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Atomic resolution structures of resting-state,
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reductase provide insight into catalytic mechanism
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Copper-containing nitrite reductases catalyze the reduction of
nitrite to nitric oxide (NO), a key step in denitrification that results
in the loss of terrestrial nitrogen to the atmosphere. They are found
in a wide variety of denitrifying bacteria and fungi of different
physiology from a range of soil and aquatic ecosystems. Structural
analysis of potential intermediates in the catalytic cycle is an
important goal in understanding enzyme mechanism. Using “crys-
tal harvesting”” and substrate-soaking techniques, we have deter-
mined atomic resolution structures of four forms of the green
Cu-nitrite reductase, from the soil bacterium Achromobacter cy-
cloclastes. These structures are the resting state of the enzyme at
0.9 A, two species exhibiting different conformations of nitrite
bound at the catalytic type 2 Cu, one of which is stable and also has
NO present, at 1.10 A and 1.15 A, and a stable form with the
product NO bound side-on to the catalytic type 2 Cu, at 1.12 A
resolution. These structures provide incisive insights into the initial
binding of substrate, its repositioning before catalysis, bond break-
age (O-NO), and the formation of a stable NO adduct.

catalysis | denitrification | enzyme mechanism | nitrite and nitric oxide
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D enitrification is the process by which some microorganisms
couple respiratory ATP synthesis to the reduction of nitrate
or nitrite to dinitrogen via the gaseous N-oxides NO and N,O.
Denitrification forms an important step in the global nitrogen
cycle. It has agronomic, environmental, and medical impacts
(1-3). The individual reactions of denitrification are catalyzed by
distinct reductases that variously contain Mo, Fe, Cu, or heme
centers. The chemistry is that of small-molecule binding and
activation and coupled electron—proton transfer in one or two
electron reductions steps. The reduction of nitrite to NO is
catalyzed by nitrite reductase (NiR). Bacteria employ one of two
different forms of NiR, containing either heme cd;- or Cu in
their prosthetic group (2, 3). Cu-nitrite reductases are divided
into two subclasses based on their colors, green and blue, and
their redox partners, pseudoazurin and azurin, respectively. Both
subclasses exhibit a trimeric structure and constitute a highly
conserved family of proteins that catalyze the chemical conver-
sion of nitrite (NO;) to NO, the first committed step in the
denitrification process of the geobiological nitrogen cycle.

Each monomer of CuNiR has two types of Cu centers. A type 1
Cu ion (T1Cu) with (His),-Cys-Met ligation is located within each
monomer and is responsible for giving rise to the color of the
enzyme (green or blue). It has been assigned a role in electron
delivery to the catalytic type 2 center located at the interface of
adjacent monomers. The type 2 Cu ion (T2Cu) has (His);-H>O (or
OH") ligation with one of the His residues being provided by an
adjacent monomer. Mutagenesis studies have shown that the active
site pocket also has conserved aspartyl (Asp-98) and histidinyl
(His-255) residues that are essential for enzymatic activity (4-7)
and an isoleucine (Ile-257) residue that is important for optimum
positioning of nitrite before catalysis (8). The residues His-255 and
Ile-257 are provided by the adjacent monomer.

www.pnas.org/cgi/doi/10.1073/pnas.0504207102

X-ray crystal structures have been determined for the green
NiRs from Achromobacter cycloclastes (AcNiR) (9, 10) and
Alcaligenes faecalis NiR (4, 11-13) and the blue Alcaligenes
xylosoxidans (AxNiR) (14, 15), for which an atomic resolution
structure has been reported recently (5). For the green nitrite
reductases, resolution of the structure has steadily improved with
the highest resolution being 1.4 A. The nature of substrate
binding in CuNiRs has been the focus of a number of biochem-
ical, spectroscopic (electron nuclear double resonance/x-ray
absorption fine structure), and crystallographic studies (10, 13,
14, 16-19). These studies have been in general agreement that
nitrite binds to the T2Cu ion via O in an asymmetric bidentate
fashion. Recently, Tocheva et al. (20) have noted a face-on
interaction of the nitrite with Cu in their most recent 1.4-A
resolution structure compared with previous observations of
bent O coordination. An examination of the Protein Data Bank
(21) reveals a significant variation in the position and orientation
of nitrite in the nitrite-bound CuNiRs. This variation raises an
interesting possibility that some of these may represent different
stages of binding/activation relevant to intermediates of the
catalytic cycle. Using “crystal harvesting” and substrate-soaking
techniques, we have determined atomic resolution structures of
four forms of AcNiR, including two with nitrite bound (in two
conformations) and one with the product NO bound. These
structures are reported together with the structure of the resting
state of the enzyme at 0.9 A, the highest resolution obtained for
any Cu protein. Our structures provide direct visualization of the
initial binding of substrate, its reorientation before catalysis, and
product formation.

Experimental Procedures

Growth of the organism and protein purification are described
in Supporting Text, which is published as supporting information
on the PNAS web site. Crystals were grown using the vapor
diffusion hanging drop method with a protein concentration of
10 mg/ml. The reservoir solution consisted of 1.6 M ammonium
sulfate and 0.1 M sodium acetate (pH 4.75). Crystals grew
overnight in space group P2,3 and were soaked in a cryopro-
tectant solution comprising 3.5 M sodium malonate (pH 5.0)
before flash-cooling in the cryostream. X-ray data were col-
lected at 100 K on a Quantum 4 charge-coupled device detector
(Area Detector Systems Corporation, Poway, CA) by using a
0.87-A wavelength on station 9.6 and on a MAR225 charge-
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Table 1. Crystallographic data collection, processing, and refinement statistics

Resting enzyme

Nitrite-soaked

Endogenous NO Endogenous nitrite + NO

Resolution, A 20-0.90 30-1.10 50-1.12 17-1.15
(last shell) (0.93-0.90) (1.13-1.10) (1.16-1.12) (1.19-1.15)
Completeness (%) 98.1 (98.5) 98.2 (93.3) 97.8 (88.0) 98.9 (97.7)
Redundancy 5.2 (3.0) 4.4 (3.6) 4.4 (2.6) 3.1(2.3)
Unique reflections 208,276 113,799 108,076 103,981
Rmerge (%) 5.9 (55.2) 7.1 (60.9) 5.4 (40.4) 5.7 (42.1)
Wilson B factor (A2) 5.7 9.7 11.2 7.2
Overall B factor (A2) 7.0 115 12.0 9.1

R factor (Rfree) (%) 11.7 (13.4) 11.9 (14.5) 12.7 (16.3) 11.3(14.3)
ML positional ESU, A 0.011 0.018 0.022 0.020

ML, maximum likelihood; ESU, estimated standard uncertainty.

coupled device detector by using a 1.07-A wavelength on station
10.1 at the Synchrotron Radiation Source, Daresbury Labora-
tory. A total of 20 crystals were examined. The data resolution
was assessed according to the completeness in the outermost
resolution shell. The data were indexed, scaled, and merged by
using HKL2000 (22).

The resting-state structure was solved by using MOLREP (23)
with AcNiR (PDB ID code INIF) as the search model. One
monomer was located in the crystallographic asymmetric unit.
The initial model was refined by the maximum-likelihood
method implemented in REFMACS (24) as part of the ccp4l
program suite (25) and rebuilt interactively by using 2Fbs — Feale
and Fops — Fealc €lectron density maps in the programs 0 (26) and
cooT (27). Five percent of the data were set aside from
refinement to calculate a free R factor. At no point in the
refinement were restraints applied to the Cu-ligand distances or
bond angles. Occupancies of the T2Cu and substrate/product
atoms were estimated from the fitness of their B factors with
those of the T2Cu ligands, and identification and modeling of
substrate was aided by difference electron density analysis. A
bulk solvent correction was applied, and solvent molecules were
added by using ARP/WARP (28). The final model was then used
as the starting structure for analyzing subsequent data from
harvested crystals. The data collection and refinement statistics
are summarized in Table 1 (and see Table 2, which is published
as supporting information on the PNAS web site).

Results and Discussion

The work presented here arises from our initial interest in
determining an atomic resolution structure of a green nitrite
reductase, for which pseudoazurin is the redox partner, with the
aim of making a detailed comparison with the blue Cu-nitrite
reductase, for which we had published the atomic resolution
(1.04 A) structure (5) and for which azurin is the redox partner.
Surprisingly, in our first structure (1.55-A resolution; data not
shown) of the “as-isolated” AcNiR we found that the T2Cu site
had NO bound in a side-on manner, similar to that reported
recently for crystals of reduced Alcaligenes faecalis NiR exposed
to NO under anaerobic conditions (20). Because we had not
added exogenous NO, and because the crystals or protein had
not been reduced, we decided to look at further crystals from the
same bulk culture. We discovered that in some cases we had NO
bound to the catalytic T2Cu and in others we had the water
molecule bound to T2Cu as expected for the resting state. This
observation provided the motivation to harvest crystals and
collect very-high-resolution data sets from >20 crystals, some of
these represented resting state, some represented NO bound,
and some revealed both nitrite and NO bound to T2Cu. Here,
only the highest-resolution structures for each category are
presented. In addition, data were collected from nitrite-soaked
crystals. We also purified the protein using bulk crystallization,

12042 | www.pnas.org/cgi/doi/10.1073/pnas.0504207102

and crystals grown from this purification were also used for
additional data collection. Analysis of these data has provided
atomic resolution structures representing the resting-state en-
zyme, the enzyme with nitrite bound in two different orienta-
tions, which we suggest represent different intermediate stages
of substrate binding/reorganization of the catalytic center, and
a NO-bound state. In one of the nitrite-bound structures, NO is
also present at the T2Cu site in a fraction of the molecules, where
it occupies a position that is virtually the same as that of the
equivalent atoms of the nitrite ligand. We suggest these repre-
sent structures before bond breakage and product formation,
respectively.

Structure of the Resting-State Enzyme at 0.9-A Resolution. Two data
sets collected were found to represent the resting state of the
enzyme. The higher-resolution structure, determined at 0.9 A, is
the highest resolution reported for any Cu protein. It has a very
low overall Wilson B factor of 5.7 A2, indicating a well ordered
structure. Recently, we had determlneo:d the structure of the blue
Cu-nitrite reductase AxNiR at 1.04-A resolution (5). The near
doubling of the data (number of unique observations) compared
with the atomic resolution structure of AxNiR enables the
identification of dual conformations of key residues with signif-
icantly increased confidence. Moreover, this in principle would
also allow a detailed study of the anisotropic behavior [through
full matrix refinement (not yet done)] of residues in the putative
channels and pockets involved in electron and proton delivery,
as well as substrate guidance to the active site.

. The catalytic T2Cu site is located in the interdomain cleft ~12
A from the protein surface (Fig. 1). A hydrophobic channel ~6
A wide, formed by residues belonging to adjacent monomers,
provides the likely route of substrate entry. Two of these
residues, Ala-137 and Leu-106, are shown in Fig. 1. The Asp-98
residue lies at the bottom of the hydrophobic channel. Two
positions for the side chain of Asp-98 are clearly visible in the
electron density map. To our knowledge, this is the first time that
two conformations of Asp-98 have been observed in any struc-
ture of NiR, and its significance from the catalytic viewpoint
becomes apparent (see below). The main orientation (80%),
which will be referred to as the “proximal” position of Asp, is in
a favorable position to form H-bonds with Cu ligand W1 at 2.8
A and with water molecule WO at 3. 2 A. WO is also H-bonded
to the NE2 atom of His-255 at 2.8 A and is part of the water
network that has previously been identified as belonging to the
proton delivery channel (the anisotropy of the T2Cu site and
water network comprising the proton delivery channel is shown
in Fig. 5, which is published as supporting information on the
PNAS web site) (5, 6, 15). In the second position, Asp-98 points
into the substrate entry pocket and henceforth will be referred
to as the “gatekeeper” position in analogy with the equivalent
residue in carbonic anhydrase (18). The positions adopted by
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Fig. 1. The T2Cusite of the resting state enzyme at 0.9 A resolution is shown
with 2Fgps — Fealc €lectron density contoured at 1.20. The site is well ordered,
with isotropic B factors of 5.3 A2 for the Cu2* atom and an average of 5.4 A2
for the NE2 atoms of the three ligating histidine ligands (100, 135, 306B),
coordinated at 1.99 A. A water molecule, W1, is the fourth Cu ligand, at 2.2 A
with a B factor of 5.9 A2, The Ile257B residue from the second monomer
provides a steric constraint (W1 to 1le257B is ~3.4 A) on the substrate binding
site (8). A well ordered network of water molecules, W3-WS8, leads from the
substrate-binding site to the protein surface along the probable route of
nitrite entry. W2, W4, and W5 have partial or dual occupancy, depending on
the orientation of the Asp-98 side chain, either toward the substrate-binding
pocket (proximal orientation) or into the substrate-entry channel (gatekeeper
orientation). In the resting enzyme, the gatekeeper orientation has lower
occupancy, as suggested by the weaker electron density for this position of the
Asp-98 side chain. The Leu-106 residue also exhibits a dual conformation,
corresponding to the different positions of Asp-98, W4 and W5. Water mol-
ecule WO belongs to the proton-transfer water network.

several water molecules and the Leu-106 side chain are influ-
enced by this change in orientation of Asp-98. The occupancies
of these water molecules and the Asp-98/Leu-106 residues are
well correlated. Full details of the active site water network are
given in Supporting Text.

Structure of the Nitrite-Soaked Complex at 1.10-A Resolution. A
number of crystal structures in the resolution range 1.1-1.4 A were
obtained from crystals soaked with nitrite for different durations.
These structures revealed that despite increased exposure to sub-
strate, the occupancy of nitrite remained at ~50%. The following
describes the active site refined at 1.1-A resolution.

A nitrite molecule is coordinated as the fourth ligand to the
T2Cu in 40% of the molecules (Fig. 2). The dual conformation
of the Asp-98 ligand is more evident in the electron density of
this complex than in the resting state structure shown in Fig. 1.
Steric considerations suggest that the fraction of molecules with
nitrite bound to the T2Cu correspond to the orientation of the

Antonyuk et al.
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Fig. 2. The T2Cu site of the nitrite-soaked enzyme at 1.10 A resolution,
shown with 2 Fops — Fealc €lectron density contoured at 1.2¢. Either a water or
nitrite molecule occupies the substrate-binding site, with the nitrite OD2/0D1
atoms at 1.98/2.19 A and the N atom at 2.15 A or a water molecule, W1 at 2.0
A from T2Cu. The B factors of the Cu atom and nitrite ligand are 10.1 A2 and
16.0 A2, respectively, compared with the B factors for ligating N(His), which
average 10.0 A2. The Cu occupancy of the protein was 90%. The nitrite is
oriented so that the O1 and 02 atoms form H-bonds with water W2 at 2.4 A
and with water W3, at 2.6 A. W2 is 2.4 A from the conserved proton channel
water molecule, WO. The substrate-entry water network of the resting-state
enzyme is conserved in this structure, while the gatekeeper conformation of
the Asp-98 is more pronounced in the electron density map.

Asp-98 side chain toward the substrate entry pocket, in the
gatekeeper position, giving a separation of ~3.4 A between
the O2(nitrite) and OD2(Asp-98) atoms (Fig. 2). The alterna-
tive, proximal conformation, with Asp-98 pointing into the
proton channel, would result in a much closer contact between
the side-chain oxygen atom and the O2(nitrite), falling in the
range 1.9-2.4 A, depending on the crystal examined. Therefore,
this second conformation of Asp-98 most likely corresponds to
the fraction of the molecules with water W1 at the T2Cu in place
of nitrite with an Asp-98(OD2)-W1 distance of 2.8 A.

Structure of the Endogenously Bound NO Complex at 1.12-A Resolu-
tion. The T2Cu sites are fully occupied in this structure with 65%
of them having NO bound and 35% with a water molecule, W1,
as the fourth ligand (Fig. 3). The NO is bound in a side-on
manner,’ with the Cu-Nyo and Cu—Oyo bond lengths of 2.2 A

SEven though the side-on bonding of NO is also observed here and the position of
individual atoms is reversed, the unrestrained interatomic distance is 1.4 A instead of 1.67
A (see supplementary material in ref. 20). In the absence of constraints imposed by partial
occupancy of water molecule, this interatomic distance refines at 1.2 A but with obvious
disparity between the B values of the atoms of NO.

PNAS | August23,2005 | vol.102 | no.34 | 12043

BIOPHYSICS



SURFACE

Lo L

P

(\

Fig.3. The T2Cu site of the enzyme with endogenously bound NO at 1.12 A
resolution, shown with 2 Fops — Fealc electron density contoured at 1.20. The Cu
atom is coordinated by either water or NO. The B factors of the Cu, Nyo, and
Ono atoms are 10.2, 10.9, and 12.6 A2, respectively. The close correspondence
of these B values indicates the correctness of the atomic assignments of the
diatomic molecule. In molecules with water bound to T2Cu in place of NO, W1
isat2.2 A from the metal, with a Bfactor of 10.2 A2. The proton channel water,
WO, is indirectly linked to the NO via H-bonding through Asp-98: the W0-
OD1(Asp-98) distance is 3.0-3.17 A. The direct separation between the NO and
WO is 3.8 A. The N atom of NO also has an H-bond to W3, at 2.6 A. The His-135
is coordinated at 2.04 A with the other histidine ligands at 2.0 A; the average
N(His) B factor is 9.8 A2. The Asp-98 side chain is oriented toward the proton
delivery channel, where it is H-bonded to the N atom of NO. The gatekeeper
orientation is absent in this structure. Correspondingly, there is only a single
conformation of Leu-106 and a single chain of water molecules in the sub-
strate-entry channel. W4 refers to two distinct water molecules separated by
2.3 A and not a single water with dual occupancy.

B PN AS  PNAS D

and an N-O bond length of 1.4 A. Comparison with the catalytic
site structure of the resting-state enzyme (Fig. 1) shows that the
Cu atom and its ligands occupy similar positions, implying that
the Cu atom is oxidized in the NO complex. A single confor-
mation for the Leu-106 residue is present in this structure, while
the electron density (Fig. 3) shows that the Asp-98 side chain
only exhibits the proximal position, where it forms an H-bond
with the N atom of the NO ligand, at 2.6-2.9 A. This small spread
(0.3 A) of contact distances arises because the electron density
for the Asp-98 side chain is modeled with a “fan-like” spread of
positions rotated through 20° into the proton channel.

Structure of Endogenously Bound Nitrite and NO in the Same Crystal
at 1.15-A Resolution. In one of the crystals, solved at 1.15 -A
resolution, the structure revealed the presence of both nitrite
(0.5) and NO (0.3) at the active site with 80% T2Cu occupancy
(Fig. 4). This model is supported by the examination of differ-

12044 | www.pnas.org/cgi/doi/10.1073/pnas.0504207102
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Fig. 4. Comparison of T2Cu site in resting, nitrite-bound, NO bound, or
mixed (NO and NO;) forms. (A) The catalytic T2 Cu site of AcNiR with endog-
enously bound nitrite and NO in the same crystal, with the NO removed. The
nitrite ligand has been modeled in the 2Fyps — Fealc €electron density map, while
the presence of the NO ligand is evident in the resulting Fops — Fealc difference
electron density map, contoured at 3.2¢. (B) Comparison of the T2Cu site of
the enzyme in the resting state (red), nitrite soaked (green), endogenously
bound NO (yellow), and endogenously bound nitrite and NO trapped in the
same crystal (blue). A perspective view is shown from the surface of the protein
into the substrate-entry channel. For clarity, all water molecules except the
bound water in the resting state have been omitted. The flexibility of the
Leu-106 residue and the nearly 90° flip of the Asp-98 side chain, between
the gatekeeper orientation (pointing out of the page) and the proximal
orientation, are clearly illustrated.

ence density maps and by superposition with the atomic reso-
lution NO-bound and nitrite-bound structures (see Fig. 4A4).
This is the only structure in which the T2Cu occupancy matches
that of the substrate/product species, and we suggest that in this
crystal the two bound ligand species are in equilibrium. The
proximal and gatekeeper orientations of the Asp-98 are again
observed in this structure. The occupancy of the gatekeeper
conformation of Asp-98 has been modeled as equivalent to that
of bound nitrite. The NO is coordinated to the T2Cu in the

“side-on” manner, with bond lengths to Nyo and Ono of 1 97
and 2.05 A, respectively. The T2Cu—N(nitrite) distance is 2.11 A,
with the OD1 and OD2 nitrite atoms coordinated at 2.12 and
2.14 A, respectively. Comparison with the nitrite-soaked struc-
ture (Fig. 4B) shows that the endogenously bound nitrite has a

Antonyuk et al.
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different orientation relative to the T2Cu and the Asp-98. The
endogenous nitrite” ligand is coordinated in an almost “side-
n” symmetrical orientation, with its three atoms within 0.03 A
of the T2Cu, while the “soaked-in nitrite” is more asymmetrl—
cally bound, by 0.2 A, to the T2Cu. These differences in
conformation could arise from different protonation states of
Asp-98 at the pH used for crystallization, due to actual pH
varying from crystal to crystal.

In both structures where nitrite is present (Fig. 4), the
presence of the substrate results in a lengthening of the coor-
dination distances of the three histidine ligands by an average of
0.05 A compared with the resting-state enzyme. The Cu atom is
also shifted toward the substrate-binding pocket by 0.1 A relative
to the nitrite-soaked structure and by 0.3 A relative to the
resting-state enzyme. These positional changes at the active site
suggest that the T2Cu atom is predominantly in the reduced
state. Furthermore, in view of the presence of both nitrite
(50%) and the NO product (30%) in the same crystal, we are
persuaded that these data represent the most probable structure
before and during bond breakage.

Substrate Guidance and Product Formation. Our observation of the
gatekeeper conformation of Asp-98 is highly significant and is
consistent with its role within nitrite reductase for substrate
guidance. The occupancy of this conformation and its close
correspondence with the occupancy of nitrite at the T2Cu site is
strongly suggestive of its role in “hand-shaking” the substrate
when it comes down the substrate entry pocket (Leu-106/Ala-
137) and guiding it to the T2Cu. Likewise, the observation of
primarily the proximal conformation of Asp-98 in correspon-
dence with the occupancy of product (NO) and ligated water
argues strongly that this conformation of Asp is appropriately
poised for proton abstraction, leading to bond-cleavage and
formation of the product, and for product release (see below).

The anisotropic behavior of structural elements around the
catalytic Cu site was discussed previously (5) when we had
determined the structure of AxNiR in the resting state. The
thermal ellipsoids for the three Cu-ligating histidines were found
to be spherical, whereas the thermal ellipsoids of His-249
(His-255 in AcNiR) and Asp-92 (Asp-98 in AcNiR) deviate
significantly from sphericity. We argued that the anisotropy of
Asp-92 would be diminished when nitrite is anchored in position
at the T2Cu by the Asp-92 side chain, and this is indeed the case
in both the nitrite-bound and NO-bound structures of 4AcNiR
(see Fig. 5). Atomic resolution structure of the resting state of
AcNiR and the recently determined atomic resolution structure
of the blue AxNiR allows an insight into the overall charge
distribution from these highly accurate structures. Despite a
major difference in the overall charge distribution, both enzymes
reveal that the surface at the site of substrate entry is negatively
charged (see Fig. 6, which is published as supporting information
on the PNAS web site), suggesting that the substrate enters the
pocket as HNOs,.

Structure-Based Enzyme Mechanism for Cu-Containing Nitrite Reduc-
tases. The steps in the mechanism of nitrite reduction by CuNiRs
involves the binding of HNO; to the oxidized enzyme, reduction
and dehydration of bound intermediates, followed by the release
of the product NO to reform the oxidized enzyme (30). Even
though the origin of the nitrite and NO-bound adducts harvested
via high-throughput crystal structure determination is unclear, it
is evident that they represent substrate/product adducts of

TIn the atomic resolution structure of superoxide dismutase, a 0.8-A movement of Cu is
observed on reduction when Cu changes from penta- to tri-coordination (29). Here, as the
ligand isbound and Cu is penta-coordinate, a smaller movement of Cu is expected in going
from Cu?* to Cu'*.
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Scheme 1.

AcNiR that have remained essentially stable (product in Scheme
1D) because of the curtailment of enzyme turnover under
conditions used for the isolation of the enzyme. The resting
enzyme (Scheme 1A4) has a water molecule bound to the
oxidized T2Cu site that is also H-bonded to a negatively charged
Asp-98 residue (Fig. 1). The His-255 residue is protonated and
H-bonded to Asp-98 via a water molecule. Nitrite-soaked crys-
tals reveal that protonated, uncharged nitrite binds to the T2Cu
ion (Fig. 2) via O-coordination displacing the bound water
(intermediate in Scheme 1B). A number of structures for these
substrate-soaked crystals were determined, mostly to atomic
resolution. The binding of nitrite results in an increased midpoint
potential of the T2Cu that facilitates the otherwise unfavorable
electron transfer (ET) from the type 1 site (31, 32). On reduction
of the T2Cu site, the proton is transferred from the Asp to the
nitrite to form the intermediate Cu*NOOH (intermediate in
scheme 1C). In the widely accepted mechanism, the imidazolium
group of His-255 donates the second proton that facilitates
cleavage of the N-ON bond to form NO, which dissociates to
leave water bound to the oxidized T2Cu ion.

Our finding that stable species of AcNiR can be isolated, which
have nitrite (Fig. 2), NO (Fig. 3), or both (Fig. 44) bound to the
T2Cu ion, requires refinement of this mechanistic scheme, and
we hypothesize that two conditions are required to confer
stability. First, nitrite forms a stable complex when the T2Cu ion
that it is bound to is reduced. Although nitrite has a very low
affinity for reduced NiR, it has a high affinity for NiR-
T1CuxT2Cuyx and binding is reversible. In contrast to the
isolated enzyme where pulse radiolysis studies have shown the
T1Cu and T2Cu sites to be in rapid equilibrium (1), we propose
that during turnover the internal ET from the T1Cu center to the
T2Cu center is irreversible. This difference arises from the
reduction of the nitrite-bound T2Cu ion by internal ET from
the T1Cu site resulting in a center with sufficiently high redox
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potential so as to prevent reverse ET to the T1Cu site. Although
it may appear counterintuitive that nitrite would not be directly
reduced at such a site, the structures of reduced wild-type
Alcaligenes faecalis NiR (13) and those of the reduced Asp-98 to
Asn-98 and His-255 to Asn-255 mutants with bound nitrite have
been determined (33). In the former, low temperatures were
used to trap the state,l and in the latter, perturbation of the
H-bonding network results in isolating the substrate bound to
the reduced form of the enzyme. These findings emphasize the
importance of protonation events in controlling both catalysis
and internal ET (34). Secondly, we propose that the stability of
the AcNiR Cu-nitrosyl could be accounted for if nitrite were
required to displace the bound NO from the active site in an
ordered mechanism. If the Cu-nitrosyl species and stable nitrite-
bound species were in equilibrium, as suggested by the equiva-
lence of the sum of bound nitrite and NO to the occupancy of
Cu in the T2Cu site, then the species that we have structurally
characterized (Fig. 44) represent trapped intermediates of the
catalytic cycle.

Key structural changes in the positioning of the essential
residue Asp-98 are revealed for the first time in these structures.
In the nitrite-bound derivative, the Asp-98 side chain assumes a
dual conformation, linking the proton access channel to the
substrate entry pocket (Fig. 2). This second conformation is
absent in the NO-bound structures (Fig. 3). In the atomic
resolution resting-state structure, where a water molecule is
bound to the T2Cu, the Asp-98 again adopts a dual conformation
(Fig. 1). The two positions of the Asp-98 side chain are mirrored
by two distinct orientations of the Leu-106 residue, which is one
of several hydrophobic residues that form the active-site cleft. A
clearly defined and well conserved water network from the Cu
atom to the surface is seen in the structures, including several
water molecules with multiple conformations, depending on the
orientation of the Asp-98 side chain and the presence or absence
of substrate. In none of the nitrite-bound structures examined
did we observe full occupancy of either substrate or product at

lin our case, isolation of the intermediate at room temperature presumably arises from
T2Cu being reduced once nitrite is bound while T1Cu remains oxidized, and the lack of
exogenous nitrite, as in the experiments of ref. 13, prevents turnover.
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the active site. However, the very high resolution of these
structures has allowed us to model the two conformations of the
Asp-98 and to link them quantitatively with the variable occu-
pancies of Leu-1006, the substrate, water molecules, and the T2Cu
atom. The 1.15-A structure (Fig. 4) shows 50% occupancy of
nitrite and 30% NO. This nitrite-bound form represents the
second intermediate where Cu has become reduced and nitrite
does not exchange. This intermediate (Scheme 1C) is committed
to the forward reaction because the increase in redox potential
of the T2Cu consequent on nitrite binding prevents the re-
reduction of T1Cu. The NO complex seen in this structure
represents the first stage of product formation and is the species
in Scheme 1D. The trapping of this intermediate in the crystal
strongly suggests that nitrite is required for turnover, generating
the species in Scheme 1B, arguing that a displacement mecha-
nism is required to regenerate a T2Cu?* site. We propose that
under conditions of limiting reductant, nitrite dissociates to form
free oxidized AcNiR.

Conclusions

Atomic resolution structures of the resting-state, substrate-
bound, and product-bound Cu-nitrite reductase have allowed
structure-based elucidation of this kinetically intractable enzyme
and provide a paradigm shift in our understanding of the
catalytic cycle. Our structural data show that the Asp-98 residue
has multiple functional roles, namely that of substrate guidance,
proton abstraction, and product formation/release. For sub-
strate-guidance, several residues, including Leu-106 and Ala-
137, work in concert with Asp-98. Thus, the use of high-
throughput structure determination and crystal harvesting, in
combination with high-resolution structural information, opens
up an avenue for trapping and defining different reaction
intermediates of a catalytic cycle.
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