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Abstract

Metal and redox homeostasis in cyanobacteria is tightly controlled to preserve the
photosynthetic machinery from mismetallation and minimize cell damage. This control

is mainly taken by FUR (ferric uptake regulation) proteins. FurC works as the PerR
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(peroxide response) paralog in Anabaena sp. PCC7120. Despite its importance, this
regulator remained poorly characterized. Although FurC lacks the typical CXXC
motifs present in FUR proteins, it contains a tightly bound zinc per subunit.
FurC:Zn stoichiometrically binds zinc and manganese in a second site, being manganese
more efficient in the binding of FurC:Zn to its DNA target P,... Oligomerization analyses
of FurC:Zn evidence the occurrence of different aggregates ranging from dimers to
octamers. Notably, intermolecular disulfide bonds are not involved in FurC:Zn
dimerization, being the dimer the most reduced form of the protein. Oligomerization of
dimers occurs upon oxidation of thiols by H.O,or diamide and can be reversed by
DTT. Irreversible inactivation of the regulator occurs by metal catalyzed oxidation
promoted by ferrous iron. However, inactivation upon oxidation with H.O,in the
absence of iron was reverted by addition of DTT. Comparison of models for FurC:Zn
dimers and tetramers obtained using AlphaFold Colab and SWISS-MODEL allowed to
infer the residues forming both metal-binding sites and to propose the involvement of
Cys86 in reversible tetramer formation. Our results decipher the existence of two levels
of inactivation of FurC:Zn of Anabaena sp. PCC7120, a reversible one through disulfide-
formed FurC:Zn tetramers and the irreversible metal catalyzed oxidation. This additional

reversible regulation may be specific of cyanobacteria.

Introduction

FUR (Ferric Uptake Regulator) proteins form a superfamily of pivotal
transcriptional regulators present in most prokaryotes. The most ubiquitous members
of the family are Fur (ferric uptake regulator), Zur (zinc uptake regulator) and PerR
(peroxide response regulator) [1]. In many cases they work not only as metal-
concentration dependent regulators, but also respond to different signals, such as the
presence of ROS and RNS, O,, the pH, the ratio C/N or the concentration of NaCl or 2-
oxoglutarate [2-7] working as global regulators in a wide variety of bacteria [1]. Despite
their common overall structure, different working mechanisms have been proposed for
the different FUR regulators, often depending onthe number and properties of
the metal binding sites, which can vary in the different
microorganisms [8]. Furthermore, distinct oligomerization status of some members of
the  family, such as Fur  from Francisella tularensis or ~ Zur (FurB)
from Anabaena (Nostoc) sp. PCC7120 (herein Anabaena sp.) lead to different ways of
interaction of these proteins with DNA [9, 10].

In the nitrogen-fixing cyanobacterium Anabaena sp., the alr0957 gene was

identified as the furC (perR) paralog of the family [11,12]. FurC from Anabaena sp. is a



149 amino acid protein containing three cysteines and six histidines. Until now, it was
not possible to obtain a fully segregated furC deletion mutant
of Anabaena sp., suggesting a crucial role for that protein in this cyanobacterium. On
the contrary, overexpressing FurC produced aviable variant exhibitinga ROS-
sensitive, pleiotrophic phenotype with alterations in the photosynthetic machinery
and cell-division rate [12]. Indeed, in addition to control a set of genes involved in the
response to peroxide stress, FurC (PerR) modulates photosynthesis related genes and
is also involved in the regulatory network governing heterocyst development and
nitrogen fixation [12, 13].

The function of PerR proteins, which work as metal-dependent peroxide
sensors, was first described in Bacillus subtilis. Deletion of perRled to constitutive
catalase  expression and overall higher H.0, resistance [14]. PerR from B.
subtilis (BsPerR) has been further structurally characterized [15] and its action mode
deciphered [16]. As purified, PerR is actually a dimer containing one structural Zn> per
subunit bound to four cysteines [15, 17] and one regulatory site per subunit. Upon
Fe> binding in this site, PerR adopts a closed dimer conformation and is able to bind
DNA and repress its targets. In case of oxidative stress, H,O, will react with the regulatory
iron, leading to oxidized histidines unable to bind iron anymore and in turn to an open
dimer conformation, thus inactivating the protein, allowing for targets de-
repression [16, 18, 19]. BsPerR regulatory binding site has high affinity for Fe>and
Mn>and contains three histidines (37, 91 and 93), being His 37 and His91 sensitive to
oxidation mediated by Fe> and H.0,, as well as two aspartates (85 and 104). BsPerR also
contains the four characteristic cysteines in the XH;, XH2Cs:XXCss and
CXXC motifs (Figure 1). Alternatively, BsPerR has been shown to have also a repressive
activity when bound to Mn> instead of Fex, but then is not sensitive to oxidation by
H.0, [20] and deactivation by NO [3]. This can be explained by the fact that the oxidation
of the histidines is catalyzed in a Fenton like reaction, which Mn> cannot operate [18].
In Anabaena sp., FurC has been shown to be upregulated under H.0, stress conditions,
and its DNA binding activity to be metal and oxidation dependent. Indeed, when in
a FurC:Zn-Mn situation, FurC has optimal DNA binding activity
against prxA (peroxiredoxin A) promoter. However, the FurC:Zn-Fe form shows no DNA
binding activity without addition of native catalase [11], suggesting that it could work in
a similar way to PerR in B. subtilis [14,16]. Despite the key role of FurC in
cyanobacteria, the presence of the resulting 2-oxo-histidine upon H.O, stress has not
been directly demonstrated to date. Likewise, the information
about the biochemical properties of FurC, including its metal content, the influence of
different effectors in its metalation, oligomerization status and DNA-binding ability is

still scarce. In the present work, the metal binding and the presence of oligomeric forms



dependent on disulfide bridges was analyzed by SDS-PAGE, both in reducing and
oxidizing conditions. On the other hand, size exclusion chromatography combined with
light scattering and refractometry (SEC-MALLS-RI) demonstrated the presence of
different oligomeric states in solution, such as dimers, tetramers
and hexamers. Structural models of these various oligomers were built and
analyzed. The metal binding properties of FurC were studied by isothermal
calorimetry and ICP-OES. Moreover, FurC metal catalyzed oxidation (MCO) was
analyzed through MASS-spectrometry after aerobic incubation of the regulator with
Fe>. Our results suggest two level of response of the FurC sensor to O, and H.0,, a
reversible one involving cysteine oxidation trapping high oligomers unable to bind DNA
and the more classical PerR MCO irreversible oxidation of a histidine in the regulatory

site triggering iron release and loss of the DNA binding ability.

Materials and methods

Purification of recombinant FurC:Zn from Anabaena sp.

Pure recombinant FurC:Zn of Anabaena sp. was obtained using the procedure
previously described [13] with some modifications. Briefly, the furC gene (alr0957)
from Anabaena sp. PCC7120 was amplified from Anabaena genomic DNA and ligated
into pET28a vector (Novagen: Merck, Darmstadt, Germany). FurC:Zn was overproduced
in BL21 DE3 E. coli cells freshly transformed with pET28a(furC) vector grown in Luria—
Bertani (LB) medium until the late exponential phase (OD«0.6-0.7) and induced
overnight with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 15°C. 10 g of
pelleted cells were resuspended in 50 mL of 50 mM Tris-HCI pH 7.5 in presence of 10
mM EDTA (buffer A) to avoid metal catalyzed oxidation based on the protocol described
for the B. subtilis PerR orthologue [15]. After lysis by sonication, cell debris was removed
by centrifugation, and the resulting supernatant was loaded onto a 20 mlL
Heparin Sepharose column equilibrated in buffer A. Afterwards, the column was washed
with buffer A supplemented with 0.1 M NaCl. Finally, FurC:Zn was eluted in a linear
gradient 0-0.5 M NaCl in buffer A. FurC-containing fractions were pooled and dialyzed in
50 mM Tris-HCl pH 7.5. The resultant FurC:Zn was further subjected to an ion exchange
chromatography on a 20 mL DEAE cellulose column equilibrated with 50 mM Tris-HCI
pH 7.5, washed with 50 mM Tris-HCl pH 7.5, 0.1 M NaCl and separated using a linear
gradient of NaCl 0.1 to 0.7 M in 50 mM Tris-HC| pH 7.5. The resulting fractions
were analyzed by SDS-PAGE and spectrophotometrically. Furthermore, the
tubes containing FurC:Zn were pooled and dialyzed in 50 mM Tris-HCl pH 7.5, 150 mM
NaCl to be stored at -80°C. FurC:Zn purification was carried out as well using the same

columns but in reverse order performing first DEAE cellulose and



heparin sepharose chromatography afterwards, obtaining similar results in oligomer
formation, metal content and specific binding activity. For the indicated cases, purified
FurC:Zn was further purified by gel filtration on a Superdex 75 HiLoad 16/60 column (GE
Healthcare) equilibrated with 50 mM Tris-HCl pH 7.5, 150 mM NacCl and 0.5 mM TCEP.
Prior to its injection in the column, FurC:Zn was incubated with 0.5-1 M NaCl during 30
min and with 4 mM DTT during 10 min to favor FurC:Zn dimeric oligomeric state. FurC-
Zn quantification was assayed spectrophotometrically using FurC theoretical extinction
coefficient at 280 nm (14,440 M+-cm+).

Metal Content Analysis by ICP-OES

The metal content (Zn and Fe) of purified FurC preparations was determined using ICP-
OES at the Servicio de londmica from CEBAS-CSIC (Murcia, Spain). All the measurements
were recorded in duplicate with 8 to 10 nmol of precipitate-free FurC preparations
scaled up to 10 mL of ICP-grade 5 % HNO:; (Aristar®) (v/v).

MALDI-TOF-MS

The irreversible oxidation of FurC:Zn by incorporation of 1 atom of oxygen per FurC:Zn
monomer was elucidated from protein molecular mass determination by MALDI-TOF
MS (4800 plus MALDI TOF/TOF, Sciex) performed at the Servicio de Protedmica from
Instituto Aragonés de Ciencias de la Salud (Zaragoza, Spain). Prior to the determination,
40 uM FurC:Zn were treated with freshly prepared 40 uM MnCl, or 40 uM FeSO,under
aerobic conditions for 10 minutes. Afterwards the protein was treated with or without
100 uM H.,0.during one hour and then dialyzed for 30 min against Tris-HCI 50 mM pH
7.5, NaCl 150 mM and directly analyzed by MALDI-TOF MS. Briefly, the samples were
acidified by adding 0.1 % trifluoroacetic acid (TFA). Samples (0.5 pL) and matrix (0.5 pL
of saturated solution of 10 mg/mL of sinapinic acid prepared in 50% ACN/0.1% TFA)
were spotted onto an Opti-Tof 384-well insert (Sciex). MALDI-TOF MS analyses were
performed in the linear mode with an accelerating voltage of 20 kV, mass range of
25,000-150,000 Da, 1000 shots/spectrum, and laser intensity of 4500. Spectra were
externally calibrated using a standard protein mixture (ProteoMass Protein MALDI-MS
Calibration Kit MSCAL3, Sigma).

Oligomeric state analysis on gel exclusion chromatography

In order to identify and isolate the different oligomeric states of FurC:Zn a gel
filtration on a Superdex 200 Increase column was performed. The column was
equilibrated with 50 mM Tris-HCl pH 7.5, 150 mM NaCl. 10% glycerol was added in some
experiments as specified in figure legends. Before injection, samples were incubated
either without additives, with 2 mM DTT for 10 min or with 0.5 M NaCl for 30 min and 2



mM DTT for 10 mi. The isolated species by gel filtration were then analyzed by SEC-

MALLS-RI for molecular weight determination.

SEC-MALLS-RI experiments

Multi angle laser light scattering (MALLS) is a technique allowing accessing the precise
molecular weight of the species in samples. Knowing that the variation of refractive
index related to variation of protein concentration is constant (dn/dC), measuring the
refractive index allows one to access the concentration in protein at any point of the
elution. Then, thanks to Rayleigh’s equation, linking molar mass (M), concentration(C),
light scattering (RB) which is measured by the captors in the Dawn Heleos-1l and an
optical constant (K), also calculated by the equipment. The molecular mass of the sample
was checked by size-exclusion chromatography coupled to multi-angle laser light
scattering with online refractive index (SEC-MALLS-RI) as previously described [21]. 20
uL of sample with a 2 mg/mL+ (122 uM) concentration were loaded on an analytical
Superdex-S200 Increase column connected to an in-lane Dawn Heleos Il spectrometer
(Wyatt Instruments). The column was pre-equilibrated at 0.5 mL.min- with the buffer,
50 mM Tris-HCl pH 7.5 containing 150 mM NaCl, filtrated at 0.1 um.10%
glycerol was added in some experiments as specified in figure legends. An in-lane
refractive index detector (Optirex, Wyatt Instruments) was used to follow the
differential refractive index relative to the solvent. After baseline subtraction of the
buffer solution, all samples presented a single peak allowing the determination of
absolute molecular masses with the Debye model using ASTRA6 software (Wyatt

Instruments) and a theoretical dn/dc value of 0.185 mL-g-.

Isothermal titration calorimetry (ITC)

FurC:Zn interaction with Mn>and Zn»was analyzed with a MicroCal Auto-iTC200
calorimeter (Malvern Panalytical, Malvern, UK) at a constant temperature of 25 °C.
Protein solution was used at a final concentration of 20 uM in 50 mM Tris-HCI pH 7.5,
NaCl 150 mM. Similarly, ligand solution containing 200 pM MnCl,or 200 uM
ZnSO, was prepared in the same buffer as FurC:Zn. A sequence of 2 pL injections (0.5
pL-sinjection rate) spaced 150 s apart and a stirring speed of 750 r.p.m. was
programmed. The dissociation constant was obtained through non-linear least squares
regression analysis of the experimental data to a model for a single ligand-binding site
for Mn>and Zn> in FurC:Zn. When indicated, the reducing agents DTT or TCEP at 1 mM
and 2 mM respectively and the oxidizing agent H,0, at 500 uM were added to the
solutions in order to assess their influence on the FurC:Zn-Mnzof FurC:Zn-
Zn> interactions. Appropriate controls were performed: Ca»-EDTA titrations to

calibrate/test the calorimeter, and Mn> and Zn> dilutions in buffer in order to evaluate



the effect of heat associated with the process. In order to assess unspecific effects from
ligand injection and evaluate the background injection heat effect, control experiments

consisting on injecting metal solutions into buffer were performed.

Electrophoretic mobility shift assays

Gel retardation analyses were performed using the promoter region of prxA as DNA
target and an internal fragment of the pkn22 gene as nonspecific competitor. DNA
fragments of P,.. were obtained by PCR amplification using oligonucleotides
5’- GTCCAGAAGGCGGATTGTC -3’ and 5’CTTAATTCTCCTTCAACTTATATCGG3’ and then
purified using the GFX PCR DNA and Gel Band Purification Kit (GE Healthcare,
Buckinghamshire, United Kingdom). A 200 nM protein solution was incubated for 30 min
with 50 ng of the corresponding DNA fragments in the reaction buffer containing 10 mM
Bis-Tris pH 7.5, 40 mM KCl, 5% glycerol and 0.05 mg/mL bovine serum albumin before
being loaded on native 6% polyacrylamide gels. Depending on the tested conditions, 1
mM DTT and/or 0 to 100 uM MnCl, or ZnCl, were added to the reaction mixtures.

Determination of intermolecular and intramolecular disulfide bonds

In order to analyze the presence of intermolecular and intramolecular disulfide bonds in
the oligomeric species of FurC:Zn, the effects of DTT (Sigma-Aldrich) and H.O,were
evaluated. Protein samples at a concentration of 20 uM were treated for 10 minutes at
room temperature with 5 mM H.0, and/or with 10 mM DTT. A loading buffer without
reducing agents was used. The proteins were resolved by a non-reducing 17% SDS-PAGE

and stained with Coomassie blue.

Homology modeling and predictions of oligomeric FurC structures

Homology modelling of FurC dimer was performed using the SWISS-MODEL Workspace
(http://swissmodel.expasy.org/). The ab-initio predicted three-dimensional structures
of FurC dimer and tetramer were generated using the AlphaFold Colab
server [22, 23] that predicts protein structures starting from their sequences using a
slightly simplified version of AlphaFold v2.0. This server does not consider existing
structural templates. The reliability of the AF predictions was assessed by the Local
Distance Difference Test (LDDT) score reported for each structure. The experimental
crystallographic structures of PerR and Fur proteins were retrieved from the Protein
Data Bank [24] The PISA server [25] was used to assess the oligomeric states

of BsPerR which are consistent with its crystal structure (3F8N).

Results



FurC contains a tightly bound zinc per subunit

Sequence alignment of FurC from Anabaenasp. with PerR  proteins
whose crystallographic structures have been solved shows that FurC is devoid of 3 of the
4 cysteines from the canonical CXXC sites which usually coordinate structural zinc in
PerR paralogs (Figure 1). Although only the first one (Cys 103) was conserved in the
motif, FurC contains two other cysteines in positions 21 and 86 that were not conserved
in other PerR homologues. In order to assess the metal content of FurC, ICP-OES
analyses were performed using the pool of purified FurC proteins after a two-
step procedure consisting in a Heparin Sepharose chromatography, which was carried
out in the presence of 10 mM EDTA followed by an ion exchange chromatography on
a DEAE cellulose column. Our data show that after purification, FurC keeps 0.83 Zn and
0.31 Feper subunit (average of two independent measurements as indicated
in Supplementary Table S1). This suggests that one Zn»ion is tightly bound to
each FurC protein subunit. Hereafter purified recombinant FurC protein  will

be referred as FurC:Zn.

Oligomerization analysis of FurC:Zn unveils different types of oligomers

Fur and PerR proteins may exist under different oligomeric states. The oligomerization
status of purified FurC:Zn in solution was investigated by size exclusion chromatography
(SEC) using a Superdex 200 Increase 10/300 column). Furthermore, a SEC coupled to
multi-angle laser light scattering with online refractometer (SEC-MALLS-RI) assessed the
molar masses. Figure 2A shows the elution profile of FurC:Zn as purified, incubated
under different conditions and afterwards resolved by size-exclusion chromatography.
The elution profile reveals several peaks, which correspond to different oligomeric
forms of the regulator. It is noticeable that the ratio between peak 1 and peak 2 slightly
changes upon addition of DTT, or the presence of DTT plus 0.5 M NaCl, which produces
a dramatic increase of fraction 2 (Figure 2A). In order to determine the molecular
weights and the degree of oligomerization of the different consortia of FurC:Zn present
in these fractions, they were pooled, concentrated and analyzed by SEC-MALLS-RI.
Fraction from “peak 2” contains mainly a dimeric species of 34.9 kDa * 4.4% (Figure
2E). Identical profiles were obtained in the presence of TCEP reductant in the columns
along the whole process (Supplementary Figure S1). It indicates that the reduced FurC
remains as a dimer during the previous steps before SEC-MALLS molecular weight
determination without reoxidizing into higher oligomeric forms and that intermolecular
disulfide bonds are not involved in FurC:Zn dimerization. Fraction from

“peak 1” contains a mixture of mainly FurC:Zn tetramers(69.8 kDa #



12.6%) and dimers (35.6 kDa *+ 28.5% kDa) (Figure 2D). The tetramer is the major
species in this pool that contains also traces of higher molar masses species. The
resulting mixture could be due to an equilibrium between dimer, tetramer and higher
oligomers as previously described for Escherichia coli Fur [26]. It is noticeable that the
dissociation of a fraction of FurC:Zn tetramers and higher oligomeric forms into dimers
largely increased in presence of DTT and salt as observed in Figure 2A. In order to have
an estimation of the proportion of covalent versus non-covalent interactions between
FurC:Zn subunits in solution, a non-reducing SDS-PAGE gel of FurC:Zn as purified before
SEC and incubated without and with 10 mM DTT was performed. Figure 2B shows the
presence of two major bands around 15 and 30 kDa whose
proportion changes depending of the redox conditions. Figure 2C presents
a simplified scheme of the most abundant FurC:Zn forms that can be present in solution
(left panel) and in the non-reducing SDS-gel (right panel), where non-
covalent interactions aredisrupted. The lane containing the sample without DTT in the
gel indicates that non-covalent interactions in solution largely contribute to the
interaction between FurC:Zn subunits. The disappearance of the upper bands in the
sample incubated with DTT suggests the existence of two bridged-subunits in at least
one of the species present in FurC:Zn as purified in absence of DTT treatment (Figure
2C). Furthermore, the experiment performed on pure dimer (see below and

Figure 3) demonstrates the absence of S-S covalently bridged functional dimers.

Reversible oligomerization upon oxidation and reduction

In order to decipher if the disulfide bridged subunit can be formed upon oxidation of
FurC dimer, the impact of H,O, and diamide was checked on purified FurC:Zn dimers and
followed by SEC-MALLS-RI (Figure 3A). Before injection, FurC:Zn at 122 uM samples
were incubated either without additives, with 5 mM H.O,for 30min, with 5 mM diamide
for 30 min, with 5 mM H.O, for 30 min followed by addition of 10 mM DTT for 10 min,
or with 5 mM diamide for 30min followed by addition of 10 mM DTT for 10 min. It has to
be noticed that adding 10 mM DTT on FurC:Zn dimer did not impact the SEC profile at
all (Supplementary Figure S2), whereas adding H.O, or diamide gave the same pattern
of profiles with well-defined peaks corresponding to higher oligomeric states that can
be seen also on non-reductant SDS-PAGE gel (Figure 3B). Interestingly, DTT addition fully
reversed the oligomerization to reform dimeric species (Figure 3A and 3B). Figure 3C
presents the molar mass measurement of dimer, tetramer, hexamer and even octamers
and higher oligomers after oxidation of the dimer as deduced from Table 1 that
compared the theoretical and measured molar mass of possible oligomers. Altogether,
an oligomerization occurred upon oxidation of thiols to disulfide bridges by H.O. or

diamide, which could be reversed by simple DTT reduction. The reversible



oligomerization was not dependent on FurC:Zn concentration as seen at 20 uM of
FurC:Zn (Supplementary Figure S2).

Interaction of FurC:Zn with Mn> and Zn>: different effects in FurC:Zn activity

In order to explore potential metal-interactions of FurC:Zn at the regulatory site, ITC
experiments were carried out in the presence of Mn>and Zn»in different redox
conditions. Supplementary Figure S3 and Supplementary Table S2 show
that FurC:Zn as purified after Heparin and DEAE columnsis able to bind with high
affinity (K= 107 M) around one molar equivalent of Mn2 or Zn>, with no discernible
effect of either DTT, TCEP or H.0.. Experimental conditions (i.e. same buffer and the
absence of chelators or other competitors) were chosen in order to work in conditions
similar to these in EMSA assays. Unfortunately, under these experimental
conditions the values obtained for the apparent dissociation
constants (Supplementary Table S2) do not permit reliable quantitation of binding
affinity (Supplementary Figure S4), since they are just below the lower limit for practical
determination of dissociation constants by ITC [27]. Furthermore, it should be taken
into account that, at the concentrations used in these assays, proteins with significant
affinity for metals (K, < 10° M) will be saturated and so a true equilibrium is not present
[28].

Since FurC:Zn binds Mn> and Zn>» with high affinity, we sought to investigate the
influence of both metal ions in the DNA-binding activity of the regulator. To test the
effects of the presence of these metals, EMSA assays were conducted at different
concentration of both metal ions. Figure 4 shows that, in vitro, FurC:Zn binds DNA in the
presence of both, Mnzor Zn#, though the concentration of Mn> needed for efficient
binding to its DNA target P,.. is lower than these of Zn=. It also shows that the tightly
bound zinc is not sufficient for the DNA binding activity on P,... Furthermore, the EMSA
results demonstrate that the regulatory site of FurC was not previously occupied by the
tightly bound Zn.

Evidencing MCO of FurC:Zn promoted by Fe =

Sequence analysis of FurC showsthe presence of the conserved O-donor ligand
Asp111 that aligns with Asp104 in the BsPerR sequence (Figure 1). Asp104 is a pivotal
residue forthe interaction of BsPerR with the regulatory metal andithas been
proposed to modulate the sensitivity of this regulatorto H.0,[15]. MCO of
FurC:Zn was monitored by Matrix-Assisted Laser Desorption/lonization-Time-Of-Flight
(MALDI-TOF MS). Figure 5 shows that, in the presence of Fe», the mass of the main peak
in the protein profile of FurC:Zn increases 16 Da, even in the absence of other oxidants

than 0O, as well asin the presence of H,0, (Figure5B-5C). However,



FurC:Zn oxidation under severe oxidant conditions imposed by peroxide did not take
place when Mn> was presentinstead of Fe(Figure 5D). Abolishment of DNA-binding
activity of FurC:Zn by MCO was confirmed by EMSA assays (Figure 6).

FurC:Zn undergoes a metal independent, reversible inactivation by
cysteine oxidation with H.O,

Reversibility of FurC:Zn inactivation by H.O,was monitored after preincubation of the
regulator in presence and absence of Fex prior to EMSA
assays. As mentioned previously, MCO promoted by Fe »under aerobic
conditions irreversibly inactivated the protein (Figure 6,lanes5and6) as it was
described in other PerR paralogs [15, 20]. Interestingly, FurC:Zn inactivation upon
oxidation with H,O,in the absence of ironwas revertedby addition of
DTT (Figure 6, lanes 4 and 5).

Modelling of FurC unveils metal-binding sites and overall structure of FurC oligomers

In order to better understand the reactivity of FurC and gain novel insights on the
biochemical basis of FurC oligomerization, homology  models for FurC
dimers, tetramers and hexamers were built and compared to ab-initio protein structure
predictions using AlphaFold Colab [22]. Figure 7A shows the model obtained for the
FurC dimer. Interestingly, though AlphaFold does not consider metals to build the
structure, the resulting model correspondsto an active, closed form of FurC:Zn
dimer that is thought to be able to bind DNA. Overall, the prediction confidence
is very high for each monomer with the exception of N and C-terminals which show low
confidence values for the prediction and therefore are depicted as rather disordered
structures. Although the confidence score (pLDDT) in the loop
comprising =CDG# sequence decreases to around 87, this value still fits into the
90>pLDDT>70 range which is considered a
confident backbone prediction (Figure 7B). Confidence of the
relative monomer positions into de dimer can be inferred plotting the Predicted Aligned
Error (PAE). According to the lowest PAE values, AlphaFold predicts well-defined relative
positions for residues 100 to 150 from each monomer. Therefore, in our dimeric model,
the 100-150 sequence preferentially interacts with the equivalent sequence in the other
monomer, stabilizing the dimer as already reported in other FurC dimers (Figure 7C). In
addition, modelling of the FurC dimer was also performed with SWISS-MODEL using
as model templates several PerR proteins with available structures and compared these
results with the AlphaFold FurC prediction (Supplementary Figure S5). Since the best
alignment was obtained against B. subtilis Mn-PerR (PDB 3F8N), its template was

used for further evaluation and comparison with the AlphaFold results (Figure 8A). The



analysis of the metal-binding sites whenthe AlphaFold and the SWISS-
PROT models were superimposed (Figure 8B) allowed us to propose that the regulatory
metal is likely coordinated by 3 His residues and one Asp, namely His45, His98, His100
and Asp111, in a similar manner than in Mn-BsPerR. However, the fifth residue involved
in Mn binding in Mn-BsPerR corresponds to Asp85, which is not conserved in FurC
(Figure 1). Instead, Asn93 or Asp96 could be involved in Mn2 coordination by
FurC:Zn. However, the Alphafold prediction of the region in FurC containing the residues
likely involved in the coordination of zinc, which are located at the C-terminus of the
regulator, was predicted with a very low confidence score and showed a much more
disordered pattern than in the structure obtained from SWISS-MODEL. Superposition of
the Mn-BsPerR structure with the SWISS-MODEL built for FurC (Figure 8C) points to
Cys103, Asp105, His144 and Asp147 as plausible ligands for the tightly-bound Zn in the
cyanobacterial regulator. It is noticeable thatin both, AlphaFold and SWISS-MODEL
predictions, Cys86 was located in the highly flexible loop which connects B1 with 32
strands placed at the DNA-binding domain. According to SWISS-MODEL, the distance
between the two Ca of the Cys86 inside a dimer unit was 16.3A, while this distance was
around 5.9A in the predicted dimer using AlphaFold.

Furthermore, in orderto get more information aboutthe molecular basis
of tetramer stabilization and to visualize the possible disulfide bridges that could be
formed under air, we used AlphaFold to predict the structure of tetrameric FurC. Model
colored by AlphaFold criteria (Figure 7D) reveals that the overall structure exhibits a fair
level of confidence. The lowest values are concentrated in a few residues at both
termini, as with the dimer model, as well as in the region of 71 to 100 residues, which
are thought to be involved in tetramerization of P.
aeruginosa FurC [21]. Nevertheless, again, Cys86 was the only cysteine residue whose
position in the structure potentially enables it to establish disulfide bonds between FurC
subunits (Figure 9). Actually, the distances between Cas of the closest interdimer
cysteines (5SA and  9A)were  shorter  than  the predicted 16.9A  and
17.1A distances between cysteines forming a dimer in the
tetramer (Figure 9B). Although three of the four distances among Ca of Cys86 residues
forming the  tetramer  are larger  than the 5.9A measured in the
dimer (Figure 9B), since the hinge between the two domains is known to be highly
flexible and that there is no hindrance by other residues the formation of an S-S bridge
between different combinations, either into a dimer and also interdimer Cys86 upon
oxidation could be possible. Interestingly, in contrast to the results obtained for the
study with FurC, prediction of a Mn-BsPerR tetramer or higher oligomeric stable
assemblies did not envisage. The PISA server predicted only a stable dimer assembly for
Mn-BsPerR in solution (AB[ZN]2) with the following stability parameters: 16090



Az (surface area); 2927.0 A:(buried area); -21.1 kcal/mol (AG.) and 17.3 kcal/mol
(AGus). Furthermore, prediction of a potential Mn-BsPerR tetramer using AlphaFold and
AlphaFold v2 failed as well, due to the presence of interchain clashes in loop residues.

Finally, modelling of the FurC hexamer using AlphaFold v.2was carried
out (Supplementary Figure S6). In average, the resulting hexamer models display
pLDDT values >70 with the exceptions of protein N- and C-ends. However, pLDDT values
obtained in the buried region of the hexamer which contains the flexible loops
comprising Cys86 indicate alow confidence predictioand should be treated with

caution.

Discussion

FUR proteins were originally identified as metal-dependent regulators, which worked as
classical repressors in a dimeric conformation. However, increasing evidences have
demonstrated the multiple chemical sensitivity of these regulators, as well as their
essentiality in many bacteria with potential health concern and biotechnological
relevance. Furthermore, changes in metal availability and redox status might promote a
variety of FUR oligomerization states with different affinities for DNA [4, 29, 30].
Interestingly, unlike members of the family responsible for maintenance of metal
homeostasis such as Fur, Zur or Mur, the working mode of PerR is unique in this family
since it involves metal-catalyzed oxidation of conserved histidine residues [15, 18].
Previous studies about the  function of  the alr0957 (furC) gene
from Anabaena sp. suggested that its productorresponds to a PerR ortholog [11, 20].
This conclusion was mainly based on the increase of alr0957 transcription in response
to H,0,and the high affinity of FurC:Zn for a set of target genes involved in the
management of peroxide stress, such assulfiredoxin A (srxA) and the
peroxiredoxins prxA, alr2375 (CGT3), ahpC and alr4404. However, though the
inactivation of FurC:Zn after its incubation in aerobiosis with Fe>, as assessed by EMSA
analysis, points to the MCO of this regulator [20], there were no direct evidences yet

showing that loss of FurC activity is due to the formation of 2-oxo-histidine.

In this paper we demonstrate the presence of a tightly bound zinc in FurC, renamed
FurC:Zn and the MALDI-TOF analyses (Figure 5) demonstrate the incorporation of one
atom of oxygen per monomer of FurC:Zn upon treatment of the regulator with
Fe> under aerobic conditions or after addition of H,O, Conversely, the treatment with
Mnz plus H.O.did not produced oxo-FurC:Zn. This oxygen incorporation leads to
irreversible inactivation of FurC:Zn, as seen in EMSA, that could not be reversed by DTT

(Figure 6). These results, together with the presence in the sequence of the histidine



counterparts which result oxidized by MCO in BsPerR [15] (Figure 1), strongly suggest
that FurC:Zn undergoes MCO. The ability of FurC:Zn to bind a second Zn> ion raises the
possibility that not only Mnz, but also Zn> could protect FurC:Zn from MCO, which
only would take place when the relative availabilities of Fe» versus Mn>/Zn> reach a

threshold value, as is the case of BsPerR [16].

SEC-MALLS-RI oligomerization analysis under different conditions evidence that FurC:Zn
in its most reduced conformation is a dimer. Therefore, dimerization of FurC:Zn occurs
without the participation of disulfide bonds. However, this technique preserves FurC:Zn-
FurC:Zn interactions not involving disulfide bridges, such as electrostatic interactions.
Conversely, non-reducing SDS-PAGE breakups non-covalent interactions in solution,
allowing detection of intersubunit disulfide bridges. On the other hand, the SEC-MALLS-
RI results showed that a clear transition between FurC:Zn tetramers, hexamers
and octamers to the dimeric form occurs in the presence of DTT. Hence, integration of
SEC-MALLS-RI and non-reducing SDS-PAGE studies show that both, disulfide bonds
and non covalent interactions participate in FurC:Zn-FurC:Zn interactions and the
oligomeric status of FurC:Zn. Furthermore, the inactivation of the protein by
H,O.regardless of the presence ofMn> was easily reverted by DTT treatment, as
observed in EMSA assays. These results suggest that the redox status of FurC:Zn
cysteines might be important to modulate the activity of this regulator. Likewise, the
analysis of the Superdex profile of FurC:Zn as purified, coupled to DTT treatment on the
non-reducing SDS PAGE is in accordance with the oxidation of thiol bridging two FurC:Zn
subunits together (Figure 2). Furthermore, the SEC-MALLS RI data coupled to non-
reducing SDS PAGE experiments (Figure 3) starting from pure dimeric FurC:Zn treated
with H.0, or diamide and followed by DTT reduction, decipher the impact of reversible
cysteine oxidation on the oligomeric states of FurC:Zn. Therefore, these results show
that FurC:Zn dimers do not contain disulfide bridges between the two subunits
in the dimer, while the higher oligomeric states characterized: tetramer, hexamer,
octamer and higher (Figure 3 and Tablel) present disulfide bridges. Indeed, DTT
treatment triggers the complete transformation of the protein into dimers that did not
contain disulfide bridges anymore.

It is remarkable that, with the exception of  the Leptospira
interrogans regulator [31], which only contains one cysteine residue and is devoid of
structural zinc, all PerR proteins whose structures are available to date exhibit only four
cysteine residues. These four cysteines are arranged in the two canonical CXXC motifs
which likely are coordinating the structural zinc [1, 6, 17, 31]. Therefore, under mild
stress conditions zinc-bound thiolates are maintained in its reduced state and are not
available to perform thiol-disulfide exchanges. The ICP-OES results indicated that

though FurC lacks the canonical CXXC motifs, each FurC monomer contains one tightly



bound Znion even after purification in the presence of EDTA (FurC:Zn) (Supplementary
Table S1). This result was confirmed either with a pool of purified FurC:Zn which
contained dimers, tetramers as well as a minor fraction of higher molecular weight
aggregates. The ratio of one zinc ion per FurC:Zn subunit was observed as well when the
fraction containing the dimeric form of the regulator was isolated from this pool by
gefiltration (Supplementary Table S1). This result suggests that zinc is participating in
the stabilization of intermolecular interactions between FurC:Zn subunits in the
dimer [8, 32, 33]. Additionally, according to ITC analyses, under aerobic conditions
FurC:Zn is able to bind either Mn> or Zn> in a ratio (1:1) with high affinity. Interestingly,
binding affinity of both metals was independent of the redox status of FurC:Zn,
suggesting that the cysteines involved in the disulfide bridges present under non-
reducing conditions are not coordinating Mn>/Zn> metals at the regulatory site.
Furthermore, since DTT and TCEP do not affect FurC:Zn affinity for Zn> nor for Mnz, it
could be hypothesized that the oligomerization step due to cysteine thiol oxidation does
not impact FurC:Zn metal content and, therefore, nor the regulatory neither the zinc

sites would undergo important alterations in their close environments.

In good concordance with the ICP and ITC analyses, the modelling of FurC dimers
suggests the presence of two potential metal-binding sites per monomer. The folding of
the FurC model built using BsPerR as template points to Cys103, Asp105, His144 and
Asp147 as the residues forming the Zn»-binding site. Metal at the regulatory site would
be likely coordinated by His45, His98, His100 and Aspl11l, which are
conserved compared to BsPerR. The fifth ligand in BsPerR, namely Asp85, is not present
in the sequence of FurC. Instead, Asn93 or Asp96 could be involved in the coordination
of the regulatory metal. Modelling of FurC dimers and tetramers also shed some light
on the structural features of the regulator and the potential role of FurC cysteines in its
reversible oxidation. The models point out the Cys 86 as the one involved in the disulfide
bridges between to subunits of the two different dimers in the tetramers. The reduction
of this Cys86 may cause a repulsion of the two dimers disfavoring the dimer-tetramer
equilibrium in favor of the dimer in reductive conditions and in favor of the tetramer in
oxidative conditions clipping the two tetramers together through the disulfide bridge
formation. In this way, a regulation could take place since the repressor would be
released from DNA upon MCO oxidation and the free repressor pool can be trapped in
oligomers which could not be activated by metal for DNA binding until the redox
environment of the cytosol came back to normal; this independently of the metal status
in the cell.

An oxidative dependent oligomer formation has been already described in other
members of the FUR family, such as FurS from Streptomyces coeliocor with a redox

tetramer stabilization [34, 35], and in H. pylori Fur where a Cys78 mutant was produced



to avoid redox dependent oligomer formation [32, 33] and even in BsPerR [14] where
H.O, treatments trigger oligomer, dimer and monomer formation. In E. coliFur,
tetramer and oligomer formations, not involving disulfide bridge formation, were
observed in low salt, low pH and high concentration conditions with a high K, value
in favor of the dimer [26]. On the contrary, highly stable tetramers without disulfide
bridges were described for the Fur regulators of P. aeruginosa and F. tularensis [21].
Furthermore, a reversible oxidation of Streptococcus oligofermentans PerR mediated by
cysteines has been reported [36]. However, this mechanism differs from the reaction
observed with FurC:Zn, since the oxidation in S. oligofermentans PerR takes place
between two of the cysteines coordinating the Zn> ion (C.:sXXC..,), while FurC:Zn contains
a single cysteine (Cys103) in the tightly-bound Zn> site. Furthermore, since disulfide-
bound tetramers contain one Zn per monomer of FurC, it can be concluded that Cys103

is not involved in FurC:Zn reversible oxidation triggering oligomer formation.

Intriguingly, the Cys86 was not conserved into the Fur and PerR members of the family.
However, a comprehensive alignment of FurC orthologs annotated in the available
cyanobacterial genomes [37] shows that Cys86 is a highly conserved residue in FurC
proteins from nitrogen-fixing, heterocystous cyanobacteria (Supplementary Figure S7).
It could be speculated that the dual oxidation of FurC may be an optimization of this
regulator related to the different redox conditions of heterocysts and
vegetative Anabaena cells. Both, the photosynthetic machinery and the nitrogenase
complex impose a high demand for metals and may deliver electrons to adventitious
acceptors resulting in the generation of ROS. However, O, evolution occurs only in
vegetative cells and changes depending of the light conditions, whereas heterocysts are
microoxic since nitrogenase is O, sensitive [38]. A clear link has been established
between PerR and aerotolerance in anaerobes. In the strict anaerobe Clostridium
acetobutylicum PerR acts as a switch for oxygen tolerance [39], while PerR:Zn,Fe can
also be oxidized by oxygen leading to inactivation of the regulator [5]. Therefore, the
activity of FurC:Zn could be differentially regulated in vegetative cells and heterocyst,

though further in vivo assays are required to evaluate this hypothesis.

Overall, our results show a new in vitro regulatory mechanism for a PerR paralog and
provide compelling evidence that FurC:Zn undergoes two levels of oxidation as result of
both, the redox status of the cell and metal availability, as summarized in Figure 10.
Under mild oxidant conditions and iron deficiency dimers of FurC:Zn are reversibly
oxidized, likely through inter-dimer disulfide bridges between Cys86. It traps the
free FurC pool from metal activated DNA binding. This type of oxidation could also occur
at moderate iron availability but excess of Mn> (high Mn2/Fe> ratio), not shown in Figure
10 for clarity. In this way, FurC:Zn would not be available for DNA binding, though

activity of the regulator can be quickly recovered when conditions become favorable,



such as iron repletion, darkness (low photosynthesis rate), normal state reducing
cytosol or iron sufficiency in an anoxic environment like the heterocyst. Under stronger
oxidative conditions caused either by iron repletion and H.0, FurC:Zn-Fe
repressor will be released rapidly from DNA after irreversible MCO reacting rapidly on
Fe2+-FurC:Zn already bound to DNA, whereas all the free FurC:Zn pool will be reversible
oxidized under inactive oxidized oligomers. This dual oxidation allows a faster recovery

of FurC:Zn activity and therefore a faster response to a changing environment.
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Figure legends

Figure 1. Clustalw alignment of PerR primary
sequences. (An) Anabaena sp., (Bs) Bacillus subtilis, (Cj) Campylobacter
jejuni, (Li) Leptospira interrogans and (Sp) Streptococcus pyogenes. Cysteine residues
are shown in bold red. The cysteines that coordinate the structural
Zn»ion are underlined. Residues that coordinate the regulatory metal in B. subtilis, C.
jejuni, L. interrogans, and S. pyogenes PerRs are shown in blue and underlined. The 2 His
oxidizable by MCO in B. subtilis are shown in bold. Conserved residues in FurC
corresponding to the regulatory metal binding site in BsPerR are shown in blue. The N
and D residues proposed in this work as substitutes in FurC from Anabaena sp. for
the BsPerR Asp85 are shown in bold.

Figure 2. Analysis of oligomerization of FurC:Zn as purified. (A) SEC elution profiles of
different aliquots of purified FurC:Zn (50 mM Tris-HCI, 150 mM NaCl pH 7.5) incubated
without any additive (green), with 2 mM DTT for 15 min (red) and with NaCl 0.5 M for
30 min followed with 2 mM DTT for 10 min (blue) prior to separation. The Superdex
$200 Increase 10/30 column was equilibrated in 50 mM Tris-HCIl, 150 mM NacCl, 10%
glycerol pH 7.5; (B) 17% non-reducing SDS-PAGE gel stained with Coomassie blue of
FurC:Zn as purified with and without DTT. The gel shows the presence of disulfide bonds
in FurC:Zn without any treatment and its reduction after pre-incubation of FurC:Zn with
10 mM DTT. (C) Simplified scheme of the different major states of FurC:Zn in solution
(left panel) and in the SDS-PAGE gel without and with DTT (right panel). According to
SEC-MALLS-RI, the most abundant covalent species bridging two subunits present in the
gel are different to the functional FurC:Zn dimers andare formed by bridged
FurC subunits which belonged to different dimers in the tetramer. Higher oligomeric
forms as well as other potential intermolecular disulfide bridges have been omitted for
clarity. (D) and (E) Molecular weight determination by SEC-MALLS-RI of the
fractions “peak 1” and “peak 2” collected from SEC described in (A): peak
1 (D) and peak 2 (E). The black traces correspond to the calculated Log Molar mass

values.

Figure 3. Reversible oligomerization of FurC:Zn dimer. (A) SEC elution profiles of
different aliquots of FurC:Zn at 2 mg.mL* (122 uM) in 50 mM Tris-HCI, 150 mM NaCl pH
7.5, incubated prior to separation: without any additive (black), with 5 mM diamide
for 30 min (solid blue line); with 5 mM H.,O, for 30 min (solid red line); with 5 mM diamide
for 30min followed by addition of 10 mM DTT for 10 min (dashed blue line); or with 5
mM H.O, for 30 min followed by addition of 10 mM DTT for 10 min (dashed red line).
The Superdex S200 Increase 10/30 column was equilibrated in 50 mM Tris-HCI, 150 mM



NaCl pH 7.5 and performed at 0.5 mL.min<. (B) non-reducing SDS-PAGE gel (4-
20% Biorad) stained with Coomassie blue of FurC:Zn samples presented in (A) prior
injection on SEC. (C) Molar mass determination by SEC-MALLS-RI of the eluted fraction
of the H.0. treated FurC:Zn sample showing the presence of well-defined oligomers. The
UV at 280 nm profile was shown together with the gray traces corresponding to the

calculated Log Molar mass values.

Figure 4. EMSA analyses of the interaction between FurC:Zn and the promoter region
of the prxA gene in the presence of Mnx or Zn=. As non-specific DNA control, the
internal region of the pkn22 gene was used. Free DNA or DNA incubated with 0.2 uM of
FurC:Zn without added divalent metal ions or in the presence of 5, 50, 100 uM of the
indicated divalent metal ion were tested. Mixtures were incubated in the reaction
buffer containing 10 mM Bis-Tris pH 7.5, 40 mM KCI, 1 mM DTT, 5% glycerol and 0.05

mg/mL bovine serum albumin before being loaded on native 6% polyacrylamide gels.

Figure 5. MALDI-TOF-MS profiles of FurC:Zn under different incubation conditions
show that FurC:Zn is oxidized by MCO in the presence of Fe>. Prior to the determination
of molecular mass, 40 uM of FurC:Zn were treated with freshly prepared 40 uM of
MnCl, or 40 uM of FeSO,during 30 min under aerobic conditions. Afterwards the
samples were treated with or without 100 uM of H.0; and dialyzed against Tris-HCI 50
mM pH 7.5, NaCl 150 mM. (a) FurC:Zn without treatment (b) FurC:Zn incubated with
Fe> (c) FurC:Zn incubated with Fe> and H.0,,(d) FurC:Zn incubated with Mn> and H.O..

Figure 6. DNA-binding activity of FurC:Zn under different oxidation regimes
determined by EMSA. Assays were carried out with 200 nM FurC:Zn under different
incubation conditions using the prxA promoter as a specific FurC:Zn target and an
internal region of the pkn22 gene as competitor, unspecific DNA. Prior to the assay, 40
MM FurC:Zn was pre-reduced with 10 mM DTT. Afterwards, DTT was removed from
the fraction by buffer exchange with a centrifugal filter unit. After reduction, 20 uM of
FurC:Zn was pretreated aerobically either with or without 20 uM of Fe>(lanes 5 and 6).
Lane 1 contains free DNA, lanes 2-6 contain DNA fragments with the different
preincubated FurC:Zn fractions (2) pre-reduced FurC:Zn, (3) pre-reduced FurC:Zn
treated with 5 mM H.0,, (5) FurC:Zn treated with 5 mM H,0, and then with 10 mM DTT,
(6) FurC:Zn incubated with Fe>, (7) FurC:Zn incubated with Fe? and treated with 10 mM
DTT. The incubated proteins were mixed with the DNA promoter in a reaction buffer
containing 10 mM Bis-Tris pH 7.5, 40 mM KCl, 100 uM MnCl,, 5% glycerol and 0.05

mg/mL bovine serum albumin before being loaded on native 6% polyacrylamide gels.



Figure 7. AlphaFold FurC predictions. The models are colored according to the per-
residue confidence metric (pLDDT). (A) Model for the structure of the FurC
dimer showing the loop containing C86. (B) Plots showing
LDDT prediction and (C) Predicted Aligned Error of the FurC dimer. (D) Model for the
structure of the FurC tetramer. (E) and (F) Plots showing predicted LDDT and Predicted

Aligned Error of the FurC tetramer, respectively.

Figure 8. Comparison between the structures of FurC dimers obtained with
AlphaFold colab and SWISSMODEL. MnBsPerR was used as template for building the
SWISSMODEL structures. (A) Superposition of AlphaFold (grey) and SWISS-MODEL
(blue) structures of dimeric FurC. (B) Metal-binding sites in AlphaFold (grey) and SWISS-
MODEL (blue) models. (C) Metal-binding sites in the SWISS-MODEL built
using MnBsPerR as template shown inblue and in theresolved structure
(PDB 3F8N) represented in pink.

Figure 9. Predicted distances among Ca of Cys86 residues in a FurC tetramer modelled
with AlphaFold v2. Two different orientations of the modelled tetramer are displayed.
Bonds between Cys86 residues from monomer to monomer in a dimeric unit are
represented with dashes in red and blue whereas interdimer distances are shown in
grey. A zoom view of the tetramer displayed in the right orientation shows distances in

angstroms.

Figure 10. Integrative model of the two levels of FurC oxidation. (A) Reversible
intermolecular disulfide bridge formation between FurC dimers under mild oxidant
conditions or iron deficiency. (B) Under stronger oxidative conditions caused either by
iron repletion and O, or Fe and H.0,, irreversible metal catalyzed oxidation of FurC is

produced.
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