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ABSTRACT. EPR spectra at liquid helium temperatures and MCD spectra at room temperature and 4.2 K
are presented for fully oxidized nitric oxide reductase (NOR) fi@seudomonas stutzeriThe MCD

spectra show that the enzyme contains three heme groups at equivalent concentrations but distinctive in
their axial coordination. Two, in the low-spin ferric state at all temperatures, give rise to infrared charge-
transfer transitions which show the hemes to have bis-histidine and histigiethionine ligation,
respectively. The EPR spectra show them to be magnetically isolated. The third heme has an unusual
temperature-dependent spin state and spectroscopic features which are consistent with-thgtidixele
coordination. No EPR signals have been detected from this heme. Together with its unusual near-
infrared MCD, this suggests a spispin interaction between this heme and another paramagnet. The
three hemes account for only 75% of the iron content, and it is concluded that the additional paramagnet
is a mononuclear ferric ion. These results provide further evidence that NOR is indeed structurally related
to heme-copper oxidases and that it contains a heme/non-heme iron spin-coupled pair at the active site.

In bacterial denitrification, nitrate is reduced to dinitrogen possessing cytochromet; yielded NO as the product of
in four separate steps: NO— NO,” — NO — N,O — N.. NO;~ reduction with little NO (14).
The first of these reactions occurs at the inner face of the  The enzyme fronP. stutzeriwas the first NOR to be

cytoplasmic membrane producing nitrite ion which is then jspjated and was shown to be a heterodimeric complex with
exported to the periplasm where the three subsequentsypynit masses of 53 kDa (NorB) and 17 kDa (NorC). The
reduction steps take placd-{4). Of the four enzyme b-type heme is associated with NorB and thé/pe with
systems mediating these reactions, the last to be identifiedygrc G, 8, 15. It was reported that the NorBC complex
and the least well characterized is nitric oxide reductase ¢ontains approximately two heme groups, and an EPR study
(NOR) (EC 1.7.99.7), a membrane-bound cytochromee jqentified both high- and low-spin ferric heme in ap-
co_mplex which catalyzes the one_-e_l_ectron reduction of nitric proximately equal concentrationS)( The high-spin ferric
oxide to NO (5—8). There was initially some doubt as 10 heme EPR features represented three different species
whether nitric oxide is a genuine free intermediate of amounting to 0.750.85 heme per enzyme molecule. Two
denitrification ©—11). The alternative, that3D is produced  |ow.spin ferric heme species were detected at concentrations
directly from NG,™ by a single enzyme, was ruled out when 4t 0.96 and 0.3-0.3 spin per molecule, respectivell. In
mutational inactivation of nitrite reductase yielded cultures contrast, the NOR fronP. denitrificanswas reported to

which could still reduce NO12, 13. A cytochromebc containb- andc-type hemes in a 2:1 ratic).
complex with NO reductase activity was subsequently

isolated from bothPseudomonas stutzeasind Paracoccus
denitrificans (5, 6). Also a Nor mutant of P. stutzeri

The primary structure of thB. stutzeriNOR shows little
homology with any other known protein sequences although
hydropathy analysis suggested that NorB forms 12 membrane
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by the Deutsche Forschungsgemeinschaft and Fonds der Chemischeglose to the periplasmic face of the membrade 17).
Industrie (W.G.Z.). However, subsequent examination indicated sequence simi-
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oxidase; CCO, cytochromeoxidaseP. stutzerj Pseudomonas stutzgri Pseudomonas aeruginog20) andP. denitrificans(21) lent
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aeruginosa EPR, electron paramagnetic resonance; MCD, magnetic . . . .
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temperature. which catalyze the four-electron reduction of dioxygen to
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water and couple the free energy to the creation of a trans-show thatP. stutzeriNOR does indeed contain three distinct
membrane proton gradient. They exhibit variable composi- types of heme group at equivalent levels and that they
tion but all contain a common core of three subunits which correspond in terms of spin-state and coordination properties
exhibit high levels of sequence homolody8( 22. Three- to those found in heme-copper oxidases, specifically the
dimensional structures have been determined for two of thesecytochromecbh; enzymes.

oxidases, cytochromaa; from P. denitrificans(23) and

cytochromec oxidase (CCO) from bovine cardiac muscle MATERIALS AND METHODS

(24, 295. These confirm earlier conclusions, based on E : :

. ) .. Enzyme PreparationNOR was prepared frof. stutzeri
sequence and mutagenesis studies, that the Igrge HCQ SubunitoBellystrain, RTCC 14405, puthiedpto homogeneity, and
| comprises 12 membrane spanning helix@?)( Six analyzed for cofactors as previously describéd 15.

|nvar|anth|s_t|d|nes act as ligands to_the metal centers which Samples for spectroscopic examination were prepared in
are bound, in the case of the bacterial enzymes, close to the

periplasmic side of the membrane. The active site contain:sdemerlum oxide solutions contammg 20 mM HEPE.S
. ; . . L X . NaOH, 0.5% dodecyl maltoside, and 0.3 M potassium
one _hlgh—spln ferric heme in magnetic interaction with a chloride at pH*= 8.2 (pH* is the apparent pH of the,D
ﬁ?srzirélci:nlgg,akcr'zoe\:\;nliaz\r?ajs(zv%rﬁ?.th'i:smcjj?n?lfctlzgrcgi?jegvrfg to solutions measured using a standard glass pH electrode).
the high-spin hemg and three to £uThe remainingi pair Spectra are plotted using a concentration value which is equal
. . o L to 0.25 of the total iron content of the protein samples.
of invariant histidines are the two axial ligands to a

magnetically isolated low-spin ferric heme. The structural Protein determinations by a modified Lowry methate)

. ) O 1 ,
data are yet of insufficient resolution to identify with certainty give apparent concentrations20% higher than this value

what, if anything, lies within the active site directly between but which are in disagreement with heme concentrations
the two metal ions. This is an unresolved question for HCOs. derived from the spectroscopic results presented below.

Active site heterogeneity caused by variations in both tras\?vee(;terorséi:%?dce,\él%isirel—mircﬁlﬁgggllcsbsgtl;g“?]r;tsoprﬁgter
oxidation and ligation state is a long-studied probled@)( EPR specira were recorded on an X—bar?d ERPZOOD S ec.-
Analyses of NOR sequences show that NorB has 15 b P

20% homology with subunit | of heme-copper oxidases and trometer (Bilker Spectrospin) interfaced to an ESP1600

suggest that it also forms 12 membrane-spanning helii@s ( computer and fitted with a liquid helium flow-cryostat (ESR-
18, 20. Furthermore, six of the histidine residues in NorB 9; Oxford Instruments). Magnetic circular dichroism (MCD)

occur at positions analogous to those of the six totally spectra were recorded on either a circular dichrograph,

conserved metal binding histidines of HCO subunit . Thus, JASCO J-500D, for the wavelength range 28000 nm or

the postulated relationship between NOR and heme-copperal laboratory-built dichrograpig) for the range 8062500

; . L nm using an Oxford Instruments SM4 split-coil supercon-
oxidases requires the presence of two hemes within NorB, : : . ook
ducting solenoid capable of generating magnetic fields up

one possibly as part of a dinuclear site and one as a bls'to 5 T. To obtain optical quality glasses on freezing for

histidine liganded low-spin heme. Subunit Il of the HCOs low-temperature MCD measurements. alvcerol was added

varies in its prosthetic group content. In the quinol oxidases, 0 sam ?es t0 a level of 50% vidi4) Tﬁegs)e/ additions did

it contains no metals3(l). When soluble cytochromeacts mp : .
not significantly alter the EPR or room-temperature electronic

as electron donor then subunit Il contains one of two types absorption spectra. Quantitation of low-spin ferric EPR

of metal center: the dinuclear copper site ACitn the case X . . o
of CCO (18) and ac-type cytochrome in FixO, the equivalent ?A%;‘?Eixvai ?ﬁu egﬁgl;)ég_;%rggtgos ionf Qgi%:rrédr}gard
subunit of cytochromebhs-type oxidases32—35). Both 9 P |

NorC and FixO contain &-type heme binding motif and  pegyLTS
are predicted to comprise a globular region extending into
the periplasm with an N-terminal membrane anchoring Electronic Absorption and MCD of Oxidized NOR at Room
domain. Significantly, perhaps, cytochronobh; is the Temperature Figure 1a shows the room-temperature ab-
heme-copper oxidase whose sequence is the most similar teorption spectrum of oxidized NOR. The Soret band, at 412
that of NOR (8, 19, 32, 3B nm, has an intensity of 312 mM cm™%, suggesting the
However, an important difference between HCOs and presence of approximately three hemé8)( The spectrum
NOR is that elemental analysis of NOR preparations shows includes no features clearly associated with high-spin ferric
the absence of copper but a higher iron content than can beheme. There is, however, some very weak intensity between
attributed to hemes( 17, 37, 38 This has led to speculation 640 and 740 nm which is characteristic of low-spin ferric
that the HCO Cp site is replaced, in NOR, by some form hemes possessing at least one of the sulfur ligands methionine
of non-heme-iron site. Iron analyseshfdenitrificansNOR or cysteine. Cytochromes(histidine—-methionine), bacte-
suggest a mononuclear si&7]. The possibility that heme-  rioferritin (bis-methionine), and cytochrome P450 (cysteine
copper oxidases are derived from an NOR structure in a H2O) all give rise to such absorption intensig/7-49).
modification which involves replacement of iron with copper ~ Bands in the MCD spectrum to the high-energy side of
at the active site is intriguing since it has long been known 600 nm are due tor—xa* transitions of the porphyrin
that CCO can reduce NO to.® but at rates several orders macrocycle and are sufficiently sensitive to the properties
of magnitude lower than for NORS( 15, 16, 38-41). NOR of the iron so as to be diagnostic of its spin and oxidation
from P. denitrificans(ATCC 35512) is reported to be able state and can also provide a measure of heme concentration
to reduce dioxygenl). (50). At longer wavelengths, charge-transfer (CT) bands,
We present here the results of a study of the oxidized stateinvolving porphyrin ) — ferric (d) transitions, can be
of P. stutzeriNOR using EPR and MCD spectroscopy which detected in the MCD spectrum: two for high-spin ferric heme
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FIGURE 2: Near-infrared (NIR) MCD spectra d¢f. stutzerinitric
oxide reductase. Buffers were as described in Materials and
Methods. (a) Room temperature spectrum. Sample concentration
was 225uM. The spectrum was recorded using a magnetic field

Ficure 1: UV—visible spectra oP. stutzerinitric oxide reductase. of 6 T. (b) Spectrum at 4.2 K. Sample concentration was§6
Buffers were as described in Materials and Methods. (a) Room- : P -2 1. samp e i
The spectrum was recorded using a magnetic field of 5 T.

temperature electronic absorption spectrum. Sample concentrations
used were 32 and 228M. (b) Room-temperature MCD spectrum. . .
Sample concentrations used were 32 and 285 The spectrum between 640 and 740 nm. This corresponds to the absorption

was recorded using a magnetic field of 6 T. (c) Low-temperature intensity which was assigned to one thioether liganded heme.
MCD spectra. Sample concentrations used were 18 andM@5 In the room-temperature NIR MCD spectrum of oxidized
The spectra were recorded using a magnetic field of 5 T. NOR, Figure 2a, two CT bands are observed with maxima
Temperatures were 1.7 K, 4.2 K ¢ - ), and 10 K ¢--). at 1585 and 1840 nm, wavelengths characteristic of bis-
histidine and histidine methionine ligation, respectively 8,

50). The intensities of these peaks indicate that the two
hemes are present at approximately equimolar levels.

In summary, the room temperature absorption and MCD
spectra clearly indicate three distinct heme species, present
at comparable levels. This conclusion is confirmed by the
MCD spectra at low temperature in the near-infrared region

300 400 500 600 700 800
Wavelength (nm)

and one for low-spin§1—-53). The energy of the low-spin
ferric heme CT transition is shifted by changes in heme
coordination, and locating this band by MCD is a well-
established method of identifying axial ligand8(50Q. The
positions of the high-spin CT transitions are also sensitive
to the nature of the axial ligands but have been less

extensively studied. (see later). Two of these hemes are low-spin ferric at room
The UV-visible room-temperature MCD spectrum of temperature with bis-histidine and histidinmethionine
oxidized NOR, Figure 1b, contains a derivative shaped band coordination, respectively. The third heme is high-spin with
at the wavelength of the Soret absorption that is characteristica CT band shifted to an unusually short wavelength.
of low-spin ferric heme. At these energies, the low-spin  EPR of Oxidized NOR at Low TemperaturEhe X-band
ferric heme dominates the contribution from any high-spin EPR spectrum at 10 K, Figure 3, shows three features at
heme. The peak-to-trough intensity provides a reliable = 297, 2.25 ~1.4 typical of a low-spin ferric heme
measure of the number of low-spin hemes contributing. Since coordinated by two histidine residues with approximately
a value ofAe = 150-160 Mt cm™* T1 is typical for one  parallel ligand plane orientation§5). We therefore assign
heme B0), the Soret region of Figure 1b is due to two low- these signals to the bis-histidine coordinated heme detected
spin ferric hemes. In the-region, the intensity of the  in the room-temperature MCD spectra. Integration ofghe
derivative shaped band with extrema at 548 and 570 nm is= 2.97 feature using the method of Aasa arichvgéard 45)
also typical for two low-spin ferric hemes. The sharp vyields a concentration 0f0.96 spin per mole of protein,
negative feature at 611 nm is assigned to a high-spin ferric consistent with the conclusion from the NIR MCD that bis-
heme. The intensity approximatetyl M=t cm™ T-1is histidine heme accounts for one low-spin heme at room
comparable to that observed for high-spin ferric hesnm temperature.
several derivatives of cytochronie; (53, 54), but because Features neag = 6 andg = 2 represent minor amounts
of the presence of contributions from the other hemes, it is of high-spin ferric heme and small amounts of Cu(ll),
impossible to detect in the absorption spectrum. This respectively. These small quantities represent no more than
wavelength is unusually blue-shifted for a high-spin ferric a few percent in terms of enzyme concentrations. Impor-
heme. A derivative shaped MCD band is clearly seen tantly, therefore theg = 6 signal cannot be correlated with
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This suggests that one heme of NOR has changed from
high-spin at room temperature to low-spin ferric at 4.2 K.
This is confirmed by examination of the NIR MCD which
reveals a new low-spin CT band, Figure 2b. The NIR CT
bands at 1585 and 1840 nm from the bis-histidine and
histidine—methionine hemes, respectively, remain, but an
additional positive MCD band is observed at 1945 nm. This
is an unusual wavelength for the CT band of an isolated low-
spin ferric heme. The typical wavelength ranges observed
are 1746-1900 nm for histidine-methionine and 2140
2270 nm for methioninemethionine ligation. We therefore
assign this peak to the third heme and postulate that its spin-
state has undergone a temperature-dependent change from
high-spin at room temperature to low-spin at 4.2 K.
However, this additional low-spin Fe(lll) heme is not

100 200 300 400 500 600 apparent in the EPR spectrum. This suggests that it may be

Magnetic Field (mT) spin-coupled to another paramagnetic center.

Ficure 3: X-band EPR spectrum of oxidiz&d stutzerhitric oxide
reductase. Buffers used were as described in Materials and MethodsD|SCUSSION
The spectrum was recorded at 10 K using 1 mT modulation
amplitude and 2.01 mW microwave power. Tgiealues of features The EPR Detectable Low-Spin Ferric Heméghe MCD
discussed in the text are indicated. clearly shows the presence of two ferric hemes which are
low-spin at all temperatures and have histidihéstidine and
histidine—-methionine ligation, respectively. These cor-
respond to the two low-spin ferric hemes observed in the
EPR spectrum. The latter is responsible for the absorption
and MCD intensities in the 649740 nm region. These and
other spectral assignments are listed in Table 1.

NorB is theb-heme containing subunit structurally ho-
fmologous to HCO subunit | which always contains a heme
coordinated by two histidine residues orientated with parallel
ligand planes, an arrangement characterized by a rhombic
EPR spectrum witlg-values close to the set of = 2.97,
2.25,~1.4 observed here. We therefore assign this set of
g-values to théb-heme of NorB and not to the-heme of
NorC as has been suggested RordenitrificansNOR (37).

any of the heme species already identified in the MCD
spectra. Note that the signalgt= 4.3 which typically arises
from a magnetically isolated non-heme iron center is also
low in amplitude.

The feature agy = 3.54 is assigned as thg feature of
the spectrum of a low-spin heme with histidin@ethionine
ligands. This higlg-value together with the asymmetric or
ramp shape of the signal shows that it is one component o
a rhombic trio in which two of they-factors are below 2.
This leads overall to a broad “largg.ax’ type EPR spectrum
where the other twg-values are not easily detected in the
derivative mode §5). Consequently, quantitation of this
species by EPR spin integration is less straightforward.
Griffith showed that, in the limit of negligible covalency,

the sum of the squares of tigevalues of a low-spin ferric The EPR signal witly, = 3.54 is assigned to a histidire
heme equals 1656). Assuming this to be the case, it can Methionine coordinated heme in NorC. This type of
be shown that for largegmax species, whereg, > 3.5, spectrum is typically observed for hemes with two perpen-

uncertainty in the values af, and g, yields an error in dicularly orientated histidine ligands but can also arise in
determination of the spin concentration©£% (57). Using cases with histidinemethionine ligation, for example trge

this approach, it was shown that the= 3.54 feature inthe = 3.64 signal of cytochrome, from Azotobactewinelandii
EPR spectrum ofP. denitrificans NOR represents 0.71 (58). The two reported EPR spectra of cytochronebss
electron spin compared to 1 for tge= 2.99 signal 87). In also contain a larg@max type g feature from the heme

the P. stutzeriNOR EPR spectrum of Figure 3, the ratio of (36, 59, suggesting that the strong structural similarities
amplitudesy = 3.544 = 2.97 is higher than observed for Pe&tween NOR and HCOs extend to subunit II.
P. denitrificans and the same method of integration shows ~ Assignment of the 1585 nm MCD band to the species
that theg = 3.54 signal also representsl spin per mole of ~ responsible for thg = 2.97, 2.25~1.4 EPR spectrum and
protein. This is consistent with the conclusions drawn from the 1840 nm band to thg = 3.58 species relies on the NorB
the MCD properties. The EPR properties are unaffected by structural model and the invariant EPR spectra observed for
the addition of 50% glycerol as a glassing agent for the the low-spin hemes of HCOs. There is however confirmation
optical studies. of these assignments in the NIR MCD spectra where ligand
MCD of Oxidized NOR at Low Temperaturén Figure orientation governs the intensity of the MCD NIR CT band,
1c are the low-temperature UWisible MCD spectra of especially in the low-temperature spectrum. For a specific
oxidized NOR. These are dominated by the low-spin ferric ligand pair, the orientation which gives rise to a lagex
heme, and the spectrum therefore gives an excellent measur&PR spectrum also results in higher NIR MCD intensity.
of heme concentration. Since a24 a low-spin ferricheme ~ The 1585 nm band is undoubtedly due to a heme with bis-
typically yields a derivative Soret feature with a peak-to- histidine ligation, but has too weak an intensity to have
trough intensity of~32 mM~1 cm! (50), the value of 95 perpendicular ligand planes and so cannot correlate with the
mM~1 cm ! for NOR suggestshree rather than two low-  large gmax EPR spectrum.
spin ferric hemes. The 611 nm trough seen at room The Actie Site Heme.The room-temperature absorption
temperature is no longer observed in the 4.2 K MCD. spectrum of the heme-copper oxidase, cytochrdmg
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Table 1: Spin State and Axial Ligand Assignments of the Ferric Hemés sfutzeriNOR

MCD spectra EPR spectra heme spin state  heme axial ligation
hemel RT intense bands 366600 nm positive band at 1585 nm low-spin histidirtestidine
LT® intense bands 366600 nm positive band at 1585 nm g=12.97,2.25~1.4 low-spin histidine-histidine
heme2 RT notdetected 306600 nm  derivative centered 1100 nm high-spin histidinehydroxide
negative trough at 611 nm
LT intense bands 306600 nm positive band at 1945 nm EPR silent low-spin histietimedroxide
heme3 RT intense bands 30600 nm positive band at 1840 nm low-spin histidimaethionine
weak bands 646740 nm
LT intense bands 306600 nm positive band at 1840 nm g=354,—, — low-spin histidine-methionine

weak bands 646740 nm
a2 Room temperature.Low temperature: 10 K for EPR spectra and 4.2 K for MCD spectra.

contains a distinct shoulder at 625 nm which signifies the spin to low-spin on cooling. We note that a thermal
presence of high-spin ferric heme, in this case the hesne equilibrium between a low-spin ground state and a high-
at the dinuclear active sit€@). This band normally appears spin excited state would give at high temperatures equal
in the MCD spectrum as a derivative shaped feat6®. ( mixtures of the two spin-states, whereas at low temperatures
In the presence of low-spin heme, which gives rise to intenseonly one species would be expected to dominate the
signals at shorter wavelengths, the low-energy trough of this spectrum. However, in this case, the heme switched from
band is often the only isolated high-spin feature. A second 100% high- to 100% low-spin on cooling.
derivative shaped high-spin CT MCD band also occurs at An important question remains concerning the nature of
lower energies, typically 8661300 nm. We have previously the ligands to the heme in the dinuclear site. The wavelength
noted systematic shifts in the energies of both bands in of the third low-spin NIR CT band is 1945 nm, a position
response to axial ligand changes at high-spin hemef between those regions associated with histicimethionine
cytochromebos (53). For the higher energy CT band, MCD and bis-methionine coordination. The energy of the CT band
data are available for eight different ligand pairs (see refs of low-spin Fe(lll) hemes depends on the ligand field strength
53 and 62 and references therein). These data are being of the axial ligand(s). The field strength of a particular ligand
extended by use of heme-pocket mutants of myoglobin, andcan be modified by the protein environment in a number of
we have characterized two novel histidiftgrosinate ligand-  ways; for example, an axial ligand may be constrained by
ed heme species (H. Seward, M. R. Cheesman, and A. Jsteric effects to adopt an unusual orientation, by H-bonding
Thomson, unpublished data). These and the majority of theto reduce the field strength, or by the presence of another
data available for high-spin ferric hemes have histidine as ligating metal ion, such as G(I) in the dinuclear site of
one of the ligands. In the case of a histidine proximal ligand, CCO and quinol oxidases. In the last case, the effect of a
a distinct pattern in the positions of the CT bands is clear, distal coordinating metal ion will be most pronounced if a
e.g., for histidine-H,O ligation the two CT bands cluster ligand, X, bridges between the heme Fe(lll) and the distal
around 640 and 1080 nm. If the iron is fiveoordinate, metal ion. For CCO and cytochront®s;, a NIR CT band
the bands are red-shifted to positions near 660 and 1240 nmis observed at anomalously long wavelengths when the active
For distal ligation by the anions fluoride, tyrosinate, or site heme is sent low-spin by binding of cyanide. Bridging
hydroxide the CT bands are blue-shifted to the regions610 to Cus mediates a spiAspin coupling between the two
625 and 806-880 nm, respectively. The first CT band for metals and also reduces the effective ligand strength of the
the high-spin heme in NOR at room temperature is clearly cyanide ion at the iron. The band is consequently shifted
visible at 611 nm which is consistent with histidinX~ from the position expected for histidireyanide liganded
ligation to this heme, where Xis an anion. heme 1600 nm) to~1950 and 2050 nm, respectivel3
Although the intensities of the MCD bands of high- and 63).
low-spin ferric hemes at room temperature are comparable, The heme of the dinuclear site of NOR provides a clue to
at liquid helium temperatures there is a large difference, the its ligand environment by its unusual spin-state temperature
intensity of the low-spin ferric heme MCD being a factor of dependence. We have observed this behavior only in one
50150 times greater than that of high-spin ferric he&@.( other system, namely, the high-pH form of myoglobin.
However, high-spin ferric heme gives rise to bands of Previously accepted models of this species view it as a
relatively narrow width and can therefore be detected even histidine—hydroxide liganded ferric heme in a thermal spin
when overlapped by the more intense transitions of low- equilibrium between a low-spin ferric ground state and an
spin ferric hemes. For example, the weak high-spin heme excited high-spin state68). However, we have recently
0 MCD feature near 625 nm in the MCD of cytochroiine reexamined hydroxymyoglobin and have observed, in the
is still detectable against the background of low-spin heme MCD properties, a high-spin heme with an MCD CT band
bands 60) as is the feature at 614 nm for the fluoride minimum at 618 nm at room temperature which changes to
derivative of cytochroméo; (M. R. Cheesman, and A. J.  alow-spin species at liquid helium temperatures (H. Seward,
Thomson, unpublished data). However, in the 4.2 K MCD M. R. Cheesman, and A. J. Thomson, unpublished data).
spectrum of NOR, there is no trace of the 611 nm high-spin  Neither metal is observed by EPR spectroscopy, and the
ferric feature and the low-spin MCD intensity has increased most likely explanation is that there is a spin-interaction
by ~50%. This shows that a third low-spin ferric heme is between them. This implies thatd;¢he non-heme iron of
contributing at 4.2 K to the MCD spectrum. Hence, this the dinuclear site, is in the ferric state making the overall
heme must have undergone a spin-state switch from high-center an even-electron non-Kramers system. We did not
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observe they = 2.009 signal reported fdP. denitrificans
NOR and assigned to a high-spin non-heme ferric &#.(

For a high-spin ferric ion to produce such a signal woul
require ideal tetrahedral or octahedral symmetry, something
unprecedented in a metalloprotein. A similar feature has 19

been observed in semi-pure preparation® oflenitrificans
NOR and on the basis of itgvalue and power-dependence

is believed to be due to an oxidized three-iron cluster
contaminant (N. J. Watmough, personal communication).
Hence, the properties of the active site heme are consistent 5,

with histidine—hydroxide ligation. The substantial red-shift
in the energy of the low-spin ferric NIR CT band and the

spin-coupling between the two ferric ions both suggest that
a hydroxide may be acting as a bridging ligand. In such a

conformation it could mediate the spin coupling via an

exchange mechanism and its effective ligand strength at the g
heme would be substantially decreased. However, it should

be noted that while kD as a bridging ligand would not send

the heme low-spin at any temperature, the properties of a 26
u-oxo-bridged heme/non-heme iron arrangement are not

known.

This work provides further evidence in support of propos-
als that the active site of NOR contains a heme in spin

interaction with a non-heme iron ion, the latter having
replaced the Gufound in for the HCOs. There is only one

report of NOR being able to catalyze the reduction of
dioxygen, although CCO can mediate the reduction of NO
only at very slow rates. The nature of the metal ion paired
with the heme in the active site may be therefore crucial in

determining the specificity of these enzymes.
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