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ABSTRACT. High-resolution nitrite soaked oxidized and reduced crystal structures of two active site mutants,
D98N and H255N, of nitrite reductase (NIR) froAlcaligenes faecali$S-6 were determined to better

than 2.0 A resolution. In the oxidized D98N nitrite-soaked structures, nitrite is coordinated to the type I
copper via its oxygen atoms in an asymmetric bidentate manner; however, elBviaetdrs and weak
electron density indicate that both nitrite and Asn98 are less ordered than in the native enzyme. This
disorder likely results from the inability of thed® atom of Asn98 to form a hydrogen bond with the
bound protonated nitrite, indicating that the hydrogen bond between Asp98 and nitrite in the native NIR
structure is essential in anchoring nitrite in the active site for catalysis. In the oxidized nitrite soaked
H255N crystal structure, nitrite does not displace the ligand water and is instead coordinated in an alternative
mode via a single oxygen to the type Il copper. His255 is clearly essential in defining the nitrite binding
site despite the lack of direct interaction with the substrate in the native enzyme. The resulting
pentacoordinate copper site in the H255N structure also serves as a model for a proposed transient
intermediate in the catalytic mechanism consisting of a hydroxyl and nitric oxide molecule coordinated
to the copper. The formation of an unusual dinuclear type | copper site in the reduced nitrite soaked
D98N and H255N crystal structures may represent an evolutionary link between the mononuclear type |
copper centers and dinuclear Csites.

In dissimilatory denitrification, nitrate and nitrite are used d; prosthetic groups or multiple copper centers (CuNIR)
as electron acceptors in anoxic respiration and are reducedreviewed in @)]. The dissimilatory pathway is responsible
to gaseous nitrogen oxide compounds (NO;ON and for generating the only biological source of dinitrogen)N
dinitrogen (N) (2, 3. Nitrite reductases (NIR5are common 3).
to many facultative anaerobic bacteria and catalyze the first  N|R from Alcaligenes faecalistrain S-6 (AINIR) is a
committed step in this pathway. Copper-containing NIRS green 110 kDa soluble periplasmic homotrimer with each
(CuNIRs) have been identified primarily in Gram-negative monomer comprising two Greek ke§tbarrel domains of
(4—7) bacteria but also occur in Gram-positive bacteia ( the cupredoxin fold family10, 19. Each monomer contains
and fungi @), catalyzing the one-electron reduction of nitrite ;o type | copper coordinated by four protein ligands (His95,
to nitric oxide under anaerobic conditions. Two distinct Cys136, His145, and Met150) in a distorted trigonal bi-
classes of NIRs exist that contain either hecnend heme pyramidal geometry and one type Il copper that adopts a
tetrahedral coordination with three histidine ligands (His100,
*This work is supported by a research grant from the National His135, and His306) and a fourth solvent ligand. Each copper
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a Medical Research Council of Canada Scholar. copper in AfNIR shows visible absorbance at 458 and 585
The atomic coordinates for oxidized D9BN[NQ, reduced nm resulting in a green-colored protei§, (11). The two
DI98N[NO; ], oxidized H255N[NQ7], and reduced H255N[NO] copper sites are approximately 12.5 A apart and are

AfNIR have been deposited in the Protein Data Bank (file codes: 1J9Q, ;i ; ; ; ; ;
1J9R, 1195, and 1J9T, respectively). intimately linked through a CysHis bridge incorporating
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1 Abbreviations: NIR, nitrite reductase; CuNIR, copper-containing ele(,:tron_'tranSfer rate of 1.4 10° s* measured by pulse
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nitrite soaked D98N AfNIR mutant; H255N[NQ], nitrite soaked (12). Crystallography10, 13, 14 and electron nuclear double

H255N AfNIR mutant; AXNIR,Alcaligenes xylosoxidarsIR; AcNIR,
Achromobacter cycloclasteNIR; RsNIR, Rhodobacter sphaeroides resonance (ENDOR) spectroscofip( 1§ have shown that

NIR; FT-IR, Fourier transform infrared spectroscopy; EPR, electron Nitrite displaces the ligand water at the type Il site in oxidized
paramagnetic resonance; EXAFS, X-ray fine absorption spectroscopy. CUNIR. In the reduced state, the ligand water is lost, and
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Nitrite Coordination to Cu Nitrite Reductase

the enzyme displays weaker nitrite binding as shown by
crystallography 14), X-ray absorption fine spectroscopy
(EXAFS), and steady-state kinetick7j. Direct binding of
nitrite to the type Il copper in the active site Afcaligenes
xylosoxidandNIR (AXNIR) results in a lengthening of the
copper-histidine ligand distances\0.08 A) (18) acting as

a possible trigger for electron transfer from the type | copper
(17). Cyclic voltammetry and EPR spectroscofi@)(on NIR
from Rhodobacter sphaeroid¢RsNIR) suggest that intra-
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greater than 95% pure. This procedure produces AfNIR
protein with the correct molecular mass, full copper occupa-
tion, and similar specific activity to native AfNIR2().
Crystallization, Soaking, and Data Collection98N and
H255N crystals were grown at room temperature by the
hanging drop vapor diffusion method with equal volumes
(3 uL) of mother liquor and protein solution. The mother
liquor consisted of 0.1 M sodium cacodylate, pH 5.5, 0.1 M
sodium acetetate, pH 4.7, 2Q5% poly(ethylene glycol)

molecular electron transfer is less favorable in the absence(PEG) 6000, and equimolar concentrations of cupric chloride
of nitrite. Together these data are consistent with a proposed(5 mM) and zinc acetate (5 mM). The protein stock used in

catalytic mechanismi@, 14 that proceeds by an ordered
process where nitrite binds to the oxidized type Il copper
center followed by electron transfer from the type | center.

Analysis of the crystal structure of AcNIR suggested that

crystallization was 10 mg/mL buffered in 10 mM Tris, pH
7.0. These conditions resulted in green crystals that grew to
dimensions of 0.3 mnx 0.5 mmx 0.5 mm within 1 week.
High concentrations of zinc ion (50 mM) in the crystallization

two residues, Asp98 and His255, which are observed to bemix produced AfNIR crystals in space group3 (20);

close but not ligating to the type Il copper are likely involved
in catalysis by shuttling protons to the reaction cenidr, (

13). In the native nitrite soaked AfNIR structure, the side
chain of Asp98 forms a well-defined hydrogen bond to an
oxygen atom of the nitrite that is asymmetrically O-
coordinated to the type Il coppet4). Asp98 is also closely

linked with His255 through a highly conserved water-bridged
hydrogen bond. Additional evidence for the importance of
these residues is derived from modeling studies with AXNIR

however, lower zinc ion concentrations§ mM) combined
with equimolar amounts of copper ion result in orthorhombic
crystals of space group2,2,2; that are isomorphous with
previous AfNIR crystals 11, 14, 23.

Nitrite soaked oxidized crystals were obtained by placing
crystals in mother liquor supplemented with 5 mM sodium
nitrite for 45 min at room temperature. The crystals were
then transferred to fresh mother liquor supplemented with 5
mM nitrite and 30% glycerol as a cryo-protectant. Initial

that indicate Asp98 and His255 are structurally analogous attempts at reducing nitrite soaked crystals with ascorbate

to catalytically important residues in ZCu SOD (8).
Recently, the catalytic significance of both Asp98 and His255
has been demonstrated by site-directed mutagen&3is (
21). Mutations of these residues in three different CuNIRs
showed greater than 100-fold reduction in specific activity
(16, 20 and significantly reduced affinity for nitritel, 19,
21).

at room temperature resulted in the crystals reoxidizing and
turning green within 20 min. Reduced, colorless nitrite
soaked crystals were ultimately obtained by soaking crystals
in mother liquor supplemented with 5 mM nitrite at°C

for 45 min followed by an increasing stepwise gradient of
freshly prepared ascorbate from 1 mM to 5 mM to 20 mM
over 1 h. The AfNIR mutants are 16A.000-fold less active

To understand better the roles of the active site residuesthan the wild-type enzyme, and soaking crystals &0

Asp98 and His255 in nitrite binding and catalysis in AfNIR,
we report the nitrite soaked crystal structures of two active
site mutants, D98Nand H255N, in both the oxidized and
reduced forms. Both Asp98 and His255 are found to be
essential in determining the binding mode of nitrite in the
active site of AfNIR. The oxidized D98N[NQ] crystal

minimized turnover of the enzyme such that no observable
reoxidation of the type | copper occurred during this period.
Reduced nitrite soaked crystals were fragile and required a
10% stepwise addition of glycerol to a final concentration
of 30% over 5 min. Crystals were looped directly into a cryo-
stream at 100 K generated by a cryostat (Oxford Cryo

structure indicates that Asp98 in the native enzyme servesSyStems, Oxford, U.K.). X-ray data were collected on a

as a proton acceptor in forming a hydrogen bond with nitrite
and is essential for productive substrate binding. A restruc-

Rigaku R-AXIS llc image plate system with Clwokadiation
generated by a Rigaku RU 300 rotating anode operating at

tured solvent network results in a unique pentacoordinate 100 MA and 50 kV and focused with Osmic confocal max-

binding mode of nitrite in the oxidized H255N[NQ
structure that provides a structural model for a proposed
transient catalytic intermediate. In the reduced D98NJNO
and H255N[NQ] structures, a unique dinuclear site is
formed in the type | copper site and shows structural
similarities to the traditional Gusite.

EXPERIMENTAL PROCEDURES

Molecular Biology The D98N and H255N mutations were

flux optical mirrors. All data sets were collected to at least
2.0 A resolution and processed with DENZ@3). Data
collection statistics are summarized in Table 1.

Structure Solution and Refinemefhe D98N and H255N
crystals used for the soaking experiments grew in a primitive
orthorhombic lattice and contain the assembled trimer in the
asymmetric unit. The nitrite soaked native AfNIR structure
(14) was used as the starting model for both the oxidized
D98N[NO, ] and H255N[NQ] crystal structures following
removal of the mutated residues, all solvent atoms, and the

constructed by site-directed mutagenesis and cloned innitrite. These oxidized mutant structures were used as the

pUC19 (New England Biolabs) as described previously.(
Expression inEscherichia colifollowed by cell lysis and
protein purification by a nickel affinity column and FPLC

starting models for their respective reduced nitrite soaked
structures. The final structure of each mutant begins at Ala4
and ends at Glu339. Ten percent of the data was set aside

ion exchange chromatography results in a protein preparationfor calculation of the fre®-factor 24). Standard CNS25)

2The amino acid numbering is that of ACNIR based on the sequence
alignment by Nishiyama et all).

maximum likelihood positional anB-refinement was carried
out with solvent being added with the WATERPICK
procedure, resulting in aRyon below 19% and amRyee Of
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Table 1: Data Collection and Refinement Statistics

oxidized reduced oxidized reduced
crystal D98N[NO; ] D98N[NO, ] H255N[NQ; ] H255N[NQ; ]
cell dimensions (A) a=61.92 a=61.43 a=62.00 a=61.63
b=102.5 b=102.3 b=102.4 b=102.2
c=145.8 c=145.9 c=146.3 c=146.0

resolution (A)

1.65 (1.751.65)

2.00 (2.13-2.00)

1.90 (2.021.90)

1.95 (2.07-1.95)

R-merge 0.064 (0.251) 0.062 (0.294) 0.066 (0.143) 0.071 (0.292)
{134 o(1)}P 13.4 (2.63) 19.6 (4.25) 19.8 (5.35) 14.6 (3.96)
completeness (%) 88.6 (83.3) 97.6 (95.5) 90.0 (70.1) 96.5 (98.2)
unique reflections 84714 (14072) 61451 (9867) 66707 (8527) 67729 (11357)
redundancy 5.31 9.68 7.71 7.74

working R-factor 0.178 0.186 0.164 0.179
freeR-factor 0.210 0.225 0.203 0.218

rmsd bond length (A) 0.010 0.006 0.008 0.008
overallB-factor (A2)c 17.6 26.2 17.8 21.8

PDB entry code 1J9Q 1J9R 1J9S 1J9T

aValues in parentheses are for the highest resolution $hali/{ o(1)} is the average intensity divided by the average estimated error in intensity.
¢ B-factors are an average from all three monomers.

His306 His306

His306

Ficure 1: Stick diagram showing the orientation of nitrite in the active site of (A) nitrite soaked native AINIR(B) oxidized D98N[NQ],
and (C) oxidized H255N[N@] structures. The type Il copper is coordinated by histidines 100, 135, and 306. Hydrogen bonds are depicted
as dotted lines. Molscript36) and Raster 3D36) were used to prepare Figures 3.

less than 22% in each of the four structures. During histidines (His100, His135) from one subunit, a third histidine
refinement, the interactions between copper and nitrite and(His306) from the adjacent subunit, and a solvent ligand. In
between copper and the polypeptide were not restrained. Ovetthe native enzyme, Asp98 is oriented to form a hydrogen
90% of the residues in each structure occupy the mostbond with the ligand water and interacts with His255 through
favorable position with the remaining residues in the allowed a single water-bridged hydrogen borid.( 22. This bridging
regions in the Ramachandran plot as described by water completes a solvent network extending to His260 that
PROCHECK g6). Manual intervention was accomplished sits on the surface of AINIR2Q). In the nitrite soaked AfNIR
using the visualization program @7). Final refinement  crystal structure ¥4), nitrite displaces the ligand water,
statistics are presented in Table 1. interacts with the type Il copper in an asymmetric manner
through the oxygen atoms, and hydrogen-bonds with Asp98
(Figure 1A). No hydrogen bond between nitrite and His255
Native Active Site The active site of AfNIR is located at is observed in the native nitrite soaked structure. Two
the bottom of a 16 A deep cavity at the interface of two hydrophobic residues (lle257 and Leu308) are within 5 A
adjacent subunits. The type Il copper is coordinated by two of the bound nitrite and may serve as important determinants

RESULTS
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Table 2: Active Site Ligand and Hydrogen Bond Distances

oxidized reduced oxidized reduced
parameter D98N[NO, ] D98N[NO, ] H255N[NG; ] H255N[NG; ]

I. Type Il Cu—Ligand Distances (A)
Cu502-100N?2 2.00 (0.013 2.00 (0.04) 2.04 (0.06) 2.01(0.02)
Cu502-135N2 2.08 (0.04) 2.14(0.01) 2.19 (0.02) 2.10 (0.03)
Cu502-306N2 2.06 (0.03) 2.16 (0.02) 2.19 (0.01) 2.16 (0.02)
Cu502-5030H N/A N/A 2.15 (0.09) 1.70 (0.25)

II. Type Il Cu—Nitrite Distances (A)
Cu502-N 2.32(0.18) 2.27 (0.014) 3.21 (0.13) 3.70 (0.05)
Cu502-01 2.42 (0.05) 2.89 (0.48) 3.60 (0.15) 4.02 (0.16)
Cu502-02 2.21 (0.08) 2.21(0.19) 2.16 (0.05) 2.57 (0.07)

l1l. Active Site Ligand-H-Bond Distances (A)

50402-10980H 3.50 (0.27) 3.47 (0.24) N/A N/A
Asp9g?—50401 N/A N/A 2.79 (0.19) 2.81 (0.08)
Asp9g¥2—5030H N/A N/A 2.91 (0.24) 2.36 (0.01)
5030H—10980H N/A N/A 3.45 (0.06) 4.27(0.22)

2Bond distances are an average of all three monom&seater than accepted hydrogen bonding distance.

in substrate binding1@3, 2. Residues Alal37, Vall42, The altered binding orientation of nitrite in the oxidized
Vall46, and Phe312 complete the active site hydrophobic D98N[NO,™] structure results in a small shift of 1le257
pocket that extends out along one side of the cavity to the toward the nitrite such that the closest atom, lle2%2 0s
molecular surface. positioned 2.96 A from the nitrite nitrogen. The shift of
Mutant Actve Sites.In the oxidized D98N[N@] struc- [le257 results in a slightly more occluded substrate binding
ture, nitrite is also coordinated to the type Il copper in a site. With the exception of thed@ and &2 atoms of Leu308
bidentate manner via the oxygen atoms (Figure 1B). Al- that are 4.76 and 4.01 A from the closest atom of nitrite
though the coordination is similar to that observed in the (O1), respectively, all other active site hydrophobic residues
native structure, the position of the nitrite N atom relative are greater than 5.00 A away [Figure 2, D98N(ox)].
to the copper is altered. In the mutant, the nitrite nitrogen is  The most surprising feature of the oxidized H255NND
positioned almost perpendicular to the plane defined by the crystal structure is that nitrite binding to the type Il copper
oxygen atoms and the type Il copper, resulting in a severely does not displace the ligand water (Wat503). Instead, nitrite
bent conformation (Figure 1B). In the native nitrite soaked forms a monodentate coordination to the copper through a
AfNIR structure, a smaller nitrite bend is observed of single oxygen atom, O2 (Figure 1C). In this new binding
approximately 30 from the vertical plane defined by the mode, the nitrite is not bent, but the N atom is positioned

type Il copper and the oxygen atoms of the nitrifef)( parallel with the plane defined by the oxygen atoms and type
differing from the D98N[NQ] structure by approximately Il copper. Relative to the nitrite soaked native AfNIR
60°. structure, the nitrite is displaced away from lle257 and toward

A rotation of approximately Z0about they, torsional Alal137 by approximately 1.5 A [Figure 2, H255N(ox)]. The
angle of Asn98 in the oxidized D98N[NQ structure results  nitrite O1 atom contacts 12570 (3.49 A), and the 02
in the N92 atom being displaced by about 0.6 A relative to atom is positioned near Ala13783.42 A). As a result of
the @1 atom of Asp98 in the native structure. Although nitrite binding, the ligand water (Wat503) is shifted ap-
2.6 A away, the reoriented side chain of Asn98 displays poor proximatey 1 A toward the bridging water (Wat1098). The
hydrogen bond geometry with the bound nitrite. The O1 and pentacoordinate type Il copper adopts a distorted square
02 atoms of the bound nitrite form hydrogen bonds with pyramidal geometry with His306 at the sole axial position.
Wat2098 (2.45 A) and the bridging water, Wat1098 (3.50  The hydrogen bond network surrounding nitrite bound to
A), respectively (Figure 1B, Table 2). Asn9800 is the active site is altered drastically. The shift of the ligand
positioned to form a 3.38 A hydrogen bond with the bridging water allows the formation of hydrogen bonds to the bridging
water through which it is linked with His25542 (Figure water (3.47 A) and to the & atom of Asn255 (3.49 A)
1B). The N2 atom of His255 sits 3.32 A from the closest (Figure 1C). The ligand water maintains a 2.67 A hydrogen
nitrite atom (02), but poor geometry limits the formation of bond with the @2 of Asp98 (Figure 1C). The oxygen atom
a hydrogen bond. of nitrite not coordinated to the copper (O1) overlaps

An averageB-factor of 36.4 & and omit difference  approximately with the location of Wat2098 in the nitrite
electron density maps indicate that nitrite is poorly ordered soaked native structure and is anchored through a hydrogen
in the oxidized D98N[NG] structure[Figue 2 , D98N(0x)]. bond (2.61 A) to Asp98 02 (Figure 1C). Two new solvent
Furthermore, the side chain of Asn98 is also disordered, atoms are introduced into the active site, Wat3098 and
occupying two distinct conformations. The occupancy of Wat1099. Wat3098R-factor 25.9 &) is located near the
each conformer varies between the three different active sitesposition of the displaced Wat2098 and is close enough to
in the crystal asymmetric unit, but in each case the the nitrite O1 atom (2.70 A) to form a hydrogen bond.
predominant position is directed toward the type Il copper. Wat1099 B-factor 18.5 &) results from replacing His255
The nitrite may also bind in multiple conformations in the with the smaller asparagine residue. This extra water
oxidized D98N[NQ] structure; however, only one orienta- hydrogen-bonds with Asn255 and Wat1098, effectively
tion could be modeled reliably into the somewhat diffuse maintaining the solvent network bridge between Asp98 and
density. residue 255 (Figure 1C).
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Ficure 2: Active sites of oxidized D98N[N&], reduced D98N[N@], oxidized H255N[NQ], and reduced H255N[N£] AfNIR mutants.

The three histidine type Il copper ligands are drawn in blue as is His255 in the top panels. Asn98 (top panels) is colored in light red, as
is Asn255 in the bottom panels. Asp98 (bottom panels) is colored in red. Water molecules are drawn as aquamarine spheres. The aliphatic
residues lle257 and Leu308, Val304, Vall146, and Vall42 are shown in green. Copper atoms are colored gray; nitrogens are colored dark
blue and oxygen atoms red. The backbones of monomers C and B are shown in burgundy and teal, respectively. Nitrite bound in the active
site is colored. OmiF, — F. electron density maps of the nitrite are contouredeadd drawn as a yellow wire mesh. Note the presence

of density for two distinct conformations of Asn98 in the oxidized and reduced D98M[Nsructures.

Data for reduced D98N[N®] and H255N[NQ] crystals the greatest increase (35.8 vs 16.9).Aln the reduced
were collected to attempt to identify structures of catalytic H255N[NGO,"] structure, the side chain of 1le257 adopts a
intermediates. In these structures, increaBddctors and different conformation in the reduced state with thEl@Gtom
weaker electron density from omit maps [Figure 2, D98N(red), directed down toward the type Il copper positioned 2.95 A
H255N(red)] suggest that nitrite is bound at lower occupancy from the O2 atom of the nitrite [Figure 2, H255N(red)].
or is more disordered. The averaBdactors for nitrite are ~ Wat3098, which is involved in a hydrogen bond with nitrite
increased from 32.4 to 37.32Aand from 23.3 to 45.8 A in the H255N[NQ] structures, shows a near 2-fold increase
upon reduction of the D98N[N£O] and H255N[NQ] (46.2 vs 26.7 A) in B-factor in the reduced H255N[NO]
structures, respectively. In each structure, however, nitrite structure as does the ligand water, Wat503 (47.1 vs 28,3 A
adopts a similar position in the active site relative to the indicating increased disorder or reduced occupancy. The
oxidized structure (Figure 2). Comparing the reduced and ligand water, Wat503, is no longer within hydrogen bonding
oxidized D98N[NQ] structures, th&-factor of the bridging distance to the bridging water, Wat1098, in the reduced
water (Wat1098) that connects Asn98 with His255 shows H255N[NG; ] structure (Table 2).
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Cysl36
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Ficure 3: Stick diagram of the type | Cu site of (A) oxidized H255N[MQ®and (B) reduced H255N[N©O] AfNIR. The F, — F. omit
electron density maps surrounding the type | coppers are contoured @€)6Stereo diagram of the modified type | Cu site of reduced
H255N[NG, "] AfNIR superimposed on the Gusite of nitrous oxide reductase fromh nautica(30).

Type | Copper Siteln the oxidized D98N[N@] and Ligand—copper distances and geometries are presented in
H255N[NQG,7] crystal structures, the mononuclear type | Table 3.
copper sites are coordinated in a distorted trigonal bi-
pyramidal geometry by four protein ligands (His145, His95, DISCUSSION
Cys136, and Met150) (Figure 3A) as observed in native In this study, nitrite soaked crystal structures of two active
AINIR structures {0, 11, 22. However, the type | copper  site mutants of AfNIR (D98N and H255N) have been
site in the reduced D98N[NQO] and H255N[NQ] crystal determined in both the oxidized and reduced forms to a
structures reveals an unexpected copper coordination. In theresolution sufficient to observe the precise binding mode of
presence of 20 mM ascorbate, 2 mM copper chloride, and 1the substrate to the copper. The observed alterations in
mM zinc acetate, the type | ligands rearrange to incorporate binding mode in the oxidized structures provide significant
a second metal atom forming a dinuclear site (Figure 3B). insight into the roles of Asp98 and His255 in determining
The second metal was modeled as a copper in the structurethe mode of nitrite binding in the native enzyme. The reduced
CrystallographicB-factors of 21.84 0.1 A% are observed  mutant structures are discussed primarily with respect to the
for both copper atoms in the modified type | copper site in surprising observation of the presence of dinuclear type |
the reduced H255N[N©] structure (Figure 3B). The  copper sites.
B-factors for the analogous copper atoms in the reduced Role of Asp98 in Determining the Mode of Nitrite Binding
D98N[NO,7] structure are increased approximately 30% Of the residues in close proximity to the type Il copper in
(32.7 and 35.8 A), suggesting reduced metal occupancy. In the structure of native AfNIR in the resting state, Asp98 is
the reduced H255N[N©] structure, the side chain of His145 the least orderedld). The binding of nitrite results in a
is shifted approximately 0.6 A in the opposite direction of decrease in theB-factors of Asp98 resulting from the
the original type | copper and is rotated approximatel§ 35 formation of a direct hydrogen bond to the substrate. The
about they, angle such that thed atom serves as a ligand bidentate coordination of nitrite through the oxygen atoms
to a second copper atom (Cu500) (Figure 3B). Cys136 S to the type Il copper in the oxidized D98N[NQ crystal
becomes a shared ligand between the two coppers (Cu50Gtructure is similar to that observed in the native nitrite
and Cu501) while the Met1500Sand His95 M1 ligands soaked AfNIR crystal structureld); however, higherB-
remain unperturbed. A loop incorporating residues Alal37 factors and omit difference electron density maps indicate
through His145 that packs against the type | site is displacedthat both nitrite and the side chain of Asn98 are disordered
slightly with a root-mean-squared deviation of 0.4 Afax C  [Figure 2, D98N(0x), -(red)]. In the structure of D98N AfNIR
atoms relative to the oxidized H255N[NQ structure to in the oxidized resting state, Asn98 is also poorly ordered
accommodate the second copper atom (Cu500). Pro138, th€20). The binding of substrate to D98N AfNIR has little effect
proximal residue from this loop, adopts a different pucker in stabilizing the conformation of this residue. Clearly, from
conformation such that theyCatom is 3.11 A from Cu500.  a comparison of these structures, Asn98 is not able to form
Apart from the shift in this surface loop, the tertiary structure a hydrogen bond to water or substrate bound at the active
in the modified type | copper site remains largely unchanged. site.
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Table 3: Type | CopperLigand Bond Lengths and Geometries

oxidized reduced oxidized reduced
parameter D98N[NO, ] D98N[NO, ] H255N[NG; ] H255N[NG, ]
I. Type | Cu-Ligand Distances (A)
Cu500-145Nt N/A 2.01 (0.24% N/A 1.83(0.13%
Cu500-136S N/A 2.08 (0.02) N/A 2.12 (0.07)
Cu500-Cu501 N/A 2.31(0.02) N/A 2.45 (0.05)
Cu501-136S 2.23(0.03) 2.25(0.1) 2.26 (0.08) 2.55 (0.45)
Cu501-95Nt 2.07 (0.02) 2.09 (0.06) 2.12 (0.06) 2.21(0.2)
Cu501-1509 2.44 (0.01) 2.38 (0.16) 2.41 (0.05) 2.42 (0.24)
Cu501-145Nt 2.07 (0.06) N/A 2.00 (0.08) N/A
II. Type | Cu—Ligand Angles (deg)

145N*—Cu501-1509 130 (3.0) 124 (1.0) 131 (2.0) 126 (2.0)
1363 —Cu501-95N! 132 (1.0) 138 (5.0) 131 (1.0) 136 (6.0)
95N1-Cu501-1502 87.7 (0.3) 96.0 (5.0) 89.8 (2.0) 98.2 (1.8)
136S—Cu501-1503 106 (1.0) 116 (5.0) 105 (2.0) 121 (3.0)
136S—Cu501-145Nt 105 (2.0) 84.2 (0.4) 105 (2.0) 77.5(2.5)
145N*—Cu501-95N! 97.6 (1.5) 96.7 (8.8) 96.7 (1.3) 94.6 (2.1)
145N1—-Cu500-1509 N/A 103 (5.5) N/A 113 (2.0)
145N*—Cu500-136S N/A 164 (12) N/A 171 (5.0)
145N1—-Cu500-95N°* N/A 88.0 (4.7) N/A 98 (4.7)
136S—Cu500-Cu501 N/A 58.8 (4.4) N/A 54.7 (1.6)
136S—Cu50%-Cu500 N/A 53.0 (0.7) N/A 53.0 (2.5)
95N1-Cu500-1502 N/A 46.9 (3.1) N/A 46.0 (0.9)

2Bond distances and angles are an average of all three mondrBensd distances and angles for the reduced D98N[I&tructure are from
monomers A and B.

The conformational disorder of Asn98 has been suggestedcorrect positioning of Asp98 through the bridging wates,(
by recent FT-IR CO studies of the reduced D98N AfNIR 14, 16, 19-21).

variant @8). From these experiments, two CO stretching | the crystal structure of H255N AfNIR in the resting
frequencies were measured and identified as representingstate, steric constraints indicate that an additional active site
different modes of CO binding. The oxidized D98N crystal \yater (Wat1099) bound near the copper must be displaced
structures in the presence and absence of substrate suggegs; correct binding of nitrite in the active sit@@). Surpris-
that these two'CO stretching frequencieg Iikgly result frpm ingly, in the oxidized H255N[N@"] structure, neither the
two conformations of Asn98, one of which interacts with  jigand water (Wat503) nor the additional active site water,
bound CO. Similar FT-IR CO experiments of native AfN!R Wat1099, is displaced upon nitrite binding [Figure 2,
recorded over a pH range of 6:8.0 suggest that Asp98 is  H255N(0x)]. Instead, nitrite adopts a novel binding mode
deprotonated, thereby requiring nitrite to bind in the pro- i the active site, displacing the weakly bound Wat2098 and
tonated form to the native enzym2g]. These observations  coordinating to the type Il copper via a single oxygen atom
are consistent with five crystal structures of AcNIR solved (Figure 2). The resulting pentacoordinate copper displays a
at pH values between 5 and 6.8 that show minimal structural §istorted square pyramidal geometry that is similar to a
change in the active sitdl8). Recent steady-state kinetics synthetic analogue where two nitrogen atoms and two oxygen
show an increase in th&, for nitrite to the D98N and D98E atoms, analogous to the ligand water and the O1 atom of
AcNIR mutants of 200-fold and 15-fold, respectively, pjtyite, are in-plane with the copper and a third nitrogen,
indicating that a negatively charged Asp98 may be required gnajogous to His306, which is positioned as the apical ligand
for high-affinity binding of the substrate{). (29). As shown by the low enzyme activity of the H255N
Taken together, the available data indicate that the disordermutant, the observed alternate binding mode for nitrite
observed for nitrite and Asn98 in the oxidized D98N[ND observed in the oxidized H255N[NQ structure is likely
crystal structure is a result of the inability of the)Rlatom catalytically unproductive. However, this change in the nitrite
of Asn98 to form a hydrogen bond with nitrite bound in the binding mode clearly identifies His255 as an essential residue
protonated form. Furthermore, the data presented herein determining the productive nitrite binding observed in the
identify the hydrogen bond between Asp98 and nitrite in the native AfNIR crystal structure.

native structure as essential in anchoring nitrite in the active  Tnree major factors may determine the alternate binding
site for productive catalysis. This hydrogen bond is also likely mode of nitrite. First, the displacement of Wat2098, which
to serve as a direct link through which protons are exchangedshows highB-factors and is only hydrogen-bonded singly
during catalysis. to the rest of the structure, is more energetically favorable
Role of His255 in Determining the Mode of Nitrite than displacing both the additional active site water (Wat1099)
Binding.The lack of a direct interaction with bound substrate and the ligand water (Wat503) that are part of an extensive
suggests that His255 plays a limited role in nitrite binding; solvent network (Figure 1C). Second, a hydrogen bond
however, mutagenesis studies have shown that this residudetween nitrite and Asp98, responsible for the low average
is critical for nitrite binding and function1@®, 21). His255 B-factor for nitrite and the well-defined electron density,
is thought to complement electrostatically the negative chargelimits the number of favorable positions of nitrite in the active
on nitrite, donate protons to the substrate directly during site. Third, analysis of the native nitrite soaked AfNIR crystal
catalysis, or be indirectly involved in nitrite binding through structure 14) suggests that the positively charged His255
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may serve to lower thelfy and orient Asp98 through the His255

bridging water (Wat1098) for optimal interaction with the EN ﬂ/§
bound nitrite. The H255N mutant would likely increase the \Qg», \§5+
pKa of Asp98 such that this residue is now protonated and Wat g H a
uncharged when nitrite is bound. Such a change in the 0B (I)/ HoR "

protonation state of Asp98 may result in the altered binding
mode of nitrite.

The ability of a mutation at position 255 to affect nitrite
binding was observed recently from histidine and water
proton ENDOR and EPR spectroscopy of H287E RsNIR (
19). In these experiments, displacement of the ligand water
by nitrite alters the spectral properties of the native enzyme.
In the H287E mutant, no spectral change is observed
following the addition of nitrite, suggesting a limited ability
for nitrite to bind. One explanation suggested by Olesen et
al. is that a charge repulsion effect exists between the
negatively charged carboxylate of Glu287 and nitrit8)(

FT-IR CO data 28) and steady-state kinetic21) suggest a 2 NN
more indirect role for His255. These experiments indicate \?/ 2 /0/ o
that a deprotonated, negatively charged Asp98 residue is Transient Complex N
required for high-affinity nitrite binding by serving as a — - H255NINO; ]

proton acceptor in forming a hydrogen bond with the Ficure 4: Proposed catalytic mechanism for copper-containing
protonated, uncharged form of the molecule. The absencenitrite reductases.
of a formal charge on nitrite likely results in limited
electrostatic interactions of bound nitrite with charged active Alal37, Leu308, and Vall46 and extending through to
site residues such as His255. Modest increases in measured’al142 and Phe312, which are located on the surface of NIR.
Km values for nitrite, combined with a logarithmic decrease This model of diffusion limits the interaction of NO with
in the enzyme activity of His255 AcNIR mutants, are polar residues, thereby minimizing nonspecific side reactions.
interpreted as His255 being involved indirectly in coordinat- The hydroxyl group positioned proximal to the bridging
ing nitrite but essential in orienting Asp98 through the Wwater (Wat1098) is directed toward the polar side of the
bridging water 21). active site cavity that assists to stabilize the transient negative
Catalytic Mechanism of Copper-Containing Nitrite Re- charge.
ductaseThe distinctive manner in which nitrite is bound in Despite the lack of noticeable reoxidation following nitrite
the oxidized H255N nitrite soaked structure provides unique soaking and reduction at @, the type Il copper site may
insight into the catalytic mechanism of copper-containing be partially oxidized, contributing to the observed disorder
nitrite reductases. In the current mechanistic model for in the active site. Interestingly, the substantial increase in
CuNIRs, a protonated nitrite molecule displaces the ligand the B-factor of the bridging water (Wat1098) upon reduction
water and coordinates to the type Il copper prior to electron of the nitrite soaked nativeld) and D98N AfNIR structures
transfer from the type | coppe2@). From Figure 4, reduction  is consistent with a previously proposed disruption of the
of the type Il copper is followed by the formation of a solvent network linking residues Asp98 and His223)(
transient complex in which the-NO bond of nitrite proximal This proposed disruption would permit the side chain of
to Asp98 is broken, leaving a hydroxyl group and nitric oxide His255 the freedom to approach reaction intermediates and
(NO) simultaneously bound to a pentacoordinated copper directly donate a proton during catalysigl). However,
(steps 2 and 3). In the transient pentacoordinate complex,modeling studies20) have shown that His255 cannot be
as drawn in Figure 4, the O1 and N atoms of NO adopt oriented to form a hydrogen bond with nitrite nor does
similar positions to the O1 and N atoms of nitrite observed His255 show increase®-factors indicative of increased
in the oxidized H255N[N@] crystal structure (inset box).  mobility in reduced AfNIR crystal structures. An alternative
In this transient complex, both Asp98 and His255 are explanation is that the proton is shuttled through the bridging
uncharged. The subsequent protonation of the active site,water (Wat1098). In the oxidized H255N[NQ structure,
possibly initiated through His255, results in the release of the ligand water to the type Il copper is positioned within
NO and regeneration of the water ligand to the type 1l copper. hydrogen bonding distance to the bridging water (Wat1098)
The oxidized H255N[N@] structure provides evidence [Figure 2, H255N(ox)], creating a defined pathway through
that the proposed transient intermediate state of the enzymevhich protons can exchange during catalysis. A proton
is energetically accessible. The positioning of NO and the shuttled through the bridging water (Wat1098) during
hydroxyl bound to the type Il copper modeled from the catalysis likely originates from the bulk solvent where
oxidized H255N[NQ] structure (Figure 4, inset box) are structural data show a well-defined solvent network extend-
directed favorably with respect to the active site cavity that ing from Wat1098 to His260 that sits on the surface of NIR
shows a distinct polar and hydrophobic face. The positioning (22).
of nitrite in the oxidized H255N[N@] structures suggests Type | Copper SiteSeveral different copper sites exist in
that in the native enzyme NO is oriented for diffusion out proteins ranging from the mononuclear type | and Il centers
of the active site along the side devoid of charged and polarto the recently discovered tetranuclear,@luster 30). A
residues and lined with hydrophobic residues beginning at cupredoxin-like fold in cytochrome oxidase 81) and nitrous
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oxide reductase3Q) coordinate a mixed-valent dinuclear
copper cluster termed the Eusite represented by the
consensus sequeng€ (X); C (X)z H (X)2 M} (32). The
reduced D98N[N®@ ] and H255N[NQ] crystal structures

Boulanger and Murphy
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