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Dioxygen controls the nitrosylation reactions of a
protein-bound [4Fe4S] clustery
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Iron—sulfur clusters are exceptionally tuneable protein cofactors, and as one of their many roles they are
involved in biological responses to nitrosative stress. Both iron—sulfur proteins and synthetic model clus-
ters are extremely sensitive to nitrosylation, tending towards rapid multi-step reaction and cluster degra-
dation. Reaction of protein-bound iron—sulfur clusters with nitric oxide can be stopped at partial nitrosyla-
tion in vivo, and repair of protein-bound nitrosylated clusters is possible in the cellular environment. We
have used a combination of infrared, EPR, and UV-visible spectroscopies to show that a model [4Fe4S]
cluster-containing protein, A. ferroxidans high potential iron—sulfur protein (HiPIP), reacts with NO to give
a product mixture dominated by Roussin’s Black Salt (RBS) and Roussin’s Red Ester (RRE) species. We have
shown that O, plays a critical role in controlling the major product of nitrosylation, with RBS-like products
favoured under strictly anaerobic conditions and RRE favoured in the presence of trace O,. Moreover,
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addition of trace O, to anaerobically nitrosylated samples induces conversion of RBS-like products to
RRE. These findings may have implications for mechanisms of iron—sulfur cluster repair following nitrosa-
tive stress, suggest a crucial role for trace O,, and provide an important link between nitrosylation chem-

rsc.li/dalton istry of iron—sulfur proteins and the well-established reactivity of synthetic iron—sulfur clusters.
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Introduction

Bacteria are exposed to the free-radical gas nitric oxide (NO) in
a wide variety of situations, for example during the mamma-
lian immune response and as an intermediate in denitrifica-
tion.”> Nitric oxide has been implicated in bacterial group
behaviour® and its disruption.* It is a very reactive species,
cytotoxic at high levels.” The [4Fe4S] cluster motif is highly
reactive to NO and bacteria exploit this sensitivity to evade the
harmful effects of NO using [4Fe4S] cluster-containing pro-
teins to sense NO and thereby modulate the activity of proteins
in order to regulate the nitrosative stress response of the
organism.®” M. tuberculosis WhiB1,® S. coelicolor WhiD,>"°
and E. coli FNR,'"*™ as well as the dedicated NO-sensing
protein NsrR found in a wide range of microorganisms,"*>°
are [4Fe4S]-containing transcription regulator proteins known
to have a role in bacterial NO sensing. Understanding bacterial
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NO responses has broad implications, from soil science to
disease treatment.

The nitrosylation products of protein-bound iron-sulfur
clusters have been identified by comparison with the spectro-
scopic signatures of small-molecule iron nitrosyl complexes.
Synthetic model studies of FeS clusters have provided simpli-
fied systems to model the NO reactivity of the protein
systems.>'* A range of nitrosylation products (Scheme 1) have
been directly characterized and the combination of infrared
(IR) spectroscopy and crystallographic data has provided
detailed structural information. The known complexes exhibit
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well-defined IR features in the NO spectral region that are
largely solvent- and counterion-independent® and function as
a valuable spectroscopic fingerprint that can be used to charac-
terize nitrosylation products in proteins.

The mononuclear dinitrosyl iron complex (DNIC,
Scheme 1), easily detected by a characteristic EPR signal at g =
2.03, is the most well-known product of the nitrosylation of
synthetic and protein-bound iron-sulfur clusters.>> When
quantified, the yield of this product arising from nitrosylation
of protein-bound [4Fe4S] clusters is usually low.'****® Other
known products of iron-sulfur cluster protein nitrosylation are
EPR-silent and in some cases such species make up the
majority of products.””® UV-visible spectroscopy has impli-
cated the dinuclear Roussin’s Red Ester (RRE, Scheme 1) as a
major product, visible by its absorption at 367 nm.>? This RRE
product is EPR silent, but can be reduced by S,0,%” and quan-
tified indirectly by the g = 2.01 EPR signal of the reduced RRE
(rRRE, Scheme 1).*° Nuclear resonance vibrational spec-
troscopy (NRVS) and IR spectroscopy have been used to dis-
tinguish directly the final products of reactions of NO with
protein-bound iron-sulfur clusters. Using NRVS, it was shown
that a [2Fe2S] Rieske protein formed RRE as the major nitrosy-
lation product,*® whilst a [4Fe4S] ferredoxin formed Roussin’s
Black Salt (RBS, Scheme 1) as the major product.*’ These are
consistent with products observed from small molecule nitro-
sylation.>” Non-denaturing mass spectrometry and NRVS have
been used productively to identify further products of the
nitrosylation reactions of [4Fe4S] proteins,”'%**71%:33735

We previously reported IR spectroscopy alongside other spec-
troscopic methods to show that [2Fe2S] Spinach ferredoxin (Fd)
reacts with NO in a manner dependent on the redox environ-
ment of the reaction. Nitrosylation of this protein under anaero-
bic conditions yields a mixture of DNIC and RRE, whereas, in
the presence of trace O, or the thiolate sequestering reagent,
iodoacetamide, RRE is formed as the major product.*® During
the mammalian immune response, the iron-sulfur proteins
within a pathogenic bacterium would be exposed to NO in the
presence of various oxidants and thiolate-reactive agents.
Recent studies of the nitrosylation of the [4Fe4S] cluster-con-
taining Endonuclease III have utilized a combination of protein
film voltammetry, mass spectroscopy, and hyperfine sublevel
correlation (HYSCORE) pulse EPR spectroscopy to show loss of
iron and formation of stoichiometrically equal amounts of
DNIC and RRE as the final nitrosylation products.>®

In this work, we employ IR spectroscopy, in addition to EPR
and UV-visible spectroscopy, to explore the reactivity of a
model [4Fe4S] cluster protein, Acidithiobacillus ferroxidans high
potential iron-sulfur protein (HiPIP), with NO. This HiPIP
offers advantages of well-defined redox chemistry, and is O,-
stable, allowing us to explore reactions with NO in the pres-
ence of 0,.>”%*® A variant of the protein with a poly-His tag for
affinity purification can be prepared in good yields, in air, via
an over-expression system in Escherichia coli. For ease of com-
munication, we will use the formula type [Fe,S,,]”*"*~ to
describe specific cluster species throughout this paper, while
keeping to the traditional form [4Fe4S] in general cases. Here
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we identify products of reaction of HiPIP with NO, and demon-
strate that trace O, can alter the reactivity of this protein-
bound cluster with NO.

Experimental methods

Cloning, expression and purification of recombinant
Acidithiobacillus ferroxidans HiPIP

A strain for expression of recombinant Acidithiobacillus ferroxi-
dans HiPIP was generously donated by Prof. Ben Berks,
University of Oxford. HiPIP was in a pQE60 expression plasmid
with its native Tat signal peptide and a C-terminal His-tag,
expressed in the cytoplasm of an E. coli BL21 strain with a
deleted Tat system. The strain was grown aerobically at 37 °C
in lysogeny broth media containing 100 mg L™" ampicillin and
kanamycin. When the culture had grown to an Agy of 0.6,
cells were induced with 1 mM isopropyl p-D-1-thiogalacto-pyra-
noside and incubated for a further four hours. Bacteria were
harvested by centrifugation and resuspended in 50 mM Tris-
HCI pH 8, 500 mM NaCl, 10 mM imidazole with EDTA-free
protease inhibitors (Roche) and a few crystals of lysozyme and
DNase I (both Sigma-Aldrich). Cells were then lysed by two pas-
sages through a French Press (Thermo Scientific) at 65-100
MPa or by sonication (Fisherbrand Q500, Fisher Scientific).
Cell debris was removed by centrifugation at 200 000g for one
hour at 4 °C. The supernatant was loaded on a 5 mL histrap
HP (GE Healthcare) column using an AKTA FPLC
(GE Healthcare) system and washed with ten column volumes
of 50 mM Tris-HCl buffer containing 500 mM NaCl and
25 mM imidazole, and then eluted with a gradient from 25 to
210 mM imidazole over ten column volumes. Protein-contain-
ing fractions were pooled and then concentrated by ultrafiltra-
tion to 500 pL, before final purification by size exclusion
chromatography using a Superdex 75 10/300 (GE Healthcare)
equilibrated in 25 mM HEPES-NaOH pH 7.5 160 mM NaCl.
The concentration of HiPIP was determined by optical absorp-

tion using an e;g5 of 18000 M~ cm™".

Gas exposure

10% NO gas in N, (BOC) was first passed through a stainless
steel column packed with Ascarite II (20-30 mesh, Sigma
Aldrich) to remove higher oxide impurities. The flow rate of
each gas was set at 20 mL min~" using mass flow controllers
(Brooks Instruments). All following steps were performed in a
N,-filled anaerobic glovebox (<1 ppm O,, Glove Box
Technology Ltd). Gases were bubbled through 5 M NaOH to
moisture-saturate and remove NO, impurities.

NO exposure. Tubes containing 0.8 mM HiPIP were sealed
inside 10 mL glass vials with a crimping tool. Vials were
flushed with NO gas for 15 minutes, and then left under a
10% NO atmosphere for the time stated. An aliquot (8 pL) was
removed and used without further manipulation (IR spec-
troscopy) or centrifuged and supernatant used to prepare
samples as described below (UV-visible spectroscopy and EPR
spectroscopy).
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NO and trace oxygen. Tubes containing 0.8 mM HiPIP were
sealed inside 10 mL glass vials with a crimping tool. Vials were
flushed with NO gas for 15 minutes. O, was introduced by
injecting an aliquot (5 pL) of 100% O, (BOC) using a gas-tight
syringe (Hamilton) to give final gas mixture concentrations of
0.05% O, and 10% NO in N,. The vial was then left under
these gas conditions for the times stated. An aliquot (8 pL)
was removed and used without further manipulation (IR spec-
troscopy) or centrifuged and supernatant used to prepare
samples as described below (UV-visible spectroscopy and EPR
spectroscopy).

Oxygen-induced final product conversion. Tubes containing
0.8 mM HiPIP were sealed inside a single 10 mL glass vial with
a crimping tool. The vial was flushed with NO gas for 15 min,
and then left under NO overnight. An aliquot (8 pL) was
removed and used for IR spectroscopy without further manipu-
lation. To the residual sample in the same vial, O, was intro-
duced by injecting an aliquot (5 puL) of 100% O, (BOC) using a
gas-tight syringe (Hamilton) to give final gas mixture concen-
trations of 0.05% O, and 10% NO in N,. The vial was then left
under these gas conditions for 2 h. Another aliquot (8 pL) was
removed and used for IR spectroscopy without further
manipulation.

The solubility of NO in water is 1.94 mM at 1 bar pressure,
dropping by about 10% in a buffered solution containing
150 mM NaCl.? The solubility of O, in water is 1.2 mM at 1 bar
pressure.’

Infrared spectroscopy

Attenuated Total Reflectance (ATR)-IR measurements were
recorded using the external beam of a Varian 680-IR spectro-
meter coupled to a customised ATR accessory (GladiATR, PIKE
Technologies) with a trapezoidal silicon internal reflection
element (IRE, Crystal GMBH) and a mercury cadmium tellur-
ide detector (InfraRed Associates) cooled to 77 K in a N,-filled
anaerobic, dry glove box (<1 ppm O,, <—85 °C dew point, Glove
Box Technology Ltd) as described previously.® Spectra were
recorded at 4 cm™' resolution with an acquisition time of
325 s. The Si Internal Reflection Element (IRE) was washed
between the loading of every sample by low power sonication
(35 W, Ultrawave U100) in sulfuric acid and then nitric acid,
and rinsed in ultra pure (18 MQ cm) water (MilliQ, Millipore).
Samples (10 pL) were loaded onto the prism using a gas-tight
syringe (Hamilton) and then immediately sealed in a gas-tight
cell to prevent evaporation during acquisition of spectra.

UV-visible spectroscopy

A 5 pL aliquot of exposed or native HiPIP (0.8 mM) was trans-
ferred from the exposure vial using a gas-tight syringe
(Hamilton) and diluted to 30 pM in buffer (25 mM HEPES
160 mM NaCl pH 7.5), centrifuged to remove any precipitate,
and transferred to a quartz cuvette (Hellma) with a 10 mm
pathlength. Spectra were recorded at a scan rate of 300 nm
min~" versus a buffer blank using a Cary 60 UV-visible spectro-
photometer (Agilent) housed entirely in the same glove box as
the gas exposure system.
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EPR spectroscopy

CW-EPR spectra were collected in the Centre for Advanced
Electron Spin Resonance (CAESR) in the Department of
Chemistry at the University of Oxford. X-band measurements
were performed under non-saturating conditions with a
Bruker-Biospin EMXmicro spectrometer equipped with a
PremiumX microwave bridge, a cylindrical TE,;; mode resona-
tor (SHQE-W), an ESR-900 cryostat operating with liquid
helium, and an ITC-503s temperature controller (Oxford
Instruments). Spin quantitation was obtained by double inte-
gration and comparison to a 1 mM Cu(u)EDTA standard. For
each EPR sample, protein (120 pM) was prepared in buffer
(25 mM HEPES, 160 mM NaCl, 25% glycerol, pH 7.5). For
experiments involving oxidation/reduction of protein or nitro-
sylation products, samples of protein (120 uM) were prepared
in buffer (25 mM HEPES, 160 mM NaCl, 25% glycerol, pH 7.5)
and excess sodium hexachloroiridate (Na,IrCls) or excess
sodium dithionite (Na,S,0,) was added directly.

Results and discussion

A. ferroxidans HiPIP is isolated in the [Fe,S,]*" state. The
[4Fe4S] cluster is bound to the protein via four cysteine ligands
and the protein also contains an internal disulfide bond invol-
ving two other cysteine ligands, one of which is directly adja-
cent to a cluster-binding cysteine (sequence shown in ESIT).*”
We first performed UV-visible and EPR spectroscopy to verify
the identity of the isolated HiPIP. The UV-visible spectrum
shows the characteristic [Fe;S,]”" maximum at 388 nm
(Fig. 1B).”® As-purified, the sample displayed no EPR signal, as
anticipated for a [Fe,S;]*" cluster (Fig. S1f). Oxidation of the
sample to the [Fe,S4]*" state with sodium hexachloroiridate
(Na,IrCle) resulted in a typical [Fe,S,]*" axial signal as antici-
pated for the oxidised HiPIP (Fig. 1C(ii)).*® The [Fe,S,]" state of
the cluster is inaccessible,”® and an EPR spectrum of HiPIP
treated with sodium dithionite (Na,S,0,) showed no signal
(Fig. 1C(iii)). The identity of the protein was further verified by
cyclic voltammetry, which showed a reversible redox process
centred at +0.52 V vs. SHE (Fig. S27) consistent with the poten-
tial reported by Bruscella et al*® for untagged A. ferroxidans
HiPIP.

Anaerobic nitrosylation of [Fe,S,]** HiPIP

The nitrosylation of a [4Fe4S] HiPIP from Allochromatium
vinosum was previously studied by UV-visible and EPR spec-
troscopy.’® The authors observed significant DNIC formation
by EPR spectroscopy. Both the UV-visible spectrum of the
nitrosylated protein and the EPR spectrum of the nitrosylated
protein following reduction were consistent with concomitant
formation of RRE products. To investigate the nitrosylation
chemistry of A. ferrooxidans HiPIP we first exposed the protein
to an atmosphere of 10% NO gas (in N,) under anaerobic con-
ditions (Fig. 1). After 210 min of exposure an IR spectrum
showed a range of peaks in the vy region (Fig. 1A). Features
below 1710 cm™" are likely to be caused by losses of protein

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Anaerobic reaction of HiPIP with NO (A) IR spectroscopy: 0.8 mM HiPIP was exposed to a flow of 10% NO above the sample on the ATR
prism. Spectra were recorded at the exposure times indicated and processed against a background of the initial unexposed HiPIP sample. (B) UV-
visible spectra of 30 uM HiPIP following timed exposure to 10% NO gas. Spectra are normalized at 300 nm to account for small differences in
protein concentrations which obscure the spectral changes. (C) EPR spectra at 15 K of 120 uM HiPIP: (i) exposed to 10% NO overnight; (ii) unreacted
HiPIP (blue) and HiPIP exposed to 10% NO overnight (black), followed by oxidation by IrCl>~; (iii) unreacted HiPIP (blue) and HiPIP exposed to 10%
NO overnight (black), followed by reduction by $,04%". Spectra were recorded at 15 K. EPR measurement conditions of C, D, & E were all 5 yW
microwave power, 0.2 mT field modulation, and microwave frequencies of a 9.379 + 0.002 GHz range.

secondary structure on a background of small changes in total
water and amide absorption: these features are similar in all
spectra of NO-exposed HiPIP samples and will not be inter-
preted further. The most intense peak in the nitrosyl region of
the spectrum is at 1744 cm™", with a shoulder at 1758 em™
and another small peak at 1783 cm™". After overnight anaero-
bic exposure of HiPIP to 10% NO all peaks had increased in
intensity.

We assign the 1744 cm™" peak to formation of an RBS-like
species. The formation of RBS has been observed as a major
product of the nitrosylation of synthetic [4Fe4S] clusters.”*?
RBS is accepted as the major product of anaerobic nitrosyla-
tion of small molecule [4Fe4S] clusters.>**
RBS-like species is also consistent with previous reports of the

The formation of a

products of nitrosylation of protein-bound [4Fe4S] clusters
based on non-denaturing mass spectrometry and
NRVS.”?1216:31,33 The observation by IR spectroscopy of RBS
as a significant product of a [4Fe4S] protein nitrosylation is
particularly important as this species cannot be readily
assigned using EPR spectroscopy.

This journal is © The Royal Society of Chemistry 2019

Salts of the synthetic RBS anion are characterised by a strong
absorbance at 1745 cm™" accompanied by a much weaker band
centred at 1796 cm™".>*** A weak feature may be present in our
data at 1798 cm™, though it is not significantly distinguishable
from noise (vide infra). We hesitate to posit that the species is
chemically identical to synthetic RBS, as the data presented
later in this paper suggest that the cluster remains bound to the
protein. This would not be possible for the true RBS anion,
which has only sulfide and nitrosyl ligands to iron. This species
has no EPR signal, consistent with the S = 0 of RBS, and shows
an identical frequency to RBS for the most intense vyo band in
the IR. We have chosen to use the term ‘RBS-like’ species to
account for the likely possibility that the product remains
bound to the protein and is a derivative of RBS.

The 1758 cm ™" and 1783 cm™" peaks of near-equal intensity
are consistent with the pair of peaks observed for small mole-
36:41,42 They are also in complete agreement
with nitrosyl peaks observed for protein-bound RRE which is
formed in low yield following nitrosylation of Spinach Fd
under anaerobic conditions.*® The ratio of RBS-like and RRE

cule RRE species.
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products observed was reproducible over multiple experi-
ments. UV-visible spectroscopy of the sample exposed to 10%
NO as a function of exposure time (Fig. 1B) showed a reaction
profile similar to those seen in the nitrosylation of the [4Fe4S]
cluster proteins FNR, NsrR, and WhiX.”'*'%?*? For these pro-
teins a decrease in the intensity of the [Fe,S;,”* peak at
approximately 400 nm was observed, accompanied by a very
slight increase in intensity at 360 nm, followed shortly by a
decrease in intensity for all peaks above 300 nm. The spectra
obtained for the anaerobic nitrosylation of HiPIP indicated
that the nitrosylation reaction with HiPIP did not proceed to
complete loss of cluster signal at 388 nm under these con-
ditions (Fig. 1B). The UV-visible spectrum of RBS formed in
small-molecule systems is characterized by peaks at 360, 420
and 550 nm.>* These would not be seen clearly here due to
overlap with absorbance from the protein and unreacted
cluster, and possibly other nitrosylation products (Fig. 1B).

Fig. 1C shows an EPR spectrum of HiPIP following over-
night exposure to 10% NO under anaerobic conditions. EPR
Spectra recorded at 15 K or 100 K showed only a characteristic
DNIC signal (Fig. 1C(i), Fig. S3t) with a temperature-indepen-
dent spin concentration of 3.2 uM at 15 K. An EPR spectrum of
unreacted HiPIP of equal total protein concentration, oxidised
to the EPR-active [Fe,S,]*" state using IrCly>~ (Fig. 1C(ii)), gave
a spin concentration of 95 puM. Therefore the DNIC product
accounts for only 3% of the original cluster, less than 1% of
the total iron. The DNIC EPR signal from nitrosylation of
HiPIP also had a noticeable shoulder, which may be due to a
very minor DNIC species with cysteine persulfide ligands'® or
the presence of a very small amount of a tetranitrosylated
cubane cluster,”® or other minor cluster derivative. At these
concentrations, any DNIC signal in the IR vy region would be
likely to be obscured by other bands. Lin et al.*® report a pair
of vyo bands of near-equal intensity for cysteine-bound DNICs
ranging from 1772 cm™" and 1727 cm ™ for [(Cys),Fe(NO),]™ to
1767 ecm ™" and 1722 cm™" for a de-novo peptide-bound DNIC.
IR data are available for a range of model compounds featur-
ing the DNIC Fe(NO), motif, with the vyo bands varying with
co-ligand and solvent.**>* No bands in the spectra for nitrosy-
lated HiPIP resemble a DNIC species.

As both RBS and neutral RRE are EPR-silent, we tested the
nitrosylation products both before and after oxidation with
IrClg>~ (Fig. 1C(ii)) or reduction with S,0,>~ (Fig. 1C(iii)). An
EPR spectrum of the nitrosylated sample following addition of
IrClg>~ showed only a signal identical to that of HIPIP in the
[Fe,S4]*" state (Fig. 1C(ii)) which we assigned to unreacted
cluster; the spin concentration of 20 uM showed that this
accounted for 20% of the original cluster. The EPR spectrum
of the sample reduced by S,0,%> showed a reduced RRE
(rRRE) signal (Fig. 1C(iii)) which accounted for a small portion
of the original cluster with a spin concentration of 0.9 uM, or
1% of total cluster; it is possible that S,0,>” fails to fully
reduce the protein bound RRE as the [4Fe4S] cluster is known
to be quite buried in HiPIP.*” The presence of rRRE in the
sample reduced by S,0,>” supports the assignment of the
peaks at 1783 cm™" and 1758 cm™" in the IR spectrum to RRE.
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We cannot rule out loss of some iron-containing material
in the sample preparation stage but the result suggests that
there may be nitrosylation products of HiPIP which are EPR
silent and which cannot be easily oxidised or reduced to an
EPR-active product. The major product observed by IR, which
we assigned as the RBS-like species with a signal at 1744 cm ™",
is unaccounted for in the identified EPR active species. The
monoanionic synthetic RBS is an S = 0 complex undetectable
by EPR. Our RBS-like complex is also EPR-silent, and we are
therefore unable to quantify it using a spin concentration.

Taking these data together we conclude that the major
product of anaerobic nitrosylation of [Fe,S,]** HiPIP is an RBS-
like species, with concomitant formation of a small amount of
RRE and a smaller proportion of DNIC.

Synthetic studies suggest that, in situations with high thio-
late availability, an overall reducing environment leads to
DNIC products predominating from the nitrosylation of a
[4Fe4$] cluster, while the presence of trace O,°” or nitrosylation
by NO" as opposed to the neutral free radical NO" favours RRE
products.”’ High thiolate availability is here understood to be
at least eightfold excess thiolate per [4Fe4S] cluster, or two
thiolates per iron centre. In the absence of excess thiolate, RBS
has been found to predominate.’> We note that thiolate avail-
ability itself would be very much affected by the pH and the
redox environment, with thiolate being oxidized to disulfide in
oxidising environments (free Cys EO'(CyssH/CyssSCys) = —220 mV
at pH 7.0 (ref. 56)).

The observations we have made of the anaerobic nitrosyla-
tion of A. ferroxidans HiPIP fit this assessment. The [4Fe4S]
cluster of this protein is surrounded by four available cysteine
residues in a hydrophobic pocket within the protein, as well as
two unavailable, oxidised cysteine residues in the form of a di-
sulfide bridge.’”*® Thus the RBS-like species we observed
would be expected in the HiPIP.

Effect of trace O, on the nitrosylation of HiPIP

Redox environment is emerging as a critical factor in the deter-
mination of which nitrosylation products will predominate fol-
lowing reaction of synthetic complexes with NO.>>?*32%> we
have previously shown that DNIC species are the major
product when Spinach Fd is exposed to NO in an anaerobic
environment, whereas RRE is formed rapidly as the major
product in the presence of trace O,.>® We therefore investigated
A. ferroxidans HiPIP nitrosylation in the presence of trace O,.
Fig. 2 shows IR, UV-visible, and EPR spectra recorded fol-
lowing exposure of HiPIP to a gas mixture containing 10% NO
and 0.05% O, (with N, as the remaining carrier gas). After
30 minutes, two strong peaks in the IR spectrum at 1783 and
1758 cm™" could be seen (Fig. 2A), attributed to RRE.*' A
feature at 1744 cm™' was also present, again assigned to an
RBS-like species. These species remained with similar relative
intensities in IR spectra recorded after 60 and 125 minutes.
However, the relative intensity of bands attributed to RRE and
RBS-like species is significantly different to that observed fol-
lowing anaerobic nitrosylation (Fig. 1A), with RRE peaks now
being much more prominent. Thus there is a balance in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Reactions of HiPIP with NO and trace O, (A) IR spectra of 0.8 mM HiPIP exposed to a 10% NO/0.05% O, gas mixture for the indicated time.
Spectra are presented processed against a background of unexposed HiPIP. (B) UV-visible spectra of the 125 min sample from panel A shown with
the unreacted HIPIP sample for comparison. Spectra were recorded of exposed or unexposed HiPIP which had been diluted to 33 uM in buffer.
Spectra were normalized at 300 nm to account for small differences in concentration for clarity. (C) EPR spectra at 100 K of 120 uM HiPIP: (i)
exposed to 10% NO overnight (black) and a 10% NO/0.05% O, gas mixture for 150 minutes (red), and (ii) exposed to 10% NO overnight followed by
reduction with $,0,2 (black) and a 10% NO/0.05% O, gas mixture for 150 minutes followed by reduction with 5,042 (red). EPR measurement con-
ditions of C & D were all 200 pW microwave power, 0.4 mT field modulation, and microwave frequencies of 9.3813 and 9.3792 GHz, respectively.

formation of RRE and RBS-like products that is shifted in the
direction of RRE when nitrosylation occurs in the presence of
a small amount of O,. UV-visible spectra (Fig. 2B) of the sample
exposed to 10% NO in the presence of trace O, for 125 minutes
showed loss of characteristic [Fe,S,]>" features, and an increase
in a peak at 365 nm, consistent with extensive RRE formation.>®

EPR spectroscopy was performed on HiPIP exposed to 10%
NO and trace O, for 150 minutes (Fig. 2C). In the absence of
additional oxidising or reducing agents, a clear DNIC signal
was observed with a spin concentration of 9.9 pM, or 10% of
total cluster (Fig. 2C(i)). Reduction of the exposed HiPIP with
S,0,> gave rise to a TRRE signal with a spin concentration of
29.9 uM, or 30% of total cluster (Fig. 2C(ii)), compared to only
about 1% RRE from the anaerobic nitrosylation of HiPIP
(Fig. 1C(iii)). The [FesS4]*" EPR signal of sample exposed to
10% NO and trace O, for 150 minutes and treated with IrCls*~
had a spin concentration of 8.3 uM (9% unreacted cluster). A
comparison of the amounts of residual unreacted cluster fol-
lowing aerobic and anaerobic exposure to NO shows that less
unreacted cluster remained following reaction with NO in the

This journal is © The Royal Society of Chemistry 2019

presence of trace O, after 150 min than following overnight
anaerobic exposure (Fig. S47).

The preference for the formation of RRE from the reaction
of iron-sulfur clusters with NO and trace O, appears to be a
general phenomenon. For formation of RRE from Spinach Fd,
we suggested that the role of O, was to sequester thiolates
during the reaction and showed that iodoacetamide, a specific
thiolate sequestering reagent and general scavenger of strong
nucleophiles could substitute for O, in this role. However, in
HiPIP, thiolate sequestration is an unlikely mechanism due to
the buried nature of the cluster site.*” Supporting this,
addition of iodoacetamide had no effect on the product distri-
bution for anaerobic reaction of HiPIP with NO (Fig. S57).

Nitric oxide itself is susceptible to changes in the redox
environment, with both the reduced state, nitroxyl (NO™), and
the oxidised state, nitrosonium (NO"), being reactive species in
their own right. Nitric oxide is well understood to react with
oxygen to yield a wide range of reactive NO, products, with the
speciation heavily dependent on the reaction conditions.”” >’
It is possible that a specific step in the RRE formation pathway

Dalton Trans., 2019, 48, 13960-13970 | 13965
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is favoured over RBS formation by the presence of the products
resulting from the combination of NO and trace O,.

Harrop et al. found that, while the reaction of synthetic
[4Fe4S] cluster with NO yielded RBS products in the absence of
other reagents, the reaction would instead yield DNIC products
when performed in the presence of excess thiolate with the
free thiolates participating in the elimination of the bridging
sulfides,*” suggesting that the NO reactivity of [4Fe4S] clusters
is dependent on reaction conditions. While the number of
available thiols is unchanged between the anaerobic and
aerobic nitrosylation of A. ferroxidans HiPIP, the O, could
potentially facilitate elimination of the bridging sulfides.
Oxidation of the bridging sulfides has been observed in the
nitrosylation of other protein-bound [4Fe4S] clusters with the
sulfides remaining bound to the protein as persulfide
cysteine,>?> and indeed Crack et al. observed formation of
RRE products in the nitrosylation of several [4Fe4S] proteins.”

We know that thiolate DNIC species can be converted to
RRE under oxidising conditions with the thiolate sulfides as
targets of oxidation and disulfide as a byproduct.**>*%°
Likewise, direct reaction of iron thiolates with nitrosonium
(NO") is known to result in RRE formation.*" In particular,
Fitzpatrick et al. found that reaction of thiolate DNIC species
with O, resulted in the formation of RRE species and disul-
fides. Thus it is not unreasonable that the predominance of
RRE following reaction of A. ferridoxans HiPIP with NO in the
presence of O, could arise from the same mechanism pro-
posed for synthetic models, namely oxidation and abstraction
of bridging sulfides of the [4Fe4S] cluster, or by analogous
reaction with a more oxidised form of NO,.

Effect of HiPIP oxidation state: anaerobic nitrosylation of
[Fe,S4]** HiPIP

A previous report studied the nitrosylation of Allochromatium
vinosum HiPIP and showed that the concentration of DNIC pro-
ducts was dependent on the starting redox state of the cluster,
though other products were not investigated in that study.*’
Having observed the effect of an oxidative environment in
increasing the amount of RRE, we were interested to see if the
initial oxidation state of the cluster had a similar effect. We
therefore oxidised A. ferroxidans HiPIP using IrCls>~, and
removed the IrCl,>~*~ by buffer exchange. We then exposed
[Fe,S,]*" HiPIP to 10% NO under anaerobic conditions. The TR
spectrum of [Fe,S;]*" HiPIP exposed to 10% NO overnight
(Fig. 3A) showed a similar pattern of peaks as when [Fe,S,]**
HiPIP was exposed to 10% NO overnight (Fig. 1A). The UV-
visible spectrum of [Fe,S,]>" HiPIP has increased absorption
between 400 and 600 nm compared to HiPIP at its resting oxi-
dation state (Fig. 3B) consistent with previous observations.*®
A UV-visible spectrum of the NO-exposed sample (Fig. 3B)
showed that the increased absorbance between 400-600 nm
observed in the spectrum of the oxidised cluster was lost by
the reaction with NO. The band at 388 nm lost some intensity
as compared to features at 300 nm.

From these data we must conclude that similar NO-reactiv-
ity was observed for both the reduced [Fe,S,]>" and oxidised
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Fig. 3 Anaerobic reaction of [Fe;S41°* HiPIP with NO (A) IR spectrum of
0.8 mM [Fe,S4I** exposed to 10% NO overnight processed against a
background of unexposed HiPIP. (B) UV-visible spectra of 33 pM HiPIP.
Purified HiPIP (green) was oxidised with IrClg?~ and desalted (purple).
The sample was then exposed to 10% NO overnight (black). Spectra are
normalized at 300 nm to account for small differences in protein con-
centrations which obscure the spectral changes.

[Fe,S4J** forms of the HiPIP cluster. It is possible that NO first
reduced [Fe,S;*" HiPIP before further reaction to produce
nitrosylated products, as previously shown for A. vinosum
[Fe,S4J*" HiPIP using freeze-quench EPR."°

Overall the initial redox state of the cluster has been shown
here to cause no significant difference in the relative amounts
of RRE and RBS in the final products observed. This is not
entirely unexpected, since reported studies of the reaction of
FeS clusters with nitrosonium found that it was actually the
thiolates that were abstracted and oxidised during the reaction
that ultimately yielded RRE products,® and therefore a one-
electron oxidation from [Fe,S,]** to [Fe,S4*" HiPIP might not
provide sufficient change in the overall number of electrons to
alter nitrosylation reactivity of the [4Fe4S] cluster.

0O,-Induced conversion of HiPIP nitrosylation products

We next investigated whether the species we are assigning as
RBS with an intense IR band at 1744 cm ™", generated as a sig-
nificant product during anaerobic exposure to 10% NO gas,
was stable following subsequent exposure to a 10% NO/0.05%
O, gas mixture. HiPIP was exposed to 10% NO anaerobically

This journal is © The Royal Society of Chemistry 2019
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overnight (Fig. 4, black). Trace O, (0.05%) was then introduced
to the 10% NO atmosphere above that same sample and a
spectrum 100 min later showed conversion of a significant pro-
portion of the 1744 cm™" peak into RRE peaks (Fig. 4, red).

Analysis of the protein backbone region of the IR spectra as
compared to that of native HiPIP (Fig. S6t1) shows no signifi-
cant change in secondary structure. This suggests that the
protein itself remains in largely the same configuration
throughout these reaction steps. Comparison of the amide I
band intensities before and after O, addition suggest no sig-
nificant change in protein concentration (Fig. S7A¥), and an IR
difference spectrum confirms conversion of RBS to RRE,
rather than simply additional nitrosylation of unreacted
protein (Fig. S7BT). Furthermore the difference spectrum con-
firms loss of a peak at 1798 cm ™, supporting our assignment
of a RBS-like species. The fact that we see conversion from an
RBS-like species to an RRE species suggests that both these
products are protein-bound.

In synthetic systems, RBS can undergo conversion to
another sulfide-bridged species ‘Roussin’s red salt’ (RRS,
Scheme 1) under alkaline aqueous conditions.®*®* RRS is dia-
magnetic, and thus EPR silent, and the sodium salt has two IR
nitrosyl bands at vyo = 1717 and 1677 cm™*. No similar bands
were observed in our IR spectra. However, this species has
been shown to react with alkyl halides®*®* or excess thiolate to
form RRE.®® The direct conversion of synthetic RBS to RRE
structures is known to require more severe reaction conditions,
including reaction with organohalides®*®® or via nucleophilic
attack of the S*~ on highly electrophilic diazonium (RN,") and
onium (R;0") ions leading to removal of the bridging sul-
fides,°® and such a direct conversion is unlikely in our case.

Overall, two common features in the synthetic conversions
of (p-S)-bridged FeS cluster complexes to RRE structures
seem to be thiolate availability and redox environment
(Scheme 2).*#*°%%% Excess thiolate will drive the reactions of
synthetic [2Fe2S] and [4Fe4S] clusters in the direction of DNIC
product.*> DNIC is known to exist in equilibrium with RRE,

1783 1758
‘0.5 mAU

Absorbance (mAU)

= T T
1750 1700

- /
1800

Wavenumber (cm™")

T
1850

Fig. 4 RBS to RRE conversion: step 1: HiPIP exposed to 10% NO over-
night (black). Step 2: The same sample of anaerobically nitrosylated
HiPIP, exposed further to 10% NO and 0.05% O, for 100 min (red) was
recorded. Spectra were processed against a background of unreacted
HiPIP.
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with the favoured direction of the equilibrium being sensitive
to thiolate availability’® and the presence of an oxidising or
reducing environment.

The nitrosylation of synthetic [4Fe4S] clusters is known to
result in either RBS or DNIC products, dependent on the avail-
ability of sufficient excess thiolate.”> RBS can be formed
directly from DNIC species in synthetic small molecule
studies®>®”°® but the reverse reaction is not currently known.
We have already speculated as to how the observed RRE
product could be produced via oxidative elimination of brid-
ging sulfides upon nitrosylation of A. ferroxidans HiPIP [4Fe4S]
cluster in the presence of a small amount of O,.

The trend of converting (p-S)-bridged FeS clusters to thio-
late-bound RRE under oxidative conditions may potentially be
extended to a (p-S)-bridged RBS-like species when that species
is held in the cluster binding site of the protein in close proxi-
mity to cysteine residues. For the protein-associated RBS-like
structure formed from the anaerobic nitrosylation of HiPIP,
these thiolates would be poised to interact with the cluster to
form the bridging ligands of the RRE species upon further
nitrosylation in the presence of O,.

A direct conversion of an RBS-like complex to RRE would
necessitate elimination of the three bridging sulfides and con-
comitant reaction with thiolates to form the new thiolate-
bridged RRE structure. This would be difficult to control in a
synthetic reaction system. However, the cluster binding site
within the protein may provide the ideal environment for such
a conversion.

A conversion of RBS to RRE within the protein is fairly
strong evidence that the RBS-like species we observe is bound
to the protein in the original cluster-binding site. The RBS
would need to be held within the original cluster binding site
in order to position the nitrosylated cluster to exchange its
bridging sulfide ligands for the cysteine thiolates of the HiPIP.
Analysis of the amide backbone in the IR confirms that there
is no significant change in secondary structure to accompany
the formation of either cluster complex, and in fact the protein
folding seems to stay fairly unchanged throughout. Thus it is
likely that the binding site itself remains as a buried pocket
within the protein, and that the cluster products themselves
remain within that pocket.
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The structure of the protein-bound RBS-like product we
have observed is unknown. A survey of the literature to date in
which the structures of substituted RBS-like species have been
reported suggests that such species, while rare, are indeed
known, with nitrosyl substitution reported both at the Fe and
bridging sulfide centres.

Holm and co-workers reported a series of species with the
formula [Fe,S;(NO),(PR;);], in which the axial and apical nitro-
syls remain in the same configuration as RBS but the basal
ligands are phosphine ligands.®®”° The two bands of the nitro-
syl IR band signature for these species were found within the
ranges of 1757-1746 cm™ " and 1730-1700 cm ™' with the more
basic phosphine ligands pushing the nitrosyl bands to lower
wavenumbers. Liaw et al. later proposed SPh-ligated RBS-like
species based on IR data of intermediates observed during the
[Fe(SPh),]>~ mediated conversion of RBS to [Fe;S;(NO)>~
towards synthetic repair of a [4Fe4S] cluster.®®

No thiolate-ligated analogue of the phosphine-substituted
RBS has been isolated to date, and the IR pattern observed in
our work does not deviate from the known spectrum of RBS,
thus an Fe-substituted species is less likely in our case.

Recent results using NRVS have found a putative ‘Roussin’s
black ester’ formed in the nitrosylation of the NO-sensing
protein NsrR in which an RBS-like structure is bound to
protein via bridging thiolato or perthiolato ligands rather than
the usual sulfides.>® The cage-like nature of a [4Fe4S] cluster
binding site would be the ideal environment to observe such a
complex, as it would be able to both limit the access of the site
to incoming NO molecules and hold the FeS cluster complex
close to the cysteine thiolates. A. ferridoxans HiPIP has a
buried cluster site and at least four cysteine residues poised in
position to interact with any FeS cluster complex held in that
site. The conversion of RBS-like to RRE product observed in
the nitrosylation of this HiPIP suggests such a protein-bound
RBS-like species may indeed be formed in the anaerobic nitro-
sylation of this protein.

Overall the nitrosylation of A. ferroxidans HiPIP has been
established to lead to multiple products. The identity of the
nitrosylation end products seems to be closely linked to the
mechanistic pathway by which they are formed, and the for-
mation of both RBS-like and RRE-like products is indicative
that several mechanistic pathways are available. The formation
of the RBS-type product from the initial [4Fe4S] cluster may
proceed via a different nitrosylation mechanism than that
which leads to RRE-type product. The type of products formed
upon [4Fe4S] cluster nitrosylation appears to be dependent on
the redox environment, as the RRE pathway becomes preferred
in the presence of trace O,. This phenomenon may be appli-
cable to other [4Fe4S] proteins, including those with biological
roles in NO sensing.

Conclusions

We have shown through a combination of IR, EPR, and UV-
visible spectroscopies that under anaerobic nitrosylation con-
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ditions, the [4Fe4S] cluster of HiPIP from Acidithiobacillus fer-
roxidans reacts slowly to form a mixture of dinitrosyl iron com-
plexes (DNICs), Roussin’s black salt (RBS) or RBS-like species,
and Roussin’s red ester (RRE) species, with RBS/RBS-like
species as the dominant product. When the reaction con-
ditions are altered to include trace O,, the product mixture
favours RRE, and the nitrosylation proceeds more quickly.

Compellingly, we have shown directly that the anaerobic
reaction product RBS can be converted to RRE by NO and trace
0O,. The conversion of RBS to RRE has been observed pre-
viously in synthetic model systems, but this is the first sugges-
tion of this interconversion in a protein. That this was possible
in proteins has long been assumed, and the implications for
nitrosylation control have driven a strong interest in the litera-
ture on synthetic models of such conversions, as well as the
identification of mechanisms and the proteins that mediate
it.”! This impressive body of work of course strongly overlaps
with any exploration of what nitrosylation products would
form, as this would influence the starting point for down-
stream repair. The predominance of larger clusters, as
opposed to mononuclear DNIC structures, in the nitrosylation
products of a [4Fe4S] cluster is likely to influence the repair
process. It will be instructive to see if similar interconversions
are observed in [4Fe4S] proteins relevant to NO sensing in
biology.
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