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Nitrate assimilation inautotrophsprovidesmostof the reducednitrogenonearth. Ineukaryotes, reductionof nitrate tonitrite is

catalyzed by themolybdenum-containing NAD(P)H:nitrate reductase (NR; EC 1.7.1.1-3). In addition to themolybdenumcenter,

NRcontains iron-hemeandflavin adenine dinucleotide as redox cofactors involved in an internal electron transport chain from

NAD(P)H to nitrate. Recombinant, catalytically activePichia angusta nitrate-reducing,molybdenum-containing fragment (NR-

Mo)was expressed inP. pastoris andpurified. Crystal structures for NR-Mowere determined at 1.7 and 2.6 Å. These structures

revealed a unique slot for binding nitrate in the active site and identified key Arg and Trp residues potentially involved in nitrate

binding. Dimeric NR-Mo is similar in overall structure to sulfite oxidases, with significant differences in the active site. Sulfate

bound in the active site caused conformational changes, as compared with the unbound enzyme. Four ordered water

molecules located in close proximity to Mo define a nitrate binding site, a penta-coordinated reaction intermediate, and

product release.Because yeastNAD(P)H:NR is representative of the family of eukaryoticNR,weproposeageneralmechanism

for nitrate reduction catalysis.

INTRODUCTION

Assimilatory NAD(P)H:nitrate reductases (NR; EC 1.7.1.1-3)

catalyze the first and rate-limiting steps of nitrate assimilation

in plants, algae, and fungi (Campbell, 2001). NR belongs to the

molybdenum cofactor (Moco)–containing family of enzymes that

catalyze two-electron transfer reactions in global C, N, and S

cycles (Hille, 1996). These processes include nitrate reduction,

abscisic acid biosynthesis, purine catabolism, and sulfite de-

toxification in plants and sulfite detoxification and purine catab-

olism in mammals (Mendel and Schwarz, 1999). All eukaryotic

molybdenum enzymes share a commonmolybdenum (Mo) atom

that is bound to two sulfur atoms (ene-dithiolate) of a pyranop-

terin derivative, called molybdopterin. The structural core of this

molybdopterin is conserved among all kingdoms and is found in

all Mo-containing enzymes, except nitrogenase.

Eukaryotic NR is only active as a homodimer, and dimerization

is dependent on the presence ofMoco (Campbell, 2001). The NR

monomer contains three distinguishable sequence regions as-

sociated with the Mo center, the Fe-heme of the cytochrome b5

domain, and a C-terminal domain associated with a flavin

adenine nucleotide (FAD) cofactor (Figure 1A). NR dimerization

is mediated by theMo-containing fragment, which can be further

subdivided into the N-terminal Moco binding and C-terminal

dimerization domains. The latter was identified in the crystal

structure of the homologous sulfite oxidase (SO). The cyto-

chrome b5 domain is separated from the dimerization domain by

a solvent-exposed linker region, named hinge 1, whereas the

linker between the cytochrome domain and the FAD domain

is referred to as hinge 2 (Figure 1A). In plants, hinge 1 bears

a regulatory Ser residue that upon phosphorylation mediates the

inhibition of NR by a 14-3-3 protein (Kaiser and Huber, 2001;

MacKintosh and Meek, 2001). The Moco domain is preceded by

an N-terminal extension rich in acidic residues that varies

between 7 and 121 residues in length in fungi and 60 to 99

residues in plants without any significant conservation. A possi-

ble role of this extension in plants is seen in posttranscriptional

regulation (Nussaume et al., 1995).

NR occurs in three different forms: NADH-specific forms are

frequently present in higher plants and algae, NADPH-specific

forms are unique in fungi, and NAD(P)H-bispecific forms are

found in all aforementioned organisms, being most common in

fungi (Campbell and Kinghorn, 1990). The catalytic cycle of NR

can be divided into three parts: a reductive half-reaction in which

NAD(P)H reduces FAD, electron transfer via the intermediate

cytochrome b5 domain, and an oxidative half-reaction in which

theMo center transfers its electrons onto nitrate, thereby forming

nitrite and hydroxide (Skipper et al., 2001). The rates of intra-

molecular electron transfer between the domains in Arabidopsis

thalianaNR are similar. Therefore, it seems that none of the steps

are rate limiting (Skipper et al., 2001). Several fragments of
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Figure 1. Primary and Secondary Structure Comparison of NR and SO.
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NR have been recombinantly expressed, each of which pos-

sesses partial catalytic activity or characteristic spectral prop-

erties of the holoenzyme (Lu et al., 1992; Ratnam et al., 1997;

Pollock et al., 2002). Analysis of a fragment containing heme and

FAD domains of spinach (Spinacia oleracea) NR indicated that

electron transfer from heme appeared to be slightly slower than

FAD reduction (Ratnam et al., 1997). For the spinach NR Mo

domain, nitrateKm is 8 to 12mM (Pollock et al., 2002); whereas for

the corresponding nitrate-reducing fragment from yeast NR, the

nitrate Km is 30 mM (Barbier et al., 2004).

The primary structure of NR is conserved among plants, algae,

and fungi, whereas they are completely different from bacterial

NR regarding sequence similarity and structural composition.

The latter belong to the dimethyl sulfoxide reductase family ofMo

enzymes, and they contain a different type of Moco as well as

iron-sulfur clusters as additional prosthetic groups (Stolz and

Basu, 2002). Eukaryotic NR belongs to the SO family of Mo

enzymes for which the first crystal structure was determined for

chicken SO (CSO) (Kisker et al., 1997). Recently, the structure of

Arabidopsis SO (plant SO [PSO]), a plant homolog of animal SOs,

has been determined and provided additional insights into

animal and plant sulfite oxidation (Schrader et al., 2003). PSO

is the simplest Mo enzyme known so far that possesses a single

catalytically active center, the Moco domain (Eilers et al., 2001).

For eukaryotic NR, only the individual structure of the maize (Zea

mays) FAD domain (Lu et al., 1994, 1995) has been determined

so far.

To investigate the structure and function of eukaryotic NR, we

have expressed and purified the Mo-containing nitrate-reducing

N-terminal fragment (residues 1 to 484) of yeast NAD(P)H:NR

(NR-Mo) from Pichia angusta, using P. pastoris as host. We have

determined two crystal structures of NR-Mo at 1.7- and 2.6-Å

resolution. These structures provide essential and novel infor-

mation on the nitrate-reducing active site of eukaryotic NR and

assist with identification of key active site residues involved in

nitrate binding and other facets of the catalytic mechanism. The

overall fold of the dimeric NR-Mo is similar to SO forms, though

differences occur in the N- and C-terminal parts, and in an

additional loop, as well as near the active site. In the 1.7-Å

structure, a bound sulfate caused several conformational

changes in the active site as compared with unbound NR-Mo,

and four ordered water molecules were found in close proximity

to Mo. Based on these water molecules, we defined a mecha-

nism for nitrate reduction catalyzed by NR involving nitrate

binding, formation of a penta-coordinated reaction intermediate,

and formation of the products, nitrite and water.

RESULTS AND DISCUSSION

Structure Determination

The crystal structure of NR-Mo was determined by molecular

replacement using a monomer of PSO (Protein Data Bank entry

1OGP) (Schrader et al., 2003) as search model. First, the 2.6-Å

data set (NR-Mo1) was refined to a final R-factor of 18.4% (Rfree

¼ 24.9%) and subsequently used to determine the structure of

the high-resolution 1.7-Å data set of NR-Mo2, which was refined

to an R-factor of 16.7% (Rfree ¼ 19.5%). Both models have

excellent stereochemistry (Table 1). TheNR-Mo1model contains

one monomer with residues 26 to 478, one Moco, and 59 water

molecules in the asymmetric unit. NR-Mo2 comprises two

monomers in the asymmetric unit, each defined by residues 64

to 478, and 799 water molecules. In addition to the Moco, one

Naþ ion, two sulfate ions, and two glycerol molecules were

bound per monomer in NR-Mo2 and were derived from the

crystallization buffer as well as the cryoprotectant. Except for

both termini, all atoms are well defined in both NR-Mo models.

The first 25 residues in NR-Mo1 and the first 63 residues in NR-

Mo2 are disordered or degraded, respectively, as well as the last

six residues (479 to 484) in both crystal forms.

Fold of the Monomer

The NR-Mo monomer is characterized by a slightly elongated

shape and a mixed aþb structure similar to the SO fold (Kisker

et al., 1997; Schrader et al., 2003) (Figures 1 and 2) and is clearly

divided into two domains (Figure 2A). The N-terminal Moco

binding domain (residues 38 to 274) comprises 13 b-strands,

organized in one mixed and two antiparallel b-sheets as well as

seven a-helices and four 310-helices. An N-terminal three-

stranded antiparallel b-sheet is formed (b1-b3) that leads into

a five-stranded mixed b-sheet (b4, b5, b8, b9, and b13) located

on the opposite site of the domain. The central motif of this

domain, a five-stranded antiparallel b-sheet (b6, b7, and b10 to

b12), is separated from the mixed b-sheet by nine short helices

(a1, a3, a5 to a7, and 3101 to 3104). Between the two longest

b-strands of this domain (b6 and b7), a long hairpin loop with

a short helix (a4) is inserted, which is responsible for hydrophobic

and polar interactions with the C-terminal domain. The core of

the C-terminal dimerization domain (residues 275 to 448) consti-

tutes as main feature a Greek key motif that is formed by two

large antiparallel b-sheets. The first sheet contains four strands

(b14, b16, b19, and b22), whereas the other sheet consists of

Figure 1. (continued).

(A) Domain structure of P. angusta NR and CSO. The NR-Mo fragment that has been expressed, purified, and crystallized is shown in black. The first

and last residues of conserved domains (Moco binding, dimerization, heme, FAD, and NADPH binding domains) are indicated.

(B) Sequence alignment of yeast NR (P. angusta, YNR) and Arabidopsis NR2 (plant NR, PNR) with Arabidopsis SO (plant SO, PSO). Strictly conserved

residues are highlighted in black, and conserved residues are highlighted in gray. Secondary structure elements for YNR and PSO are shown above the

alignment with cylinders for a- or 310-helices and arrows for b-sheets. The alignment was generated with ClustalW (Thompson et al., 1994) and

ALSCRIPT (Barton, 1993). Secondary structure elements were determined with PROMOTIF (Hutchinson and Thornton, 1996). Residue numbering is

based on the primary sequence of YNR. Residues of NR-Mo that coordinate the Moco are indicated with asterisks. The number of asterisks correlates

with the number of contacts to Moco.
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six strands (b15, b17, b18, and b23 to b25). A third antiparal-

lel b-sheet composed of two short strands (b20 and b21) forms

together with two helices (a9 and 3107) an extension located in

proximity to the centralmotif of theMocodomain. TheN-terminal

part of the dimerization domain comprises three helices (a8,

3105, and 3106) that are organized in an extended loop. At the C

terminus of NR-Mo, the linker leading into the cytochrome b5

domain of NR contains one helix (a11). The dimerization domain

possesses a similar topology to the C2 subtype immunoglobulin

superfamily (Vaughn and Bjorkman, 1996) as described for the

corresponding domain of SO (Kisker et al., 1997).

In contrast with the available databank entries for P. angusta

NR-Mo, no electron density was found for the side chain of

residue 203 in both structures resulting in the substitution of Arg

for Gly. Three cis-peptides were found in both models (His63-

Pro64, Lys235-Pro236, and Lys309-Pro310) for which two or

three homologous cis-peptides were also found in PSO (Glu26-

Pro27 and Phe204-Pro205) and CSO (Lys113-Pro114, Phe285-

Pro286, and Gln353-Pro354), respectively (Kisker et al., 1997;

Schrader et al., 2003). In the high-resolution NR-Mo2 structure,

one Naþ ion and two sulfate molecules are bound at identical

sites in each monomer. The Naþ is bound via hydrogen bonds to

both monomers via the main chain carbonyl of Asp410 (2.86 Å)

and Arg339Ne (3.22 Å) in one monomer and the main chain

carbonyl of Arg295 (2.86 Å) of the dimerization domain in the

other monomer. One sulfate molecule is in close proximity to the

Moco in thewider part of the substrate funnel and forms contacts

with Asn66, Arg89, and Phe156 via four hydrogen bonds (see

below). The second sulfate molecule is located in a remote

position only bound by Lys145Nj (a4).

Both NR-Mo2 monomers are very similar, as indicated by an

overall root mean square (rms) deviation of 0.045 Å for all 415

residues. When comparing the monomers of both crystal forms

(Figure 2B), an rms deviation of 0.505 Å is observed, caused by

the differently orientated termini, some minor changes in loop

regions (Figure 2B, arrows), and conformational changes close

to the active site-bound sulfate, which will be discussed below.

Fold of the Dimer

In both crystal forms, the asymmetric unit is formed by individual

NR-Mo monomers. However, in both cases, dimers are formed

along twofold crystallographic symmetry axes. The dimerization

is consistent with earlier studies (Campbell and Kinghorn, 1990)

on the structure and function of eukaryotic NR, and it was used

as a quality criterion to evaluate the molecular replacement

solution during structure determination. Because these dimers

are nearly identical and tightly associated in both crystal forms,

dimerization is the native oligomeric state of NR-Mo. The

crystallographic dimers in both NR-Mo structures (Figure 2C)

Table 1. Data Collection and Refinement Statistics

Data Set NR-Mo1 NR-Mo2

Data collection

Wavelength (Å) 1.005 1.005

Space group P6122 C2221
Unit cell dimensions a, b, and c (Å) 76.7, 76.7, and 306.1 122.7, 123.0, and 149.5

Resolution limits (Å) 30–2.6 25–1.7

Completeness (%) 99.6 99.0

Rsym (last shell)a 0.088 (0.438) 0.093 (0.445)

I/sigI (last shell)b 24.7 (3.3) 4.6 (1.6)

Refinement statistics

Number of observed reflections 139508 2235039

Number of unique reflections 17438 123668

Number of residues A26–A478 A64–A478 and B64–B478

Number of ions – 4 sulfate, 2 natrium

Number of solvent molecules 59 water 799 water, 6 glycerol

Rcryst (Rfree)c 0.184 (0.249) 0.167 (0.195)

Deviations from ideal values

Bond distances (Å) 0.017 0.016

Angle distances (8) 1.575 1.544

Torsion angles (8) 7.322 6.101

Chiral-center restraints (Å3) 0.092 0.205

Planar groups (Å) 0.006 0.008

Ramachandran statisticsd 0.873/0.125/0.3/0 0.913/0.087/0/0

a Rsym ¼ ShklSijIi � <I>jShklSi<I>, where Ii is the ith measurement, and <I> is the weighted mean of all measurements of I.
b <I>/<sI> indicates the average of the intensity divided by its average standard deviation.
c Rcryst ¼ SjjFoj � jFcjj/SjFoj, where Fo and Fc are the observed and calculated structure factor amplitudes. Rfree same as Rcryst for 5% of the data

randomly omitted from the refinement.
d Ramachandran statistics indicate the fraction of residues in the most favored, additionally allowed, generously allowed, and disallowed regions of the

Ramachandran diagram, as defined by PROCHECK (Laskowski et al., 1993).
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Figure 2. Overall Structure of NR-Mo.



have overall dimensions of 98 3 79 3 75 Å3, and the dimer

interface extends over 2190 Å2, corresponding to 12% of the

accessible surface area of each subunit. Dimerization is mainly

mediated by the C-terminal domain with some additional inter-

actions between the Moco domains. In both structures, the

dimers are stabilized by 39% polar and 61% nonpolar interface

residues. The average predicted number of 1.0 hydrogen bond

per 75 Å2 of polar dimer interface (Bahadur et al., 2004) is well

exceeded in both crystal structures with 1.6 and 2.0 hydrogen

bonds per 75 Å2 of hydrophilic interface in NR-Mo1 andNR-Mo2,

respectively. Disulfide bridges were not found in any of the two

crystal forms of NR-Mo. In total, 36 hydrogen bonds and salt

bridges are responsible for direct intersubunit contacts in NR-

Mo1, whereas in NR-Mo2, 44 direct intersubunit bonds are

found. These extra bonds might be one reason for the high-

resolution diffraction of NR-Mo2.

Comparison of NR-Mo and SOs

On the level of primary amino acid sequence, the P. angustaNR-

Mo shares 38% identity with Arabidopsis NR-Mo, 26% with

PSO, and 27%with theCSOModomain. The conservation of the

Moco binding domains is significantly higher, accompanied by

less conservation of the dimerization domains (Table 2). These

homologies are consistent with the observed rms deviations

among the structures of NR-Mo, PSO, and CSO (Table 2). The

overall topology of the Mo domain monomers adopts a very

similar fold in all three proteins (Figure 4A). NR-Mo exhibits one

additional feature, which is unique among all fungal NRs (Figures

1B and 2B) due to an insertion of 14 to 16 residues forming a9,

b20-b21, and 3107. More differences exist at both termini and in

another loop region (a8, 3105 and 3106) near the active site, which

replaces the single helix (3102) of PSO. The N-terminal region

of NR-Mo preceding the Moco domain has a unique fold clinging

to the core of the Moco domain, whereas in CSO, the N terminus

of the Moco domain is attached to the cytochrome b5 domain,

thus adopting a different orientation, and PSO completely lacks

such an N-terminal extension (Figure 1A). The C terminus is also

arranged differently in all three proteins. SO structures terminate

within a few residues after the dimerization domain, whereas the

C terminus of the NR-Mo dimerization domain bears an addi-

tional b-strand (b25) and then continues with the linker toward

the cytochrome b5 domain. This extension mainly contributes to

the somewhat larger dimerization domain of NR-Mo (Figure 1A).

In NR-Mo, the C terminus is clearly separated from the dimer-

ization domain and therefore surface exposed, a fact that

explains the protease sensitivity of the hinge 1 region connecting

the dimerization domain with the cytochrome b5 domain. Solvent

exposure is also key to phosphorylation of the regulatory Ser in

hinge 1 of plant NR forms and the subsequent binding of the

inhibitory 14-3-3 protein (Kaiser and Huber, 2001; MacKintosh

and Meek, 2001).

The Moco Domain

Both models show well-defined electron density for the Moco, in

particular, in the high-resolution 1.7-Å structure, all Moco atoms,

including both terminal oxygens, are covered by electron den-

sity, indicating high cofactor saturation (Figure 2D). Moco is

composed of a single molybdopterin (pyranopterin) and deeply

buried in the Moco domain forming 14 hydrogen bonds to main

chain and side chain atoms of Moco domain residues (Figure 3).

All cofactor binding residues are highly conserved among NRs

and SOs (data not shown). In bothmonomers of NR-Mo2, theMo

is coordinated by five ligands forming an almost perfect square

pyramidal geometry (Figure 2D). Two sulfur atoms originating

from molybdopterin, one sulfur from the conserved Cys139 as

protein ligand, and one oxygen ligand (O6) occupy the equatorial

plane, whereas the axial position is assigned to another oxygen

atom (O5). This axial oxygen ligand is stabilized by two hydrogen

bonds to the terminal amino groups of Ala140 andGly247 (Figure

3) that are also conserved in CSO (Figure 1B) (Kisker et al., 1997).

The dioxo Mo center, which is a common feature of the SO

family (Hille, 1996), could be assigned to a Mo(IV) state, with

similar Mo-O distances to the CSO structure, with 1.7 Å for the

apical oxygen and 2.3 Å for the equatorial hydroxo/water ligand

(Kisker et al., 1997). In the oxidized state (MoVI), both Mo-oxo

distances would be;1.7 Å as proposed for animal SO (George

et al., 1999). In NR-Mo2, when using an omit-map where Moco

was excluded from the refinement, the center of electron density

for the equatorial O6 was 2.41 to 2.46 Å away from Mo; whereas

the Mo-O5 distances for the apical oxygen were estimated to be

1.75 to 1.80 Å because of interferences by the large electron

density peak centered on the Mo atom. The reduced Mo in NR-

Mo2 (MoIV) can be explained by the purification of NR-Mo under

reducing conditions (see Methods) or photoreduction as prob-

ably occurred in CSO (Kisker et al., 1997).

Figure 2. (continued).

(A) Ribbon presentation of the NR-Mo monomer. The two domains are colored dark blue (Moco domain) and light blue (dimerization domain), and the

nonconserved N-terminal part and the C-terminal linker region is colored orange. The Moco, Naþ, and sulfates are shown in ball-and-stick

representation, b-strands as curved arrows, and a- and 310-helices as ribbons. The bonds between Mo and all five ligands are plotted as dashes (cf.

[D]). The model is a composite of residues 26 to 70 from NR-Mo1 and residues 71 to 478 from NR-Mo2.

(B) Superposition of NR-Mo1 and NR-Mo2 monomers. NR-Mo1 is colored and orientated as in (A); NR-Mo2 is shown in gray.

(C) Stereo view of the NR-Mo dimer in ribbon presentation (merged as in [A]). For one monomer, the color coding is the same as in (A), and the second

monomer is shown in dark and light gray.

(D) Stereo close-up view of Moco and coordinating residues shown in ball-and-stick representation, with dashed bonds between Mo and its five

ligands. The 2Fo-Fc electron density map is contoured at 1.0 s. The figure was generated with MOLSCRIPT (Esnouf, 1997) and rendered with POVRAY

(www.povray.org).
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Surface Properties

NR-Mo possesses positively charged residues surrounding the

substrate funnel (Figure 4B, arrow). This positively charged cavity

seems to be a common feature of both NRs and SOs as these

enzymes act on anions. The charge distribution of NR-Mo is not

as prominent as in PSO and CSO. Furthermore, there is a signif-

icant patch of negative charge right above the entrance to the

active site that is unique to NR. Another important difference is

the shape of the substrate binding cavity itself. In NR-Mo, the

substrate funnel narrows to an elongated slot, which provides

enough space for the planar nitrate molecule, but not for a bulky

sulfate molecule (Figures 4B, 5C, and 5D). Therefore, it is not

surprising that sulfate does not inhibit NR, whereas nitrate is an

inhibitor of SO (Kessler and Rajagopalan, 1974). However,

except for the negative patch above the active site entrance,

all other surrounding surface residues are well conserved among

all members of the SO family (Figures 4C and 4D). Surface

residues that are only conserved in NRs are found right below

and above the active site funnel (Figure 4C, light green patches).

Some of the residues in the upper part (Figure 4C, dark green) are

also conserved in animal SOs (but not in PSOs), and they belong

to a region of the molecule that has been predicted to be

important for binding the cytochrome b5 domain (Schrader et al.,

2003) and is therefore essential for effective intramolecular

electron transfer. For animal SOs, a model for dynamic electron

transfer from the Moco to the heme has been proposed where

the cytochrome b5 domain is moving in close proximity to the

active site of the Mo domain (Feng et al., 2002). This model is

based on the crystal structure (Kisker et al., 1997) and bio-

chemical studies (Feng et al., 2002) that have demonstrated

a reduced intramolecular electron transfer rate with increased

solution viscosity.

The question remains open whether or not the mechanism of

intramolecular electron transfer in NR might be similar to animal

SO. For NR, it has been shown recently that increased solution

viscosity also decreases nitrate-reducing catalytic activity (G.G.

Barbier and W.H. Campbell, unpublished results). According to

the domain structure of NR, theC-terminal linker between theMo

domain and the heme domain is solvent exposed in both NR-Mo

structures. Similar to CSO, not all residues of the NR-Mo linker

region are defined, which could either be due to the truncation of

the protein or a general flexibility of the linker as in CSO. Clearly,

the crystal structure of the holo-NR has to be determined to

provide additional insights into the intramolecular electron trans-

fer mechanism of NR.

The Active Site of NR and SO

Structural comparison between the active site of NR-Mo, PSO,

and CSO (Figure 5A) revealed remarkable conservation on one

side with Arg144, Trp158, and Arg89 (NR residues) perfectly

Table 2. Homologies and rms Deviations within Domains of Mo Enzymes of the SO Family

PSO CSO PNRb

NR-Mo1 (NR-Mo2) rms Deviation Identitya rms Deviation Identity rms Deviation Identity

Moco domain

39–274 (64–274) 1.25 (1.14) 0.320 1.12 (1.07) 0.326 – 0.492

Dimerization domain

275–448 1.31 (1.29) 0.227 1.41 (1.42) 0.227 – 0.305

Overall

39–448 1.53 (1.52) 0.259 1.47 (1.53) 0.265 – 0.382

a Identities were calculated according to (Combet et al., 2000).
b PNR, plant NR from Arabidopsis.

Figure 3. The Coordination of the Moco.

Schematic representation of all protein–Moco interactions. Hydrogen

bonds are drawn as dashed lines. No water-mediated hydrogen bonds

between the Moco and protein were observed. The hydroxy coordination

of the equatorial Mo-bound oxygen (O6) is indicated by a bold solid line

and the oxo-coordination of the apical oxygen (O5) by duplicate lines.

Figure was generated with LIGPLOT (Wallace et al., 1995).
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superimposing with their counterparts in PSO and CSO. Most

importantly, Cys139 serving as third sulfur ligand of Mo is

matching in all three enzymes (data not shown in Figure 5A)

because it is the unique characteristic of enzymes of the SO

family (Garrett and Rajagopalan, 1996; Garton et al., 1997; Su

et al., 1997). On the other side, there are three residues, the

strictly NR-conserved Asn272 and Met427, as well as the non-

conserved Thr425 that seem to be unique in NR and probably

crucial for nitrate binding and catalysis. For some of the corre-

sponding residues, it has been shown in SO that they are

important for catalysis. Asn272 is replaced by Tyr322 in CSO

(Figure 5A), which is completely conserved among all knownSOs

and has been shown to be involved in intramolecular-coupled

electron/proton transfer (Feng et al., 2003) as well as substrate

binding and catalysis (Wilson and Rajagopalan, 2004).

In PSO and CSO, another residue (Arg374/Arg450) was

suggested to be essential for substrate/product binding as indi-

cated by a sulfate-dependent conformational change (Schrader

et al., 2003). In this structure of P. angusta NR-Mo, this SO-

conserved Arg is replaced by Thr425, which is not conserved

among NRs. Fungal NRs either have a Thr or Leu, whereas in

plant NRs, onlyMet is found at that position (Figure 1B). The third

NR-specific and conserved active side residue is Met427 re-

placing a Val in SOs. Met cannot participate as electron donor in

hydrogen bonds with its side chain, which is a main difference as

compared with the SO-conserved Arg that might be able to form

Figure 4. Comparisons between NR-Mo and SOs.

(A) Superposition of NR-Mo fragments from P. angusta NR (blue), PSO (green), and CSO (red). The figure was generated as described in Figure 2.

(B) Electrostatic surface potential of NR-Mo. Surface residues are color coded according to their charge (blue for positively charged and red for

negatively charged side chains). Hydrophobic areas are not colored. The view is toward the entrance of the substrate funnel (arrow). The electrostatic

potential map was calculated at an ionic strength of 100 mM and contoured at 610 kBT (kB, Boltzmann constant; T, absolute temperature).

(C) and (D) Conserved residues among enzymes of the SO family are shown on the surface (C) and in an alignment (D). Residues that are identical (one

outlier was excepted) among all NRs are shown in light green, those among NRs and animal SOs are shown in dark green, and those among the entire

SO family of Mo enzymes (including both NRs and SOs) are shown in orange. Sequence alignments were generated with ClustalW, and the last residue

of each sequence line is numbered. Surfaces were generated using GRASP (Nicholls et al., 1991) and rendered with POVRAY.
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hydrogen bonds. Because of the distance of either Met427 in NR

or Arg374 in PSO to the Mo center, a direct involvement in the

reaction cycle of these residues is less possible. They seem to be

either important as a general stabilizer of charges or they serve

a steric function. This hypothesis is supported by the altered

conformation ofMet427 between the NR-Mo structures, which is

reminiscent to the changes observed in SOs for Arg374/Arg450

(see below).

Bacterial dissimilatory NR forms contain a different molyb-

dopterin-based cofactor, where Mo is coordinated by two

molybdopterin dithiolates and each pterin is modified by a nu-

cleotide attached via a pyrophosphate bond (Dobbek andHuber,

2002). Consequently, the overall fold of this class of enzymes is

completely different from the fold of enzymes of the eukaryotic

SO family (Dias et al., 1999). Despite the different fold, there are

remarkable similarities. Both NR types have an additional sulfur

ligand to Mo, which is derived from a conserved Cys. Further-

more, the same types of active site residues are conserved

among dissimilatory NRs (Gln346, Arg356, and Met308 from

Desulfovibrio desulfuricans) (Dias et al., 1999) and in P. angusta

NR-Mo.

Sulfate-Induced Conformational Changes

In the high-resolution structure of NR-Mo2, one out of two sulfate

molecules is well defined and in close proximity to the active site

Figure 5. The Active Site of NR-Mo.

(A) Superposition of the active sites of NR-Mo2, PSO, and CSO. Residues of NR-Mo are color coded in blue, PSO in green, and CSO in red. All residues

are shown in stick mode and are numbered in the corresponding color.

(B) Superposition of the active sites of NR-Mo1 (blue) and NR-Mo2 (gray). NR-Mo2 residues are colored in gray and NR-Mo1 in blue. In (A) and (B),

Moco (derived from NR-Mo2) and sulfate are shown in ball-and-stick mode, and both panels were generated with MOLSCRIPT (Esnouf, 1997).

(C) and (D) Surface representation of the substrate binding site of NR-Mo2 with the bound sulfate and three active site waters (W1-3) (C) and with nitrate

superimposed onto the waters (D); all are shown as a space-filling model. Surfaces are shown either transparent with highlighted and labeled active

site residues or nontransparent and color coded according to the surface charge as shown in Figure 4A. The surfaces were made as described in

Figure 4.
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(Figures 5A to 5C) next to the narrowing substrate entrance with

an average distance of 8.8 Å to the Mo (Mo-S distance) in both

monomers. This anion binding is accompanied by several

conformational changes relative to NR-Mo1 with no sulfate

bound. Changes appear close to the sulfate binding site and

mainly affect active site residues (Figure 5B). Most remarkably,

Phe156 shows a large rotation of the phenyl group in NR-Mo2.

Two other residues, Asn66 and Arg89, together with Phe156 are

directly involved in sulfate coordination. Several other active site

residues, Arg144, Asp271, Trp158, and Ser426, are slightly

distorted toward the bound sulfate. Finally, Met427, conserved

in all NRs, occupies a conformation with its side chain pointing

toward the Mo, whereas in NR-Mo1, the Met427 side chain

turns away from the active site.

Because inorganic phosphate is known to be an activator of

NR activity (Howard and Solomonson, 1981; Kay and Barber,

1989; Campbell, 2001), it is tempting to suggest that the sulfate

binding site near the Mo could be the phosphate activator site of

NR because sulfate is a structural mimic of phosphate. Thus, the

conformational differences described above for NR-Mo2 might

be related to those involved in NR activation by phosphate.

Because crystallization experiments under similar conditions

with phosphate failed to produce NR-Mo crystals, we cannot

prove whether or not phosphate binds in a similar way to NR-Mo

than sulfate. Kinetic studies on Chlorella NR have shown that

sulfate can also activate NRbut to a somewhat lesser extent than

phosphate (Howard and Solomonson, 1981). It is important to

note that this phosphate/sulfate-induced activation was only

observed for the NADH-dependent NR activity but not for the

NADH-dependent cytochrome c reductase activity. Already

these findings strongly suggest that phosphate and sulfate act

on the Mo domain of NR, which further strengthens our con-

clusions. Preliminary studies with P. angusta holo NR (data not

shown) in the presence or absence of phosphate indicated no

significant effect of sulfate on NR activity. Therefore, more

detailed kinetic studies with holo-NR as well as NR-Mo are

needed to investigate the functional role of both anions on theNR

activity.

The Nitrate Binding Site

In the active site of NR-Mo2, four ordered water molecules

were identified that appear to mimic the binding site of nitrate

(Figure 5C). Three of these water molecules are located in the

core of the active site, and a nitrate molecule was super-

imposed onto two of these water molecules (W2 and W3),

resulting in hydrogen bonds for all of the three nitrate oxygens

to two active site Arg residues and one Trp (Figure 6C). All three

residues involved in nitrate binding are conserved among all

enzymes of the SO family, indicating a similar binding of nitrate

and sulfite in NR and SO. One oxygen (O3nitrate lying on W3, B-

factor ¼ 28) points toward the equatorial hydroxo/water ligand

of the Mo(IV) center with a distance of 2.8 Å and is hydrogen

bonded to Arg144NH2. O1nitrate and O2nitrate (modeled onto

W2, B-factor ¼ 29) form hydrogen bonds to Arg89NH2 and

Trp158NE1, respectively. In animal SO, it has been shown that

the conserved Arg corresponding to Arg144 (Arg190 in CSO) is

important for both substrate binding (Garrett et al., 1998) and

intramolecular-coupled electron/proton transfer (Feng et al.,

2003). Therefore, it is not surprising that Arg144 in NR coor-

dinates the modeled nitrate molecule. So far, attempts to soak

or cocrystallize NR-Mo with nitrate, nitrite, or both gave no

sufficiently diffracting crystals. In the surface presentation of

NR-Mo2, an elongated slot is formed at the entrance to the

active site. Drawing a modeled nitrate molecule (Figure 5D) into

a surface presentation as a space-filling model nicely illustrates

Figure 6. Hypothetical Reaction Cycle of Nitrate Reduction by NR.

(A) Reaction cycle of nitrate reduction by NR. The reaction starts with the

reduced Mo(IV) center (stage 1). Nitrate binds to the active site (stage 2)

and replaces the equatorial hydroxo/water ligand, thus forming the

reaction intermediate (stage 3). Upon oxidation of the Mo center to

Mo(VI), the bond between the nitrate oxygen and nitrogen is broken, and

nitrite will be released (stages 4 and 5). After completion of the reductive

half-reaction, the Mo is regenerated [Mo(IV)] for the next cycle.

(B) to (E) Models of the active site at different stages of the reaction

cycle, generated with MOLSCRIPT and rendered with RASTER3D

(Merritt and Murphy, 1994).

(B) View of the active site as seen in the 1.7-Å structure with four water

molecules (W1 to W4) bound. The view resembles the situation shown in

(A) at stage 1.

(C) Hypothetical binding of nitrate based on a superposition with W2 and

W3 (stage 2 in [A]). The nitrate oxygen located at W3 attacks the Mo, and

the Mo hydroxo ligand will be displaced to the position of W4.

(D) Formation of a penta-coordinated reaction intermediate with the

nitrogen, nitrate-oxygen, Mo, and the apical oxygen forming a plane. The

resulting hydrogen bonds of bound nitrate are indicated (stage 3 in [A]).

(E) The released nitrite is superimposed with W1 and W2 because of the

high mobility of W1 (B-factor ¼ 46).
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the almost perfect match between the surface depression and

the shape of nitrate.

The Reaction Mechanism of Eukaryotic Nitrate Reduction

For nitrate reduction, NAD(P)H provides the FAD cofactor of NR

with two electrons that are subsequently transferred via the

cytochrome b5 domain to the Moco that accomplishes the

substrate reduction to nitrite. Based on reaction kinetic studies

(Skipper et al., 2001), the functional similarity to SOs (Kisker et al.,

1997) and the presented crystal structures of NR-Mo, we de-

scribe a general model for the reaction mechanism of nitrate

reduction in eukaryotic NRs (Figure 6A). We took advantage of

three highly ordered water molecules and one moderately

ordered water molecule (Figure 6B) to propose the binding of

nitrate (Figure 6C), the formation of a penta-coordinated reaction

intermediate (Figure 6D), and the release of the products nitrite

and water (Figure 6E).

In our reaction model, first the substrate nitrate binds to the

reducedMo(IV) formas shown in Figure 6C.Upon nitrate binding,

the oxygen (corresponding to W3, Figure 6B) closest to Mo

attacks the metal center, thereby displacing the equatorial

hydroxo/water ligand (O6) from Mo, thus forming the reaction

intermediate (Figure 6D). The displaced hydroxo/water ligand

might occupy the position of the water W4 (Figure 6E), which is

coordinated by Asp271, Asn272, Arg89, and His91. Three of

these residues (Asp271, Arg89, and His91) are completely

conserved throughout the entire SO family, possibly indicating

a conserved mechanism for the oxo-transfer reaction catalyzed

by NR and SO. The position of the reaction intermediate (Figure

6D) was chosen by a planarity restrain for the nitrogen, nitrate-

oxygen, Mo, and the apical oxygen bonds according to the

stereochemistry and reaction of model compounds (Pietsch and

Hall, 1996), and reasonable distances to adjacent atoms were

also considered. The resulting coordination of the bound nitrate

involves Asp271 and Asn272. When superimposing this reaction

intermediate onto the NR-Mo1 structure, Met427 might form an

additional contact to the reaction intermediate (data not shown),

indicating a functional importance of this residue during cataly-

sis. Asn272 and Met427 are exclusively conserved in NRs and

are therefore crucial for catalysis because they participate in the

coordination of both the leaving hydroxo/water ligand and the

reaction intermediate (Figures 6D and 6E). Once the reaction

intermediate is formed, the electrons of the Mo d-orbital flip over

to the Mo-Onitrate bond, thereby forming the second Mo-O bond

and causing the oxidation of Mo(IV) to Mo(VI) (Figure 6A). The

latter is accompanied by the release of nitrite, which might be

coordinated by Arg144, a residue conserved in the entire SO

family (Figure 6E). Upon product formation, theMo center can be

regenerated by the reductive half reaction, where two electrons

derived from NAD(P)H are transferred via an intramolecular

electron transport chain to the Mo.

For NR, product inhibition by nitrite is known with a Ki ¼
330 mM for Chlorella NR, whereas the Km for nitrate is ;30 mM

(Howard and Solomonson, 1981). The proposed coordination of

nitrate by three hydrogen bonds is in agreement with the Km

value for nitrate. Furthermore, the coordination of nitrite by two

hydrogen bonds, derived from the substrate binding Arg144,

explains the observed nitrite product inhibition with a Ki 10 times

higher than the Km for nitrate, which is related to the loss of one

hydrogen bond during product binding.

In our model, Asp271 and Asn272 play a crucial role for

displacing the Mo-hydroxo/water ligand, as well as stabilizing

the reaction intermediate. In addition to the proposed interac-

tions, Asn272 appears to bewell positioned (Asn272dN-MocoO6

distance of 3.3 to 3.6 Å) to participate in catalysis because the

neighboring Asp271 might be able to exhibit an electronegative

force onto the Asp carbamide group. In contrast with the strictly

conserved Tyr in SO (Tyr241/Tyr322), Asn272 is not capable to

act as a proton shuttle, but as a potent stabilizer for either cations

or anions.

For dissimilatory NR, a model with a similar reaction interme-

diate has been proposed (Dias et al., 1999). Despite the above-

mentioned differences between eukaryotic and bacterial NR, the

presence of similar and conserved active site residues in bothMo

enzymes might suggest a common and conserved reaction

chemistry for the reduction of nitrate by mononuclear Mo

centers, and it could reflect the evolutionary pressure tomaintain

a unique Mo center for nitrate reduction. In particular, the

presence of a conserved Glu in bacterial NR (Dias et al., 1999)

and the conserved Asp in NR-Mo in close proximity to the Mo

supports the functional importance of the amide group in both

Mo-dependent NRs.

In summary, the structure of NR-Mo confirmed the overall

similarity of NR and SO, both on structural and functional levels.

Regarding the similar size and type of both nitrate and sulfite,

substrate binding is proposed to be very similar due to three

overall conserved residues. However, the formation of the re-

action intermediate as well as product release is tightly associ-

ated with NR-specific residues. Consequently, the question

might be raised whether or not it is possible to convert the

nitrate-reducing Mo fragment into an oxidase or vice versa.

Therefore, the structure-based model for the reaction mecha-

nism of NR provides a unique framework for future structure–

function studies of eukaryotic NRs.

METHODS

Protein Expression and Purification

NR-Mo was derived from Pichia angusta YNR1. YNR1 was cloned with

a methanol-induced promoter in pPICZ-B plasmid (Invitrogen, Carlsbad,

CA) and modified by site-directed mutagenesis to introduce a hexaHis-

tag at the N-terminal part of the protein and a stop codon in the hinge 1

part of the protein. Approximayely 1 mg of linearized plasmid was used to

transform electrocompetent wild-type P. pastoris by electroporation.

After NR-Mo expressing cell line selection, fermentation was performed

as described for the related fragment of YNR1, which is called simplified

NR or S-NaR1 (Barbier et al., 2004). The disruption of the cells and the

purification of the crude NR-Mo by immobilized metal affinity chroma-

tography were done according to the protocol previously described for

S-NaR1. At this stage, theNR-Mo fragment catalyzed production of nitrite

fromnitratewith a kcat¼ 160 s�1 using dithionite-reducedmethyl viologen

as electron donor, which is similar to the catalytic turnover of nitrate

reduction catalyzed by holo-NR (Campbell, 2001; Skipper et al., 2001).

NR-Mowas buffer-exchanged by dialysis into 50mM Tris, pH 7.5, 50mM

NaCl, and 2 mM DTT. NR-Mo was further enriched by anion-exchange
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chromatography on a 10-mL SourceQ15 column (Amersham-Pharmacia

Biotech, Uppsala, Sweden) with the protein eluting at 250mMNaCl. After

concentrating the protein, preparative size exclusion chromatography

(Superose 26/60; Amersham-Pharmacia Biotech) was performed with

a buffer containing 50 mM Tris, pH 7.5, 200 mM NaCl, 1 mM EDTA, and

2 mM DTT. A single peak corresponding to the size of the NR-Mo dimer

was obtained. The protein buffer was exchanged to the crystallization

buffer (20 mM Tris, pH 7.5, 50 mM NaCl, and 5 mM DTT), and the protein

was concentrated to 12 mg/mL and stored in aliquots at �808C after

flash freezing in liquid nitrogen.

Crystallization and Structure Determination of NR-Mo1

The NR-Mo1 crystal type grew at 238C by vapor diffusion against

a reservoir of solution 7 from the Hampton Crystal Screen II (Hampton

Research, Aliso Viejo, CA) within 1 d. These crystals diffracted x-rays to

2.6 Å resolution using synchrotron radiation of beamline BW6 at the

Deutsches Elektronensynchrotron (DESY) (Hamburg, Germany), and

a data set was collected using a MAR CCD detector (Marresearch,

Norderstedt, Germany). Data were indexed, integrated, and scaled with

the HKL-suite (Otwinowski and Minor, 1997), and all subsequent calcu-

lations were performedwith the CCP4 suite (Collaborative Computational

Project Number 4, 1994) with exceptions as indicated.

Based on the unit cell dimensions (Table 1) of the hexagonal crystal with

space group P6122, one monomer per asymmetric unit was predicted,

yielding a Matthew’s coefficient of 2.3 Å3/D and 47.1% solvent content.

The structure was solved by molecular replacement with AMORE

(Navaza, 1994) using a monomer of PSO (Schrader et al., 2003) as search

model. The quality of the obtained solution was evaluated by the

crystallographically related objects that should form a dimer similar to

PSO and CSO. Refinement was performed with REFMAC5 (Murshudov

et al., 1997) followed by manual rebuilding of the structure in O

(Jones et al., 1991). Water molecules were included using ARP_WARP

(Perrakis et al., 2001).

Crystallization and Structure Determination of NR-Mo2

Initial NR-Mo microcrystals of another type were obtained after ;2

weeks with solution 26 from Hampton Crystal Screen II (Hampton

Research). The refinement of the crystallization condition led to one

single crystal growing after 10 weeks in a solution containing 24% PEG

MME 5000 (Fluka, Buchs, Switzerland), 0.1 M Mes, pH 6.5, and 0.3 M

ammonium sulfate. This orthorhombic crystal diffracted to a resolution of

1.7 Å, and a data set was recorded at beamline BW6 at DESY (Hamburg,

Germany). With the unit cell dimensions and the noncrystallographic

symmetry operations, the asymmetric unit of this C2221 crystal was

calculated to comprise two monomers, resulting in a Matthew’s co-

efficient of 2.9 Å3/D and 57.3% solvent content. Integration was executed

with MOSFLM (Leslie, 1992), and scaling and further calculations were

conducted with programs form the CCP4 suite. Initial phasing attempts

by molecular replacement with PSO or CSO as search models using

AMORE or MOLREP (Vagin and Teplyakov, 1998) failed, but finally

succeeded using the refined NRMo1 structure. Both monomers formed

crystallographic dimers.

Atomic coordinates and structure factors of NR-Mo1 (2BIH) and NR-

Mo2 (2BII) have been deposited in the Research Collaboratory for

Structural Bioinformatics Protein Data Bank.
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reductase at 1.9 Å solved by MAD methods. Structure 7, 65–79.

Dobbek, H., and Huber, R. (2002). The molybdenum and tungsten

cofactors: A crystallographic view. Met. Ions Biol. Syst. 39, 227–263.

Eilers, T., Schwarz, G., Brinkmann, H., Witt, C., Richter, T., Nieder,

J., Koch, B., Hille, R., Hansch, R., and Mendel, R.R. (2001).

Identification and biochemical characterization of Arabidopsis thaliana

sulfite oxidase. A new player in plant sulfur metabolism. J. Biol. Chem.

276, 46989–46994.

Esnouf, R.M. (1997). An extensively modified version of MolScript that

includes greatly enhanced coloring capabilities. J. Mol. Graph. Model.

15, 132–134, 112–113.

Feng, C., Kedia, R.V., Hazzard, J.T., Hurley, J.K., Tollin, G., and

Enemark, J.H. (2002). Effect of solution viscosity on intramolecular

electron transfer in sulfite oxidase. Biochemistry 41, 5816–5821.

Feng, C., Wilson, H.L., Hurley, J.K., Hazzard, J.T., Tollin, G.,

Rajagopalan, K.V., and Enemark, J.H. (2003). Role of conserved

tyrosine 343 in intramolecular electron transfer in human sulfite

oxidase. J. Biol. Chem. 278, 2913–2920.

Garrett, R.M., Johnson, J.L., Graf, T.N., Feigenbaum, A., and

Rajagopalan, K.V. (1998). Human sulfite oxidase R160Q: Identifica-

tion of the mutation in a sulfite oxidase-deficient patient and expres-

sion and characterization of the mutant enzyme. Proc. Natl. Acad. Sci.

USA 95, 6394–6398.

Garrett, R.M., and Rajagopalan, K.V. (1996). Site-directed mutagen-

esis of recombinant sulfite oxidase: Identification of cysteine 207 as

a ligand of molybdenum. J. Biol. Chem. 271, 7387–7391.

Garton, S.D., Garrett, R.M., Rajagopalan, K.V., and Johnson, M.K.

(1997). Resonance raman characterization of the molybdenum center

1178 The Plant Cell



in sulfite oxidase: Identification of Mo¼O stretching modes. J. Am.

Chem. Soc. 119, 2590–2591.

George, G.N., Pickering, I.J., and Kisker, C. (1999). X-ray absorption

spectroscopy of chicken sulfite oxidase crystals. Inorg. Chem. 38,

2539–2540.

Hille, R. (1996). The mononuclear molybdenum enzymes. Chem. Rev.

96, 2757–2816.

Howard, W.D., and Solomonson, L.P. (1981). Kinetic mechanism of

assimilatory NADH:nitrate reductase from Chlorella. J. Biol. Chem.

256, 12725–12730.

Hutchinson, E.G., and Thornton, J.M. (1996). PROMOTIF–A program to

identify andanalyzestructuralmotifs in proteins.ProteinSci.5,212–220.

Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991).

Improved methods for building protein models in electron density

maps and the location of errors in these models. Acta Crystallogr. A

47, 110–119.

Kaiser, W.M., and Huber, S.C. (2001). Post-translational regulation of

nitrate reductase: Mechanism, physiological relevance and environ-

mental triggers. J. Exp. Bot. 52, 1981–1989.

Kay, C.J., and Barber, M.J. (1989). EPR and kinetic analysis of the

interaction of halides and phosphate with nitrate reductase. Bio-

chemistry 28, 5750–5758.

Kessler, D.L., and Rajagopalan, K.V. (1974). Hepatic sulfite oxidase.

Effect of anions on interaction with cytochrome c. Biochim. Biophys.

Acta 370, 389–398.

Kisker, C., Schindelin, H., Pacheco, A., Wehbi, W.A., Garrett, R.M.,

Rajagopalan, K.V., Enemark, J.H., and Rees, D.C. (1997). Molecular

basis of sulfite oxidase deficiency from the structure of sulfite oxidase.

Cell 91, 973–983.

Laskowski, R.A., Moss, D.S., and Thornton, J.M. (1993). Main-chain

bond lengths and bond angles in protein structures. J. Mol. Biol. 231,

1049–1067.

Leslie, A.G.W. (1992). Recent changes to the MOSFLM package for

processing film and image plate data. Joint CCP4 þ ESF-EAMCB

Newsletter on Protein Crystallography, No. 26.

Lu, G., Campbell, W., Lindqvist, Y., and Schneider, G. (1992).

Crystallization and preliminary crystallographic studies of the FAD

domain of corn NADH:nitrate reductase. J. Mol. Biol. 224, 277–279.

Lu, G., Campbell, W.H., Schneider, G., and Lindqvist, Y. (1994).

Crystal structure of the FAD-containing fragment of corn nitrate

reductase at 2.5 A resolution: Relationship to other flavoprotein

reductases. Structure 2, 809–821.

Lu, G., Lindqvist, Y., Schneider, G., Dwivedi, U., and Campbell, W.

(1995). Structural studies on corn nitrate reductase: Refined structure

of the cytochrome b reductase fragment at 2.5 A, its ADP complex

and an active- site mutant and modeling of the cytochrome b domain.

J. Mol. Biol. 248, 931–948.

MacKintosh, C., and Meek, S.E. (2001). Regulation of plant NR activity

by reversible phosphorylation, 14-3-3 proteins and proteolysis. Cell.

Mol. Life Sci. 58, 205–214.

Mendel, R.R., and Schwarz, G. (1999). Molybdoenzymes and molyb-

denum cofactor in plants. Crit. Rev. Plant Sci. 18, 33–69.

Merritt, E.A., and Murphy, M.E.P. (1994). Raster3D Version 2.0. A

program for photorealistic molecular graphics. Acta Crystallogr. D

Biol. Crystallogr. 50, 869–873.

Murshudov, G., Vagin, A., and Dodson, E. (1997). Refinement of

macromolecular structures by the maximum-likelihood method. Acta

Crystallogr. D Biol. Crystallogr. 53, 240–255.

Navaza, J. (1994). AMORE: An automated package for molecular

replacement. Acta Crystallogr. A 50, 157–163.

Nicholls, A., Sharp, K.A., and Honig, B. (1991). Protein folding and

association: Insights from the interfacial and thermodynamic proper-

ties of hydrocarbons. Proteins 11, 281–296.

Nussaume, L., Vincentz, M., Meyer, C., Boutin, J.P., and Caboche,

M. (1995). Post-transcriptional regulation of nitrate reductase by light

is abolished by an N-terminal deletion. Plant Cell 7, 611–621.

Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction

data collected in oscillation mode. In Methods in Enzymology:

Macromolecular Crystallography, C.W. Carter and R.M. Sweet, eds

(San Diego: Academic Press), pp. 307–326.

Perrakis, A., Harkiolaki, M., Wilson, K.S., and Lamzin, V.S. (2001).

ARP/wARP and molecular replacement. Acta Crystallogr. D Biol.

Crystallogr. 57, 1445–1450.

Pietsch, M.A., and Hall, M.B. (1996). Theoretical studies on models

for the oxo-transfer reaction of dioxomolybdenum enzymes. Inorg.

Chem. 35, 1273–1278.

Pollock, V.V., Conover, R.C., Johnson, M.K., and Barber, M.J. (2002).

Bacterial expression of the molybdenum domain of assimilatory

nitrate reductase: Production of both the functional molybdenum-

containing domain and the nonfunctional tungsten analog. Arch.

Biochem. Biophys. 403, 237–248.

Ratnam, K., Shiraishi, N., Campbell, W.H., and Hille, R. (1997).

Spectroscopic and kinetic characterization of the recombinant cyto-

chrome c reductase fragment of nitrate reductase. Identification of the

rate-limiting catalytic step. J. Biol. Chem. 272, 2122–2128.

Schrader, N., Fischer, K., Theis, K., Mendel, R.R., Schwarz, G., and

Kisker, C. (2003). The crystal structure of plant sulfite oxidase

provides insights into sulfite oxidation in plants and animals. Structure

11, 1251–1263.

Skipper, L., Campbell, W.H., Mertens, J.A., and Lowe, D.J. (2001).

Pre-steady-state kinetic analysis of recombinant Arabidopsis NADH:

nitrate reductase: Rate-limiting processes in catalysis. J. Biol. Chem.

276, 26995–27002.

Stolz, J.F., and Basu, P. (2002). Evolution of nitrate reductase:

Molecular and structural variations on a common function. Chem-

biochem 3, 198–206.

Su, W., Mertens, J.A., Kanamaru, K., Campbell, W.H., and Crawford,

N.M. (1997). Analysis of wild-type and mutant plant nitrate reductase

expressed in the methylotrophic yeast Pichia pastoris. Plant Physiol.

115, 1135–1143.

Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994). CLUSTAL W:

Improving the sensitivity of progressive multiple sequence alignment

through sequence weighting, position-specific gap penalties and

weight matrix choice. Nucleic Acids Res. 22, 4673–4680.

Vagin, A., and Teplyakov, A. (1998). A translation-function approach for

heavy-atom location in macromolecular crystallography. Acta Crys-

tallogr. D Biol. Crystallogr. 54, 400–402.

Vaughn, D.E., and Bjorkman, P.J. (1996). The (Greek) key to structures

of neural adhesion molecules. Neuron 16, 261–273.

Wallace, A.C., Laskowski, R.A., and Thornton, J.M. (1995). LIGPLOT:

A program to generate schematic diagrams of protein-ligand inter-

actions. Protein Eng. 8, 127–134.

Wilson, H.L., and Rajagopalan, K.V. (2004). The role of tyrosine 343 in

substrate binding and catalysis by human sulfite oxidase. J. Biol.

Chem. 279, 15105–15113.

Structure of Nitrate Reductase 1179


