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ABSTRACT. The structure of nitrite reductase, a key enzyme in the process of nitrogen assimilation, has
been determined using X-ray diffraction to a resolution limit of 2.8 A. The protein has a globular fold
consisting of 3o/ domains with the sirohemsdron sulfur cofactor at the interface of the three domains.

The FaS; cluster is coordinated by cysteines 441, 447, 482, and 486. The siroheme is located at a distance
of 4.2 A from the cluster, and the central iron atom is coordinated to Cys 486. The siroheme is surrounded
by several ionizable amino acid residues that facilitate the binding and subsequent reduction of nitrite. A
model for the ferredoxin:nitrite reductase complex is proposed in which the binding of ferredoxin to a
positively charged region of nitrite reductase results in elimination of exposure of the cofactors to the
solvent. The structure of nitrite reductase shows a broad similarity to the hemoprotein subunit of sulfite
reductase but has many significant differences in the backbone positions that could reflect sequence
differences or could arise from alterations of the sulfite reductase structure that arise from the isolation
of this subunit from the native complex. The implications of the nitrite reductase structure for understanding
multi-electron processes are discussed in terms of differences in the protein environments of the cofactors.

Nitrogen assimilation is a fundamental biological process physiological electron-donor ferredoxin is reduced by light-
that has marked effects on plant productivity with nitrogen dependent reactions of the electron-transfer chain. In higher
deficiency leading to a decrease in plant growthk 2). In plants such as spinach, ferredoxin-dependent nitrite reductase
oxygenic phototrophs, the pathway for nitrogen assimilation is present both in the chloroplasts and in nonphotosynthetic
involves two sequential reactions that accomplish the eight- tissues such as roots, where ferredoxin is reduced by the
electron reduction of nitrate to ammonia (organisms capable NADPH pool produced via the reductive pentose phosphate
of nitrogen fixation possess an independent pathway thatcycle (7).
involves the nitrogenase-catalyzed reduction eftdl am-
monia). Ferredoxin:nitrite oxidoreductase (EC 1.7.7.1), com-

m_only called nitrite reductase, cata_lyzes the_ second step "Ntion and dissimilation. Despite the use of the common name
this process, the six-electron reduction of nitrite to ammonia.

. o : é’f nitrite reductase, the enzymes participating in assimilation
Ferredoxin-dependent nitrite reductases have been isolate o - h )

i ; nd dissimilation carry out only superficially similar reactions
and characterized from a number of higher plants, algae, anO':/'jlvith bacterial dissimilatory nitrite reductases having signifi-
cyanobacteriad). All ferredoxin-dependent nitrite reductases v diff t protei y i d cofact gth 9 th
contain two prosthetic groups, a siroheme and an-iarifur cantly difierent protein compostitions and cotactors than the

cluster. Sirohemes are reduced porphyrins of the isobacte_assimilatory nitrite reductases. Assimilatory nitrite reductases
' have a limited sequence homology to another siroheme-

riochlorin class. In nitrite and sulfite reductases, the siro- 7 | ; il i d

hemes are axially coordinated through a cysteine residue tha{;oqtalnlng class of enzymes, assiml ato_ry sulfite re uqtases,
also serves as one of the ligands for the irsalfur cluster which convert sulfite into sulfide for incorporation into
(3). Nitrite binds to the iron of the siroheme, at the axial sulfur-containing amino acids and other sulfur-containing
position opposite the ironsulfur cluster 4—6). In cyano- biomolecules. Assimilatory sulfite reductases are found in

bacteria and chloroplasts of photosynthetic eukaryotes, thePlants, bacteria, and fungi. Sulfite reductases and nitrite
reductases can each reduce the substrate of the other enzyme,

T This work has been supported in part by grants from the U.S. althOUgh each enzyme has aS|gn|f_|cantI_y grgater affinity for
Department of Agriculture (2003-02149 to J.P.A.) and U.S. Department itS normal substrate$). In Escherichia colisulfite reductase
of Energy (DE-FG03-99ER20346 to D.B.K.). is a large oligomer containing eight 66-kDa flavoprotein

*The coordinates and structure factors for the structures reported ; ; B ;
here are available from the Protein Data Bank, accession code 2AKJ.SUbumtS (oroc subunits) and four 64-kDa hemoprotein

*To whom correspondence should be addressed: Telephone: 480-Subunits (o1 Subun_its) yielding a 780-kDa_ complex. The
965-8241. Fax: 480-965-2747. E-mail: jallen@asu.edu (J.P.A.); structure of the sulfite reductase complex is unknown, but

Jelephone: 806-742-2468. Fax: 806-742-1289. E-mall: davidknafl@ the structure of the hemoprotein subunit frércoli, which
u.edu .b.K.). . .
§Arizgna Stgte University. contains the siroheme and the s8¢ cluster, has been

'Texas Tech University. determined to a resolution limit of 1.6 Ay

Nitrite reductases are widespread in both eukaryotes and
prokaryotes and have critical roles in both nitrogen assimila-
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'V'a”)/ deta'ls_ concerning the (_:hem'ca! r_neChan'Sms t_hat Table 1: Data Collection and Final Refinement Statistics
occur in the six-electron reduction of nitrite to ammonia

remain incompletely understood; for example, the rates of native platinum
the electron-transfer steps and their coupling to proton Space group P412,2 P412,2
transfer have not been established. Interpretation of the Unit cell parameters (A) Efigg'g Efigg'i
kinetic data in terms of enzymatic mechanisms has been 6;120:9 6;120:3
limited in considerable part by the lack of a structural resolution range for refinement () ~ 46-2.8  40.6-3.0
framework on which to base detailed molecular models. To total observations 94931 230429
provide this missing structural basis for mechanistic insights, unique reflections 24 304 20 641

we have determined the structure of nitrite reductase from ComPpleteness for range (%) 4 59%66(97'1)13 39'71 £99'8)
sp?nach. In spinach, the pro_tein is exp_ressed_ as a 594 aminoR:erge 1'2'4( ('333_0) 12'.6((3'1_)3)
acid protein of which the first 32 amino acids serve as a figure of merit 0.29 SOLVE
signal peptide that directs the nuclear-encoded protein into 0.69 RESOLVE
the chloroplast and is subsequently cleaved afi—11). number of atoms used in refinement 4300

Spinach contains a single nitrite reductase gene per haploid pr‘?te't“ ‘;2123

genome, and the enzyme found in chloroplasts can also be SV(;{ZCr ZLSd ions 6

targeted to roots and other nonphotosynthetic tissues. Oxida-g (o5) 25.0

tion—reduction midpoint potentiaH) values of—370 and Riree (%) 30.0

—290 mV have been determined for the iresulfur cluster Ramachandran plot

and the siroheme, respectively, and electron transfer has been Z;I‘ZEESVSJ gei(; If]e(%/'sn (%) 185491

shown to occur from the ironsulfur cluster to the sironeme = o = odel A 381

(12). The structural factors that allow this enzyme to perform oot mean-square bond length 0.013

the six-electron reaction are discussed. The structure of nitrite  deviation (A)

reductase is compared to the structure of sulfite reductaseroot-mean-square bond angles ~ 1.749

hemoprotein, and the implications for understanding multi- __ deviation (A)

electron reactions in biological systems are discussed. A 2 Values in parentheses are for the last resolution shel-2.8 A).
preliminary description of the structure has been presented
at the 13th International Congress of Photosynthekss. (

at pH 8.5, 30% poly(ethylene glycol) 4000, and 0.1 M MgClI
and cryo-cooled in a nitrogen-gas steam at 110 K. Diffraction
data were collected on a Rigaku R-AXIS-M image-plate

Expression and PurificatiorSpinach nitrite reductase was area detector using Cudradiation from a Rigaku RU-

produced as a His-tagged recombinant protein expressed fron?OOHB r.otatlng-.anode X-rgy generator. The X-ray source
the pET30b-NiR plasmid iE. coli (14). The E. coli cells was equipped with an Osmic confocal mirror assembly. Data

were co-transformed with the plasmid pKK233-CysG that were collected to a resolution of 2.8 A, which were then
contains theeysGgene encoding the enzyme that catalyzes

MATERIALS AND METHODS

indexed, integrated, and scaled usid§TREK (15). A

the rate-limiting step in siroheme biosynthesid)( The His- platinum' derivative that diffractedt3 A was obtgined by '
tagged recombinant enzyme has spectral and activity proper-ransferring the crystals to a cryoprotectant solution contain-
ties very similar to those of the enzyme isolated from spinach ing 1 mM KoPtCl and soaking overnight.

leaf (14) The nitrite reductase gene encodes a precursor form Structural Ana|ysis]'he structure was solved by SIRAS,
of protein containing 594 amino acids, but the first 32 aminosjngle isomorphous replacement from the platinum derivative

acids are cleaved, leaving a mature, chloroplastic form of compined with native anomalous scattering from the four
the protein consisting of residues-3894. The amino acid .5 atoms in the F&. cluster of the protein, treated as a

numbering used in this paper starts from the beginning of single superatomSOLVE (16) was used to refine the

thded_?atulr € p_roteln_(ljn keeplntg_ V\f{'rt]h fprewous ds_tu:ihl_es 'Eﬂ:je positions, occupancies, aBdactors of the iron and platinum
?hatl ;?gaagggoazc' ;tpgefzire]g II\T—terem%rg; llj?se}—tam mlitﬁ Lejxrg ions and to derive estimates of the protein phases. Phases
b 9 calculated bySOLVEwere improved by solvent flattening

not included in the numbering). The purification was . e .
e - . and density modification usinBESOLVE17). RESOLVE
performed by a Ni*-affinity column (Hi-Trap chelating HP also built an initial model that was then rebuilt wiXFIT

5 mL, Amersham) with an elution buffer containing 200 mM 18) using the h : bunit of sulfi d
imidazole in 250 mM potassium phosphate buffer (pH 7.0). ( _) using the hemoprotein su unit orsu ite re _uctase asa
guide. The structure was refined against the native data and

For further purification, spinach ferredoxin affinity and gel- X X )
filtration columns were applied as necessary. usingREFMAC(19). A structure appraisal of the final model

Crystallization and Data CollectionThe crystals were ~ USing PROCHECK(20) indicated that 83.9% of the non-
obtained by using sitting drop vapor diffusion. The protein glycine and nonproline residues were in the most-favored
was at a concentration of 46 mg/mL and mixed in a&5 region of the Ramachandran plot and 16.1% were in the
ratio with the reservoir solution composed of 50 mM Tris- allowed or generously allowed regions. A summary of the
HCI at pH 8.5, 15% poly(ethylene glycol) 4000, and 0.1 M refinement statistics is given in Table 1. Almost all of the
MgCl,. The trays were set up and incubated 4€C4 Brown mature protein was found in the electron density, from amino
diamond-shaped crystals were obtained after approximatelyacid residue 22556, with the only missing residues being
6—8 weeks with a maximal length of 0.4 mm. Crystals were the first 21 amino acid residues of the amino-terminus region,
transferred to a cryoprotectant solution of 50 mM Tris-HCI the last 6 amino acid residues forming the carboxyl-terminus
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Ficure 1: Stereoview of the three-dimensional structure of nitrite reductase. The protein is divided into domains 1, formed by residues
22—166 and 353431 (red), domain 2, formed by residues #8562 (yellow), and domain 3, formed by residues 4336 (blue), that
surround the central cofactors (green).

region of the protein. All figures are made using PYMOL
(2.

ligands and shown, by site-directed mutagenesis, to be
essential for cofactor bindin@2®).

One of the striking features of the nitrite reductase structure
RESULTS is the presence of seven ionizable residues in close proximity
Structure of Nitrite Reductasélitrite reductase is com-  to the siroheme: Arg 98, Arg 109, Arg 143, Arg 149, Arg
posed of a single polypeptide chain with three domains folded 223, Lys 224, and Arg 309 (Figure 2B). Presumably, the
around the cofactors (Figure 1). Domain 1 consists of amino Presence of so many potentially charged residues buried in

acid residues 22166 and 353431, domain 2 consists of
residues 16#352, and domain 3 consists of residues 432

the protein is due to the requirement of the protein to stabilize
the carboxylate groups of the siroheme, bind nitrite, and

556 (Figure 1). Domain 1 has a small region, ending at perform the six-electron-transfer reaction. Interactions be-

residue 93, that contains two antiparaffestrands and five
small o helices, followed by a region with foux helices

tween the siroheme and these residues, as well as nearby
residues Thr 141, Thr 142, GIn 147, Asn 226, GIn 306, Gin

and nineg strands, which could be thought as two subdo- 402, Thr 442, and GIn 488, and main-chain nitrogens of Phe

mains (residues 94166 and 353-431), each containing one

265, Thr 142, and Thr 442 probably play crucial roles in

S sheet and twat helices, approximately related by a 2-fold determining many of the functional properties of this
symmetry. Domain 2 has a centrdlsheet surrounded by cofactor. In addition, these amino acids are likely to interact
four o helices and fairly extensive loops. Domain 3 has a With bound substrates in a manner that should contribute to
centralf sheet and two long helices. Together, the domains the 100-fold greater affinity of the enzyme for nitrite than
result in a fairly compact structure, although there are some for sulfite (23, 24).
protruding loops and a set of antiparalfektrands formed The distal side of the siroheme iron does not have any
by residues 494517. Certain features of the domains are nearby amino acid residues serving as a ligand, with the
related to each other by symmetry. One side of the protein closest approach of any side chain to the iron being at least
is formed by domains 1 and 3, each of which contributes a 5 A. The amino acid residues form a large pocket suitable
pair of a helices with each pair roughly symmetrically placed for binding of a substrate, consistent with the results of
about the center of the protein. Also, thehelices and3 spectroscopic studies indicating that nitrite binds at this site
sheet of domain 3 can be superimposed upon the corre-(5, 6). Contributing to the binding site are four ionizable
sponding features of domain 2 by a 280tation about the  residues, Arg 109, Arg 149, Arg 179, and Lys 224, that are
center between the two domains. Although these featureslargely conserved in the sulfite reductase hemoprot@jn (
are approximately symmetrical, the lengths of ¢thkelices as where the equivalent residues, Arg 83, His 123, Arg 153,
andp strands differ and the connecting loops do not maintain and Lys 215. The fact that the unusual presence of several
the same symmetry. amino acid residues is a conserved feature of these two
Buried within the protein are the siroheme and ir@ulfur enzymes suggests that these residues play a critical role in
cluster (Figure 2A). The two cofactors are close together the function of the enzyme, including binding of the
and have a common ligand, Cys 486, that is 2.3 A from the negatively charged nitrite. Siroheme binding to the protein
iron—sulfur cluster and 2.3 A from the center iron of the and the anion-binding site are stabilized by hydrogen bonding
siroheme. Surrounding the JSg cluster are two loops formed  and formation of salt bridges to residues Arg 143, Arg 223,
by amino acid residues 44147, CTGSQFC, and residues and GIn 402 that are conserved as Arg 117, Arg 214, and
482—486, with the sequence CPNSC. These four cysteinesGIn 396 in the sulfite reductase hemoprotein. There is no
from these two regions coordinate the iresulfur cluster binding of an ion or water molecule in lieu of nitrite at this
with distances between the iron atoms and cysteine sulfurslocation based on the electron density. The lack of clear
around 2.3 A. These four cysteines had been previously density is consistent with nitrite binding in a heterogeneous
identified, on the basis of conserved sequences found in othemanner resulting in a broad distribution of nitriteon
proteins that contain 8, clusters, as providing the cluster distances §). Only with a significant improvement in the
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Ficure 2: Stereoviews of the structural arrangement of the cofactors and nearby residues. (a) Siroheme-antfuracofactor with the
coordinating cysteines, 441, 447, 482, and 486 (carbon, green; oxygen, red; nitrogen, blue; sulfur, yellow; iron, brown). Cys 486 serves as
a ligand for both the siroheme iron and the;&ecluster. The &, — F. electron-density map is contoured atalgével. (b) View of the

distal position of the siroheme showing the presence of the ionizable amino acid residues Arg 98, Arg 109, Arg 143, Arg 149, Arg 223,
Lys 224, and Arg 309 and nearby residues Asn 145, GIn 147, Asn 226, GIn 306, GIn 402, and GIn 486.

resolution limit of the data would a loosely bound ion or
water molecule be evident in the electron density.

presence of several Lys and Arg residues that accommodate
the negatively charged nitrite ion. Despite the close distance
and common ligand, the siroheme and ir@ulfur cluster
DISCUSSION act independently, with the irersulfur cluster receiving
Nitrite reductase is a critical enzyme in the process of €léctrons from ferredoxin and transferring them to the
nitrogen assimilation. The enzyme binds nitrite to a large Siroheme, which in turn transfers them to the substrate, nitrite,
cavity region of the protein at the distal position of the thatremains bound until its complete reduction to ammonia

siroheme. While electron paramagnetic resonance (EPR) (5 6)-

data is equally consistent with the resting enzyme having a  Nitrite reductase, as isolated, is fully oxidized, with the
five-coordinated siroheme Fe or six-coordinated heme with cluster in the (Fg5;)?" state and the siroheme iron in the
one weak axial ligand, resonance Raman data are much moréigh-spin Fé&" state. The catalytic conversion of nitrite to
consistent with this Fe being six-coordinated with a second ammonia occurs via at least five steps. Evidence indicates
but weak axial ligand being present, in addition to the sulfur that, in all likelihood, the enzyme is first reduced by one
ligand from Cys 486. In the absence of nitrite, the sixth ligand electron to a state where the siroheme has been reduced to
could be either a weakly bound water molecule or, most the Fé* state (the iror-sulfur cluster, although transiently
likely, a phosphate ion from the buffes,(6). The binding  reduced, reverts to the (F)2" state after reducing the

of nitrite to the distal position should be stabilized by the heme), which then binds nitrite rapidly. This adduct is
reduced, after the delivery of a second electron, to a NO/
ferrosiroheme species, with the cluster in the,@B" state.

1 Abbreviations: EPR, electron paramagnetic resonance.
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Addition of two more electrons probably results in reduction
of NO to siroheme-bound hydroxylamine (ABH), although

the hydroxylamine adduct has not been characterized to date.
Finally, two more electrons are added to produce,;N¢5,

6). The intermediate products are retained within the protein
until ammonia is formed and released.

These reductions must be coupled to the transfer of
protons, because the conversion of nitrite to the ammonium
ion and two water molecules requires a total of eight protons.
Thus, the distal side of the siroheme must have ready access
to protons through either a direct access to the solvent or
through a proton pathway involving a series of protonatable
amino acid residues that are hydrogen-bonded to each other.
An examination of the surface of the protein shows that,
despite the general tight packing of the protein, the siroheme
and iron—sulfur cluster are located in a tapered channel that
has a minimal diameter of approximated A and leads to
the surface of the protein (Figure 3A). Thus, nitrite has a
clear path from the surface to the distal side of the siroheme.
In turn, ammonia can also readily leave and be replaced by
another nitrite molecule while proton transfer is provided
directly by the solvent.

Spinach nitrite reductase forms a 1:1 electrostatically
stabilized complex with ferredoxin, wherein ferredoxin
supplies the negatively charged groups and nitrite reductase
supplies the positively charged groups involved in the
complex formation 8, 25, 26). Possible structures of the
nitrite  reductase:ferredoxin complex were examined by
comparing different possible binding pockets of positively
charged residues of nitrite reductase that could complement
regions of negatively charged residues of spinach ferredoxin
1, the more common isoform found in spinach chloroplasts
(PDB code 1A7027). The initial calculation was performed
with FTDOCK, which employs both shape complimentarily
using the geometric surface recognition algorithm of Kat-
chalski-Katzir and electrostatic complimentarily to dock two
macromolecules28). Because rapid electron transfer from
the FeS; cluster of the ferredoxin to the F® cluster of the
enzyme requires a favorable distance, the possible outcomesgicure 3: Model for the ferredoxin:nitrite reductase complex. (a)
were filtered, so that only those with the smallest distance Electrostatic surface of nitrite reductase showing the presence of
between the two clusters were considered. This was ac-an open tunnel from th_e_ surfac_e of the protein to the siroheme a_nd
complished by restricting the distances between the Cys 479|ror]—sulfur center. Positive regions are shown as blue, and negative

A . “regions are shown as red. Many Lys and Arg are found in this
and Cys 514 in nitrite reductase and Cys 39 and Cys 44 iny¢qion as shown by the blue shading. (b) Ribbon diagram of the
ferredoxin to be less than 10 A (the cofactors were not complex of nitrite reductase (purple) and ferredoxin (cyan) with
included in this analysis). The top 200 solutions were refined the cofactors shown as space-filling models (siroheme, green; iron,
wih MULTIDOCK. a program that refies the inerface et S4lL 10100, T e o o e T
between two p_rote|n§ produt_:ed by the rigid-body analysis view is rotated by 90about the hgrizoﬁtal axis relative to the view
of FTDOCK, including scaling of van der Waals and i, 5
electrostatic interactions and testing for side-chain confor-
mational changes at the interfa@9); The 25 most favorable  energy models, but the relative orientation of the ferredoxin
models were inspected with the molecular visualization could not be unambiguously determined.
program XFIT (8). Of these 25 solutions, almost all (23) In the representative model chosen for the complex (Figure
were nearly identical with very small differences of less than 3B), there are a large number of stabilizing interactions, for
1 A'in the position of the backbone of the ferredoxin relative example, between Lys 80, 83, 100 of nitrite reductase with
to nitrite reductase. One of these models was chosen as &lu 93 and Ser 43 of ferredoxin. Also stabilizing the complex
representative of the complex and is discussed below inare salt bridges between Arg 502 of nitrite reductase and
detail. Two of the 25 solutions had comparable energy valuesAsp 60 of ferredoxin and a hydrogen bond from Lys 100 on
with the FeS; cluster of the ferredoxin at a nearly identical the enzyme to Ser 43 of ferredoxin. Second, the ferredoxin
position, but the ferredoxin was significantly rotated about fits nicely in a pocket of the protein that includes an extension
the FeS; cluster relative to the representative model. Thus, provided by amino acid residues 49812 that may be able
the relative positions of the ferredoxin and nitrite reductase to “lock-in” the ferredoxin upon binding. Third, the ferre-
in the complex were very comparable for all of the lowest doxin fits nicely into the tunnel (Figure 2B). In this




Structure of Nitrite Reductase Biochemistry, Vol. 44, No. 49, 2003.6059

arrangement, the distance from the,%ecluster of the should decrease theKp values of these residues, th&p
ferredoxin to the F&5, cluster of the enzyme is shorter at shift required for deprotonation would not necessarily need
11 A than the 16 A distance between the$ecluster of to be large to cause proton release. Thus, ferredoxin binding
ferredoxin and the siroheme. The shorter distance to th®& Fe may trigger proton transfer at the same time that electron
cluster suggests that electron transfer should be significantlytransfer occurs. Once reduction is complete, the oxidized
faster from the F£5; cluster of the ferredoxin to the & ferredoxin is released and th&jvalues would be expected
cluster than to the siroheme, consistent with earlier observa-to shift back with protons being provided from the bulk
tions that the Fg£5, cluster is reduced prior to siroheme solvent.
reduction. In the alternative model, these distances are very Comparison to Sulfite Reductade. addition to sharing
comparable and the residues involved in the binding are an identical set of cofactors, nitrite reductases have limited
essentially the same although the specific interactions differ. sequence homology (with sequence identities of approxi-
Chemical modification studies have been interpreted in mately 25%) to the hemoprotein subunits of the het-
terms of the presence of both Arg and Lys residues at the erodimeric assimilatory sulfite reductase3)( Nitrite re-
ferredoxin-binding site of nitrite reductase. Peptide-mapping ductase contains a single polypeptide chain with ferredoxin
studies implicated three conserved residues, Arg 375, Lysserving as an external electron donor. Sulfite reductase from
436, and Arg 556 in ferredoxin bindind 2, 25, 30). These E. coli is a large oligomer containing eight copies of the
residues are not part of the proposed binding site. Further-flavoprotein subunit, each with a molecular mass of 66 kDa,
more, these three residues are separated from each other bgnd four copies of a hemoprotein subunit, each with a
such large distances that all of these three residues cannoinolecular mass of 64 kDa, yielding a 780-kDa complex. The
be located at a single ferredoxin-binding site. For the flavoprotein subunit contains irersulfur clusters, one FAD
modeling of the complex, it was assumed that the backboneand one FMN, all of which participate in transferring
structures of the isolated nitrite reductase and ferredoxin doelectrons from NADPH, the physiological electron donor for
not change in response to binding. However, it has beenthe enzyme, to the hemoprotein subunit. The hemoprotein
shown that complex formation between ferredoxin and nitrite subunit, where substrate reduction occurs, contains one
reductase causes changes in the circular dichroism spectrairoheme and one (F®)""?* cluster as cofactors. The
of one or both proteins. These spectroscopic changes ardlavoprotein subunit can be separated from the hemoprotein,
consistent with the hypothesis that protein/protein interactions and the isolated hemoprotein subunit, although unable to use
arising from complex formation result in changes in second- NADPH as an electron donor, is fully competent to reduce
ary structure in one or both protein3lj that have not been  substrates when suitable electron donors such as methyl
modeled. The previously observed changes in the chemicalviologen are providedg).
modification of these residues because of ferredoxin binding There are several functional similarities between nitrite
could have occurred because of structural rearrangementseductase and sulfite reductag83); Both nitrite and sulfite
of nitrite reductase upon ferredoxin binding. In particular, reductases employ sirohemes coupled to afSf@uster to
the strong interactions of ferredoxin with residues 4481 catalyze a six-electron reduction process. They catalyze
and 499-510 could result in shifts of the loops formed by reduction of the same substrates, i.e., sulfite, nitrite, and
residues 436437, 498-512, and 519524, following the hydroxylamine 23, 24, 34), although each enzyme exhibits
observed changes in loops evident in the structure of thea strong catalytic preference for its physiological substrate.
NADP* reductase:ferredoxin structurg2j. In addition to sharing the same prosthetic groups and
A complex with geometry similar to that shown in Figure reducing the same substrates, nitrite reductase and the
3B provides a possible model for how the protein couples hemoprotein portion of sulfite reductase are similar in
the transfer of eight protons and two water molecules with molecular mass3p, 36) and some spectroscopic featurgs (
the six-electron reduction process. The Arg and Lys sur- 6, 34, 37).
rounding the siroheme are unlikely to be all charged because A comparison of the structures shows an overall similarity
the resulting electrostatic interactions between charges thatin the folding arrangements but significant differences in the
are 4-8 A apart would be very unfavorable in the interior positions of the backbone atoms. In both structures, the
of the protein. Rather, the close distances would probably siroheme is coupled to the irersulfur center through a
result in large K, shifts that result in only some Arg being cysteine that ligates both cofactors. The relative positions
protonated, most likely those that have a limited solvent and orientations of the siroheme, iresulfur cluster, and
exposure such as Arg 223 and Lys 224, because of thefour-coordinating cysteine ligands are very similar in the two
solvent located in the channel. When the ferredoxin binds, structures, and they can be readily superimposed upon each
the channel closes, resulting in the loss of solvent accessother, although the loops containing the ligands differ in
for the residues near the siroheme. The effect of this position by as much as 2 A. One of the striking differences
desolvation on the mechanism of nitrite to ammonia conver- between the cofactors of nitrite reductase and the sulfite
sion is not known, but it may contribute because the electron- reductase hemoprotein is the much more pronounced planar
transfer steps are coupled with proton transfer. This loss of distortions in the sulfite reductase hemoprotein model. The
solvent access should result in shifts of the, walues of siroheme of nitrite reductase is very planar with little out-
the Arg and Lys residues to lower values and consequentlyof-plane distortions. In contrast, the siroheme of sulfite
the release of protons. The extent of tHe€, ghifts for the reductase hemoprotein has a distinctive ruffled conformation
residues are difficult to predict because they will depend upon with distortions throughout the macrocycle. The nonplanar
changes in the ionization of nearby residues and dielectric features and associated flexibility of the macrocycle have
changes in addition to the direct effects of solvent loss. been proposed to play a role in the preference for sulfite
Because the interactions with the surrounding Arg residuesbinding @). On the basis of studies of isobacteriochlorins,
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Ficure 4. Comparison of nitrite reductase and sulfite reductase hemoprotein. (a) Stereoview of the alignment of the structures of nitrite
reductase (dark blue) and sulfite reductase hemoprotein (red) based upon the cofactors. Notibelites are all shifted in different
directions, and the inner portions are more closely aligned. (b) Pink regions of nitrite reductase correspond to the missing or disordered
regions of sulfite reductase hemoprotein. Notice that these portions are all localized in one region of nitrite reductase.

these distortions should have significant effects on the of the electron-density maps generated using the nitrite
electronic structure of the siroheme because the nonplanareductase diffraction data. Experiments are underway to
distortions destabilize the highest occupied molecular orbitalsimprove the quality of the crystals of nitrite reductase to
and consequently should lower the oxidation/reduction obtain higher resolution data.

potential by 206-300 mV 38, 39). However, the measured Although the cofactors are in relatively similar positions,
difference in the potentials of the sirohemes of nitrite and the model of nitrite reductase and the sulfite reductase
sulfite reductase is only about 50 m\8)( The nonplanar  hemoprotein shows that the two structures cannot be uniquely
distortions of the sulfite reductase hemoprotein have beenaligned nor can the domains be simply shifted relative to
proposed to arise from nonuniform proteicofactor interac- each other to align the structures. Superposition of the
tions; for example, the siroheme carboxylates form hydrogen cofactors shows that the structures are similar for the inner
bonds that are provided by amino acids from nearby loops 8 sheets, but the outer helices are displacedyts A or

(38, 39). The differences in planarity may reflect a combina- more (Figure 4A). The differences may reflect the limited
tion of factors. While many of these residues are conservedstructural homology between nitrite reductase and the sulfite
with nitrite reductase, small differences in the interactions reductase hemoprotein. Most of the differences involve the
may lead to a much more planar siroheme in nitrite reductase.portions of the sulfite reductase hemoprotein structure that
The coordination of the siroheme iron to a strongly bound are disordered. In sulfite reductase hemoprotein, residues
ion in sulfite reductase but not nitrite reductase should changel—80 are missing and three regions are disordered:—127
the out-of-planarity of the central iron atom and hence 131, 146-148, and 184-209. However, these residues are
influence the nonplanar features of the macrocycle. The all located in one region of the protein (Figure 4B),
planarity differences may also reflect different redox states suggesting that the sulfite reductase hemoprotein has “opened
induced by the X-ray radiation during data collection. The up” because of the disorder and missing portions of this
details in these planarity differences are currently limited region. The opening up largely occurs in the outer regions
by the resolution limit of the nitrite reductase data because of the protein because the inner regions are closely aligned,
the lack of nonplanar distortions may reflect the resolution presumably stabilized by the coordination to the cofactors.
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R 149

R 109

R179

K224

N 226 N 226

Ficure 5: Stereoview comparison of the cofactors and distal sides of nitrite reductase and sulfite reductase hemoprotein. Three of the
amino acid residues are conserved: Arg 109, Arg 179, and Lys 229 in nitrite reductase (carbon, green; oxygen, red; nitrogen, blue; sulfur,
yellow; iron, brown) are equivalent to Arg 83, Arg 153, and Lys 215 (carbon, gray; oxygen, red; nitrogen, blue; sulfur, purple; iron, orange)
in the sulfite reductase hemoprotein. Two are not conserved: Arg 149 and Asn 226 in nitrite reductase are equivalent to His 123 and Lys
217 in sulfite reductase hemoprotein.

The substrate in nitrite reductase binds at the distal positionthe lack of a Lys at that position. The differences in amino
of the siroheme as shown by spectroscopic technigdies ( acids are also expected to contribute to the possible differ-
6). The binding of nitrite to nitrite reductase is relatively ences in planarity of the siroheme in the two structures. For
weak and disordered compared to the strong binding evidentexample, the ionizable residue Arg 149 is immediately
for sulfite reductased). The superposition of the structures adjacent to one of the carboxylates of the siroheme in nitrite
of nitrite reductase and sulfite reductase hemoprotein pro-reductase, but His 123 is located at the equivalent position
vides an opportunity to determine the structural reasons forin sulfite reductase hemoprotein (Figure 5).
the difference in substrate binding. The overall amino acid
conservation is relatively low at 25% identity, giving rise to SUMMARY
many differences in the amino acid composition at key
secondary-structure elements that contribute to relative shifts The three-dimensional structure of nitrite reductase has
of the backbone positions as discussed above. The backbongeen solved, showing the molecular arrangement of the
shifts are evident near the distal site of the siroheme, but cofactors and the surrounding protein, and represents the first
there are also residues not conserved in the vicinity. In somedetermination of an assimilatory nitrite reductase. This
cases, the changes are probably minor; for example, Ile 241structure provides the foundation for a molecular understand-
and Val 400 in nitrite reductase are equivalent to other ing of the critical step of nitrogen assimilation, namely, the
aliphatic amino acid residues Ala 232 and Ala 394 in sulfite conversion of nitrite to ammonia. The enzymatic reduction
reductase hemoprotein. In other cases, the changes are moref nitrite to ammonia is an unusual six-electron reduction
significant; for example, Thr 142 and His 238 in nitrite process¥, 6) that appears to involve the participation of a
reductase are located at positions equivalent to Asn 116 andcluster of ionizable amino acids. Mutational studies of these
Asp 229 in sulfite reductase hemoprotein. The limited residues should allow the delineation of the various inter-
conservation of amino acid residues also results in changesnediate steps as well as the coupling of protons to the
in the charge distribution at the distal side. Four ionizable transfer of electrons. Together with the model of the
amino acid residues have been implicated as playing critical ferredoxin:nitrite reductase complex, these studies provide
roles in substrate binding and establishment of the electro-a template for multi-electron reactions in other biological
static environment in sulfite reductase hemoprotein basedsystems. For example, the reduction of sulfite to sulfide is
on the structures with different bound substraté.(Three catalyzed by the assimilatory ferredoxin-dependent sulfite
of these residues are conserved in the two structures, withreductases found in oxygenic phototropBS8, 24, 41). The
Arg 109, Arg 179, and Lys 224 in nitrite reductase equivalent spectroscopic and catalytic properties of these enzymes
to Arg 83, Arg 153, and Lys 215 in sulfite reductase suggest that they may exhibit a more significant structural
hemoprotein (Figure 5). One of the residues, Lys 217, that homology to nitrite reductase than the bacterial sulfite
was shown to bind to both sulfite and nitrite in sulfite reductase. Another enzyme that performs multi-electron
reductase hemoprotein is not conserved, having been replacedeductions is nitrogenase, which catalyzes the reduction of
by Asn 226 in nitrite reductase. The binding of nitrite in  dinitrogen to ammonia4@, 43). Clearly, many structural
nitrite reductase must be different both because of the features differ such as the chemical nature of the metal
difference in bonding arrangements as well as because ofcomplexes, and only nitrogenase is capable of catalyzing the
differences in the electrostatic environments as a result of reduction of dinitrogen. However, these studies of nitrite
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reductase may provide insight into how electron transfer is
coupled to proton transfer in ferredoxin-driven complexes.

NOTE ADDED IN PROOF

The structure of a ferredoxin-dependent sulfite reductase
NirA has been recently reported4).
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