
through the simultaneous detection of already known cluster conversion intermediates and
products, including the [3Fe-4S]'* cluster, and persulfide-coordinated [2Fe-2S]** clusters
([2Fe-25](S)n, where n = 1 or 2), as well as previously unrecognized intermediates such as
a [3Fe-35] cluster [18]. Importantly, changes within the cluster trigger a conformational
rearrangement in the protein framework that leads to the dissociation of the protein into
monomers, resulting in the loss of high-affinity, sequence-specific DNA binding [4,6,15,19].

Enteric bacteria like E. coli, which can respire in the absence of O; by using ni-
trate/nitrite as terminal electron acceptors, can produce NO endogenously [20]. They
will also encounter exogenous NO generated as part of the host defense mechanisms [21].
The Norwich/Sheffield groups have previously reported that ECENR, as well as respond-
ing to O, can also respond to exogenous and endogenous sources of nitric oxide (NO)
in vivo [22,23], and the in vitro response of [4Fe-4S] to NO has also been characterized
in some detail [24]. Reactivity with NO in vivo is most likely limited to circumstances
where exogenous or endogenous NO is present at high concentrations, because actions
initiated by other dedicated NO-sensing regulatory proteins, NsrR and NorR, result in NO
detoxification [24-27].

Iron-sulfur regulatory proteins that function as NO sensors are typically less sensitive
to O, than FNR [25,28]. Thus, the responses to O, and NO of iron-sulfur clusters appear
to have evolved to be optimal for the particular function of the regulator. However, what
controls the relative sensitivities to these gases, and therefore the specificity, is not clear.
Determining this is fundamental to understanding what makes one regulator primarily
an NO sensor and another an O, sensor, and potentially how sensing functions could be
modulated through protein engineering.

Several site-directed variants of ECFNR exhibiting impaired reactivity with O, have
been previously identified, including S24F [29] and L28H [30]. The S24F substitution
resulted in a three-fold reduction in the rate constant for the initial reaction with O,,
leading to a significant increase in FNR activity under aerobic conditions [29]. L28H-EcFNR
exhibited an even greater O, resistance, with very little cluster degradation observed even
after a 60 min exposure to O, [30]. Here, we report the crystal structure of the closely
related L28H-AfFNR and show that it also displays high resistance to O,.

As a step towards understanding the factors that control cluster reactivity and speci-
ficity, we wished to determine whether a substitution that dramatically affects O, reactivity
has any effect on NO reactivity. Detailed kinetic and thermodynamic investigations of the
L28H-EcFNR reaction with NO reveal that, despite the presence of an O,-resistant [4Fe-4S]
cluster, the protein undergoes a rapid, multi-step reaction with NO, similar to that of the
wild-type (wt) FNR protein [24]. In addition, molecular dynamics (MD) simulations using
the [4Fe-4S] L28H-AfFNR crystal structure as a starting model show that the formation
of a His28-Arg184 cation—m interaction reduces the flexibility of the Cys20-Cys29 cluster-
binding loop relative to the corresponding loop in the wt protein. Our results suggest how
the specificity required for a reaction with the small activator molecules, O, and NO, may
be modulated.

2. Experimental Section
2.1. Purification of ECFNR Proteins
GST-FNR fusion proteins were overproduced in aerobically grown E. coli BL21IADE3

harboring pGS572 (wt ECENR) or pGS2251 (L28H-EcFNR), which was created through site-
directed mutagenesis using the Quikchange (Agilent, Santa Clara, CA, USA) protocol, with
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pGS572 as the template and the mutagenic primers (5'-TGCAGCATCAGCCAGCATTGCAT
CCCGTTCACACTC-3'; 5-GAGTGTGAACGGGATGCAATGCTGGCTGATGCTGCA-3'),
followed by the sequencing of the gene to confirm the mutation. The proteins were purified,
cleaved to remove GST using thrombin and the [4Fe-45] cluster was reconstituted, in vitro,
as previously described [16]. The protein concentrations [31], iron/sulfide contents [28,32]
and cluster loading of FNR proteins [16] were determined as previously described.

2.2. Purification of AfFNR Proteins

The L28H variant of AfFNR was prepared through site-directed mutagenesis following
the QuikChange® strategy, using pStrepAfFNR [11] as a template with the following
primers: 5'-GTAGCATTTCTCAGCACTGTATCCCGTTCACC-3’; 5'-GGTGAACGGGATAC
AGTGCTGAGAAATGCTAC 3’ and Phusion™ polymerase. The mutation was verified
by sequencing the entire gene. Wild-type and L28H-AfFNR proteins were anaerobically
overproduced and purified, as previously described for the wt protein [11]. The purified
proteins were stored at 4 mg/mL in 50 mM Tris, pH 8.0, 300 mM NaCl and 2 mM DTT.

2.3. Crystallization and X-ray Structure Solution of L28H-AfFNR

A protein sample was exposed to air for 5 min before being transferred to an anaerobic
glove box for its crystallization. Brown crystals were obtained in hanging drops by mixing
1 uL of this sample with 1 pL of the crystallization solution containing 13% 2-methyl-2,4-
pentanediol (MPD) in 100 mM HEPES, pH 7.1. After 20 days, the crystals were flash-cooled
in a cryo-protecting solution composed of 70% MPD in 100 mM HEPES, pH 7.1, and stored
in liquid Nj. Diffraction data were measured at 100 K to a maximum resolution of 2.40 A for
the best crystal, using an X-ray wavelength of 0.9677 A at beamline ID23-1 of the European
Synchrotron Radiation Facility in Grenoble, France. The data collection statistics after
processing with XDS [33] and Aimless [34] are given in Table S1. The crystal structure was
solved by molecular replacement with Phaser [35] using the coordinates of the deposited
structure of wt AfFNR (pdb code 5E44) [11]. Next, Refmac [36] and Phenix [37] were used
for rigid body, positional and temperature factor refinement. Further model improvement
was obtained via manual corrections using Coot [38]. The refinement statistics are included
in Table S1.

2.4. Spectroscopy

UV-visible absorbance and CD data were acquired using a Jasco V500 spectrometer
(Jasco UK Ltd., Heckmondwike, UK) and a Jasco J810 spectropolarimeter, respectively.
EPR spectra at the X-band were acquired using a Bruker EMX spectrometer (Bruker UK
Ltd., Coventry, UK) equipped with an ESR-900 helium flow cryostat (Oxford Instruments,
Abingdon, UK). The quantification of the paramagnetic species was carried out using a
Cu(Il) EDTA standard, as previously described [24].

2.5. Rapid Reaction Kinetics of FNR Proteins

EcFNR: UV-visible stopped-flow experiments were performed using an Applied
Photophysics (Leatherhead, UK) Bio-Sequential DX.17 MV spectrophotometer and the data
were analyzed as previously described [24,39]. Prior to use, the stopped-flow system was
flushed with ~30 mL of anaerobic buffer and wt FNR was used to used to confirm the
absence of residual O, [40].

Wild-type and L28H-AfFNR: Experiments were performed using a Biologic SFM-
3000/S and MOS-200 rapid kinetics spectrometer installed in a glove box. Anaerobically
purified protein at 72 pM in 50 mM Tris and 300 mM NaCl, pH 8.0, without a reducing
agent, was mixed in a 1:1 volume ratio with the same buffer previously exposed to air. A
flow rate of 16 mL/s was used for mixing to a final volume of 150 pL; absorbance changes
were detected at 420 nm with a path length of 1.5 mm.



Inorganics 2023, 11, 450

40f18

2.6. Mass Spectrometry

Liquid chromatography-mass spectrometry (LC-MS) [24] and native mass spectrome-
try (native MS) [18] were performed as previously described.

2.7. Electrophoretic Mobility Shift Assays (EMSAs)

Band shift reactions (20 pL) were carried out inside a glove box in 20 mM Tris 5% (v/v)
glycerol and 127 mM DTT, pH 8.0, as previously described [25]. The DNA probe contained
a copy of the napF FNR binding site, TTTGATCCAAATCAA (site underlined), and was
labelled with rhodamine green at the 5’ end (a kind gift from Prof Michael McArthur,
Norwich Medical School, UEA). Briefly, 1 pL of the DNA probe was titrated with aliquots
of L28H-EcFNR (20 pL final volume), typically to a 30-fold molar excess, and incubated
at the ambient anaerobic glove box temperature for ~10 min. Outside the glove box,
loading dye (2 pL, containing 0.003% (w/v) Bromophenol blue) was added and the reaction
mixtures immediately separated at 30 mA for 15 min on a polyacrylamide gel (5% (w/v)
upper section and a 7.5% (w/v) lower section) in 1 x TBE (89 mM Tris, 89 mM boric
acid, 2 mM EDTA), using a Mini Protean III system (BioRad). The gels were visualized
(Ex488 nm, Ems30 nm) on a Typhoon molecular imager (Cytiva). The polyacrylamide gels
were pre-run at 30 mA for 2 min prior to use. For the aerobic EMSA analysis, an aliquot
(3 uL) of L28H-EcFNR was removed from the glove box and exposed to air for >2 h at
room temperature before use.

2.8. Other Analytical Methods

Stock solutions of the NO donor PROLI-NONOate (t:/, = 1.5 s; Cayman Chemicals) [41,42]
were prepared and used as previously described [24]. Elemental sulfur (%) analyses [28]
and gel filtration [24] were performed as previously described.

2.9. Molecular Dynamics (MD) Simulations of wt and L28H-AfFNR

Model setup: All calculations were performed with the Schrédinger suite [43]. Our
starting models were (i) a further refined wt structure (from PDB code 5E44 [11]) and (ii) the
[4Fe-4S5] L28H-AfFNR crystal structure (this work). All hydrogen atoms were constructed
and the protonation states of each residue were optimized using the Protein Preparation
Protocol. In the Schrodinger suite, regardless of the force field chosen, the charges of
[Fe-S] clusters are formal, i.e., +2 or +3 for the Fe atoms and —2 for the inorganic S atoms
connecting them. We know from an extensive quantum study on [4Fe-4S] clusters [44] that
the actual charges on the Fe atoms and the inorganic S atoms are greatly reduced due to
covalency [44]. Accordingly, we modelled the [4Fe-45] cluster in its oxidized form with a
total charge of +2, and we used charges of +0.4 and —0.4 for the Fe atoms and the inorganic
S atoms, respectively. Since the [4Fe-4S] cluster charges now add up to O, the +2 charge
was equally distributed, modifying the force field charges of the Cys thiolate ligands of
the cluster. The OPLS4 force field [45] was employed. Our models were neutralized by
adding Na™ ions and further solvated with a periodically replicated orthorhombic water
box using the TIP4P water model [46]. To give a theoretical salt concentration of 150 mM,
additional Na* and CI" ions were added. The resulting systems consisted of approximately
75,000 atoms.

In these models, Cys residues 20, 23 and 29 coordinate the [4Fe-4S] cluster, and each
thiolate sulfur atom is bonded to an Fe atom in the force field, which strongly constrains
the dynamics of the Cys20-Cys29 loop. Since we wanted to compare the intrinsic dynamics
of the loop of wt and L28H-AfFNR, we constructed two additional models of wt and
L28H-AfFNR, without the [4Fe-4S] cluster, and we protonated the four Cys thiolate groups.

MD simulations: The Desmond program [47] included in the Schrédinger suite was
used for all molecular dynamics simulations. The default protocol was used to equilibrate
the system and heat it from 0 to 300 K. The simulations of the wt and the [4Fe-4S] L28H-
dimer models were then run for 1 ps with a time step of 2 fs in the isobaric, isothermal
(NPT) ensemble, with a temperature of 300 K and a pressure of 1 atm. The Cys20-Cys29
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loop dynamics were analyzed in chains A and B for both models. To evaluate whether
the cation—m interaction between Argl84 and His28 can occur in the [4Fe-4S] and apo
L28H-AfFNR proteins, the simulated trajectories were analyzed, calculating the radial
distribution functions (RDF) between the C atom of Argl184 and the center of mass of the
imidazole ring of His28. The same type of trajectory analysis was performed for Arg184
and Leu28 to check whether the two residues kept the van der Waals interaction observed
in the crystal.

3. Results
3.1. Spectroscopic, Oy Reactivity and DNA-Binding Properties of [4Fe-4S] L28H-EcFNR

The purification of L28H-EcFNR resulted in a brown solution that gave UV-visible
and CD spectra that are not only characteristic of a [4Fe-4S] cluster, but also almost identical
to those of wt-EcFNR [16] (Figure 1). Iron and sulfide analyses of the as-isolated protein
revealed a cluster incorporation level of ~60% (Table 1). Similar observations were made
via Mossbauer [30]. Thus, spectroscopic techniques that are highly sensitive to the cluster
environment indicated that the replacement of Leu28 by His did not result in any significant
structural changes in the EcFNR cluster.

40

Wild type
L28H

10

35 +

30 +

25 4

Ag (M1cm™)

20 +

15 A

280 380 480 580
Wavelength (nm)

10 ~

Extinction Coefficient (MM cm™1)

260 360 460 560 660 760 860
Wavelength (nm)

Figure 1. Spectroscopic characterization of [4Fe-4S] L28H-EcFNR. UV-visible absorbance spectra and
circular dichroism (CD) spectra (inset) of [4Fe-4S] L28H (red line) and wild-type (black line) ECFNR
proteins. The sample buffer was 25 mM HEPES, 2.5 mM CaCl,, 100 mM NaCl and 100 mM NaNO3,
pH7.5.

Table 1. Sulfide (S?>~) and sulfur (S°) content of NO-treated [4Fe-4S] L28H-EcFNR.

Before Treatment with NO After Treatment with NO (~530 uM) “
Sample Conc/ [4Fe-4S]/ S2—/ S2—/ S2—/ S2—/ S0 so/
p uM uM uM 4 [4Fe-4S] uM [4Fe-4S] /UM [4Fe-4S]
. s ’5 3 101.12 4.00 23.79 0.94 96.94 3.84
: : (+3.00) (4+0.12) (+0.73) (£0.03) (+11.46) (+0.45)
143.80 4.00 108.89 3.03
2 62.9 360 (£4.26) (+0.12) nd. n.d. (£10.14) (+£0.28)
3b 103 3.0 92.20 4.00 2.76 0.12 53.33 2.31
: : (+2.73) (+0.12) (40.00) (£0.00) (4+5.01) (+0.22)

 Samples treated with ~15-fold excess of NO over cluster.  Samples were gel-filtered (PD10, Cytiva) to remove
any low-molecular-weight species.

The L28H substitution greatly stabilizes the [4Fe-45] cluster against O, exposure [30].
The reactivity of our L28H-EcFNR preparations with O, was analyzed using native mass
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spectrometry. Previous studies of EcCFNR have revealed a series of cluster conversion
intermediates formed upon reaction with O,. For L28H, the cluster reactivity was, as
expected, much lower, and intermediates were not readily detected (Figure S1A). After
140 min, the [4Fe-4S] form was still present, and while [2Fe-2S] and [2Fe-25](S) forms were
detected, these were very low-intensity. The major species detected was apo protein and its
persulfide adducts, containing up to three additional persulfides (Figure S1A).

To analyze the effect of the impaired O, sensitivity of the [4Fe-4S] cluster on site-
specific DNA binding, electrophoretic mobility shift assays using probes containing the napF
FNR recognition site (TTGAT-(n)x-ATCAA) were carried out. As previously reported [30],
L28H-EcFNR readily formed a protein-DNA complex, even in the presence of O;, consistent
with its ability to activate transcription in vivo under aerobic conditions [30,48]. Increases
in the concentration of this variant resulted in a clear shift in the mobility of the probe
(Figure 2A), and full binding was achieved at a ratio of ~3 to 4 protein dimers (~6 to 8 [4Fe-
45] clusters) per FNR binding site. At ratios greater than ~5 dimers per probe, non-specific
DNA interactions appeared to dominate (Figure 2A).

A napFvs Holo L28H FNR
DNA (nM) : 50>
RatioFeS/DNA: 0 2 3 5 6 8 9 1524 30

B— SRR SITRAWETE ) el

5% gel
U —> R R R 7.5% gel
B napFvs Apo L28H FNR
DNA [nM) : 50>
RatioApo/DNA: 0 2 3 5 6 8 9 15 24 30
B i 0.5
5% gel
7.5% gel

U—"———J——'_———-—'

Figure 2. DNA-binding characteristics of L28H-EcFNR. DNA-binding EMSAs with (A) holo L28H-
EcFNR (81% [4Fe-4S] loading) and (B) apo L28H-EcFNR. The labelled napF FNR binding site (50 nM)
was incubated with either holo or apo L28H-EcFNR at the indicated ratios. U, unbound DNA probe;
B, specifically bound DNA probe; n.s., non-specifically bound DNA probe. The location of the change
in the polyacrylamide composition of the gel is indicated by the dashed yellow line.

To determine whether the DNA binding was cluster-specific, an L28H-EcFNR solution
was exposed to O until colorless. We note that, despite its enhanced O, tolerance, the
variant did eventually succumb to the effects of this gas. This apo form of L28H-EcFNR
failed to bind to the napF DNA target (Figure 2B). These EMSA observations are consistent
with previously reported DNA binding for [4Fe-4S] wt and L28H-EcFNR [30] and confirm
that the integrity of the cluster is essential for the DNA binding of both proteins.

3.2. [4Fe-4S] L28H-EcFNR Reacts with Multiple NO Molecules

L28H-EcFNR was previously shown to react with O, much more slowly than the wt
cluster, both in vitro and in vivo [30]. Thus, it remains transcriptionally active in the cell
under aerobic conditions. The O, sensitivity of the L28H-EcFNR preparations used here
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was as previously reported [30]. In order to gain novel insight into iron—sulfur cluster

reaction specificity, the NO reactivity of this variant was also investigated.

Sequential additions of NO to an anaerobic sample of L28H-EcFNR were followed by
UV-visible absorbance spectroscopy (Figure 3A). The changes observed included a decrease
in A406 nm, an increase in Azgonm and a lesser increase at Asy) nm—A700 nm, indicating the
formation of iron—nitrosyl species [24,28]. Isosbestic points were apparent at 295, ~390 and

~640 nm, and a plot of changes at Asgp nm as a function of NO per cluster gave an almost

linear response, with a slight inflection point at a ~4 [NO]:[4Fe-45] ratio and a reaction
end point of 8-9 NO molecules per cluster (Figure 3B). Changes at 406 nm were linear
and saturated at ~8 NO molecules per cluster (Figure 3B). A similar titration experiment
was conducted using near-UV-visible CD, where signals arising from the [4Fe-4S] cluster
decreased in intensity, essentially to zero, as the reaction with NO advanced (Figure 3C).
The plot of the CD intensity at 418 nm as a function of [NO]:[4Fe-4S] was linear and
indicated the completion of the reaction at ~8 NO molecules per cluster (Figure 3B).
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Figure 3. Reaction of [4Fe-4S] L28H-EcFNR with NO. (A) Absorbance spectra of [4Fe-4S] L28H-
EcFNR (35.7 uM) following sequential additions of NO up to a 12-fold excess over the [4Fe-4S] cluster.
(B) AA 360 nm (blue circles), AA 406 nm (green circles) and ACDy;gnm (black circles) were normalized
and plotted against the ratio of [NO] to the [4Fe-45] cluster. Tangents to the initial slope and the end
point plateau regions of the absorbance and CD data are drawn in and the points of intersection
are marked. (C) CD spectra resulting from a titration equivalent to that in (A). Spectra recorded at
the beginning and end of the titration are in black; intervening spectra are in gray. (D) EPR spectra
recorded at 74 K following the addition of NO to 33.8 uM [4Fe-4S5] L28H-EcFNR at [NO] to [4Fe-4S]
ratios of 0.0, 2.1, 4.0, 6.0, 8.3, 10.1, 13.4 and 33.0. The line shapes are characteristic of more than
one S = 1/2 species, as observed previously. The microwave power and frequency were 2 mW and
9.68 GHz, respectively, and the field modulation amplitude was 1 mT. Arrows indicate the direction
of spectral changes.
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Although the L28H-EcFNR cluster is spectroscopically indistinguishable from that
of the wt EcFNR, its reaction with NO showed some important differences. While the
reaction of the wt protein was also complete at a level of 8-9 NO molecules per cluster,
both absorbance and CD measurements indicated the formation of a stable intermediate
at ~4-5 NO molecules per cluster. Furthermore, the absorbance titration data plot did
not contain any isosbestic points [24]. Thus, the L28H-EcFNR reaction with NO exhibited
distinct behavior in the evolution of intermediates and products compared to the wt protein.
However, despite these differences, the final spectral form and intensity were similar for
both proteins.

The titration of [4Fe-4S] L28H-EcFNR with NO under conditions identical to those
above was monitored using EPR spectroscopy (Figure 3D; Figure S2). Complex signals
centered on g ~ 2.03 were observed, similar to those previously reported for wt nitrosylated
EcENR in vivo [49] and in vitro [24]. The spectra were deconvoluted to reveal contributions
from three distinct di-nitrosyl iron complexes (DNICs), S = % species (see Figure S2),
including a sharp feature at g ~ 2.04 (g, =2.044, g = 2.032) that is similar to that previously
assigned as an FNR-associated persulfide ligated DNIC [50]. The quantification of the
DNIC signals gave a concentration corresponding to ~26% of the original cluster (~6% of
the original iron). Thus, the majority of the iron was EPR silent. This, together with the
optical changes (with bands at 310 and 360 nm), indicated that diamagnetic multi-nuclear
iron nitrosyl species, such as Roussin’s Red Ester-like species, are the major product(s)
(see below).

The gel filtration of [4Fe-4S] L28H-EcFNR before and after the addition of NO gave
masses of 54 kDa and 37 kDa, respectively (Figure S3). Although the variant has an actual
mass of ~29 kDa, wt EcFNR was previously shown to elute from a gel filtration column
at ~30 kDa following a reaction with O, [24,51]. The UV-visible spectrum of the protein
following gel filtration clearly demonstrated that the iron-—nitrosyl species generated were
retained by the protein (Figure S4). Thus, nitrosylation resulted in the monomerization of
the protein. Again, this behavior is similar to that observed for wt EcCFNR [24].

3.3. [4Fe-4S] L28H-EcFNR Reacts Rapidly with NO

Stopped-flow absorbance was used to follow the reaction of L28H EcFNR with excess
NO. Changes at 360 and 420 nm were measured, corresponding to the maxima of the final
nitrosylated product and the initial iron-sulfur cluster, respectively (Figure 4A,B). The data
were similar to those previously reported for wt EcCENR in that three distinct kinetic phases
were observed at both wavelengths. While this suggested that there are three steps in the
overall reaction, fitting the Asgpnm and A4z nm data to exponential functions separately
and simultaneously (Figure 5A,B) demonstrated that the middle phase has quite different
kinetic characteristics at the two wavelengths. Similar observations were previously made
for wt EcENR [24], Steptomyces coelicolor WhiD and Mycobacterium tuberculosis WhiB1 [28].
Thus, the middle phases at 360 nm and 420 nm must report on different processes, and so
the overall reaction must consist of at least four steps, i.e., A— B — C — D — E. Steps A
— B and D — E were detected at both wavelengths and correspond to the initial reaction
with NO and the formation of the final product(s), respectively. Step B — C was detected
at 360 nm and step C — D at 420 nm.

Compared to wt EcCFNR, the amplitude of AA4pnm corresponding to step D — E
for L28H-EcFNR was significantly greater, consistent with the difference in the thermo-
dynamic titrations. The wt EcFNR data indicated an intermediate species formed at
~4-5 NO molecules per cluster, with relatively little change at 420 nm at higher NO ra-
tios. In contrast, L28H-EcFNR underwent a more concerted reaction with no evidence of
stable intermediates.
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Figure 4. Stopped-flow measurements of the reaction of [4Fe-4S] L28H-EcFNR with NO. (A) A30 nm
traces for L28H-EcFNR (~7.6 uM) following the addition of NO (297 uM, an excess of [NO] over
[4Fe-4S] cluster of ~39). Protein was in 25 mM HEPES, 2.5 mM CaCl,, 100 mM NaCl and 100 mM
NaNOs, pH 7.5. (B) As for (A), except that the wavelength was 420 nm. Fits to each of the observed
phases in (A,B) are drawn in black lines, and insets show early events in the reaction time course.
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Figure 5. Dependence of each step of the L28H-EcFNR nitrosylation reaction on NO. Stopped-
flow kinetic measurements following the addition of excess NO to [4Fe-4S] L28H-EcFNR (~7.6 uM)
with variable excess NO were performed. The panels (A-D) correspond to steps 1-4 of the overall
reaction (see main text for details), respectively, with observed (pseudo-first-order) rate constants
(kopbs) obtained from fits of the kinetic data at 360 and 420 nm plotted against the NO concentration.
Rate constants derived from data at Asgp nm are shown as white triangles, and those from A4z nm
as black triangles. Least-squares linear fits are shown as black dashed lines, the gradients of which
correspond to the apparent second-order rate constants (see Table S2). Proteins were in 25 mM
HEPES, 2.5 mM CaCl,, 100 mM NaCl and 100 mM NaNOj3, pH 7.5.

Plots of the observed pseudo-first-order rate constants (kyps) as a function of the
NO concentration for L28H-EcFNR were linear for each step at low NO concentrations,
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indicating a first-order dependence on NO (see Figure 5 and Table S2). While the rate
constant for the initial reaction of L28H-EcFNR with NO is ~50% lower, overall, the rate
constants for each step are of the same order of magnitude as those previously observed for
wt EcFNR [24], and also for Wbl proteins [28] (Table S2). The rate constant plots for the L28H
variant protein corresponding to steps B — C — D — E exhibited quite different behavior
at NO concentrations above ~250—400 uM, depending on the step. The dependence of
the pseudo-first-order rate constant on NO is much less steep at high NO concentrations,
suggesting that the rate-limiting process for these steps at higher NO concentrations is a
different reaction, most likely not NO-binding. Overall, despite these differences in rate
dependence at high NO concentrations, the kinetics of the reaction with NO were broadly
similar in both the O,-resistant and wt proteins.

3.4. Nitrosylation of L28H-EcFNR Results in Cluster Sulfide Oxidation and Formation of
Protein-Associated Persulfides

The formation of iron—nitrosyls from a [4Fe-4S]** cluster requires electrons. Depending
on the precise nature of the iron—nitrosyl products, up to six electrons are needed [2]. These
can be obtained from cluster sulfide oxidation to generate sulfane (S), which often results in
protein cysteine persulfides (-5-S7), as previously shown for WhiD [28] and wt EcENR [24].
After a reaction with excess NO, L28H-EcFNR contained ~0.9 S~ and ~3.4 S° per [4Fe-
4S] cluster (Table 1), demonstrating that S0 is generated via the oxidation of S~ [28].
Importantly, when L28H-EcFNR was exposed to excess NO and subsequently passed down
a gel filtration column, there was ~2 S per cluster, but very little S* remained associated
with the protein (Table 1).

Protein-associated cysteine persulfides/polysulfides can be detected via LC-MS [52,53],
thus providing a means to directly detect S° associated with L28H-EcFNR following ni-
trosylation. The mass spectrum of [4Fe-4S] L28H-EcFNR contained a monomer peak at
29,187 Da (theoretical mass of 29,189 Da), but also additional low-intensity peaks at inter-
vals of +32 Da, corresponding to apo L28H-EcFNR with between 1 and 4 S° adducts per
protein (Figure 6).
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Figure 6. Mass spectrometric detection of persulfide species of L28H EcFNR. Deconvoluted mass
spectrum of [4Fe-4S] L28H-EcFNR (855 nM) before (gray line) and after (black line) the addition
of NO. The highest intensity peak, at 29,187 Da, corresponds to monomeric apo L28H-EcFNR, and
the peaks annotated as +S°, +2S°, +3S? and +4S° correspond to apo protein containing up to four
covalently bound sulfur atoms at +32, +64, +96 and +128 Da relative to the apo protein.

The exposure of this protein to NO prior to MS resulted in a significant increase in S
adducts, principally, one or two S° species per FNR molecule. Previous studies of wt ECFNR
revealed similar behavior [24], and showed that S° is also generated through the reaction
with O, resulting in a persulfide that coordinates the [2Fe-25] cluster [53]. Therefore, the
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S adduct species formed in EcL28H-FNR through the action of NO are also likely to be
involved in the coordination of the iron—nitrosyl core.

3.5. Crystal Structure and O, Reactivity of [4Fe-4S] L28H-AfFNR

Overall, the 2.4 A resolution L28H-AfFNR structure (Figure 7A) is very similar to
that of the wt protein [11]. In spite of a 5 min air exposure at room temperature before
crystallization, the [4Fe-4S] cluster site was fully occupied, consistent with the high O,
tolerance of this variant. Low O; reactivity was also confirmed for L28H AfFNR via
stopped-flow absorbance (Figure S5) and through native MS (Figure S1B). For the latter,
and as for L28H EcFNR (Figure S1A), intermediates of cluster conversion were not readily
detected, with apo protein and persulfide adduct forms being the major species observed.

Ser24

Figure 7. Crystallographic characterization of [4Fe-4S] L28H-AfFNR. (A) Ribbon cartoon of the
functional dimer. The N-terminal regions are depicted in cyan and pale cyan using black for the
[4Fe-4S5] cluster-binding Cys20-Cys29 loops. The His28 mutation site is represented by a star on each
monomer. The C-terminal regions are shown in gold and light orange. (B) Detail of the Cys20-Cys29
loop and its interaction with the DN A-binding domain, showing the structure of the L28H variant
(dark gray C-atoms) superimposed on that of the wt (light gray C atoms) in semi-transparent mode.
These figures were made with PyMOL (www.pymol.org, the PyMOL molecular graphics system,
version 2.1, Schrodinger, LLC, New York, NY, USA).

An inspection of the region in the structure around the L28H substitution revealed
a significant conformational change in the Argl84 side chain (Figure 7B) and a small
movement of the DNA-binding domain, which appear to increase its interaction with the
Cys20-Cys29 loop of the cluster-binding domain (Figure 7B). In the wt structure, Arg184
makes a salt bridge with Asp97; both of these residues are conserved in EcFNR [54]. The
Cys20-Cys29 loop is more ordered in the L28H-AfFNR variant than in the 2.65 A resolution
wt structure, especially towards the N-terminal region, as evidenced by a significant
increase in the observed electron density. The latter is correlated with a decrease in the
temperature factor of the Sy atoms of Cys20, Cys23 and Cys29 from 145, 132 and 120 A? in
the wt structure to 100, 95 and 83 A2 in the 1.28H variant structure.

3.6. MD Simulations of wt and L28H-AfFNR Provide a Possible Explanation for the O, Resistance
Phenotype of the Variant

The comparison of the wt and L28H-AfFNR X-ray structures revealed no significant
conformational changes in the Cys20-Cys29 loop and the [4Fe-4S] cluster (Figure 7B). The
only clear difference was the shift of Arg184 caused by the change from Leu28 to His28.
In the L28H variant, Arg184 and His28 are close to each other but a cation-m interaction
is not observed (Figure 7B). Because such an interaction could affect the flexibility of the
Cys20-Cys29 loop and contribute to the observed O,-resistant phenotype, a series of MD
simulations was carried out to investigate its possible formation in solution. First,a 1 us
simulation of [4Fe-45] L28H-AfFNR indicated that a cation— interaction could be present.
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The radial distribution probability for the interaction between the C( of Argl84 and the
center of mass of the unprotonated imidazole ring of His28 (Figure 8A) was very similar to
the one found for an Arg-His dipeptide [55].
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Figure 8. MD simulations of L28H-AfFNR and comparison to wt AfFNR. (A) Left panel: radial
distribution function (RDF) calculated along the MD simulation of the [4Fe-4S] L28H-AfFNR dimer,
between the C{ atom of the Arg184 guanidinium group and the center of mass of the His28 ring. The
simulations reveal an asymmetry of dynamics in chain A (orange) and chain B (cyan), most likely
arising from interactions between the two monomers. Right panel: cation-m interaction between
Argl84 and His28 (indicated by a black dashed line) shown for one of the frames along the MD
trajectory of the [4Fe-4S] L28H-AfFNR. This type of interaction has been observed with the highest
probability at a distance of 4.6 A in a His-Arg dipeptide [55]. (B) Left panel: radial distribution
function calculated, along the MD simulation of the apo L28H-AfFNR dimer, between the C{ atom
of the Arg184 guanidinium group and the center of mass of the His28 ring of chain A (orange) and
chain B (cyan) [55]. The cation— interaction is present through most of the simulation in chain A
(orange line), while it is formed only briefly towards the end of the simulation in chain B (cyan line).
Right panel: root mean square deviation (RMSD) of the Cys20-Cys29 loop relative to its conformation
in the crystal structure along the dynamics of the apo wt-AfFNR (chains A and B in green and pink,
respectively) and that of the apo L28H-AfFNR (chains A and B in orange and cyan, respectively). The
Cys20-Cys29 loop flexibility of the variant (see RMSD) is correlated with the presence of the cation—m
interaction (see RDF); the loop is less flexible when the interaction is present (orange lines).
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Next, a 1 ps simulation of [4Fe-4S] wt AfFNR showed that, with only rare exceptions,
the distance between the closest heavy atoms of the Leu28 and Arg184 side chains was
kept at 4-to-6 A, owing to van der Waals interactions (not shown). However, in these two
simulations, it was not possible to evaluate the effect of the substitution on the flexibility of
the Cys20-Cys29 loop because its three Cys residues are bonded to the cluster (see Methods
for details). One way to explore the effect of a possible cation—m interaction on the loop
flexibility was to remove the cluster. Although it is obvious that this cannot represent
the first step in the reaction of the [4Fe-4S] cluster with Oy, it could provide a way to
test the influence of that interaction on the intrinsic flexibility of the loop. Indeed, the
His28-Arg184 cation—m interaction was also observed without the cluster (Figure 8B). As
shown by the root mean square deviations obtained during the 1 us MD simulation of the
apo L28H-AfFNR, the Cys20-Cys29 loop is less flexible when the His28-Arg184 cation-m is
present than when it is absent (Figure 8B). In addition, it is inherently less flexible than its
wt counterpart (Figure 8B).

4. Discussion

The FNR proteins of facultative anaerobes act as transcriptional regulators to coor-
dinate the switch between aerobic and anaerobic respiratory growth. In the absence of
O,, FNR proteins are homodimers capable of site-specific DNA binding. Each subunit
of the FNR dimer possesses a [4Fe-4S]?* cluster. O, reacts with these [4Fe-45] clusters to
ultimately (via a series of intermediates) yield monomeric, non-DNA-binding, apo-FNR. In
addition to the primary O; signal, FNR [4Fe-4S] clusters also react with NO, an intermedi-
ate in, or by-product of, anaerobic nitrate respiration. This raises important questions of
how FNR, and other iron—sulfur cluster-based regulators, discriminate between alternative
signaling molecules.

Early attempts to understand the mechanism by which FNR became inactivated led
to the discovery of variants that increased the expression of nitrate reductase (narGHJI)
during aerobic growth conditions [48]. One of these, L28H-EcFNR, possessed a [4Fe-45]
cluster that was relatively stable in air, permitting sufficient homodimeric L28H-EcFNR to
persist in the presence of O,, enabling site-specific DNA binding [30]. Here, we confirmed
that L28H-EcFNR possesses [4Fe-45] clusters that are more stable under aerobic conditions
compared to the wt protein. Nevertheless, we show that the L28H-EcFNR [4Fe-4S] cluster
does react with O,, albeit slowly, resulting in the monomerization and abolition of site-
specific DNA binding. Thus, as for the wt protein, the integrity of the [4Fe-4S] cluster is
important for L28H-EcFNR to bind target DNA.

Despite its enhanced tolerance to O,, we show that L28H-EcFNR remains acutely
susceptible to NO. Overall, the kinetics of the reaction of the variant with NO were broadly
similar to those previously reported for wt-EcFNR. Both reacted rapidly with NO (with
similar rate constants), in a multiphasic reaction (A — B — C — D — E) that resulted
in a dissociation into monomers, with all steps displaying a first-order dependence on
NO at lower (physiologically relevant) concentrations [24]. However, differences in the
thermodynamic titrations indicated that, while wt-EcFNR reacts in a non-concerted reaction
with a likely intermediate at ~4-5 NO molecules per cluster, L28H-EcFNR exhibited a
concerted reaction with no evidence of a stable intermediate at this, or any other, NO-to-
cluster ratio. Thus, although the L28H substitution had profound effects on the sensitivity
of the EcFNR [4Fe-4S] cluster to O,, it had little effect on the NO reactivity.

At the time of writing, there is no high-resolution structural information for ECFNR.
However, a 2.65 A resolution crystal structure of dimeric [4Fe-4S] FNR from the marine bac-
terium A. fischeri (AfFNR) has provided a structural framework upon which observations
on the EcFNR protein can be interpreted and mechanistic insights can be gained [11,56].
The introduction of the Af fur gene can restore anaerobic respiration on nitrate in an E.
coli fur~ mutant, and AfFNR shares an 84% amino acid sequence identity with the E. coli
protein [10,54]. Here, we show that, like its Ec counterpart [30], the L28H-AfFNR protein
reacts with O, very slowly (Figures S1B and S5). Moreover, the L28H-AfFNR crystal struc-
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ture described here offers insights into why L28H-FNR variants are resistant to Oy, but, as
shown for L28H-EcFNR, remain largely unaffected in reactions with NO.

The crystal structure of L28H-AfFNR confirmed the conclusion drawn from previous
mutagenesis studies, which suggested that the introduced His residue did not act as a
cluster ligand [30]. In fact, the L28H substitution results in only one highly localized
structural change in AfFNR: the shift of the Argl84 side chain (Figure 7B). Although a
cation—t interaction between His28 and Arg184 was not observed in the crystal structure
(Figure 7B), MD simulations showed that it is likely to be substantial in solution (Figure 8A).
To understand why this interaction was not observed in the crystal, the X-ray structure was
further examined. We noted that crystal-packing contacts, at both the top of the cluster-
binding N-terminal region and the bottom of the DN A-binding region, place His28 and
Argl84 too far apart to form a cation— interaction. However, during the MD solution
simulations, these two regions undergo rigid body displacements that bring these residues
closer to each other, such that the interaction becomes possible. Furthermore, in simulations
where the cluster was removed, it was found that interaction between His28 and Arg184
could significantly restrict the flexibility of the Cys20-Cys29 loop. These observations
lead us to suggest the following as a possible explanation for the observed O,-resistant
phenotype of the L28H-EcFNR protein.

Previously, it was noted that the electron density associated with the Cys20 thiolate
side chain was weak in the wt-AfFNR crystal structure, leading to the suggestion that
the bond may be naturally strained and the position of the Cys20 side chain could be
relatively flexible [11]. The structure of L28H-AfFNR reported here indicates that the L28H
substitution lowers the conformational flexibility of the Cys20-Cys29 loop, which could,
in turn, reduce strain on the Cys20(S)-Fe bond. The effect of this may be to diminish the
propensity of the Cys20 thiolate to dissociate from the cluster iron, which, in turn, decreases
the rate of iron dissociation from the [4Fe-45] cluster. The Grenoble group proposed that
this process may be necessary in order for a reaction with O; to occur [11]. In such a
model, the outer-sphere reaction of O, with a transiently formed [3Fe-4S]° cluster results in
oxidation to an EPR-active [3Fe-4S]!* form that is the first committed step on the conversion
pathway to the [2Fe-2S]** monomeric form. Interestingly, the Norwich group recently
demonstrated that the iron sensor RirA, a member of the Rrf2 super-family of regulators,
exhibits sensitivity to O, through the reaction of a [3Fe-4S]° form that is in equilibrium
with a [4Fe-4S]?* form, but which is favored under low-iron conditions [57]. Thus, the
effect of the L28H substitution could be to stabilize the coordination of the Cys20 thiolate to
the cluster, and hence dramatically lower the capacity for, and sensitivity to, O,-mediated
outer-sphere oxidation processes. Consistent with this, the electron density associated with
the thiolate of Cys20 is stronger than observed in the wt AfFNR structure. Although the
Cys20-Fe bond structurally appears as the best candidate to initiate cluster degradation, we
cannot rule out the possibility that the first reaction step could concern either the Cys23-Fe
or the Cys29-Fe bonds instead.

In contrast to O,, which can participate in both inner-sphere and outer-sphere redox
reactions with metal ions, and favors the outer sphere in reactions with iron-sulfur clusters,
NO more commonly reacts with metal ions via inner-sphere processes, modifying the coor-
dination sphere of target metal ions and inducing redox changes [58,59]. Overall, the rapid
kinetics reported here for the reaction of L28H-EcFNR with NO are broadly comparable to
those of wt-EcENR. Thus, it appears that the stabilizing effect of the L28H substitution to-
wards Op-mediated outer-sphere processes does not confer protection against inner-sphere
NO reactions, probably because the latter do not initially depend on the cleavage of a
Cys-Fe bond. However, the reduced conformational flexibility of the Cys20-Cys29 loop
in the L28H variant may be important for the observed 50%-reduced rate of the initial
reaction with NO, and for the distinct concentration dependencies observed at high NO
concentrations. Thus, the decreased conformational flexibility of the Cys20-Cys29 cluster-
binding loop imparted via the replacement of Leu28 by His, which we propose inhibits
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outer-sphere O, reactivity, only partially impairs inner-sphere NO reactivity, providing
new insights into how iron-sulfur cluster regulators distinguish between O, and NO.

5. Concluding Remarks

In E. coli and other enterobacteria, FNR primarily functions as a global O, sensor
that controls the switch between aerobic and anaerobic metabolism. In addition, in the
marine bacterium Aliivibrio fischeri, it also regulates the O,-dependent luciferin-luciferase
reaction [10]. In mechanistic terms, FNR is amongst the best characterized of the iron-sulfur
cluster-containing transcriptional regulators, although it is still unclear what controls its
sensitivity to O,. FNR is also known to regulate, as a secondary role, gene expression in
response to physiological concentrations of NO. Thus, it represents a useful model for better
understanding how iron—sulfur cluster regulators discriminate between O, and NO. Based
on our MD simulations, it can be concluded that the main impact of L28H substitution is to
stabilize the cluster-binding loop through the formation of a cation—m interaction between
His28 and Arg184. The flexibility of this loop appears to be crucial to the outer-sphere
reaction of the cluster with O,. It is much less important for inner-sphere reactions with
NO, resulting in a greater specificity of L28H FNR towards this gas.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/inorganics11120450/s1: Figure S1: Reaction of L28H-EcFNR and L28H-
AfFNR with O2 monitored by native MS; Figure S2: Deconvolution of EPR spectra res;ulting from
nitrosylation of [4Fe-4S] L28H-EcFNR; Figure S3: Gel filtration of [4Fe-4S]- L28H-EcFNR before and
after nitrosylation; Figure S4: UV-visible properties of nitrosylated [4Fe-4S] L28H-EcFNR; Figure S5:
Reaction of [4Fe-4S]-AfFNR with O2; Table S1: X-ray data collection and refinement statistics for
[4Fe-4S] L28H-AfFNR; Table S2: Rate constants for the nitrosylation of [4Fe-4S] L28H-EcFNR with
NO and comparison to wild-type FNR and Wbl proteins. References [24,28,50,60-64] are cited in the
supplementary materials.
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