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Abstract

The fungal respiratory pathogen Histoplasma capsulatum evades the innate immune response and
colonizes macrophages during infection. Although macrophage production of the antimicrobial
effector nitric oxide (NO) restricts H. capsulatum growth, the pathogen is able to establish a persistent
infection. H. capsulatum contains a P450 nitric oxide reductase homologue (NOR1) that may be
important for detoxifying NO during infection. To characterize the activity of this putative P450
enzyme, a 404 amino acid fragment of Norlp was expressed in Escherichia coli and purified to
homogeneity. Spectral characterization of Norlp indicated that it was similar to other fungal P450
nitric oxide reductases. Norlp catalyzed the reduction of NO to N,O using NADH as the direct
reductant. The Ky for NO was determined to be 20 uM and the kg, to be 5,000 min~21. Together,
these results provide evidence for a protective role of a P450 nitric oxide reductase against
macrophage-derived NO.
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INTRODUCTION

The survival of a pathogen within its host is dependent on evasion of the host’s immune
response, including macrophage-mediated killing. During cell-mediated immunity,
macrophages are activated by cytokines to produce high concentrations of nitric oxide (NO)
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1a potent antimicrobial compound, via inducible nitric oxide synthases (iNOS and NOS2)
[1-3]. NO is reactive under biological conditions and the observed toxicity results from this
reactivity. For example, NO interacts with metals such as iron and copper, and depending on
the metal oxidation state can result in the formation of stable complexes or in redox chemistry
with the metal. Additionally, NO can react with oxygen or superoxide to form highly reactive
species that cause oxidative and so-called nitrosative damage to the cell [4-6]. The ability to
withstand this oxidative damage is likely an important process during microbial pathogenesis.
Recent studies suggest that many pathogens including S. enterica, C. neoformans, and C.
albicans, are able to detoxify immune system-derived NO by producing flavohemoglobins that
can oxidize NO to the less toxic nitrate (NO3™) [7-9].

Histoplasma capsulatum is a fungal respiratory pathogen that infects macrophages and is able
to evade macrophage killing [10-12]. It exists in two morphological states: a mycelial form in
the soil and a yeast form inside the host. Upon inhalation of the mycelial spores, H.
capsulatum converts into a yeast form that then infects and multiplies within macrophages.
Subsequently, the infection can spread to other organs, including the spleen, liver, and bone
marrow. Although previous studies report that macrophage production of NO is important for
restricting H. capsulatum growth, the effect of NO is fungistatic rather than fungicidal [13].
Therefore, H. capsulatum can persist in a latent state in the host for many years, which is likely
due to NO resistance.

Although H. capsulatum does not appear to have a flavohemoglobin, previous work done by
Nittler et al. using a shotgun genomic microarray, identified NOR1, a gene that encodes for a
protein with high sequence similarity to P450 nitric oxide reductases (P450nor) [14]. A number
of P450nors have been identified in denitrifying fungi, including some that are pathogenic
[15-20]. Denitrification is a microbial process of dissimilatory nitrate reduction to produce
energy [21,22]. During denitrification, NO is produced from NO,™ by nitrite reductases. The
conversion of NO to nitrous oxide (N2O) renders NO nontoxic. The P450nors have relatively
high sequence and structural similarity with other P450 enzymes. Although cytochrome P450
proteins catalyze a vast array of reactions, the primary amino acid sequences and tertiary
structures are well conserved [23-25]. Therefore, the reaction catalyzed by a P450 enzyme
cannot be necessarily predicted based on sequence homology. Although P450 enzymes
typically catalyze monooxygenase reactions, the P450nors are unique in that they catalyze the
reduction of NO. The overall reaction catalyzed by P450nors is shown in equation 1.

INO+NAD(P)H+H" — N,O+H,0+NAD(P)* (eq1)

The two electrons required for NO reduction are directly transferred as a hydride from NAD
(P)H to the P450nor-NO complex, in contrast to other P450 enzymes where the electrons are
donated one at a time via redox partners involving flavins and iron-sulfur centers [18].

NORL1 expression is constitutively expressed in mycelial cultures, which is not surprising given
that the mycelial form of the organism lives in the soil where denitrification normally occurs.
However, NOR1 expression is induced in the parasitic yeast form only when NO is present,
suggesting that the organism may have adapted a P450nor for detoxifying NO during infection.
Indeed, ectopic overexpression of NORL1 in yeast cells appears to provide some protection
against NO-related stress [14].

LAbbreviations: NO, nitric oxide; RNS, reactive nitrogen species; P450nor, P450 nitric oxide reductase; IPTG, isopropyl B-D-
thiogalactopyranoside; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; DTT, dithiotheitol; DEA-NONOate, 1,1-diethyl-2-
hydroxy-2-nitrosohydrazine; NADH, nicotinamide adenine dinucleotide, reduced; NOA, nitric oxide analyzer; FoP450nor, F.
oxysporum P450nor; CtNor1, C. tonkinense P450nor isoform 1; CtNor2, C. tonkinense P450nor isoform 2; AoAnor, A. oryzae P450nor;
TcP450nor, T. cutaneum P450nor
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Given that H. caspulatum lacks a flavohemoglobin, along with previous work by Nittler et.
al clearly showing an association of this putative NO reductase with pathogen exposure to NO,
we sought to determine if Norlp was indeed, a P450 NO reductase. In this work, we describe
the spectral characteristics and enzymatic activity of Norl and compare it to other P450nors
as well as the flavohemoglobins that have been shown to be important for protection against
NO during infection.

MATERIALS AND METHODS

Construction of Expression Plasmid

DNA encoding the H. capsulatum NOR1 coding sequence was obtained from A. Sil (University
of California, San Francisco) [14]. Nor1p(47-450) was cloned with a C-terminal Hisg-tag into
the pCW vector. The following primers were used: forward primer 5'-
TGAATTCCATATGTCCACCGAGGCCGCCC-3', reverse primer #1 5'-
TTAGTGGTGGTGGTGGTGGTGCCAAACAACAGGAAGCTC-3', and reverse primer #2
5 CCCAAGCTTTTAGTGGTGGTGGTGGTGGTG-3'. Reverse primer #1 was used to add
the C-terminal Hisg-tag and reverse primer #2 was used to add a Hindlll restriction site. The
forward primer contained a Ndel restriction site. The Norlp(47-450) Hisg-tag PCR fragment
was then cloned into pCW and the construct was confirmed by DNA sequencing.

Protein Expression and Purification

The pCW/Norl1p(47-450) plasmid was transformed into E. coli IM109 cells for protein
expression. A single colony was used to inoculate 50 mL of TB medium containing 50 pg/mL
ampicillin and then grown with shaking at 37°C. After overnight growth, three 1 L flasks of
fresh medium were inoculated with the overnight culture. The cultures were grown at 250 rpm
at 37°C to an ODggg of ~0.5. The cultures were then cooled to 25°C and expression was induced
by addition of 1 mM IPTG. The cultures were shaken for another 18 h before the cells were
harvested by centrifugation and stored at —80°C.

Protein purification was carried out in two steps using nickel chelate and anion exchange
chromatography. Frozen pellets were thawed and suspended in buffer A [50 mM NayHPO4
(pH 7.5), 300 mM NaCl, 20 mM imidazole, 5 mM B-mercaptoethanol, 5% glycerol] containing
1 mM Pefabloc (Pentapharm), 1 mM benzamidine, and 50 uL. DNase | (5ug/mL). The cell
suspension was then lysed with an Emulsiflex-C5 high-pressure homogenizer (Avestin, Inc)
and pelleted at 140,000¢g for 45 min. After centrifugation, the supernatant was applied to a 3
mL column of Ni-NTA Superflow resin (Qiagen) equilibrated with buffer A. The column was
washed with five column-volumes of buffer A and one column volume of buffer A containing
1 M NaCl and 30 mM imidazole. Bound protein was eluted with 250 mM imidazole in buffer
A. The eluted protein was concentrated using a Vivaspin 20 10K filter (Vivascience) before it
was buffer-exchanged into buffer B [20 mM HEPES (pH 7.5), 1 mM DTT, 5% glycerol] using
a PD-10 column (GE Healthcare) and applied to a POROS HQ 20 um (10mm x 100 mm)
anion-exchange column (Applied Biosystems) that was equilibrated with buffer B. The flow-
thru was collected, concentrated, and stored at —80°C. Purity of the protein was assessed by
SDS-PAGE.

UV/Vis Spectroscopy

All spectrawere collected in an anaerobic cuvette ona Varian Cary 3E Bio UV/vis spectrometer
equipped with a Neslab RTE-100 temperature controller containing 50% ethylene glycol as an
anti-freezing agent. Spectra were recorded from protein samples that were diluted in 50 mM

TEA (pH 7.5), 20 mM NaCl, 5% glycerol, and 0.1 mM DTT (buffer C). Norlp-Fe3*-NO was
prepared by the addition of NO gas (99.5%, Praxair, Inc.) after bubbling it through a 50% w/
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v KOH solution. Norlp-Fe2*-CO was prepared by reducing Norlp-Fe3* with dithionite and
flushing the headspace with CO gas (99.5%, Praxair, Inc.).

N->O gas analysis

N»O production by Norlp was monitored by gas chromatography. The reactions were carried
out in 15 mL anaerobic tubes (Supelco) containing 2 mL of 100 mM potassium phosphate (pH
7.5), 5 mM NADH, 0.5 uM DEA-NONOate (Cayman Chemical), and ~120 nM enzyme. The
reaction was first incubated at 37°C for 30 min to allow the DEA-NONOate to fully react, and
then initiated with enzyme at 25°C. Headspace (5 uL) was sampled and injected into anaerobic
2 mL vials after the reaction was initiated with enzyme. N,O production was analyzed on a
Shimadzu GC14A Gas Chromatograph with an Electron Capture Detector (ECD) (Silver Lab,
UC Berkeley). To identify N,O, a 10.2 ppm N,O standard was used (Praxair, Inc.).

Nitric Oxide Analysis

NO reduction by Norlp was assayed anaerobically in 5 mL screw cap vials sealed with silicone/
TFE septa (Supelco). The reaction mixtures (2 mL) consisted of buffer C, 3 mM NADH, 10
nM enzyme, and varying amounts of NO gas (0 to 40 uM NO). The NADH/buffer C mixtures
were prepared in an anaerobic glovebag. Varying amounts of NO gas were injected using a
gas-tight Hamilton syringe. The reactions were then initiated with enzyme at 25°C and shaken
frequently so that equilibrium between the gas and liquid phases could be reached rapidly. The
headspace was sampled using a gas-tight Hamilton syringe and injected directly into a Sievers
Nitric Oxide Analyzer NOA 280i (GE Analytical Instruments). The initial rates were obtained
from data fit between 1 and 4 min.

To quantify the amount of NO consumed, buffer C saturated with NO gas was used to generate
a NO calibration curve. The standards were generated in 5 mL vials containing 2 mL of buffer
C. The samples were flushed with NO gas for 20 min and a 5 pL sample of headspace was
taken to make a 1:1000 dilution in a 5 mL anaerobic vial. Different volumes of headspace (2.5,
5,7,5, 10 pL) were sampled from this vial and injected into the NOA. Using Henry’s Law and
the Henry’s Law Constant for NO (2 mM at 25°C), the calibration curve was plotted based on
moles of NO versus observed peak area [26].

RESULTS AND DISCUSSION

Although P450nor enzymes serve important energetic and NO detoxification roles in
denitrifying fungi, it is also possible that these proteins have protective roles during infection.
In the work reported here a putative cytochrome P450nor from H. capsulatum, NOR1, was
expressed and purified. Spectral and kinetic studies were then carried out to determine whether
Norlp would be a good candidate for detoxifying NO in vivo.

Expression and Purification of Norlp

With the exception of Fusarium oxysporum P450nor (FoP450nor), which has been expressed
in E. coli [27], all previously characterized P450nors were purified directly from the fungus
[16,20,28]. Unfortunately, NOR1 is only expressed in H. capsulatum in either its highly
infectious mycelial form or under nitric oxide-induced stress in its less infectious yeast form
[14]. Thus, purifying large enough quantities of Norl protein for biochemical characterization
directly from its source was not practical.

Cytochrome P450 proteins such as FoP450nor have been successfully expressed at high levels
in E. coli JIM109 cells using the pCW vector, which contains a Ptac-tac promoter that allows
for direct induction by IPTG [27,29]. This approach was also taken to isolate Norlp. At least
two NORL transcripts have been mapped, one 50 amino acids longer (Norlp(1-450)) and one
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69 amino acids shorter (Norlp(120-450)) than FoP450nor (Figure 1). Additionally, there are
at least another two potential transcription start sites, 40, and 139 bp downstream of the longer
NOR1 transcript. Both Norlp(137-450) and Norlp(69-450) were expressed, but the shorter
construct did not express in JM109 cells and the longer construct was truncated and had a low
heme Soret maximum to 280 nm ratio (data not shown). However, Norlp(47-450), which was
similar to FoP450nor in length and sequence (61% identity; 79% similarity), was expressed
and purified to > 95% homogeneity for characterization (Figure 1; Figure 2A). All other
experiments were conducted with this construct. Typically, 1 mg/L of Norlp(48-450) was
isolated. The heme Soret absorbance maximum to 280 nm absorbance maximum ratio for the
purified protein was ~1.7.

Norlp Spectral Characteristics

The UV/vis absorption spectra of Norlp in various oxidation/ligation states were obtained
under anaerobic conditions. The spectra were similar to those previously described for other
fungal P450nors Table 1. Norlp was isolated in the Fe3*-unligated state which was
characterized by Soret absorbance maximums at 390 and 412 nm, and split o/p bands at 530
and 564 nm. This spectrum indicated that the Fe3* heme was a mixture of high-spin and low-
spin states (Figure 2B). The Soret absorbance maximum shifted to 432 nm and the o/f bands
shifted to 542 and 573 nm when NO was bound. The dithionite-reduced form of Norlp had
absorbance peaks at 407 and 544 nm, and its CO-ligated form yielded a spectral species with
peaks at 447 and 546 nm that was characteristic of P450 proteins (Figure 2C).

Activity of Purified Norlp

Nittler et al. showed that NOR1 expression is sufficient to confer resistance to NO and so we
assessed the activity of Norlp using a combination of UV/vis spectroscopy, GC-ECD, and NO
analysis to determine if this predicted P450nor could play a role in the detoxification of NO.

Unlike other cytochrome P450 proteins, the fungal P450nors are unique in that they do not
require a protein partner to deliver electrons to the heme iron. Instead hydride transfer occurs
directly from NAD(P)H. P450nors from Aspergillus oryzae (AoAnor), Cylindrocarpon
tonkinense (CtNorl, Nor2), and Trichosporon cutaneum (TcP450nor) are capable of utilizing
both NADH and NADPH, whereas the P450nor from F. oxysporum (FoP450nor) greatly
prefers NADH over NADPH [15,16,19,20]. The ability of Norlp to oxidize NADH and
NADPH was examined by UV/vis spectroscopy under saturating NO buffer conditions. Similar
to FoP450nor, Norlp oxidized NADH but had no activity with NADPH (Figure 3A); NADH
oxidation was NO dependent and the specific activity was ~ 5000 moles ug~t min~1. GC-ECD
analysis indicated that Norlp produced N,O when both NADH and NO are present in the
reaction, verifying that Nor1p produces N,O from NO (Figure 3B). Additionally, a nitric oxide
analyzer (NOA) was used to monitor NO consumption over time (Figure 3C).

The reduction of the Fe3*—NO state of Norlp with NADH was also examined by UV/vis
spectroscopy. Previous mechanistic studies indicate that the reduction of NO to N,O occurs
via an as yet to be determined intermediate with a characteristic absorbance maximum at 444
nm [30]. This intermediate was also observed when NADH is added to Fe3*—NO Nor1p at
—10°C (Figure 4). Upon addition of NADH to the NO-bound Fe3*-Nor1 protein, the
absorbance maximum shifts from 432 nm to a 442 nm intermediate; the Fe3*-enzyme was
concomitantly observed at 414 nm, similar to what has been previously observed. Together
these results confirmed that the activity of this P450nor was similar to other P450nors in that
it reduced NO to N,O and that this activity was NADH dependent.

Arch Biochem Biophys. Author manuscript; available in PMC 2009 December 15.
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NO turnover

NO consumption was monitored using a NOA in order to characterize the catalytic turnover
of NO by Norlp at 25°C as a function of NO concentration. As was shown in Figure 3B, the
NO consumption was dependent on the addition of Norlp. The initial rate of NO consumption
was obtained from the slope at t = 0 at various NO concentrations (0-32 uM), plotted, and
fitted to a Michaelis-Menten equation (Figure 5A). From this plot, the NO turnover number
was estimated to be 5000 min~1 and the Ky, to be 20 uM. This Ky value was similar to CtNor1
(~20 uM), but 3- to 8-fold lower than other P450nors [19]. In contrast, the turnover for H.
capsulatum Norlp was approximately 6.5-fold less, but within an order of magnitude of
CtNor1 (32,000 min1). The estimated Ky, for NADH was 80 uM (Figure 5B), which was
about 3.5-fold lower than that of all the other P450nors. This discrepancy was probably due to
the fact that all other fungal P450nor turnover rates were determined under different reaction
conditions by GC-MS, and not by NO consumption. Additionally, the kinetic parameters for
the other fungal P450nors were determined via double reciprocal plots. This procedure may
misrepresent the error distribution; hence, it is a less reliable method for determining Ky, and
turnover rates. Nevertheless, given that both methods yield apparent results, the true Ky, and
turnover rate may be lower in vivo, where other cellular factors may also contribute to the
overall P450nor activity. It should also be noted that only one potential isoform of H.
capsulatum Norlp was characterized in this study. There are probably other Norl isoforms
with varying activities.

Nevertheless, the rate at which Norlp turns over NO was similar to other P450nors. Compared
with the flavohemoglobins that have been implicated in NO detoxification during infection,
the P450nors also have similar NO turnover rates [5,000-40,000 min~t (P450nors) versus 200—
40,000 min~! (flavohemoglobins)]. In contrast, the P450nor Ky, values for NO are generally
lower (20-150 puM), in comparison to the flavohemoglobins (130-250 puM), indicating that
they are likely more efficient at metabolizing NO [19,31,32].

In summary, H. capsulatum Norlp exhibited NO reductase activity similar to other previously
characterized fungal P450nors. H. capsulatum is the first reported fungal pathogen to contain
a P450nor that may be important in conferring resistance to NO during infection without the
aid of a flavohemoglobin [14]. Although the fungal P450nors are generally considered to be
important for detoxifying NO during denitrification, which is an anaerobic process, it is
possible that fungal P450nors, including H. capsulatum Norl may also function in micro-
aerobic or -anaerobic environments of infected tissue. Indeed, there is evidence for a protective
role of flavorubredoxin-type NO reductases against NO in pathogenic bacteria during
microaerobic growth [33-35]. Due to their ability to metabolize NO as efficiently as the
flavohemoglobins, the P450nors are good candidates for future experiments addressing their
role in fungal virulence.
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Figure 1.
Alignment between predicted H. capsulatum Norlp (Hc Norlp) and F. oxysporum P450nor
(Fo P450nor). Identical residues are shaded in black. Gray arrowheads mark the start of the

two predicted Norl proteins. The start of the Nor1(47-450) protein that was characterized in
this study is marked with a white arrowhead. Another potential start that was not examined

here is marked with a black arrowhead. The cysteine that ligates the heme is marked with a

star. The alignment was generated using AlignX from Vector NTI®(Invitrogen).

Page 8

MESRFARIAWSRSMENATSRGLCVSCRSKSAIPARSAIVARNQRCNMS TEAA PEKESR PEIEA VER LB Y NN NN

------------------------------------------------ uascAE SRR e - - B NG
BB LD /L |y KDHCEV I TR o KR TR & p BN Bl A KR T VDMD P EigHEOR 31 Ve T EEThs

) Ol AR T 8 B P R ST 5 S DN < S - B SR S T PP <
) MR BP0 £ O - R S 1 M~ B = < . N <

Re/EM(T ORTIYDIB T eMISOIG CLANEPV DL VESIF AL PYPS Y 1 T VAMET G VERINDLIY L TRNAMRIINGS STARIASHANEE LY
[DVRei T AR TR PENDEIT S KLY RO PGIT DISEDNAIO T AT LT VAGNATIVNM TS CRay T ROH PIOT AlNT.KAN PS LA

) B BV =R e i < S . I (R ¥ ST O N

MIEINEVEE LCRYHTAS ANAINRIGA KEDIVIBGEE ISNACEG I T ARNIO Slel I§PEERVEDTHRTRGSEVAREYEYEERVE
) B B 1 <R v 1 Ep K@ AN e NeEA N = - M -GN EK P oD REF EFEDERE
*

) VEBCHER =V IS RR L NI 1B vk iS5 DA B T
) 1 ¢ O PG A B TN R B D T F

Arch Biochem Biophys. Author manuscript; available in PMC 2009 December 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chao et al.

Page 9

Nor1p
kDa (47-450) A
116
66.2
45 — o
35
25 | w-
18.4
14.4 | ==
1 2 3
0.4 0.20
03[ Jois
e >
(%)
g g
8 02 4010 8
5 o
° o
4 >
2 )
< i ] ®
0.1 4 0.05
N
0.0 1 1 1 1 0.00
350 400 450 500 550 600
Wavelength (nm)
0.4 0.20
03 [ 0.15
g >
< ]
i - o
2 0.2 0.10 3
° i o
4 s
2 3]
< ] ®
0.1 0.05
0.0 0.00
350 600

Wavelength (nm)

Figure 2.

Electronic absorption spectra of Norlp(47-450) in various oxidation/ligation states. (A) SDS-
PAGE gel analysis of Norlp(47-450). Protein samples were mixed with SDS loading dye with
reductant, boiled and run on a 10-20% Tris-glycine gel. Lane 1, Unstained Protein Molecular
Weight Marker (Fermentas); Lane 2, Norlp (~2 pg); Lane 3, Norlp (=10 pg). (B) Solid line,
ligand-free Fe3*-Nor1p; dashed line, NO-bound Fe3*-Nor1p. (C) Solid line, dithionite-reduced
FeZ*-Norlp; dashed line, CO-bound Fe2*-Norlp.
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Figure 3.

Activities of purified Norlp(48-450). (A) Time course of the absorbance change of NADH
(~0.13 mM) at 340 nm in the presence of saturated NO. The hatch mark indicates the time
when enzyme (~130 nM) was added to the sample. There was no oxidation observed with
NADPH. (B) Time course change of NO peak area measured by NOA. DEA-NONOate (1mM)
was allowed to react in 100 mM phosphate buffer, pH 7.5, 5 mM NADH for 30 min at 37°C.
The reaction sample (2 mL in a 5 mL gas-tight vial) was then cooled to 25°C before enzyme
(~130 nM) was added. Headspace (15 pL) was sampled every few minutes. In the absence of
enzyme, there was no significant change in the NO concentration (data not shown). (C) Time
course change of N,O peak area measured by GC-ECD. DEA-NONOate (500 uM) was allowed
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to react with 2 mL NADH/phosphate buffer in a 15 mL gas-tight vial before enzyme (~40 nM)

was added to initiate the reaction. Headspace (5 pL) was sampled every few minutes. Each
time point represents duplicate samples and the error bars represent ranges.
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Figure 5.

Kinetics of NO consumption by Norlp. (A) Activity in the presence of increasing
concentrations of NO. The data were fit to a Michaelis-Menten equation to yield the estimated
Kwm and maximum turnover number for NO. (B) Activity in the presence of increasing
concentrations of NADH. The data were fit to a Michaelis-Menten equation to yield the
estimated Ky, for NADH.
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Electronic absorption peak positions for various iron-ligand states of P450 nitric oxide reductases? P

Table 1
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Protein Iron-ligand Soret olp ref
HcNorlp Fes* 390/412 530/564 This work
FoP450nor 414 533/565 [15,30]
AoAnor 390/414 535/568 [16]
TcP450nor 390/412 532/570 [20]
HcNorlp Fe**-NO 432 542/573 This work
FoP450nor 431 539/572 [15,30]
HcNorlp Fe?* 407 544 This work
FoP450nor 406 540 [15,30]
AoAnor 412 541 [16]
TcP450nor 408 542 [20]
HcNorlp Fe?*-CO 447 546 This work
AocAnor 446 548 [16]
TcP450nor 447 [20]
CtNor2 447 [28]

a .
Absorbances are in nanometers.
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