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Hydroxylamine oxidoreductase (HAO) from the autotrophic bac-
terium Nitrosomonas europaea catalyzes the 4-e™ oxidation of NH,-
OH to NO,™. The e~ are transferred from NH,OH to an unusual
5-coordinate heme known as P460, which is the active site of
HAO, and from there to an array of seven c-type hemes. NO*,
generated by laser flash photolysis of N,N'-bis(carboxymethyl)-
N,N’-dinitroso-1,4-phenylenediamine, is found to act as a 1-e~
donor to HAO. Most likely NO* binds P460 to yield a { Fe(NO)}®
moiety, which then hydrolyzes to give the reduced enzyme and
NO, . The { Fe(NO)}® moiety is also a plausible final intermediate
in the oxidation of NH,OH.

The enzyme hydroxylamine oxidoreductase (HAO) from
the autotrophic bacteriuiitrosomonas europaezatalyzes
the 4-e oxidation of NHbOH to NG, .22 This is the second
of two steps by which Nif is oxidized to NQ~ in Nm.
europaea the first step, oxidation of Nk to NH,OH, is
catalyzed by the enzyme ammonia monooxygeRaSee
net oxidation of NH* to NO,™ is critical to Nm. europaea
which derives all its energy for growth from the procéss.
As part of the biological nitrogen cycle, the oxidation of
NH4t to NO,~ also has broad economic and ecological
importance:®HAO is a large and very complex homotrimer
with a molecular weight of 68 kDa per mononfeEach
monomer contains seventype hemes and a novel eighth
heme known as P46 The Fe center of P460 has a vacant
coordination site at which N#DH binds and is then
oxidized? 1?2 The role of thec-hemes appears to be the
transfer of € from the P460 active site to one or more e
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acceptors. Cytochronmess an abundant periplasmic protein
in Nm. europaegis considered the most likely candidate as
the e acceptor?

With a total of 24 hemed\m. europaeddAO is one of
the most complex heme-containing enzymes knévay.
contrast, heterotrophic bacteria that can also oxidize™NH
to NO,~, but do not use Nl oxidation as a source of
energy, contain a much simpler form of HA®! An
important question, then, is what role the added complexity
of theNm. europae&lAO plays. This interesting mechanistic
guestion inspired the investigation described here. Schemes
1 and 2 suggest a plausible formal sequence by whick NH

Scheme 1
NH,0H — HNO +2H"+2¢~
HNO —NO*+H"+2e~
NO*+ H,0 — NO; +2H"

Scheme 2
NO + Fefjy=——{Fe,,(NO)’ F"(NO)
FeraNO)Y + HO——Felt NO+2H T | |=reovos
Fefu—Fengt e Fe'((NO")

OH oxidation could take plackthat was chosen as a starting
point for this investigation. Scheme 1 implies that XHH
oxidation to NQ™ takes place via two sequential 2-gteps,

in which fragments formally designated as HNO and®NO
are P460-bound intermediates. As shown on the right-hand
side of Scheme 2, after consideration of the corresponding
formal oxidation state of the P460 iron, the NDtermediate

of Scheme 1 must properly be written in terms of two
resonance structures, often collectively representdd-as
(NO)}8.16:17With this point in mind, Scheme 2 also suggests
that NO could act as a 1-ereductant of HAO, selective
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for the P460 active site. Hydrolysis of the FO moiety
in {Fe(NQO} ¢ hemes, as shown in Scheme 2, has extensive
precedent in heme chemisf§° Herein we present results
that demonstrate that N©@an indeed act as a T-eeductant
of HAO, as suggested in Scheme 2. This result assumes a
heightened importance in light of a recent article that reported
NO- to be incapable of reducing HAS.

Using a methodology first reported by Namiki et&INO*
for reaction with HAO was generated in situ by the photolysis
of N,N-bis(carboxymethylN,N-dinitroso-1,4-phenylenedi-
amine (), as depicted in Scheme 3. A 10 ns pulse from a
XeCl excimer laser was used to generate initial concentra-
tions [2]o and [NO]o from 1, that could be readily controlled
either by varying the intensity of the laser pulse, or by
maintaining the laser pulse constant and varying the con-
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Figure 1. Changes observed in the visible spectrum after photoexcitation

then be calculated using the recently determined values forof & solution initially containing 4%M 1 and 87 nM HAO, in 50 mM

k- andky.?? After at most -2 ms, P] decreased te-0, and
[NO*] decreased to a constant concentration {{NGpecies
2 and3in Scheme 3 are both oxidizing ageftso NO is
the only potential reductant generated in the photolysis.
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Figure 1 shows typical changes observed in the visible
difference spectrum when a thoroughly anaerobic solution

containingl (47 uM) and HAO (87 nM)?* in phosphate
buffer pH= 7.4, was irradiated as described abév&he

prominent signal seen at 420 nm, together with weaker
features at 523 and 552 nm, grows exponentially, while over
the same time frame a signal at 404 nm decreases exponen-
tially. Such spectral changes are characteristically seen during

the reduction of all thee-hemes of HAO, except one that
has a maximum\A at 560 nm instead of at 552 n#fr.28

Figure 1 shows no evidence of spectral changes involving
the P460 center, which has visible spectroscopic character-

istics that are very different from those of tbénemeg-26:2829
The molar absorptivity differences at 420 nmef)

associated with reduction of tleehemes of HAO are known

to fall between 48 and 114 mM cm™, depending on the
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phosphate buffer pH 7.4 (path length= 0.5 cn?9). Under these conditions,
[NO}1, the concentration of NGpresent after 1 ms, would be approximately
2.4uM.22In this and all other experiments [Nfpwas taken to be roughly
constant during the subsequent reaction, because it wd@5&greater than
[HAO]. The first five spectra shown are at 300 ms intervals; the final
spectrum is one obtained after 6 s.

heme?® Application of Beer’s law to the final value @A 42
seen in Figure 1 (correspondingtte- 6 s), using the smaller
of the Aego values and a path length of 0.5 éfhshows
that at most twoc-hemes out of the seven available per
subunit were reduced following the laser irradiation. How-
ever, the three most readily reducible hemes all hasg,
clustered around 105 mMWicm,28 and, if this value is used
to analyzeAA,,0 as above, then the conclusion is that only
onec-heme per subunit is reduced following the laser pulse.
An apparent rate constakg,s= 1.7 s was obtained by
fitting the data in Figure 1 to an exponential function.
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60 mM (NH;)2SO;. Fractions of the eluate with high HAO specific

hydroxylamine cytochrome oxidoreductase activity were pooled and

concentrated as before. The eluate thus obtained showed a single band
in SDS/PAGE electrophoresis, due to~a2200 kDa protein (the
molecular mass of HAO is 204 kB4. The concentration of the
purified protein was determined from the absorbance of the Soret band
at 408 nm, using a molar absorptivity value of 2100 miMm™1,
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Halving [NOY: decreased,,s by roughly 50%, suggesting be detected, could be catalytically oxidizing the NO, and
that, in the limited range examined so far, reduction of HAO then in turn reducing the HAO.
is first order with respect to [NQ. In the absence of, Two things about the results presented here appear to be
irradiation of HAO with 308 nm laser light did not resultin  at odds with a very recent article that also reported on the
any absorbance changes. The final intensities of the spectralnteraction of NOwith HAO.2° The earlier article concluded
features vary linearly with [HAO]. Adding an excess of up that NO is incapable of reducing HAO, and moreover, it
to 1 mM NG,™ to the reaction mixture had no effect on either presented excellent IR, Msbauer, and EPR evidence for a
kobs OF the final intensities of the spectral features. stable {Fe(NO}® moiety in HAO P460 that doesot
HAO has two solvent-accessible hemes per subunit thathydrolyze to give reduced HA®.The lack of evidence for
could be directly reduced by N@Dne is P460, and the other a{Fe(NO}® intermediate in the work presented here is not
is a c-heme that has a highly exposed heme edgbe surprising, given the low [N used in the experiments
remainingc-hemes of HAO are buried within the protéin  (<2.4uM, as compared te-1 mM in ref 20). The stability
and could only be reduced indirectly by intramolecular constant that governs binding of N@ ferrihemes is much
electron transfer (IET) either from P460 or from the exposed smaller than that for ferrohemésand the first equilibrium
c-heme, once either of these had been reduced by tite NO in Scheme 2 is likely to lie far to the left in solutions with
Direct reduction of the exposetheme, on the time scale  micromole/liter concentrations of NOMoreover, the lack
observed in the present experiments, would necessarilyof effect of NG~ on HAO reduction by NO(see above)
involve outer-sphereetransfer from NOto the heme edge,  indicates that the back-reaction in the second equilibrium of
because the Me center is 6-coordinate and not directly Scheme 2 is not a significant source{&fe(NO}$, probably
available to the reducing ligand. N®@as been shown to  because the subsequent IET reaction is fast and essentially
displace one of the axial ligands of ferricytochromea irreversible (the reduction potential for P460+260 mV
process that can ultimately lead to cytochrome reduction, at pH 7, while one of the-hemes has a potential as high as
but the ligand substitution is slovkg = 720 M1 s71).18:31 288 m\#9), It is not so clear why Hendrich et al. saw no
For its part outer-sphere d@ransfer from NOto the heme  evidence for HAO reduction by NGC In a preliminary
edge is highly unlikely, because such transfer would generateexperiment at higher [NQ) we obtained a visible spectrum
the intermediate NQ, which has the high 1-ereduction for HAO under 0.68 atm of NOgas? that clearly showed a
potential of 1.2 V at physiological pf?:32In support of this signal at 552 nm, attributable to reduaetieme(s) (data not
reasoning, separate experiments verified that horse hearshown). Further studies are currently under way to investigate
ferricytochromec at least does not react in any detectable the reaction of HAO with NOunder a broader range of
way with NO on sub-second time scales. conditions, including higher [NQ, and different pH values.
Given that direct outer-sphere #ansfer from NOto the Hopefully these investigations will clear up the apparent
solvent-expose@-heme edge is highly unlikely, the most discrepancy.
plausible alternative is that the spectral changes seen in
Figure 1 are due to reduction of @heme by IET from Acknowledgment. We thank John Enemark and Lara
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