13102 Biochemistry1998,37,13102-13109
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ABSTRACT: A novel, improved method for purification of nitric oxide reductase (NOR) from membranes

of Paracoccus denitrificankas been developed. The purified enzyme is a cytochtmemplex which,
according to protein chemical and hydrodynamic data, contains two subunits in a 1:1 stoichiometry. The
purified NorBC complex binds 0.87 g of dodecyl maltoside/g of protein and forms a dimer in solution.
Similarly, it is dimeric in two-dimensional crystals. Images of these crystals have been processed at 8 A
resolution in projection to the membrane. The NorB subunit is homologous to the main catalytic subunit
of cytochrome oxidase and is predicted to contain the active bimetallic center in which two NO molecules
are turned over to pO. Metal analysis and heme composition implies that it binds two B-type hemes
and a nonheme iron but no copper. NorC is a membrane-anchored cytoctwroRmirier transform

infrared spectroscopy shows that carbon monoxide dissociates from the reduced heme in light and associates
with another metal center which is distinct from the copper site of heme/copper oxidases. Electron
paramagnetic resonance spectroscopy reveals that NO binds to the reduced enzyme under turnover
conditions giving rise to signals negr= 2 andg = 4. The former represents a typical nitrosyl-ferroheme
signal whereas the latter is a fingerprint of a nonheme iron/NO adduct. We conclude that the active site
of NOR is a dinuclear iron center.

Denitrification is employed by several soil and marine The larger subunit (NorB) is predicted to contain 12
bacteria as an alternative to the respiratory activity with transmembrane helices and to bind two protohemes. It is
dioxygen (, 2). It constitutes an important part of the also thought to contain a nonheme iron center, which together
nitrogen cycle, reversing nitrogen fixation and reforming free with one of theb-type hemes is believed to assemble the
nitrogen gas. The enzyme that forms the Nlbond during active site where NO is reduce8@)( NorB is homologous
denitrification is nitric oxide reductase. NOR a membrane-  to the largest subunit of heme-copper cytochrome oxidases
bound cytochroméc complex which catalyses the reduction (COXL1, see ref$—9). COX1 binds a 6-coordinated low-
of two NO molecules into BD and water with concomitant  spin heme and a 5-coordinated high-spin heme, and the latter
consumption of two protons and two electrons donated by forms the active site with a copper atom (0, 11). The
cytochromec (2—4). As isolated, the enzyme comprises two sequence of NorB contains all six invariant histidines which
subunits, but genetic evidence suggests the presence oére the ligands of the low- and high-spin hemes ang iGu
additional subunits in situ which may be lost during COX1, in topologically correct positions of the predicted
purification 6). membrane-spanning helices.

The smaller subunit (NorC) is a membrane-bound cyto-  Despite its homology with the heme-copper oxidases, NOR
chromec and probably the electron entry site of the enzyme. does not contain copper. Only iron has been found in the
NOR preparations until now, and the total amount of Fe
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spectroscopy. The EPR data suggest that a high-spinflow column loaded with C# according to the manufac-
nonheme iron constitutes part of the active site and, asturer’s instructions and preequilibrated with the IMAC buffer
expected, there is no copper in the active site. The latter isA (20 mM Tris-HCI, pH 7.6, 0.5 M NaCl, 0.1 mM imidazole,

confirmed by CO-binding experiments using FTIR spectros-

and 0.02% DM). The IMAC buffer B was the same as A

copy and supported by metal analysis of an improved NOR but, in addition, contained 50 mM imidazole. After loading

preparation, which is not contaminated with other metallo-
proteins.

of the sample, a gradient of 0 to 5% buffer B (250 mL) was

This preparation is also the basis of further applied. The imidazole concentration was maintained for a

structural studies on NOR. Here, we report the first results further 500 mL of the eluent before the application of a

of the image processing of electron micrographs of two-
dimensional NOR crystals.

MATERIALS AND METHODS

Bacterial Growth and Preparation of Membrane3he
Paracoccus denitrificanstrain PD27.21Acbks) (18), which

second gradient of 5 to 100% buffer B (50 mL) with which
NOR was eluted. Sample application and elution were
carried out at 10 mL/min.

The fractions containing NOR were diluted 3-fold with
the anion-exchange buffer A and applied to a 20 mL (1.6
cm diameter) QSHP column which had been preequilibrated
with the same buffer. For this second QSHP column, both

lacks the cbhy-type cytochrome oxidase and carries a yfers A and B contained 0.5 mM EDTA. After sample
kanamycin resistance gene, was used in this study. A 0.5 Lloading, an initial 0 to 20% gradient of buffer B (20 mL)

preculture was grown aerobically at 3G in Luria-Bertani
medium containing 25 mg/mL kanamycin to the optical

was applied; this was followed by a 20 to 50% gradient of
buffer B (200 mL). Sample application and elution was

density of 0.5 at 600 nm and used for the inoculation of & ¢ rieq out at 4 mL/min. The purified NOR eluted at 0.4 M

125 L fermentor. Growth was continued in the fermentor
without aeration at 35C in a minimal medium containing

50 mM sodium succinate and 100 mM potassium nitrate at

the initial pH 7 (see refl9). After growth for 20 h, the

production of gas was observed in the fermentor, the cells

were harvested by ultrafiltration and centrifugation, and
washed with 20 mM Tris-HCI buffer, pH 8.0, before storage
at—80°C. The average yield was 250 g of wet cells. For

membrane preparation, 125 g of thawed cells was processe

as described previously2Q), except that 0.2 mM 4-(2-
aminoethyl)-benzol-sulfonyl fluoride (AEBSF) was used

throughout as a protease inhibitor in preference to phenyl-

methyl sulfonyl fluoride.
Solubilization of Membranes and Protein Purification.

NaCl and was concentrated by ultrafiltration with a 50 kDa
cutoff membrane, either in a stirred cell if concentration
under nitrogen gas was required or with centrifuge concen-
trators. Purified protein was frozen in liquid nitrogen at a
concentration of 420 mg/mL.

Gel filtration was carried out at room temperature with a
Pharmacia FPLC and linked Superose 6 and 12 HR10/30
olumns for further polishing, determination of detergent
inding or estimation of molecular weight. The columns
were preequilibrated with 20 mM Tris-HCI, 0.5 mM EDTA,
50 mM NacCl, and 0.02% DM. The flow rate was 0.35 mL/
min. The sample size was restricted to 100 mL with a

protein concentration of-510 mg/mL. For the estimation
of molecular weight, the columns were calibrated with the

Protein purification was carried out using a Pharmacia P-50 soluble protein standards ferritin, thyroglobulin, catalase, and

Gradifrac System operated at® with self-packed columns.
All column-packing materials were obtained from Pharmacia.

aldolase in the absence of detergent.
Protein, Heme, and Metal DeterminationsThe BCA

Column chromatography was monitored at 280 nm. Sample method (Pierce) was used with the bovine serum albumin
loading was carried out directly through the pump. For the as a standard for the estimation of protein concentrations of
preparation of samples used in spectroscopic studies andmembrane preparations and partially purified NOR samples.
activity assays, all buffers were thoroughly degassed andfFor the purified enzyme, the protein concentration was

sparged with nitrogen, and fractions were collected under determined using the molar absorptivity 180 milcm —2

nitrogen.

For solubilization, thawed membranes (6(8D0 mg of
protein) were suspended to 250 mL of 20 mM Tris-HCI
containing NaCl (50 mM), EDTA (1 mM), AEBSF (0.5
mM), and n-dodecyl5-p-maltoside (DM, 2.0 g/g protein)
and centrifuged at 2000Q0dor 1 h at 4°C. The supernatant
was applied to a preequilibrated 175 mL (5 cm diameter)

at 280 nm for the denatured proteiRl}. This value was
calculated from the aromatic amino acid composition for the
1.1 NorB/NorC complex as given by the sequence da)a (
Heme was quantified by recording pyridine hemochrome
spectra as described previousBO( and using the inverse
matrix method for simultaneous determination of hemes A,
B, and C 22). Iron and copper content was analyzed with

Q-Sepharose high performance (QSHP) column. Buffers flameless atomic absorption and colorimetry using ferrozine

used for anion exchange were (A) 20 mM Tris-HCI, pH 7.6,
0.1 mM EDTA, and 0.02% DM and (B) 20 mM Tris-HCI,
pH 7.6, 1 M NaCl, and 0.02% DM (protease inhibitors were
not used after membrane solubilization). In the first chro-
matography step, EDTA was only added to buffer A to avoid
interference with the second step which employed im-
mobilized metal-ion affinity chromatography (IMAC). An
initial gradient of 6G-20% buffer B (100 mL) was followed
by a gradient of 26:50% buffer B (1200 mL). The column
was run at 20 mL/min. Fractions containing NOR eluted
approximately at 0.4 M NaCl. These were directly loaded

by Limbach and Partner (Heidelberg, Germany) and related
to the protein measured as above. Metal analysis by total
reflection X-ray fluorescence [TXRR28)] was performed
at the Institute of Inorganic Chemistry, University of
Frankfurt; these data are related to the sulfur content (31
S/NorBC complex). The values are given as the avefiage
standard deviation of measurementsrosamples.
Polyacrylamide Gel ElectrophoresisSDS-PAGE was
carried out in 13.5% acrylamide gels af®. Samples for
electrophoresis were prepared by addition of an equal volume
of a sample buffer containing 16% SDS without reductant

onto a 40 mL (2.6 cm diameter) chelating Sepharose fastand applied after a short incubation at room temperature.
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Silver staining was carried out as described previougdy (
to maximize sensitivity. Heme staining of gels was per-
formed by incubation with tetramethyl-benzidine and devel-
opment with hydrogen peroxid@4).

Activity MeasurementsNO was produced chemically by
the reaction of NaN@with Cu in an acidic environment or

Hendriks et al.

in the total volume 7L. The sample was dialyzed against
100 mM Tris-HCI, pH 8.6, containing 2 mM sodium azide
at 37°C. The formation of crystalline arrays was monitored
by electron microscopy and optical diffraction of negatively
stained specimens. Aliquots 2) of crystalline specimens
were applied to glow-discharged continuous carbon grids and

purchased from Messer Griesheim (Frankfurt am Main, frozen after blotting as described previousB7). Low
Germany) All solutions were degassed under vacuum, and electron dose images of crystals were recorded with a Phillips
the apparatus was flushed extensively with nitrogen gas priorCM200 FEG electron microscope operated at 200 kV.
to use. The NO gas was washed twi# M NaOH to Images were processed as described previo@sly (
hydrolyze any MO present before bubbling through unbuf- FTIR Spectroscopy.The cytochromebo of Escherichia
fered water, which had been adjusted to pH 3 with HCI to coli was purified as described in r&8. The NOR and
prevent formation of N@ . This stock solution was prepared cytochromebo samples were prepared by repeated dilution
in a septum-sealed glass vessel and only used on the day ointo 0.6 M sodium phosphate, pH 7.0, and 0.3% (w/v)
preparation. At saturation, the NO concentration was as- decylmaltoside, followed by concentration using centrifuge
sumed to be 1.9 mM at 28C. The reduction of NO was  concentrators. NOR solution (4.) was placed on the top
measured polarographically with an Au/Ag electrode, polar- of a Cak, window under a stream of carbon monoxide and
ized at 0.8 V @5) at 30°C. The standard reaction medium reduced by addition of 0.GL of 0.5 M sodium dithionite.

(2 mL) consisted of 50 mM Hepes-KOH, 50 mM KCI, and CO gassing was continued for 3 min, and the mixture was
0.02% DM, pH 7.1. The routinely used electron donors were homogeneously distributed by means of another ,CaF
N,N,N',N'-tetramethylp-phenylenediamine (TMPD, 1.5 mM) window. The assembled cuvette was mounted into a
and sodium ascorbate (5 mM). Anaerobic conditions were thermostated sample holder of a Bruker IFS88 FTIR
created via the glucose/glucose oxidase/catalase system (16pectrometer, purged with dried air. After equilibration at
mM, 4 units/mL, 26-25 units/mL, respectively). Maximal —39°C, a dark spectrum was recorded with 4000 scans. The
slopes which are obtained at low NO concentratiti?) (vere sample was then photolyzed with a 100 W halogen lamp
used for rate calculations. (power set to 80 W) equipped with a Schott KG2 heat filter.

Hydrodynamic MeasurementsAnalytical ultracentrifu- Recording of the light spectrum (4000 scans) was started 1
gation was performed with a Beckman XL-A Ultracentrifuge min after the initiation of photolysis under continuous
using an An50Ti rotor with a 0.3 cm double sector cell at 4 illumination. The infrared radiation transmitted by a 2600
°C. Protein was monitored at 280 or 411 nm, and data werecm™! low-pass filter was measured by a mercury cadmium
analyzed using the Ultrascan Analytical Ultracentrifugation telluride detector at spectral resolution 4 ¢m
Software (B. Demeler, University of Texas Health Science  EPR SpectroscopyThe samples for EPR were prepared
Center, Texas). The average sedimentation coefficient wasas follows: 240uL of NOR (65 uM) was mixed with 120
determined at 30 000 rpm excluding the extreme 10% of the uL of 0.75 M Tris-ClI, pH 8.0, containing 75 mM NaCl and
boundary. The molecular weight of proteiMy) was 0.01% DM. The sample was transferred to an EPR tube
calculated from the sedimentation equilibrium measurementsequipped with a vacuum line fitting. The atmosphere in the
at 5000 rpm, £C, using the equation tube was replaced with argon; the tube was agitated in order
to equilibrate the gas and liquid phases. After a few vacuum-
argon flush-agitation cycles, the sample was frozen in liquid
nitrogen and the EPR spectrum of the oxidized enzyme was
recorded. The sample was thawed, andL4of 100 mM
TMPD and 7uL of 500 mM Tris-ascorbate, pH 7, were
added under argon counterflow. The sample was incubated
for 10 min on ice, after which it was frozen again for
recording of the spectrum of the reduced sample. After this,
the contributions of proteinyg) and detergentug). oq is the sample was again thawed. The gas manifold of the
the amount of bound detergent (g/g) ang the density of vacuum line was evacuated and filled with NO (from AGA,
solution. Partial specific volume of NOR (0.732 g/mL) was >99% pure). The NO gas was cryo-pumped to a glass trap
calculated from the predicted protein sequences, and that ofcooled with liquid nitrogen. Finally, the cold trap was
DM (0.824 g/mL) as reported in r&6. The binding of DM allowed to warm slightly and the distilled colorless NO gas
to the purified NOR complex was determined by gel filtration was allowed to enter the EPR sample tube coupled to the
(see above) in a buffer containingfC-labeled DM as  vacuum line. The sample was mixed by agitation and frozen
described in reR6. in liquid nitrogen within a few minutes.

Two-Dimensional Crystallization and Electron Micros- EPR spectra were recorded with a Bruker ESP 300 X-band
copy. Two-dimensional crystallization of NOR was carried spectrometer equipped with an ESR-900 liquid helium
out by dialysis of detergent from a protein/lipid/detergent cryostat manufactured by Oxford Instruments. Bruker ESP
mixture using bent glass tubes with an internal diameter of 1600 software version 2.2 was used in handling the spectra.
3 mm as described previoush@). A mixture of L-a- Sample temperature was 12 K, modulation frequency 100
phosphatidyl choline containing dimyristoyl and egg phos- kHz, and microwave frequency 9.427 Ghz. Each spectrum
phatidyl choline in a 1:1 ratio was added to NOR (0.5 mg/ is a sum of two scans.

mL) to give a lipid/protein ratio of 0.28 (w/w). Octanoyl Miscellaneous.N-terminal sequencing by Edman degra-
sucrose was added to the final concentration of 1.5% (w/v) dation of blotted protein subunits, and mass spectrometry

Aln CIAr? =M, (1 — ¢ 'p)w?/2RT

where (1— ¢ 'p) = (1 — vpp) + 0d(1 — vyp).

C is the concentration of protein over the distance from
the center of rotationr}, w is the angular velocityR is the
gas constant, andl is the temperatureg ' is the apparent
partial specific volume which breaks into two components
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purification Table 1: Purification of thé®aracoccus denitrificandlO
— Reductase
1. 2. 3. '4_:'_ Heme

Protein B/C Purity Total activity Specific activity
(mg) ratio (%)  (umol/min)  (umol/min/mg)

— membranes 595 1190 2.0
solubilized 475 878 1.9
membranes

QSHP 1 225 205 61 526 23.4

IMAC 11 2.1 79 404 36.7
QSHP 2 9 2.1 99 353 38.4
NorB - a Protein quantitation was made by the BCA method for stages 1

and using the molar absorptivity at 280 nm for stages 4 and 5. Heme
B/C ratios are given for the fractions containing only NOR. Purity is

o calculated from predicted protein concentration derived from heme
content (B and C), divided by the determined protein concentration.
Activities are the average of duplicate measurements.

et 0.4 M NaCl as a single peak. Further chromatography on a
NorC “ gel filtration column does not increase the purity of the
(SEIMTKNMAR) enzyme which is 99% as based on the heme content and
- protein concentration determined as described in Materials
and Methods. The typical yield is 15 mg of pure NOR from
1 g of membrane protein (Table 1). The purified NOR loses
Ficure 1. Polypeptide composition of the NOR preparations after activity when stored under air. However, the activity is

the first QSHP column (lane 1), the IMAC column (lane 2), and stable over two months at4 °C if the enzyme is stored
the final preparation after the second QSHP column (lane 3). The under nitrogen.

NOR subunits are indicated on the left with the N-terminal sequence -~ .
determined for NorC, and the molecular weight markers are in the ~ Composition of the Purified CompleXhe NOR complex
lane 4. is composed of two major polypeptides with apparent
molecular weights of 38 and 17 kDa. Only trace amounts
of the solubilized complex and peptide digests were per- of other bands are detectable on silver-stained acrylamide
formed by the protein and peptide sequencing service at thegels (Figure 1). The presence of a 65 kDa band can be

EMBL, Heidelberg. increased by heating the samples prior to electrophoresis;
its intensity is reduced by running gels at® as previously
RESULTS AND DISCUSSION found (12, 13). This band probably corresponds to a dimeric
Purification. We have developed a new purification oM ©of NorB.

procedure for NOR ofPa. denitrificans The PD21.27- We identified the 17 kDa band as NorC by N-terminal
(Acbhs) strain was chosen as the starting material in order Se€quencing. The sequence (SEIMTKNMAR) lacks the initial
to facilitate the identification of the enzyme and to eliminate Methionine residue. The 38 kDa band was found to have a
any possibility of contamination with the chlype cyto- blocked N-terminus. .It was identified as NorB by mass
chrome oxidase which is also a cytochrobweomplex (.8). spectrometry of peptides generated by a cleavage with
The purification protocol is based on anion exchange and €yanogen bromide. Four peptides with masses matching
metal-ion affinity chromatography. Purification was fol- Predicted CNBr-peptides of NorB were found, including the
lowed spectroscopically using the previously established N-terminal peptide (amino acid residues27; the sequence
characteristics 29) of the reducedminusoxidized visible ~ @s reported in re).
spectrum and SDSPAGE (Figure 1) as well as by NOR The visible absorbance spectrum of the NOR preparation
activity. The results of a typical purification procedure are with an absorbance maximum at 550 nm with a shoulder at
outlined in Table 1. 560 nm in the reduced spectrum is consistent with the
The enzyme was solubilized using dodecyl maltoside and presence of both C- and B-type hemes and identical to those
applied to a QSHP column. The fractions containing NOR reported before 12, 15, 17, 29). Heme staining of the
eluted from this first column approximately at 0.4 M NaCl €lectrophoresis gels (not shown) indicates that NorC contains
immediately after green fractions containing cytochramae covalently bound heme in accordance to the presence of an
NOR subsequently bound as a tight band to the top of the attachment motif for heme C in the sequenée §0).
IMAC column whereas most of the contaminating proteins Moreover, electrospray mass spectrometry showed that NorC
were not bound at all or were eluted when the column was has a molecular mass of 17 476 Da, which matches very
washed with 5% buffer B (see Materials and Methods). The Well with the predicted weight of 17 477 Da for the mature
subsequent purity of the NOR fraction depends on the extentprotein (16 859 Da) with covalently bound heme C contain-
of the washing step and on a complete return to baseline ofing iron (618 Da).
the UV absorbance prior to the implementation of the second Heme analysis by the pyridine hemochrome method
gradient. The bound NOR which was spread down the indicates that the complex contains hemes B and C with a
column by this stage, was eluted in a minimum volume using ratio of 2.1+ 0.1 (h = 6). The metal analysis confirms the
a steep imidazole gradient. After dilution, NOR bound previous evidence for the absence of copper in the purified
tightly to the top of the second QSHP column and eluted at NOR samples [summarized by Zum#fl)]. The amount of
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iron in the complex as assessed by flameless atomic
absorption is 3.8t 0.3 Fe/NorBC complexn(= 5), while
0.8+ 0.2 nonheam iron/complex is detected colorimetrically
(n = 5). The measurements using TXRF resulted in the
value 3.5+ 0.2 Fe/complexr{= 3). Copper is not detected
by flameless absorption and is below quantification by TXRF
(<0.02). No other possible metal cofactors such as K, Cr,
Mn, Co, Ni, or Zn can be identified by TXRF. However,
Ca was invariantly detected in varying amounts (2.8.6,
n = 3).

Enzymic Actiity. The NOR activity is nonlinearl1).
The turnover rate increases toward the low NO concentration
when the reaction is started by addition of the oxidized
enzyme; the appareHt, is about 2 mM. This phenomenon
has been explained by binding of NO to the oxidized enzyme
which causes substrate inhibition (see fe&f). For our
standard assay, the enzyme was always incubated in the
presence of reducing agents prior to starting the reaction by
addition of NO. Using the conditions of our standard assay
at pH 7.1 (see Materials and Methods) with TMPD (1.5 mM)
and ascorbate (5 mM) as electron donors, the maximal
activity is ca. 40 mmol/mg/min (467¢s). Nitrate and nitrous
oxide do not affect the NOR activity, but nitrite at millimolar
concentrations is a potent inhibitor (10 mM BOreduces
activity to 50%).

Hydrodynamic Molecular WeightThe amount of deter-
gent bound to the complex with an apparent molecular mass
of 260 kDa as determined by gel filtration is 87 wt %. This
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implies that the complex is a dimer of two NorBC monomers <
in dodecyl maltoside under the given conditions (see Materi-
als and Methods). The homogeneous character of the
preparation was confirmed by native PAGE in the presence
of Coomassie Blue (ref1; data not shown) and by analytical
ultracentrifugation (Figure 2). Sedimentation velocity pro-
files show that NOR sediments as a single homogeneous
species with an apparent sedimentation coefficient 9.8 S. The
predicted molecular weight of the monomeric NorBC ho-
loenzyme is 71.5 kDa. The analysis of sedimentation
equilibrium data indicates that the molecular mass of the
protein component is 150160 kDa, again indicating that
NOR is a dimer in the detergent complex (Figure 2).
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FIGURE 2: Analytical ultracentrifugation data from a sedimentation
velocity (A) and a sedimentation equilibrium experiment (B). The

. . - . rotor speed was 30 000 rpm (A) and 5000 rpm (B), and temperature
Two-Dimensional CrystalsTwo-dimensional crystals of 4 'o¢ in both cases. The initial concentration of NOR was0

the purified NOR were grown with phosphatidyl choline. in 20 mM Tris-HCI, pH 7.6, 125 mM NaCl, and 0.02% DM. Inset
The dialysis of octanoyl sucrose results in the formation of in B shows the analysis of the equilibrium data. The axjsgthe
tubular structures which appear as flattened tubes in electrordistance from the center of rotation.
micrographs. These contain well-ordered crystalline arrays )
which can be used for processing of images produced by Free C_O has a carbonyl stretching frequency of21431cm
electron cryo-microscopy (Figure 3). The lattice (space (32), which could not be observed, because all ligand
group P22,2;) shows that the enzyme is a dimer with the molequles are m_1mob|I|zeq by the protein. In the dark, the
2-fold symmetry axis perpendicular to the membrane. Thesenegative deflections of dlffgrence spectra show that the
images have thus far been processedl A resolution, and  Stretching frequency of CO is lowered to 1959 and 1977
further analysis is needed for a proper comparison of NorBC €M * upon binding to cytochromieoand NOR, respectively.
with the cytochrome oxidase structures. thlcal spectroscopy has shown that the binding site of CO
FTIR SpectroscopyWe compared the binding of carbon S the high-spin heme O of cytochrorbe and a heme B of
monoxide to theE. coli cytochromebo quinol oxidase which ~ NOR (12). During photolysis of the cytochroni complex,
is a heme/copper cytochrome oxidase, and to NOR, usingCO dissociates from heme O. Thegaenter offers a second
FTIR spectroscopy. The spectroscopic differences betweenpinding site to the_ dissociated ligand due to its closeness to
the light and dark states of the enzymes are displayed inthe heme iron (Figure 4A). The GCO complex has a
Figure 4. The absorbance differences could only be observedcarbonyl band at 2065 crhwhich is reflected in a positive
under continuous light at-39 °C, which indicates full ~ deflection of difference spectrun3g 34).
relaxation and reversibility of the ligand-exchange reaction A different CO complex is formed when CO is photo-
at this temperature. lyzed from the active-site heme B of NOR (Figure 4B). A
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Ficure 4: Absorbance difference FTIR-spectra of CO complexes
before and after photolysis of tHe coli cytochromebo (A) and
theParacoccudNOR (B). The spectra taken in the dark (downward
deflections) were subtracted from the spectra taken in the light
(upward deflections). The difference spectra are averages from six
spectra each consisting of 4000 scans. Prior to photolysis, the
background spectra were taken under identical conditions in the
dark.

Table 2: Summary of FTIR Data

wavenumber Avip
CO complex (cm™) (cm™)
cytochromebo (heme O) 1959 8
Cug 2065 20
NO reductase (heme B) 1977 11
non-heme Fe 1963 13

Cu—CO adduct cannot be responsible for the carbonyl signal
at 1963 cm?, because there is no copper in NOR. In this
case, the binding of dissociated CO has to be assigned to
another metal located in the vicinity of the heme. The other
heme in NorB is low spinX7), and in the light, even a
transient binding to such metal center would be highly
improbable. Therefore, we suggest that the association of
CO with the nonheme iron is responsible for the positive
absorption signal in NOR. In their apoproteiliganded
states, the outer shell electron density of'Fe smaller than

of Cu', allowing much less electron back-donation to the
m-acceptor ligand CO3Q2). This would explain the differ-

: AN b B ence in absorbance frequencies of 2065 tfor Cus—CO
i o ANRELES 0. D - and of 1963 cm' for the nonheme FeCO.

FIGURE 3: (A) A part_of a tu_bular crystal of NOR. The crystal has The bandwidth at the half-peak heigh:(,) (Table 2)
been negatively stained with uranyl acetate. Scale bar represents h ller for the h I f h
0.5xm. (B) Projection map witP22;2, symmetry calculated from 1S much smaller for the heme-carbonyl band of cytochrome

the amplitudes and phases of a single image after processing. Ond0 than that of NOR, suggesting higher polarity in the latter
unit cell @ = 128.6 A, b = 92.8 A) is outlined with thea-axis heme pocket. In contrast, the absorbance band of the
vertical andb-axis horizontal. The map has been contoured in steps proposed nonheme F€O is narrower than the band of

of 0.2 x rms density. Negative density [0:0(—0.4) s] is indicated . : .
by dotted line. Symmetry elements are marked. The dimer consists,Cu3 CO. This may suggest that the catalytic center of NOR

of two NorBC complexes that are related by a crystallographic IS more homogeneous with respect to its overall polarity than
2-fold rotation axis perpendicular to the membrane. that of the heme/copper oxidases.
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Ficure 5: EPR spectra of thParacoccusNOR. EPR spectra of
43 uM NOR, recorded sequentially from a sample made as
described in Materials and Methods. Note the differences in the
signals aig = 4 (nonheme iron) and = 2 (nitrosyl-ferroheme) in

1 |

3500
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n the ligand binding. It may be relevant for the catalytic

activity of NOR that the bound NO acquires the character
of nitroxyl anion NO (cf. ref41). The dimerization of two
such anions (the other is generated at the heme) with
subsequent protonation reactions and cleavage of water
would yield NO (cf. refs3, 12, and14). This reaction is
very fast even when it is not catalyzed by an enzyme, and it

s an attractive mechanism for NO reduction. It is possible

that only nitroxyl anion can dissociate from the ferrous heme
during catalysis (although the low midpoint potential of this

reaction has been suggested to pose a problem, cflrefs
and?2), so that NO is effectively trapped by the heme after
consumption of the reductant. This could mean that the
binuclear iron center is unlikely to become fully oxidized

during the normal catalytic cycle in the absence of oxygen.

CONCLUSIONS

Structure of the Bacterial NORThe analysis of th@or
gene loci has suggested that the enzyme may contain more

the spectrum recorded after introduction of NO to the reduced than two subunits (NorB and NorC) in sit@,(5, 8). In
sample (the uppermost spectra). This spectrum was obtained byparticular, one of the open reading frames encodes a protein
thorough mixing of the sample with NO from the gas phase prior that is homologous to subunit 1ll of the heme-copper

to freezing. Microwave power, 2.0 mW; modulation amplitude 19.8
G; scanning speed, 29.8 G/s.

EPR SpectroscopyOur enzyme preparation appears to
be free of contaminating iron proteins, which may give rise
to additional EPR signals in many NOR preparations. The
spectrum of the oxidized enzyme shows two low-spin heme
signals. One has a set givalues at 2.99, 2.25, and 1.44,
whereas only one resonancegat 3.54 is observed for the
other (Figure 5). These signals can be assigned to the
cytochromec and the low-spin cytochromie components
of NOR (16, 17). Practically no signals are seengat 6
or g = 2 in the oxidized NOR. In contrast to the spectrum
reported in refl2, there is no signal @ = 2.009. In essence,
only two low-spin hemes are seen, which suggests that the
high-spin heme is magnetically coupled to another paramag-
net (see also ret?).

Both low spin signals disappear, as expected, upon
reduction of NOR. When NO is added to the reduced
enzyme and the sample is mixed thoroughly before freezing,
two strong signals appear gt= 4 and 2 (Figure 5). The
latter is probably a mixture of two signals. The appearance
of these signals reflects the breakage of magnetic coupling

between the ferrous high spin heme and a ferrous (high spin)

nonheme iron when both irons form complexes with NO.
The complex resonance gt= 2 with a peak ag = 2.08
resembles those observed with a number of nitric oxide
complexes of other heme proteirgb(36) and is caused by

a typical nitrosyl-ferroheme.

The signal ag = 4 with components ag = 4.11, 3.95,
and 2.0 is of particular interest (Figure 5). It most likely
arises from aS = 3/, FeNO system in which a high spin
ferric (S= %) nonheme iron is antiferromagnetically coupled
to NO™ (S=1) (37—41). We suggest that thg= 4 signal
is brought about by an Fe(lHNO complex withS = 3/,

oxidases. Using dodecyl maltoside, a mild detergent which

facilitated the first isolation of three- and four-subunit

preparations of cytochromaas oxidase fromParacoccus
(42, 43), we anticipated that a NOR complex will purify with
additional subunits. However, there is no evidence for more
than two polypeptides in the purified complex under any
conditions employed in the protocol. We may thus conclude
that the two-subunit complex appears to carry the full
enzymatic activity (Table 1) even if additional protein
components associate with the NorBC complex in the
cytoplasmic membrane.

The NorBC complex is a dimer both in membranes and
in detergent solution. There is, however, no indication that
this bears any relevance for the catalytic function. The
complex kinetics can be explained by the inhibitory effect
of NO which binds to the oxidized enzyme blocking the
turnover (2).

The Dinuclear Fe-Fe Actve Site. Metal analysis and
spectroscopic data indicate that the active site in NorB is a
dinuclear iron center made of a heme and a nonheme iron.
The homology to COX1 suggests that the three histidine
ligands of Cy in transmembrane helices coordinate to the
nonheme iron in NorB§, 9). However, unlike copper, the
nonheme iron is expected to have up to six ligands. Our
data show that at least one of the ligand positions is available
for NO, leaving two ligands unknown. The EPR spectrum
of the S= %/, iron-NO complex is similar to that of soybean
lipoxygenase in the presence of ethar3®)( In the structure
of the lipoxygenasedd, 45), the iron is strongly ligated by
three imidazoles and a carboxylate oxygen; the additional
ligands are a weakly bound asparagine and a water molecule.
The inspection of aligned NorB and COX1 sequences shows
that there are conserved glutamates specific for the NORs.
One in the predicted trans-membrane helix VI and the other
in helix VIl could be within bond-forming distance from

and indicates the presence of a nonheme iron in the aCtivethe nonheme iror@. A mode”ng exercise% has not been

site of NOR.

The EPR data show that there are two ferrous irons in the
active site and both are able to bind NO under turnover

able to introduce a role in direct metal coordination for these
carboxylates. The determination of a high-resolution ex-
perimental structure is required for understanding of the

conditions, behaving like independent mononuclear centerscoordination around the nonheme iron.



Dinuclear Iron Center of NOR

This paper and the recent MCD and EPR data on the
oxidized NOR of Ps. stutzeri(17) firmly establish the
chemical nature of the active site in NOR and confirm the
prediction made by sequence homology that this enzyme is
similar to the heme-copper oxidases. The structural varia-
tions between the heme-iron nitric oxide reductase and the
heme-copper cytochrome oxidases must in part reflect the
chemical difference of the respective catalytic reaction. They
will be subject to future studies.
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