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Nitric oxide, one of the most stable radicals produced by biological systems, has been extensively studied. However,
other reactive nitrogen species (RNS) are also formed in mammalian cells, either enzymatically by nitric oxide synthase
or nonenzymatically as a reaction product of nitric oxide with other molecules. It is well known that RNS have a high
affinity for iron and iron-containing proteins. A study of the effects of RNS on several iron containing proteins indicates
that while nitric oxide (NO) inhibits the biological action of most iron proteins with concomitant production of iron-
nitrosyl EPR signals, the effects are by and large reversible. Nitroxyl anion (NO") does not significantly inhibit most
iron-containing proteins and in fact its reducing capability often is able to prevent the inhibitory effects of nitric oxide.
Peroxynitrite (ONOO) irreversibility inhibits the activity of most iron enzymes tested without formation of EPR signals
and often causes significant bleaching of the chromophores, suggesting that iron is removed from the proteins. S-
nitrosoglutathione (GSNO) effects mimic those of nitric oxide with both reversible inhibition of biological activity and
formation of iron-nitrosyl EPR signals. In the absence of added thiols, nitrosonium cation (NO®) has little effect on iron
proteins although in the presence of reduced thiols, the effects of nitrosonium are similar to those of nitric oxide, pre-
sumably due to the facile formation of S-nitrosothiols from nitrosonium and reduced thiols. At neutral pH, neither ni-
trite (NO3) nor nitrate (NO53) has a significant effect on biological activity of iron proteins and neither induces formation
of EPR signals in the iron proteins tested. The bacterial molybdoenzyme, DMSO reductase forms an axial EPR signal
when exposed to NO(g) but forms a rhombic EPR signal when incubated with NO™. Incubation of DMSO reductase
with nitric oxide synthase (NOS) produces an EPR signal that is a combination of axial and rhombic molybdenum (V)
signals. This latter result shows that NOS enzymatically produces both NO(g) and another reductive compound, possi-

bly NO™.

INTRODUCTION

Nitric Oxide (NO) is formed from L-arginine as a
component of the cell mediated immune response
(Marletta, Yoon, Iyengar, Leaf & Wishnok, 1988).
NO produced by macrophages has been shown to
inhibit several key iron containing enzymes in-
cluding ribonucleotide reductase (Granger, Tain-
tor, Cook & Hibbs, 1980), aconitase (Drapier &
Hibbs, 1988; Granger & Lehninger, 1982; Drapier
& Hibbs 1986; Warton, Granger & Durack, 1988),
complexes I and II of oxidative phosphorylation
(Drapier & Hibbs, 1988; Granger & Lehninger,
1982; Drapier & Hibbs 1986; Warton et al., 1988)
and cytochrome oxidase (Torres, Cooper & Wil-
son, 1998; Borutaite & Brown, 1996). In addition,
tumor cells co-cultivated with activated macro-
phages release a significant fraction of their intra-
cellular iron in parallel with development of inhi-
bition of DNA synthesis and mitochondrial respi-
ration (Hibbs, Taintor & Vavrin, 1984).

In addition to NO(g), several other reactive
nitrogen species (RNS) have potential biological
effects, including nitrosonium ion (NO"), Nitroxyl

anion (NO"), peroxynitrite (ONOO'), and S-
nitrosothiols (RSNO) (Hughes, 1999; Oshima,
Yoshie, Auriol & Gilbert, 1998). Rusche, Spiering
and Marletta (Rusche et al., 1998) showed that
tetrahydrobiopterin-free iNOS produces NO
rather than NO(g) suggesting the possibility that
NO™ may be enzymatically produced under some
conditions. Indeed it has been suggested (Schmidt,
Hofmann, Schindler, Shutenko, Cunningham &
Feelisch, 1996; Komarov, Wink, Feelisch &
Schmidt, 2000) that iNOS produces NO™ rather
than NO(g) in vivo, although these results are
contested by Xia and Zweier (1997). Sharpe and
Cooper (1998) showed that nitric oxide(g) reacts
with ferrocytochrome ¢ to produce NO  showing
that reactions involving NO™ are biologically rele-
vant even if iNOS produces only NO(g). Sharpe &
Cooper (1998) also showed that reactions of either
NO(g) or NO with reactive oxygen species pro-
duce ONOO". Vanin (1998) and Kostka, Xu &
Skiles (1999) have shown that NO* is produced
biologically during the degradation of dinitrosyl
iron complexes. Thus, the biological effects of
each of these NO congeners have relevance in
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Table 1. Percent inhibition of iron-containing enzymes by RNS.

Enzyme NO(g) NO NO+ GSNO ONOO"
Aconitase 80 (7) 25(9) 65 (4) 73 (9) 88 (8)
NADH Dehydrogenase 75 (5) 2(14) 9(5) 73(6) 78 (2)
Myeloperoxidase 1(10) ND* 10 (13) 0(09) 97 (3)
Catalase 77 (2) 18 (1) 0(4) 24 (2) 95 (3)
Horseradish Peroxidase 26 (1) 28 (3) 52) 18 (2) 70 (2)
Cytochrome c oxidase 51(2) ND* 36 (3) 35(3) ND*

ND#* = not determined.

Enzymes were assayed by established methods (aconitase, Rose & O’Connell, 1967, NADH dehydrogenase, Hatefi, 1978;
myeloperoxidase, Wright et al., 1990; catalase, Beers & Sizer, 1952; horseradish peroxidase, Ortiz de Montellano, David, Ator
& Tew, 1988; cytochrome ¢ oxidase, Wharton & Tzagoloff, 1967). Enzyme solutions (~0.2 mg/ml) were prepared in 0.25 M
Tris buffer, pH 7.5 and were incubated anaerobically with 50 uM desired RNS for 15 minutes before assays were conducted.
50 ul aliquots of enzyme were added to each assay. Assays of RNS treated enzymes were done in the absence of RNS. Activi-

ties of RNS treated enzymes were taken as the initial enzymatic rate compared to an enzyme control incubated under identical

conditions but in the absence of RNS. Inhibition is reported as the average of at least three separate determinations with the
standard error in parentheses. Reversibility of inhibition was determined by anaerobically dialyzing 1 ml of RNS treated en-
zyme against 500 ml of 250 mM TrisHCI pH 7.5 for three hours. After dialysis, enzymes were reassayed and activities were
compared to a control treated under identical conditions. RNS were added as described in the text.

tissues containing any one of the three NOS isoen-
zymes.

Commoner, Woolum, Sentutia & Ternberg
(1970) reported that a g = 2.039 electron paramag-
netic resonance (EPR) signal appeared in the livers
of rats which were fed various chemical carcino-
gens. They showed that this signal was due to
formation of a paramagnetic Fe-NO-thiol complex
in the tissues (Chiang, Woolum & Commoner,
1972). Vanin, Blyumenfel’d & Chetverikov
(1967), Vanin (1991) and Butler, Glidewell, Hyde
& Walton (1985) structurally characterized inor-
ganic, EPR active Fe/RS/NO complexes and found
them to have a general chemical formula of
Fe(RS),(NO),. The complexes were found to be
unstable with either oxidation or polymerization
leading to loss of the EPR signal. This iron based
EPR signal is observed in activated macrophages
and their target cells after the induction of iNOS
(Lancaster & Hibbs, 1990; Pellat, Henry & Dra-
pier, 1990; Drapier, Pellat & Henry, 1991).

Heme-nitrosyl EPR signals have also been de-
scribed in tumors from various sources. The char-
acteristic spectrum of a heme-nitrosyl compound
that contains six-coordinate iron is frequently
observed in tumor tissues that have been exposed
to endogenously produced nitric oxide (Bastian,
Yim, Hibbs & Samlowski, 1994a). Brennan, Cole
& Singley (1966) observed a second heme-nitrosyl
signal with a characteristic three-line signal in two
murine tumors, a reticulum cell sarcoma and a
neuroblastoma. Subsequent papers by other groups
described a similar signal in several other tumors

(Emanuel, Saprin, Sharalkin, Kozlova & Krugti-
akova, 1969). The three-line signal is found in
nitrosylated heme-containing proteins containing
five-coordinate iron (Kon, 1968; Kon & Kataoka,
1969; Scholler, Wang & Hoffman, 1979; Hille,
Olson & Palmer, 1979; Morse & Chan, 1980).
Formation of the triplet signal was once thought to
be due to necrosis of the tissues, however, subse-
quent studies have shown that necrotic tissues do
not develop this EPR signal unless they are ex-
posed to nitrogen oxides such as NO(g) or nitrite
(NO;) (Bastian, Xu, Shao, Shelby, Granger &
Hibbs, 1994b).

Because of the abundant evidence that multiple
reactive nitrogen species (RNS) can be produced
in mammalian cells we set out to determine what
effect the different RNS have on iron-containing
proteins and to determine whether these effects are
reversible. It was also of interest to determine
whether different RNS could be distinguished
unambiguously from one another based on their
effects on proteins. Effects were monitored by
enzyme activity, electron paramagnetic resonance
(EPR) spectroscopy, and uv-visible absorption
spectroscopy. Proteins included both heme- and
nonheme-iron-containing proteins. The proteins
tested were either obtained commercially and used
without further purification or were purified from
the best available source using established meth-
ods. Enzymes included myeloperoxidase from
human leukocytes (Sigma), horseradish peroxidase
(Sigma, type VI-A), catalase from bovine liver
(Sigma), cytochrome ¢ oxidase from bovine heart
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RNS EFFECTS
ON IRON-SULFUR PROTEINS

Enzyme studies showed that both NO(g)
and GSNO are effective inhibitors of the

4Fe/4S enzymes, aconitase and NADH
dehydrogenase (Table 1). These effects
were 70-100% reversible by anaerobic
dialysis if the incubation times were
relatively short (<6 hours). However, for
longer exposure times (>12 hours) inhi-
bition was not reversible, suggesting that
iron was removed from the enzymes. No
loss of the 420 nm absorbance peak was
seen during early (<6 hours) NO(g)
exposure but as incubation times in-
creased, a bleaching of the Fe/S absorp-
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Fig. 1. EPR spectra of (A) GSNO (100 uM) treated ferritin. The ferritin
was made up at an iron concentration of 200 uM. (B) 5 mg/ml aconi-
tase treated with 100 uM NO(g). (C) Sample B after anaerobic dialy-
sis against 250 mM Tris pH 7.5. EPR parameters were as follows:
frequency, 9.42 GHz; temperature, 77 K; microwave power, 1.5 mW;
modulation frequency, 100 kHz; and modulation amplitude, 1.0 mT.

(Ferguson-Miller, Brautigan & Margoliash, 1978),
aconitase from bovine heart (Rose & O’Connell,
1967), and NADH dehydrogenase (Complex I)
from bovine heart (Hatefi, 1978). Non-enzyme
proteins included human hemoglobin (Sigma),
horse heart cytochrome ¢ (Sigma), horse spleen
ferritin (Sigma), human transferrin (Sigma), and
spinach ferredoxin (Tagawa & Arnon, 1962).

The RNS used in this study included NO(g)
(administered as a saturated, buffered solution),
NO' in the form of Angeli's salt (Na,N,0;) (Hunt,
Cox & Ray, 1962), NO' in the form of NOCI
(Coleman, Lillis & Goheen, 1939) (administered
as a gas), S-nitrosoglutathione (GSNO) (Park,
1988), and peroxynitrite anion (ONOO") (Wink,
Darbyshire, Nims, Saavedra & Ford, 1993). The
effects of nitrite (NO;) and nitrate (NO;), the end
products of biological NO synthesis, were also
tested. For enzyme inhibition studies and absorp-
tion spectroscopy, all RNS were tested at a final
concentration of 50 uM unless otherwise noted.
For spectroscopic studies where protein concentra-
tions were greater, RNS concentrations were 100
uM. Preparation of samples for spectroscopy and
enzyme assays were done anaerobically in order to
avoid interactions between RNS and oxygen.

tion peak occurred (data not shown).
352 EPR spectroscopy of NO(g) or GSNO
treated aconitase showed the formation
of an Fe(RS),(NO), EPR signal that
disappeared upon dialysis (Table 2 and
Figure 1B-C).

Neither NO™ nor NO' appreciably
inhibited NADH dehydrogenase activity
(Table 1), while aconitase activity was
partially inhibited by both NO conge-
ners. NO' inhibition of aconitase was only par-
tially reversible (25-50%) even for short incuba-
tion times suggesting the possibility that NO"
nitrosylates an enzyme thiol rather than iron. This
is supported by the fact that EPR signal heights in
NO" treated aconitase are significantly smaller
than signals in GSNO treated enzyme (Table 2).
Reversibility of NO™ inhibition of aconitase mir-
rored that of GSNO and a relatively small EPR
signal was seen in NO™ treated enzyme (Table 2).

Peroxynitrite strongly and irreversibly inhibited
both aconitase and NADH dehydrogenase activi-
ties even for incubation times as short as 10 minu-
tes. Inhibition remained irreversible even in the
presence of reduced thiols. Additionally, the
characteristic 420 nm absorbance peak of aconi-
tase was rapidly bleached bleached by ONOO™
(data not shown) and no EPR signals were seen in
ONOO' treated aconitase (Table 2). These data
suggest that peroxynitrite rapidly oxidizes both
these enzymes and causes loss of iron from the
iron/sulfur center. Peroxynitrite must also cause
nitrosation of protein amino acids since aconitase
activity in ONOO'™ treated enzyme could not be
reconstituted even in the presence of additional
iron, sulfide, and DTT under anaerobic conditions.
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Table 2. RNS induced EPR signals in Fe/S containing proteins.

NO(g) ONOO- NO- NO+ GSNO
Aconitase ++ - + + T
Ferredoxin red + - - T+ e+
Ferredoxin ox ++ - - + T+
Ferritin w/RSH +4+ - e + -+
Transferrin w/RSH ++ - - ++ ++
Ferrous Sulfate w/RSH ++++ - ++ + -+
Ferric Chloride w/RSH +++ - ++ ++ Tt

Proteins (~5 mg/ml) were exposed to 100 uM RNS as described for Table 1. Symbols are as follows + < 25% of the iron is
EPR active, ++ = 25-50% of the iron is EPR active, +++ = 50-75% of the iron is EPR active, ++++ = 75-100% of the iron is
EPR active, - = no EPR signals detected. Iron concentrations were determined by the method of Carter (1971). For aconitase
and ferredoxin, the iron concentration was divided by four in determining percent EPR activity since it was assumed that each
Fe4S, cluster will produce only one EPR active species. EPR signal formation by FeSO,4 and FeCl; are also listed. EPR spec-
tra were recorded on a Bruker ER-200D spectrometer at 77K. Instrument settings were as follows: microwave frequency, 9.4
GHz; microwave power, 1.7 millitesla; modulation frequency, 100 kHz, and modulation amplitude, 1.0 millitesla. Signal am-
plitude was determined by double integration of the EPR signal with 20 pM FeSO, plus 100 pM GSH under 100% NO(g)

used as a standard.

Neither nitrite nor nitrate, the final products of
the reaction between NO(g) and O,, inhibited
either aconitase or NADH dehydrogenase activity
(data not shown). Neither anion caused changes in
the absorption spectrum of aconitase nor did either

anion induce significant EPR signal formation in
aconitase solutions.

EPR signal formation in the non-enzyme iron-
proteins mirrored that of aconitase. The strongest
signals were observed in GSNO treated proteins
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Fig. 2. uv-visible absorption spectra of untreated 0.2 mg/ml catalase (solid line) and 0.2 mg/ml catalase treated with 50 uM
NO(g) (dashed line). GSNO treated catalase had an absorption spectrum identical to that of NO(g) treated enzyme. Spectra
of catalase treated with any of the other RNS congeners was identical to that of the untreated enzyme.
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Table 3. RNS induced EPR signals in heme-containing proteins.

NO(g) ONOO- NO- NO+ GSNO
Catalase ox + - - - +
Catalase red ++ - ++ - 4t
Horseradish Peroxidase ox - - ++ - +
Horseradish Peroxidase red ++ - ++ ++ ++
Oxyhemoglobin + - +++ + +
Deoxyhemoglobin -+ - b - -
Methemoglobin + - ++ + +
Cytochrome ¢ ox - - + +
Cytochrome c red ++ - ++ T+

Proteins (~5 mg/ml) were exposed to 100 uM RNS as described for Table 1. Symbols and EPR parame-
ters are as described in the legend for Table 2. Deoxyhemoglobin under 100% NO(g) was used as a stan-

dard.

while NO(g) also induced significant signal forma-
tion except with reduced ferredoxin (Table 2). For
ferritin (Figure 1A) and transferrin it was neces-
sary to add reduced glutathione (GSH) in order for
significant EPR signal formation to develop (Table
2). NO" also induced signals in all proteins tested
although, with the exception of reduced ferre-
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Fig. 3. EPR spectra of (A) 5 mg/ml catalase reduced with
50 uM dithionite then treated with 50 uM Na,N,O; and
(B) 4.8 mg/ml horseradish peroxidase treated with 100
uM Na,N,0O;. EPR parameters were the same as those
listed in the legend to Figure 1.

doxin, the signals were small (Table 2). NO™ did
not induce EPR signal formation except with fer-
ritin (Table 2) where it is assumed that NO™ is able
to reduce and solubilize Fe(Ill) in the protein core
leaving soluble Fe(II) and NO(g) which readily
react with GSH to form EPR active Fe(RS),(NO),.
Peroxynitrite does not induce EPR signal forma-
tion in any of the iron-containing proteins tested
(Table 2).

RNS EFFECTS ON HEME-CONTAINING
PROTEINS

Catalase inhibition (Table 1) by nitric oxide gas
was dose dependent and fully reversible by dialy-
sis although extensive degassing under vacuum of
the inhibited enzyme did not recover activity.
Absorption spectra of catalase plus NO(g) indi-
cated binding of NO(g) to the heme-iron (Fig-
ure 2) with a shift of the soret peak from 403 nm
to 428 nm and formation of a and B peaks at 576
and 538 nm respectively. EPR spectroscopy also
indicated NO binding to the heme-iron of ferric
catalase (Table 3) although double integration of
the signal indicated that only 15% of the iron in
the sample was EPR active. On the other hand,
almost 50% of dithionite reduced catalase was
EPR active after incubation with NO(g) (Table 3).
Treatment of catalase with 0.1 mM GSNO resulted
in only moderate (24%), reversible inhibition of
enzymatic activity (Table 1) although absorbance
and EPR spectroscopy mirrored that of NO(g)
treated enzyme for both ferric and ferrous enzyme
(Figure 2 and Table 3). Nitroxyl anion inhibition
was also reversible and dose dependent. 50 uM
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Fig. 4. Absorption spectra of 0.21 mg/ml horseradish peroxidase treated with 50 uM concentrations of RNS. Untreated
(—), NO(g) treated (----), NO" treated ("), NO" treated (---), ONOO" treated (-"-"-).

NO™ caused only 18% inhibition but at 8 mM NO",
73% of the activity was inhibited. The absorption
spectrum of NO™ treated catalase was identical to
that of untreated catalase and no heme-NO EPR
signals (Table 3) were seen in NO™ treated ferric
enzyme, indicating that NO™ is unable to reduce or
bind to the heme iron. EPR spectroscopy showed
that in dithionite reduced catalase solutions, ap-
proximately 50% of the heme-iron was nitrosy-
lated NO™ (Figure 3A, Table 3).

Both nitrite and nitrate at 1 mM caused moder-
ate, reversible inhibition of catalase activity al-
though neither anion had any effect on the catalase
absorption or EPR spectra. At 8 mM nitrite, 71%
of catalase activity was inhibited suggesting that
the inhibition seen with Na,N,O; was actually due
to the presence of nitrite rather than to nitroxyl
anion. NO" did not inhibit catalase activity (Table
1) or induce EPR signal formation in either oxi-
dized or reduced catalase (Table 3) even at con-
centrations as high as 10 mM, nor did NO" addi-
tion cause changes in the absorption spectrum of
catalase.

50 uM ONOO'" caused a 95% inhibition of cata-
lase activity (Table 1), although, as opposed to
other heme-containing enzymes (see below), the
inhibition of catalase by ONOO™ was fully re-
versible. Absorption and EPR spectra of peroxyni-
trite inhibited catalase were identical to those of
untreated enzyme, suggesting that ONOO™ had no
effect on the heme-iron.

It is notable that myeloperoxidase (MPO), which
has a different heme-structure than the other heme-
proteins tested (Wright, Bastian, Davis, Zuo, Yo-
shimoto, Orme-Johnson & Tauber, 1990), is not
inhibited by any of the RNS tested except ONOO™
(Table 1). In fact, a modest increase in activity was
seen in both NO(g) and GSNO treated MPO. NO~
effects on MPO were not measured because An-
geli’s salt was shown to interfere with the enzyme
assay. Inhibition by peroxynitrite was both imme-
diate and irreversible with 50 pM ONOQO™ inhibit-
ing 97% of myeloperoxidase activity. Since both
iNOS and myeloperoxidase are components of the
mammalian antibacterial arsenal, the lack of inhi-
bition of myeloperoxidase by most NO congeners
may prove useful to an infected animal. The fact
that ONOO™ does irreversibly inhibit myeloper-
oxidase suggests that this NO congener may target
a site other than the heme-iron. Interestingly, both
NO; and NOj3 at 0.5 mM concentrations reversibly
inhibit myeloperoxidase, possibly by binding to an
anion binding site and preventing binding of chlo-
ride ion. Neither absorbance nor EPR spectroscopy
of myeloperoxidase were done.

The enzymatic activity of anaerobic solutions of
Horseradish peroxidase (HRP) was only moder-
ately inhibited by NO, NO*, NO, or GSNO (Table
1). This inhibition was completely reversible by
dialysis of the enzyme. 50 uM ONOO™ on the
other hand caused a 70% inhibition of HRP that
was not reversible by dialysis. Inhibition by
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ONOO" was dose dependent (data not shown).
Neither nitrite nor nitrate inhibited HRP.

Only NO™ and to a lesser extent, GSNO, among
the RNS induced an EPR signal with ferric HRP
(Table 3). The EPR signal seen for HRP (Figure
3B) is typical of a six coordinate heme-NO signal
for this enzyme (Ascenzi, Brunori, Coletta & De-
sideri, 1989). Only three of the usual 9 hyperfine
lines are visible in the spectrum due to the rela-
tively high modulation amplitude used in obtaining
the spectrum. When HRP was reduced by dithio-
nite to form ferrous HRP prior to addition of RNS,
all the RNS tested except ONOO™ caused forma-
tion of a heme-NO signal that was identical to the
signal formed with HRP and NO™ (Table 3). Nei-
ther nitrite nor nitrate induced EPR signal forma-
tion in either ferric or ferrous HRP.

Treatment of neutral (ferric) HRP with 50 uM
NO(g) or GSNO caused an immediate increase in
the amplitude of and a wavelength shift of the
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Fig. 5. Absorption spectra of 0.24 mg/ml (A) oxyhemo-
globin, (B) deoxyhemoglobin, and (C) methemoglo-
bin, treated with 50 puM concentrations of RNS. Un-
treated (—), NO(g) treated (----), NO™ treated ("),
NO" treated (---), GSNO treated (-*-*-), and ONOO
treated(------). In panel (C) the ONOO™ spectrum is
identical to the untreated methemoglobin and is not
shown.

soret peak from 402 nm to 420 nm suggesting
formation of a nitric oxide-ferric heme complex
(Figure 4). The o and B peaks at 567 nm and
532 nm respectively were also apparent as previ-
ously described (Yonetani, Yamamoto, Erman,
Leigh & Reed, 1972). 50 uM NO" caused a shift
in the wavelength of the soret peak but not an
increase in the amplitude of the signal (Figure 4)
suggesting that only a part of the sample was con-
verted to NO-ferric heme. When HRP was incu-
bated with NO™, the soret band shifted to 422 nm
with o and P peaks visible at 572 nm and 542 nm
respectively (Figure 4) suggesting reduction to
form a ferrous HRP-NO complex. In agreement
with enzyme activity assays and EPR, peroxyni-
trite caused a substantial bleaching of the absorb-
ance of HRP (Figure 4) suggesting that ONOO™
removes iron from the heme. Whether ONOO™
causes additional damage to HRP by nitrosating
amino acid residues cannot be inferred from the
present data.

Cytochrome c oxidase activity was reversibly
inhibited in a dose dependent manner by NO(g),
NO", and GSNO (Table 1). NO, ONOO", NO;,
and NO; were not assayed because of interference
of these reagents with the cytochrome c oxidase
assay. EPR and absorbance spectra of cytochrome
c oxidase were not measured.

Neither hemoglobin (Hb) nor cytochrome c has
enzymatic activity. However, exposure of these
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Fig. 6. EPR spectra of (A) NO(g) (100 uM) treated 4.9
mg/ml reduced cytochrome c. (B) Sample (A) after di-
alysis. (C) NO(g) (100 uM) treated 5.2 mg/ml deoxy-
hemoglobin. EPR parameters are as stated in the legend
to Figure 1.

proteins to RNS was monitored by absorption and
EPR spectroscopies. For these experiments,
methemoglobin was reduced with Na,S,0, to form
deoxyhemoglobin and the excess dithionite was
removed by chromatography on a 10 cm Sephadex
G25 (Pharmacia) column. The spectral identities
of the solutions were monitored by absorbance
spectroscopy. Oxyhemoglobin was formed by
exposing deoxyhemoglobin to ambient air for 5
minutes, then the headspace gas over the solution
was replaced with N, by a single 1 minute evacua-
tion. Exposure of oxyhemoglobin to NO(g), NO",
GSNO, or ONOO™ produced predominantly
methemoglobin as seen by absorbance spectros-
copy (Figure 5A). EPR spectra of the samples
agreed with these results, with less than 25% of
NO(g)or GSNO exposed and only about 5% of
NO" exposed HbO, being converted to EPR active
HbNO (Table 3). None of the ONOO" treated
HbO, was EPR active (Table 3). On the other
hand, treatment of HbO, with NO™ produced pre-
dominantly HbNO as seen by both absorbance
(Figure 5A) and EPR spectroscopy (Table 3).
Deoxyhemoblobin was rapidly converted to
HbNO by exposure to NO(g), NO, NO', or
GSNO as seen by both absorbance (Figure 5B)
and EPR spectroscopies (Table 3, Figure 6C).
Treatment of deoxyhemoglobin with ONOO™ on
the other hand, produced only methemoglobin as
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seen by the absence of an EPR signal (Table 3)
and by absorbance spectroscopy (Figure 5B).

50 uM NO reduced approximately half of the
methemoglobin in a 0.2 mg/ml sample and formed
HbNO (Figure 5C and Table 3). Other RNS were
significantly less effective at HbNO formation
from methemoglobin (Table 3 and Figure 5C).
Only about 10% of the methemoglobin in NO(g)
or GSNO treated and 4% in NOCI treated methe-
moglobin formed EPR detectable HbNO. Absorb-
ance spectroscopy of these samples also indicated
that only a minor portion of the sample was de-
tectable as HbNO. Peroxynitrite did not alter the
absorbance spectra of methemoglobin, nor were
HbNO EPR spectra detectable in ONOO™ treated
samples (Table 3).

Oxidized cytochrome ¢ was also reduced by NO
but only a modest heme-NO EPR signal developed
in oxidized, NO" treated cytochrome c (Table 3).
Double integration of the EPR signal showed that
only about 10% of the cytochrome ¢ was nitrosy-
lated. A modest EPR signal representing less than
5% of the cytochrome c in the sample also devel-
oped in NO" and GSNO treated oxidized cyto-
chrome c although only minor changes in the ab-
sorbance spectra were seen (Figure 7A). Neither
NO(g) nor ONOO' induced EPR signal formation
or changes in the absorbance spectra of oxidized
cytochrome c (Figure 7A and Table 3).

The absorption spectra of reduced cytochrome c
were also largely unaffected by RNS treatment
(Figure 7B). EPR spectra of NO(g) (Figure 6A),
NO", and GSNO treated reduced cytochrome ¢ did
show that 30-50% of the cytochrome ¢ was nitro-
sylated. EPR of NO treated reduced cytochrome c
was only 10-15% nitrosylated while ONOO™ failed
to induce EPR signal formation in reduced cyto-
chrome ¢ (Table 3).

EFFECT OF RNS ON THE MOLYBDENUM-
CONTAINING DMSO REDUCTASE

Dimethyl sulfoxide [DMSO] reductase from
Rhodobacter sphaeroides f. sp. denitrificans is a
molybdenum-containing enzyme which reduces
various sulfoxide and N-oxide compounds to the
corresponding sulfide or amine (Satoh & Kurihara,
1987). Absorption and electron paramagnetic
resonance (EPR) spectroscopies suggest that the
molybdenum in DMSO reductase cycles between
Mo(IV) and Mo(VI) during catalysis (Bastian,
Kay, Barber & Rajagopalan, 1991). Titration of
the reduced enzyme with substoichiometric
amounts of substrate is accompanied by formation
of EPR active Mo(V) (Bastian ef al., 1991), sug-
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Fig. 7. Absorption spectra of 0.21 mg/ml (A) oxidized
cytochrome ¢ and (B) reduced cytochrome c, treated
with 50 uM concentrations of RNS. Untreated (—),
NO(g) treated (----), NO" treated ("), NO" treated (--
-). In both panels, GSNO treated protein is identical to
that of NO(g) treated protein and the ONOO' spectrum
is identical to the oxidized protein and are not shown.
In panel (B), NO" treated protein has a spectrum iden-
tical to the untreated sample and is not shown.

gesting sequential rather than concerted transfer of
electrons from enzyme to substrate.

Nitric oxide (NO) resembles the trimethylamine-
N-oxide substrate of DMSO reductase. It was
therefore of interest to see whether RNS inhibit
enzyme activity. Enzyme assays showed that
DMSO reductase activity was not inhibited by any
of the RNS tested, although it was noted that on
incubation of DMSO reductase with NO(g),
Na,N,0;, GSNO, or a combination of nitrite and
ascorbate, the usual brown color of the oxidized
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Fig. 8. Absorbance spectra of DMSO reductase. Oxi-
dized enzyme at 6.9 mg/ml (---), dithionite reduced
enzyme at 6.9 mg/ml (——), and NO(g) treated en-
zyme at 6.0 mg/ml (----).

enzyme turned to pink (Bastian, Foster & Pope,
1995). Similar results were observed with the
reduced enzyme, with the usual yellow color of the
reduced enzyme also turning to pink. The pink
form of the enzyme was stable to oxidation by
oxygen and was unable to reduce substrate. How-
ever, additional reduction of the pink enzyme with
either reduced methyl viologen or dithionite re-
stored enzyme activity. An absorbance spectrum
of the pink enzyme showed peaks at 387 and 528
nm (Figure 8). EPR spectroscopy of the pink en-
zyme formed by ascorbate reduction (Figure 9A)
showed a Mo(V) DMSO reductase spectrum that
was indistinguishable from that produced by re-
duction of the Mo(VI) enzyme with reduced
methyl viologen. Double integration of the EPR
spectrum showed that 80-100% of the Mo in the
sample was EPR active Mo(V).

To further characterize the reaction between
DMSO reductase and NO(g), a 7.7 mg/ml DMSO
reductase solution was diluted 1:2 with NO satu-
rated buffer. Mo(V) formation was monitored
optically by an increase in absorbance at 528 nm.
EPR spectroscopy of this sample showed an axial
signal with g-values of g, = 1.982 and g; = 1.961
(Figure 9B), rather than the usual rhombic signal
(Figure 9A). The absorbance spectra of samples
showing rhombic and axial EPR signals were
identical. Double integration of the axial EPR
signal showed that it represented virtually all of
the molybdenum in the sample. The presence of
Mo (I = 5/2, 15.72% natural abundance) and
*"Mo (I = 5/2, 9.46% natural abundance) hyperfine
structure in the spectrum (seen in Figure 9B as
small satellite peaks) confirmed that the signals
were due to molybdenum. Similar hyperfine struc-
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Fig. 9. EPR spectra of (A) Ascorbate reduced DMSO re-
ductase. The spectrum of DMSO reductase reduced by
NO is virtually identical. (B) DMSO reductase diluted
1:2 with NO(g) saturated TrisHCI pH 7.5 and incu-
bated at room temperature. (C) DMSO reductase incu-
bated for 30 minutes with 2 pg/ml iNOS in the pres-
ence of an iNOS assay buffer consisting of 40 mM Tris
buffer pH 7.8, 3 mM DTT, 1 mM L-arginine, | mM
NADPH, and 4uM each of FAD, FMN, and tetrahy-
drobiopterin. At the end of the incubation period, the
solution was transferred to an EPR tube, frozen in lig-
uid nitrogen, and stored at —80 °C until spectra were
recorded. Spectra were recorded at 77 K on a Bruker
EMX spectrometer operating at a microwave fre-
quency of 9.31 GHz, a microwave power of 6.3 mW, a
modulation frequency of 100 kHz, and a modulation
amplitude of 1.0 mT.

ture is seen in the rhombic signal produced by
reduction of the oxidized enzyme. NO(g) treated
enzyme was unable to reduce substrate without
prior reduction by dithionite or reduced methyl
viologen but NO(g) did not inhibit DMSO reduc-
tase activity.

Addition of Na,N,0; (NO") to DMSO reductase
produced a rhombic Mo(V) species with an EPR
signal identical to that shown in Figure 9A. Again,
no enzyme inhibition was observed. Since NOj; is
formed by the breakdown of Na,N,0O;, DMSO
reductase was incubated with 1 mM NO; In the
absence of ascorbate, nitrite was unable to reduce
the DMSO reductase, suggesting that nitroxyl
anion can carry out a one electron reduction of
DMSO reductase.
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EFFECT OF NITRIC OXIDE SYNTHASE ON
DMSO REDUCTASE

Because the EPR signal produced by incubation of
DMSO reductase with NO(g) is different than that
produced by NO', we wanted to see which signal
would be produced if DMSO reductase was incu-
bated with NO synthase. If only the axial signal
was produced, NOS must produce only NO(g),
whereas a thombic signal would indicate that NO
or another reductive species was produced. Ac-
cordingly, DMSO reductase (5.1 mg/ml) was in-
cubated for thirty minutes at 24 °C with iNOS (2
pg/ml) in the presence of an NO synthase assay
mixture. The assay mixture by itself did not induce
formation of an EPR signal in the DMSO reduc-
tase, however, when iNOS was added, a Mo(V)
signal developed. As can be seen in Figure 9C, the
signal is a composite of roughly equal amounts of
rhombic and axial signals. This suggests that under
the conditions tested, NOS produces both NO(g)
and another reductive species, possibly NO".

DISCUSSION

The exact identity of the active RNS produced by
nitric oxide synthase is controversial, in fact, it is
likely that the product of the NOS reaction is in-
fluenced by the conditions in the microenviron-
ment. Rusche et al. (1998), for example have
shown that NO is produced by NOS in the ab-
sence of tetrahydrobiopterin. Other confounding
factors could include the redox status of the cell,
the local concentration of NADPH and O,, and
even the presence of Ca*" and calmodulin. NO(g)
reacts with O, to form N,O; which effectively
nitrosylates thiols to S-nitrosyl thiols. NO(g) also
reacts with O,” and NO™ can react with O, to also
form ONOO™ under some conditions (Sharpe &
Cooper, 1998). NO" is formed by the degradation
of iron-thiol-nitrosyl complexes (Vanin, 1998) and
possibly also from the breakdown of S-
nitrosothiols. Each of these RNS, therefore, may
be responsible for some of the effects seen in cells
upon induction of NOS.

As we have shown here, the effects of RNS on
heme and Fe/S proteins are by and large reversible
at least after a short-term exposure. This rule holds
true for all RNS except peroxynitrite, which with
few exceptions causes irreversible inhibition of
iron-containing enzymes. The bleaching of the
absorbance spectra of aconitase and HRP suggests
that ONOQO™ can remove the iron in some proteins,
although for most other enzymes the iron was
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oxidized in ONOO™ solutions but was apparently
not removed. Thus, the effects of ONOO™ on most
iron-containing proteins are probably due to ni-
trosation of amino acid residues in the proteins
rather than to direct interaction between iron and
ONOO'".

NO" at least in the case of aconitase can also
cause irreversible inhibition of enzymatic activity
presumably by nitrosylating a required thiol resi-
due. Otherwise, NO" effects on iron-containing
proteins are minor and reversible. NO' rapidly
reacts with thiols to form S-nitrosothiols, so it is
likely that in cells any NO" that is formed would
form S-nitrosothiols rather than interacting with
iron.

NO™ can act as a reductant for iron in proteins
but otherwise its effects are also reversible. The
likely products of NO™ release are NO(g) and
reduced metals. In some cases, particularly in the
cases of ferric horseradish peroxidase and methe-
moglobin, reduction of the metal by NO™ was ac-
companied by binding of NO to the ferrous iron to
form an EPR active nitrosyl heme complex. Al-
though NO’ is somewhat inhibitory to aconitase,
its effects may be due to the NO(g) produced when
NO™ loses an electron. In fact, when equimolar
concentrations of NO™ and NO(g) were added to
aconitase, the inhibition observed was less than
half that seen when NO(g) alone was added sug-
gesting that NO™ provided some protection against
inhibition by NO(g) (data not shown).

NO(g) causes rapid and strong inhibition of
most of the iron-containing enzymes tested, al-
though inhibition is completely reversible in al-
most all instances. Inhibition appears to involve
NO(g) binding to ferrous rather than ferric iron.
The readily reversible nature of NO(g) inhibition
agrees with results of Hibbs, Taintor, Vavrin &
Rachlin (1988) who showed that induction of NO
biosynthesis in tumor cell/macrophage co-cultures
lead to cytostasis of the tumor cells but not to
cytotoxicity.

Experiments with the molybdenum-containing
DMSO reductase lend credence to the idea that
iNOS produces NO™ but clearly show that under
the conditions of the assay, NO(g) is also pro-
duced. Unfortunately, the assay does not distin-
guish between NO(g) produced directly by NOS
and NO(g) produced by the one-electron oxidation
of NO by DMSO reductase. The fact that the
rhombic and axial Mo(V) EPR signals are pro-
duced in roughly equimolar concentrations sug-
gests the latter, although further experiments will
be necessary to confirm this result.
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