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Abstract
Reactions of nitric oxide with cysteine-ligated iron-sulfur cluster proteins typically result in
disassembly of the iron-sulfur core and formation of dinitrosyl iron complexes (DNICs). Here we
report the first evidence that DNICs also form in the reaction of NO with Rieske-type [2Fe-2S]
clusters. Upon treatment of a Rieske protein, component C of toluene/o-xylene monooxygenase
(ToMOC) from Pseudomonas sp. OX1, with a slight excess of NO (g) or NO-generators S-
nitroso-N-acetyl-D,L-pencillamine (SNAP) and diethylamine NONOate (DEANO), the
absorbance bands of the [2Fe-2S] cluster are epxtinguished and replaced by a new feature that
slowly grows in at 367 nm. Analysis of the reaction products by EPR, Mössbauer, and NRVS
spectroscopy reveals that the primary product of the reaction is a thiolate-bridged diiron
tetranitrosyl species, [Fe2(μ-SCys)2(NO)4] having a Roussin's red ester (RRE) formula, and that
mononuclear DNICs account for only a minor fraction of nitrosylated iron. Reduction of this RRE
reaction product with sodium dithionite produces the one-electron reduced Roussin's red ester
(rRRE) having absorbtions at 640 and 960 nm. These results demonstrate that NO reacts readily
with Rieske centers in protein and suggest that dinuclear RRE species, not mononuclear DNICs,
may be the primary iron dinitrosyl species responsible for the pathological and physiological
effects of nitric oxide in such systems in biology.

Introduction
Nitric oxide (NO) drives a variety of biological processes, serving as a neurotransmitter,1 a
transcriptional regulator,2-6 a cytotoxic agent,7,8 a signaling molecule in the immune
response,9 and the endothelium-derived relaxing factor.10,11 Inside the cell, this small
molecule functions primarily by interacting with metal-containing proteins, although its
reaction products with O2 (NOx), superoxide (ONOO−), and transition metal ions (NO+) can
lead to modification of nucleic acids, amino acid side chains, and small amines and thiols.
12-14 Among the metal sites targeted by NO are iron-sulfur cluster proteins.15-17 The
chemistry of NO at these sites typically results in disassembly of the iron-sulfur core and
formation of dinitrosyl iron complexes (DNICs, Chart 1).18 EPR spectroscopy has long been
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employed to detect radical species in biological tissue samples19 and has become a standard
way of identifying thiolate-ligated DNICs in proteins20 because of their characteristic axial
gav = 2.03 signal.21 These species, designated {Fe(NO)2}9 in the Enemark-Feltham notation,
22 have the general formula [Fe(NO)2L2]− where L typically represents a sulfur-based ligand
such as cysteine.23 DNICs form readily at [2Fe-2S] and [4Fe-4S] clusters in various
proteins2,5,18,24-27 and have been proposed to elicit a variety of physiological functions
including vasodilation,28-30 regulation of enzymatic activity,24,25 transcription,2,5 DNA
repair,31,32 and initiation of heat-shock protein synthesis.33 Treatment of tumor cells that do
not generate NO with NO-producing murine macrophages led to EPR-detectable DNICs,
suggesting a role for these centers in the immune response.7

Although mononuclear DNICs are generally deemed to be the important species in
biological systems, {Fe(NO)2}9 units can occur as a component of several different
structures.34 Included are the dimeric Roussin's red ester (RRE), the reduced Roussin's red
ester (rRRE), and an [4Fe-3S] cluster known as Roussin's black salt (RBS) (Chart 1). Like
the DNIC, rRRE species can be detected readily by EPR spectroscopy,35,36 and have been
generated in several instances upon reduction of NO-treated [4Fe-4S] cluster proteins.18,24

The relevance of iron dinitrosyl species other than the mononuclear DNIC in biological
settings is largely unexplored owing to the difficulty of detecting the diamagnetic RRE and
RBS species. Using nuclear resonance vibrational spectroscopy (NRVS), we recently
showed that Roussin's black salt, rather than a DNIC, is the predominant product formed in
the reaction of a D14C mutant [4Fe-4S] ferredoxin from Pyrococcus furious with NO.37 In
addition, many of the reported products of iron-sulfur cluster protein reactions with nitric
oxide typically display EPR-integrated DNIC signals that account for only a fraction of the
total protein iron concentration despite complete cluster degradation.2,5,18,24 Thus, a more
definitive spectroscopic method for analyzing the products of NO reactions with iron-sulfur
proteins is desired to enhance our understanding of the pathological and physiological
properties of nitric oxide.

Despite a sizeable body of literature describing DNIC formation from cysteine-ligated iron-
sulfur clusters, there are currently no reports that iron dinitrosyl species are generated at
Rieske centers. Rieske proteins, which harbor [2Fe-2S] clusters ligated by two terminal
cysteine and two terminal histidine residues, are common to prokaryotes and eukaryotes and
play important roles in electron transport, mitochondrial respiration, and photosynthesis.
38,39 Because of their similarity to ferredoxins, these proteins are expected to be targeted by
NO in vivo. We recently discovered that reaction of NO with a synthetic [2Fe-2S] complex
featuring an N2S2 ligand scaffold resulted in formation of both N-bound and S-bound
DNICs, suggesting that similar chemistry may occur in Rieske systems.40 To our
knowledge, the only report of Rieske protein nitrosylation revealed no evidence for DNIC
formation.41 The authors of this study employed purified beef heart ubiquinol-cytochrome c
reductase (QCR) as a model Rieske system and showed that no S = ½ DNIC species were
generated upon reaction with NO gas, although protein activity was reversibly inhibited. The
Rieske cluster in QCR is buried within the protein matrix and further shielded from solvent
by protein complexation with succinate-ubiquinone reductase, a component used in the
assays.41 It is therefore possible that NO could not efficiently access the cluster.

To determine whether DNICs and/or other iron dinitrosyl species can form at biological
Rieske centers, in the present study we exposed the Rieske protein, toluene/o-xylene
monooxygenase component C (ToMOC) from Pseudomonas sp. OX1, to NO. This 112-
residue protein is an ideal system because it harbors a relatively stable [2Fe-2S] Rieske
cluster that we anticipate to be largely solvent-exposed based on structural characterization
of the closely related toluene 4-monooxygenase component C (T4moC), which shares 57%
sequence identity with ToMOC.42 A solution NMR structure determination of T4moC
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revealed a Rieske cluster coordinated by two histidine and two cysteine ligands on two loop
regions extending from the top of a β-sandwich structure. Although one face of the Rieske
cluster is shielded by a small β-sheet, the other is largely solvent-exposed (Figure 1).
Exogenous NO should be able to reach the [2Fe-2S] center in ToMOC and react to form
iron dinitrosyl species in a manner similar to the chemistry observed with 2Fe-2S
ferredoxins. Furthermore, Psuedomonas sp. OX1 has the ability to metabolize NO.43 A
description of the reactivity of potential target proteins other than those intended for NO
metabolism is therefore relevant to the global management of nitric oxide within the
organism. Here we demonstrate that iron dinitrosyl species are indeed generated at ToMOC
upon exposure to nitric oxide and provide evidence that the major product is not a
mononuclear DNIC species but rather the diamagnetic Roussin's red ester (RRE). The
implications of these findings with respect to the NO chemistry of other iron sulfur clusters
are discussed.

Materials and Methods
General Considerations

Manipulations requiring anaerobic conditions were conducted in a Vacuum Atmospheres
glovebox under an atmosphere of purified N2. Buffer solutions were degassed by sparging
with N2 for a minimum of 1 h. ToMOC was expressed in E. coli and purified as described
elsewhere.44 Protein obtained by this method generally exhibited an A458/A280 ratio ≥ 0.12.
The buffer system employed in all experiments was 25 mM potassium phosphate (KPi), pH
7.0. S-nitroso-N-acetyl-D,L-penicillamine (SNAP) and diethylamine NONOate (DEANO)
were purchased from Cayman Chemical (Ann Arbor, MI) and used as received. Nitric oxide
(99%) was purchased from AirGas and was purified according to a protocol described
previously.45 Briefly, NO was passed through an Ascarite column (NaOH fused on silica
gel) and then a 6-ft coil filled with silica gel and cooled to −78 °C with a dry ice/acetone
bath. NO gas was stored and transferred under an inert atmosphere using a gas storage
bulb. 57Fe metal (95.5%) was purchased from Cambridge Isotope Laboratories (Andover,
MA). All other chemicals were obtained from Aldrich and were used as received. Distilled
water was deionized with a Milli-Q filtering system.

Preparation of 57Fe-ToMOC
For incorporation of 57Fe into ToMOC, BL21(DE3) E. coli cells harboring the touC-
pET22b(+) plasmid were grown in minimal media consisting of 10 g bactotryptone and 5 g
NaCl in 1L ddH2O supplemented with 4 g/L casamino acids, 1 mM thiamine hydrochloride,
4 g/L glucose, 100 mg/mL ampicillin, and 50 μM 57FeCl3. Solutions of 57FeCl3 were
prepared by dissolving 57Fe metal in ultrapure concentrated HCl. Cells were grown at 37 °C
and were induced at an O.D.600 of 0.7 with 400 μM isopropyl β-D-1-thiogalactopyranoside
(IPTG). Following induction, cells were grown at 37 °C for 3 h, collected by centrifugation,
and stored at -80 °C until further use.

ToMOC Reduction
Na2S2O4 was titrated into ToMOCox to determine the number of electrons needed to achieve
complete protein reduction. A solution of Na2S2O4 in 25 mM KPi, pH 7.0, was prepared and
its concentration was determined by anaerobic titration into K3[Fe(CN)6].46 This solution
was then diluted to 937 μM and was anaerobically titrated into 92.6 μM ToMOCox in 5 μL
aliquots. Experiments were conducted in a glass tonometer equipped with a titrator and a
quartz optical cell. UV-vis spectra were recorded after addition of each aliquot of Na2S2O4.
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General Spectroscopic Measurements
EPR samples of ToMOCred were prepared by incubating ToMOCox with 0.5 equiv of
Na2S2O4 at room temperature in an anaerobic chamber. Reactions of ToMOCox and
ToMOCred with DEANO were carried out by incubating the protein with excess (at least 5
equiv) DEANO for 1 h at room temperature. Mössbauer samples were prepared by
incubating 57Fe-enriched ToMOCox with 34 equiv of DEANO for 1 h at room temperature.
Zero field 57Fe Mössbauer spectra were recorded at 90 K on an MSI spectrometer (WEB
Research Company) with a 57Co source embedded in a Rh matrix. The isomer shift (δ)
values are reported with respect to iron foil (α-Fe). Spectra were folded and simulated using
the WMOSS software program (WEB Research Company).47 UV-vis spectra were
measured on a Cary-50 spectrophotometer at 25 °C in a septum-capped quartz cell. X-Band
EPR spectra were recorded at 77 K on a Bruker EMX spectrometer equipped with a quartz
finger dewar. Spin quantitations were performed by comparison of the doubly integrated
signals to those of a 500 μM CuEDTA solution in KPi or a standard of 250 μM [(Ar-
nacnac)Fe(NO)2] (Ar-nacnac = [(2,6-diisopropylphenyl)NC(Me)]2CH) prepared in 2-
MeTHF or toluene.

NRVS Measurements
Samples of 1.56 mM 57Fe-enriched ToMOCox and 1.66 mM 57Fe-enriched ToMOCox
treated with 10 equiv DEANO were loaded into 3 × 7 × 1 mm3 (interior dimensions) Lucite
sample cells encased in Kapton tape. Samples were frozen in liquid nitrogen and stored at
-80 °C for four days prior to shipping. To confirm that the integrity of the DEANO-
treated 57Fe-enriched ToMOCox sample was maintained over the time between preparation
and measurement, the 77 K EPR spectra of small aliquots of the reaction mixture diluted
7.5-fold and used as-is or treated with 14 equiv of Na2S2O4 were recorded concomitantly
with the NRVS spectrum. 57Fe NRVS spectra were recorded using published
procedures48,49 at beamline BL09XU at Spring-8, Japan. Flux were on the order of 1.2 ×
109 photons/sec in a 0.9 meV bandpass. During data collection the sample was maintained at
low temperature using a liquid He cyrostat (head temperature < 10 K). Accurate sample
temperatures were calculated from the ratio of anti-Stokes to Stokes intensity by the
expression S(-E) = S(E)e(-E/kT) and were ∼ 80 K. Delayed nuclear fluorescence and delayed
Fe K fluorescence were recorded with an avalanche photodiode array. Spectra were recorded
between -240 and 740 cm-1. The data recorded for the DEANO-treated ToMOCox sample
represent the sum of 30 65-min scans. Scans were normalized to the intensity of the incident
beam and then averaged according to their cts/s signal level. Partial vibrational density of
states (PVDOS) were calculated from the raw NRVS spectra using the PHOENIX Software
package.50

Stopped-Flow Optical Spectroscopy
Stopped-flow optical spectroscopic experiments were performed on a Hi-Tech Scientific
(Salisbury, UK) SF-61 DX2 instrument. Reactions of 40 μM ToMOCox with DEANO were
carried out by rapidly mixing anaerobic solutions of protein with DEANO dissolved in KPi.
DEANO solutions were allowed to stand at room temperature for at least one half-life, as
designated by the manufacturer, to ensure that the kinetics events monitored resulted from
the inherent reactivity of the cluster with NO and not from slow release of NO from the
NONOate. Although it is possible that, under these conditions, NO is still released from the
NONOate during the course of the experiment, the change in concentration resulting from
such a process is negligible compare with the overall concentration of NO employed. The
data were therefore satisfactorily fit without accounting for this possibility. Data were
recorded at 362 and 459 nm using a photomultiplier tube. The temperature for all
experiments was maintained at 25 °C using a circulating water bath. Data analyses were
performed with Origin v. 6.1 (OriginLab Corporation) software and data fits were evaluated
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on the basis of the goodness-of-fit χ2
red value, the fit residuals, and the parameter errors.

Data collected at 362 and 459 nm were fit simultaneously using fixed rate constant
parameters to ensure that model used in the analysis appropriately described the events
occurring at both wavelengths. Data were fit well using the three exponential function y =
A1exp(-kobs1*t) + A2exp(-kobs2*t) + A3exp(-kobs3*t) + Abst=∞ where t is time, A1, A2, A3
and are the pre-exponential factors for the three processes, kobs1, kobs2, and kobs3 are the rate
constants for the three processes, and Abst=∞ is the final absorbance value (black lines).
Attempts to fit the data to a two exponential function describing two processes yielded poor
fit statistics and residual plots.

Results
Reactions of ToMOC with NO and NO Donors

The optical spectrum of ToMOCox exhibits a broad band at 458 nm and a shoulder around
572 nm that are attributed to S-to-Fe(III) charge transfer transitions (Figure 2, black
spectrum). As Na2S2O4 is added, these two peaks become less intense and three new
maxima characteristic of reduced ToMOC appear at 380 nm, 420 nm, and 520 nm.44 After
addition of 0.56 equiv of Na2S2O4, or 1.12 equiv of electrons, the spectra no longer change
with increasing dithionite concentration, indicating complete reduction of the iron-sulfur
cluster (Figure S1). These optical features of ToMOCox and ToMOCred were used as
benchmarks to determine whether the various redox states of the cluster undergo reaction
with NO (g) and NO donors such as DEANO and SNAP under anaerobic conditions.

Upon addition of excess (20 equiv) DEANO (Figure 2) or SNAP (Figure S2) to an anaerobic
solution of ToMOCox, the charge transfer bands of ToMOCox bleached, consistent with
cluster disassembly. When the reaction was complete, as judged by no further changes in the
spectrum, a new optical feature indicative of an iron dinitrosyl species was evident at 367
nm (Figure 2, red spectrum).51-53 Several isosbestic points were observed at distinct time
points during the course of the reaction pathway, indicating the presence of multiple
sequential intermediate species.

Stoichiometric reactions of ToMOCox with NO derived from DEANO revealed optical
changes similar to those for reactions performed with excess DEANO (Figure S3). Spectra
collected after incubation with 1 or 2 equiv of NO from DEANO appeared identical to those
collected at early time points during reactions with excess DEANO, indicating that either the
reactions result in only partial disassembly of the [2Fe-2S] cluster or that the spectra
correspond to intermediate species along the reaction pathway. Similar spectra were
obtained from reactions of ToMOCox with excess NO (g) (Figure S4), although it is
conceivable that the concentration of nitric oxide dissolved in solution was substantially less
in experiments employing NO (g) than in those employing the NO donors, SNAP, and
DEANO.

Anaerobic addition of excess DEANO to ToMOCred yielded a final product with an optical
spectrum nearly identical to that resulting from the analogous reaction with ToMOCox,
suggesting the same iron dinitrosyl species formed in both reactions (Figure S5). Reaction of
ToMOCred with DEANO is more complicated and seems to proceed through an even greater
number of intermediate species than the reaction with ToMOCox. It therefore appears that,
whereas both reactions yield the same product, the mechanism of its formation depends on
the redox state of the cluster.

EPR spectroscopy was employed to further characterize the products, hereafter ToMOCNO,
of the reactions of ToMOCox and ToMOCred with NO and NO donors. Whereas ToMOCox
is EPR-silent due to antiferromagnetic coupling between the iron atoms, ToMOCred displays
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a broad rhombic signal having gx = 2.01, gy = 1.92, and gz = 1.76 at 77 K (Figure S6). The
observed spectrum is similar to those of other reduced Rieske centers,54,55 and consistent
with a valence trapped Fe(II)/Fe(III) system in which the Fe(II) ion is coordinated to the
histidine residues.54,56,57

Anaerobic treatment of ToMOCox with excess DEANO (Figure 3a), SNAP (Figure S7), or
NO (g) (Figure S8) for 1 h at 25 °C resulted in an axial S = ½ EPR signal with g⊥ = 2.032
and g‖ = 2.013 at 77 K. This type of signal is characteristic of a thiolate-bound {Fe(NO)2}9

DNIC23 and suggests the formation of such a species during the reaction. Double integration
of the signals from multiple experiments employing DEANO, SNAP, or NO gas indicated
that the DNIC is present in at most 20% of the total iron concentration. Treatment of
ToMOCred with excess DEANO yielded the same EPR signal, which integrated to 7% of the
total iron concentration (Figure S9). The resulting spectrum did not show any features
indicative of ToMOCred, indicating complete consumption of the original {Fe2S2}1+ cluster.

Zero-field 57Fe Mössbauer spectroscopy was also employed to study reactions of ToMOC
with NO. The Mössbauer spectrum of ToMOCox recorded at 90 K consists of two nested
quadrupole doublets of narrow Lorentzian line shape (Γ = 0.32(2) mm/s for subsite 1 and
0.28(2) for subsite 2) that account for all of the iron in the sample (Figure S10). Data
analysis using a least-squares fitting algorithm returned the parameters δ = 0.25(2) mm/s and
ΔEQ = 0.54(2) mm/s for subsite 1 and δ = 0.34(2) mm/s and ΔEQ = 1.11(2) mm/s for
subsite 2. These values are identical to those of several well-characterized Rieske proteins,
including closely related T4moC.54,55 Tetrahedral iron(III) coordinated by sulfur-based
ligands such as thiolate and sulfide typically display isomer shifts between 0.20 and 0.30
mm/s.54 We therefore assign subsite 1 as the cysteine-bound iron atom. Larger isomer shifts
are characteristic of mixed histidine/sulfide coordination, and subsite 2 therefore represents
the histidine-bound iron atom.54,55

The zero-field 230 K 57Fe Mössbauer spectrum of ToMOCred generated by anaerobic
incubation of ToMOCox with 0.54 equiv of Na2S2O4 contains two quadrupole doublets that
account for all of the iron in the sample (Figure S11). At lower temperatures, the lines
broaden appreciably due to magnetic hyperfine interactions, and two unresolved envelopes
are observed (data not shown). However, at 230 K, the spin relaxation rate is fast and
magnetic hyperfine interactions are averaged, leading to two resolved quadrupole doublets.
54 Data analysis using a least-squares fitting algorithm revealed that δ = 0.65(2) mm/s and
ΔEQ = 2.92(2) mm/s for the histidine-bound ferrous site and δ = 0.23(2) mm/s and ΔEQ =
0.69(2) mm/s for the cysteine-ligated ferric site. These parameters are again identical to
those of several well-characterized Rieske proteins.54,55 Although the lineshapes of these
doublets are narrow enough to obtain a good data fit, Γ = 0.32(2) mm/s for the Fe(II) site
and 0.40(2) for the Fe(III) site, the latter doublet is significantly broadened by nuclear
relaxation at 230 K.54

The zero-field 90 K 57Fe Mössbauer spectrum of ToMOCox treated with 34 equiv of
DEANO displays a single quadrupole doublet with a narrow linewidth, Γ = 0.29(2) mm/s,
which accounts for all of the iron in the sample (Figure 4). Data analysis using a least-
squares fitting algorithm revealed that δ = 0.15(2) mm/s and ΔEQ = 0.92(2) mm/s. These
parameters are strongly indicative of iron dinitrosyl species,52,53 although its exact nature
cannot be definitively assigned because the Mössbauer parameters of various iron dinitrosyls
are similar (Table S1).37 The presence of a single quadrupole doublet indicates that both
iron atoms of the [2Fe-2S] cluster are converted to an iron dinitrosyl species. In light of the
results from the EPR quantitations (vide supra), these Mössbauer spectroscopic experiments
demonstrate that dinitrosyl iron species other than the DNIC must account for the most of
the iron in the reaction products.
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To gain further insight into the nature of the iron dinitrosyl species in ToMOCNO, we
employed 57Fe nuclear resonance vibrational spectroscopy (NRVS). The NRVS spectrum
of 57Fe-enriched ToMOCox contains four well-resolved peaks in the region between 300 and
450 cm-1 and a weaker signal near 280 cm-1(Figure 5, red). The four most intense peaks,
located at 332, 361, 410, and 425 cm-1, are very similar in energy and relative intensity to
the asymmetric and symmetric Fe–S stretching modes observed in the NRVS spectra of
[2Fe-2S] ferredoxins from Rhodobacter capsulatus and Aquifex aeolicus.58 Moreover, these
peaks correspond well to those assigned as Fe–S normal modes in resonance Raman spectra
of the related T4moC protein.59 The weaker absorbance at ∼280 cm-1 is probably due to a
mode involving a terminal ligand (His or Cys), although there is probably a large degree of
coupling between these modes and those of the bridging sulfide ligands.59

Upon treatment of 57Fe-enriched ToMOCox with DEANO, the Fe–S modes disappear and
three distinct new peaks are observed in the high-energy region between 500 and 700 cm-1

(Figure 5, blue line). These peaks, located at ∼560, 617, and 655 cm-1, are attributed to
normal vibrational modes involving the nitrosyl ligands, which arise from a bend and
asymmetric and symmetric stretches of the N—Fe—N atoms of the {Fe(NO)2}9 unit.37,60

Comparisons of these peak intensities and energies to those of several previously
characterized iron dinitrosyl synthetic compounds, including synthetic models of DNIC
((Et4N)[Fe(NO)2(SPh)2]), RRE ([Fe2(μ-SPh)2(NO)4]), and RBS ((Et4N)[Fe4(μ-S)3(NO)7]),
species,37 indicate that the NRVS spectrum of the reaction product most closely matches
that of a RRE (Figure S12). The spectral features do not overlap significantly with those of
the DNIC model compound, further stressing that the paramagnetic, mononuclear DNIC is
not the major iron dinitrosyl species formed in this chemistry.

Reduction of the Iron Dinitrosyl Species formed in the Reaction of ToMOC with excess NO
The reaction of ToMOCNO with an electron donor, Na2S2O4, was also investigated. We
reasoned that reduction of diamagnetic (S = 0), EPR-silent nitrosyl species formed in the
reaction might yield an open shell product with a demonstrable paramagnetic resonance
spectrum. Upon anaerobic addition of stoichiometric or excess sodium dithionite to
ToMOCNO, the solution immediately turned from pale yellow to bright green and two new
optical features at 640 and 960 nm appeared, which we attribute to the one-electron reduced
Roussin's red ester species (Figure 6, red).35-37 For reactions performed with stoichiometric
or excess (4 equiv of electrons) reducing agent, these optical features bleached over the
course of 10 or 90 min, respectively, and the initial ToMOCNO spectrum, having λmax =
367 nm, reappeared (Figure 6, black spectrum). These results indicate reversible formation
of the RRE. Similar results were obtained upon addition of one electron to the DEANO-
treated ToMOCox sample, although the rRRE species decayed more rapidly in this instance.
For the latter case, addition of a second electron to the reaction mixture after decay of the
rRRE spectrum resulted in regeneration of the green rRRE species, but the decay process
was an order of magnitude slower than after the first electron addition (Figure S13). The
nature of the oxidant and mechanism of decay of the rRRE species are unknown at this time,
but may correspond to reduction of adjacent protein residues such as cystines. Because
ToMOC has six highly flexible cysteine residues, we propose that oxidation of the rRRE
may be affected by nearby disulfide bonds. If these oxidants were utilized, the decay process
would become much slower.

The 77 K EPR spectrum of reduced ToMOCNO displays an axial signal with g⊥ = 2.011 and
g‖ = 1.971 (Figure 3b). As with the optical features, these values are characteristic of the
rRRE.35-37 A small peak at g = 2.04 attributed to the original DNIC signal is also present,
indicating that this species was not completely eliminated by treatment with Na2S2O4. This
observation indicates at least partial reduction of the {Fe(NO)2}9 unit. Upon addition of
reducing equivalents, the DNIC could transform to an EPR-inactive {Fe(NO)2}10 species.
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Such a species would probably be histidine-bound to stabilize the increased electron density
at iron. Alternatively, reduction could result in reaction of a putative thiolate-bound
{Fe(NO)2}10 species with a neighboring DNIC unit to generate the more thermodynamically
stable rRRE unit. Spin quantitation of the rRRE signal indicates that the new peaks account
for 70% of the total iron. The 90 K zero-field Mössbauer spectrum of a sample of the
ToMOCNO treated with 1 equiv of Na2S2O4 displays a single quadrupole doublet with δ =
0.15(2) mm/s, ΔEQ = 0.83(2) mm/s, and Γ = 0.31(2) mm/s (Figure S14). These parameters
demonstrate that the integrity of the dinitrosyl iron is preserved upon reduction, because
only one quadrupole doublet is observed. Given the similarity in isomer shift and
quadrupole coupling parameters between the RRE and rRRE37 and the propensity for the
latter to oxidize, Mössbauer data for reduced ToMOCNO cannot be used to definitely assign
this species (Table S1).

Kinetics of ToMOC Iron Dinitrosyl Formation
Using stopped-flow kinetic techniques, changes in the optical bands at 459 and 362 nm were
followed over the course of ∼40 min under pseudo-first order conditions (> 10 fold excess
of DEANO) after mixing ToMOCox and DEANO. These bands, which correspond to the
iron-sulfur cluster (459 nm) and the dinitrosyl iron (362 nm) species, provide a means to
examine both cluster degradation and iron dinitrosyl formation (Figure 7). Data from the
two wavelengths, fit simultaneously to kinetic models, were best described by a three
exponential process characterized by three distinct kinetic rate constants. Variation of the
DEANO concentration resulted in a corresponding change in all three rate constants,
revealing that each process is NO-dependent (Table S2). A linear relationship between kobs
and [DEANO] was observed for concentrations below 2 mM. Above 2 mM the
concentration of NO in aqeous solution saturates,61 and the observed rate constants level off
with increasing [DEANO] (Figure S15). Decay of the band at 459 nm was associated with
all three processes, indicating that cluster decomposition is not complete until the final
kinetic phase (Figure 7a). In contrast, the band at 362 nm was associated only with the
slowest phase of the process, indicating that formation of the iron dinitrosyl species with
λmax at this wavelength corresponds only to the final reaction process (Figure 7b).

Discussion
Reactions of nitric oxide with cysteine-coordinated iron-sulfur clusters have been
extensively investigated due to their importance in physiological signal transduction and
NO-mediated pathology. DNIC products of these reactions have been proposed to regulate a
variety of biological processes. The working hypothesis that mononuclear DNICs are the
major species responsible for the effects of biological iron nitrosyls has been called into
question as more complete characterization of the reaction products has been achieved. The
present results contribute to this paradigm shift.

Characterization of RRE as the Primary Product in the Reaction of the Rieske Protein
ToMOC with excess NO

The results of UV-visible, EPR, 57Fe-Mössbauer, and 57Fe-NRVS spectroscopic
experiments conclusively demonstrate [2Fe-2S] cluster degradation and formation of iron
dinitrosyl species upon treatment of ToMOCox with a slight excess of NO, providing the
first evidence that iron dinitrosyls can form at biological Rieske centers. Although EPR
spectroscopy has been used historically as the primary tool for identification of DNICs, a
major limitation of this technique is that S = 0 EPR-inactive species including RRE and
RBS are not detected if formed. The various spectroscopic methods employed here indicate
that iron dinitrosyl species form in 100% yield from the reaction of ToMOCox with excess
NO. Integration of the observed DNIC EPR signal clearly shows that this species is not the
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predominant reaction product. Rather, the RRE appears to be the major product, as judged
by Mössbauer and NRVS spectroscopy. Further evidence for RRE as the major species is
provided by experiments in which ToMOCNO was treated with Na2S2O4. This reaction
generated optical and EPR signatures that are distinctive for a rRRE, the formation of which
most likely results from reduction of the corresponding RRE.35-37 This experiment thus
provides indirect evidence that ToMOCNO is a RRE species.

Spectral features similar to those observed here have previously been attributed to reduction
of a {Fe(NO)2}9 DNIC (termed a “d7 DNIC”) to generate a “d9 DNIC”.18,24 Recent work
has shown, however, that the d9 DNIC is in fact a rRRE.35,36 The agreement between the
spectroscopic properties of the species observed here with those of synthetic rRRE
complexes of known structure suggests that these features arise from the red ester rather
than a reduced mononuclear DNIC.

In the present study, integration of the rRRE EPR signal from several experiments indicates
that this species is produced in yields as high as 70%. This fact further implies that the RRE
forms in comparable yields. The remaining ∼30% of iron that is not accounted for by either
the DNIC or the rRRE signal could be due to an EPR silent species, such as a histidine-
ligated {Fe(NO)2}10 DNIC, or the iron-sulfur nitrosyl cluster, Roussin's black salt (RBS,
Chart 1). The amount of iron dinitrosyl species formed may depend on the relative
concentrations of NO and iron sulfur cluster employed, both in vitro or available in a
cellular context. In the noted studies, we used a modest excess of NO, conditions that may
pathophysiological conditions in which a burst of nitric oxide reacts with an iron sulfur
protein present at sub-milimolar concentrations.

Nature of DNIC Species Formed in the Reaction of ToMOC with excess NO
The Rieske-type ferredoxin offers the possibility that a DNIC might form at either or both of
the cysteine- and histidine-ligated iron atoms. Although biological DNICs typically feature
cysteine thiolate ligation, there is also evidence for DNICs with O/N coordination in
proteins. Exposure of the [3Fe-4S] form of mitochondrial aconitase to NO resulted in DNIC
formation and migration of the resulting {Fe(NO)2}9 species to a histidine residue,
presumably to form a mixed cysteine/histidine unit.24 Histidine- and carboxylate-
coordinated DNICs have also been observed in the reaction of NO with mammalian
ferritins.62 Treatment of bovine serum albumin with [Fe(NO)2(L-cysteine)2] resulted in
transfer of the DNIC to surface histidine residues on the protein.63 Recently we reported that
a synthetic model of a Rieske cluster reacts with NO to form both sulfur- and nitrogen-
ligated DNIC species, although the nitrogen-based ligand used in these studies was anionic
and better able to stabilize DNICs than neutral histidine residues.40 The present EPR data
indicate that only cysteine-bound DNIC species form in the reaction of ToMOC with NO.
There is no evidence for histidine-bound DNICs, which are distinguishable from cysteine-
bound DNICs by their EPR parameters.24 The possibility that the {Fe(NO)2}10 unit formed
upon treatment of ToMOCNO with dithionite is transferred to the histidine ligands cannot be
ruled out, given the precedence for stabilization of such a DNIC redox state by imidazole
ligands.64

Mechanism of Formation of Iron Dinitrosyl Species
One aspect of biological iron-sulfur NO chemistry that remains largely ill-defined is the
mechanism by which the clusters transform into iron dinitrosyl species. Some insight is
provided by synthetic biomimetic chemistry involving simple homoleptic iron thiolates.
Studies with these compounds demonstrated the intermediacy of a mononitroysl iron
complex (MNIC) along the pathway from [Fe(SR)4]2-/1- to DNIC.65,66 Analogous reactions
with synthetic [2Fe-2S] and [4Fe-4S] clusters also yield DNICs but no intermediates have

Tinberg et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2011 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



yet been identified.67,68 Previous work from our laboratory with a synthetic analog of a
Rieske cluster revealed that both N-bound and S-bound DNICs are produced upon reaction
with NO.40 This reactivity is analogous to that described for purely thiolate-bound [2Fe-2S]
clusters and suggests a generality in the reactivity of the {Fe2S2}2+ core toward nitric oxide.

In contrast to results with the synthetic Rieske cluster, we find here no evidence for
formation of histidine-bound DNICs with ToMOC. Moreover, formation of cysteine-bound
DNICs accounts for only a small fraction of the total nitrosylated iron, with most of the iron
converting to the dinuclear RRE (vide supra). Investigation of the kinetics of the reaction
indicates that several intermediate species are produced during disassembly of the iron-
sulfur cluster. The kinetic data are best fit by a three-exponential process, with each rate
constant depending on DEANO concentration. We cannot at this time assign specific
structures to these discrete intermediates along the pathway from [2Fe-2S] cluster to RRE,
although it is likely that at least one of these intermediates corresponds to a mononitrosyl
iron species. Because the optical spectra of the reaction products of ToMOCox with
stoichiometric NO generated by DEANO (Figure S3) are identical to those observed at early
time points during reaction with excess DEANO (Figure 2), it might be possible to trap and
characterize intermediates along the pathway to cluster degradation. Experiments to test this
possibility will provide important mechanistic information and will form the basis for future
work in our laboratory.

Implications for Other Iron-Sulfur Systems
Previous reports have associated the biological consequences of NO reactivity with [2Fe-2S]
and [4Fe-4S] clusters with the formation of mononuclear DNIC species. Such DNICs are
probably the focus of such investigations due to their ease of detection by EPR
spectroscopy. However, spin quantitation of the DNIC EPR signal in such reactions
typically reveal that < 10% of the initial iron sites form DNICs even though complete cluster
degradation occurs.2,5,24,40,69 Evidence from some of these earlier investigations implies
that other types of iron dinitrosyl species might be formed during these reactions. A study
probing the reaction of NO with FNR, a [4Fe-4S] transcription factor, estimated that < 20%
of the iron originating from the [4Fe-4S] cluster formed a DNIC. The authors suggested
RRE to be the major product, present in 80% yield, although there was no direct evidence
for this species.70 rRREs have previously been shown to result from chemical reduction of
the products of iron-sulfur cluster nitrosylation.18,24 Our results provide clear evidence that
a RRE species is the major product formed in the reaction of the ToMOC Rieske center with
NO. Given that treatment of cysteine-coordinated iron-sulfur clusters proceeds with
relatively little DNIC formation but complete cluster degradation, it is likely that the major
products of reaction are also Roussin's red ester species and that iron dinitrosyl species other
the mononuclear DNIC are principally responsible for the observed in vitro and in vivo
effects of iron-sulfur cluster nitrosylation.

Concluding Remarks
In this study we examined the reactivity of a prototypical Rieske protein with nitric oxide.
Our results indicate that Rieske proteins react with NO and that dinuclear dinitrosyl iron
species (RREs) are the predominant products formed. In light of these findings, we suggest
that the dinuclear RRE, not the mononuclear DNIC, is responsible for many of the observed
pathological and physiological consequences of iron-sulfur cluster nitrosylation. Further
studies on a variety of different iron-sulfur proteins are necessary to test this hypothesis and
explore its generality.
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Figure 1.
Solution NMR structure of T4moC, a Rieske protein that shares 57% sequence identity with
ToMOC. The [2Fe-2S] center including the coordinating histidine and cysteine ligands are
depicted as spheres in ball-and-stick format and are colored by atom type: carbon (gray),
nitrogen (blue), sulfur (red), iron (orange). PDB ID code 1SJC.
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Figure 2.
UV-vis spectra before (black) and after (red) incubation of 57 μM ToMOCox with 20 equiv
of DEANO at 25 °C in 25 mM KPi buffer, pH 7.0 for 90 min.
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Figure 3.
(a) 77 K X-band EPR spectrum of ToMOCNO prepared by incubating 250 μM ToMOCox
with 10 equiv DEANO for 1 h at 25 °C. (b) 77 K EPR spectrum of (a) treated with 1 equiv
of Na2S2O4; the asterisk denotes a small amount of signal from (a). Instrument parameters:
9.332 GHz microwave frequency; 0.201 mW microwave power; 5.02 × 103 receiver gain for
(a), 1.00 × 103 for (b); 100.0 kHz modulation frequency; 8.00 G modulation amplitude;
40.960 ms time constant.
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Figure 4.
77 K Mössbauer spectrum (red points) of the iron dinitrosyl species formed from reaction of
711 μM 57Fe-enriched ToMOCox with 34 equiv DEANO for 1 h at 25 °C in 25 mM KPi
buffer, pH 7.0. Data were fit to a single quadrupole doublet with δ = 0.15(2) mm/s, ΔEQ =
0.92(2) mm/s, and Γ = 0.29(1) mm/s (black line).
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Figure 5.
57Fe partial vibrational density of states (PVDOS) NRVS spectra of 1.56 mM 57Fe-enriched
ToMOCox (red) and 1.66 mM 57Fe-enriched ToMOCox treated with 10 equiv of DEANO
for 1 h at 25 °C in 25 mM KPi buffer, pH 7.0 (blue).
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Figure 6.
UV-vis spectral changes associated with the decay of reduced iron dinitrosyl species formed
by addition of 2 equiv of Na2S2O4 to a mixture of 79 μM ToMOCox and DEANO at 25 °C
in 25 mM KPi buffer, pH 7.0. Data show the spectra 2 min after addition of reductant (red)
and at various intervals until reaction completion after 80 min (black).
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Figure 7.
Representative stopped-flow absorbance profiles (red points) for the reaction of 40 μM
ToMOCox with 150 equiv DEANO in 25 mM KPi buffer, pH 7.0, at 25 °C at 459 nm (a) and
362 nm (b). Data were analyzed as described in the text. Residual plots are shown in the
bottom panels of (a) and (b).
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Chart 1.
Iron dinitrosyl species observed in biological and biomimetic synthetic systems.
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