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Stable CopperNitrosyl Formation by Nitrite Reductase in Either Oxidation State
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ABSTRACT: Nitrite reductase (NiR) is an enzyme that uses type 1 and type 2 copper sites to reduce nitrite
to nitric oxide during bacterial denitrification. A coppenitrosyl intermediate is a proposed, yet poorly
characterized feature of the NiR catalytic cycle. This intermediate is formally described as O(t)

and is proposed to be formed at the type 2 copper site after nitrite binding and electron transfer from the
type 1 copper site. In this study, coppertrosyl complexes were formed by prolonged exposure of
exogenous NO to crystals of wild-type and two variant forms of NiR frdliceligenes faecali§ANIR),

and the structures were determined to 1.8 A or better resolution. Exposing oxidized wild-type crystals to
NO results in the reverse reaction and formation of nitrite that remains bound at the active site. In a type
1 copper site mutant (H145A) that is incapable of electron transfer to the type 2 site, the reverse reaction
is not observed. Instead, in both oxidized and reduced H145A crystals, NO is observed bound in a side-
on manner to the type 2 copper. AiNiR, Asp98 forms hydrogen bonds to both substrate and product
bound to the type 2 Cu. In the D98N variant, NO is bound side-on but is more disordered when observed
for the wild-type enzyme. The solution EPR spectra of the crystallographically characterized®IR
complexes indicate the presence of an oxidized type 2 copper site and thus are interpreted as resulting
from stable coppernitrosyls and formally assigned as CuttiNO~. A reaction scheme in which a second

NO molecule is oxidized to nitrite can account for the formation of a CufllD~ species after exposure

of the oxidized H145A variant to NO gas.

Bacterial dissimilatory denitrification is a crucial compo- crystal structures of cytochroneel, NiRs from Thiosphaera
nent of the global nitrogen cyclel The enzymes that pantotropha5) andPseudomonas aeruginoé®) reveal that
mediate denitrification are induced by low oxygen tension these enzymes consist of two identical, 60 kDa subunits. Each
and are responsible for the stepwise reduction of nitrate andmonomer contains one henggorosthetic group covalently
nitrite to dinitrogen in an anaerobic respiratory process. The linked to the polypeptide chain and one hetiggroup 6,
committed step of the denitrification process is the reduction 7). The well-accepted catalytic mechanism of these enzymes
of nitrite to nitric oxide by the enzyme nitrite reductase is initiated with nitrite binding via the nitrogen atom to the
(NiRY) (2). Two distinct types of nitrite reductases have been ferrousd; heme. Upon reduction of nitrite, a heme iren
identified that catalyze the same reaction (NG 2H" + nitrosyl intermediate is formed with NO coordinated to the
e — NO + H;0) even though they share no significant ironin an end-on fashion via the nitrogen atom. The product
sequence identity, employ two distinct mechanisms, and rely diffuses out of the active site and an electron transfer from
on different cofactors at the catalytic sitg) ( the c heme restores the enzyme in its resting staje (

Cytochromecd; NiRs are found in the periplasmic space In contrast, the copper-containing enzymes, including that
in two-thirds of isolated denitrifiers4j. High-resolution from Alcaligenes faecaliS-6 (AfNiR), are homotrimers with
two spectroscopically distinct copper sites per monoréer (
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of metal-nitrosyls characterized chemically. Interestingly, of the coppefnitrosyls. The data are interpreted in terms
the crystal structure of the product-bound reduéddiR of the proposed catalytic mechanism for Cu NiR.

reveals that NO binds to the type 2 copper atom in a side-

on fashion, such that both the N and the O atoms are EXPERIMENTAL PROCEDURES

equidistant from the metal iorlL(). On the basis of EPR
spectroscopy, the presumg@uNQC} 1! system was assigned
formally as a Cu(ll)>NO~ complex. This unusual copper
nitrosyl structure led to a proposed catalytic mechanism for
Cu NiRs assuming a coppenitrosyl intermediat¢ CUNC} 1°
with a side-on binding mode similar to that observed
crystallographically 10).

Protein Purification and CrystallographyRecombinant
wild-type AfNIR, D98N, and H145A were expressed and
purified from Escherichia colias described previousIy.§,

17). Crystals were grown at room temperature by the
hanging-drop vapor diffusion method with equal volumes
(1 uL) of reservoir and protein solution8,(17). The protein
. ) solutions were concentrated to-280 mg/mL and buffered

Few coppernitrosyls have been characterized to date. i 20 mM Tris, pH 7.0 AMNIR crystals grew using reservoir
Recently, hqwever, Usov et al.'characterlzed the formation g tions consisting 0f-611% polyethylene glycol 4000 and
of copper-nitrosyl complexes in NiR fromRhodobacter (1 \ sodium acetate buffer, pH 4. Crystals of the H145A
sphaerpidequlowing addition of NO gas or by genera@ion variant were grown with 611% polyethylene glycol 6000,
of NO in a single turnover reactiorL{). Notably, NO is 0.1 M ammonium sulfate, and 0.01 M sodium acetate buffer,
described by the authors as interacting with a reduced typepH 4.5, and crystals of the D98N variant were grown with
2 copper atom to form a CuthNOe complex with no 7_1204 polyethylene glycol 4000, 75 mM acetamide, and
immediate electron transfer in the ground state between the1g mMm sodium acetate buffer, pH 4. Under these conditions,

copper and the radical. Interest in coppeitrosyl formation crystals grew typically to dimensions of 01 0.1 x 0.2
has also lead to the synthesis of biomimetic compounds of ;; 1y within 3 days.

Cu NiRs. One of these compounds with nitrogenous copper
ligands, prepared under reducing conditions and reacted with
NO, was characterized by both X-ray crystallography and
EPR spectroscopyl®). The crystal structure indicates end-
on binding of NO to the copper via the nitrogen atom. The
EPR spectrum exhibitsgvalue of 1.84 which is lower than
typical values for Cu(ll) § > 2), so this coppernitrosyl
was not described as a CuHNO~ species. However,
integration of the copper signal of the complex revealed that
~70% of the available copper interacted with NO and
contributed to the observed signdl. Furthermore, DFT
calculations on coppemitrosyl model systems suggest that

For the preparation of all NO-soaked protein crystals,
reservoir solutions and crystal suspensions were deoxygen-
ated by exchanging with argon. NO-saturated reservoir
solutions were prepared by passing NO gas (Praxair) through
a NaOH column and subsequently purging the solutions at
1 atm. All materials were then transferred into an MBraun
Labmaster anaerobic glovebox (Stratham, NH) in whigh O
levels were<2 ppm. The NO-saturated solutions were sealed
during incubation of the samples in the glovebox. Crystals
of the oxidizedAfNIR and H145A were soaked in NO-
saturated solutions for 20 min. Preparation of the reduced
; S H145A and D98N crystals exposed to NO was achieved by
§|de-on an_d end-on NO coordination to copper are nearly first reducing the crystals in 20 mM ascorbate for 30 min.
isoenergetic 13). The crystals were then transferred to fresh reservoir solutions

In the wild-type NiR, the side-chain carboxylate of Asp98 without ascorbate to remove excess reductant. Finally, the
forms hydrogen bonds to both product and substrate boundcrystals were soaked in NO-saturated solutions for 20 min.
to the type 2 copperl(, 14). Mutating Asp to Asn (D98N)  Prior to anaerobic immersion in liquid nitrogen, all crystals
results in the loss of the Asp98 hydrogen bond to the oxygen were submerged in reservoir solutions supplemented to 30%
atom (O2) of nitrite that coordinates to the copper. This glycerol as a cryoprotectant.
interaction is suggested to explain the 100-fold decrease in X-ray crystallography data were collected to resolutions
specific activity of the D98N variantl§). A mutation of of 1.8 A or better on beam lines 11-3, 1-5, or 9-1 at SSRL.
the type 1 ligand histidine to an alanine (H145A) results in gyatistics of data processing and structure refinement are
an increase of the reduction potential of the site such that it presented in Table 1. The data were processed with DENZO
remains in the reduced staté6f. In this inactive variant, and scaled with SCALEPACKLE). Five percent of the data
internal electron transfer from the reduced type 1 to the \yere set aside to calculate the fr&efactor (19) after
oxidized type 2 site does not occur regardless of the presencg.qnyersion to structure factor amplitudes. Refinement was
of potential exogenous type 1 ligandss. accomplished using the program REFMAQO), and all

In this study, both the D98N and H145A variants were model building and visualizations were carried out using the
examined for coppernitrosyl formation upon addition of  program O 21). All crystals presented are of a primitive
exogenous NO. While the D98N variant was used to orthorhombic lattice B2;2,2;) and contain the assembled
determine the role of Asp98 in defining the binding mode trimer in the asymmetric unit. The crystals were isomorphous
of NO, the H145A variant was used to study the interactions with the crystal of the reduced, NO-bouAfNiR (PDB code
of the type 2 copper of NiR with NO without the possibility = 1SNR) which was used as the starting model in refinement.
of electron transfer to or from the type 1 site upon formation For the oxidized, NO-soake@ifNiR structure, all the water
of the coppernitrosyl complex. Crystal structures were molecules, exogenous ligands, and the side chain of Asp98
obtained of oxidizedAfNiR exposed to NO, reduced and were removed from the starting model. In addition, the side
oxidized H145A exposed to NO, and reduced D98N exposed chain of His145 was removed from the initial model prior
to NO. For each X-ray structure, complementary EPR datato refinement of the H145A complex structures. In all
were collected to ascertain the oxidation states of the copperstructures, the metaligand interactions were unrestrained,
sites and to gain further insight into the electronic structure and the N-O bond of nitric oxide was restrained to 1.45 A.
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Table 1: Data Collection and Refinement Statistics

oxidized reduced
AMNIR exposed
crystal to NO H145A-NO H145A—NO D98N-NO
Data Collection
resolution (A) 36-1.6 30-1.8 30-1.75 30-1.65
(1.66-1.6) (1.86-1.8) (1.8%1.75) (1.7+1.65)
Space group P212121 P212121 P212121 P212121
unit cell dimensions (A) a=61.1 a=61.0 a=61.1 a=61.4
b=101.8 b=102.1 b=101.9 b=102.4
c=1455 c=145.8 c=145.7 c=146.1
unique reflections 116657 84022 92217 111459
completeness (%) 95.5 (88.6) 98.6 (96.5) 99.4 (99.9) 100 (100)
averagd/ol 15.0 (3.0) 22.4 (2.8) 18.7 (3.3) 20.4 (5.5)
redundancy 3.3 3.4 4.0 7.3
Reym(%0) 8.7 (42.2) 5.5(52.2) 7.6 (50.5) 10.1 (52.0)
Refinement
Ruork (%0) 16.1 (22.0) 18.8 (26.7) 17.2(25.1) 14.9(19.1)
Riree 18.2 (28.7) 21.2 (30.9) 19.6 (27.2) 17.0(23.2)
coordinate errdr(A) 0.05 0.09 0.07 0.05
averageB-factors (&) 19.9 28.9 23.6 19.0
rms deviations from ideality
bond lengths (A) 0.009 0.010 0.010 0.010
bond angles (deg) 1.295 1.281 1.243 1.271

aValues reported in parentheses refer to the highest resolution s@elbrdinate error derived from maximum likelihood refinement.

EPR Spectroscopyrotein solutions (1.6 mM oAfNIiR of each sample by the BCA method2 and the amount
monomer, 0.6 mM of D98N monomer or 2.2 mM of H145A measured by EPR.
monomer) were prepared in 20 mM Tris buffer, pH 7.0 and RESULTS

were dialyzed overnight in an anaerobic glovebox against
50 mM MES, 50 mM acetate, pH 4 (buffer A). Reference  The overall protein folds of the NO-treatédNiR and the
spectra of each sample (3QQ) were collected prior to NO-treated D98N and H145A variants were essentially

further treatment. Protein samples were then reduced byidentical to that defined by the crystal structure of native
dialysis fa 2 h against buffer A supplemented with 20 MM AfNIR (PDB entry 1AS7) as reflected by an rms deviation
ascorbate in the glovebox. Complete reduction of each between the @ atoms of less than 0.2 A. For all the
sample was verified by EPR spectroscopy (data not shown).structures presented here, the major structural differences,
Excess reductant was removed by two successive, 2 hother than those in the vicinity of mutations, are localized
anaerobic dialysis steps against buffer A. The reduced around the type 2 copper sites. The final refined models of
proteins were then dialyzed for 20 min or 90 min against the crystal structures consist of three peptide chains. Chains
NO-saturated buffer A in the glovebox. Samples prepared A and C include residues from Ala4 to Gly339, and chain B
in this manner were transferred into precision bore EPR tubesincludes residues from Ala4 to Thr340. Ramachandran plots
(Wilmad, NJ), sealed with an airtight rubber septum, removed Of the main chain torsional angles in each structure show

from the g|ovebo)(, and Submerged immediate|y in ||qu|d that 95.0% of the residues are in the most favored regions
nitrogen. and none is observed in the disallowed regions as defined

. by PROCHECK 23).
X-band EPR spectra were recorded at 80 K with a Bruker - .
ESP300E spectrometer equipped with a Hewlett-Packard Crystal Structures of Oxidized AfNiR and H145A Exposed

model 5352B frequency counter and quartz finger dewar. to NO.In the oxidized, NO-exposedfiNiR crystal structure,

Parameters used for data collection were as follows: modu—a well-defined omit electron density map in the region of
lation frequency 100 kHz, modulation amplitude 1 to 10 G, the type 2 copper site revealed density in the apical position

microwave frequency 9.4 t0 9.8 GHz. microwave power 0.5 of the copper that could best be modeled as a nonlinear
tollovr\:w\\ll quency 2. ' Z, MiCrowave powerv.o glecule of three atoms (Figure 1A). This density was

modeled as nitrite coordinating to the type 2 copper by the
Spin Quantification.Spin quantification was used to 02 oxygen atom (average €EM2 distance 2.06 A, Table
determine the amount of oxidized copper present after 2). A refined averag@-factor of 32 & indicates that the
reduced and oxidized H145A variant protein samples were nitrite is well ordered. The nitrite is oriented almost face-on
exposed to NO. The standard solution used for thesewith respect to the copper ion, such that both the nitrogen
experiments was a 1.00 mM CuGlolution in 10 mM HCI  (2.48 A) and second oxygen (2.31 A) atom are in close
and 1 M sodium perchlorate. Equal volumes of protein proximity to the metal atom. A hydrogen bond is formed
sample and standard were used in either case, and théetween the O2 atom of nitrite and théDatom of residue
readings were performed in the same high precision bore Asp98 (2.63 A). Nitrite coordinates to the type 2 copper in
EPR tube (Wilmad, NJ). The spectra were integrated andeach of the three monomers in the asymmetric unit. In
the area underneath the curve was calculated with thesubunits B and C, additional electron density is observed
program WIinEPR. The proportion of oxidized metal in each for a fourth atom. These sites are refined with both nitrite
sample was estimated based on the assayed copper conteaind acetate molecules coordinated to the type 2 center at
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Ficure 1. Crystal structures of wild-type and mutant formsAdiNiR exposed to NO: (A) oxidized, wild-typ&fNiR with a nitrite molecule
coordinating to the copper (subunit A); (B) oxidized H145A with NO bound to the copper (subunit A); (C) reduced H145A with a NO
molecule bound side-on to the copper (subunit B); (D) reduced D98N exposed to NO shows disorder in the binding of NO (sulfinit A). 2

— F¢ (gray) and omitr, — F¢ (green) electron density maps of type 2 copper site are contoured at 1.0canespectively. In each panel,

the carbon atoms are colored in orange, the nitrogen atoms are colored in blue, and the oxygen atoms are in red. The type 2 copper ion is
colored in brown, and a catalytically important water molecule is colored in light blue. Figure 1 was created with the programs Molscript
(37) and Raster3D38).

Table 2: Nitrite and NO Bond Distances @A)

oxidized
oxidized reduced wild-type ANIR,
interatomic wild-type AfNIR wild-type AfNIR exposed to NO oxidized reduced reduced
distance bound to NQ~ bound to NO (NO2~ bound) H145A—NO¢ H145A—NO*® D98N—-NO

02—Cu 2.06 (0.02) n/a 1.99 (0.01) n/a n/a n/a
N—Cu 2.33(0.03) 1.99 (0.02) 2.48 (0.05) 1.99 (0.04) 2.00 2.16 (0.03)
O1-Cv 2.34 (0.05) 2.0(0.1) 2.3(0.1) 2.1(0.1) 1.95 2.36 (0.06)
ligand—001Asp98 2.57 (0.05) 2.58 (0.07) 2.63(0.07) 2.6 (0.2) 2.89 n/a

aBond distances are averaged over all three monomers. Numbers in parentheses correspond to the deviation from th&manaegerence
(10). ¢ Ligand distances for nitrite only. Subunits A and B¢ Subunit B only.

50% occupancy each (see Supporting Information, Figure one to the bridging water, which in the native structure
S1A and B). In addition, the proximal Asp98 is partially connects Asp98 and His255, and the other to the O2 atom
disordered in the B and C sites and refines in two of acetate.

predominant conformations at 50% occupancy each. As in In the structure of oxidized, NO-exposed H145A, extra
subunit A, when nitrite is bound to the copper, Asp98 forms electron density observed in the apical position could
a hydrogen bond to the substrate and is pointed toward theaccommodate at most two atoms. In subunits A (Figure 1B)
copper. However, when acetate is bound at the active site,and B (see Supporting Information, Figure S1C), this density
the side chain of the Asp98 is displaced and points away is modeled as nitric oxide coordinated side-on to the type 2
from the metal atom. The space vacated by this alternatecopper such that the nitrogen and the oxygen are equidistant
conformation of Asp98 is filled partially by a solvent from the copper ion. Even though it is not possible to
molecule. This water molecule forms two hydrogen bonds: distinguish crystallographically between the N and the O
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atoms of the NO molecule, as assigned, the two NO
molecules in the asymmetric unit refine to an average
B-factor of 31 &, and the average ligand bond lengths are
1.99 A for Cu-N and 2.09 A for Ca-O (Table 2). The
assignment of the N and O atoms was based on the possibility
of hydrogen bond formation with Asp98 (2.63 A). Previous
studies suggest that Asp98 is likely deprotonates 24)
such that a hydrogen bond can form between the protonated
N atom of NO and the @1 atom of Asp98. In the refinement
of monomer C, a single atom is sufficient to accommodate
the electron density observed at the apical position of the
type 2 copper site (see Supporting Information, Figure S1D).
This density is modeled as a water molecule located 2.01 A
from the Cu(ll) ion and 3.51 A from @1 of Asp98. This
water ligand is superimposable on the water bound to the
active site Cu(ll) ion in the crystal structure of the resting 240 260 280 300 320 340 360
enzyme 9). The observation of a water molecule bound to Magnetic Field (mT)
subunit C is likely due to the difference in solvent acces- Fgyre 2: X-band EPR spectra of wild-typ&NiR and the D98N
sibility in the crystal as the result of crystal packing. variant in 50 mM sodium acetate, 50 mM MES, pH 4: (A) reduced,
Crystal Structure of Reduced, NO-Exposed D98N and NO-exposed wild-typfNiR; (B) oxidized, wild-typeANiR; (C)
H145A.In the reduced NO-exposed H145A structure, the reduced, NO-exposed D98N variant; (D) oxidized D98N variant.
. . . . For A; and g, values refer to Table 3.
NO molecule is refined at full occupancy in subunit B such
that the N and O distances to the type 2 copper are 2.00 an
1.95 A, respectively (Figure 1C, Table 2). At the type 2

Yrable 3: EPR Parameters for the Two Copper SiteafiiR?

copper atom of subunit A, weak density connects two peaks type 1 type 2
(see Supporting Information, Figure S2A). The peaks in ) NO exposure
subunit A were refined with two water molecules at half _Proteinsample  time (min) A % Ae 9
occupancy each. The water molecules are locatz®1 and oxidizedAfNIR 0 74 2254 130 2.394
~2.19 A from the copper atom and are separated by r€ducedaiNiR 20 133  2.330
~2.38 A. In subunit C, extra electron density at the type 2 oxidized D98N 0 73218 129 2331
. . ' 4 ) reduced D98N 20 134 2331
copper can accommodate a single atom and was refined asoxidized H145A 0 132  2.393
a water molecule (see Supporting Information, Figure S2B). oxidized H145A 20 132 2.390
This water molecule is 1.95 A from the type 2 copper and _reduced H145A 20 136 2391
3.54 A from Q31 of Asp98. 2 All samples are buffered in 50 mM MES, 50 mM sodium acetate

In the structure of the reduced D98N variant, the NO PH 4.
molecule bound at each type 2 copper site is partially
disordered. In subunits A and B, side-on coordination to the that are devoid of any features, indicating that the proteins
metal ion is predominant (Figure 1D; Supporting Information were fully reduced under these conditions (data not shown).
Figure S2C), with N-Cu and OG-Cu average bond distances Reduction of AfNiIR and D98N is also evident from the
of 2.16 A and 2.36 A, respectively. The NO molecules are disappearance of the green color associated with the oxidized
refined at full occupancy in these subunits with fiBaflactors type 1 copper sites for these proteins treated in this manner.
less than 30 A In subunit C, the electron density observed Some green color oAfNiR and D98N reappeared within
at the type 2 copper site is interpreted as NO bound to the several minutes of exposure to NO and was stable prior to
metal ion in two predominant conformations, end-on and freezing the samples in liquid nitrogen. Reaction of the
side-on (Supporting Information, Figure S2D). Reduced reduced H145A variant with NO resulted in a pale blue color.
D98N crystals were colorless but turned partially green upon At high concentrationsX1 mM), the H145A variant is a
NO exposure, suggesting partial reoxidation of the type 1 light blue color, suggesting partial oxidation of the copper
copper. Disorder is also observed in the conformation of the site. More importantly, the EPR spectra of these samples
side chain of Asn98. In the predominant conformation of are devoid of a type 1 copper signal. The four-line hyperfine
this residue in all three subunits, the side chain points away pattern a, ~ 2.34 with a coupling consta, ~ 134 G in
from the copper. the EPR spectra of the three reduced proteins indicates that

EPR Spectroscopyhe EPR spectrum of oxidizedfNiR reaction with NO resulted in the reoxidation of the type 2
collected at pH 4 exhibits the typical hyperfine splitting of copper centers (see Figure 2A and CA@XiR and the D98N
both the type 1 and type 2 copper centers of Cu NiR despiterespectively, and Figure 3C for H145A; Table 3). Binding
the mildly acidic pH (Figure 2B, Table 3R{—23). The of NO to the type 2 copper center in the three proteins gives
spectra of the oxidized D98N and H145A variants recorded rise to a nine-line superhyperfine pattern between 320 and
at pH 4 (Figures 2D and 3A, respectively; Table 3) also 335 G @, = 2.05,A, = 16 G; Figure 4), indicative of binding
resemble those of the corresponding Cu NiR variants from of NO to these copper sites.
different source organisms and recorded at different tem- Anaerobic dialysis of the H145A variant in an NO-
perature or pH14, 21, 24, 25). saturated buffer solution for 20 min without previous

Anaerobic dialysis ofAfNiR and variants in solutions  reduction with sodium ascorbate resulted in an EPR spectrum
containing 20 mM sodium ascorbate resulted in EPR spectra(Figure 3B) with the hyperfine splitting of an oxidized type
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Type 2

240 260 280 300 320 340 360
Magnetic Field (mT)

Ficure 3: X-band EPR spectra of H145A in 50 mM sodium
acetate, 50 mM MES, pH 4: (A) oxidized H145A variant; (B)
oxidized, NO-exposed H145A variant; (C) reduced, NO-exposed
H145A variant. ForA, andg, values refer to Table 3.

2 copper sited, = 2.39,A,—= 132). The EPR properties of
this species are similar to those identified in the spectrum
of the reduced wild-typ&fNiR exposed to NO (Table 3).
Extended exposure-@0 min) of the H145A protein in either
oxidation state to NO resulted in the emergence of a second
previously uncharacterized type 2 copper speaes (2.35,

A, ~ 170 G, see Supporting Information, Figure S3B and
C) which was the predominant one in solution.

DISCUSSION

The Reerse ReactionWijma et al. characterized the pH
dependence of the kinetics @&fNiR activity in both the
forward and reverse direction®5). AfNIR readily catalyzes
the oxidation of NO to nitrite. Exposure of the oxidized
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[HRRRN

A=16.3 G

A

g, 2.041

325 335

315

g,2.053
c A

A=159 G

335

Magnetic Field (mT)

Ficure 4: Expansion of selected spectra in Figures 2 and 3: (A)
reduced wild-typeAfNiR exposed to NO; (B) reduced, NO-exposed

325

315

enzyme to NO in the presence of an electron acceptor yieldspogN variant; (C) reduced NO-exposed H145A variant. In all cases

nitrite at a rate of 64 at pH 7 £5). Although the forward

a 9-line superhyperfine pattern is indicative of 4 magnetically

reaction is favored below pH 7, the reverse reaction was also€quivalent nitrogen atoms coordinating to the type 2 copper atom.

observed to proceed under conditions where NO and an
electron acceptor are present in sufficient excess. Exposure

of oxidizedAMNIR crystals at pH 4 to a saturated NO solution
produces nitrite, which remains bound to the active site
copper (Figure 1A). The binding mode of nitrite and its

interaction with Asp98 are the same as those observed in

the structure of nitrite-soaked, oxidiz&dNiR (10). The fate

of the electron for the reverse reaction is unclear. The crystals
remain green, indicating that the type 1 site either does not

receive the electron or, more likely, that it quickly transfers

Three of these nitrogen atoms belong to histidine ligands; the fourth
belongs to NO.

Scheme 1

Type1 Type2 Type 1 Type2 Type 1 Type2

NO
E-Cu(ll) E-Cu(ll) ? E-Cu(ll) E-Cul}NO; ———> E-Cu() E-Cu(l)-NO;

‘ﬂ

NO™  E_cu(ily E-Cu(ll)-NO,

—

2HNO — HON=NOH — N,O + H,O

the electron to another acceptor. Because NO is presentin a

substantial excess~.9 mM (26)), it may serve as the
oxidant in a dismutation reaction to give both nitrite and
NO~ (or HNO). Two molecules of HNO combine rapidly
in solution to form NO (Scheme 1) 247, 28). Hulse and
Averill proposed a catalytic mechanism in which reduction
of nitrite to nitric oxide proceeds through the formation of
an electrophilic nitrosyl intermediate CUWNO™ (29, 30).
Similarly, upon binding of NO to an oxidized type 2 copper
atom in Cu NiR, electron transfer from the radical to the
metal ion also can yield an electrophilic nitrosyl intermediate
(Cu()—NOH). This intermediate is susceptible to attack by
nucleophiles such as water, azide, or hydroxylam2®:30).

Reaction with water to give nitrite is the reverse of the
dehydration step in the proposed mechanigg).(

The requirement for electron transfer to the type 1 copper
in the reverse reaction is evident from the crystal structure
of the oxidized H145A variant exposed to NO (Figure 1B).
This variant exhibits<1% of the activity of the wild-type
enzyme due to a mutation-induced increase in the reduction
potential of the type 1 copper center that eliminates electron
transfer to the type 2 copper cent&6). Instead of producing
nitrite, the addition of excess NO yields a type 2 copper that
is predominantly bound by NO side-on (Figure 1B). This
side-on binding mode was observed previously when reduced
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Scheme 2
Type1  Type2 NO Type 1 Type 2
E-Cu(l) E-Cu(ll) — > E-Cu(l) E-Cu(l)-NO; (unstable)
no ET
NO I\> NO,
E-Cu(l) E-Cu(ll)-NO" (stable)
Scheme 3
Type1 Type2 NO Type 1 Type 2
E-Cu(l) E-Cu(l—™>  E-Cu(l) E-Cu(l)-NO-
no ET

l ~1min

E-Cu(l) E-Cu(ll)-NO" (stable)

wild-type AMNIR crystals were exposed to NQG). Accord-

Tocheva et al.

(Figure 4B and C) reveals a similar nine-line superhyperfine
splitting pattern as observed in the spectrum of wild-type
NiR exposed to NO at pH 4 (Figure 4A) and pHIO). The
nine-line superhyperfine splitting pattern is diagnostic of the
coordination of the metal center by four magnetically
equivalent nitrogen ligands. In all caség,is ~16 G andgy
is 2.04-2.05. In the spectrum of the D98N variant this
splitting pattern appears centered at a slightly greater
magnetic field that probably reflects in part the disorder in
NO coordination and longer bond distances to the metal.
Crystallographic data show that the interactions of NO with
the reduced and oxidized forms of H145A are structurally
similar (Figure 1B and C). However, the EPR spectra of the
corresponding samples reveal some differences (Figure 3B
and C). The most noteworthy of these differences appears
in the g, region of the spectra where the superhyperfine

ingly, the EPR spectrum of the oxidized H145A variant gpjitting pattern appears to be dependent on the starting
exposed to NO at the same pH reveals a type 2 Copper signalyiqation state of the protein sample. The absence of this

(Figure 3B) similar to that observed for the reduced wild-
type enzyme exposed to NQLQ). This observation is
particularly noteworthy since the oxidized, NO-exposed
H145A variant is expected to be EPR silent (due to the
coupling of the Cu(ll) and N® and the high reduction
potential of the type 1 site, which remains reduced).
Furthermore, NO has greater affinity for Cu(l?j. Exposure
of the reduced H145A variant to NO under similar conditions

feature in the oxidized H145ANO spectrum (Figure 3B)
could be due to the broadening of the lines such that no signal
is observed, or it could stem from subtle differences in
sample preparation. Furthermore, reaction of NO with the
oxidized variant (Scheme 2) differs from the reaction with
the reduced variant (Scheme 3) in that reaction with the
oxidized protein produces nitrite. However, a 20 min dialysis
of the sample would be sufficient to remove this byproduct

also results in side-on binding to the type 2 copper atom o the reaction. Further analysis is required to identify

(Figure 1C) and a similar EPR spectrum (Figure 3C). The
high similarity in both the binding mode observed in crystals

the origin of these spectral differences.
Side-on interactions of NO with metal centers are stabi-

and the EPR spectra in solution suggests that oxidized andj,oq by the donation of electron density from therbital

reduced H145A and reduced wild-type samples yield the

same stable coppenitrosyl species proposed to be Cufil)
NO™~ as illustrated in the Schemes 2 and 3.

on NO onto the metal and by back-donation of electron
density from the occupied metal d-orbitals to the
antibonding orbitals of the NO ligan88). The copper

The type 1 site in the wild-type enzyme is responsible for nitrosyl species observed in this work differ from the
the intense green color of the protein; however, the H145A complexes recently characterized by EPR-ENDOR spectros-
variant remained colorless indicating that the type 1 copper copy (11). When samples of reduced NiR were frozen within

center remained reduced during X-ray data collection.

1 min of adding exogenous NO, signals associated with the

Change in the oxidation state of the type 2 copper site is NQ. radical were the principal signals detected by ERB.(
unlikely to be a concern since previous EXAFS analyses ENDOR studies on the complex were interpreted as arising

conducted on reduced and oxidized wild-type NiR did not
show evidence of photoinduced reduction of the oxidized
copper centers3(, 32).

Stable CopperNitrosyl Formation.Prolonged exposure
(20 min) of the H145A variant to nitric oxide can yield the
same stable coppenitrosyl complex (Cu(ll)>NO") regard-

from end-on coordination of NO to the metal. Exactly how
a radical can interact with a metal ion without prompt
electron transfer remains unclear even if the species formed
are short-lived. Furthermore, the presence of additional
equivalents of reductantl{) may have led to secondary
electron transfer events to make definitive interpretation of

less of the starting oxidation state of the enzyme (Schemesthe results ambiguous. In the current study, the impossibility
2 and 3). In both the crystal and solution experiments, the of electron transfer from the type 1 site of the H145A variant
oxidized type 2 copper center of the H145A variant can be and the removal of excess reductant limit secondary reactions
reduced by an equivalent of NO to yield the electrophilic to those involving NO. Under these conditions, the side-on
nitrosyl species proposed by Hulse and Ave@®)(so that, NO interaction observed could best be described as Gu(ll)
upon reaction with water, nitrite is generated. Immediately NO.
upon release of this product, another NO molecule binds to  Role of Asp98 in Defining the Mode of NO Bindir@jf
the recently reduced type 2 copper center to yield the stablethe residues in close proximity to the type 2 coppehiNiR,
nitrosyl that is also generated when starting with the fully Asp98 is the least ordered in the absence of substtd)e (
reduced variant. Spin quantification of EPR samples preparedDirect hydrogen bonding to the substraié)(and product
with the reduced and oxidized H145A protein solutions (10) results in a decrease in tBefactors of Asp98. Side-on
exposed to NO indicates that 685% of the type 2 copper  coordination of NO to the type 2 copper is observed in the
atoms in the protein solution are oxidized, confirming that D98N crystal structure (Figure 1D); however, difference
these are not minor but rather the predominant species inelectron density maps indicate that both the NO and the side
solution. chain of Asn98 are less well ordered than those observed in
Closer inspection of the expandggregion in the EPR  the wild-type enzyme. In addition to the predominant side-
spectra of the reduced, NO-treated D98N and H145A variantson mode of binding, partial end-on coordination of the NO
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to the metal is modeled in subunit C (see Supporting SUPPORTING INFORMATION AVAILABLE

Information, Figure S2D). The EPR spectrum of the reduced, » . . .
NO-exposed D98N complex is similar to the spectrum of Additional electron density maps of ligands bound to NiR

the reduced wild-typeAfNIR—NO complex (Figure 2C). subunits not presented here. EPR spectra of reduced wild
These spectra are characterizedgndg, of 130 G and ~ YPe, the H145A and D98N variants after a prolonged
2.31, respectively, which is indicative of an oxidized type 2 €XPOsure to NO. This material is available free of charge
copper. Taken together, the available data indicate that theVia the Intermet at http://pubs.acs.org.
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