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Abstract: The anaerobic reaction ofC. Vinosumhigh-potential iron protein (HiPIP) with nitric oxide has been
studied in order to understand the chemical reactivity of NO with protein-bound iron-sulfur clusters. Despite
having a solvent inaccessible 4Fe-4S center, native HiPIP reacts with diethylamineNONOate (an NO donor),
resulting in protein unfolding and the formation of protein-bound dinitrosyl-iron complexes (DNICs) with a
typical gav ) 2.03 EPR signal. These cysteinyl-coordinated DNICs are directly observed for the first time by
use of electrospray ionization-mass spectrometry (ESI-MS) and are found only in a stoichiometry of 2:1
DNIC:protein. Our results suggest that these complexes form only when the protein is folded. ESI-MS also
demonstrates that NO-mediated cluster degradation results in nitrosation of the protein at sites other than
cysteine. Finally, reactivity comparison of native and Tyr19Leu HiPIP demonstrates solvent accessibility to
be an important, but not necessary factor for Fe-S cluster degradation by NO. By use of UV-visible, NMR,
and EPR spectroscopies, as well as ESI-MS, we have determined the major products of degradation and elucidate
some of the mechanistic issues governing cluster degradation, protein nitrosation, and DNIC formation.
Comparisons are made between the nitric oxide chemistry of bacterial HiPIP and other eukaryotic and prokaryotic
iron-sulfur proteins that are relevant in vivo targets for NO.

Introduction

Nitric oxide serves diverse roles in biology: it affects proteins
that regulate gene transcription and translation, acts as a
secondary messenger in signaling pathways, and is a cytotoxic
agent.1 The primary targets for NO are metal-containing
proteins; however, the products of its reaction with dioxygen
(NOx), superoxide (ONOO-), and transition metals (NO+,
M-NO) are observed to react with nucleic acids, amino acid
side chains, and a variety of low molecular weight amines and
thiols.1,2

The formation of agav ) 2.03 EPR signal characteristic of
[L2Fe(NO)2]-, a d7 dinitrosyl-iron(I) complex (DNIC), is a
biological marker of NO-mediated degradation of iron-sulfur
proteins. For the most part, DNICs and iron-sulfur clusters
share the same ligands (namely cysteine thiolates), although
dinitrosyl-iron complexes containing a wide range of O/N/S
ligation have been observed.3-6 Cysteinyl coordination of
protein-bound DNICs has been shown solely by comparison of
protein-derivedgav ) 2.03 EPR signals to those of small-
molecule dinitrosyl-iron complexes.7 [(Cys)2Fe(NO)2]- has
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been structurally characterized by EPR by virtue of the hyperfine
splitting that arises from15NO or 14NO and theâ-CH2 protons
of cysteine, for example.6

The degradation of iron-sulfur proteins to form DNICs is
now well documented. In particular, Reddy et al. have shown
that treatment of intact cells ofClostridium botulinumwith
sodium nitrite resulted in formation of a gav ) 2.03 signal.8

Furthermore, after treatment with NaNO2/ascorbate, a source
of nitric oxide, the g ) 1.94 EPR signal arising fromC.
botulinumiron-sulfur proteins was lost, and the observedgav

) 2.03 signal was significantly more intense. This study
suggested that degradation of important iron-sulfur proteins
was the basis for the antimicrobial activity of nitrite in cured
food.9 In addition, nitric oxide synthesized by macrophages has
also been shown to differentially inhibit several mitochondrial
proteins that contain iron-sulfur centers.10,11

Most recently, attention has focused on the reaction of NO
and peroxynitrite (ONOO-) with the iron regulatory protein
(IRP1) and related mitochondrial aconitases.12-14 IRP1 contains
a 4Fe-4S cluster and exhibits aconitase activity. The cluster can
undergo oxidation to an inactive 3Fe-4S form and can be
completely degraded to apo-IRP1.15 Apo-IRP1 plays a role in
iron homeostasis by binding to iron regulatory elements (IREs)
contained in the 3'- and 5'-untranslated region of some mRNA’s.
By this mechanism, IRP1 can inhibit translation of the iron-
storage protein ferritin, but activate translation of the transferrin-
receptor protein.16 Nitric oxide provides a plausible mechanism
for conversion of IRP1 from its Fe-S cluster-containing form
to the RNA-binding form. Recently, it has been shown that the
reaction of NO, both with the IRP1 and mitochondrial aconitase,
results in the formation of protein-bound DNICs.13

Nitrosylation of cysteine is an important regulatory mecha-
nism in vivo.1 The formation of Cys-NO (RS-NO for any thiol)
occurs via the nitrosating agent NO+, which requires an electron
acceptor such as iron to oxidize NO. Alternatively, nitrosylation
can occur via transnitrosation by a low molecular weight
S-nitrosothiol.1 The formation of N-nitrosamines and N-nitro-
samides by similar mechanisms is not known to play any
regulatory role in vivo, but these compounds are known
carcinogens, and N-nitrosamines have been studied with respect
to their ability to cause deamination and mutagenesis.17 In fact,
under the mildly acidic environments of mammalian stomachs,
nitrosation of peptides by nitrite (or more likely nitrous acid)
is known to occur. Thus, N-nitrosamine formation may explain
the correlation between nitrite and/or protein intake and dietary-
related cancer.9 There are few reports of N-nitrosation of proteins
at physiological pH, and most model studies have been carried
out in organic solvents using N2O4(g), or in aqueous acidic (0.5
M HCl) solutions of NaNO2.17-19 Recently, the aerobic reaction

of peptide angiotensin II with NO at pH 7.4 has been shown
by mass spectrometry to result in degradation of the arginine
side chain viaN-nitroso intermediates.20

In this paper we report experiments designed to elucidate the
chemistry of nitric oxide with a prototypical Fe-S cluster-
containing protein, namely, the high potential iron protein
(HiPIP) from ChromatiumVinosum. In particular, we directly
determine the extent of DNIC formation by electrospray
ionization-mass spectrometry (ESI-MS) as well as observe
nitrosation/nitrosylation of the protein itself. Our results suggest
that the formation of protein-bound DNICs reflects the state of
protein folding and depends on the mechanism of cluster
degradation. By use of known structure-reactivity relationships
of native and Tyr19Leu HiPIP we demonstrate that solvent
accessibility of the iron-sulfur cluster is an important factor in
determining its reactivity with NO. The results obtained herein
provide insight on some of the aforementioned examples of NO
reactivity with biological targets.

Experimental Methods

Protein preparation. Recombinant reduced native and Tyr19Leu
C. VinosumHiPIPs (including uniformly15N-labeled) were isolated and
purified as described previously.21,22Apo-HiPIP was prepared by acid-
degradation of the Fe4S4 cluster with 0.5 M HCl in the presence of 5
M guanidine hydrochloride,23 followed by extensive dialysis (against
Tris-HCl pH 8, 2 mM EDTA, 5 mM 2-mercaptoethanol) and finally
by exchange into 50 mM Hepes, pH 7.4. HiPIP was oxidized by reaction
with a 10-fold excess of potassium ferricyanide.

Nitric Oxide Sources. The NO donor, diethylamineNONOate
(DEANO), was chiefly used since it could rapidly deliver the high
concentrations (millimolar) of NO required for NMR and ESI-MS
studies. DEANO was purchased from Cayman Chemical Co. (Ann
Arbor, MI.). Stock solutions of the NONOates were prepared anaero-
bically in 10 mM NaOH and were stored at-80 °C. Concentrations
were verified from extinction coefficients supplied by the manufacturer
for diethylamineNONOate (ε ) 6500 M-1 cm-1 at 250 nm). Thet1/2

for NONOate decomposition was determined by monitoring the change
in absorbance of DEANO at 250 nm. At room temperature in 50 mM
Hepes, pH 7.4, thet1/2 of DEANO was found to be∼8 min.
Alternatively, NO-saturated solutions were prepared by bubbling NO
gas (Liquid Carbonic) through deaerated 5 M NaOH and into Ar-purged
water.

Sample Preparation.Typically, HiPIP (∼50 µM for UV-vis and
certain EPR experiments;∼1 mM for EPR, NMR, and ESI-MS
experiments) in 50 mM Hepes, pH 7.4, was deaerated by successive
pump/purge cycles using a house vacuum and purified argon. A
concentrated solution (100 to 500 mM) of DEANO was added to the
protein via a gastight Hamilton syringe to give the appropriate excess
of NONOate. Unless otherwise noted, samples were reacted at room
temperature for 1 h and stored at-80 °C. For the reaction of apo-
HiPIP with FeSO4 and DEANO, apo-HiPIP was first incubated
anaerobically with a 20-fold excess of 2-mercaptoethanol for 10 min
and subsequently desalted on a G-25 column equilibrated with
Ar-purged buffer. The dinitrosyl-iron complex of cysteine, [Fe(Cys)2-
(NO)2]-, was synthesized from FeSO4, NaNO2, and cysteine as
described previously.4

UV-Visible Spectroscopy. Reactions were monitored with a
Hewlett-Packard 8425A diode array spectrophotometer using the On-
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Line Instrument Systems (OLIS) 4300S Operating System software.
Protein solutions (typically 30-50 µM in a volume of 700µL) were
purged with argon in a septum-sealed quartz cuvette (0.7 cm× 0.7
cm) prior to addition of the NONOate. Spectra were recorded over the
range of 230 to 700 nm for timed scans or at 350 nm for time-drive
experiments.

EPR Spectroscopy.EPR spectra were recorded with an X-band
Bruker ESP 300 spectrometer equipped with an Oxford liquid helium
cryostat. Samples were frozen in dry ice/acetone and stored at 77 K.
Low-temperature EPR spectra were taken under the following condi-
tions: microwave power and frequency, 0.1 mW and 9.45 GHz;
modulation amplitude and frequency, 5.054 G and 100 kHz; time
constant, 10.24 ms; and temperature, 15 K. Room temperature spectra
were recorded in a flat cell under similar conditions, with the following
changes: microwave frequency, 9.66 GHz; and modulation amplitude,
0.56 G for cysteine complexes, and 5.06 G for protein samples. The S
) 1/2 signal of ferricyanide-oxidized HiPIP was used as a standard for
spin integrations.

NMR Spectroscopy.1H-15N HSQC spectra were acquired on a
Bruker 600 Avance spectrometer operating at 600.13 MHz and 298 K.
HSQC experiments were acquired in the States-TPPI mode, including
receiver inversion, using an HSQC program with water flip back and
WATERGATE for water suppression.24,25 Spectra were acquired in a
DQD mode with 128 transients using a relaxation delay of 1.2 ms, and
were processed using Bruker’s XWINNMR software. NMR samples
contained 10% (v/v) D2O which was added prior to reaction with
DEANO. After reaction with NONOates, samples were subsequently
transferred anaerobically to septum-sealed NMR tubes using a gastight
Hamilton syringe.

Liquid Chromatography ESI -Mass Spectrometry.Prior to LC-
ESI-MS analysis, samples were desalted on a G-25 column to remove
any NONOate or other NOx species (nitrate, nitrite, etc.) that could
cause further chemistry to the protein under acidic conditions. Samples
were passed through a Shimadzu LC-10AD HPLC with a Deltabond
C8 column (2× 150 mm) before direct injection into the ESI-MS.
Typically, 10 µL of a 3 mg/mL (0.3 mM) sample was injected and,
with a flow rate of 0.2 mL/min, washed with 100% buffer A for 3 min
and eluted with a linear gradient of 0-90% buffer B for 15 min. Buffer
A contained 0.1% TFA (v/v) in water, and buffer B contained 0.05%
(v/v) TFA in acetonitrile. MS analysis was carried out on a Perkin-
Elmer Sciex API 300 triple quadrupole mass spectrometer operating
in the positive ion mode. Mass spectra were deconvoluted using the
Perkin-Elmer Bio Multiview Software.

Results

UV-Vis Spectroscopy.Absorbance spectroscopy was used
to monitor changes in the 388 nm Fe-S charge-transfer band
of HiPIP upon addition of NO. At pH 7.4, the anaerobic reaction
of diethylamine NONOate (DEANO) with reduced native HiPIP
was accompanied by a shift in the 388 nm band to 360 nm
(Figure 1). A single isosbestic point was observed in the visible
region at 379 nm and no further reaction was observed after 30
min using a 20-fold excess of NONOate. A similar result was
obtained when an NO-saturated solution was used instead of
DEANO. The absorbance of the final product, at 360 nm, was
comparable to that of the small-molecule dinitrosyl-iron
complex, [(cysteine)2Fe(NO)2]-, which has an absorbance
maximum at 358 nm. In addition, NO-inactivated mitochondrial-
aconitase, which contains protein-bound DNICs, exhibits a
similar optical spectrum to that obtained at the final time point
in Figure 1,13 and so the HiPIP product absorbance was initially
assigned to a protein-bound dinitrosyl-iron complex. This was
later confirmed by EPR spectroscopy.

The reactions of native and Tyr19Leu HiPIP with various
concentrations of NONOate were monitored at 350 nm, the

wavelength at which a maximal change in the UV-vis spectra
occurred. Figures 2A and 2B show the results of time-drive
experiments for the reaction of reduced native and Tyr19Leu
HiPIP, respectively, which were fit to a first-order exponential
(Figure 2C). Since NO release from DEANO was time depend-
ent, a minor lag phase was often observed. Varying the
concentration of DEANO had an effect on both the rate and
the extent of the reaction. In the case of the mutant, although
the rate varied approximately linearly with [DEANO], the final
amount of cluster degradation was approximately the same
following addition of either 5× or 20× excess NONOate, as
judged by the change in absorbance. Although the rates of
reaction of native HiPIP also varied linearly with [DEANO],
the reactions occurred approximately half as fast relative to the
mutant. Furthermore, the rates at 4.5× and 6.7× excess DEANO
were both slower than the rate of NO release (0.08 min-1), but
with 4.5x excess DEANO the amplitude of the absorbance
change was found to be∼40% of that for 6.7× excess DEANO
after 30 min of reaction.

Next, the reaction of oxidized native HiPIP with DEANO
was studied in a similar manner. From 0 to 5 min, a rapid
decrease in the oxidized spectrum was observed, resulting in a
“reduced” species that absorbed at 366 nm (Figure 3A). Based
on its absorbance, the “reduced” species was most likely a
mixture of both reduced HiPIP (formed via autoreduction) and
dinitrosyl-iron-bound product. Autoreduction of HiPIP has
previously been observed for hydrolytically unstable mutants.26

The reducing equivalents for this process presumably come from
Fe2+ and S2- released from degraded Fe-S clusters. From 10
to 30 min a shift in absorbance was observed that was similar
to that seen for the reduced protein and yielded a product with
λmax ∼ 354 nm. Time-drive reactions (at 350 nm) of oxidized
native and Tyr19Leu HiPIP with a 10-fold excess of DEANO
were compared (Figure 3B). Unlike the native protein, the 350
nm absorbance of Tyr19Leu did not change significantly
following an initial decrease during the first 10 min of the
reaction, suggesting that the mutant protein was completely
degraded during this time. The first-order rate constants for the
reactions of reduced and oxidized Tyr19Leu HiPIP were 0.30
and 0.36 min-1, respectively.

EPR Spectroscopy. EPR samples were prepared upon
reacting native HiPIP with DEANO at pH 7.4 for 60 min. At
15 K, the resulting samples contained a single EPR-active
species characteristic of a cysteinyl-coordinated d7 dinitrosyl-
iron complex (Figure 4A) that remained anisotropic at room
temperature.7,13An identical signal was obtained when Tyr19Leu

(24) Grzesiek, S.; Bax, A.J. Am. Chem. Soc.1993, 32, 12593-12594.
(25) Piotto, M.; Saudek, V.; Skelnar, V.J. Biomol. NMR1992, 2, 661-

666.
(26) Bian, S.; Hille, C. R.; Hemman, C.; Cowan, J. A.Biochemistry1996,

35, 14544-14552.

Figure 1. UV-vis spectra obtained during the reaction of reduced
protein. Timed scans (from 0 to 30 min) for the anaerobic reaction of
50 µM reduced native HiPIP with 1 mM DEANO at room temperature
in 50 mM Hepes, pH 7.4.
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HiPIP was reacted in a similar manner. In comparison, at 15
K, the synthetic complex, [(cysteine)2Fe(NO)2]-, gave a similar
axialgav ) 2.03 signal that became isotropic at room temperature
with hyperfine splitting from both14N and theâ-methylene
protons on cysteine.7 This demonstrated that the DNIC signal
in HiPIP-containing samples was protein bound. Upon addition
of an excess of solid dithionite, the d7 complex was reduced to
the corresponding "d9" dinitrosyl-iron complex (Figure 4B).13

Furthermore, the intensity of the signal did not change upon
evacuation of the sample nor did the oxidized HiPIP signal
appear upon subsequent addition of ferricyanide, showing that
DNIC formation was irreversible and that the product did not
contain the native Fe4S4 cluster.

The EPR signals in protein-containing samples were inte-
grated to determine the relative extent of DNIC formation for
native and mutant proteins. The reaction of reduced native HiPIP
and reduced Tyr19Leu HiPIP with DEANO gave DNIC signals

Figure 2. Kinetics of reduced Fe-S cluster degradation. UV-vis time
drive recorded at 350 nm for the anaerobic reaction of 30µM HiPIP
with DEANO at room temperature in 50 mM Hepes, pH 7.4: (A) native
HiPIP + DEANO (20×) (O); + DEANO (13.3×) (0); + DEANO
(6.7×) (4); + DEANO (4.5×) (3). (B) Tyr19Leu HiPIP+ DEANO
(20×) (O); + DEANO (15×) (0); + DEANO (10×) (4); + DEANO
(5x) (3). (C) Plot of first-order rate constants versus excess of DEANO
for native (O) and Tyr19Leu (b) HiPIP.

Figure 3. UV-vis spectra obtained during the reactions of oxidized
HiPIP. (A) Timed scans for the anaerobic reaction of 50µm oxidized
native HiPIPox with 0.5 mM DEANO at room temperature in 50 mM
Hepes, pH 7.4. (B) Similar 350 nm time drives for the reaction of 30
µM oxidized native (0) and 30µM oxidized Tyr19Leu (O) HiPIP with
0.3 mM DEANO.

Figure 4. EPR spectra ofd7- and d9-DNICs. (A) EPR spectrum
obtained after reaction of 1 mM native HiPIP with 20 mM DEANO
for 60 min at room temperature in 50 mM Hepes, pH 7.4. (B) EPR
spectrum of the sample used in (A) after addition of excess sodium
dithionite. Spectra were recorded at 15 K.
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that were ∼60% and ∼35% of the protein concentration,
respectively. Since HiPIP contains four cysteines, the signal
resulting from dicysteinyl dinitrosyl-iron species could be at
most twice the enzyme concentration. Similar experiments were
carried out with ferricyanide-oxidized protein. When oxidized
native HiPIP was reacted with DEANO the DNIC signal was
∼30% of the enzyme concentration, and when oxidized
Tyr19Leu HiPIP was reacted with DEANO (in the presence of
excess ferricyanide) the DNIC signal accounted for only∼5%
of the protein concentration.

EPR samples were also prepared by flash-freezing solutions
of native HiPIP at seconds to minutes after addition of
diethylamineNONOate. Although reduced HiPIP (S) 0) is EPR
silent, the oxidized protein (S) 1/2) is EPR active (Figure 5A).
After 10-30 s a weak signal from oxidized HiPIP was
occasionally observed (Figure 5B). Since protein oxidation was
never observed by UV-vis spectroscopy, we expected this to
be only a transient intermediate in cluster degradation. After 1
min, the oxidized signal was barely visible, relative to both the
gav ) 2.03 signal and a broad anisotropic signal observed atg
< 2.0 (Figure 5C). At longer times, both thegav ) 2.03 andg
< 2.0 signals grew more intense, but the oxidized HiPIP signal
was no longer visible (Figure 5D). A similarg < 2.0 signal
has previously been observed during the reaction of soybean
lipoxygenase with NO, and has been ascribed to a high-spin

Fe2+-NO complex.27,28An identical signal was observed upon
addition of DEANO to FeSO4 (Figure 5E), and so it is postulated
that the g< 2.0 signal in Figures 5C and 5D arises from an
Fe2+-NO species, but is not protein bound.

Finally, we attempted to determine whether a protein-bound
DNIC could be synthesized from apo-HiPIP. Thus, apo-HiPIP
was reacted with FeSO4 and DEANO for 1 h and subsequently
desalted on a G-25 column. At 15 K, the EPR spectrum of the
product containing∼0.2 mM protein gave no observable DNIC
signal. If a protein-bound DNIC species was formed, it perhaps
accounted for less than a 1% stoichiometry of DNIC to protein.

NMR Spectroscopy.15N-1H HSQC NMR spectroscopy of
15N-labeled HiPIP has previously been used to observe folding
and unfolding of apo and native HiPIP, respectively.29,30 The
HSQC spectrum resulting from the reaction of HiPIP with
DEANO or NO gas lacked the dispersion of N-H cross-peaks
observed for the native protein.30 The product spectrum did,
however, closely resemble that for apo-HiPIP, and so the
protein-bound DNICs do not appear to induce significant
structure on the polypeptide. Rather, the protein appears to be
unfolded.

Mass Spectrometry. Electrospray ionization mass spectrom-
etry (ESI-MS) was used to better characterize the products of
NO-mediated degradation. Although DNICs had never been
observed by mass spectrometry, ESI-MS has been used to
observe protein and heme nitrosylation.31,32Since the pI of HiPIP
is ∼3.7, LC-ESI-MS experiments were run under acidic
conditions (0.05% trifluoroacetic acid) to ensure sufficient
protonation for positive-ion detection. ESI-MS of native HiPIP
under milder conditions in either positive-ion or negative-ion
modes has been reported (pH 2.4 and pH 8, respectively);33

however, under these conditions minor products from NO-
mediated degradation were not observed due to insufficient
signal to noise. The limitation of this experiment is that apo-
HiPIP cannot be distinguished from holo-HiPIP when the sample
is subjected to the LC step. Under the conditions of HPLC
purification (90% CH3CN/0.05% TFA), the acid labile iron-
sulfur cluster is lost, and so control samples of native HiPIP
give evidence only of a species corresponding to apoprotein,
with a mass of 9447( 1 Da.

Native HiPIP was reacted with DEANO at pH 7.4 and the
products were determined by LC-ESI-MS, giving the mass
spectrum shown in Figure 6A. After deconvolution, two sets
of major species were observed (Figure 6B), corresponding to
apo-HIPIP (I : observed mass) 9442( 1 Da; calculated mass
) 9442 Da assuming the cysteines are not protonated) and apo-
HIPIP having two bound DNICs (III: observed mass) 9674
( 1 Da; calculated mass) 9674 Da), but additional peaks that
most likely correspond to NO adducts of speciesI andIII were
also observed, separated by 31-33 Da. The relative intensity
of I , including NO-adducts, was roughly twice that ofIII ,
including NO adducts, which agreed with EPR spin integrations
that indicated a 0.6:1 DNIC:protein stoichiometry. No peak was

(27) Galpin, J. R.; Veldink, G. A.; Vliegenthart, J. F. G.; Boldingh, J.
Biochim. Biophys. Acta1978, 536,356-362.
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246-251.
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Biochemistry1997, 36, 9332-9339.
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4083.

(31) Mirza, U. A.; Chait, B. T.; Lander, H. M.J. Biol. Chem.1995,
270,17185-17188.

(32) Upmacis, R. K.; Hajjar, D. P.; Chait, B. T.; Mirza, U. A.J. Am.
Chem. Soc.1997, 119, 10424-10429.
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228,56-63.

Figure 5. Slow freeze-quench EPR spectra. (A) Spectrum of 0.1 mM
ferricyanide-oxidized HiPIP. (B) Spectrum obtained after mixing 0.1
mM reduced HiPIP with 2 mM DEANO at room temperature in 50
mM Hepes, pH 7.4, for 15 s prior to freezing in dry ice/acetone. (C
and D) Similar to (B) except for a 1 or 5 mindelay, respectively, prior
to freezing. (E) Spectrum obtained 4 min after mixing 0.3 mM FeSO4

with 3 mM DEANO at room temperature in 50 mM Hepes, pH 7.4.
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observed at 9558 Dasthe mass that would correspond toII
(apo-HiPIP with one DNIC). Higher molecular mass species
were observed but have not been identified. While the relative
peak intensities of the observed products may not quantitatively
correlate with their actual abundance, nevertheless, the pattern
of nitrosylation was distinct forI vs III . Overall, the apo-HiPIP
speciesI had an average of∼1.2 “NO’s” per protein, and the
apo-HiPIP-(DNIC)2 speciesIII had an average of∼2.2 “NO’s”
per protein. Other peaks were barely visible above the baseline
and comprised<1% of the total protein; whereasIII comprised
one-third of the total protein.

Apo-HiPIP was also reacted with DEANO to observe the
extent of nitrosation/nitrosylation in the absence of the iron-
sulfur cluster. Two major species and their corresponding NO
adducts were observed (data not shown). Apo-HiPIP (9442(
1 Da) was most abundant, but an additional species was
observed at 9424 Da that was possibly a product of dehydration
formed during preparation of apo-HiPIP. Nonetheless, the
relative abundance of the apo-HiPIP species with 0 to 3 “NO’s”
was 1:0.5:0.15:0.07, and the average number of “NO’s” was
0.6 per protein, half as much as was observed forI (Figure
6B).

Discussion

We have studied the reaction of nitric oxide with HiPIP to
better understand the principles governing the reactivity of NO
with iron-sulfur proteins and the biological consequences of
such reactions. To this end, our objectives are 3-fold: to
characterize the products of the reaction between NO and HiPIP;
to understand the mechanisms of cluster degradation and DNIC
formation; and to elucidate the general factors that control the

reactivity of NO with protein-bound Fe-S centers. These issues
are now discussed.

Characterization of Reaction Products. EPR has long been
the standard technique for identifying protein-bound dinitrosyl-
iron clusters.7,8,11As such, it can be used to identify the nature
of the coordinating ligands to iron and to quantitate the number
of protein-bound DNICs, but not to determine their precise
stoichiometry. In this study, EPR results show that NO-mediated
degradation of native HiPIP results in the formation of protein-
bound DNICs with an average stoichiometry of around 0.6
DNICs per protein. The nature of the EPR signal demonstrates
that these dinitrosyl-iron complexes are ligated to two cysteines
rather than being of mixed ligand coordination; for example,
coordination to histidine and cysteine would give rise to a
rhombic rather than an axialgav ) 2.03 signal.5

ESI-MS represents a novel technique for observing protein-
bound DNICs, and we have observed such species directly for
the first time. More importantly, ESI-MS can be used to
determine the stoichiometry of protein-bound DNICs, and our
results show that the dinitrosyl-iron complexes are found with
a 2:1 ratio of DNIC to protein in roughly one-third of the total
protein.

Adducts of apo-HiPIP (I) and (DNIC)2-HiPIP (III ) that result
from chemical modification of the protein by nitric oxide are
also observed by ESI-MS, although our data do not identify
the precise chemical nature of these adducts. With mass
differences of 31-33 Da, these products may include nitrosa-
mides and nitrosamines (N-NO, +29 Da), cysteine sulfinic acid
(Cys-SO2H, + 32 Da), andS-nitrosocysteine (Cys-S-NO,+30
Da).20,34,35However, HiPIP contains only four cysteine residues,
which in III are all coordinated to DNICs, and therefore these
adducts cannot be nitrosothiols, but are most likely nitrosamines
derived from an amine-containing side chain (Lys, Arg, His,
Trp) or the N-terminal amine. As far as we know, this is the
first evidence for nitrosation of an iron-sulfur protein in
response to cluster degradation by NO.

Since apo-HiPIP has four uncoordinated cysteines, we would
expectI to have on average a greater number of NO adducts
than III , especially in light of reports that thiols are more
reactive toward NO than amines.35 That this is not the case
suggests either that the cysteines are involved in disulfide bonds
(vide infra) or thatS-nitrosylation does not occur under our
experimental conditions. Two previous reports that characterize
peptide and protein nitrosylation by ESI-MS have demonstrated
the sensitivity of the S-NO bond, in particular, to homolysis
under certain experimental conditions.31,32Accordingly, it is also
possible that the S-nitrosothiols do form but are labile under
the conditions of the LC-ESI-MS experiment.

Cluster Degradation and DNIC Formation. The stoichi-
ometry of DNIC to protein, as determined by ESI-MS, suggests
a correlation between the mechanism of cluster degradation and
the distribution of protein-bound DNICs. It is well established
that apo-HiPIP has little or no secondary or tertiary structure
relative to the holoprotein,36 and so, if HiPIP reacts with NO to
give an apoprotein that is then capable of forming two protein-
bound dinitrosyl-iron clusters, we would anticipate a stepwise
formation of the protein-bound metal complexes (Scheme 1)
to yield a mixture ofI , II , and III . However, ESI-MS results
show that protein species have either none or two DNICs,
suggesting a mechanism by which both formation ofIII is rapid,

(34) Becker, K.; Savvides, S. N.; Keese, M.; Schirmer, R. H.; Karplus,
P. A. Nat. Struct. Biol.1998, 5, 267-271.

(35) Simon, D. I.; Mullins, M. E.; Jia, L.; Gaston, B.; Singel, D. J.;
Stamler, J. S.Proc. Natl. Acad. Sci. U.S.A.1996, 93, 4736-4741.

(36) Cowan, J. A.; Lui, S. M.AdV. Inorg. Chem.1998, 45, 313-350.

Figure 6. LC-ESI-MS spectrum of protein-bound DNICs. (A) Mass
spectrum and (B) reconstructed mass spectrum for reaction of 1 mM
native HiPIPred with 20 mM DEANO at room temperature in 50 mM
Hepes, pH 7.4, followed by desalting on a G-25 column.
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such thatII is not observed, and the cysteines ofI are inactivated
toward DNIC formation, such thatI cannot form (II or) III
(Scheme 2).

Inhibition of DNIC formation need not occur via chemical
modification of the cysteines, but could be a result of spacial
separation of these residues following protein unfolding. We
have shown by EPR that DNICs are not formed upon reaction
of apo-HiPIP with excess Fe(II) and DEANO. On the other
hand, addition of excess NO(g) to cysteine and FeSO4 gives a
>98% yield of [(Cys)2Fe(NO)2].3 In the case of small-molecule
DNIC formation, the proximity of the cysteinyl thiolate ligands
is not restricted inasmuch as the free ligands are not held at
fixed distances from one another in solution. This suggests a
mechanism by which formation ofIII is concerted with cluster
degradation while the protein remains essentially folded. By
the same argument, assuming no chemical modification of the
cysteines, formation ofI is expected when protein unfolding
occurs prior to DNIC formation.

Under anaerobic conditions, we expect that nitric oxide, and
not higher-order NOx species,37 causes cluster degradation.
Inasmuch as the oxidation potential of HiPIP(2+/3+) is +0.35
V,2,36 one would predict that NO, with a reduction potential of
+0.38 V,1,2 should oxidize the Fe4S4 cluster. However, it is
apparent from UV-vis and EPR data that oxidation is not rapid.
Although a weak and presumably transient oxidized signal is
observed by EPR, this species need not be an obligatory
intermediate in cluster degradation. It is likely that the first step
in cluster degradation is attack by nitric oxide at either an iron
or sulfur center of the cluster.

If the determining step for formation ofI is protein unfolding,
this suggests that the cluster is first nitrosylated, with NO
displacing one or more cysteine ligands. Since there is a strong
correlation between protein structure and cysteine coordination,
ligand displacement might cause local unfolding of the protein
structure to allow solvolysis of the nitrosylated cluster. Fur-
thermore, since the protein begins to unfold with concomitant
cluster degradation, the resultant product will consist of apo-
protein, which will be inactive toward DNIC formation. For

this mechanism to compete with the alternative, inactivation
must occur faster than DNIC formation. By contrast, we
anticipate that formation ofIII occurs via rapid degradation of
the iron-sulfur cluster by NO without a prerequisite hydrolysis
step. In this way the protein will be folded and the cysteines
will lie in close proximity such that DNIC formation is facile.

Factors Governing NO Reactivity.NO(g) must attack the
Fe-S cluster either by diffusion through the protein or by
diffusion through solvent that is accessible to the cluster. In
earlier studies we have shown that the Fe4S4 cluster of native
HiPIP is solvent inaccessible, as defined by the rate of solvent
exchange of backbone amide protons, thereby preventing
hydrolytic instability of the oxidized cluster.36 Mutation of the
structurally conserved Tyr-19, however, increases the solvent
accessibility of the cluster, resulting in rapid hydrolysis of the
oxidized cluster.22,38 While solvent accessibility, as defined, is
not an absolute requirement for NO-mediated cluster degrada-
tion, it is clear that complete degradation of the mutant requires
a smaller excess of DEANO and occurs at a faster rate than for
native HiPIP (Figure 2). Furthermore, EPR spin integration
shows that degradation of the mutant protein results in the
formation of fewer DNICs. Since there is little difference
between Tyr19Leu and native HiPIP, other than solvent acces-
sibility, this is an obvious factor for explaining the differences
in reactivity. Formation ofI and III both require NO, and so
an increase in the solvent accessibility should increase the
effective NO concentration at the cluster, causing an enhance-
ment in the overall rate of degradation. Likewise, if formation
of I occurs via a hydrolytic mechanism, we would expect an
increase in the solvent accessibility to effect an increase in the
formation of I , relative toIII , as observed.

Since autoreduction is a component of the reaction of oxidized
HiPIP with NO, it is difficult to compare rates of reactivity
between reduced and oxidized clusters. Qualitatively, however,
oxidized HiPIP reacts with NO at a faster rate than reduced
HiPIP, and we have shown by EPR that fewer DNICs are
formed upon reaction of oxidized HiPIP as compared to reduced
HiPIP. Generally, NO interacts more strongly with ferrous ion
than with ferric iron, since Fe2+ has an additional d-electron
for back-bonding.1,2 Similarly, the reaction of NO with the more
electrophilic oxidized cluster [Fe4S4]3+ is likely to occur more
slowly than with the reduced cluster [Fe4S4]2+. However, the
oxidized cluster is significantly more prone to solvolysis than
the reduced cluster, and so after the initial attack by NO,
hydrolysis of the oxidized, nitrosylated cluster should be more
rapid, accounting for the observed increase in formation ofI .

The reactions of nitric oxide with a variety of 2Fe-2S and
4Fe-4S proteins are now well documented. Although members
of both of these classes of proteins (2Fe-2S) SoxR,39

mammalian ferrochelatase;40 4Fe-4S) m- and c-aconitase,13

C. botulinum Fd,8 HiPIP (this work), and mitochondrial
complexes I and II10,41) form DNICs upon reaction with NO, a
number of these proteins show differential sensitivity toward
NO.13 Furthermore, spinach ferredoxin (2Fe-2S) and the Rieske
2Fe-2S cluster of mitochondrial complex III are not degraded
under conditions where other 2Fe-2S and 4Fe-4S clusters are
observed to form DNICs.10,40,41It is unlikely that a high midpoint
potential (+300 mV) is responsible for the resistance of the

(37) Cornforth, D. InNitric Oxide: Principles and Actions; Lancaster,
J., Ed.; Academic Press: San Diego, CA, 1996; pp 259-287.

(38) Li, D.; Agarwal, A.; Cowan, J. A.Inorg. Chem.1996, 35, 1121-
1125.

(39) Hidalgo, E.; Bollinger, J. M.; Bradley, T. M.; Walsh, C. T.; Demple,
B. J. Biol. Chem.1995, 270,20908-20914.

(40) Sellers, V. M.; Johnson, M. K.; Dailey, H. A.Biochemistry1996,
35, 2699-2704.

(41) Welter, R.; Yu, L.; Yu, C.-A.Arch. Biochem. Biophys.1996, 331,
9-14.

Scheme 1

Scheme 2
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Rieske cluster, since HiPIP has an even higherEm (+350 mV).
Our results indicate that solvent accessibility can play an
important role in determining cluster reactivity toward NO, but
cannot address the dependence on ligand type (i.e., Cys vs His).

Nitrosylation Reactions.As stated before, we presume that
under anaerobic conditions, and at physiological pH, nitric oxide
will be the predominant reactive species. However, NO alone
is not known to cause protein nitrosation, and so there are several
explanations for the NO adducts observed by ESI-MS. First,
the presence of trace oxygen or metal contaminants could
promote protein nitrosation/nitrosylation via formation of NOx

species or NO+.34,42 Alternatively, transnitrosation may occur,
whereby amines attack DEANO directly, essentially making the
NONOate an NO+ donor.1 It is most likely that the nitrosation
observed upon degradation of native HiPIP (Figure 6B) is
catalyzed either by NO+ formed from the reaction of NO with
free iron released from degraded cluster or by similarly reactive
Fe/NO/(S2-) complexes.37 Although some nitrosation of apo-
HiPIP is observed when the protein is reacted with DEANO, it
does not compare with the significant nitrosation observed upon
degradation of the holoprotein by NO. The observed nitrosation
of apo-HiPIP,∼0.6 “NO’s” per protein, is most likely the result
of trace dioxygen or metals.

We have not yet specifically addressed the possibility that
chemical modification of cysteine residues inhibits DNIC
formation. Like amines, cysteine can also be nitrosylated by
reaction with NO+, while the presence of a proximal cysteine
residue can catalyze disulfide bond formation via a transnitro-
sation mechanism.1 Mirza et al. have used ESI-MS to demon-
strate that at pH 7.8 the reaction of NO with a model peptide
containing a single cysteine residue resulted in dimerization of
the peptide,31 presumably via such a transnitrosation mechanism.
Thus, either nitrosylation of cysteine residues and/or disulfide
bond formation may be responsible for inhibiting DNIC
formation.

Conclusions and Physiological Relevance.In this study, we
have shown that iron-sulfur cluster degradation by nitric oxide
not only results in formation of dinitrosyl-iron clusters but also
causes significant protein nitrosation. For the first time, protein-
bound DNICs have been observed directly by use of ESI-MS,
and the stoichiometry of DNIC to protein has been determined.
Our data suggest that DNIC formation is intimately related to
the mechanism of cluster degradation. Mass spectrometry has

also shown that NO-mediated degradation of an iron-sulfur
protein can result in nitrosation of noncysteinyl residues or
backbone (presumably forming nitrosamines).

Importantly, we have shown that there is a direct correlation
between the solvent accessibility of a biological iron-sulfur
cluster and its reactivity with NO and that enhanced solvent
accessibility provides a discriminatory mechanism for targeting
Fe-S centers at low physiological concentrations of nitric oxide.
In particular, when the solvent accessibility of an iron-sulfur
cluster is increased, its reactivity with nitric oxide also increases.
This issue of solvent accessibility should be very important to
the reactivity of proteins with NO in vivo. Not only are the
cellular concentrations of NO(g) low, but there has to be a
mechanism by which a regulatory pathway involving nitric oxide
can be discriminated from the random action of NO. Thus it
would be to the advantage of a cytosolic protein, such as the
IRP1, to react with NO at concentrations that do not inhibit
other cytosolic Fe-S proteins. Our studies of native and
Tyr19Leu HiPIP suggest that the IRP1, which has a solvent-
accessible iron-sulfur cluster, would require a smaller excess
of NO in vivo to effect cluster degradation than would a similar
protein having a solvent inaccessible cluster.

Finally, we note that we have used a bacterial HiPIP as a
model for more physiologically relevant proteins since the
combination of low molecular mass, high expression levels,
facility of isotopic labeling, availability of mutants of well-
defined solvent accessibility, and facile application of detailed
spectroscopic analysis provides a superior level of insight on
factors influencing NO chemistry with Fe-S cores relative to,
for example, aconitase (∼10 kDa vs∼100 kDa). We expect
that the nitric oxide chemistry of HiPIP, as it relates to the
factors controlling cluster degradation, DNIC formation, and
protein nitrosation, will be comparable in vitro and in vivo to
that of other biologically relevant iron-sulfur proteins.
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