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Abstract 

Corynebacteria are commercially and medically important Gram-positive bacteria that can switch from aerobic to anaerobic respiration 

in response to low O2 and the availability of nitrate as an alternative electron acceptor. The narKGHJI operon encoding the respiratory 
nitrate reductase is under the control of a novel regulator, ArnR, which plays a major role in the aerobic/anaerobic respiratory switch. 
ArnR was previously shown to be an iron–sulfur cluster protein that modulates its DNA binding according to availability of O2 . However, 
previous data suggest that it does not do this directly in response to O2 , but instead by sensing nitric oxide (NO), which builds up only 
under low O2 through the activity of nitrate reductase. Here, we report spectroscopic and mass spectrometric studies of C. glutamicum 

ArnR and its reactions with O2 and NO. We demonstrate that ArnR is a dimer that binds a [4Fe–4S] cluster in each subunit, and this 
form of the protein binds tightly to DNA. The [4Fe–4S] cluster of AnrR degrades only very slowly in the presence of O2 , consistent with 

the ability of ArnR to repress nar transcription under aerobic conditions. Reaction with NO results in the formation of mono- and 

di-nitrosylated forms of the [4Fe–4S] ArnR dimer, which exhibit altered DNA-binding characteristics such that the di-nitrosyl form no 
longer binds to promoter DNA (i.e. cluster degradation is not required in order to modulate DNA binding). These data are consistent 
with previous literature and lead us to propose a model for AnrR regulatory function. 

Graphical abstract 
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Introduction 

Corynebacteria are a genus of Gram-positive bacteria that are 
widely distributed in nature, with representatives being part of 
the normal human microbiota [ 1 ]. The role of Corynebacteria in the 
development of disease is well known (e.g. Corynebacterium diph- 
theriae [ 2 ]) but other, lesser-known Coyrnebacteria sp. are now in- 
creasingly being recognized as opportunistic human pathogens 
(e.g. C. ulcerans ) , or the source of potent carcinogens in contam- 
inated smokeless tobacco products (e.g. C. ammoniagenes ) [ 3–6 ].
Corynebacteria are also commercially important, with C. glutam- 
icum being widely used for the industrial production of l -glutamic 
acid and l -lysine. Other amino acids produced by C. glutamicum ,
including l -aspartic acid, l -threonine, l -alanine, l -valine, and l - 
isoleucine, are used as building blocks for the pharmaceutical in- 
dustry or serve as nutritional supplements [ 7 , 8 ]. 

O2 limitation is a common problem in the efficient production 

of amino acids by C. glutamicum , leading to reduced yields and 
o
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ccumulation of unwanted organic acids [ 9 ]. Many Corynebacteria ,
ncluding C. diphtheriae and C. glutamicum, are facultative anaer- 
bes capable of utilizing nitrate (NO3 

−) as a terminal electron
cceptor to support growth in the absence of O2 , potentially en-
ancing l -lysine and l -arginine production [ 9–11 ]. Corynebacterium
lutamicum was found to consume extracellular nitrate and to 
xcrete nitrite (NO2 

−) during anaerobic conditions, but not aer- 
bic conditions [ 11 ]. The utilization of nitrate was attributed to
he presence of a narKGHJI operon, which encodes a membrane- 
ssociated nitrate reductase (NarGHI) that reduces nitrate (NO3 

−) 
o NO2 

− and helps maintain the proton motive force, facilitating 
rowth. The operon also encodes a transporter (NarK) to supply
itrate reductase with substrate (NO3 

−) and excrete excess prod- 
ct (NO2 

−), together with a chaperone (NarJ) that participates in
he maturation of the nitrate reductase enzyme [ 9 , 11–13 ]. 

Consistent with the Escherichia coli paradigm, C. glutamicum 

arKGHJI nitrate reductase expression is repressed during aer- 
bic growth, but activated under anaerobic conditions in the 
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resence of nitrate [ 11 , 12 ]. In E. coli , the narGHJI operon is
egulated by the global fumarate and nitrate reduction (FNR)
ranscriptional regulator [ 14 ], which upon acquisition of an O2 -
ensitive [4Fe–4S] cluster activates narGHJI expression under
naerobic conditions. Corynebacterium glutamicum lacks a direct
NR homologue [ 15–17 ] and so must regulate nitrate respiration
n a different way. Nishiumura et al . found that a gene located im-

ediately downstream of the narKGHJI operon encoded a puta-
ive transcriptional regulator, ArnR, and demonstrated its impor-
ance for the repression of nitrate reductase under aerobic condi-
ions [ 11 , 12 , 18 ]. Subsequent work identified C. glutamicum GlxR
a member of the CRP/FNR super family) as a cyclic-AMP (cAMP)-
ependent activator of narKGHJI expression in response to energy
etabolism [ 19 ]. 
Anaerobic nitrate respiratory growth is potentially hazardous:

itrite, the initial product of nitrate reduction, is potentially toxic
f allowed to accumulate [ 20 ]. Further reduction of nitrite by ni-
rate reductase (or other proteins) results in the production of
he cytotoxic radical nitric oxide (NO), a contributory factor in
itrosative stress [ 21–24 ]. Many bacteria experience nitrosative
tress when NO, or other reactive nitrogen oxides derived from
O chemistry, impair the function of cellular components [ 22 , 25 ].
o mitigate the deleterious effects of NO, most bacteria mount a
omplex and multifaceted response that is coordinated by NO-
ensitive transcriptional regulators [ 26–28 ]. In many cases, the
O-sensitive response regulator NsrR fulfills this role [ 29 ]. 
NsrR belongs to the iron–sulfur (Fe–S) cluster-containing clade

f the Rrf2 superfamily of transcriptional regulators [ 29 ]. Fe–S
luster-NsrR represses transcription in the absence of NO, with the
mp gene the principal target of repression in multiple species [ 26 ,
0–33 ]. The encoded Hmp protein is a flavohaemoglobin oxyge-
ase that rapidly converts NO to NO3 

− under (micro)aerobic con-
itions [ 34 , 35 ]. In C. glutamicum , which does not contain a direct
srR homologue, ArnR is also responsible for the repression of the
mp gene [ 18 , 28 ]. 

ArnR contains three conserved cysteines (Cys179, 193, and
23), and does not share significant sequence homology with any
nown O2 /NO-sensitive transcriptional regulators (CRP/FNR, Rrf2,
r WhiB-like). However, it does contain a winged helix-turn-helix
wHTH) DNA-binding domain reminiscent of MarR/AsrR tran-
criptional regulators (e.g [4Fe–4S] SufR) [ 12 , 18 , 36–40 ]. Intrigu-
ngly, as-isolated ArnR was found to bind an Fe–S cluster of an
nknown type. Nishiumura et al demonstrated specific binding of
e–S ArnR to the narK and hmp promoter fragments, and showed
hat NO, but not NO2 

−, eliminated DNA binding [ 12 , 18 ]. Single
ysteine variants (Cys to Ala) failed to acquire an Fe–S cluster or
o bind to narK or hmp promoter fragments [ 12 , 18 ], indicating the
mportance of the cluster for regulatory function. 

Here, we report investigations of the biochemical properties of
rnR. Using a combination of optical (UV–vis absorbance and cir-
ular dichroism) spectroscopy and electrospray ionization-mass
pectrometry (ESI-MS), together with surface plasmon resonance
SPR), we present information on the nature of the Fe–S cluster, its
eaction with O2 and NO, as well as the effect these have on DNA
inding. We compare our findings to those previously reported for
rnR and other NO-sensitive transcriptional regulators, and pro-
ose a model for ArnR function. 

aterials and methods 

urification of C. glutamicum ArnR 

lasmid pArnR, based on pET21a and encoding a C-terminal His-
agged variant of ArnR (Cgl1185) from C. glutamicum ATCC 13032,
as purchased from Genscript. ArnR was overproduced in aer-
bically grown E. coli strain BL21 λDE3 transformed with pArnR,
s previously described [ 12 , 41 ]. All steps were carried out anaer-
bically unless otherwise stated. Cell pellets were resuspended
n buffer A [50 mM tris(hydroxymethyl)aminoethane (Tris) -HCl,
50 mM NaCl, 5% (v/v) glycerol, pH 8], removed from the anaero-
ic cabinet, sonicated on ice, and returned to the anaerobic cab-

net. The cell suspension was transferred to O-ring sealed cen-
rifuge tubes (Nalgene) and centrifuged outside of the cabinet at
0 000 × g for 45 min at 1◦C. The supernatant was loaded onto a
isTrap column (2 × 5 ml; Cytiva) and washed with lysis buffer
ontaining 5% eluting buffer B (buffer A, with 500 mM imidazole)
ntil A280 nm 

≤ 0.1. Bound proteins were eluted (2 ml/min) using a
inear gradient (15 ml) from 5% to 100% buffer B. Fractions (1 ml)
ontaining ArnrR were pooled and loaded onto a HiTrap hep-
rin column (5 ml; Cytiva), washed with buffer A and manually
luted using buffer C (buffer A, with 2 M NaCl). Coloured fractions
ontaining ArnR were pooled and stored in an anaerobic freezer
 −35◦C, mBraun) until needed. Where necessary, gel filtration was
arried out using a Sepharcyl S-100HR 16/50 column (Cytiva) equi-
ibrated with buffer A with a flow rate of 1 ml/min. Protein purity
as judged by sodium dodecyl sulfate-polyacrylamide gel elec-

rophoresis (SDS-PAGE) and routine liquid chromatography-mass
pectrometry (LC-MS). Apo ArnR was prepared from holo protein
y aerobic overnight incubation with 5 mM ethylenediaminete-
raacetate (EDTA) followed by desalting. 

rotein, metal, and sulfide determinations 

rnR concentrations were determined using the methods of
mith (Pierce) with bovine serum albumin as the standard. Iron
ontent was determined using Ferene, as previously described
 42 ]. Acid-labile sulfide was determined according to the method
f Beinert [ 43 ]. Zinc content was determined using a commercially
vailable kit (product 17255, Sentinel Diagnostics, Italy), according
o the manufacturer’s instructions, except all volumes were dou-
led for use with standard 1 ml cuvettes (1 cm pathlength). Here,
inc is chelated by (2-5-bromo-2-pyridylazo)-5-(N-propyl-N-sulfo-
ropylamino) phenol (5-Br-PAPS) and detected at A570 nm 

, while
asking agents eliminate interference from iron and copper ions

 44 ]. 
ArnR samples were also analysed by inductively coupled

lasma–mass spectrometry (ICP-MS). Briefly, as isolated or apo
rnR was diluted to 0.5 ml (20—100 μM final concentration),

reated with 0.2 ml ultrapure hydrogen peroxide (Fisher Trace el-
ment grade), then 0.2 ml ultrapure nitric acid (Fisher Chemical
ptima grade), and digested overnight. The sample was diluted

o 4.5 ml with ultrapure Milli-Q water and treated with 0.5 ml
f 103 Rh internal standard (Alfa Aesar Rhodium standard solu-
ion 100 μg/kg). Samples were then infused into the source of
n iCAP-TQ ICP-MS spectrometer (Thermo Fisher) and analysed
or a range of transition metals and sulfur. ArnR contains sev-
ral sulfur-containing amino acids (3 Cys, 6 Met), with additional
e and S being derived from the iron–sulfur cluster. For ICP-MS,
olar ratios of iron and zinc (and other metal ions) per polypep-

ide were determined from sulfur determinations corrected for
luster-derived sulfur by assuming total iron was equal to total
luster sulfur. 

lectrophoretic mobility shift assays 

abelled (5’ 6-FAM) self-complementary, single stranded oligonu-
leotides (80 bp) carrying the C. glutamicum hmp promoter se-
uence were purchased from Eurofins (Eurofins Genomics) and
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dissolved in DNAse-free water to give 200 μM stock solutions 
( Table S1 ). Band shift reactions (20 μl) were carried out in 10 mM 

Tris 54 mM KCl, 0.3% (v/v) glycerol, pH 7.5, as previously described 

[ 30 ]. Briefly, 1 μl of DNA was titrated with aliquots of ArnR (20 μl 
final volume), typically to a 30-fold molar excess, and incubated 

on ice for ∼2 min. Loading dye (2 μl, containing 0.03% (w/v) bro- 
mophenol blue) was added and the reaction mixtures were im- 
mediately separated at 30 mA for 30 min on a 5% (w/v) polyacry- 
lamide gel in 1 × TBE (89 mM Tris, 89 mM boric acid, and 2 mM 

EDTA), using a Mini Protean III system (BioRad). Gels were visual- 
ized (Ex473 nm 

) on a GE Typhoon FLA 9000 Scanner (Cytiva). Poly- 
acrylamide gels were pre-run at 30 mA for 2 min prior to use. 

Spectroscopic experiments 

UV–visible absorbance and circular dichroism (CD) were recorded 

using a Jasco V550 spectrometer and a Jasco J810 spectropolarime- 
ter, respectively. Samples were prepared and manipulated in an 

anaerobic glovebox (O2 < 10 ppm) and measured in 1 cm path- 
length anaerobic quartz cuvettes. For O2 experiments, protein 

samples were rapidly diluted with aerobic buffer A to give the de- 
sired O2 concentration, and the cluster response immediately fol- 
lowed by spectroscopy. For NO experiments, ArnR was diluted into 
buffer D [100 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic 
acid (HEPES), 500 mM NaCl, 5% glycerol, pH 7.5] and titrated with 

varying aliquots of proline NONOate (4 mM NONOate, in 50 mM 

NaOH; Cayman Chemicals) to achieve the desired [NO]: [4Fe–4S] 
ratio before spectra were recorded. 

Surface plasmon resonance 

The ReDCaT principle of SPR was used to study the interaction 

of ArnR with the hmp promoter. Briefly, double stranded DNA 

oligonucleotides (100 μM dsDNA), were annealed from equimo- 
lar concentrations of single stranded oligonucleotides ( Table S1 ) 
by heating to 70◦C for 10 min, followed by cooling. ReDCaT oli- 
gos were diluted to 100 μM and annealed to give 50 μM ds- 
DNA. Biotinylated dsDNA ReDCaT oligos were diluted further 
to ∼1 nM with 0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v 
Surfactant P20 (HBS + P) buffer and captured on a strepavadin 

sensor chip (SAD200L, Xantec Bioanalytics GmbH) to a density 
of ∼60 RU for all flow cells. Next, complementary ReDCaT oli- 
gos were dissociated from working flow cells using regenera- 
tion buffer (50 mM NaOH, 1 M NaCl), and replaced with the 
dsDNA hmp promoter sequence containing ReDCaT linker se- 
quence on the complementary strand, as previously described 

[ 45 , 46 ]. 
Prior to use, an aliquot (260 μl) of ArnR was exchanged into 

0.1 M HEPES, 1.5 M NaCl, and 0.5% polysorbate 20, pH 7.4 via 
Zeba spin desalting columns [ ∼7 kDa molecular weight cut off 
(MWCO), Thermo Scientific] and the volume increased to 1 ml 
with 10 mM HEPES, 150 mM NaCl, and 0.05% polysorbate 20, pH 7.4 
(HBS + P) to give a stock solution of > 90 μM [4Fe–4S]. For SPR anal- 
ysis, ArnR was diluted a final concentration of 0–1125 nM [4Fe–4S] 
with HBS + P with 1 mM dithiothreitol (DTT) and injected in par- 
allel over the immobilized dsDNA surfaces, with association and 

dissociation phase of 130 and 150 s, respectively. Between runs,
chip surfaces were washed with 2 M NaCl in HBS + P to disrupt 
protein-DNA interactions. All SPR measurements were performed 

at 25◦C on a Biacore S200 (Cytiva) using a multi cycle approach,
with anaerobic HBS + P with 1 mM DTT as the running buffer. Sen- 
sorgrams were recorded with a 40 Hz data rate from each flow cell 
and referenced against a channel containing immobilized ReD- 
CaT dsDNA. 
SPR sensorgrams were initially processed with Biacore evalu- 
tion software (Cytiva). The analyte response for each flow cell
as normalized to the maximum observed analyte response, then 

veraged, as previously described [ 45 ]. The relative response was
hen plotted against the concentration of [4Fe–4S] ArnR and fit-
ed to a simple binding equation (see Equation 1), where Ymax is
he maximum relative binding response, x is the concentration of
4Fe–4S] ArnR, and Kd is the binding affinity. Fitting was performed
sing Origin Pro 2024 SR1 (OriginLab Corp.): 

Relative Response = (Ymax x ) / (Kd + x ) . (1) 

reparation of oligonucleotides for ESI-MS 

igh-purity, salt-free, self-complementary, single-stranded 

ligonucleotides were purchased from Eurofins (Eurofins Ge- 
omics) and dissolved in DNAse-free water to give 200 μM 

tock solutions. Double-stranded DNA oligonucleotides (dsDNA),
ontaining the ArnR promoter sequence from C. glutamicum hmp 
 Table S1 ) were annealed from equimolar concentrations of single
tranded oligonucleotides by heating to 70◦C for 10 min. After
ooling, dsDNA was exchanged into 100 mM ammonium acetate,
H 8, via Zeba spin desalting columns ( ∼7 kDa MWCO, Thermo
cientific). The dsDNA content was determined using the sum 

f the extinction coefficients ( ε260 nm 

, Novopro biosciences Inc.,
hina) for the appropriate single stranded oligonucleotides. 

ass spectrometry measurements 

rnR was buffer-exchanged into 250 mM ammonium acetate, pH 

.0, under anaerobic conditions using PD MiniTrap G-25 desalt- 
ng columns (Cytiva) to give stock solution of ∼100 μM cluster.
or ESI-MS of protein-DNA complexes, the protein was exchanged 

nto 100 mM ammonium acetate, pH 8.0. Prior to ESI-MS analysis,
liquots of the protein stock solution were diluted to ∼8 μM clus-
er with the appropriate ammonium acetate solution and com- 
ined with an aliquot of promoter DNA, as required (200 μl, final
olume). 

Protein samples were infused directly (5 μl/min) into the source 
f a Bruker micrOTOF-QIII mass spectrometer (Bruker Dalton- 
cs, Coventry, UK) operating in the positive ion mode, and cali-
rated using Agilent ESI-L low concentration tune mixture (Agi- 
ent Technologies). MS data were continuously acquired over the 
/z range 1000–6000 for 5 min using Bruker oTOF control soft-
are, with parameters as follows: dry gas flow 4 l/min, nebulizer

as pressure 0.8 bar, dry gas 180◦C, capillary voltage 3.5 kV, off-
et 0.5 kV, ion energy 5 eV, collision RF 1500 Vpp , and collision
ell energy 10 eV. Processing and analysis of MS experimental 
ata were carried out using Compass Data Analysis version 4.1

Bruker). Neutral mass spectra were generated using the ESI Com-
ass version 1.3 Maximum entropy deconvolution algorithm over 
 mass range of 20–30 kDa for the monomer, 50–60 kDa for the
imer, and 52–72 kDa for ArnR-DNA complexes. Exact masses are
eported from the peak centroids representing the isotope aver- 
ge neutral mass. For apo proteins, masses were derived from
/z spectra, where peaks corresponded to [M + zH ] /z , wher e M

s the molecular mass of the protein, H is the mass of the pro-
on, and z is the charge of the ion. For holo proteins, where the
hange of the cluster contributes to the overall charge of the
on, the peaks correspond to [M + [F eS ] + (z − x ) H ] /z , where [ FeS ]
s the mass of the Fe–S cluster, the other variables are the same
s above. Here, the charge of the Fe–S cluster, represented by x , off-
ets the number of protons required to achieve an ion of z charge.
ost deconvolution, the observed mass is typically off set from

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
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Figure 1. Alphafold3 model for ArnR-DNA complex. (a) Model obtained upon submission of the ArnR amino acid sequence, the hmp promoter 
sequence and Fe ions to the alphafold3 server. Predicted domains include an N-terminal wHTH, and putative C-terminal sensory domain, separated by 
a dimerization helix (labelled for one of the two protomers). (b) Close up view of the putative sensory domain showing the predicted location of two Fe 
ions and three conserved Cys residues that are likely to be ligands to the Fe–S cluster [ 18 ]. 
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he predicted mass by the contributing charge, x , according to
M + ([F eS ] − x ) ] [ 47 ]. 

esults 

omology modelling of ArnR 

orynebacterium glutamicum ArnR (Cgl1185) shares no significant
equence homology with NO-sensing members of the Rrf2, Wbl, or
RP/FNR family transcriptional regulators. Homologues of ArnR
re found almost exclusively in Actinobacteria, with ∼30% of
orynebacterium sp . containing ArnR, nitrate reductase ( narKGHJI )
nd flavohaemoglobin oxygenase ( hmp ) [ 6 ]. As a high-resolution
tructure of ArnR is not yet available, the ArnR sequence was
ubmitted to Interpro [ 38 ]. This indicated the presence of a N-
erminal wHTH DNA-binding domain, similar to those of the
arR/ArsR family of transcriptional regulators, as previously
oted [ 12 , 39 ]. 

No significant sequence homology was identified for the C-
erminal portion of ArnR. Therefore, the ArnR amino acid se-
uence, the hmp promoter sequence (JCC04/05, Table S1 ) and Fe

ons were submitted to the Alphafold3 server [ 48 ]. The resulting
lphafold 3 model featured the wHTH domain, which is separated

rom a putative C-terminal sensory domain by a dimerization he-
ix (Fig. 1 a). Alphafold 3 placed two Fe ions within the putative
-terminal sensory domain, in close proximity to the three con-
erved cysteine residues (Cys179, 193, and 223) that were identi-
ed by Nishiumura et al . as likely ligands to an Fe–S cluster [ 18 , 48 ]

Fig. 1 b). Generally, Fe–S cluster are anchored to the protein frame-
ork by four ligands irrespective of cluster type. In most cases cys-

eine residues are the preferred ligand, but aspartate, glutamate,
istidine, or serine residues can substitute for one or more of the
ysteine residues [ 45 , 49 , 50 ]. Here, there is no fourth conserved
ys residue. Sequence alignment of ArnR homologs indicates a
onserved His residue in the vicinity of the cluster ( Fig. S1 ), but
xperimental evidence in support of this or any other potential
igand is currently missing. 

To learn more about the putative sensory domain, the corre-
ponding region of the Alphafold3 model was submitted to the
old Seek server [ 51 ], which aligns the structure of the query
olecule against structures from multiple databases, including

he AlphaFoldDB [ 52 ], ESM-Atlas [ 53 ], CATH50 [ 54 ], and the protein
ata bank (PDB) [ 55 ]. Fold Seek indicated that weak sequence ho-
ology ( ∼20% identity) exists between the putative ArnR sensory

omain and the C-terminal portion of Uniprot I6Y187 (Rv2621c)
rom Mycobacterium tuberculosis . Rv2621c appears to be an ArnR-
ike transcriptional regulator with weak sequence homology to
he diverse TRAPPC3 family of trafficking protein particle com-
lexes (CATH superfamily 3.30.1380.20) through the putative C-
erminal sensory domain. Swiss Model also identified the zinc
ound form of TRAPPC3 (PDB: 7YH2, 7YH3) as a potential template
 ∼14% identity) for sequence homology modelling of the putative
ensory domain of ArnR [ 56 ]. We note that the coordinating lig-
nds utilized by Zn2 + ions may often resemble those utilized by
e–S proteins [ 57 ] ( Fig. S2 ). 

naerobic purification of ArnR results in a 

4Fe–4S] cluster-bound form 

t was previously reported that ArnR preparations were coloured
ith absorbance properties consistent with the presence of an Fe–
 cluster of an unknown type [ 12 , 18 ]. To learn more about the pro-
ein and associated cluster, we purified ArnR under strictly anaer-
bic conditions following overproduction in E. coli . Anaerobic so-
utions of as-isolated ArnR were golden brown with a broad UV–
isible absorption spectrum and a prominent peak at 420 nm, con-
istent with the presence of a [4Fe–4S] cluster (Fig. 2 ) [ 58 ]. Because
he electronic transitions of the Fe–S cluster gain optical activity
rom the asymmetric fold of the protein in which they are bound,
he CD band pattern reflects the local cluster environment. The
naerobic CD spectrum of ArnR displayed positive ( + ) features at
30, 400, and 500 nm and a negative feature ( −) at 440 nm (Fig. 2 ,
nset). 

As isolated, ArnR was found to contain 3.8 ± 0.2 Fe, 4.1 ± 0.3 S,
nd 0.6 ± 0.1 Zn ions per protein by colorimetric methods. ICP-MS
ndicated 4.2 ± 0.9 Fe and 0.4 ± 0.1 Zn ions per protein, consis-
ent with colorimetric methods, and also that ArnR did not con-
ain significant levels of any other metal ions. Taken together,
he data indicated that as isolated, ArnR was fully loaded with
4Fe–4S] clusters. Apo ArnR contained 0.15 ± 0.05 Fe ions per pro-
ein, as determined by ICP-MS and colorimetric assay. Apo ArnR
as also found to contain ∼0.5 Zn per protein (i.e. similar levels

o those of as-isolated AnrR), indicating either that bound Zn is

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
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Figure 2. Optical spectroscopy of as-isolated ArnR. The absorption spectrum of as isolated ArnR displays features characteristic of a [4Fe–4S] cluster, 
with a ε420 nm 

of ∼13.5 ± 0.5 mM−1 cm−1 . Inset shows the unique CD band pattern of the ArnR cluster. 
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resistant to/protected from chelator treatment, or that an un- 
known source of Zn contamination similarly affects both as- 
isolated and apo AnrR. The physiological relevance, if any, of 
ArnR-bound Zn is unclear and beyond the scope of the current 
work. However, we note that some iron–sulfur proteins feature Zn- 
binding sites [ 59 , 60 ]. 

Previously, substitution of each of the three conserved cysteine 
residues (Cys179, 193, and 223) of ArnR, located towards the C- 
terminus of the protein, by Ala resulted in loss of the Fe–S cluster 
and loss of DNA binding [ 18 ]. The lack of a fourth cysteine ligand 

may also be reflected in the extinction coefficient at 420 nm due to 
the Fe–S cluster, which was determined to be ∼13.50 ± 0.5 mM−1 

cm−1 , comparable to other transcriptional regulators containing 
[4Fe–4S](Cys)3 (X) clusters [ 30 , 45 , 50 ]. 

To determine the association state of ArnR, analytical gel fil- 
tration was performed (Fig. 3 , inset). In the absence of O2 , the 
majority of [4Fe–4S] ArnR eluted with a relative molecular mass 
of ∼58 kDa. Aerobically generated apo ArnR eluted with mass of 
∼54 kDa, indicating ArnR is a constitutive homodimer in solution,
irrespective of the status of the cluster. Gel filtration also revealed 

the presence of a larger ArnR species eluting within the void vol- 
ume of the column, indicating a mass ≥100 kDa. 

As Fe–S clusters are acid labile, they are lost under the mildly 
acidic and denaturing conditions of LC-MS (Fig. 3 a, black line). An 

alternative approach, termed native MS, can be used to preserve 
the protein-structure in the gas phase, enabling non-covalent 
protein-cofactor and protein–protein interactions to be studied 

[ 47 , 61 , 62 ]. The deconvoluted native mass spectrum of ArnR con- 
tained two principal peaks (Fig. 3 a, red line) that were not present 
in the LC-MS spectrum. The first was centred on 26.5 kDa, close to 
the monomeric mass, while the second was centred on 53.2 kDa,
close to the dimeric mass of ArnR. A further species due to a 
tetrameric form of ArnR was also observed ( Fig. S3 ), which may 
correspond to the high mass species observed by analytical gel 
filtration. 
v  
The partial dissociation of dimeric proteins into monomers dur- 
ng the transition to the gas phase is a well-known phenomenon
 63 ]. In the case of Fe–S cluster proteins, this can prove ad-
antageous because it simplifies the assignment of Fe–S species 
 16 , 64 ]. The monomer region of the spectrum contained sev-
ral peaks. The dominant peak at 26 515 Da corresponded to an
rnR monomer carrying a [4Fe–4S]2 + cluster (predicted mass,
6 516 Da), while adduct peaks to the higher mass side resulted
rom the presence of Na+ ions. Apo protein was observed at
6 166 Da via LC-MS (predicted mass, 26 166 Da), but was ob-
erved at 26 164 Da by native MS, indicating the likely presence of
 disulfide bond; apo protein adducts at + 64 and + 216 Da likely
orrespond to contaminating Zn2 + and Zn2 + -DTT, respectively 
Fig. 3 b). 

In the dimer region of the spectrum, the dominant peak was at
3 032 Da, corresponding to the ArnR dimer containing two [4Fe–
S]2 + clusters (predicted mass 50 032 Da). To the high mass side
as a prominent + 63 Da adduct (likely due to Zn2 + ), together with

eries of poorly resolved Na+ adducts. To the low mass side were
maller peaks from ArnR dimers containing one [4Fe–4S] cluster 
hemi-apo), or no cluster (apo) (Fig. 3 c). Thus, in solution ArnR pri-

arily exists as homodimer with one [4Fe–4S] cluster per subunit
see Table 1 for a comparison between observed and predicted

asses). 

nalysis of ArnR-DNA complexes 

ishimura et al . identified the ArnR binding site in the promoter
egion of various ArnR regulated genes (e.g. hmp ), and demon-
trated a specificity for the Fe–S form of ArnR [ 12 , 18 ]. Thus,
t was of interest to investigate the binding properties of [4Fe–
S] ArnR to the hmp promoter. Electrophoretic mobility shift as-
ay (EMSA) experiments were conducted with fluorescently (6- 
arboxyfluorescein) labelled oligonucleotides containing the pre- 
iously identified binding site upstream of the hmp gene. The

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
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Figure 3. Native MS of ArnR. (a) Wide range deconvoluted LC-MS and native MS spectra of ArnR (as labelled) indicate the presence of monomeric (M) 
and dimeric (D) species. Inset, gel filtration chromatogram of ArnR, confirming that ArnR is a dimer in solution, irrespective of the cluster. 
Deconvoluted monomeric (b) and dimeric (c) regions are consistent with the presence of [4Fe–4S] clusters during native MS. 
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MSA data for binding were sub-optimal, probably because of the
robe size (80 bp), but they clearly showed some evidence for DNA
inding as the concentration of [4Fe–4S] ArnR was increased, with
aximal binding occurring at ∼315 nM [4Fe–4S] ArnR ([4Fe–4S]:

DNA] = ∼32), consistent with the observations of Nishimura et al .
 12 , 18 ] (Fig. 4 a, inset) . 

The ability of native MS to resolve multiples species and the
omplexes they form could provide new insights not available
rom EMSA experiments [ 65 ]. For native MS, as isolated [4Fe–4S]
rnR was mixed ([4Fe–4S]: [DNA] = ∼1) with a small (30 bp) unla-
elled double stranded oligonucleotide containing the hmp bind-

ng site. This led to the appearance of a new peak centred on
1.4 kDa that corresponded to the DNA-bound form of dimeric
4Fe–4S] ArnR, along with some unbound dimeric ArnR (Fig. 4 a,
ee Table 1 for a comparison between observed and predicted
asses).The region of the spectrum corresponding to the protein-
NA complex was dominated by a peak at 71 438 Da, indicative of
he presence of DNA-bound dimeric ArnR containing two [4Fe–4S]
lusters, together with + 36 Da (Cl) and + 63 Da (Zn) adducts to the
igh mass side. No evidence for apo ArnR binding to DNA was ob-
erved, but this was present in the sample at very low abundance
Fig. 4 b). 

Although EMSAs are often used to assess protein-DNA bind-
ng, both qualitatively and quantitatively, there are inherent dis-
dvantages with EMSAs that can make quantitative characteriza-
ion unreliable [ 66 , 67 ], particularly when studying Fe–S proteins
 45 ]. To gain a more detailed insight into the affinity of ArnR for
he hmp promoter, SPR was utilized. SPR enables high sensitivity

easurements of analyte binding ([4Fe–4S] ArnR) to an immobi-
ized ligand, ( hmp promoter DNA), yielding binding affinities, while
vercoming many of the problems associated with determining
NA-binding affinities by EMSAs [ 66–69 ]. 
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Table 1. Predicted and observed masses for selected ArnR species. 

Species Predicted mass a (Da) Observed mass b (Da) �Mass c (Da) 

ArnR (monomer) 
[apo] 26 166 26 166 0 
[2Fe-2S]2 + 26 340 26 339 −1 
[4Fe–4S]2 + 26 516 26 515 −1 

(ArnR)2 
[apo]/[apo] 52 332 52 329 −3 
[apo]/[4Fe–4S]2 + (DEA) 52 755 52 757 + 2 
[apo]/[4Fe–4S]2 + (DEA NONOate) 52 888 52 890 + 2 
[4Fe–4S]2 + /[4Fe–4S]2 + 53 032 53 032 0 

hmp ::(ArnR)2 
hmp:: [apo](S)/[apo](S) 70 770 70 770 0 
hmp ::[apo]/[4Fe–4S]2 + 71 088 71 086 −2 
hmp ::[2Fe-2S]2 + /[2Fe-2S]2 + 71 086 71 086 0 
hmp ::[4Fe–4S]2 + /[4Fe–4S]2 + 71 438 71 438 0 

Nitrosylated (ArnR)2 
hmp ::[4Fe–4S]2 + (NO)/[4Fe–4S]2 + (NO) 71 468 71 468 0 
[4Fe–4S]2 + /[4Fe–4S]2 + (NO) 53 062 52 062 0 
[4Fe–4S]2 + (NO)/[4Fe–4S]2 + (NO) 53 092 53 091 −1 
[4Fe–4S]2 + (NO)2 /[4Fe–4S]2 + (NO) 53 122 53 120 −2 

a The predicted mass depends on the cluster/cluster fragment charge because binding is assumed to be charge compensated. 
Here, the cluster is assumed to be in the + 2 state. 
b The observed mass is derived from at least two independent experiments, with standard deviation of ±1 Da. 
c The difference between the observed and predicted masses. 
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Here, we utilized the ReDCaT principle of SPR to obtain the 
binding affinity of ArnR for the hmp promoter [ 45 , 46 ]. Binding was 
specific, since negligible binding of ArnR to the reference surface 
containing just the immobilized ReDCaT probe was detected. Sat- 
isfactory fits to the data could be obtained using a simple binding 
equation (see Equation 1), giving a Kd of 30 ± 3 nM for binding of 
the ArnR dimer to the hmp promoter (or 60 nM in terms of [4Fe–4S] 
cluster, Fig. 4 c). Although a kinetic characterization of DNA bind- 
ing was beyond the scope of this work, qualitatively, the associa- 
tion phase of the SPR sensorgram indicated rapid ArnR binding to 
the hmp sequence, with a slow dissociation phase, consistent with 

relative stability of the ArnR-DNA complex in the absence of NO 

(Fig. 4 c, inset), as suggested previously [ 12 , 18 ]. 

ArnR is not an O2 sensor 
In vivo, ArnR is constitutively expressed irrespective of the pres- 
ence of O2 [ 11 , 12 , 18 , 19 ]. The aerobic repression of the narKGHJI 
operon by ArnR contrasts with the anaerobic activation of the 
equivalent E. coli operon by [4Fe–4S] FNR [ 37 ]. We note that 
Nishimura et al . have previously reported that Fe–S ArnR exhibits 
a degree of sensitivity towards O2 and NO [ 12 , 18 ]. To learn more 
about these processes, we investigated the response of as-isolated 

[4Fe–4S] ArnR towards O2 and NO (see below). 
To investigate the O2 reactivity, [4Fe–4S] ArnR was diluted into 

aerobic buffer (22μM in cluster) containing dissolved atmospheric 
O2 ( ∼220 μM) and spectra recorded over time ( Fig. S4 a). The [4Fe–
4S] cluster exhibited remarkable stability to O2 , consistent with its 
role in the aerobic repression of the C. glutamicum narKGHJI operon 

( Fig. S4 a, inset). Over a period of hours, the [4Fe–4S] cluster even- 
tually succumbed to O2 , leaving apo protein. These observations 
are consistent with those of Nishimura et al . The low O2 -reactivity 
of ArnR in the presence of promoter DNA was also probed using 
native MS. The AnrR-DNA complex was still present after ∼3 hr 
following exposure to O2 . Intermediates of any cluster conversion 

process were not readily detected ( Fig. S4 b–d), with only the most 
stable species detected, as previously observed for the O2 -tolerant,
ut NO-sensitive, L28H variant of FNR [ 70 ]. Oxygen and (likely)
ulfur adducts of apo ArnR and the [2Fe–2S] cluster degradation
ntermediate were observed. 

Determining the primary analyte of a response regulator can 

e difficult, especially where limited in vivo or in vitro studies exist
 71 ]. For ArnR, there is sufficient in vivo and in vitro evidence to
uggest that ArnR senses and responds to endogenous NO [ 11 , 12 ,
8 , 28 ]. Thus, [4Fe–4S] ArnR is unlikely to function as a primary O2 

ensor but could, conceivably, fulfil a secondary O2 -sensing role 
 28 , 72 ]. 

rnR is a NO sensor 
he reaction of [4Fe–4S] ArnR with NO was investigated by mea-
uring changes in the cluster absorption following sequential ad- 
itions of NO under anaerobic conditions. Initial increases in in-
ensity were observed across the 300–600 nm region, with a broad
sosbestic point at ∼420 nm (Fig. 5 a). As the titration progressed,
urther changes occurred, with simultaneous increase in A360 nm 

nd decrease in A420 nm. The final spectrum, with a principal ab-
orption at 360 nm and minor shoulder at 430 nm, was consistent
ith the formation of iron-nitrosyl species, and closely resembles 

he spectra of products formed upon nitrosylation of Streptomyces 
oelicolor NsrR and other NO-sensitive Fe–S proteins (Fig. 5 b) [ 73–
5 ]. These were initially assigned to Roussin’s red ester (RRE)-like
pecies, which exhibit a principal absorption band at 362 nm and
 shoulder at 430 nm, but a more complex picture of nitrosyla-
ion, involving multiple species, has now emerged [ 76–79 ]. A plot
f A360–A420 nm versus [NO]: [4Fe–4S] contained a clear break 
oint at a stoichiometry of 1–2 NO per cluster (Fig. 5 a, inset), with
he reaction essentially complete at a stoichiometry of ≥8 NO

olecules (Fig. 5 b, inset), observations that are reminiscent of S.
oelicolor NsrR [ 75 ] and E. coli L28H FNR [ 70 ]. 

CD spectroscopy was used to follow the reaction with NO. Se-
uential NO additions resulted in major changes to the CD band
attern. The starting spectrum contained three positive bands at 
 + ) 330, 400, and 500 nm, together with a major negative band at

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
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Figure 4. Analysis of ArnR-DNA complexes. (a) Deconvoluted mass spectrum of dimeric [4Fe–4S] ArnR before and after the stoichiometric addition of a 
30 bp hmp promotor fragment, which led to protein-DNA complexes (as indicated). Inset is an EMSA of ArnR binding to an 80 bp hmp promotor. The 
binding buffer contained 10 mM Tris, 54 mM KCl 0.3% (v/v) glycerol, pH 7.5. (b) Deconvolution of protein-DNA complex over a narrower range indicated 
a requirement for two [4Fe–4S] clusters per dimer. (c) Analyte binding response of [4Fe–4S] ArnR to hmp promoter probed by SPR. A fit of the data to a 
simple one site binding equation is indicated by a solid line. Inset shows association and dissociation phases for selected concentrations of cluster. 
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 −) 440 nm. As NO was added ([NO]: [4Fe–4S] ≤ 2), the intensity
f the ( + ) 330 nm band decreased significantly, becoming nega-
ive and splitting into two bands at ( −) 306 nm and ( −)335 nm.
he ( + ) 400 nm, and ( −) 440 nm bands shifted, becoming a single
road intense positive feature at ( + ) 430 nm, while the ( + ) 500 nm
and was lost (Fig. 5 c). As further NO was added, [NO]: [4Fe–4S] ≥
, no further band shifts were observed and the CD spectrum col-
apsed towards zero intensity, with little change after the addition
f ∼7 NO (Fig. 5 d). A plot of CD intensity at 330 or 500 nm showed
hat changes were complete at ∼1 NO per cluster, with only minor
hanges at higher [NO]: [4Fe–4S] ratios. 

Equivalent plots of CD intensity changes at 400 and 440 nm
learly indicated the formation of an intermediary species, reach-
ng a maximum between 1 and 2 NO per cluster, which subse-
uently reacted with further NO to give an achiral species at > 8
O ( Fig. S5 ), reminiscent of NsrR observations [ 75 ]. The UV–visible
 o  
bsorbance and CD spectroscopy reported here clearly show the
apid formation of a potentially stable intermediate following 1–2
O, as observed previously for NsrR [ 75 ]. 

itrosylation of the cluster causes a loss of DNA 

inding 

o learn more about the nature of the intermediary species de-
ected by optical methods, additional biophysical methods are
ecessary. We have previously applied native MS to study the ni-
rosylation of [4Fe–4S] NsrR, which resulted in detection of mono-
nd di-nitrosylated [4Fe–4S] NsrR species, prior to the forma-
ion of protein-associated iron-nitrosyl species that are closely
elated to dinitrosyl iron complex {DNIC, [Fe(NO)2 (L)2 ]}, Roussin’s
ed ester {RRE, [Fe2 (NO)4 (L)2 ]} and Roussin’s black salt-like {RBS-
ike, [Fe4 S3 (NO)7 ]} species, consistent with data from nuclear res-
nance vibrational resonance spectroscopy [ 78 , 80 , 81 ]. Similar

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
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Figure 5. Titrations of [4Fe–4S] ArnR with NO. Absorption spectra of [4Fe–4S] ArnR following sequential additions of NO, where (a) [NO]: [Fe–S] 0–1.5 
and (b) 1.5–10, as indicated. Inset shows absorbance changes (A360–A420 nm) as a function of [NO]: [Fe–S]. Circular dichroism spectra of an equivalent 
sample where (c) [NO]: [Fe–S] 0–1.2 and (d) 1.3–9.3, as indicated. [NO]: [Fe–S] intervals are ∼0.25 and ∼0.44 for (c) and (d), respectively. Changes in CD 

signal at 300, 400, 440, and 500 nm as a function of [NO]: [Fe–S] are shown in Fig. S5 . 
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observations have also been made for site-differentiated [4Fe–
4S](L3 )(X) model complexes [ 81 , 82 ]. As these previous nitrosy- 
lation experiments were carried out in the absence of DNA, the 
physiological relevance of protein bound iron-nitrosyls remains 
unclear. Thus, the effect of NO on ArnR-DNA complexes was in- 
vestigated using native MS. 

Here, we used the in situ native MS nitrosylation methodology,
as previously described for NsrR [ 80 , 81 , 83 ]. Holo ArnR samples 
were prepared in complex with hmp promoter DNA, then treated 

with the slow NO release agent DEA NONOate. Decomposition of 
the NONOate controls NO availability and limits the rate of reac- 
tion, enabling an effective thermodynamic titration [ 80 , 84 ]. Spec- 
tra recorded in the absence of NONOate were dominated by a peak 
at 71 432 Da, consistent with the presence of DNA-bound [4Fe–
4S] ArnR dimers, together with some uncomplexed [4Fe–4S] ArnR 

dimers (Fig. 6 , black line). Following the addition of ∼2 [NO]: [4Fe–
4S], there was a marked increase in the amount of uncomplexed 

ArnR present in the spectrum (Fig. 6 a). In the region of the spec- 
trum corresponding to the protein-DNA complex, a clear + 30 Da 
adduct was observed for the holo AnrR hmp complex (Fig. 6 b, red 

line, Fig. S6 , and Table 1 for a comparison between observed and 

predicted masses). In the dimer region of the spectrum, clear evi- 
ence for ArnR dimers with 1–3 NO molecules per dimer was ap-
arent, but there was little evidence for further iron-nitrosyl for-
ation, (e.g. DNIC, RRE, and RBS), or of a significant increase in the

bundance of apo ArnR dimers, or of S-nitrosylation (Fig. 6 a, red
ine). These observations indicate that mono-nitrosylated ArnR 

imers retain the ability to bind DNA to some extent, but are also
ound dissociated from DNA. The fact that we do not observe the
ormation of di-nitrosylated ArnR in complex with DNA suggests 
he binding of 1–2 NO molecules is sufficient to induce a loss of
NA binding. 
By analogy to other transcriptional regulators, the require- 

ent for ∼2 analyte molecules (in this case NO) per dimer is
ot unusual. For instance, dimers of the heme-dependent car- 
on monoxide (CO) oxidation activator (CooA), which belongs 
o the CRP/FNR transcriptional regulator superfamily family, be- 
ome competent for DNA binding upon binding two molecules 
f CO, one per heme cofactor [ 85 ]. Similarly, dimeric cyclic-AMP
cAMP) receptor protein (CRP) becomes competent for DNA bind- 
ng upon binding of two cAMP molecules [ 86–88 ]. The interaction
f a single molecule of O2 with dimeric [4Fe–4S] FNR initiates
luster conversion and may be sufficient to promote monomer- 
zation, causing a loss of DNA binding [ 16 , 89 ]. More recently, we

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data
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Figure 6. Nitrosylated [4Fe–4S] ArnR dimers no longer bind DNA. (a) Pre-formed [4Fe–4S] ArnR-DNA complexes before (lower intensity spectrum) and 
after (higher intensity spectrum) exposure to ∼2 NO per cluster were analysed by native MS in the dimeric mass region. (b) As in (a) but in the 
ArnR-DNA complex region, with the higher intensity spectrum corresponding to that before addition of NO. An asterisk indicates some clusters were 
damaged during ionization (e.g. [4Fe-3S]) [ 64 , 90 ]. The increase in non-DNA-bound dimeric [4Fe–4S] ArnR observed following addition of NO, along with 
nitrosylated forms, most likely arises due to loss of NO during the measurement (i.e. dissociation from DNA resulted from nitrosylation). 
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ave shown, via native MS, that mono-nitrosylation of the [4Fe–4S]
srR dimer is sufficient to abolish DNA binding [ 83 ]. Hence, tran-

criptional regulators only require near stochiometric amounts
f their analyte to elicit changes in DNA transcription, enhanc-
ng sensitivity to fluctuations in analyte concentration within the
ytosol. 

The concentration of endogenously produced NO in the bacte-
ial cytosol during nitrate respiration has not been determined
irectly, but recent literature indicate it is likely to be sub-
icromolar [ 91 ]. This has led to an ongoing disagreement within

he literature concerning the likely physiological significance of
n vitro nitrosylation experiments, where there is a potential risk
f shifting from physiologically-relevant biochemistry, to interest-
ng but likely in vitro chemistry [ 92 , 93 ]. By studying the effect of
O on transcriptional regulator-DNA complexes, we now have a
learer picture of what part of the nitrosylation process is physio-
ogically relevant and what is unlikely to be [ 80 , 81 ]. Here, we have
hown that mono-nitrosylation of each [4Fe–4S] cluster present in
he ArnR dimer is sufficient to abolish DNA binding, with similar
bservations have recently been reported for NsrR [ 83 ]. It also in-
icates that Fe–S clusters do not have to undergo degradation in
rder to sense NO. Finally, this study highlights the power of na-
ive MS to provide unprecedented insight into the mechanisms of
nalyte-sensing transcriptional regulators. 

iscussion 

he influence of nitrate and nitrite on the growth of C. glutam-
cum is well documented [ 11 , 12 , 18 , 19 , 94 ]. The operon encod-
ng nitrate reductase ( narKGHIJ ) is controlled by at least two tran-
criptional regulators (GlxR and ArnR) and repressed under aer-
bic conditions [ 12 , 18 , 19 ]. GlxR, a member of the CRP/FNR su-
erfamily, controls ∼100 different genes involved in a wide range
f aspects of aerobic and anaerobic respiration, nitrogen assim-
lation, central metabolism, and stress response. GlxR activates
he expression of narKGHJI in response to cAMP, a secondary mes-
enger of energy status. In contrast, ArnR is a strong repressor
f narKGHJI under aerobic conditions, allowing only basal lev-
ls of expression [ 19 , 95 ]. Here, we have shown that ArnR uti-
izes a [4Fe–4S] cluster as a sensory cofactor. Although we pro-
ose that [4Fe–4S] ArnR is unlikely to function as a direct O2 sen-
or, it does exhibit a degree of sensitivity towards O2 . Thus, O2 -
nduced turnover of the [4Fe–4S] cluster in vivo may contribute to
he basal level of nitrate reductase expression seen during aerobic
rowth [ 19 ]. 

The narKGHJI operon encodes nitrate reductase and catalyses
he reduction of nitrate (NO3 

−) to nitrite (NO2 
−). Where studied,

itrate reductases are also able to reduce NO2 
− to NO when in-

racellular concentrations of NO2 
− become elevated [ 21 , 96 ]. In

he presence of abundant intracellular O2 , NO will be rapidly con-
umed by a variety of chemical processes that ultimately result in
ts removal [ 25 , 97 ], limiting detection by ArnR. As intracellular O2

oncentrations become limiting, this endogenously-produced NO
ill persist in the cytosol, increasing the likelihood of detection
y [4Fe–4S] ArnR [ 98 ]. We have shown here that [4Fe–4S] ArnR is
cutely sensitive to NO, forming a distinct chiral species follow-
ng the addition 1–2 NO per cluster, and prior to the formation
f an achiral species with absorbance properties reminiscent of
RE and/or RBS at ∼8 NO [ 70 , 75 , 77 , 78 , 80 , 81 , 99 ]. Our native
S observations provide conclusive evidence for the formation

f mono- and di-nitrosyl ArnR species following the addition of
2 NO per cluster. Surprisingly, mono-nitrosylated ArnR dimers

etained some ability to bind to the hmp promoter DNA, but the
i-nitrosyl species did not. By analogy with other transcriptional
egulators, we propose that this di-nitrosyl ArnR species contains
wo [4Fe–4S](NO) clusters per dimer and that its formation abol-
shes DNA binding [ 85 ]. Although the fourth ligand to the ArnR
luster not known, it seems likely that NO-induced dissociation
f a differentiated ligand from the [4Fe–4S] cluster would result
n changes within the sensory domain that are conveyed to the
NA-binding domain, as proposed for NsrR [ 16 , 81 , 100 ] and FNR

 101–103 ]. 
The synergistic loss of repression by ArnR and concomitant ac-

ivation by GlxR would ensure timely expression of narKGHJI in re-
ponse to declining O2 concentrations. Based upon the coordinate
egulation of narKGHJI and hmp expression by the NO-sensitive re-
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Figure 7. Proposed role of C. glutamicum anrr in the management of endogenous nitrosative stress. Basal levels of nitrate reductase (NarGHI) increase 
the cytoplasmic concentration of nitrite (NO2 

−). Accumulated nitrite competes for the active site of nitrate reductase (NarG), impairing nitrate (NO3 
−) 

reduction and resulting in the reduction of NO2 
− to NO. Under aerobic conditions NO is rapidly eliminated, preventing accumulation and subsequent 

detection by arnr. Here, dimeric [4Fe–4S] arnr represses the transcription of narKGHJI and hmp , which encodes the NO-dexotifying enzyme hmp. At 
lower O2 tensions endogenously produced NO persists in the cytosol, increasing the likelihood of detection by anrr. Mono-nitrosylation of each 
[4Fe–4S] cluster in dimeric arnr relieves [4Fe–4S] arnr-mediated repression. expression of hmp lowers the cytoplasmic NO burden by recycling it to 
NO3 

− when sufficient O2 is present, and possibly to N2 O when it is not [ 94 ]. In addition, elevated narKGHIJ expression balances nitrate utilization (via 
narg) and nitrite export (via nark). The question mark indicates that the reversibility of nitrosylation/DNA binding is currently not known. Hence, NO 

is used as a proxy for nitrite to help optimize nitrate respiratory growth, as previously proposed for E. coli [ 23 ]. For clarity, the activating effect of glxr on 
nar expression [ 19 ] is not included in the scheme. 
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pressor ArnR, we propose that endogenous NO, initially produced 

by basal levels of nitrate reductase (NarGHI) prevents the intracel- 
lular accumulation of both nitrite (via NarK) and NO in the cytosol 
(via Hmp) (Fig. 7 ). We note that C. glutamicum �hmp strains display 
strong growth defects under aerobic conditions in the presence 
of nitrate or nitrite, while under anaerobic conditions, the effect 
is less clear [ 18 , 94 ], probably reflecting the need for O2 for effi- 
cient detoxification/conversion of NO. Furthermore, �arnR strains, 
which constitutively express Hmp, appear better able to cope with 

nitrate/nitrite metabolism [ 28 , 94 ]. 
In summary, the regulator ArnR, which controls the switch to 

anaerobic respiration in C. glutamicum , utilizes a [4Fe–4S] clus- 
ter that does not respond directly to O2 . Instead, it responds 
specifically to the presence of NO that accumulates when O2 

levels drop. Reaction with NO results in the formation of a di- 
nitrosylated form of the [4Fe–4S] ArnR dimer, likely containing two 
[4Fe–4S](NO) species per dimer, which can no longer bind to pro- 
moter DNA. The observations presented here are consistent with 

previous in vitro and in vivo observations and help to clarify our 
understanding of how this novel transcriptional regulator func- 
tions [ 12 , 18 ]. 

Acknowledgements 

We thank UEA Science Faculty Analytical Facility for access to 
SPR, mass spectrometry facilities and Graham Chilvers (Analyt- 
ical Facility) for running ICP-MS samples; we thank UEA for the 
initial purchase and subsequent maintenance of the Q-TOF MS 
instrument, and UEA and the British Mass Spectrometry Soci- 
ety for assistance in maintaining our ESI-Q-TOF instrument. We 
are grateful to Dr Stephen B. Stanfill (CDC, USA) for asking us to 
eview the ArnR literature, sparking our interest in understanding 
his unusual regulator. 

uthor contributions 

ason C. Crack: conceptualization, investigation, formal analysis,
riting—original draft. Lauren R. Harvey: investigation, formal 
nalysis. Katie E. Johnson: investigation. Nick E. Le Brun: concep-
ualization, supervision, writing—review and editing, funding ac- 
uisition. 

upplementary material 
upplementary data is available at Metallomics online. 

onflicts of interest 
one declared. 

unding 

his work was supported by the UK’s Biotechnology and Bio-
ogical Sciences Research Council (BBSRC) grants BB/V006851/1,
B/P006140/1, and BB/R013578/1. This article is based upon work 
rom COST Action FeSImmChemNet, CA21115, supported by 
OST (European Cooperation in Science and Technology). 

ata availability 

ata supporting the conclusions of this study are available in the
ain paper with additional experimental data given in the ESI. All

ata are available from the corresponding author upon request. 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfaf026#supplementary-data


12 | Crack et al

R
1  

2  

 

3  

 

4  

 

5
 

 

6  

 

 

7  

 

8  

 

9  

 

 

1  

 

1  

 

 

1  

 

1  

 

 

1  

 

 

1  

 

1  

 

 

1  

 

1  

 

 

 

1  

 

 

2  

 

 

2  

 

 

2  

 

2  

 

 

2  

 

 

2  

 

2  

 

 

2  

 

2  

 

 

2  

 

 

3  

 

3  

 

 

3  

 

 

3  

 

3  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/8/m

faf026/8209830 by U
niversity of East Anglia user on 13 August 2025
eferences 

. Evaldson G, Heimdahl A, Kager L et al. The normal human
anaerobic microflora. Scand J Infect Dis Suppl 1982; 35 :9–15.

. Sharma NC, Efstratiou A, Mokrousov I et al. Diphtheria. Nat
Rev Dis Primers 2019; 5 :81. https://doi.org/10.1038/s41572- 019- 0
131-y 

. Hacker E, Antunes CA, Mattos-Guaraldi AL et al. Corynebac-
terium ulcerans , an emerging human pathogen. Future Microbiol
2016; 11 :1191–208. https://doi.org/10.2217/fmb- 2016- 0085 

. Prygiel M, Polak M, Mosiej E et al. New Corynebacterium species
with the potential to produce diphtheria toxin. Pathogens
2022; 11 1264. https://doi.org/10.3390/pathogens11111264 

. Mangutov EO, Kharseeva GG, Alutina EL. Corynebacterium spp.—
problematic pathogens of the human respiratory tract. Klin
Lab Diagn 2021; 66 :502–8. https://doi.org/10.51620/0869- 2084- 2
021- 66- 8- 502- 508 

. Stanfill SB, Hecht SS, Joerger AC et al. From cultivation to
cancer: formation of N-nitrosamines and other carcinogens
in smokeless tobacco and their mutagenic implications. Crit
Rev Toxicol 2023; 53 :658–701. https://doi.org/10.1080/10408444.2 
023.2264327 

. Lee JY, Na YA, Kim E et al. The actinobacterium Corynebac-
terium glutamicum , an industrial workhorse. J Microbiol Biotechnol
2016; 26 :807–22. https://doi.org/10.4014/jmb.1601.01053 

. Hermann T. Industrial production of amino acids by coryne-
form bacteria. J Biotechnol 2003; 104 :155–72. https://doi.org/10.1
016/s0168- 1656(03)00149- 4 

. Takeno S, Ohnishi J, Komatsu T et al. Anaerobic growth
and potential for amino acid production by nitrate respi-
ration in Corynebacterium glutamicum . Appl Microbiol Biotechnol
2007; 75 :1173–82. https://doi.org/10.1007/s00253- 007- 0926- 8 

0. Jacobs NJ, Heady RE, Jacobs JM et al. Effect of hemin and oxy-
gen tension on growth and nitrate reduction by bacteria. J Bac-
teriol 1964; 87 :1406–11. https://doi.org/10.1128/jb.87.6.1406-141 
1.1964 

1. Nishimura T, Vertes AA, Shinoda Y et al. Anaerobic growth of
Corynebacterium glutamicum using nitrate as a terminal electron
acceptor. Appl Microbiol Biotechnol 2007; 75 :889–97. https://doi.or
g/10.1007/s00253- 007- 0879- y 

2. Nishimura T, Teramoto H, Vertes AA et al. ArnR, a novel
transcriptional regulator, represses expression of the narKGHJI
operon in Corynebacterium glutamicum . J Bacteriol 2008; 190 :3264–
73. https://doi.org/10.1128/JB.01801-07 

3. Walter B, Hanssler E, Kalinowski J et al. Nitrogen metabolism
and nitrogen control in corynebacteria: variations of a common
theme. Microb Physiol 2007; 12 :131–8. https://doi.org/10.1159/00
0096468 

4. Unden G, Klein R. Sensing of O2 and nitrate by bacteria: alter-
native strategies for transcriptional regulation of nitrate respi-
ration by O2 and nitrate. Environ Microbiol 2021; 23 :5–14. https:
//doi.org/10.1111/1462-2920.15293 

5. Kiley PJ, Beinert H. Oxygen sensing by the global regula-
tor, FNR: the role of the iron–sulfur cluster. FEMS Microbiol
Rev 1998; 22 :341–52. https://doi.org/10.1111/j.1574-6976.1998.t 
b00375.x 

6. Crack JC, Thomson AJ, Le Brun NE. Mass spectrometric
identification of intermediates in the O2 -driven [4Fe–4S] to
[2Fe–2S] cluster conversion in FNR. Proc Natl Acad Sci USA
2017; 114 :E3215–E23. https://doi.org/10.1073/pnas.1620987114 

7. Camacho C, Coulouris G, Avagyan V et al. BLAST + : architecture
and applications. BMC Bioinf 2009; 10 :421. https://doi.org/10.118
6/1471- 2105- 10- 421 
 

8. Nishimura T, Teramoto H, Inui M et al. Corynebacterium glu-
tamicum ArnR controls expression of nitrate reductase operon
narKGHJI and nitric oxide (NO)-detoxifying enzyme gene hmp
in an NO-responsive manner. J Bacteriol 2014; 196 :60–9. https:
//doi.org/10.1128/JB.01004-13 

9. Nishimura T, Teramoto H, Toyoda K et al. Regulation of the
nitrate reductase operon narKGHJI by the cAMP-dependent
regulator GlxR in Corynebacterium glutamicum . Microbiology
2011; 157 :21–8. https://doi.org/10.1099/mic.0.044552-0 

0. Guo K, Gao H. Physiological roles of nitrite and nitric oxide in
bacteria: similar consequences from distinct cell targets, pro-
tection, and sensing systems. Adv Biol 2021; 5 :e2100773. https:
//doi.org/10.1002/adbi.202100773 

1. Vine CE, Cole JA. Unresolved sources, sinks, and pathways for
the recovery of enteric bacteria from nitrosative stress. FEMS
Microbiol Lett 2011; 325 :99–107. https://doi.org/10.1111/j.1574-6
968.2011.02425.x 

2. Vine CE, Cole JA. Nitrosative stress in Escherichia coli : reduction
of nitric oxide. Biochem Soc Trans 2011; 39 :213–5. https://doi.org/
10.1042/BST0390213 

3. Crack JC, Balasiny BK, Bennett SP et al. The di-Iron pro-
tein YtfE is a nitric oxide-generating nitrite reductase in-
volved in the management of nitrosative stress. J Am Chem Soc
2022; 144 :7129–45. https://doi.org/10.1021/jacs.1c12407 

4. Watmough NJ, Butland G, Cheesman MR et al. Nitric oxide
in bacteria: synthesis and consumption. Biochim Biophys Acta
(BBA)—Bioenerget 1999; 1411 :456–74. https://doi.org/10.1016/s0
005- 2728(99)00032- 8 

5. Toledo JC, Jr, Augusto O. Connecting the chemical and biolog-
ical properties of nitric oxide. Chem Res Toxicol 2012; 25 :975–89.
https://doi.org/10.1021/tx300042g 

6. Filenko N, Spiro S, Browning DF et al. The NsrR regulon of Es-
cherichia coli K-12 includes genes encoding the hybrid cluster
protein and the periplasmic, respiratory nitrite reductase. J Bac-
teriol 2007; 189 :4410–7. https://doi.org/10.1128/JB.00080-07 

7. Sasaki Y, Oguchi H, Kobayashi T et al. Nitrogen oxide cycle reg-
ulates nitric oxide levels and bacterial cell signaling. Sci Rep
2016; 6 :22038. https://doi.org/10.1038/srep22038 

8. Jiang Z, Guan J, Liu T et al. The flavohaemoprotein hmp main-
tains redox homeostasis in response to reactive oxygen and
nitrogen species in Corynebacterium glutamicum . Microb Cell Fact
2023; 22 :158. https://doi.org/10.1186/s12934- 023- 02160- 9 

9. Volbeda A, Crack JC, Le Brun NE et al. Structure—function
relationships of the NsrR and RsrR transcription regulators.
In: Encyclopedia of Inorganic and Bioinorganic Chemistry . Hobo-
ken, New Jersey, USA: John Wiley & Sons, 2020, 1–23.

0. Crack JC, Munnoch J, Dodd EL et al. NsrR from Streptomyces
coelicolor is a nitric oxide-sensing [4Fe–4S] cluster protein with
a specialized regulatory function. J Biol Chem 2015; 290 :12689–
704. https://doi.org/10.1074/jbc.M115.643072 

1. Karlinsey JE, Bang IS, Becker LA et al. The NsrR regulon in
nitrosative stress resistance of Salmonella enterica serovar Ty-
phimurium. Mol Microbiol 2012; 85 :1179–93. https://doi.org/10.1
111/j.1365-2958.2012.08167.x 

2. Heurlier K, Thomson MJ, Aziz N et al. The nitric oxide (NO)-
sensing repressor NsrR of Neisseria meningitidis has a compact
regulon of genes involved in NO synthesis and detoxification. J
Bacteriol 2008; 190 :2488–95. https://doi.org/10.1128/JB.01869-07 

3. Kommineni S, Lama A, Popescu B et al. Global transcriptional
control by NsrR in Bacillus subtilis . J Bacteriol 2012; 194 :1679–88.
https://doi.org/10.1128/JB.06486-11 

4. Gardner AM, Gardner PR. Flavohemoglobin detoxifies nitric ox-
ide in aerobic, but not anaerobic, Escherichia coli . Evidence for a

https://doi.org/10.1038/s41572-019-0131-y
https://doi.org/10.2217/fmb-2016-0085
https://doi.org/10.3390/pathogens11111264
https://doi.org/10.51620/0869-2084-2021-66-8-502-508
https://doi.org/10.1080/10408444.2023.2264327
https://doi.org/10.4014/jmb.1601.01053
https://doi.org/10.1016/s0168-1656(03)00149-4
https://doi.org/10.1007/s00253-007-0926-8
https://doi.org/10.1128/jb.87.6.1406-1411.1964
https://doi.org/10.1007/s00253-007-0879-y
https://doi.org/10.1128/JB.01801-07
https://doi.org/10.1159/000096468
https://doi.org/10.1111/1462-2920.15293
https://doi.org/10.1111/j.1574-6976.1998.tb00375.x
https://doi.org/10.1073/pnas.1620987114
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1128/JB.01004-13
https://doi.org/10.1099/mic.0.044552-0
https://doi.org/10.1002/adbi.202100773
https://doi.org/10.1111/j.1574-6968.2011.02425.x
https://doi.org/10.1042/BST0390213
https://doi.org/10.1021/jacs.1c12407
https://doi.org/10.1016/s0005-2728(99)00032-8
https://doi.org/10.1021/tx300042g
https://doi.org/10.1128/JB.00080-07
https://doi.org/10.1038/srep22038
https://doi.org/10.1186/s12934-023-02160-9
https://doi.org/10.1074/jbc.M115.643072
https://doi.org/10.1111/j.1365-2958.2012.08167.x
https://doi.org/10.1128/JB.01869-07
https://doi.org/10.1128/JB.06486-11


[4Fe–4S] ArnR, the anaerobicity sensor of Corynebacteria | 13

5

 

5  

5

5  

 

5  

5  

 

5

5

6  

6  

6  

6  

 

6  

 

6

6

6  

6

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/8/m

faf026/8209830 by U
niversity of East Anglia user on 13 August 2025
novel inducible anaerobic nitric oxide-scavenging activity. J Biol 
Chem 2002; 277 :8166–71. https://doi.org/10.1074/jbc.M1104702 
00 

35. Poole RK. Flavohaemoglobin: the pre-eminent nitric oxide- 
detoxifying machine of microorganisms. F1000Res 2020; 9 7. 
https://doi.org/10.12688/f1000research.20563.1 

36. Chim N, Johnson PM, Goulding CW. Insights into redox sens- 
ing metalloproteins in Mycobacterium tuberculosis . J Inorg Biochem 

2014; 133 :118–26. https://doi.org/10.1016/j.jinorgbio.2013.11.00 
3 

37. Mettert EL, Kiley PJ. Fe–S proteins that regulate gene expres- 
sion. Biochim Biophys Acta (BBA)—Mol Cell Res 2015; 1853 :1284–
93. https://doi.org/10.1016/j.bbamcr.2014.11.018 

38. Paysan-Lafosse T, Blum M, Chuguransky S et al. InterPro in 

2022. Nucl Acids Res 2023; 51 :D418–27. https://doi.org/10.1093/ 
nar/gkac993 

39. Cheng Y, Lyu M, Yang R et al. SufR, a [4Fe–4S] cluster-containing 
transcription factor, represses the sufRBDCSU operon in Strepto- 
myces avermitilis iron–sulfur cluster assembly. Appl Environ Mi- 
crob 2020; 86 :e01523–20. https://doi.org/10.1128/AEM.01523-20 

40. Anand K, Tripathi A, Shukla K et al. Mycobacterium tuberculosis 
SufR responds to nitric oxide via its 4Fe–4S cluster and regu- 
lates Fe–S cluster biogenesis for persistence in mice. Redox Biol 
2021; 46 :102062. https://doi.org/10.1016/j.redox.2021.102062 

41. Crack JC, Green J, Thomson AJ et al. Techniques for the pro- 
duction, isolation, and analysis of iron–sulfur proteins. Meth 
Mol Biol 2014; 1122 :33–48. https://doi.org/10.1007/978- 1- 62703- 
794-5_4 

42. Crack JC, Green J, Le Brun NE et al. Detection of sulfide release 
from the oxygen-sensing [4Fe–4S] cluster of FNR. J Biol Chem 

2006; 281 :18909–13. https://doi.org/10.1074/jbc.C600042200 
43. Beinert H. Semi-micro methods for analysis of labile sulfide 

and of labile sulfide plus sulfane sulfur in unusually stable 
iron–sulfur proteins. Anal Biochem 1983; 131 :373–8. https://doi. 
org/10.1016/0003- 2697(83)90186- 0 

44. Alexaki-Tzivanidou H. Spectrophotometric microdetermina- 
tion of zinc in presence of copper and iron. Microchem J 
1977; 22 :388–95. https://doi.org/10.1016/0026- 265x(77)90035- 2 

45. Gray E, Stewart MYY, Hanwell L et al. Stabilisation of the RirA 

[4Fe–4S] cluster results in loss of iron-sensing function. Chem 

Sci 2023; 14 :9744–58. https://doi.org/10.1039/d3sc03020b 
46. Stevenson CE, Assaad A, Chandra G et al. Investigation of DNA 

sequence recognition by a streptomycete MarR family tran- 
scriptional regulator through surface plasmon resonance and 
X-ray crystallography. Nucl Acids Res 2013; 41 :7009–22. https: 
//doi.org/10.1093/nar/gkt523 

47. Crack JC, Le Brun NE. Native mass spectrometry of iron–sulfur 
proteins. Meth Mol Biol 2021; 2353 :231–58. https://doi.org/10.100 
7/978- 1- 0716- 1605- 5_13 

48. Abramson J, Adler J, Dunger J et al. Accurate structure pre- 
diction of biomolecular interactions with AlphaFold 3. Na- 
ture 2024; 630 :493–500. https://doi.org/10.1038/s41586- 024- 074 
87-w 

49. Crack JC, Green J, Thomson AJ et al. Iron–sulfur cluster sensor- 
regulators. Curr Opin Chem Biol 2012; 16 :35–44. https://doi.org/ 
10.1016/j.cbpa.2012.02.009 

50. Pellicer Martinez MT, Martinez AB, Crack JC et al. Sensing iron 

availability via the fragile [4Fe–4S] cluster of the bacterial tran- 
scriptional repressor RirA. Chem Sci 2017; 8 :8451–63. https://do 
i.org/10.1039/c7sc02801f

51. van Kempen M, Kim SS, Tumescheit C et al. Fast and ac- 
curate protein structure search with Foldseek. Nat Biotechnol 
2024; 42 :243–6. https://doi.org/10.1038/s41587- 023- 01773- 0 
2. Varadi M, Anyango S, Deshpande M et al. AlphaFold Protein 

Structure Database: massively expanding the structural cov- 
erage of protein-sequence space with high-accuracy models.
Nucl Acids Res 2022; 50 :D439–44. https://doi.org/10.1093/nar/gk 
ab1061 

3. Lin Z, Akin H, Rao R et al. Evolutionary-scale prediction of
atomic-level protein structure with a language model. Science 
2023; 379 :1123–30. https://doi.org/10.1126/science.ade2574 

4. Knudsen M, Wiuf C. The CATH database. Hum Genom 

2010; 4 :207–12. https://doi.org/10.1186/1479- 7364- 4- 3- 207 
5. Burley SK, Bhikadiya C, Bi C et al. RCSB Protein Data Bank:

powerful new tools for exploring 3D structures of biological 
macromolecules for basic and applied research and education 

in fundamental biology, biomedicine, biotechnology, bioengi- 
neering and energy sciences. Nucl Acids Res 2021; 49 :D437–51.
https://doi.org/10.1093/nar/gkaa1038 

6. Waterhouse A, Bertoni M, Bienert S et al. SWISS-MODEL: homol-
ogy modelling of protein structures and complexes. Nucl Acids 
Res 2018; 46 :W296–303. https://doi.org/10.1093/nar/gky427 

7. Bennett SP, Crack JC, Puglisi R et al. Native mass spectrometric
studies of IscSU reveal a concerted, sulfur-initiated mechanism 

of iron–sulfur cluster assembly. Chem Sci 2022; 14 :78–95. https:
//doi.org/10.1039/d2sc04169c 

8. Freibert SA, Weiler BD, Bill E et al. Biochemical reconstitution 

and spectroscopic analysis of iron–sulfur proteins. Meth Enzy- 
mol 2018; 599 :197–226. https://doi.org/10.1016/bs.mie.2017.11.0 
34 

9. Iwasaki T. Iron–sulfur world in aerobic and hyperthermoaci- 
dophilic archaea Sulfolobus . Archaea 2010; 2010 :1–14. https://do 
i.org/10.1155/2010/842639 

0. Maio N, Raza MK, Li Y et al. An iron–sulfur cluster in the
zinc-binding domain of the SARS-CoV-2 helicase modulates 
its RNA-binding and -unwinding activities. Proc Natl Acad 
Sci USA 2023; 120 :e2303860120. https://doi.org/10.1073/pnas.2 
303860120 

1. Heck AJ, Van Den Heuvel RH. Investigation of intact pro-
tein complexes by mass spectrometry. Mass Spectrom Rev 
2004; 23 :368–89. https://doi.org/10.1002/mas.10081 

2. Esser TK, Böhning J, Önür A et al. Cryo-EM of soft-landed β-
galactosidase: gas-phase and native structures are remarkably 
similar. Sci Adv 2024; 10 :eadl4628. https://doi.org/10.1126/scia 
dv.adl4628 

3. Bich C, Baer S, Jecklin MC et al. Probing the hydrophobic effect
of noncovalent complexes by mass spectrometry. J Am Soc Mass
Spectrom 2010; 21 :286–9. https://doi.org/10.1016/j.jasms.2009.1 
0.012 

4. Pellicer Martinez MT, Crack JC, Stewart MY et al. Mechanisms of
iron- and O2 -sensing by the [4Fe–4S] cluster of the global iron
regulator RirA. eLife 2019; 8 :e47804. https://doi.org/10.7554/eLif 
e.47804 

5. Cheng X, Morin PE, Harms AC et al. Mass spectrometric 
characterization of sequence-specific complexes of DNA and 
transcription factor PU.1 DNA binding domain. Anal Biochem 

1996; 239 :35–40. https://doi.org/10.1006/abio.1996.0287 
6. Hellman LM, Fried MG. Electrophoretic mobility shift assay 

(EMSA) for detecting protein-nucleic acid interactions. Nat Pro- 
toc 2007; 2 :1849–61. https://doi.org/10.1038/nprot.2007.249 

7. Ferraz RAC, Lopes ALG, da Silva JAF et al. DNA-protein interac-
tion studies: a historical and comparative analysis. Plant Meth- 
ods 2021; 17 :82. https://doi.org/10.1186/s13007- 021- 00780- z 

8. Majka J, Speck C. Analysis of protein-DNA interactions us- 
ing surface plasmon resonance. Adv Biochem Eng Biotechnol 
2007; 104 :13–36.

https://doi.org/10.1074/jbc.M110470200
https://doi.org/10.12688/f1000research.20563.1
https://doi.org/10.1016/j.jinorgbio.2013.11.003
https://doi.org/10.1016/j.bbamcr.2014.11.018
https://doi.org/10.1093/nar/gkac993
https://doi.org/10.1128/AEM.01523-20
https://doi.org/10.1016/j.redox.2021.102062
https://doi.org/10.1007/978-1-62703-794-5_4
https://doi.org/10.1074/jbc.C600042200
https://doi.org/10.1016/0003-2697(83)90186-0
https://doi.org/10.1016/0026-265x(77)90035-2
https://doi.org/10.1039/d3sc03020b
https://doi.org/10.1093/nar/gkt523
https://doi.org/10.1007/978-1-0716-1605-5_13
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1016/j.cbpa.2012.02.009
https://doi.org/10.1039/c7sc02801f
https://doi.org/10.1038/s41587-023-01773-0
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1126/science.ade2574
https://doi.org/10.1186/1479-7364-4-3-207
https://doi.org/10.1093/nar/gkaa1038
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1039/d2sc04169c
https://doi.org/10.1016/bs.mie.2017.11.034
https://doi.org/10.1155/2010/842639
https://doi.org/10.1073/pnas.2303860120
https://doi.org/10.1002/mas.10081
https://doi.org/10.1126/sciadv.adl4628
https://doi.org/10.1016/j.jasms.2009.10.012
https://doi.org/10.7554/eLife.47804
https://doi.org/10.1006/abio.1996.0287
https://doi.org/10.1038/nprot.2007.249
https://doi.org/10.1186/s13007-021-00780-z


14 | Crack et al

6  

 

7  

 

 

 

7  

7  

 

7
 

 

7  

 

 

7  

 

 

7  

 

7  

 

 

7  

 

 

7  

 

 

8  

 

 

8  

 

 

8  

 

8  

 

 

8  

 

 

8  

 

8  

 

 

8  

 

8  

 

 

8  

 

 

9  

 

 

9  

 

9  

 

 

9  

 

 

 

9  

 

 

 

9  

 

 

 

9  

 

 

9  

 

 

9  

 

 

 

9  

 

1  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/8/m

faf026/8209830 by U
niversity of East Anglia user on 13 August 2025
9. Stockley PG, Persson B. Surface plasmon resonance assays of
DNA-protein interactions. Meth Mol Biol 2009; 543 :653–69. https:
//doi.org/10.1007/978- 1- 60327- 015- 1_38 

0. Crack JC, Amara P, de Rosny E et al. Probing the reactivity of
[4Fe–4S] fumarate and nitrate reduction (FNR) regulator with
O2 and NO: increased O2 resistance and relative specificity for
NO of the [4Fe–4S] L28H FNR Cluster. Inorganics 2023; 11 :450.
https://doi.org/10.3390/inorganics11120450 

1. Spiro S. Regulators of bacterial responses to nitric oxide. FEMS
Microbiol Rev 2007; 31 :193–211. https://doi.org/10.1111/j.1574-6 
976.2006.00061.x 

2. Crack JC, Le Brun NE. Redox-sensing iron–sulfur cluster regu-
lators. Antioxid Redox Signal 2018; 29 :1809–29. https://doi.org/10
.1089/ars.2017.7361 

3. Crack JC, Stapleton MR, Green J et al. Mechanism of [4Fe–
4S](Cys)4 cluster nitrosylation is conserved among NO-
responsive regulators. J Biol Chem 2013; 288 :11492–502. https:
//doi.org/10.1074/jbc.M112.439901 

4. Crack JC, Hutchings MI, Thomson AJ et al. Biochemical prop-
erties of Paracoccus denitrificans FnrP: reactions with molecu-
lar oxygen and nitric oxide. J Biol Inorg Chem 2016; 21 :71–82.
https://doi.org/10.1007/s00775- 015- 1326- 7 

5. Crack JC, Svistunenko DA, Munnoch J et al. Differentiated,
promoter-specific response of [4Fe–4S] NsrR DNA binding to
reaction with nitric oxide. J Biol Chem 2016; 291 :8663–72. https:
//doi.org/10.1074/jbc.M115.693192 

6. Cruz-Ramos H, Crack J, Wu G et al. NO sensing by FNR: regu-
lation of the Escherichia coli NO-detoxifying flavohaemoglobin,
Hmp. EMBO J 2002; 21 :3235–44. https://doi.org/10.1093/emboj/ 
cdf339 

7. Costanzo S, Ménage S, Purrello R et al. Re-examination of the
formation of dinitrosyl—iron complexes during reaction of S-
nitrosothiols with Fe(II). Inorg Chim Acta 2001; 318 :1–7. https://
doi.org/10.1016/S0020- 1693(01)00402- 9 

8. Serrano PN, Wang H, Crack JC et al. Nitrosylation of nitric oxide-
sensing regulatory proteins containing [4Fe–4S] clusters gives
rise to multiple iron-nitrosyl complexes. Angew Chem Int Ed
2016; 55 :14575–9. https://doi.org/10.1002/anie.201607033 

9. Tonzetich ZJ, Wang H, Mitra D et al. Identification of protein-
bound dinitrosyl iron complexes by nuclear resonance vibra-
tional spectroscopy. J. Am. Chem. Soc 2010; 132 :6914–6. https:
//doi.org/10.1021/ja101002f

0. Crack JC, Le Brun NE. Mass Spectrometric identification of
[4Fe–4S](NO)x intermediates of nitric oxide sensing by regula-
tory iron–sulfur cluster proteins. Chem A Eur J 2019; 25 :3675–84.
https://doi.org/10.1002/chem.201806113 

1. Dodd EL, Le Brun NE. Probing the mechanism of the dedicated
NO sensor [4Fe–4S] NsrR: the effect of cluster ligand environ-
ment. J Inorg Biochem 2024; 252 :112457. https://doi.org/10.1016/
j.jinorgbio.2023.112457 

2. Kim Y, Sridharan A, Suess DLM. The elusive mononitrosy-
lated [Fe4 S4 ] cluster in three redox states. Angew Chem Int Ed
2022; 61 :e202213032. https://doi.org/10.1002/anie.202213032 

3. Crack JC, Le Brun NE. Binding of a single nitric oxide molecule
is sufficient to disrupt DNA binding of the nitrosative stress
regulator NsrR. Chem. Sci. 2024; 15 :18920–32. https://doi.org/10
.1039/d4sc04618h 

4. Stewart MYY, Bush MJ, Crack JC et al. Interaction of the
Streptomyces Wbl protein WhiD with the principal sigma fac-
tor sigma(HrdB) depends on the WhiD [4Fe–4S] cluster. J Biol
Chem 2020; 295 :9752–65. https://doi.org/10.1074/jbc.RA120.01 

2708 
5. Puranik M, Nielsen SB, Youn H et al. Dynamics of carbon
monoxide binding to CooA. J Biol Chem 2004; 279 :21096–108.
https://doi.org/10.1074/jbc.M400613200 

6. Passner JM, Steitz TA. The structure of a CAP-DNA complex
having two cAMP molecules bound to each monomer. Proc Natl
Acad Sci USA 1997; 94 :2843–7. https://doi.org/10.1073/pnas.94.
7.2843 

7. Georis I. Catabolite gene activator protein. In: Maloy S, Hughes
KS (eds.) , Brenner’s Encyclopedia of Genetics (Second Edition) . San
Diego, CA: Academic Press, 2013, 442–46.

8. Won HS, Lee TW, Park SH et al. Stoichiometry and structural
effect of the cyclic nucleotide binding to cyclic AMP receptor
protein. J Biol Chem 2002; 277 :11450–5. https://doi.org/10.1074/
jbc.M112411200 

9. Crack J, Green J, Thomson AJ. Mechanism of oxygen sensing
by the bacterial transcription factor fumarate-nitrate reduc-
tion (FNR). J Biol Chem 2004; 279 :9278–86. https://doi.org/10.107
4/jbc.M309878200 

0. Johnson KA, Verhagen MF, Brereton PS et al. Probing the stoi-
chiometry and oxidation states of metal centers in iron–sulfur
proteins using electrospray FTICR mass spectrometry. Anal
Chem 2000; 72 :1410–8. https://doi.org/10.1021/ac991183e 

1. Hall CN, Garthwaite J. What is the real physiological NO con-
centration in vivo? Nitric Oxide 2009; 21 :92–103. https://doi.org/
10.1016/j.niox.2009.07.002 

2. Cole JA. Anaerobic bacterial response to nitric oxide stress:
widespread misconceptions and physiologically relevant re-
sponses. Mol Microbiol 2021; 116 :29–40. https://doi.org/10.1111/
mmi.14713 

3. Mukhopadhyay P, Zheng M, Bedzyk LA et al. Prominent roles
of the NorR and Fur regulators in the Escherichia coli transcrip-
tional response to reactive nitrogen species. Proc Natl Acad Sci
USA 2004; 101 :745–50. https://doi.org/10.1073/pnas.030774110
0 

4. Platzen L, Koch-Koerfges A, Weil B et al. Role of flavohaemopro-
tein Hmp and nitrate reductase NarGHJI of Corynebacterium glu-
tamicum for coping with nitrite and nitrosative stress. FEMS Mi-
crobiol Lett 2014; 350 :239–48. https://doi.org/10.1111/1574-6968.
12318 

5. Kohl TA, Baumbach J, Jungwirth B et al. The GlxR regulon of the
amino acid producer Corynebacterium glutamicum : in silico and
in vitro detection of DNA binding sites of a global transcription
regulator. J Biotechnol 2008; 135 :340–50. https://doi.org/10.1016/
j.jbiotec.2008.05.011 

6. Ralt D, Wishnok JS, Fitts R et al. Bacterial catalysis of nitrosa-
tion: involvement of the nar operon of Escherichia coli . J Bacte-
riol 1988; 170 :359–64. https://doi.org/10.1128/jb.170.1.359-364.1
988 

7. Hakim TS, Sugimori K, Camporesi EM et al. Half-life of nitric ox-
ide in aqueous solutions with and without haemoglobin. Physiol
Meas 1996; 17 :267–77. https://doi.org/10.1088/0967-3334/17/4/0
04 

8. Clancy RM, Miyazaki Y, Cannon PJ. Use of thionitrobenzoic acid
to characterize the stability of nitric oxide in aqueous solu-
tions and in porcine aortic endothelial cell suspensions. Anal
Biochem 1990; 191 :138–43. https://doi.org/10.1016/0003-2697(90
)90400-4 

9. Bourassa J, Lee B, Bernard S et al. Flash photolysis stud-
ies of Roussin’s black salt anion: Fe4 S3 (NO)7 

−. Inorg Chem
1999; 38 :2947–52. https://doi.org/10.1021/ic981282v 

00. Volbeda A, Dodd EL, Darnault C et al. Crystal structures of the

NO sensor NsrR reveal how its iron–sulfur cluster modulates 

https://doi.org/10.1007/978-1-60327-015-1_38
https://doi.org/10.3390/inorganics11120450
https://doi.org/10.1111/j.1574-6976.2006.00061.x
https://doi.org/10.1089/ars.2017.7361
https://doi.org/10.1074/jbc.M112.439901
https://doi.org/10.1007/s00775-015-1326-7
https://doi.org/10.1074/jbc.M115.693192
https://doi.org/10.1093/emboj/cdf339
https://doi.org/10.1016/S0020-1693(01)00402-9
https://doi.org/10.1002/anie.201607033
https://doi.org/10.1021/ja101002f
https://doi.org/10.1002/chem.201806113
https://doi.org/10.1016/j.jinorgbio.2023.112457
https://doi.org/10.1002/anie.202213032
https://doi.org/10.1039/d4sc04618h
https://doi.org/10.1074/jbc.RA120.012708
https://doi.org/10.1074/jbc.M400613200
https://doi.org/10.1073/pnas.94.7.2843
https://doi.org/10.1074/jbc.M112411200
https://doi.org/10.1074/jbc.M309878200
https://doi.org/10.1021/ac991183e
https://doi.org/10.1016/j.niox.2009.07.002
https://doi.org/10.1111/mmi.14713
https://doi.org/10.1073/pnas.0307741100
https://doi.org/10.1111/1574-6968.12318
https://doi.org/10.1016/j.jbiotec.2008.05.011
https://doi.org/10.1128/jb.170.1.359-364.1988
https://doi.org/10.1088/0967-3334/17/4/004
https://doi.org/10.1016/0003-2697(90)90400-4
https://doi.org/10.1021/ic981282v


[4Fe–4S] ArnR, the anaerobicity sensor of Corynebacteria | 15

 

1

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/17/8/m

faf026/8209830 by U
niversity of East Anglia user on 13 August 2025
DNA binding. Nat Commun 2017; 8 :15052. https://doi.org/10.103 
8/ncomms15052 

101. Mettert EL, Kiley PJ. Reassessing the structure and function re- 
lationship of the O2 sensing transcription factor FNR. Antioxid 
Redox Signal 2018; 29 :1830–40. https://doi.org/10.1089/ars.2017 
.7365 

102. Volbeda A, Darnault C, Renoux O et al. The crystal struc- 
ture of the global anaerobic transcriptional regulator FNR 

Received: February 28, 2025. Accepted: July 18, 2025 

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article
( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribu

cited. 
explains its extremely fine-tuned monomer-dimer equilibrium.
Sci Adv 2015; 1 :e1501086. https://doi.org/10.1126/sciadv.15010 
86 

03. Volbeda A, Nicolet Y. Fontecilla-Camps JC. Fumarate 
and nitrate reduction regulator (FNR). In: Encyclo- 
pedia of Inorganic and Bioinorganic Chemistry . Hobo- 
ken, New Jersey, USA: John Wiley & Sons, 2017, 
1–11.
 distributed under the terms of the Creative Commons Attribution License 
tion, and reproduction in any medium, provided the original work is properly 

https://doi.org/10.1038/ncomms15052
https://doi.org/10.1089/ars.2017.7365
https://doi.org/10.1126/sciadv.1501086
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Author contributions
	Supplementary material
	Conflicts of interest
	Funding
	Data availability
	References

