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ABSTRACT. Hydroxylamine oxidoreductase (HAO) from the autotrophic nitrifying bacteiitrosomonas
europaeacatalyzes the oxidation of NMDH to NO,~. The enzyme contains eight hemes per subunit
which participate in catalysis and electron transport. NO is found to bind to the enzyme and inhibit electron
flow to the acceptor protein, cytochronegss. NO is found to oxidize either partially or fully reduced

HAO, but NO will not reduce ferric HAO. Since NO can be reduced but not oxidized to product by
HAO, NO is not considered to be a long-lived intermediate in the catalytic mechanism. Substrate oxidation
occurs in the presence of bound NO or cyanide, suggesting a second interaction site for substrate with
HAO and providing a means for recovery of the NO-inhibited form of the enzyme. Upon addition of NO

to oxidized HAO, the integer-spin EPR signal from the active site vanishes, an IR band from NO appears
at 1920 cm?, and a diamagnetic quadrupole iron doublet appears isskiauer spectroscopy with=

0.06 mm/s and\Eq= 2.1 mm/s. The NO stretching frequency andddlbauer parameters are characteristic

of an {FeNG ¢ heme complex. New Nesbauer data on ferric myoglobitNO are also presented for
comparison. The results indicate that NO binds to heme P460 and that the loss of the integer-spin EPR
signal is due to the conversion of heme P460 to a diamagnetic (Bstate and concomitant loss of
magnetic interaction with neighboring heme 6. In previous studies where the hemeli466 6 interaction

was affected by substrate or cyanide binding, a signal attributable to heme 6 was not observable. In
contrast, in this work, the NO-induced loss of the signal is accompanied by the appearance of a previously
unobserved larggmax (or HALS) low-spin EPR signal from heme 6.

The autotrophic bacteriuniitrosomonas europaeale- for anaerobic ammonium oxidation where the growth-
rives energy for growth from the oxidation of ammonia to supporting reaction is N + NO,~ — N, + 2H,0 with
nitrite. The pathway for this process contains two enzymes, hydrazine as intermediatd)( HAO is thought to catalyze
ammonia monooxygenase (AMOgnd hydroxylamine oxi-  the production of N from N,H, and possibly also reduce
doreductase (HAO)1). AMO, a membrane-bound enzyme, nitrite to anN-oxide precursor of one of the two nitrogens
catalyzes the oxidation of ammonia in the reactionsNH of hydrazine.

O, + 2e + 2H" — NH,OH + H,0. HAO, a soluble enzyme  The crystal structure of HAO shows a trimer of polypep-
found in the periplasm, catalyzes the reaction®@H + H,0  tides with each monomer (68 kD&, (6) containing eight
—NO,” +4e + 5H', as well as the oxidation of hydrazine  hemes covalently bound via two cysteine thioether linkages
to dinitrogen @, 3). The reducing equivalents generated in in the CXYCH sequences, for a total of 24 hemes per protein
the oxidation of hydroxylamine are the starting point for (7). seven of these aretype hemes, while the eighth is an
essential electron transfer to the tetraheme cytochimgae  ynysual prosthetic group, termed heme P460, which displays
ubiquinone, abc, complex, and cytochrome oxidase pro- g soret band at 463 nm for the reduced form of HAO. The
cesses leading to ATP synthesis, reverse electron flow t0arrangement in space and numbering of the hemes of a single
NADP?, and return of electrons to the primary monooxy- polypeptide chain are shown in Figure 1. HAO belongs to a
genase reactiorl]. An HAO with very similar molecular — growing family of structurally well-characterized bacterial
and catalytic properties is found in the organism responsible mytiheme proteins involved in electron transfer and redox
chemistry of small inorganic molecules. These proteins

* Supported by grants from the National Institutes of Health, GM- contain conserved structural arrangements of heme centers,
49970 (M.P.H.), and the National Science Foundation, MCB-9723608 despite significant differences in primary sequence and
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1061, E-mail: hendrich@andrew.cmu.edu. T of HAO is comprised of a triheme cluster (hemes P460, 6,

* Carnegie Mellon University. and 7), four other hemes are involved in two diheme clusters

$ University of Minnesota. (hemes 1 and 2, and hemes 3 and 5), and one heme is not

! Abbreviations: AMO, ammonia monooxygenase; HAO, hydroxy- .
lamine oxidoreductase. TPP, tetraphenylporphyrin: HALS, highly part of a cluster (heme 8). The conserved structural arrange

anisotropic low spin; DEANO, 2M,N-diethylamino)diazenolate 2-ox- ~~ Ments were first identified when the structure of cytochrome
ide; {FeNG", see ref33. Css4 from Nitrosomonasvas reported8) and further observed
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Ficure 1: Spatial arrangement of hemes from the crystal structure
in a monomeric unit of HAO. The heme numbering scheme and
assignments of various heme midpoint potentials are shown.
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FIGURE 2: Substrate binding site of HAO.
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and inhibition of the inactivation of HAO by organohydrazine
suicide substratesl).

Heme P460 of HAO appears to be derived froattzeme
with typical covalent thioether linkages to Cys229 and
Cys232 but also possesses a unique third covalent linkage
between the Bnesocarbon of the porphyrin and the C3 ring
carbon of Tyr467&, 17). The tyrosine is from the polypep-
tide chain of an adjacent subunit and thus cross-links the
subunits. Heme P460 is exchange coupled to hentel)p (
Heme 6, like all the hemes in HAO except P460, has axial
bis-His coordination. Heme P460 has one axial His ligand
and an open axial site for coordination of substrate. The
substrate binding pocket consists of Tyr467 and three other
protein residues, as shown in Figure 2. The three other
residues, Glu447, Tyr334, and His268, are on the same
peptide chain as heme P460 and heme 6. The distances to
the nearest carboxylate O, phenolate O(334), phenolate
0O(467), and imidazole N are 8.0, 6.0, 3.7, and 4.9 A,
respectively. The novel structure of heme P460 may be
responsible for its unusual electronic properties sstmauer
spectroscopy of fully reduced HAO shows ferrous P460 to
be high spin and to exhibit an unusually large quadrupole
splitting (AEq= 4.21 mm/s); thus the iron atom experiences
the largest electric field gradient of any known naturally
occurring ferrous hemé.8). Resonance Raman spectroscopy
of ferrous P460 confirms that the band at 463 nm is a Soret
band and that it is a unique heme with symmetry lower than
those of protoporphyrin IX or chlorinsl).

Stepwise oxidation of hydroxylamine may proceed through
the sequence: NMH — HNO — NO — NO™ — HNO,,
where the first three steps represent 2, 1, and 1 electron
oxidations, respectively, and the final step represents con-
densation of nitrosonium with 4. In a competing model,
the oxidation may occur by successive two-electron steps
where NO would not be an intermediate. Some evidence
supports the possibility that NO is an intermediate and thus
supports the first model. Whereas in aerobic cells of
Nitrosomonasydroxylamine is converted stoichiometrically
to nitrite, purified HAO will catalyze the oxidation of

in the structure of the pentaheme nitrite reductase from hydroxylamine to HNO (as seen by the production gON

Sulfurospirillum deleyianur(®). On the basis of recent EPR

and to NO R0, 21). In these studies, NO was shown not to

spectroscopic correlations to the structure of HAO, we have be produced by the reduction of nitrite. Production @ON

made assignment of midpoint reduction potentials to five of
the eight hemes shown in Figure 10( 11). The three
unassigned hemes have midpoint potential$ 288, —265,
and—412 mV vs NHE?

The function of thec-hemes is believed to be the transfer
of electrons from the catalytic site to the binding site of the
electron acceptor cytochronogs, (12, 13). Several observa-

and NO from hydroxylamine has also been observed with
the HAO of Annamox 4). It has not been possible to
demonstrate the conversion of NO to nitrite by HAO; hence
the evidence for NO as an intermediate is inconclusive.
All eight hemes of fully reduced HAO can be reoxidized
during the reduction of ©(22) or H,O, (23) at the heme
P460 active site. Preparations of purified HAO were shown

tions indicate that heme P460 is a component of the activeto catalyze the stoichiometric reduction of nitrite and

site of HAO, shown in Figure 2. Treatment of oxidized HAO
with H,O, causes loss of hydroxylamine reactivity and

oxidation of hydroxylamine to yield )0, NH,OH + HNO,
— N2O + 2H,0, suggesting that HAO could withdraw two

concomitant irreversible loss of the absorbency of ferrous electrons from hydroxylamine, release nitroxyl, bind nitrite,

P460, whereas the optical spectra of tbdnemes are
unaffected 14). An integer-spin EPR signal, which originates

and reduce the latter to nitroxyR4). Correspondingly, in
aerobic reaction mixtures the steady-state level of reduction

from heme P460, vanishes in the presence of either substratesf c-hemes of dithionite-reduced HAO was diminished by

or cyanide 15). Formation of the cyanideHAO complex
results in noncompetitive inhibition of hydroxylamine oxida-
tion, inhibition of the reaction of ferric HAO with kDo,

2 All potentials quoted in this paper are reduction potentials versus
NHE.

the addition of nitrite 25, 26). Likewise, the hydroxylamine-

or hydrazine-reduced-hemes of the Annamox HAO are
reported to be reoxidized by added NO or nitrite, and with
reduced methyl viologen as electron donor, Annamox HAO
is reported to reduce nitrite to ® and NO 4). Taken
together, work to date indicates that removal of the final one
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electron and/or two electrons in the production of nitrite by
HAO may be reversible.

Given the apparent ability of HAO to catalyze the
oxidative and reductive production of NO and possibly the
reduction of NO and the theoretical capability of HAO to
catalyze the oxidation of NO, the interaction with HAO has
been studied in the present work. As a small ligand, nitric
oxide has long been a useful probe of iron and heme
complexes27), and relevant analytical methods are B,
28), EPR @0, 31), and Mwssbauer32) spectroscopies. NO
is a radical which upon coordination converts an overall
even-electron system to an odd-electron system. Furthermore,
NO adducts of heme complexes have characteristic IR
absorption bands allowing determination of the electronic
state with comparison to well-characterized proteins. The data
presented here indicate adduct formation to heme P460 and
that NO is not a long-lived intermediate in the enzymatic
cycle. We observe formation dfFeNG® and {FeNG’
complexes of HAO 33).2 The formation of the NO adduct
of heme P460 allowed, for the first time, the observation of
a largegmax EPR signal from heme 6, the heme exchange
coupled to heme P460 in the resting enzyme. The hemes
that show this larg@max EPR signal are also referred to as
highly anisotropic low-spin hemes (HALS).
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Ficure 3: Optical changes associated with binding of NO to HAO
(A) and effect of NO on reduction afhemes of HAO by hydrazine
(B). (A) Difference spectrum, (HAO+ NO) minus (HAO),
occurring after NO gas was bubbled through a solution of HAO.
(B) Difference spectra of(HAO + NO) + N;Hz} minus{HAO

+ NO} (solid line),{HAO + N;H4} minus{HAO} (dotted line),
and{(HAO + N;H;) + NO} minus{HAQO} (dashed line). [HAO]

= 1.5uM; [N2H4 = 2 mM; the spectrum of (HAO + NoH,) +
NO} minus{HAO} was recorded after 3 min; the buffer was 50
mM potassium phosphate, pH 7.0.

MATERIALS AND METHODS

Purification of EnzymeGrowth and®Fe enrichment of
N. europaeaand purification of HAO were as described
previously (3, 16, 18). All experiments were performed in
50 mM potassium phosphate buffer, pH 7.5, unless otherwise
noted. The concentration of HAO was determined spectro-
photometrically for the oxidized state £ 700 mM cm™?
at 408 nm) and is given in terms of the subunit concentration dropwise to the mixture to produé¢eNO gas. The evolved
(68 kDa) throughout this paper. All chemicals were of gas was passed through a concentrated degassed solution of
reagent grade or better. Double distilled or Millipore Super NaOH/D,O and then into a degassed sample of HAO.
Q water was used throughout. NO samples unless otherwise EPR Spectroscop¥-band EPR spectra were recorded on
stated were prepared by bubbling NO gas (Matheson) first a Bruker 300 spectrometer equipped with an Oxford ESR-
through a degassed concentrated solution of NaOH and therB10 liquid helium cryostat and a Bruker bimodal cavity. The
into samples of HAO degassed with Ar. Samples prepared quantification of all signals is relative to a CUEDTA spin
with N&S,0, were degassed with Ar. For one EPR sample, standard. Unless otherwise stated, the spectra were obtained
the NO donor agent, DEANO Na salt (Alexis Biochemicals, with a field modulation of 1 mJ, at 100 kHz. The magnetic
ti, = 16 min, CAS 86831-65-4), was added to a sample of field was calibrated with an NMR gaussmeter, and the

HAO degassed with Ar.

FTIR SpectroscopyThe infrared measurements were
performed on a Mattson Infinity Series 60AR FTIR spec-
trometer purged with pNgas and using an InGaAs detector.

microwave frequency was measured with a counter.
Mossbauer Spectroscopydssbauer spectra were ob-

tained on a constant acceleration instrument, and isomeric

shifts are reported relative to an iron metal standard. The

Each spectrum was the average of 32 scans at a resolutior@vailable temperature range is +260 K, and a magnetic

setting of 2 cm* with mirror speeds of 10 kHz forward and
12.5 kHz reverse. A SL-2 CaBealed IR cell of path length
0.025 mm (International Crystal Laboratories) was used in

applied field of up to 45 mT can be applied to the sample.
RESULTS

all experiments. Samples of degassed HAO were prepared UV—Visible Spectroscopyptical changes associated with

by buffer exchange with 10 mM K 97% D,O. The NO
samples were prepared by bubblifflO gas (Matheson)
first through a degassed concentrated solution of NaQBI/D
and then into degassed samples of HAO. To preparéNi@
gas, KNO; (Isotec) and Kl (Fischer) were mixed in a 4:1
ratio in a 5 mLglass vial, and 0.5 mL of water was added
dropwise. Sulfuric acid (50%, Fischer) was then added

8 For the nomenclatur@FeNG ", n refers to the number of iron
d-electrons plus the one unpaired NO electron.

NO binding to HAO are shown in Figure 3A. The difference
spectrum shows a decrease in absorbance near 405 nm and
a concomitant increase near 465 nm. The change in molar
absorptivity is about 7 mNt cm™! per P460 heme of HAO,
a value in the same range as that observed for the binding
of cyanide to HAO 16).

FTIR SpectroscopyThe FTIR spectrum of 1.5 mM
oxidized HAO (all ferric iron) in 10 mM KPand DO, pD
6.7, versus BO is shown in the inset of Figure 4. The bands
at 1650, 1550, and 1450 ciare vibrations from the peptide
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Ficure 4: FTIR spectra of 1.5 mM oxidized HAO in 10 mM KP
and DO, pD 6.7. The inset shows a broad wavelength scan of HAO.
(A) Prior to NO addition. (B) After NO addition. (C) Difference
spectra oft“NO minus>NO.

backbone which typically dominate IR spectra of proteins.
Figure 4A is an expanded plot of the oxidized HAO spectrum
showing the baseline above 1800 émFigure 4B shows

the result of addition of NO to an anaerobic sample of
protein. A new band is observed at 1920 ¢énwith an

absorbance of 0.0042 and a full width at half-maximum
(fwhm) of 6 cm L. This band remains unchanged for at least
3 h from the initial spectral recording. To verify that the

Hendrich et al.
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FiIGURE 5: (A) Mdssbauer spectra of 1 mM oxidizé6~e HAO
recorded at 150 K in zero magnetic field. The least-squares fit (solid
line) overlaid on the data is for three species:= 0.24 mm/s,
AEq = 2.29 mm/s (78%)¢ = 0.18 mm/s,AEq = 1.89 mm/s
(19%), andd = 0.48 mm/s AEq= 0.63 mm/s (3%). (B) Oxidized
HAO (solid line) and NO-treated HAO (dots) both recorded at 4.2
K with an applied magnetic field of 45 mT parallel to the gamma
beam direction. (C) Difference spectrum of (B) showing HAO
NO minus HAO. The least-squares fit (sold line) for one species
givesd = 0.04 mm/s,AEq = 2.00 mm/s, and” = 0.47 mm/s,
accounting for 8% of total iron.

(01 =0.24 mm/sp, = 0.18 mm/sAEq = 2.29mm/sAEq,

= 1.89 mm/s). These parameters are typical of low-spin Fe-
(1) in heme. A previous Mssbauer study of HAO found
only low-spin hemes for oxidized HACB). The addition

of NO to HAO resulted in a slight sharpening of both lines.
The weak absorption feature near zero velocity is difficult

new band is from an NO species, an equivalent sample wasto assign, but it appears to originate from a high-spin Fe-

prepared with®NO. The difference FTIR spectruffNO —
15NO is shown in Figure 4C. The band at 1920 ¢ém
vanishes, and a new band is observed at 1883'cirhe
observed shift of 37 cnt is in approximate agreement with
the theoretical calculated shift of 34.5 cthThe sample of
HAO + NO was purged of NO by flushing with Ar during
illumination with white light (300 W projection bulb) while

(1 impurity species, with parameters 6f= 0.48mm/s and
AEqQ = 0.63 mm/s. This species accounted for only 3% of
the total iron (much less than one heme), and it was not
affected by the addition of NO.

Figure 5B (solid line) shows low-temperature 8&bauer
spectra of HAO in the presence of a small magnetic field.
The broad features throughout the region frem to +5

in a room temperature water bath. After this treatment, the mm/s are due to the paramagnetic features of low-spin ferric

band at 1920 cm vanished.

hemes. The doublet feature indicated by the bracket is at

Control experiments were performed on a solution sample the quadrupole doublet of the iron and is due to the absence

of sperm whale myoglobin in 100 mM KRnd DO, pD
6.7. In the presence of NO, a band appeared at 1922 cm
with an absorbance of 0.0054 and fwhm of 107énirhe
addition of®NO resulted in a band 37 crhlower at 1885
cm L. In contrast to HAO, the NO band in myoglobin

of a hyperfine field at the iron nucleus. This condition may
arise either due to small principal axisvalues or from states

in the exchange-coupled heme pairs which have a small
magnetic moment. The addition of NO (Figure 5B, dot
symbols) shows a decrease of in the wings of the spectrum

gradually disappeared and vanished within 30 min from the near—4 and+5 mm/s, indicating a loss of paramagnetic

initial spectral recording. This is due to reductive nitro-
sylation of the heme34).
Mossbauer Spectroscopyhe Mssbauer spectra of HAO

iron. This is compensated by an increase in the absorption
of a diamagnetic quadrupole doublet feature. The difference
spectrum of NO minus oxidized HAO (Figure 5C) shows

are complicated by the presence of a large number of hemethe new quadrupole doublet. A fit to this doublet is shown,
irons in similar environments and by hemleeme inter- with iron parameters af = 0.06 mm/s and\Eq= 2.1 mm/
actions. A full understanding of the spectra is not within the s. The relative area of the new doublet is 8%, which is less
scope of the present work, but the spectra are importantthan that expected for one heme site (12.5%). However, the
indicators of changes in hemes. A spectrum of oxidized HAO appearance of a new quadrupole doublet must be ac-
at 150 K (Figure 5A) shows a broad quadrupole doublet companied by the loss of signal in the oxidized sample. If
which can be simulated with at least two low-spin species the lost signal in the oxidized sample has a doublet feature
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Table 1: Mwsbauer Isomer Shift, Quadrupole Splitting, and Line
Width (all in mm/s) for the NO Complex of Ferric Myoglobin

T(K) b AEq r
42 0.055 1.628 0.348
192 0.023 1.649 0.444

which overlaps with the new doublet, the perceived area of
the new doublet would be diminished.

In our efforts to determine whether the "Nsbauer
parameters of the new species are indicative of Fe(lll)NO,
we found very few characterized ferric heme complexes of
NO. In particular, no Mesbauer parameters have been
published for the NO complex of ferric myoglobin or
hemoglobin. Thus, we prepared a sample of the NO complex
of ferric myoglobin. The Masbauer spectrum of the sample
showed one clean quadrupole doublet, indicative of a
diamagnetic species, with the parameters given in Table 1.
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The sample will undergo reduction in the presence of excesskicure 6: (A) EPR spectra of oxidized HAO fd; 0 B andB;

NO after approximately 15 min due to reductive nitrosylation
(34); thus the sample was frozen within 2 min of NO
addition. The sample showed no evidence of reduced iron

II B. (B) Difference spectruni{) of the NO adduct of HAO minus
oxidized. (C) Difference spectrunt) after purging a sample of
NO. Thell mode spectra for (B) and (C) are for the same respective
samples, but araot difference spectra, and show loss of the

in the Mtssbauer spectrum. Furthermore, an aliquot of the g signal. The simulation in (C) (dashed line) is calculated S|
same sample was measured with EPR spectroscopy and/;] = 0.45 mM with ag-tensor of 0.70, 1.35, and 3.4. Experimental

found to contain no detectable Fe(HINO and less than 5%
unligated Fe(lll).

The characterized ferric NO complex octaethylporphyrin

Fe(NO)(N-Melm)CI is diamagnetic and has "B&bauer
parameters od = 0.02 mm/s and\Eq = 1.64 mm/s 86).
The M&ssbauer parameters of the ferric myoglobin NO and
ferric heme NO complexes compare well with the new
species in HAO, indicating that the new species is a
diamagnetic ferric NO heme complex.

EPR Spectroscop¥PR spectra of fully oxidized HAO
are shown in Figure 6A for orientations of the microwave
magnetic fieldB; perpendicular and parallel to the static field
B. All of the signals in these two spectra have been assigned
in previous work {1). The resonances gt= 1.35, 2.2, and
3.1 are from four low-spin ferric hemes. The resonances at
g=1.66, 1.94, 2.8, and 3.4 anp= 3.7 (I mode) are from

conditions: [HAO]= 0.45 mM; microwave parameters, 9.62 GHz
(0), 9.26 GHz [[), 0.2 mW;T = 14 K (O), 2 K (Il). All spectra are
displayed on the same vertical scale, except the parallel mode
spectra are all at 5-fold higher gain. The signagjat 4.3 is from

an impurity Fe(lll) species of less than 5% monomer concentration.

monomeric protein concentration. The signabat 3.4 is
weak but is consistently observed in all samples.Bdt B
(Figure 6B), the EPR spectrum shows loss of the= 8
signal. Since thg = 8 signal is associated with the hemes
at the active site, the loss of this signal indicates that NO
binds to HAO at heme P460.

We have shown from the above FTIR and $4bauer data
that the binding of NO to HAO results in the formation of
a diamagneti¢ FeNG 6 species. Thus, the P460 heme is no
longer spin coupled to heme 6, and we should expect to find
a new EPR signal from heme 6 which has sBir %,. In

an exchange-coupled heme pair, specifically hemes 3 and Sother words, the addition of one molecule of NO to an

of the crystal structure. The resonancgat 8 (| mode) is
from a second pair of exchange-coupled hemes, specifically

integer-spin system must give an overall half-integer spin
system and a corresponding new EPR signalBor] B.

hemes P460 and 6, where heme P460 (heme 4) is theConceivably, the adventitious NO signalgt= 1.95 could

substrate binding site of the enzyme. All eight hemes per
monomer of fully oxidized HAO are quantitatively assigned
to these observed EPR signals.

The result of addition of NO to an anaerobic EPR sample
of oxidized HAO is shown in Figure 6B. The spectrum for
B, OB is displayed as the difference of NO minus oxidized
HAO. The subtraction factor was determined by minimiza-
tion of the features aj = 3.1, 2.8, 1.66, and 1.35 of oxidized
HAO. The large signal neay= 1.9 is typically observed in
protein solutions from nonspecific binding of NO to the
protein. The same signal is observed from an anaerobic NO-
saturated solution of bovine serum albumin. The signal at
= 2.2 is present in various samples at varying intensities. If

mask the appearance of new signals, such as a signal
associated with thg = 2.2 resonance. For example, recent
studies of a low-spin bis-isocyanide porphyrin complex give
a novel low-spin EPR spectrum with= 1.94, 2.2, and 2.2
(37). To determine if signals were masked, the NO was
exchanged out of solution with multiple cycles of sample
evacuation and Ar equilibration. Figure 6C show the resulting
difference spectra of Ar minus oxidized f&; O B. The
exchange with Ar resulted in the loss of the= 1.9 and 2.2
signals but without recovery of thg = 8 resonanceR; I

B). Thus, the signal aj = 2.2 cannot be attributed to the
heme partner but is from a paramagnetic minority species
of unknown origin. The absence of tlge= 8 signal after

we assume that thig = 2.2 resonance is part of an EPR Ar exchange suggests that NO remains bound. Control

spectrum having-tensor values off = 1.95, 1.95, and 2.2

experiments with oxidized HAO under an Ar atmosphere

(chosen so as to be partially obscured by the nonspecific (without NO addition) resulted in no signal changes from
NO resonance), then signal quantitation indicates thagithe the oxidized EPR spectrum. Exposure of the NO-bound
= 2.2 species could account for no more than 20% of the sample to oxygen had no effect.
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The addition of excess NO may result in the presence of
other products that could also bind to ferric hemes. To test
for this, the NO donor DEANO was added in 2-fold excess
to HAO and frozen after 7 min. The delivered NO amount
calculated using the 16 min half-life for the donor agent gave
a ratio of NO to HAO of 0.5:1. The resulting parallel mode
spectrum showed loss of tlge= 8 signal and a perpendicular
mode difference spectrum similar to that of Figure 6C. We
suspect the amount of NO delivered was higher than 0.5
equiv per HAO. The amount of NO delivered was less than
1 equiv per HAO as indicated by the absence of an EPR
signal from nonspecific NO binding.

We are forced to consider that the weak signaj &t 3.4
originates from heme 6 after NO addition. EPR signals from
single heme sites withmax > 3.2 are not commonly observed
and are referred as lar@g.ax hemes or highly anisotropic
low-spin (HALS) hemes 38, 39). Moreover, the signal
intensity also is consistent with the assignment. A normal
heme signal would contribute far too much signal intensity
to account for the weak signal intensity. We make the
assumption that the fufi-tensor of this signal is 0.70, 1.35,
and 3.4, which are possibkpvalues of a larg&ma.x heme
complex @0). A quantitative simulation for thesg-values
is overlaid in Figure 6C, where the intensity scale of the
simulation is determined from the protein concentration. The

simulation matches the data reasonably well. Thus, heme 6
does produce a signal of the correct intensity when uncoupled g

from P460, although intrinsically very weak due to the broad
magnetic field span of the signal. The addition of cyanide
to HAO results in the loss of thg = 8 signal, indicating
binding of cyanide 15); however, theg = 3.4 signal is not
observed. This is consistent with a paramagnetic P4590
complex which is spin coupled to heme 6 and thus does not
produce a readily observable EPR signal.

The samples in the presence of NO and after Ar exchange

both show the samg = 3.4 signal and absence of the=
8 signal, suggesting that NO remains bound even after
rigorous removal of NO from solution. The nonspecific NO
signal atg = 1.9 vanished after the first exchange with Ar.
Two additional similar exchanges with Ar on the same
sample did not change the EPR signals further. Previous
reports have shown that Fe(lll) hemBO complexes will
undergo photodissociatiodl). The sample of Figure 6C
was subjected to intense illumination with white light (300
W projection bulb) while in a room temperature water bath
and additional exchanges with Ar during illumination. After
this treatment, thg = 8 signal 8, 11 B) and the fully oxidized
HAO spectrum B; [0 B) were recovered. Thus, consistent
with the FTIR spectroscopic results stated above, NO can
be removed to recover the initial oxidized HAO state.
Effect of Substrate and NO on HAM previous work,
the addition of the substrate hydroxylamine results in the
loss of EPR signals from the hemekt = +288 mV (g =
3.1) and partial reduction of hemes 3 and 5 botEat- 0
mV (g = 3.4, 2.8, 1.94, 1.66). In addition, tge= 8 EPR
signal from the active site (hemes P460 and 6) vanistgs (

Hendrich et al.

dy"1dB

330 350

B (mT)
Ficure 7: EPR spectra of HAO in the (A) absence and (B) presence
of substrate NEOH. Experimental conditions: [HAGCF 1.5 mM;
microwave parameters, 9.64 GHz, 0.2 mW4 14 K; modulation,
0.15 mT.
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Ficure 8: EPR spectra of (A) dithionite-reduced HAO and (B)
dithionite-reduced HAO plus NO. Experimental conditions: [HAQ]
= 0.48 mM; [NaS;04] = 5 mM; microwave parameters, 9.62 GHz,
0.2 mW;T =14 K.

axial His is lost 81). Spin quantitation indicates that this
signal in HAO is a minority species of less than 5% of the
monomer protein concentration. The addition of saturating
amounts of NO and hydroxylamine to HAO results in a
significant increase in this signal. However, spin quantitation
found that the amounts are always substoichiometric, never
exceeding 50% of monomeric subunit concentration. The
addition of hydrazine to HAO did not generate the 5-coor-
dinate heme NO signal, indicating that this signal is unique
to the hydroxylamine.

The difficulty in stabilizing a stoichiometric amount of
the heme-NO complex is due to oxidation of HAO by NO.

In the presence of hydroxylamine, we have observed a newA sample of HAO degassed with Ar and reduced with

signal (shown in Figure 7B) which is approximately axial
with g-values of 2.01 and 2.11 and display¥d hyperfine

NaS;0, showed loss of the EPR signals for bah 0 B
(Figure 8A) andB; Il B (not shown). The spectrum of Figure

triplet pattern with a coupling constant of 1.7 mT. This signal 8B is the sample in Figure 8A after anaerobic addition of
is very similar to those observed from 5-coordinate ferrous NO. The NO addition resulted in recovery of most of the
heme-NO complexeg FeNG 7 for which the bond to the  oxidized HAO heme signals. The EPR signal from the
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o of a few minutes. Thus, NO has been consumed by HAO in
jee 1% the presence of hydrazine. Upon consumption of all NO, the
additional hydrazine reduces the enzyme to the same state

as without NO.

Similar results are observed from the optical spectra shown
in Figure 3B. When NO is present prior to the addition of
hydrazine, only the heme &, = +288 mV becomes
reduced (Figure 3B, solid line). The hemes at 0 mV are not
reduced due to consumption of the hydrazine by NO. When
the order of mixing is changed and NO is added to the
NOHANH, "~ E cuvette containing HAO and hydrazine, initially HAO
becomes substantially reoxidized. After several minutes,
gradual rereduction of HAO occurs (Figure 3B, dashed line)
+NO+20xN,H, F but not to the same level of reduction seen in the absence of
NO (Figure 3B, dotted line).

; . \ ‘ ‘ ‘ Cytochromecss, is the physiological electron acceptor for
0 100 200 BS(?T?T) 400 500 600 HAO. When an aliquot of NO-saturated buffer is added or
NO gas is bubbled through a solution of cytochromg,

FIGURE 9: EPR spectrum of (A) oxidized HAO and in the presence and HAO, no reduction of either protein is observed, again
of (B) 2 mM hydrazine, (C) 5 mM KCN+ 2 mM hydrazine, (D) indicating that NO is not oxidizec? by HAO ’
saturated NO solution, (E) N& 2 mM hydrazine, and (F) NG :

10 mM hydrazine. Experimental conditions: [HAS&]0.48 mM;
microwave parameters, 9.62 GHz, 0.2 mW= 14 K. DISCUSSION

= +288 mV heme is partially recovered, and the 8 signal _ The FTIR and M_esbauer spectroscopies unambiguously
is not observed, indicating that NO is bound to heme P460. indicate that NO binds to a heme Fe. The IR band energy
Figure 9 shows the results of the addition of the substrate 1920 cm™ is typical of {FeNG}® heme proteins complexes
hydrazine and inhibitors to HAO. The addition of a 4-fold POSsessing a linear FeNO unit. This energy is near that
excess of hydrazine to oxidized HAO (Figure 9B) results in OPserved for the nitrosyl complex of ferric myoglobin (1922
the loss of the same EPR signals as with hydroxylamine; €M ) (29). The Mssbauer data indicate that only one Fe is
however, the signals from hemes 3 and5, ¢ 0 mV, g = _affected a_nd that binding of NO causes loss of a paramagnetic
3.4, 2.8) are now completely absent. This is apparently a ifon species and the appearance oFaNG ° species which
result of the lower reduction potential of hydrazine relative IS diamagneticg= 0). Heme P460 does not display a typical
to hydroxylamine. The reduction potentials at pH 7 for the ferric heme EPR signal. Instead, due to an exchange coupling
oxidation of NFHOH to N,O and NH, to N, are—0.46 and with heme 6, an EPR signal is observedyat 8 for B, || B

~0.64 V, respectively, for values calculated from the (15). We find that theg = 8 signal vanishes upon NO
standard reduction potentials at pH4P). Three signals of addition, which indicates that NO binds to heme P460. Heme

dy"/dB

unknown origin and weak in intensity appeargat 3.45, P460 is the only 5-coordinate metal center, and the binding
3.2, and 2.9 in the presence of hydrazine. The 3.2 and 2.99f NO must change the spin state and therefore the EPR
signals have been observed previousig, (44). Theg = signal vanishes.

3.45 signal could possibly be the largg.x EPR signal from The coordination of NO to heme P460 results in the

heme 6. However, it is not yet possible to isolate this signal formation of a diamagnetic iron complex. This results in the
and compare accurately to the signal observed in the presenc#oss of the spin interaction between heme P460 and heme 6,

of NO (Figure 6B). Thus, we currently cannot assign this and a new EPR signal must therefore be observed from the
signal to heme 6 with certainty. spinS= %,. The NO complex thus allows, for the first time,

The presence of a 10-fold excess of cyanide prior to the detection of a signal from heme 6. The signal from heme
addition of hydrazine results in the same state of the enzyme6 can only be interpreted as a larggi.ctype heme species.
as without cyanide, as shown in Figure 9C. The experiment As is evident in the structure shown in Figure 2, the planes
was repeated with a saturated anaerobic NO solution in placeof the imidazole rings which are coordinated to heme 6 are
of cyanide. The EPR spectrum of oxidized HA® NO orthogonal (His204, His263). No other heme in HAO
(Figure 9D) shows the typical HAO signals and a signal from displays this orthogonal imidazole geometry. Consistent with
nonspecific NO aty = 1.97. Upon addition of a 4-fold excess this assignment, an orthogonal imidazole geometry has been
of hydrazine (Figure 9E), the 0 mV hemes become partially shown in a number of other characterized heme complexes
reduced and the nonspecific NO signatjat 1.97 is nearly 10 give rise to large@mactype EPR signals39, 45). These
absent. A new weak signal is presentgat 2.04, which conclusions strengthen our original findings in which P460
quantifies to less than 5% of the protein concentration. The and heme 6 are exchange coupled.
origin of this signal is uncertain, possibly a low-spin Fe(lll) The oxidized state of HAO prior to addition of NO could
species. This signal does not display the triplet hyperfine be recovered after Ar exchange and illumination, but it is
pattern of Figure 7B. Additional hydrazine (Figure 9F) results unclear why illumination is necessary. We have shown that
in full reduction of the 0 mV hemes, giving nearly the same NO was removed from solution by the loss of the= 1.97
spectrum as in Figure 9B. Control experiments with only EPR signal from NO. We can detect a minimum concentra-
NO and hydrazine show no loss of the= 1.97 signal and  tion of NO at approximately 1& M, but our gas exchange
thus no direct reaction of NO and hydrazine on the time scale procedure should have given [N®]10° M. The dissocia-
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tion rates for NO to typical ferric hemes are sufficiently fast for enzymatic function since NO can also be a product of

(kot = 10'—10% s71) and the binding constant is sufficiently HAO (21). However, we have shown that the enzyme can

small Keq= 10°—10° M~?) (41, 46) that a significant fraction ~ recover from the NO-bound state. Substrate is able to

of uncomplexed HAO should have been observed. Thus, wepartially reduce HAO in the presence of either cyanide or

should observe recovery of the original oxidized state without NO, and NO will oxidize HAO. Moreover, substrate and

illumination. We conclude that the equilibrium constant for HAO will consume NO from solution. These results indicate

the association of NO to heme P460 (a unique hemean alternative pathway for heme reduction of HAO by

environment) is 1@ Mt or higher. Alternatively, NO substrate in the presence of inhibitors. Given the high

leaves, heme P460 is reduced, and the illumination resultsreduction potential of at least one heme288 mV), it is

in photooxidation of heme P460. However, in this process, possible that substrate interaction occurs through an outer-

we might expect a change to tlge= 3.4 signal, or a new  sphere mechanism at a heme other than heme P460. Another

radical signal, or reduction of an iron after photooxidation possibility might involve substrate oxidation at an active site

of heme P460, but none of this is observed. on one subunit, followed by electron transfer across subunits
Catalytic Cycle Oxidation of substrate presumably occurs and reduction of NO at an inhibited active site.

after binding of NHOH to heme P460, rather than oxidation
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