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ABSTRACT. The crystal structure and spectroscopic properties of the periplasmic penta-heme cytochrome
¢ nitrite reductase (NrfA) oEscherichia coliare presented. The structure is the first for a member of the
NrfA subgroup that utilize a soluble penta-heme cytochrome, NrfB, as a redox partner. Comparison to
the structures oiVolinella succinogendsrfA and Sulfospirillum deleyianurNrfA, which accept electrons

from a membrane-anchored tetra-heme cytochrome (NrfH), reveals notable differences in the protein surface
around heme 2, which may be the docking site for the redox partner. The structure shows that four of the
NrfA hemes (hemes-25) have bis-histidine axial heme-Fe ligation. The catalytic heme-Fe (heme 1) has

a lysine distal ligand and an oxygen atom proximal ligand. Analysis of NrfA in solution by magnetic
circular dichroism (MCD) suggested that the oxygen ligand arose from water. Electron paramagnetic
resonance (EPR) spectra were collected from electrochemically poised NrfA samples. Broad perpendicular
mode signals agj ~ 10.8 and 3.5, characteristic of weakly spin-couple 5/2, S = 1/2 paramagnets,
titrated withE,, = —107 mV. A possible origin for these are the active site Lys,@bbrdinated heme

(heme 1) and a nearby bis-His coordinated heme (heme 3). A rhombic heme Fe(lll) EPR smyrval at
2.91,9, = 2.3,0x = 1.5 titrated withE,, = —37 mV and is likely to arise from bis-His coordinated heme
(heme 2) in which the interplanar angle of the imidazole rings is®2TRe final two bis-His coordinated
hemes (hemes 4 and 5) have imidazole interplanar angles of &84d471.8. Either, or both, of these
hemes could give rise to a “Large g max” EPR signafjat 3.17 that titrated at potentials between
—250 and—400 mV. Previous spectroscopic studies on NrfA from a number of bacterial species are
considered in the light of the structure-based spectro-potentiometric analysis presentedHocohtie

NrfA.

The reduction of nitrate to ammonium in the periplasm Although originally described as a hexa-heme cytochrome
of Escherichia colinvolves two enzymes, periplasmic nitrate  (4), more recent primary structure and biochemical analysis
reductase and periplasmic nitrite reductase (NfA)he revealed that th&. coli NrfA protein is a 52-kDa pentaheme
process is found in many enteric bacteria and may be cytochrome in which four hemes are covalently bound to
important for anaerobic nitrate and nitrite respiration at low the conventional motif, CXXCH. The fifth heme is attached
nitrate concentrationd(2). The NrfA protein catalyzes the  to the novel CXXCK motif that is essential for catalyst (
six electron reduction of nitrite to ammonium, but can also 6).
cataly;e the five electron reduction of NQ and two electron  The crystal structures of cytochroneenitrite reductase
reduction of hydroxylamine, both of which may be bound  ¢om the ‘sulfur reducing bacteriuBulfurospirillum deley-
intermediates in the catalyic cycle for nitrite reducti@. ianum and the closely related rumen bacteriviolinella
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(7, 8). Spectroscopic data have been published for a numberthe Michaelis-Menton description of enzyme kinetics to
of NrfA enzymes {3—18). However, much of it predates determineKy, for nitrite or hydroxylamine.

the crystal structures, and interpretation of many of these Purification of E. coli NrfA Periplasmic proteins were
data must now be reassessed as it was often based on thextracted from the harvested cells as previously described
assumption that the enzyme bound six hemes. In addition,(21). NrfA was identified in both the periplasmic and
interpretation of some published spectroscopy is complicatedmembrane fractions and the distribution between the two
by the fact that it was collected from the NrfA complexed fractions varied in different preparations. The enzyme was

with a “partner” cytochromel(6, 18).
Analysis of the organization ofrfA gene clusters from a

precipitated from the periplasm using 65% saturated am-
monium sulfate and then resuspended in 50 mM Tris-HCI,

range of bacteria reveals that they can be divided into two pPH 7.0. NrfA in the membrane fractions was extracted

groups. In one group, that includg¢. succinogeneandsS.
deleyianum the nrfA clusters with an adjacent gemefH

overnight at 4°C in 50 mM Tris-HCI, pH 7.0, containing
0.1% dodecyl maltoside. The periplasmic or membrane-

which encodes a membrane-anchored tetra-heme quinolextracted material was applied to an anion exchange Q-

dehydrogenase of the NapC famiB; @9, 20). In the second
group, which includeg&. coli, the nrfA clusters with genes
encoding a periplasmic penta-heme cytochromeBj, a
periplasmic (4x [4Fe4S]) ferredoxinrfrfC), and an integral
membrane putative quinol dehydrogenasefl§) (3, 5).
Clearly, electron transfer from quinol to the NrfA in the
different groups is distinct. The different proteiprotein and
cofactor-cofactor interactions implicit in this may be

Sepharose column (3% 3 cm) equilibrated with 50 mM
Tris-HCI, pH 7.0. The column was developed using a linear
gradient of -200 mM NacCl. NrfA eluted at-80 mM NacCl.
The NrfA fraction was applied to a Superdex G-75 Hiload
16/60 FPLC column equilibrated with 50 mM Tris-HCI, pH
7.0. At a flow rate of 1 mL/min and a fraction size of 1 mL,
NrfA was eluted in fractions 5864. NrfA was further
purified on an anion exchange Dionex column (&925

reflected by insertions and deletions in loop regions of the cm) equilibrated with 50 mM Hepes, pH 7.0, using a
polypeptide chain in the two subgroups that can be identified SPRINT system. The column was developed using &

in primary structure analysisg). In this paper, we present
the first X-ray crystal structure of a member of the NrfB-
dependent sub-group of NrfA enzymes, thecoli NrfA.

mM NaCl linear gradient, and NrfA eluted at 50 mM NaCl.
Protein concentration was determined by the BCA method
using bovine serum albumin as a protein standard.Ajh¢

The structure has been analyzed in combination with an Azsoratio was typically 3.5, and the extinction coefficient at
MCD and spectro-potentiometric EPR characterization of the 410 nm was 497 650 M cm™, based on a molecular mass
enzyme. This has allowed the assignment of spectroscopicof 53 kDa. Periplasmic NrfA was found to run as a single
signals and equilibrium redox potentials to individual hemes band on native or SDSpolyacrylamide gels either stained

in the crystal structure.

EXPERIMENTAL PROCEDURES

Materials. Sodium nitrite was purchased from BDH,
hydroxylamine from Sigma, deuterium oxide from Aldrich,

with Coomassie blue or for heme. The NrfA prepared from
membrane fractions routinely exhibited &H50% contamina-
tion of iron superoxide dismutase. Aside from that, UV/
Visible, EPR and MCD spectroscopy, activity assays, and
SELDI analysis established that there were no significant
differences between NrfA purified from the periplasmic or

and BCA reagent from Pierce. Buffer-electrolyte solutions memprane fractions, and they were treated as identical after
for voltammetric experiments were prepared with analytical purification. The NrfA used for the crystallography and

grade water (Fisher, total nitrogen content0.1 ppm).

spectroscopy had a turnover number with nitrite and hy-

Hydroxylamine solutions were prepared immediately prior groxylamine of 770 N@ s (4600 & s°%) and 2380 NH
to use, and the pH was adjusted to 7.0 by the addition of o 51 (4760 e s71) andKy of 28 «uM (NO,) or 30 mM

sodium hydroxide.
Growth of BacteriaThe E. coli K-12 strain LCB2048 is

(NH2OH). The mass of the enzyme determined by SELDI
mass spectrometry was 52 997 kDa. Since holo-NrfA binds

defective in the nitrate reductases A and Z and expressesive hemes each of 615 Da, the predicted mass of the apo-
the formate-dependent nitrite reductase (NrfA) at elevated NrfA is 49 922 kDa. NrfA is synthesized with a signal

levels @1). Cultures of strain LCB2048 were grown in
minimal salts medium21) without aeration overnight at 37
°C after the addition of kanamycin (2E/mL) and specti-
nomycin (25ug/mL). Initial cultures (250 mL) were inocu-
lated with 0.5 mL of an overnight culture grown aerobically
on Luria-Bertani broth medium. The 250-mL culture was
transferreda 2 L of fresh medium and thme6 L of culture
was transferred into 100 L of fresh medium.

Activity Assays Nitrite reductase activity was measured

peptide: MTRIKINARRIFSLLIPFFFFTSVHAEQTAAP-
AKPVTVEAK... (5), and the SELDI analysis suggests that
the purified NrfA used in this study has been processed at
position 33-34 A—K, which yields an apo-protein of 49 925
kDa. In this paper, the amino acid numbering of the
unprocessed polypeptide will be used.

Crystal Structure Determinatiofie. coli periplasmic NrfA
was concentrated to 10 mg/mL in 50 mM sodium HEPES,
pH 7.0, plus 100 mM NacCl. Crystals of typical dimensions

spectrophotometrically by substrate-dependent oxidation of 200 x 50 x 10 um? were obtained from vapor diffusion

reduced methyl viologeneoo nm = 13700 Mt cm™?).
Assays (3.5 mL final volume) were carried out by mixing
at 25 °C in anaerobic cuvettes containing 1 mM methyl
viologen, 2 mM CaCJ, 50 mM Hepes, pH 7.0, and either
nitrite or hydroxylamine. Methyl viologen was reduced by
the addition of sodium dithionite, and turnover was initiated
by the addition of NrfA (0.14ug/mL). Data were fitted to

experiments using 20% (w/v) PEG 4000 and 10% (v/v)
2-propanol in 100 mM sodium HEPES buffer at pH 7.5. The
crystals could by cryoprotected by transferring them to
crystallization solution containing 25% (v/v) glycerol. The
crystals belong to space grol2:2,2, with apparent cell
parameters o = 81.47 A\b=90.84 A, ancc = 293.87 A
and contain four molecules of NrfA per asymmetric unit.
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X-ray data were collected on station ID14.1 at the ESRF, deuterated buffer and, for low-temperature MCD measure-
Grenoble, using a MAR 165 CCD detector and processed ments, 50% (v/v) glycerol was added as a glassing agent.
to 2.5 A using DENZO 22). The structure oE. coli NrfA UV/Vis absorption and EPR spectra of NrfA with or without
was solved by molecular replacement using the structure ofthe glassing agent were identical. For estimating the con-
the homologous enzyme fro8 deleyianunPDB accession  centration of hemes from the EPR signals, the following
code 1QDB) as the search model. The program MolRep from relationship is used?2):
the CCP4 program suit8) gave a clear solution for the
four molecules with a correlation coefficient of 0.46 and an C = {(integral of samplél , of sample)/

Reyst Of 49.7% in the resolution range of 15:8.0 A. (double integral of standarfibf standard)C, (1)
Following rigid body refinement, th&:ys: for this model
(residues 42220, 236-246, and 253495 from theS. whereC and C; are the concentration of the heme species

deleyianunstructure) using all data to 2.5 A had converged and a standard (routinely 1 mM CUuEDTA), respectively, and:
to 46.1%.

Model building was carried out using the program23)( _ 2 2 2
and all refinement procedures were performed with CNS T=V18E + 9 +9) )
(25). For refinement, 5% of reflections were set aside for _ 2 2
the calculation oRee Inspection of difference Fourier maps T = (B120w)(G" + g, )/
at this stage allowed the manual rebuilding of 382 residues [V{1—(glg)H1 - (9,78} (3)
plus the conserved active site calcium ion. The remaining
residues, which differ significantly in position between the This method allows the concentration to be determined by
S. deleyianumand E. coli structures, were removed from integration of “one dimension” (they, feature) of the
the model. From this point, refinement was performed using absorption envelope as the size and shape of the absorption
a noncrystallographic symmetry restraint of 300 kcal Thol  envelope are determined by gsalues (which are known),
A=2. A single round of simulated annealing refinement concentration, and line shape. This method avoids integrating
followed by three rounds of conjugate gradient minimization other features in the absorption envelope. For quantification
interspersed with manual rebuilding enabled a complete of High g max EPR signals, the values gfandg, have to
amino acid model to be built for each monomer including be estimated. This is possible becausezmproaches the
all hemes. This process converged to givVig.gs: of 24.1% theoretical limit of 4.0,g« and gy approach 0. The sum of
and aRyee Of 26.0%. After the addition of a second €a  their squaredy values is therefore a maximum of 16 and as
ion, a glycerol molecule and 680 water molecules into they are approaching axialitg« and g, must be of similar
significant residual electron density the structure refined to magnitude 29).
give a final Reys: 0f 20.3% andRyee Of 24.3%. Potentiometric TitrationPotentiometric titration of 110
The final model consists of residues-3878, five hemes,  uM NrfA in 50 mM Hepes, 2 mM CaG| pH 7.0, was
two calcium ions, and a glycerol molecule for each of the performed in the presence of dye mediators. The mediators
four molecules in the asymmetric unit plus 680 water (20 uM each) were potassium ferricyanide, 2,3,5,6-tetra-
molecules. Because of the possibility of reduction during data methyl{p-phenylendiamine, 2,6-dichlorophenol indophenol,
collection, the oxidation state of the enzyme cannot be clearly phenazine methosulfate, methylene blue, indigo carmine,
established in this structure. When analyzed for stereochem-anthroquinone 2,6-sulfonate, anthroquinone 2-sulfonate, phe-
ical quality using PROCHECK2@) the final structure has  nosafranine, safranine O, benzyl viologen, and methyl
all residues in the most favored regions of the Ramachandranviologen. To achieve stable potentials belew9.3 V, it was
plot except His 264 which falls into the generously allowed necessary to increase the methyl viologen concentration to
region in all four molecules. Structural comparisons were 70 uM. Redox poise was achieved under the control of a
carried out using the program DALRYQ). Representations  potentiostat (Autolab electrochemical analyzer under the
of molecular electrostatic potential surfaces were preparedcontrol of GPES software) using a three electrode cell
using SPOCK 28). Coordinates have been deposited in the configuration housed in an anaerobic chambey &imo-
PDB with the accession code 1GUG. sphere with @ < 2 ppm). Anaerobic samples were intro-
Spectroscopy Perpendicular and parallel mode EPR duced into a freshly polished glassy carbon pot thermostated
measurements were performed with a Bruker EMX spec- at 4°C which constituted the working electrode. A platinum
trometer equipped with an Oxford ESR-9 liquid helium wire counter electrode was housed in a chamber separated
cryostat and a dual mode cavity with microwave frequencies from the NrfA sample by a Vycor Fritt and the Ag/AgCl,
of 9.65 and 9.35 GHz for the perpendicular and parallel KCI (saturated) reference electrode (25) contacted the
modes, respectively. For EPR of NrfA crystals, around 20 sample through a Luggin capillary tip. Samples were poised
crystals were collected and placed into a reduced volumeat the desired potential with stirring until the current from
EPR tube. MCD experiments were recorded on either athe sample fell to zero indicating equilibration with the
circular dichrograph, JASCO J-500, for the wavelength range applied potential. After the zero current potential of the cell
280—1000 nm or JASCO J730 for the range 8®500 nm. was confirmed to be the desired equilibration potential, the
Samples were mounted within an Oxford Instruments SM4 sample was then transferred to an EPR tube, sealed, and
split-coil superconducting solenoid capable of generating frozen within 1 min. Checks on the stability of the poised
magnetic fields upa 5 T for low-temperature measurements sample after removing potentiostatic control showed the
and in an Oxford Instruments SM6 T superconducting  potential drift was less than 5 mV over 5 min. Potentials are
solenoid with an ambient temperature bore for room- reported with reference to the standard hydrogen electrode
temperature measurements. Samples were exchanged int¢S.H.E.) by addition of 0.197 V to those measured.
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Table 1: Data Collection and Refinement StatisticsEorcoli
NrfA2

data collection

station ID14.1 ESRF
wavelength/A 0.934
resolution/A 2.5
completeness/% 93.0 (94.6)
Reyn?/% 8.9 (24.4)
o 5.4 (2.7)
independent reflections 71769
total reflections 1062 813
refinement
resolution range/A 262.5
reflections £ > 0) 69 831
refined structure 15 488 non-hydrogen atoms
Reryst1% 20.3 (28.0)
Ree/% 24.3 (33.8)
RMS deviations Ficure 1: Overall structure oE. coli NrfA. A view of the NrfA
bonds G-N,0.014 A dimer showing arrangement of monomers about a 2-fold crystal-
N—C,, 0.019 A lographic axis.
C.,—C, 0.021 A
angles N-C.—C, 2.00
C—N-C,, 1.80° Heme 1
planes peptides, 0.017 A

aromatics, 0.013 A

aFigures in parentheses refer to data in the highest resolution bin.
PRym=Y Y |Ii — Oy | i where UUis the average of symmetry
equivalent reflections and the summation extends over all observations
for all unique reflections® Reyst= Y [|Fol — [Fdll/> [Fol whereF, and
F. are the observed and calculated structure factors, respectively, and
the summation extends over all unique reflections in the quoted
resolution range? For Ryee (Briinger, 1992), the summation extends
over a subset (5%) of reflections excluded from all stages of refinement.

RESULTS AND DISCUSSION

The 2.5 A Crystal Structure of Escherichia coli Penta-
Heme Cytochrome c Nitrite Reductasehe penta-heme  Heme 2
cytochromec nitrite reductase (NrfA) ofEscherichia coli

was crystallized in space gro#2;2;2; with four monomers .~
in the crystallographic asymmetric unit. The structure was HemeS €,
solved by molecular replacement methods using the structure ®

of the homologous enzyme froBulfurospirillum deleyianum  Figyre 2: The arrangement of the heme groups plus histidine and
(7) and refined at 2.5 A resolution to a firRFactor of 20.3% lysine ligands in a NrfA monomer. The orientation of the hemes is

(Rrree = 24.3%) (Table 1). The crystal structure of NrfA is similar to that shown in Figure 1. The hemes are numbered
that of a homodimer formed from each monomer by according to the order of attachment to CXXC motifs on the
transformation about a crystallographic 2-fold axis (Figure PCYPeptide chain.

1). This situation is analogous to that observed in the crystal ~ All of the distinguishing features of thé/. succinogenes
structures of NrfA from botlS. deleyianunand W. succi- and S. deleyianumcytochrome ¢ nitrite reductases are
nogenesand in all three enzymes a key element of the dimer apparent inE. coli NrfA. These include a catalytic heme
interface is the presence of a pair of loaghelices from with a lysine primary amine nitrogen as the proximal ligand,
each monomer which interacts across the dimer &isdli four electron-transferring bis-His ligated-type hemes
contact area 154& 21 A?). From a superposition of the  (Figure 2), a putative substrate inlet channel with positively
structures fronk. coliandS. deleyianuman rms deviation  charged electrostatic potential, and a putative product efflux
of C, atoms of 1.2 A is obtained. This alignment gives a channel that exhibits a more negative electrostatic potential.
46% identity over a total of 431 structurally equivalenced In addition, an active site calcium ion is conserved across
residues. This can be compared with an rms deviation of all three structures both in terms of the identity of ligating
0.9 A between the aligned structures of the enzymes from residues and in the presence of two conserved water ligands
W. succinogeneandsS. deleyianunf77% identity over atotal ~ (Figure 3). A further calcium-binding site was identified in
of 461 structurally equivalenced residues). The only signifi- a region of low sequence identity in the vicinity of heme 4.
cant nonaligned region of the structure involves residues All of the key residues that provide for heme ligation are
169175, inclusive. This region forms an insertion in the conserved in the three nitrite reductases. The properties of
E. coli enzyme sequence relative to that@fdeleyianum.  the hemes are summarized in Tables 2 and 3 and are
A structurally aligned loop formed from residues 290 to 297 compared with those of thé/. succinogeneandS. deley-
also differs in conformation between the two structures. For ianumenzymes. The major differences arise from comparison
the same pair of enzymes, superposition of the hemes givesf the interplanar angles of the histidine imidazole ligands
an rms deviation of 0.7% 0.01 A. (Table 3), where those observedincoli NrfA are smaller
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Table 3: Properties of the Hemes Bf coli NrfA and W.
succinogenedlrfA?

solvent
heme ligands HisHis angle  accessibility/&
E. coli
heme 1l Lys1260OH /H,O 28.3£0.5
heme 2 His164His301 21.2+ 0.4 324+ 1.1
heme 3 His94-His213 34.2+£ 2.0 11.3+ 0.3
heme 4 His286-His393 64.4+ 1.2 61.7+ 1.2
heme 5 His275His318 718+ 1.7 76.6+ 1.3
W. succinogenés
heme 1l Lys1340H /HO 29.3(29.8+0.8)

heme 2 His172His313  27.4(27.2:0.7) 83.3 (93.8: 2.9)
heme 3 His102His215  41.3 (46.%3.2) 17.5 (2.5t 0.5)

heme 4 His299His405  81.1(74.4-2.4) 83.6 (68.2- 1.3)
heme5 His288His330  82.0(87.9-1.3) 70.9 (72.2-5.4)

aData for theW. succinogenesnzyme are taken from ré& ° For
reference, data for th8. deleyianunenzyme (7) is given in brackets
following that fromW. succinogenes

There is evidence in the 2Fo-Fc electron density maps for
a distal ligand to the catalytic heme in each of the four copies
of the NrfA monomer (Figure 3). We have interpreted this
to be a water molecule in our model (W679), although an
hydroxide ion is a possible alternative. The resulting mean
Fe—O distance is 2.17 A with a standard deviation of 0.04
A. We have not restrained the position of this water molecule
relative to the heme in the crystal structure refinement
process. This can be compared with a distance of 2.05 A
observed in the structure of the enzyme frovh succino-
genes The difference in ligand distance is most likely due
to the lower resolution of data used in our refinement. A
Ficure 3: Detail of the NrfA active site showing the calcium ion ﬂearby water molecule (WS30 in Flgure_ 3) IS also Consgrved
and a bound water/hydroxide. Residues in the vicinity of the In the four molecules of the asymmetric unit of thecoli

catalytic heme are shown along with (2F6c) electron density ~ €nzyme. This water lies within hydrogen bonding distance
calculated at 2.5 A resolution and contoured atd @hereo is of the liganding water and also hydrogen bonds to the

the standard deviation of the map). The side-chain of lysine 261 phenolic hydroxyl of Tyr 216. Tyrosines in the vicinity of

has been removed for clarity. The hydrogen bonds linking the distal : ; : :
water (W679) to tyrosine 216 via a further, adjacent water molecule the active site have been postulated to deal with possible

(W530) are shown as dotted lines as are the liganding interactionsfadical intermediates during the stepwise reduction of nitrite

involving the neighboring calcium ion (shown in violet). to ammonia by forming tyrosyl radicals during the catalytic
cycle ). Tyr 216 is adjacent to the tyrosine residue which
Table 2: Heme-Heme Distances and Angles of Cytochrome was found to be partially ortho-hydroxylated in ti&
Nitrite Reductasés deleyianumNrfA structure ().
Fe—Fe closest The solvent-accessible areas of the five hemes in each of
heme plane angle/ distance/ A ring atom/ A the enzymes have been calculated for the crystal (and
pair Ec Ws Sd Ec Ws Sd Ec Ws Sd  presumed solution) dimer structures and are shown in Table

2-3  75.8+0.3 76.0 76.2:0.7 12.6 125 128 6.3 6.0 6.2 3. For theW. succinogeneand S. deleyianunenzymes,

1-3  250£03 270 27.9£05 97 97 96 43 43 44  hemes 2 and 4 show the largest solvent accessible area. Einsle
1-4  17.9+02 205 18.3:0.7 165 165 16.6 8.3 8.4 85 ¢ al ted that th vent il . h 5
4-5 725+05 687 70.8-10 113 112 112 58 56 57 et al @) noted that the solvent-accessible region of heme
3—4 85+03 7.2 101+11 94 94 93 45 40 38 co-locates with a patch of strong positive electrostatic
5-5 87.1+£02 86.8 87.4t0.6 11.9 117 11.8 58 59 57 potential in both enzymes. They therefore identified this

: : heme as the most likely entry point for electrons. In Ehe

* Data refer to EcE. coli, Ws, W. succinogenefDB code 1FS7];  cqlj dimer, on the other hand, the solvent-accessible area

and Sd,S. deleyianunjPDB code 1QDB]. Standard deviations are . .
shown where applicable. No standard deviations are quoted fer Fe for heme 2 is only approximately half that of both hemes 4

Fe distance and closest ring atom as they are less than 0.1 A in eac®Nd 5. However, inspection of the structure reVe_a|S the
case. solvent-exposed edges of these hemes to lie in regions that

are unlikely to be accessible to a donor protein of ap-
proximately 20 kDa molecular weight. Heme 4 lies at the
than for the equivalent heme pair in the other two structures base of a conical depression that is approximately 10 A deep
(the differences range from 6 to 97 This is unlikely to be and 8 to 12 A in diameter at the lip, while heme 5 lies in a
an effect of pH as thé&. deleyianunandE. coli enzymes  V-shaped cavity at the edge of the dimer interface. The
were both crystallized at pH 7.5, while thé. succinogenes  solvent-exposed edge of heme 2, however, lies on a relatively
enzyme was crystallized at pH 5.7. flat region of the molecular surface offering few restrictions
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to donor protein access. The low solvent accessibility of
heme 2 appears to arise, at least in part, from the formation
of a salt bridge involving the side chain of Arg 201 with
one of the heme propionate groups. This interaction is not
observed in the structures of the other two enzymes as in
both cases this arginine is substituted by a histidine residue,
the shorter side chain of the latter precluding the formation
of the ion pair.

The electropositive patch in the vicinity of heme 2 is
conserved in thé. coli enzyme. As noted by Einsle et al
(8), the strength of this patch correlates with the stability of
the complexes ofV. succinogeneandS. deleyianunNrfA
enzymes with NrfH, their partner electron donor proteins.
This conserved positive patch is significantly less pronounced
in the E. coli enzyme than in the other two (Figure 4). The
size of the positive patch is reduced in t&e coli NrfA
structure by the substitution of an adjacent arginine residue
(Arg 207 inW. succinogeneand Arg 206 inS. deleyianum
enzymes) for a glutamine residue (GIn 205) En coli.
Although weak, this represents one of the few positive
surface patches apart from that at the site of substrate entry
to heme 1. This weakness may relate to the observation that,
unigue among the three enzymes, it has not been possible
to isolate the complex d&. coli NrfA with its electron donor,
NrfB (data not shown).

If we accept heme 2 as the site of entry for electrons to
the system, then given the difference in electron donor protein
utilized by theE. colienzyme, some differences in the shape
of the molecular surface and charge distribution in the
vicinity of the heme may be expected. From inspection of
our structure, the seven residue insertion in thecoli
enzyme (residues 169 to 175) is seen to lie in this region
and may well form part of the interaction surface with NrfB
(Figure 4C). This, taken together with the generally more
acidic nature of the electrostatic potential at the molecular
surface in this region, may reflect the difference in electron
donor. It is notable that this seven amino acid insertion is
also present in NrfA fronsalmonella typhandHaemophilus
influenzaeboth of which also have arfB, rather thamrfH
gene, in thenrf operon. Thus, this structural feature may
prove to be a key difference between the NrfH- and NrfB-
dependent subgroups of NrfA.

Optical Spectroscopy of Escherichia coli Nrffhe nature __ e
and geometry of heme ligands has characteristic effects onfFicure 4: The conserved electropositive patch in the vicinity of
the spectroscopy of the cofactor. The oxidized and reducedheme 2. Views of the electrostatic potential color-coded (blue, basic;
UV/Vis spectra of NrfA (Figure 5A) are typical af-type red, acidic) molecular surface of the NrfA dimerf succinogenes

;L ; (A), S. deleyianun(B), andE. coli (C). The figure dimensions are
cytochromes. The oxidized spectrum has maxima at 409, 532’appr0ximately 20x 20 A?, centered on heme 2 and arranged So

and 630 nm. The latter represents a liganetal charge  hat the view is into the vertically arranged, solvent-exposed heme
transfer (LMCT) band of a high spin heme that has been edge. The approximate position of the heme edge is indicated by
observed for other cytochronnitrite reductasesl@, 14, a dashed line. The positions of selected residues in the region of
16, 18). The reduced NrfA spectrum exhibits the Soet, ~ the conserved electropositive patch and of the seven residue
$ bands at 420.5, 523.5, and 552 nm. In the UV/VIS MCD insertion in theE. colienzyme (residues 169 to 175) are indicated.
spectrum, intense low-spin ferric heme bands dominate overalso supported by the,3-MCD bands at 506600 nm which

the wavelength range 36@00 nm (Figure 5B). In the Soret  are typical of low spin heme3().

region ~400 nm) of the MCD spectrum at room tempera-  The charge-transfer band for low-spin ferric heme occurs
ture, a single low spin heme gives rise to a derivative shapedin the near infrared (NIR) region of the electronic absorption
band with a peak to trough intensity of approximately 150 spectrum (8062500 nm). Although rarely detected by
M~ cm™® T-1 (30). The intensity of the MCD spectra absorption spectroscopy, this band is readily observed by
presented in Figure 5B are therefore consistent with the MCD spectroscopy, with the peak wavelength being an
presence of four low spin hemes as predicted from the crystalexcellent indicator of the axial ligands to the heme ir86) (
structure. The presence of low-spin ferric heme in NrfA is In NrfA, a broad positive LMCT band was observed at 1470
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FIGURE 6: Spectroscopic properties of the oxidized NrfA in the
near-IR region. (A) Room-temperature MCD spectrum. NrfA
concentration was 62M in 0.05 M Hepes, pH* 7.0. (B) Low-
temperature MCD spectrum. NrfA concentration wag(®2in 0.05

M Hepes, pH* 7.0. Conditions used are as described in Experi-
mental Procedures.

nm, with a vibrational sideband at lower wavelength (1200
1300 nm) (Figure 6A). This is characteristic of low spin bis-

Biochemistry, Vol. 41, No. 9, 2002927

bis-His heme NIR MCD bands characteristically hav&ea

of between 0.8 and 1.2 M cm™! T-% The intensity of the
NrfA LMCT band (4 Mt cm™ T is thus consistent with
four low spin hemes. This confirms that the crystal structure,
which displays four bis-His coordinated hemes, reflects the
room-temperature solution structure. At low temperature (4.2
K), the trough to peak intensity of the Soret bankk (=

125 mM* cm™) and thedmax and intensity of the LMCT
band (1470 nmAe = 1.2 mMt cm™Y) are still consistent
with four bis-His coordinated hemes suggesting that no gross
changes have accompanied freezing of the NrfA to ultralow
temperatures (Figure 5C and Figure 6B).

In the room temperature (RT) visible MCD (Figure 5B)
and NIR MCD (Figure 6A) spectra of NrfA, negative features
at 620 and 635 nm (Figure 5B), a positive band at 2000 nm,
and a weak derivative at 800 nm were apparent. In general,
the MCD spectra of high spin ferric heme contain a pair of
high spin charge-transfer bands, both derivative in form, one
in the region 606-670 nm and the second above 800 nm.
The spectral features we have observed in NrfA arise from
these bands (Figure 6A). These bands shift position with
changes in axial ligatior8Q). Thus, histidine or lysine bound
hemes with a water molecule bound in the distal pocket
generally have a pair of bands in the regions-6887 nm
and 1056-1150 nm, respectively. If this water becomes
deprotonated, these bands both shift to lower wavelengths
to around 620 nm and 7950 nm, respectively. If the water
is removed completely the bands shift to higher wavelengths,
650—-665 nm and above 1200 nm, respectively. Thus, taking
the crystal structure into account we propose that the 620/
800 nm and 635/1000 nm pairs of signals arise from the
Lys-coordinated heme for which the oxygen observed as a
sixth ligand is either hydroxide or water. The intensity of
the 1000 nm band in the room-temperature NIR MCD
spectrum (Figure 6A) suggests that a water ligand dominates
at pH 7.

The intensity of MCD signals that arise from paramagnetic
species increase with decreasing temperature. However, the
features that arise from low spin ferric heme increase to a
much greater extent (1 order of magnitude) than those which
arise from high spin ferric heme. Consequently, the features
at both 620/800 nm and 635/1000 nm are not detectable in
the low temperature (LT) MCD spectra (Figure 5C and 6B)
as they are swamped by the intensity of the low spin ferric
heme signals.

The only previous reports of MCD spectra of NrfA are
from the enzyme fromW. succinogenefl3, 14). The LT
visible MCD spectrum was, like that of. coli NrfA,
dominated by low spin hemes with the peak-to-trough
of the Soret band being ca. 115 mMcm™. The LT NIR
MCD spectrum exhibited a peak at 1510 nixx (1.2 mM™
cm™?), slightly red shifted as compared to that of thecoli
NrfA, but still of a wavelength and intensity consistent with
four low spin bis-His ligated hemes. The RT MCD of the
W. succinogeneBIrfA displayed a negative feature at 620
nm and a derivative centered at 850 nm that are characteristic
of high spin heme. The 635 and 1000 nm features were much
weaker. This suggests that the high spin heme in\the

His coordinated ferric heme. The 1470 nm band displays a succinogenedNrfA preparation was dominated by a Lys-
shoulder on its low energy side (ca. 1520 nm) which reflects F€")-OH~ form rather than the predominantly Lys{e

the fact that four hemes in different protein environments
contribute to this signal (Figure 6A). At thinax low-spin

H,O observed in the preparations Bf coli NrfA used in
the present study.
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Ficure 7: Perpendicular and parallel mode X-band EPR spectra
of air-oxidized NrfA in frozen solution and in crystals. (A)
Perpendicular mode spectrum of NrfA “as isolated”. (B) Parallel
mode spectrum of A. NrfA concentration was 681 in 0.05 M
Hepes, pH 7.0. (C) Perpendicular mode spectrum of NrfA crystals.
Spectra were collected at 10 K, 2 mW microwave power, 7.6 G
modulation amplitude. The microwave frequency was 9.65 GHz
for the perpendicular mode and 9.35 GHz for the parallel mode.

EPR Spectroscopy of Escherichia coli Nrffhe frozen
solution perpendicular mode X-band EPR spectrum of air-
oxidized NrfA is complex (Figure 7A). The prominent
derivative features aj ~ 3.5 andg = 10.8 are atypical of

Bamford et al.

5, have near-perpendicular imidazole ligands (Figure 2, Table
3) and are expected, if magnetically isolated, to give rise to
weak “Large g max” signals at arourd ~ 3.1—3.5 (34).
Such signals have low transition state probabilities with broad
line widths. They may therefore be difficult to detect. The
featureg = 3.17 (Figure 7A) may arise from one or both of
these hemes.

Of the signals remaining in Figure 7A, thatgt 6—6.5
must arise from a magnetically isolated high spin ferric heme
but corresponds to only a trace amount. Hence, it can
originate from a small percentage of uncoupled high spin
heme. The weak signals gt= 2.52 andg = 1.8 probably
arise from low levels of low spin Lys-OHligated heme,
predicted to be present from the MCD, and may also arise
from a small proportion of magnetically uncoupled heme.
Both of these heme signals exhibited preparation to prepara-
tion variation. Weak signals ayj = 2.05 are probably
contributed to by a trace amount of Cu(ll) and those between
g~ 4.1-4.8 most likely arise from adventitious Fe(lll) and
Fe-superoxide dismutase (FEOD), which was a 510%
contaminant in some preparations.

EPR spectra of redox centers are highly sensitive to the
protein and solvent environment around the paramagnet.
Thus, to assess whether the hemes in the NrfA crystals were
in similar environments to those in the frozen solution the
EPR spectrum of a collection of NrfA crystals in random
orientation was acquired (Figure 7C). Although the spectral
quality is not as high as that of frozen solution samples, the
X-band perpendicular mode spectrum clearly shows many

the spin states of any magnetically isolated hemes. Parallelof the key features ascribed to heme Fe(lll) in the frozen
mode EPR spectroscopy shows only a derivative feature atsolution spectrum. The spectrum also has a large sigmal at

g~ 10.8 (Figure 7B). The presence of two derivative signals
atg values~3—4 and 10-12, of which the latter is allowed

in the parallel mode and the former is forbidden, are a pattern
very similar to those observed from a weakly exchanged
coupled high spin heme Fe(llIsE= 5/2) and Cy(ll) (S=

1/2) in E. coli quinol oxidase 32). Thus, it is tempting to

= 4.3 andg ~ 2 which most likely arises from iron (lll)
and copper (II) present in the crystallization liquor.

To gain insight into the redox properties of the NrfA
hemes, EPR spectra of samples poised at defined potentials
were measured. NrfA was poised using a potentiostat to avoid
perturbation of heme coordination by dithionite (or break-

assign these features in NrfA to a weakly exchange coupleddown products), that are known to bind to this class of

pair of paramagnets o6 = 5/2 andS = 1/2. The clear
candidate for thé&s = 5/2 species is the Lys-J® heme Fe-
(). 1dentification of theS = 1/2 partner in the coupled
pair is not unambiguous. One candidate is the bis-His
coordinated heme 3 Fe(lll) which lies at an edgelge
distance from heme 1 of 4.3 A (Table 2). A heme pair with
similar interplanar heme angles and edgege distances has
been observed in the crystal structure Nitrosomonas
europaeacytochromec554, a protein that can also exhibit
similar EPR signals33). However, we do not at this stage
exclude the possibility that anoth8r= 1/2 paramagnet, say

enzyme {4). Spectra collected at272 mV (not shown),
+160 mV (not shown),+55 and 0 mV were essentially
indistinguishable from each other (Figure 8A). Lowering the
potential from 0 to—172 mV resulted in loss of the heme 2
rhombic low spin ferric heme signab (~ 2.9, 2.3, 1.5)
(Figure 8A). This decrease in signal intensity could be fitted
to a single componem = 1 Nernstian curve withte,, =
—37 mV (Figure 8C). The signal intensity of tliex 3.5
and 10.8 features, arising from the magnetically coupled pair,
decreased between88 and—236 mV. This decrease fits
well to ann = 1 Nernstian curve wittE,, = —107 mV

from a radical species, may be a partner in the magnetically (Figure 8C). The derivative feature centeredjat 10.8 in

coupled pair.

The EPR signals aj ~ 2.92, 2.3, and 1.5 (Figure 7A)
are typical for theg,, gy, gx components of rhombic Fe(lll)
signals arising from low spin bis-His ligated Fe(lll) hemes
with near-parallel imidazole plane84). Quantification of
this signal by integration againg 1 mM copper EDTA
standard gave an integer value of 1 mol spin per mol of
enzyme. There are two hemes with near-parallel imidazole

the parallel mode EPR also decreased over the same potential
range as the perpendicular mode= 3.5 andg = 10.8
signals, consistent with it arising from the same coupled pair
(Figure 8B and C). It should be noted that no new EPR
features appeared concurrently with the decrease in intensity
of the perpendicular modg = 3.5 andg = 10.8 signal
(Figure 8). If the two paramagnetic species contributing to
this signal titrate as independent, near-iso-potentiat; 1

planes (hemes 2 and 3) (Figure 2, Tables 2 and 3). If hemecomponents, neve = 5/2 andS = 1/2 EPR signals are
3 can been assigned to the exchanged coupled pair, therexpected. For example, equilibration at the midpoint redox

heme 2 is the most likely source of tige~ 2.92, 2.3, and

potential should yield an enzyme population where the spin

1.5 signal. The remaining two low spin hemes, hemes 4 andstates of the coupled pair are in the proportion 0825[5/2,
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Ficure 8: EPR spectra of electrochemically poised NrfA. (A) Perpendicular mode; (B) parallel mode; (C) plots of the EPREidPials.

of the peak to trough intensity of ttge= 2.3 component of the low spin heme rhombic triplet. The solid line plotted through this symbol
is ann = 1 Nernstian fit withE,, —37 mV. O, a, <, Plot of theg = 3.5,g = 10.8, and parallel modg = 10.5 signals arising from the
magnetically coupled low spinhigh spin heme pair. The solid line plotted through these symbols is=ari Nernstian fit withE,, —107

mV to theg = 3.5 data. The dotted line is an= 2 fit; v, Plot of theg = 3.10 “Large g max” signal. The solid line plotted through this
symbol is ann = 1 Nernstian fit withE,, —323 mV.
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S=1/2]: 0.255=5/2,S=0]: 0.25[5= 0, S= 1/2]: 0.25- is subject to uncertainty since tlgg and gy features cannot
[S=0,S=0]. Thus,the$=5/2,S=0]and 5= 0,S= be clearly resolved. Close inspection of the signal reveals
1/2] populations would be expected to give rise to EPR that it is asymmetric and thus may represent two hemes with
signals. The absence of any n&s 5/2 andS= 1/2 EPR slightly differentg; values. This would be consistent with
signals is therefore puzzling, but could be explained if the view that both hemes 4 and 5 with near-perpendicular
electron exchange between the two metals in the coupledimidazole planes contribute to this “Large g max” feature
pair was very rapid. It could be also explained if reduction (Figure 2, Table 3). Alternatively, it is also possible that a
of the coupled pair is a concerted two-electron process. Thus,magnetic interaction between the two low spin heme 5 across
the titration of theg = 3.5 andg = 10.8 signals has also the NrfA dimer interface renders these hemes undetectable
been fitted with am = 2 Nernstian curve (Figure 8C). This in the EPR. After titration, the samples were reoxidized and
is clearly a less good fit of the data. Further study of this the EPR spectrum returned to the original form. The activity
signal is required to explain this observation. of the enzyme in spectrophotometric assays was unchanged
The “Large g max” feature a = 3.17 is poorly resolved  after potential poising.
at potentials greater thard4 mV as a consequence of signal A visible absorption spectro-potentiometric study has
overlap with theg = 3.5 feature (Figure 8A). However, this  previously been undertaken on tEe coli NrfA (6). The
signal can be clearly resolved when the= 3.5 signal has  simplest interpretation of the titers was that there was one
decreased in intensity at potentials of less th@&8 mV and heme with arE,, = +45 mV, two with near isopotentidt,,
titrates between-236 and —430 mV with a half peak = —90 mV and two with near-isopotentigl, = —210 mV.
intensity at around-323 mV (Figure 8A). Quantification  The titer was, however, complex and other fits are possible
of this weak signal gave an integer value of 1 mol spin per including a combination oh = 1 andn = 2 components.
mol of enzyme. However, integration of such a weak signal Nevertheless, the spread of redox potentials over a ca. 300
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mV span is similar to that observed in the present study even In conclusion, the determination of the structurd=otoli

if the absolute potentials are somewhat higher. Dithionite NrfA has allowed a detailed magnetooptical-potentiometric

was used as a reductant in the previous work, and it hasstudy of the enzyme to be interpreted against a structural
been noted that dithionite reduction products can bind to the framework. This has enabled assignment of spectroscopic

high spin heme of NrfA 14).

A number of EPR spectra have been published of
cytochromec nitrite reductases from different sources. The
oxidized spectra of NrfA fronDesulfaibrio desulfuricans
S. deleyianumandW. succinogeneare broadly similar to
that shown here foE. coli (13, 15, 16), exhibiting typical
rhombic low spin ferric heme signaj ¢~ 2.9, 2.3, and 1.5)
and showing broad positive featuresgat- 13.5, 3.7 that
can be assigned to an exchange cou8ed 5/2,S= 1/2
pair. However, a second set of signalgyat 3.21 andg =
4.8 that have been ascribed to an exchange cog#ed/2,
S=1/2 ferric heme pair iW. succinogenegre not apparent
in the E. coli NrfA under the conditions addressed in the
present study. Furthermore, since gve 4.8 signal is absent
in some published spectra of tW. succinogeneand S.

signals and redox potentials to some of the hemes. Using
these data, it has also been possible to reevaluate previously
published EPR studies on a range of cytochratrite
reductases from other organisms, much of which was
originally interpreted assuming six, rather than five, hemes.
Finally, the study has presented the first structure of a NrfB-
dependent, rather than NrfH-dependent, cytochromigrite
reductase. This has revealed distinct structural properties on
the protein surface in the vicinity of heme 2, the putative
electron input site, which may distinguish the two sub-groups
of enzyme. The influence of the heme redox potentials, heme
arrangement and redox partner on electron transfer and
catalysis remains to be determined, but this study provides
a framework around which this can now be addressétl in
coli.

deleyianumenzymes, it has been suggested that this SignalACKNOWLEDGMENT

only arises when the enzyme is complexed with a ca. 20
kDa cytochrome 15, 16), most likely the tetra-heme redox
partner, NrfH. The present analysis of tle coli NrfA
suggests rather that tige= 3.21 signal arises from a “Large

g max” signal from hemes 4 and 5 W. succinogeneand

S. deleyianuniNrfA.

Comparison of the redox properties of the hemes of the
E. coli NrfA with those of theW. succinogeneand S.
deleyianunNrfA is not possible because no equivalent data
to those presented here f@&. coli NrfA have yet been
reported. However, an EPR-potentiometric study nf
desulfuricanaNrfA has been reportedb). Although there
is no structure available for this enzyme, it is very likely to
be similar to that ofE. coli, W. succinogenesand S.
deleyianunNrfA. Again, dithionite was used as a reductant
in some of the experiments. Nevertheless; 9.36 andy =
3.92 signals that could arise from hemes 1 and 3 titrate
between+200 and+20 mV, considerably higher than that
reported in the present study. This is similar to a heme
potential reported in the visible-potentiometric studieson
coli NrfA (6) and could indicate the presence of a dithionite-
derived distal ligand on heme 1. A rhombic sigrgk 2.96,
2.28, 1.50) that may arise from heme 2 titrates over the
potential range oft-7 to —55 mV and so would have &,
comparable to that of the equivalent hemeEincoli NrfA.

A signal atg = 3.2, which may arise from the hemes 4 and/
or 5, is 50% reduced at325 mV, suggesting that these
hemes also have similar redox properties in bothBEheoli

and D. desulfuricansNrfA. An EPR-potentiometric study
on the nitrite reductase desulfaibrio vulgaris has also
been reported, but this is difficult to compare since as the
study was on an enzyme complexed with a 20-kDa cyto-
chrome redox partnerl), almost certainly the tetra-heme
NrfH. Nevertheless, a rhombic signal gt= 2.9, 2.2, 1.5,
which may arise from NrfA heme 2, and a signgs 3.6,
which could arise from the coupled pair, titrated over the
range of+18 to —110 mV. A signal atg = 3.16, which
might arise from NrfA hemes 4 and/or 5, appeared to be
about 50% reduced at290 mV. Thus, the redox potentials
for NrfA hemes that can be tentatively derived from this
study are broadly consistent with thosetofcoli NrfA here.

We are grateful to Dr. Myles Cheesman and Dr. Vasily
Oganesyan for discussion of the EPR of the coupled pair.
We are also grateful to Dr. Andrew Leech for the SELDI
analysis and to Ann Reilly, Jeremy Thornton, and David
Clarke for technical assistance.
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