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Abstract

Unlike the heme cd;-based nitrite reductase enzymes, the molecular mechanism of copper-containing nitrite
reductases remains controversial. A key source of controversy is the productive binding mode of nitrite in
the active site. To identify and characterize the molecular determinants associated with nitrite binding, we
applied a combinatorial mutagenesis approach to generate a small library of six variants at position 257 in
nitrite reductase from Alcaligenes faecalis S-6. The activities of these six variants span nearly two orders
of magnitude with one variant, 1257V, the only observed natural substitution for Ile257, showing greater
activity than the native enzyme. High-resolution ( > 1.8 A) nitrite-soaked crystal structures of these variants
display different modes of nitrite binding that correlate well with the altered activities. These studies identify
for the first time that the highly conserved Ile257 in the native enzyme is a key molecular determinant in
directing a catalytically competent mode of nitrite binding in the active site. The O-coordinate bidentate
binding mode of nitrite observed in native and mutant forms with high activity supports a catalytic model

distinct from the heme cd; NiRs.

(The atomic coordinates for 1257V[NO, ], [257L[NO, ], I257A[NO, ], I257T[NO, ], I257M[NO, ] and
1257G[NO, ] AfNiR have been deposited in the Protein Data Bank [PDB identification codes are listed in

Table 2].)
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In some facultative anaerobic microorganisms, bioenergetic
respiration is coupled to the reduction of nitrate and nitrite
to gaseous nitrogen oxide compounds (NO, N,O) and dini-
trogen (N,) during dissimilatory dentrification (Averill
1996; Cutruzzola 1999). The first committed step in the
dissimilatory pathway is catalyzed by NiR, which converts
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a mineral form of nitrogen (nitrite—-NO, ") to a gaseous form
(nitric oxide—-NO). NiRs are common to many facultative
anaerobic bacteria and occur in two genetically distinct
forms that contain either heme ¢ and heme d; prosthetic
groups or multiple copper centers (CuNiRs) (for review, see
Cutruzzola 1999). Many of these NiRs are not yet purified

Abbreviations: NiR, nitrite reductase; CuNiR, copper-containing nitrite
reductase; AfNiR, NiR from Alcaligenes faecalis S-6; AcNiR, NiR from
Achromobacter cycloclastes; [NO,™], nitrite-soaked crystal structure; FT-
IR, Fourier transform infrared spectroscopy; EPR, electron paramagnetic
resonance; EXAFS, extended X-ray fine absorption structure spectroscopy.
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Role of Ile257 in nitrite binding

but were identified using DNA hybridization techniques
(Smith and Tiedje 1992; Ye et al. 1993) or PCR-based
methods (Braker et al. 1998). Interestingly, the nitrite re-
ductase activity of a heme cd; NiR deficient strain of Pseu-
domonas stutzeri can be complemented with a CuNiR dem-
onstrating that both classes of enzymes perform the same
function in vivo (Glockner et al. 1993).

Cytochrome cd; denitrifying nitrite reductases are soluble
homodimers of 120 kD. Each monomer binds covalently a
heme c¢ prosthetic center that accepts an electron from
soluble cytochrome css5; or azurin (Averill 1996), and is
noncovalently associated with a heme d,; group where nitrite
binding and catalysis occurs (Hochstein and Tomlinson
1989; Weeg-Aerssens et al. 1991). The mechanism of heme
cd, nitrite reductases is well characterized from spectro-
scopic measurements, crystallographic and isotopic ex-
change studies (Averill 1996) and proceeds with nitrite
binding in an N-coordinate fashion to a reduced heme d,
group followed by formation of an electrophilic nitrosyl
intermediate (Fulop et al. 1995).

CuNiRs are soluble periplasmic homotrimers of ~110 kD
with each monomer comprising two Greek key B-barrel
domains (Godden et al. 1991; Kukimoto et al. 1994) and
coordinating two spectroscopically different copper atoms.
Crystallographic, spectroscopic, and functional studies of
CuNiRs from several species have revealed that the type I
copper center is the site of electron transfer from a prote-
aceous electron donor, and the type II copper is the site of
nitrite reduction (Libby and Averill 1992; Abraham et al.
1993; Kukimoto et al. 1994). The two copper sites are ~12.5
A apart and are intimately linked through a Cys-His bridge
incorporating the type I ligand Cys136* and the type II
ligand His135.

In the native nitrite-soaked structure of AfNiR, nitrite
binds in a bidentate fashion and forms a hydrogen bond with
Asp98, which in turn connects to His255 through a solvent-
bridged hydrogen bond (Murphy et al. 1997). Since this
original observation, several kinetic, spectroscopic, and
structural studies have elucidated further the role of Asp98
and His255 in CuNiRs (Prudencio et al. 1999; Boulanger et
al. 2000; Kataoka et al. 2000; Zhang et al. 2000; Boulanger
and Murphy 2001). The hydrogen bond between Asp98 and
the bound nitrite is key for a fully functional enzyme, likely
acting as a direct conduit for the transfer of protons during
catalysis (Boulanger et al. 2000; Kataoka et al. 2000; Bou-
langer and Murphy 2001). Although no direct interaction is
observed in the native enzyme between His255 and the
bound nitrite, structural evidence suggests that His255 plays
a role in directing the mode of nitrite binding through an
active site hydrogen bond network (Boulanger and Murphy
2001). Despite the extensive characterization of these cata-

“The amino acid numbering is that of AcNiR based on the sequence
alignment by Nishiyama et al. (Nishiyama et al. 1993).

Iytically essential residues, the role of the blanket of hydro-
phobic residues that form the nitrite-binding pocket is
largely unexplored. Little is known about the molecular
determinants of nitrite binding, contributing to the con-
troversy associated with the proposed mechanisms for
CuNiRs.

The first catalytic model for CuNiRs proposed by Hulse
and Averill (1989) and revised by Dodd and coworkers
(Dodd et al. 1997) is similar to that of the heme cd; NiRs
where nitrite binds N-coordinate to a reduced metal center
and the reaction proceeds through the formation of an elec-
trophilic nitrosyl intermediate. The chemical intermediate
proposed in this mechanism requires the substrate to be
N-coordinate to the type II copper. The chemical relevance
of this binding mode for nitrite is supported by studies
where nitrite bound in an N-coordinate fashion to copper in
biomimetic complexes results in stoichiometric production
of NO (Halfen and Tolman 1994).

A distinct second model describing the catalytic process
for CuNiRs has been proposed where nitrite binds in an
O-coordinate fashion to an oxidized type II copper atom
prior to electron transfer from the type I copper (Murphy et
al. 1997; Boulanger et al. 2000; Boulanger and Murphy
2001). The chemically unusual O-coordinate binding mode
for nitrite originally inferred by ENDOR spectroscopy
(Howes et al. 1994) was later confirmed with EXAFS spec-
troscopy (Strange et al. 1995, 1999) and crystallography
(Murphy et al. 1997). The O-dependent coordination of ni-
trite limits the formation of a nitrosyl species suggested by
the first mechanism. Further support for this model is pro-
vided by cyclic voltametry and EPR spectroscopic (Olesen
et al. 1998) studies on NiR from Rhodobacter sphaeroides,
which shows that intramolecular electron transfer is favored
following nitrite binding to an oxidized type II copper cen-
ter.

To understand the basis of substrate recognition by Cu-
NiRs, we probed the role of a highly conserved active site
I1e257 as a key molecular determinant in directing the mode
of nitrite binding in CuNiRs. Functional and structural char-
acterization of six variants of Ile257 reveals an intimate role
for 11e257 in directing a catalytically productive bidentate
mode of nitrite binding in the active site. These observations
provide a unique insight into the molecular mechanism of
CuNiRs and are discussed with respect to the current
mechanistic models.

Results

Characterization of AfNiR variants

A small combinatorial library of six mutations was gener-
ated at position 257 in the active site of AfNiR (Table 1).
All mutations were confirmed by DNA sequence analysis,
which showed that no one mutation was dominant. Mass
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Table 1. Degenerate primers used in the combinatorial mutagenesis of Ile257

% X, % X, % X,
Forward primer 5" GAG ACC ACA TCG X, X,X; GG A G T C A G T C A G T C
GGG GCA TGG GGA TTA TG ¥’ 21 46 0 33 0 17 41 42 33 33 33 0
Reverse primer 5" CAT AAT CCC GCC CX,X,X; A G T C A G T C A G T C
CA GAT GTG GTC TC 3’ 33 33 0 33 41 42 0o 17 0 33 21 46

# These numbers represent the % by weight of each nucleotide at the X, , and ; positions within the mutated codon.

spectrometry showed each purified variant protein to be
within 4 Da of the expected molecular mass following re-
moval of the N-terminal methionine (Table 2). Absorbance
maxima and ratios from UV-Vis spectroscopy are at the
same three characteristic wavelengths of 458, 595, and 680
nm as seen in previous preparations of native AfNiR (Kaku-
tani et al. 1981; Kukimoto et al. 1994).

Using dithionite-reduced methyl viologen as the artificial
electron donor, the specific activity measured for native
AfNIiR is within experimental error (10%) of that measured
previously (Boulanger et al. 2000). The activities of the
variant AfNiR species span nearly two orders of magnitude
(Table 2). The replacement of Ile257 with a valine results in
an elevated specific activity relative to the native enzyme,
while the conservative mutation, I1257L, shows a three to
fourfold decrease in activity. A reduction of 25- to 40-fold
in specific activity is observed for the I1257A, 1257G, and
1257M variants. The replacement of 1le257 with a threonine
results in the most significant loss of activity of >98%
relative to the native enzyme.

Overall structures

Each of the nitrite-soaked variant AfNiR crystal structures
is refined to a resolution of at least 1.8 A facilitating a
detailed comparison between the observed binding modes
of nitrite. Each structure shows excellent stereochemistry as
indicated by over 90% of the residues adopting the most
favorable conformations as determined by a Ramachandran
plot (Laskowski et al. 1993) with the remaining residues in
the allowed regions. Data collection and refinement statis-
tics are presented in Table 3.

Each refined structure contains the assembled physiologi-
cal homotrimer of a total of 1005 residues and six copper
atoms in the asymmetric unit of the orthorhombic cell. The
variant structures begin at residue Ala4 and end at Gly339.
At the C terminus, five residues (TIEGR) that include part
of the factor Xa cleavage site remain unmodeled as a result
of disorder. Generally, the surface loops of the variants are
well ordered with the exception of two loops extending
from Gly165 to Alal69 and Aspl88 to Glyl191 that show
average B-factors of 30-40 A2. The overall r.m.s.d. of the
a-carbon atoms between the variant and the native enzyme
structures does not exceed 0.21 A, indicating that no global
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structural rearrangement has resulted from the mutations.
The dark green color of the crystals indicates that copper is
the primary occupant of the type I site and a comparison of
crystallographic B-factors between the copper atoms and
their ligands are consistent with both the type I and type II
copper sites being nearly fully occupied.

A least-squares superposition of the a-carbon atoms of
the three histidine ligands and the catalytically essential
residues Asp98 and His255 to the native structure show an
r.m.s.d. of <0.14 A for each variant. Also conserved in the
six nitrite-soaked variant structures is a hydrogen bond
bridge through Wat1098 that connects Asp98 with His255,
likely required for activity in the native enzyme (Boulanger
et al. 2000; Boulanger and Murphy 2001). The positions of
the side-chains of the active site residues that lie within 8 A
of the copper (Leu308, Phe312, Vall42, Alal37, and
Val304), with the exception of 257, are equally well con-
served conformationally.

Bidentate mode of nitrite binding

In the nitrite-soaked 1257V[NO, ] and I1257L[NO, ] crystal
structures well-defined omit electron density maps (Fig. 1)
indicate that nitrite is coordinated to the type II copper in an
asymmetric bidentate fashion via the oxygen atoms. Ligand
bond distances are presented in Table 4. Thermal motion
parameters ranging from 30-35 A further indicate that the
nitrite is ordered. In both structures, nitrite is oriented in a

Table 2. Characterization of native and 1le257 variant AfNiRs

Specific activity

AfNiR Ausgisos Asr71as8 Mass (Da)* (U/mg)°
Native 1.30 16.6 36847 (36843) 417 (44)°
1257V 1.33 18.5 15 (14) 521 (50)
1257L 1.26 19.1 1(D) 108 (14)
1257M 1.35 17.0 22 (18) 17.9 (3.4)
1257A 1.32 17.9 43 (42) 15.6 (0.8)
1257G 1.36 17.0 57 (56) 10.4 (0.9)
1257T 1.29 17.1 12 (12) 5.90 (0.7)

* The absolute mass of the native is given along with the theoretical mass
in parentheses. The values for the mutants are the absolute observed and
theoretical mass (in parentheses) differences relative to the native.

® Specific activity values are reported as an average of at least three trials.
¢ Values in parentheses represent the standard error.
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Table 3. Data collection and refinement statistics

Crystal 1257L [NO,7] 1257V [NO,7] 1257A [NO,7] 1257G [NO,7] 1257M [NO,7] 1257T [NO,7]
Cell a = 6195 a = 6173 a = 62.00 a = 62.05 a = 6177 a = 61438
Dimensions (A) b = 102.5 b = 1023 b =102.4 b= 1024 b= 1024 b = 102.0
c = 1462 c = 1459 c = 1462 c = 1462 c = 146.0 ¢ = 146.1
Resolution (A) 1.70 1.175 1.70 1.75 1.78 1.78
R-merge 4.7 (21.6)* 6.2 (26.2) 6.8 (21.6) 5.7 (32.4) 8.2 (30.6) 6.6 (27.4)
{(I}/{o)}® 23.6 (4.4) 18.3 (3.6) 16.8 (4.1) 19.6 (2.8) 16.0 (3.2) 15.1 4.1)
Completeness (%) 91 (64.2) 95 (83.5) 93 (74.5) 98 (90.7) 95 (77.6) 87 (71.9)
Unique reflections 93,657 89,868 95,952 92,678 84,883 77,077
Redundancy 7.9 11.7 7.9 7.6 9.6 9.8
Ryork 0.156 0.166 0.158 0.159 0.154 0.157
Riree 0.188 0.208 0.192 0.194 0.197 0.197
No. solvent atoms 1345 1324 1352 1340 1465 1428
R.m.s.d. bonds (A) 0.011 0.010 0.011 0.010 0.010 0.009
B-factor (A?) 21.3 26.6 21.1 23.0 26.1 23.8
PDB entry code 1L9Q 1IL9T 1L9O 1L9P IL9R 1L9S

% Values in parentheses are for the highest resolution shell.

® {1}/{a(1)} is the average intensity divided by the average estimated error in intensity.

bent conformation with the nitrite nitrogen being displaced
~20° out of the plane defined by the type II copper atom and
the oxygen atoms of nitrite. By comparison, the nitrite ni-
trogen in the native nitrite-soaked structure shows a dis-
placement of ~45° out of the analogous plane.

In the 1257V[NO,] structure (Fig. 1), the nitrite is ro-
tated ~15° such that the O2 atom is shifted toward the
side-chain of Asp98 and the nitrite nitrogen is displaced 0.5
A from the analogous position in the native AfNiR structure
(Murphy et al. 1997). Despite the positional shift in nitrite,
no significant displacement of the side-chain of Asp98 is
observed. The O2 atom of the bound nitrite forms a hydro-
gen bond (2.65 A) with the 082 atom of Asp98. The Cy2
atom of Val257 is closest to the nitrite nitrogen (3.27 A).

The x1 angle of Leu257 adopts an alternate rotameric
conformation (A60°) from Val257 (I1257V[NO,7]) and
Ile257 in native AfNiR. Attempts to model Leu257 such
that the C81 atom is positioned analogously to the C31 atom
of I1e257 in the native structure were unsuccessful because
of steric clashes with the side-chain of His306 (2.7 A) and
the bound nitrite (1.6 A). In the appropriately modeled con-
formation, the Cy atom of Leu257 is positioned ~0.5 A
from the analogous Cyl atom of Val257 (I257V[NO,™]).
Overall, the Cd1 atom of Leu257 approaches to within 3.1
A from the nitrite nitrogen atom and 3.4 A of the bridging
water (Wat1098). The side-chain of Asp98 and the bound
nitrite in the I1257L[NO, ] structure are well defined with
average B-factors of 22 A% and 29 A, respectively.

Monodentate mode of nitrite binding

Replacement of 1le257 with an alanine, threonine, methio-
nine, or glycine results in an unusual reorientation of the
bound nitrite (Fig. 1). In these variants, nitrite adopts a

monodentate coordination through the O1 atom to the type
IT copper with the O2 atom directed approximately toward
residue 257. This reorientation of nitrite allows a solvent
molecule (Wat503) to ligate to the copper and occupy the
approximate position of the O2 atom of nitrite observed in
the bidentate coordination. In the 1257G[NO,] structure,
Wat503 was not included in the refinement because of po-
sitional disorder in the binding of nitrite. The positions of
the catalytically important active site residues, Asp98 and
His255, are not shifted significantly in the monodentate
nitrite bound structures, and the active site hydrogen bond
network remains largely unperturbed.

In the 1257A[NO, ] crystal structure the nonligand O2
atom of nitrite (avg. B-factor 29.1 A?) is positioned 3.0 A
from the B-carbon atom of Ala257. The solvent ligand
(Wat503) also displays low average B-factor of 23.5 A% and
sits 2.12 A from the type II copper (Table 3). Wat503 may
form four potential hydrogen bonds, one with the O32 atom
of Asp98, two with the oxygen atoms of nitrite, and one
with Wat1098 that bridges Asp98 with His255 (Fig. 1). The
3-strand incorporating residues Tyr301, Ala302, and
Tyr303 that packs against residue 257 is shifted toward the
active site resulting in the displacement of the a-carbon of
Ala257 nearly 0.5 A toward the bound nitrite.

The repositioned a-carbon atom of Ala257 is within 3.7
A of the side-chain of His255, which shows a 30° rotation
about the ¥, angle and a shift of the Ne2 atom of 0.35 A.
The side-chain of Asp98 also shows a rotation about the X,
angle of ~15° such that the O3 atom is also displaced 0.5 A
from the analogous position in the native structure. Despite
the reorientation of the side-chains of His255 and Asp98,
the active site hydrogen bond network including the copper
ligand (Wat503) and bridging (Wat1098) waters is main-
tained.
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His255

Figure 1. Crystal structures of the six nitrite-soaked 1257 variants in the
upper six panels. Hydrogen bonds are shown as dashed gray lines with
ligand bonds drawn in solid, dark gray lines. Water molecules are drawn as
aquamarine spheres. Copper atoms are gray; nitrogen atoms are dark blue,
oxygen atoms are red, and sulfur atoms are yellow. The backbone of
monomers B and C are shown in burgundy and in teal, respectively. Bonds
of the nitrite molecule bound in the active site are white. Omit Fo-Fc
electron density maps are contoured at 40 and drawn as a green wire mesh.
Panels A and B depict the multiple conformations of the nitrite bound in the
active site of the I1e257 variants and including nitrite bound to the oxidized
D98N (black atoms) and H255N (gray atoms) crystal structures (Boulanger
and Murphy 2001). With the exception of the purple nitrite molecules in
panel B, nitrite molecules are blue to red with increasing specific activity:
Red, I257V[NO,]; orange, native NiR from Alcaligenes faecalis S-6; light
orange, 1257L[NO,7]; yellow, 1257M[NO,7]; green, 1257A[NO,7]; cyan,
1257G[NO,7]; blue, 1257T[NO, .

252  Protein Science, vol. 12

The monodentate binding mode of nitrite in the
I257T[NO,] structure is surprisingly similar to that of the
I1257A[NO,] rather than the bidentate mode of binding
observed in the 1257V variant (Fig. 1). The Ol atom of
nitrite is directed toward Thr257 and is oriented to form a
hydrogen bond (2.45 A) with the Oy1 atom of the threonine
side-chain. The conformation of the threonine side-chain in
the 1257T[NO, ] crystal structure was assigned based on
omit electron density maps. The bound nitrite is well-de-
fined with clear omit electron density maps and an average
B-factor of 28 A2 The solvent ligand (Wat503, B-factor
17.2 A% maintains the hydrogen bond network with the
oxygen atoms of nitrite, the Asp98 052 atom and Wat1098
observed in the I1257A[NO, ] structure. The side-chains of
Asp98 and His255 display no significant reorientation.

Despite the introduction of the extended side-chain me-
thionine or the truncated side-chain of glycine at position
257, omit electron density maps indicate clearly that nitrite
is capable of binding to the type II copper (Fig. 1). In the
1257M variant, high B-factors averaging > 40 A%, suggests
that the monodentate nitrite is disordered and likely binds at
a reduced occupancy. The side-chain of Met257 also shows
disorder with B-factors averaging nearly 50 A2 between the
three noncrystallographically related active sites in the
asymmetric unit. In the 1257G[NO, ] structure, nitrite is
modeled in both a monodentate and bidentate coordination
(Fig. 1). Refinement of the structure indicates that the oc-
cupancy of the two conformations varies between the three
noncrystallographically related active sites; although the
monodentate form always predominates. A solvent mol-
ecule was refined as the fifth ligand to the type II copper
analogous to that of the [257A[NO, ] structure when nitrite
adopts the monodentate coordination. In this conformer, the
02 atom of nitrite, is positioned 3.8 A from the a-carbon
atom of Gly257. In the bidentate binding mode, nitrite
forms a 2.60 A hydrogen bond with the 082 atom of Asp98.
Steric clashes arising from inappropriate ligand-metal inter-
actions between the carbon atoms and the type II copper
eliminated acetate as a possible ligand.

Discussion

Despite numerous experiments characterizing CuNiRs, no
clearly defined molecular mechanism exists. One of the
major sources of controversy is evidence for the formation
of an electrophilic nitrosyl intermediate, which requires the
nitrogen oxide species to be bound N-coordinate to the type
IT copper (Hulse and Averill 1989). The high-resolution
crystal structures of the six I1e257 variants presented here
provide significant insight into the molecular determinants
associated with substrate recognition and taken together
identify the catalytically productive mode of nitrite binding.

The active site pocket in native AfNiR lies at the bottom
of a 16.5 A cavity formed at the interface between two
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Table 4. Type II copper—ligand bond lengths

Parameter 1257L [NO,7] 1257V [NO,7]

1257A [NO,7]

1257G [NO,7] 1257M [NO,7] 1257T [NO,7]

1. Atomic distances (A)

35040'-Cu 2.3 (0.1)° 2.4(0.1)
5040°-Cu 2.1(0.1) 2.0(0.1)
5040?9802 2.6 (0) 2.5(0.1)
5030-980°2 N/A N/A
5030-Cu N/A N/A

2.0 (0) 2.0 (0) 2.1(0.3) 2.2(0.2)
2.2(0.1)¢
3.4(0.2) 3.8(0.1) 4.0 (0.4) 3.1(0.1)
2.0 (0)
N/A 2.5(0.2) N/A N/A
2.5 (0) 2.6 (0.1) 2.5 (0.0) 2.4(0.1)
2.1(0.2) 2.3(0.2) 2.2(0.1) 2.1(0.1)

# Residues 503 and 504 represent the solvent ligand and bound nitrite, respectively.
® Values in parentheses represent the range of measurements of the three monomers.
¢ Values in italics represent alternate conformation of nitrite in 1257G [NO, ] structure.

adjacent monomers. Several bulky residues form a hydro-
phobic blanket that surrounds the type II copper and restrict
access to the active site. Of these residues, 11257 is posi-
tioned within 5 A of the type IT copper and directly occludes
the nitrite-binding site. The isoleucine at position 257 is
highly conserved amongst almost all CuNiRs suggesting an
important role in catalysis (Fig. 2). The only two known
exceptions, Bacillus stearothermophilus and Corynebacte-
rium diphtheriae, are from the recently defined class II fam-
ily of CuNiRs (Boulanger and Murphy 2002), which both
encode a valine at this position.

Role of 1le257: Bidentate vs. monodentate

The altered activities of the 1257 AfNiR variants correlate
strongly with the distinct binding modes of nitrite observed
and collectively indicate an intimate catalytic role for
[le257. The bidentate mode of nitrite binding observed in
the 1257V and 1257L mutants is similar to that of the native
enzyme and accordingly, these mutants display the smallest
variations in specific activity. Interestingly, the substitution
of Ile257 with valine, which is the only identified natural
substitution (Fig. 2), produces a more catalytically active
enzyme than native AfNiR. From the 1257V[NO, ] and

native structures, the mode of nitrite binding differs prima-
rily in the degree of bend (Fig. 1A), which may be respon-
sible for the increased activity. The slight reorientation of
nitrite in the mutant results in a hydrogen bond with the
side-chain of Asp98 that is ~0.5 A shorter than in the native
enzyme, which may facilitate proton transfer during cataly-
sis. Alternatively, the reduction in steric hindrance resulting
from the substitution of an isoleucine with the smaller va-
line may facilitate access to the copper site while maintain-
ing a sufficient presence to direct the catalytically produc-
tive bidentate binding mode for nitrite.

Although substitution of Ile257 with a leucine is conser-
vative like the mutation to valine, the change in the rota-
meric conformation of Leu257 directed by the side-chain of
His306 likely disrupts nitrite binding as shown by the some-
what diffuse electron density (Fig. 1). Additionally, this
new conformation results in a close contact with the side-
chain of the catalytically essential Asp98, which may also
contribute to the reduced activity.

The unusual monodentate mode of nitrite binding ob-
served in the nitrite-soaked crystal structures of the alanine,
glycine, threonine, and methionine variants provide a
unique perspective from which to characterize the role of
[1e257 in directing the catalytically competent binding mode

AcNiR 272 TAAVGERVLVVHSQ--ANRDTRPHLﬂGGHGDYVWATGKFRN
AfNiR 270 TAAVGEKVIVVHSQ--ANRDTRPHLIGGHGDYVWATGKFNT
RsNiR 271 TAAVGERVLIVHSQ--ANRDTRPHLIGGHGEYVWRTGKFVN
PsNiR 273 QAKVGDRVLILHSQ--ANRDTRPHIIGGHGDYVWATGKFAN
AxNiR 252 TAKVGETVLLIHSQ--ANRDTRPHLIGGHGDWVWETGKFAN
RsNiR 262 KAKVGDNVLFVHSQ--PKRDSRPHLIGGHGDLVWETGKFHN
Ania 249 KARAGETVRMYVGNGGPNLVSSFHVIGEIFDKVYVEGGK- -
HmNiR 258 SMQVGETARVYFVIGGPNLDSSFHPIGSVWDEVWQQGSIAG
BsNiR 185 LAKVGEKIRLYVNNVGPNEVSSFH TVFDDVYLDGNP-S
CANiR 220 DVKVGERVRFWVLDAGPNVPLSFHIVIGGQFDTTWTEGAYTL

Figure 2. Partial amino-acid sequence alignment of copper-containing nitrite reductases generated with CLUSTALW (Higgins et al. 1996). The outline
box highlights analogous residues to 11e257 in NiR from Alcaligenes faecalis S-6. (See Boulanger and Murphy 2002 for the complete alignment and source

of each sequence.)
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of nitrite. In this binding mode, the nitrite oxygen atom that
ligates to the copper and participates in a hydrogen bond
with the side-chain of Asp98 in native AfNiR is reposi-
tioned such that it is directed toward residue 257 (Fig. 1).
This unusual nitrite binding mode is likely catalytically less
productive consistent with a reduced specific activity of >25
fold for these variant AfNiRs.

The stability of the monocoordinate nitrite-binding mode
and the associated reduction in catalytic activity is clear in
the 1257T variant. Despite the structural similarity between
the side-chains of threonine and valine, which differ only in
the nature of the vyl atom, the specific activity for I257T is
the lowest of all the six variants, whereas 1257V variant is
more active than the native enzyme (Table 2). Analysis of
the nitrite-soaked crystal structure revealed the presence of
a hydrogen bond between the Oyl atom of Thr257 and the
Ol atom of the bound nitrite. This interaction appears to
stabilize the monodentate coordination of nitrite that im-
pairs catalytic activity.

The structural data suggest that in the absence of an ap-
propriate residue at position 257, nitrite prefers to bind in a
monodentate fashion via a single oxygen atom. Importantly,
the hydrogen bond between nitrite and the side-chain of
Asp98 known to be essential for catalytic activity (Zhang et
al. 2000; Boulanger and Murphy 2001) is not conserved in
this unusual binding mode. Instead, a solvent molecule li-
gand (Wat503) completes the hydrogen bond with Asp98.
Overall, the role of I1e257 is to direct the catalytically pro-
ductive bidentate mode of nitrite binding to the type II cop-
per maintaining the essential hydrogen bond with Asp98.

Mechanistic implications

Two distinct catalytic mechanisms have been reported for
copper-containing nitrite reductases where catalysis pro-
ceeds via either an N-coordinate nitrite, followed by forma-
tion of a nitrosyl intermediate (Hulse and Averill 1989)
similar to the heme cd; NiR mechanism, or an O-coordinate
nitrite with poorly defined intermediates (Adman et al.
1995; Murphy et al. 1997; Boulanger et al. 2000; Boulanger
and Murphy 2001). Functional studies with biomimetic syn-
thetic copper complexes support the N-coordinate mecha-
nism (Halfen and Tolman 1994; Halfen et al. 1996; Mon-
zani et al. 2000), whereas studies with the enzyme are con-
sistent with an O-coordinate binding mode for nitrite
(Howes et al. 1994; Strange et al. 1995, 1999; Murphy et al.
1997). Additionally, the formation of a brown color in the
native AfNiR nitrite-soaked crystals suggests that the O-
coordination of nitrite is catalytically competent (Murphy et
al. 1997).

Modeling studies with the native nitrite-soaked AfNiR
structure suggests that the topology of the active site, in
particular the presence of the side-chain of Ile257, precludes
nitrite binding in an N-coordinate fashion (Murphy et al.
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1997). Despite enlargement of the active site with mutations
at position 257, no N-coordinate binding of nitrite is ob-
served in the high-resolution crystal structures presented
here. At most, a monodentate O-coordination is observed
that correlates with a reduced specific activity. The O-co-
ordination of nitrite is also observed in the nitrite-soaked
D98N and H255N AfNiR (Fig. 1B) variant structures pub-
lished previously (Boulanger and Murphy 2001). The spe-
cific activities of D98N and H255N mutants are 1% and
0.06% of the wild-type protein, respectively. Interestingly,
nitrite in the H255N variant is bound in a monodentate
fashion; however, the free oxygen of nitrite is directed
nearly 120° away from the analogous oxygen in the Ile257
variant structures. Collectively, these structural and func-
tional studies are inconsistent with the proposed require-
ment for an N-coordinate nitrite as suggested by the biomi-
metic copper complexes.

Conclusion

Asp98 and His255 alone are insufficient to direct a cata-
Iytically productive mode of nitrite binding. Instead, the
residue at position 257 plays a significant role in orienting
the bound nitrite in such a manner as to maintain the cata-
Iytically essential hydrogen bond with the side-chain of
Asp98. The observed contribution of Ile257 in the native
enzyme is consistent with a mechanism that proceeds with
nitrite binding to an oxidized type II copper in the active site
of CuNiRs in an O-coordinate fashion. Further studies are
required to determine if during catalysis, NO bound to the
type II copper is N-coordinate.

Materials and methods

Combinatorial mutagenesis and protein expression

A combinatorial mutagenesis procedure based on the “Quick
Change” system (Stratagene) was developed to generate a small
library of six mutations at position 257 in the A. faecalis nirK gene
cloned in pET28a (Boulanger et al. 2000). The degenerate primers
(Table 1) were designed using the Combinatorial Codons program
(Wolf and Kim 1999) to maximize the likelihood of replacing
[1e257 with aliphatic amino acids. The PCR mixture contained 5
ng of double-stranded template DNA, 125 ng of each mutagenic
primers, 1 pL of a 10-mM dNTPs, 5 pL reaction buffer supplied
by Stratagene, DMSO to a final concentration of 0.5 %, 1 pL of
PFU Turbo DNA polymerase (Stratagene) and distilled water to a
final volume of 50 wL. Mutations of 11e257 to Leu, Val, Ala, Gly,
Met, and Thr were confirmed by DNA sequence analysis. Protein
was expressed and purified as described previously (Boulanger et
al. 2000), which results in a highly purified protein with full cop-
per occupation.

Spectral analysis and activity assays

Samples of each of the variant AfNiR proteins (I257L, V, A, G, T,
M) were prepared to a concentration of 10 mg/mL in 10 mM Tris
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pH 7.0, prior to injection onto a reverse-phase column interfaced to
an electrospray mass spectrometer (Boulanger et al. 2000). Optical
scanning spectra for each AfNiR variant were recorded on a Var-
ian Cary 50 Bio UV-visible spectrophotometer. Protein samples
were analyzed in 10 mM Tris buffer pH 7.0.

Nitrite reductase activity was measured at 30°C in 5 mL test
tubes with a final reaction volume of 1 mL as described by Kaku-
tani et al. (1981). Methylviologen reduced with an excess of di-
thionite buffered in 100 mM sodium bicarbonate was used as the
artificial electron donor to AfNiR. The starting solution (900 wL)
contains 2 mM sodium nitrite, 0.1 mM methylviologen, and 20
mM potassium phosphate (KPO,) buffer pH 7.0. AfNiR (100 nL)
was added such that the final nitrite concentration was between 0.4
mM (20%) and 1.6 mM (80%) after 5 min. The reaction was
started with the addition of sodium dithionite to a final concentra-
tion of 5 mM. Residual nitrite was detected in a 15-pL sample
from the first step using the Griess reagents [S00 L each of 0.02%
N-(1-naphthyl) ethylenediamine and 1% sulfanilic acid in 25%
HCI]. For the control, 1.95 mM (98%) nitrite remained. Units are
defined as the amount of AfNiR required to reduce 1 pmole of
NO,™ per minute. All buffers were degassed prior to use.

Crystallization, soaking and data collection

Variant AfNiR crystals were grown at 19°C by the hanging drop
vapor diffusion method using a reservoir of 0.1 M sodium acetate
pH 4.7, 6%-10% polyethylene glycol (PEG) 4000 supplemented
with 1-5 mM cupric chloride. Each drop was made from an equal
volume of reservoir and a 15 mg mL™' protein stock solution
buffered in 10 mM Tris pH 7.0. All variant AfNiR protein samples
produced crystals that grew in an orthorhombic lattice with space
group P212121 that are isomorphous with previous AfNiR crystals
(Kukimoto et al. 1994)

Nitrite-soaked oxidized crystals were obtained by placing crys-
tals in reservoir solution supplemented with 5 mM sodium nitrite
over 45 min. at room temperature. The crystals were then trans-
ferred to fresh soaking solution supplemented with 5 mM nitrite
and glycerol as the cryo-protectant. A step gradient of glycerol
from 10% to 30% was required to avoid cracking of the crystals.
Crystals were looped directly into a cryo stream at 100 K gener-
ated by a cryostat (Oxford Cryo Systems). X-ray data was col-
lected on a Rigaku R-AXIS Ilc image plate system with CuKa
radiation generated by a Rigaku RU 300 rotating anode operating
at 100 mA and 50 kV and focused with Osmic confocal optical
mirrors and processed with DENZO (Otwinowski and Minor
1997). Data collection statistics are summarized in Table 3.

Structure solution and refinement

The variant AfNiR crystals used for the soaking experiments grew
in a primitive orthorhombic lattice and contain the assembled tri-
mer in the asymmetric unit. The nitrite-soaked native AfNiR struc-
ture (Murphy et al. 1997) was used as the starting model for the
nitrite-soaked AfNiR variant structures following removal of the
mutated residues, active site solvent atoms, and the nitrite. Each
nitrite-soaked variant crystal structure was refined to a resolution
of at least 1.78 A by standard CNS (Brunger et al. 1998) maximum
likelihood positional and B-refinement. Solvent was added with
the WATERPICK procedure resulting in an R, <18% and an
Ryee 0f <21% in each of the six structures. During refinement, the
interaction between the copper and nitrite and their interactions
with the polypeptide were not restrained. Manual intervention was

accomplished using the visualization program O (Jones et al.
1991). Final refinement statistics are presented in Table 3.
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