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Cu-containing nitrite reductases that convert NO2
- to NO are critical

enzymes in nitrogen-based energy metabolism. Among organisms in the

order Rhizobiales, we have identified two copies of nirK, one encoding a new

class of 4-domain CuNiR that has both cytochrome and cupredoxin domains

fused at the N terminus and the other, a classical 2-domain CuNiR

(Br2DNiR). We report the first enzymatic studies of a novel 4-domain CuNiR

from Bradyrhizobium sp. ORS 375 (BrNiR), its genetically engineered 3- and

2-domain variants, and Br2DNiR revealing up to ~ 500-fold difference in cat-

alytic efficiency in comparison with classical 2-domain CuNiRs. Contrary to

the expectation that tethering would enhance electron delivery by restricting

the conformational search by having a self-contained donor–acceptor sys-

tem, we demonstrate that 4-domain BrNiR utilizes N-terminal tethering for

downregulating enzymatic activity instead. Both Br2DNiR and an engineered

2-domain variant of BrNiR (D(Cytc-Cup) BrNiR) have 3 to 5% NiR activity

compared to the well-characterized 2-domain CuNiRs from Alcaligenes

xylosoxidans (AxNiR) and Achromobacter cycloclastes (AcNiR). Structural

comparison of D(Cytc-Cup) BrNiR and Br2DNiR with classical 2-domain

AxNiR and AcNiR reveals structural differences of the proton transfer path-

way that could be responsible for the lowering of activity. Our study pro-

vides insights into unique structural and functional characteristics of

naturally occurring 4-domain CuNiR and its engineered 3- and 2-domain

variants. The reverse protein engineering approach utilized here has shed

light onto the broader question of the evolution of transient encounter com-

plexes and tethered electron transfer complexes.

Enzyme

Copper-containing nitrite reductase (CuNiR) (EC 1.7.2.1).

Database

The atomic coordinate and structure factor of D(Cytc-Cup) BrNiR and Br2DNiR have been

deposited in the Protein Data Bank (http://www.rcsb.org/) under the accession code 6THE and

6THF, respectively.

Abbreviations

DEAE, diethylaminoethyl; ET, electron transfer; LB, Luria–Bertani; NOS, nitric oxide synthase; OD, optical density; PDB, Protein Data Bank;

SEC, size exclusion chromatography; TEV, tobacco etch virus; UV, ultraviolet.

262 The FEBS Journal 288 (2021) 262–280 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0002-2854-4718
https://orcid.org/0000-0002-2854-4718
https://orcid.org/0000-0002-2854-4718
mailto:
http://www.biophysics.liv.ac.uk/
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/7/2/1.html
http://www.rcsb.org/
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6THE
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6THF
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.15324&domain=pdf&date_stamp=2020-04-28


Introduction

Protein–protein complexes and associated electron

transfer (ET) reactions are essential to life since they

underpin photosynthesis and respiratory processes lead-

ing to the generation of ATP [1]. Additionally, an abun-

dance of genomic data and advanced proteomic

approaches has identified numerous protein complexes

and their importance in metabolic networks [2]. Despite

their central role, our understanding of how the struc-

ture and function of an enzyme containing a core cat-

alytic domain may be altered and regulated through

interactions with cognate partner protein(s) remains

limited. This limitation is a consequence of the transient

nature of these protein complexes that requires coaxing

of component proteins to form stable complexes so that

they become amenable to biophysical studies.

Copper-containing nitrite reductases, encoded by

nirK, are involved in the denitrification branch of the

global nitrogen cycle where nitrate is used in place of

dioxygen as an electron acceptor in respiratory energy

metabolism [3]. An additional role is in nitrification,

the aerobic oxidative conversion of ammonium to

nitrate via nitrite. Both processes are of environmental

importance since they result in the release into the

atmosphere of NO and N2O, contributing to depletion

of the ozone layer with N2O being the third most sig-

nificant greenhouse gas with a 300 times global warm-

ing potential of CO2 [4]. CuNiRs found in fungi,

bacteria, and archaea that are widely distributed in

marine and terrestrial environments suggest an early

evolutionary origin [5]. They catalyze the one-electron

reduction of nitrite ½NO�
2 þ e� þ 2Hþ �NO þ H2O�.

This is a key reaction in denitrification since it is at this

point that bioavailable fixed nitrogen is lost to the

atmosphere. NO is subsequently reduced by nitric oxide

reductase to form nitrous oxide N2O.

The structures of the well-characterized homotrimeric

2-domain enzymes (subsequently referred to as 2D-

CuNiR) are highly conserved. The catalytic type 2 Cu

center (T2Cu) is located at the interface of two adjacent

monomers and linked to the electron donating T1Cu

center via a Cys-His bridge. The T1Cu center is posi-

tioned near the protein surface and has been shown to

function as an electron acceptor from the physiological

periplasmic electron donors azurin, pseudoazurin [6], or

cytochrome [7], depending on the species. Two invariant

active-site pocket residues AspCAT and HisCAT are

involved in substrate binding and catalysis [8–13].

In addition to the well-studied 2D-CuNiRs, three

new classes of CuNiR have been identified with an

additional domain where either a c-type heme or a

T1Cu center is tethered to the core of the 2-domain

CuNiR at the C or N/C terminus (Fig. 1A) [14–16].

Genome analyses revealed that 30% of nirK-dependent

denitrifiers [4,17] have a 3-domain CuNiR, suggesting

it plays an important role in the nitrogen cycle. How-

ever, only single representative of the N-terminal

(Hyphomicrobium denitrificans strain A3151 (HdNiR))

[14] and C-terminal (Thermus scotoductus (TsNiR))

[16], cupredoxin-extended enzymes and two of the C-

terminal heme-extended enzymes from Ralstonia pick-

ettii (RpNiR) [15], and Pseudoalteromonas haloplanktis

(PhNiR) [18] have been biochemically and structurally

characterized. Despite the self-containment of the

redox partner in these tethered systems, the NiR cat-

alytic activity, that is, conversion of NO2
- to NO, is

significantly lower compared to the 2D-CuNiRs.

Here, we provide the first identification and isolation

of a novel 4-domain CuNiR from Bradyrhizobium sp.

ORS 375 (BrNiR) that has both cytochrome and cupre-

doxin domains fused at the N terminus. We used

reverse protein engineering to construct an N-terminal

tethered 3-domain version, equivalent to HdNiR and

also the 2-domain core enzyme, equivalent to well-stud-

ied 2D-CuNiRs from Alcaligenes xylosoxidans (Ax)

and Achromobacter cycloclastes (Ac). This allowed us

to demonstrate that the presence of the cupredoxin and

heme domains downregulates the activity of BrNiR

with the highest activity observed for the core 2D

enzyme. These data show that tethering does not

always provide a higher catalysis from domain interac-

tion as has been previously suggested for NOS [19] and

cytochrome P-450 BM3 [20]. Our data lend support to

the concept that tethering does not enhance the rate of

electron delivery from its tethered redox partner to the

catalytic copper-containing core but tethering commu-

nicates the redox status of the partner to the distant

T2Cu center that helps initiate substrate binding for

catalysis [21]. Tethering may also be used by Nature to

downregulate the activity of the core enzyme. Br2DNiR,

despite a 70% conservation in the primary structure

and similarity of crystallographic structure, revealed a

20-fold lower activity than AxNiR and AcNiR, suggest-

ing subtle changes are introduced by natural pressures

to respond to differing denitrification requirements of

an organism and its habitat.

Results and Discussion

Discovery of a novel 4-domain CuNiR in

Rhizobiales

We report the discovery of a new class of 4-domain

heme-cupredoxin CuNiR in several a-proteobacteria of
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the order Rhizobiales. Their primary structures reveal

a 2-domain CuNiR core to which both a cytochrome c

and a cupredoxin domain are tethered at the N termi-

nus (Fig. 1A). We report the first characterization of a

4-domain CuNiR, the recombinant enzyme from

Bradyrhizobium sp. ORS 375 (BrNiR). This photosyn-

thetic nitrogen-fixing organism unusually, but specifi-

cally, forms stem nodules with some leguminous

species of the genus Aeschynomene [22]. In addition to

Bradyrhizobium sp. ORS 375, the nirK gene encoding

the new 4-domain CuNiRs was found in several mem-

bers of the order Rhizobiales including Rhizobiales bac-

terium 62-47 (RbNiR), Afipia sp. 1NLS2 (AfiNiR),

Pseudolabrys sp. Root1462 (PsNiR), and Oligotropha

carboxidovorans ATCC 49405 (OsNiR).

The multiple amino acid sequence alignment shows

that these 4-domain CuNiRs are highly conserved

among the different organisms analyzed, with the

Fig. 1. Distinct domain architectures of CuNiRs. (A) Domain architectures of 3- and 4-domain CuNiRs. Cytochrome c (Cytc) domain, extra

cupredoxin (Cup) domain, and the two Cup domains (Core) are colored in red, blue, and green, respectively, and number of amino-acid

residues is indicated. (B) Amino acid sequence identity matrix between 4-domain CuNiRs in Rhizobiales order and 4-domain CuNiRs in

Rhizobiales order/3-domain HdNiR. The 4-domain CuNiRs from Bradyrhizobium sp. ORS 375 (BrNiR; UniProt: H0SHH5), Rhizobiales

bacterium 62-47 (RbNiR; UniProt: A0A1Q4BYF3), Afipia sp. 1NLS2 (AfiNiR; UniProt: D6V7F6), Pseudolabrys sp. Root1462 (PsNiR; UniProt:

A0A0Q7TQS6), Oligotropha carboxidovorans ATCC 49405 (OcNiR; UniProt: B6JIX6), and the 3-domain CuNiR from Hyphomicrobium

denitrificans strain A3151 (HdNiR; UniProt: Q8KKH4) are shown. (C) Domain architectures of 2-domain CuNiRs. The two Cup domains (Core)

are colored in green, and number of amino-acid residues is indicated. (D) Amino acid sequence identity matrix between 2-domain CuNiRs in

Rhizobiales order and classical 2-domain CuNiRs/core domains of 4-domain CuNiR in the same organisms. High and low identity are

highlighted in red and grey, respectively. The 2-domain CuNiRs from Bradyrhizobium sp. ORS 375 (Br2DNiR; UniProt: H0SLX7), Rhizobiales

bacterium 62-47 (Rb2DNiR; UniProt: A0A1Q4BUR6), Afipia sp. 1NLS2 (Afi2DNiR; UniProt: D6V3F0), Pseudolabrys sp. Root1462 (Ps2DNiR;

UniProt: A0A0Q7U0E7), Oligotropha carboxidovorans ATCC 49405 (Oc2DNiR; UniProt: F8BSH2), Alcaligenes xylosoxidans (AxNiR; UniProt:

O68601), Achromobacter cycloclastes (AcNiR; UniProt: P2506), and Alcaligenes faecalis (AfNiR; UniProt: P38501) are shown. (E) Amino acid

sequence identity matrix between core domains of 4-domain CuNiR in Rhizobiales order and classical 2-domain CuNiRs.
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sequence identity ranging from 61% to 83% (Fig. 1B),

and also have over 60% sequence identity with the

only N-terminal tethered 3-domain CuNiR, HdNiR

(Fig. 1B). Phylogenetic studies of nirK have shown the

existence of two distinct clades of CuNiRs, with both

classes of 3-domain enzymes grouped in Clade 2,

which contains a taxonomically diverse range of deni-

trifiers. They are characterized by the sequence

SSFHCATV(L) around the essential His active-site resi-

due (HisCAT) as we also found for all of the 4-domain

CuNiRs (Figs 2A and 3). The Clade 1 group that

includes the classical 2-domain enzymes AxNiR,

AcNiR, and AfNiR has the sequence TRPHCATL

(Figs 2B and 3).

These Rhizobiales also have an additional copy of

the nirK gene (only five percent of CuNiR denitrifiers

have two or more copies of nirK, with Rhizobiales

being the only order shown to have 4-domain

CuNiR.), which encodes a 2-domain CuNiR, referred

to for clarity as Br2DNiR (Fig. 1C). This is the first

example of the coexistence of the CuNiRs with distinct

4- and 2-domain architecture in the same organism.

There is a sequence divergence in these enzymes except

for Ps2DNiR when compared with the corresponding

4-domain CuNiR core from the same organism

(Fig. 1D) as well as in the classical 2-domain enzymes

AxNiR, AcNiR, and AfNiR when compared with the

4-domain enzyme core (Fig. 1E). In contrast, the 2-do-

main enzymes from Bradyrhizobium sp. ORS 375, Rhi-

zobiales bacterium 62-47, and Afipia sp. 1NLS2 have a

sequence identity of ~ 70% with the classical 2-domain

enzymes AxNiR, AcNiR, and AfNiR compared with

~ 30% identity to the core domain of the correspond-

ing 4-domain enzymes. They have a S(T)RPHCATL

sequence at the active site (Fig. 2B) placing them in

Clade 1, rather than Clade 2, of the corresponding 4-

domain enzymes. The sequence of Ps2DNiR suggests it

should be classified within Clade 2, consistent with its

active-site sequence (Fig. 2B). Together with Oc2DNiR,

which shows poor sequence identity with both clades,

this implies a complex history of evolutionary events

within the family involving gene duplications, fusions,

and deletions, presumably as adaptive responses to

selective pressure.

Nitrite reductase activities of the 4-domain and

the 2-domain CuNiR of Bradyrhizobium

The nitrite reductase activity of the 4-domain BrNiR is

fourfold lower than Br2DNiR (Table 1). The multiple

copies of nirK in Rhizobiales with different activities

may offer particular advantages in response to

bioavailability of nitrite in differing habitats and/or

other environmental pressures. The involvement of

nirK in anaerobic ammonium oxidation [23] and nitri-

fier denitrification [24] pathways also provides poten-

tial for the retention of multiple gene copies. An

alternate possibility is that these enzymes have dual

enzymatic functions; for example, it has been shown

that the reduction of toxic selenite to elemental sele-

nium in a strain of Rhizobium isolated from soils with

a high selenite concentration is nirK dependent [25].

The activity of Br2DNiR is ~ 20-fold lower than two

of the best-studied 2-domain CuNiRs representing the

blue (AxNiR) and green (AcNiR) subclasses of two-

domain CuNiRs (Table 1). To understand this further,

we determined the structure of Br2DNiR (see below).

The multiple amino acid sequence alignment of 4-

domain BrNiR with well-studied 2D-CuNiRs shows

complete conservation of the residues ligated to the

T1Cu and T2Cu centers, and also, the AspCAT/HisCAT

residues around the T2Cu involved in substrate bind-

ing and catalysis (Fig. 3). Extensive structural, compu-

tational, and biophysical studies of 2-domain CuNiRs

have shown that AspCAT in the catalytic pocket plays

an essential role in catalysis participating in proton

transfer to nitrite bound to the T2Cu ion [11,13,26,27].

Mutation of this residue in AxNiR and AfNiR results

in loss of > 95% of activity [13]. To investigate the

nature of the catalytic core of BrNiR, we made a

mutation of AspCAT by constructing the D439N vari-

ant (Fig. 3). This substitution resulted in a ~ 97% loss

of activity (Table 1) demonstrating the preservation of

the catalytic core of CuNiRs in BrNiR and the impor-

tance of this residue in catalysis.

Properties of synthetically deconstructed BrNiR

variants

In order to investigate the potential role of the addi-

tional tethered domains in modulating the NiR activity

of BrNiR, we used a reverse protein engineering

approach to deconstruct the wild-type enzyme into a 3-

domain (cupredoxin-fused) and 2-domain (core)

CuNiRs. To guide this process, amino acid sequence

alignment based on domain sequence conservation was

utilized. Removal of the heme domain gave a construct,

DCytc BrNiR, with a similar domain organization to

the 3-domain HdNiR. Removal of both heme and

cupredoxin domains generated a core 2-domain

enzyme, D(Cytc-Cup) BrNiR, with a similar domain

organization to AxNiR, AcNiR, AfNiR, and Br2DNiR.

The alignment of DCytc BrNiR with HdNiR shows an

equivalent sequence length with high sequence identity

of ~ 60% (Fig. 4A), whereas D(Cytc-Cup) BrNiR

shows only ~ 35% sequence identity with AxNiR,
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AcNiR, AfNiR, and Br2DNiR (Fig. 4B). The weak

sequence identity exhibited by the core enzyme D(Cytc-
Cup) BrNiR with a range of 2D-CuNiRs is similar to

that of AniA, the CuNiR of pathogenic Neisseria [28].

The D(Cytc-Cup) BrNiR shows higher ~ 52% sequence

identity with AniA compared to the 2D-CuNiRs.

Fig. 2. Multiple amino acid sequence alignment among 4- and 2-domain CuNiRs in Rhizobiales order. (A) The 4-domain CuNiRs from

Bradyrhizobium sp. ORS 375 (BrNiR; UniProt: H0SHH5), Rhizobiales bacterium 62-47 (RbNiR; UniProt: A0A1Q4BYF3), Afipia sp. 1NLS2

(AfiNiR; UniProt: D6V7F6), Pseudolabrys sp. Root1462 (PsNiR; UniProt: A0A0Q7TQS6), and Oligotropha carboxidovorans ATCC 49405

(OcNiR; UniProt: B6JIX6) are aligned. The cytochrome c domain (Cytc), extra cupredoxin domain (Cup), and the two Cup domains (Core) are

shown in red, blue, and green boxes, respectively. The SSFHCATV(L) sequence is indicated. Numbering is for BrNiR without N-terminal

signal peptide. (B) The 2-domain CuNiRs from Bradyrhizobium sp. ORS 375 (Br2DNiR; UniProt: H0SLX7), Rhizobiales bacterium 62-47

(Rb2DNiR; UniProt: A0A1Q4BUR6), Afipia sp. 1NLS2 (Afi2DNiR; UniProt: D6V3F0), Pseudolabrys sp. Root1462 (Ps2DNiR; UniProt:

A0A0Q7U0E7), Oligotropha carboxidovorans ATCC 49405 (Oc2DNiR; UniProt: F8BSH2), Alcaligenes xylosoxidans (AxNiR; UniProt: O68601),

Achromobacter cycloclastes (AcNiR; UniProt: P2506), and Alcaligenes faecalis (AfNiR; UniProt: P38501) are aligned. The two Cup domains

(Core) are shown in green box. The S(T)RPHCATL sequence is indicated. Numbering is for Br2DNiR without N-terminal signal peptide.

Identical amino acids are highlighted by white letters in red boxes, and similar ones are shown by red letter in white boxes. Multiple

sequence alignment was performed with ClustalW [34], and the aligned sequences were illustrated using ESPript [35].
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The UV-visible absorption spectra of BrNiR are

dominated by the contribution of the c-heme that

masks the T1Cu absorption bands of the core and

additional N-terminal cupredoxin domain. The

availability of the deconstructed DCytc and D(Cytc-
Cup) engineered BrNiR enzymes allowed us to define

spectral properties of the oxidized and reduced deriva-

tives of the additional cytochrome (Fig. 5A), extra

Fig. 3. Multiple amino acid sequence

alignment among 2-, 3-, and 4-domain

CuNiRs from different organisms shown in

Fig. 1A,C. The 4-domain CuNiR from

Bradyrhizobium sp. ORS 375 (BrNiR;

UniProt: H0SHH5), 3-domain CuNiRs from

Hyphomicrobium denitrificans strain A3151

(HdNiR; UniProt: Q8KKH4)/Ralstonia pickettii

(RpNiR; UniProt: I6NAW4)/

Pseudoalteromonas haloplanktis (PhNiR;

UniProt: Q3IGF7), and 2-domain CuNiRs

from Alcaligenes xylosoxidans (AxNiR;

UniProt: O68601)/Achromobacter

cycloclastes (AcNiR; UniProt: P25006)/

Alcaligenes faecalis (AfNiR; UniProt:

P38501) are aligned. The cytochrome c

domain (Cytc), extra cupredoxin domain

(Cup), and the two Cup domains (Core) are

shown in red, blue, and green boxes,

respectively. The completely conserved

residues ligated to the T1Cu and T2Cu

centers and the AspCAT/HisCAT residues

around the T2Cu, which are involved in

substrate binding and catalysis, are

indicated. The SSFHCATV(L)/S(T)RPHCATL

sequence is indicated. Numbering is for

BrNiR without N-terminal signal peptide.

Identical amino acids are highlighted by

white letters in red boxes, and similar ones

are shown by red letter in white boxes.

Multiple sequence alignment was

performed with ClustalW [34], and the

aligned sequences were illustrated using

ESPript [35].
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cupredoxin (Fig. 5B), and core (Fig. 5C) domains. In

terms of the absorbance ratio A600/A460, the profile of

DCytc (~ 1.6) is more greenish than HdNiR (~ 2.9)

(Fig. 5B) and that of D(Cytc-Cup) (~ 0.9) is more sim-

ilar to green AcNiR (~ 0.7) than blue AxNiR (~ 3.3)

(Fig. 5C). The significant difference between DCytc
(~ 1.6) and D(Cytc-Cup) (~ 0.9) due to removal of the

extra cupredoxin domain is consistent with the spectral

profile in HdNiR from the native source and its core

domain fragment [29].

The size exclusion chromatography profiles of WT

and DCytc BrNiRs showed a trimer/hexamer mixture

with the trimer as the major species (Figs 6A,B). The

WT profile showed a higher hexamer species that

decreased on removal of the cyt domain in DCytc
BrNiR, to favor trimer formation. The core domain D
(Cytc-Cup) BrNiR showed a monomer/dimer mixture

with the monomer predominating (Fig. 6C). These

data are consistent with a role for the extra cupredoxin

domain in hexamer formation as has been reported for

HdNiR [14]. Dissociation of the core enzyme to form

a monomer seen in D(Cytc-Cup) BrNiR has not been

reported for any 2D-CuNiRs.

The activity assay profiles demonstrate that WT

BrNiR and both DCytc BrNiR and D(Cytc-Cup)
BrNiR were competent in reducing nitrite to NO

(Fig. 7). Removal of cytochrome domain on its own

decreases the nitrite reductase activity by ~ 6-fold,

clearly demonstrating that the N-terminal tethering of

cytochrome upregulates activity of DCytc BrNiR

(Table 1). On the other hand, the removal of both

tethered domains increased the NiR activity by ~ 3-

fold (Table 1), clearly demonstrating that the N-termi-

nal tethering of cytochrome and extra cupredoxin

downmodulates activity to the extent that BrNiR is

~ 100-fold less active than the classical 2-domain

AxNiR and AcNiR (Table 1). Though the activity of

2D-CuNiR construct, D(Cytc-Cup) BrNiR, increases

compared to WT BrNiR, it is less than 4% of the clas-

sical 2-domain AxNiR and AcNiR (Table 1). To

understand this further, the crystallographic structure

of D(Cytc-Cup) has been determined (see below). The

activity of the DCytc BrNiR was found to be much

lower (~ 40-fold) than the structurally characterized

HdNiR [14], but both are less active than the classical

2-domain AxNiR and AcNiR (Table 1).

The time course for NO formation by the DCytc
BrNiR exhibited a significant lag period before the

rate became linear when the reaction was initiated by

the addition of enzyme to the assay mixture (Fig. 7B).

The lag phase was eliminated when tethered extra

cupredoxin domain was removed (Fig. 7B,C) or when

DCytc BrNiR was pre-incubated with reductant (ascor-

bate) before assay (Fig. 7B). These results suggest that

the steady-state rate of turnover in the resting state of

the intact enzyme is regulated by a slower event such

as the conformational dynamics of the tethered cupre-

doxin domain in a manner similar to that recently

been demonstrated for RpNiR [21]. The observation

that pre-incubation with electron donor overcomes the

lag phase is consistent with a conformational equilib-

rium controlling access to the catalytic core and posi-

tioning of the ET centers. The active conformation is

apparently stabilized by reduction of the Cu sites.

Structure of 2-domain D(Cytc-Cup) BrNiR

We determined the crystallographic structure of D
(Cytc-Cup) BrNiR (Fig. 8A, Table 2). The overall

architecture of the monomer is most similar to the

core domain of 3-domain HdNiR (PDB ID: 2DV6)

[14] with an r.m.s.d. value of 0.76 (C-alphas). When

compared with the classical 2-domain AxNiR (PDB

ID: 5ONY) [30], AcNiR (PDB ID: 2BW4) [10], and

AfNiR (PDB ID: 4YSE) [31], the C-alpha deviations

were 1.74, 2.11 and 1.97�A, respectively, and when

compared with Br2DNiR (see below), C-alpha devia-

tions were 1.90�A. Insight into the lower NiR activity

of the catalytic core domain of 4-domain BrNiR, D
(Cytc-Cup) BrNiR, compared to classical 2-domain

AxNiR and AcNiR (Table 1) is provided by closer

examination of the crystallographic structures. The

T1Cu-to-T2Cu ET pathway via a Cys125-His124

bridge is completely conserved, but significant differ-

ences are found in the major and minor proton path-

ways with the bridging waters almost missing in D
(Cytc-Cup) BrNiR (Fig. 8B), when compared to the

Table 1. Distinct domain architecture and specific NiR activity of

CuNiRs.

Enzyme Domain(s)a
Specific activityb [nmol s�1

(nmol of protein)�1]

WT BrNiR Cytc-Cup-Core 9.38 � 0.29

D439N BrNiR Cytc-Cup-Core 0.08 � 0.00

DCytc BrNiRc Cup-Core 1.67 � 0.13

HdNiR Cup-Core 67.8 � 5.5

D(Cytc-Cup) BrNiRd Core 27.9 � 3.3

Br2DNiR Core 40.5 � 1.6

AxNiR Core 888.4 � 20.3

AcNiR Core 923.8 � 15.1

aCytc: cytochrome c domain, Cup: (extra) cupredoxin domain, Core:

two cupredoxin domains.
bErrors are estimated from 3 independent measurements.
cCytochrome c domain-truncated mutant of 4-domain WT BrNiR.
dCytochrome c/extra cupredoxin domains-truncated mutant of 4-do-

main WT BrNiR.
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classical 2-domain AxNiR and AcNiR. The Asn90,

which forms the entrance of the major proton pathway

extending towards the Asp92CAT/His249CAT, is

replaced by Ser85 (Figs 4B and 8B). This Asn-to-Ser

substitution results in the difference in activity consis-

tent with N90S AxNiR mutant that has been shown to

Fig. 4. Multiple amino acid sequence alignment between the cytochrome c domain-truncated mutant of 4-domain BrNiR and 3-domain

CuNiRs and between the cytochrome c/extra cupredoxin domains-truncated mutant of 4-domain BrNiR and 2-domain CuNiRs. (A) The

cytochrome c domain-truncated mutant DCytc of 4-domain CuNiR from Bradyrhizobium sp. ORS 375 (BrNiR; UniProt: H0SHH5) and 3-

domain CuNiR from Hyphomicrobium denitrificans strain A3151 (HdNiR; UniProt: Q8KKH4) are aligned. The extra cupredoxin domain (Cup)

and the two Cup domains (Core) are shown in blue and green boxes, respectively. Numbering is for DCytc. (B) The cytochrome c/extra

cupredoxin domains-truncated mutant D(Cytc-Cup) of 4-domain CuNiR from Bradyrhizobium sp. ORS 375 (BrNiR; UniProt: H0SHH5) and 2-

domain CuNiRs from Bradyrhizobium sp. ORS 375 (Br2DNiR; UniProt: H0SLX7)/Alcaligenes xylosoxidans (AxNiR; UniProt: O68601)/

Achromobacter cycloclastes (AcNiR; UniProt: P25006)/Alcaligenes faecalis (AfNiR; UniProt: P38501) are aligned. The two Cup domains

(Core) are shown in green box. Difference amino acids observed in the major and minor proton pathways between D(Cytc-Cup) and

Br2DNiR/AxNiR/AcNiR/AfNiR are shown by black closed circles. Numbering is for D(Cytc-Cup). Identical amino acids are highlighted by white

letters in red boxes, and similar ones are shown by red letter in white boxes. Multiple sequence alignment was performed with ClustalW

[34], and the aligned sequences were illustrated using ESPript [35].
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decrease NiR activity by ~ 70% [32]. The His254,

which is located at the gate between the entrance

of the minor proton pathway and the Asp92CAT/

His249CAT, is replaced by Ile235 (Figs 4B and 8B). In

addition, the Thr97 and Tyr287, which form the

entrance of the minor proton pathway, are replaced by

Ile92 and Phe268, respectively (Figs 4B and 8B). These

water-inaccessible hydrophobic residues would also

result in the lowering of NiR activity of D(Cytc-Cup)
BrNiR.

The superimposed structures of D(Cytc-Cup) BrNiR

on the core domain of 3-domain HdNiR (Fig. 8C)

Fig. 5. Ultra violet-visible spectra profiles of the BrNiR variants and Br2DNiR. Absorption profiles (absorption at 10 mm path vs wavelength

[nm]) of (A) the oxidized wild-type BrNiR (WT) (red continuous line) and WT reduced with 100-fold molar excess of sodium dithionite (gray

continuous line), (B) the oxidized cytochrome c domain-truncated mutant DCytc (blue continuous line) and HdNiR (purple continuous line),

and (C) the oxidized cytc/extra cupredoxin domains-truncated mutant D(Cytc-Cup) (green continuous line), Br2DNiR (cyan continuous line),

AxNiR (blue continuous line), and AcNiR (green broken line) are shown. Values for the tops of absorption peaks are indicated.

Fig. 6. The 2nd size exclusion chromatography (SEC) profiles of the BrNiR variants. Elution profiles (A280 [mAU] vs elution volume [mL]) of

(A) the wild-type BrNiR (WT), (B) cytc domain-truncated mutant DCytc, and (C) cytc/extra cupredoxin domains-truncated mutant D(Cytc-Cup)

are shown by red, blue, and green lines, respectively. Estimated molecular mass (kDa) is indicated. Theoretical molecular mass of a

monomeric WT, DCytc, and D(Cytc-Cup) are of 70, 47, and 34 kDa, respectively.
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provide insight into possible interaction between the

catalytic core and tethered cupredoxin domain of 4-do-

main BrNiR (Fig. 8C). The carbonyl oxygens of

Gly171 (Gly171(O))/Phe178 (Phe178(O)) and amine of

Val180 (Val180(N)) are structurally conserved in D
(Cytc-Cup) BrNiR (green sticks in Fig. 8C). The

Glu177 and Glu287, which are also structurally con-

served, show a different conformation with the corre-

sponding residues of HdNiR due to the lack of the

interaction with the tethered cupredoxin domain (green

sticks in Fig. 8C). In addition, the homology model of

the tethered cupredoxin domain of 4-domain BrNiR

shows the structural conservation of the residues (or-

ange sticks in Fig. 8C) paired with those of the core

domain above, which predicts likely interactions of

Gly171(O)-Gly(N), Phe178(O)-Ser(N), Val180(N)-Ser,

Glu177-Thr(N), and Glu287-Gln(N) between the core

and tethered domains in 4-domain BrNiR. The Thr267

of HdNiR is replaced with Glu132, which could inter-

act with Thr (Glu132-Thr) (Fig. 8C). The Ser101 of

HdNiR is predicted to be Ala, which is considered to

make van der Waals contact with the carbonyl oxygen

of Pro128 (Pro128(O)-Ala).

Structure of 2-domain Br2DNiR

The activity of Br2DNiR was also found to be much

lower than the classical 2-domain AxNiR and AcNiR

(Table 1). We determined the crystal structure of

Br2DNiR at high resolution of 1.47�A (Fig. 9A,

Table 2). The global architecture of the monomer is

similar to the classical 2-domain AxNiR (PDB ID:

5ONY) [30], AcNiR (PDB ID: 2BW4) [10], and AfNiR

(PDB ID: 4YSE) [31] with r.m.s.d. values of 0.55,

0.88, and 0.58 �A (C-alphas), respectively. The biggest

difference between Br2DNiR and AxNiR/AcNiR is

observed in the loop region (Pro132 to Met136) adja-

cent to the T1Cu site with a different conformation

due to an additional Pro135 residue (Fig. 9C,D). Flex-

ibility of this loop has been seen previously in an

N90S AxNiR mutant with a resulting loss of ~ 70% in

NiR activity [32]. Though the T1Cu-to-T2Cu ET path-

way via a Cys130-His129 bridge is completely con-

served, Asn107/Gln113 for AxNiR/AcNiR, which

forms the entrance of the major proton pathway

extending towards the Asp92CAT/His250CAT, is

replaced by Leu107 (Figs 3 and 9B). The decrease in

Fig. 7. NiR activity measurement profiles of the BrNiR variants and Br2DNiR. Time-course NO production profiles (NO production [nmol] vs

Time [s]) of (A) the wild-type (WT) BrNiR and site-directed mutant D439N, (B) cytochrome c domain-truncated mutant DCytc, and (C)

cytochrome c/extra cupredoxin domains-truncated mutant D(Cytc-Cup) and Br2DNiR/AxNiR/AcNiR are compared. WT/site-directed mutant,

DCytc, and D(Cytc-Cup) are shown by red, blue, and green continuous lines, respectively. AxNiR, Br2DNiR, and AcNiR are shown by blue,

cyan, and green continuous lines, respectively. DCytc BrNiR pre-incubated with ascorbate for 600 s before injection is shown by grey

continuous line in (B). The end position of lag phase (start position of linear NO production) for DCytc (~ 900 s) is indicated by blue broken

line. Protein sample/nitrite injection positions at 60 s are indicated by black arrows. The final concentration of the enzymes in (A)/(B) and (C)

is of 300 and 3 nm, respectively. The assay for the enzymes in (C) at the same concentration as used in (A)/(B) was experimentally

impossible due to their much higher activity than those in (A)/(B). Specific NiR activity values [nmol s�1 (nmol of protein)�1] estimated with

calibration curve are summarized in Table 1.
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nitrite reductase activity of Br2DNiR might arise from

these structural differences.

The retention of activity in the AxNiR mutant

with mutation of AspCAT of the T2Cu site has been

reported, which showed ~ 70% activity with reduced

azurin as an electron donor although it was essen-

tially inactive with artificial electron donors,

suggesting a conformational change when the enzyme

forms an T1Cu-to-T2Cu ET complex with its en-

counter partner, azurin [33]. To investigate the possi-

bility of this kind of an interaction with encounter

partner proteins, the crystallographic structure of

Br2DNiR was analyzed. The binding interface with

partner proteins is similar to the transient AxgNiR-

Fig. 8. Overall crystal structure of D(Cytc-Cup) and comparison with the 2-domain AxNiR/3-domain HdNiR. (A) Top (upper) and side (lower)

views of the trimeric core domain of 4-domain CuNiR from Bradyrhizobium sp. ORS 375 (D(Cytc-Cup)). The interface between monomers is

indicated by black continuous line, and threefold axis symmetry is indicated by gray triangle. (B) The Cys-His bridge and proton pathways of

superimposed structures of D(Cytc-Cup) on 2-domain AxNiR being colored in green (one subunit)/magenta (neighboring subunit) and white

(both of one subunit and neighboring subunit for simplicity), respectively. The T1Cu/T2Cu ions for D(Cytc-Cup) and AxNiR are shown by

deep blue and light grey spheres, respectively. The water molecules (W) including the ligand water molecule (W1) to T2Cu for D(Cytc-Cup)

and AxNiR are shown by red and light grey spheres, respectively. Coordination to the T1Cu/T2Cu ions is shown by red broken line. Major

(N107 to D92) and minor (T97/Y287/W to D92) proton pathways of AxNiR are shown by white broken lines. Major proton pathway of D

(Cytc-Cup) is invisible due to missing of the two water molecules, and minor one is partially visible and shown by magenta broken line.

Numbering in the brackets is for AxNiR. (C) The interaction interfaces of superimposed structures of D(Cytc-Cup) on 3-domain CuNiR from

Hyphomicrobium denitrificans strain A3151 (HdNiR) (PDB ID: 2DV6) being colored in green and light grey, respectively. The tethered

cupredoxin domain of HdNiR is colored in blue. The interface between trimers of hexameric HdNiR is indicated by black broken line. The

T1Cu/T2Cu ions for D(Cytc-Cup) are shown by deep blue spheres. The T1CuN ion in the tethered cupredoxin domain of HdNiR is shown by

deep blue sphere. The homology model of the tethered cupredoxin domain of 4-domain BrNiR is superimposed on that of HdNiR and

shown by light orange sticks. Numbering in the brackets is for HdNiR. Structural figures were prepared with PYMOL, (version 1.4

Schr€odinger, LLC).
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cytc551 (PDB ID: 2ZON) [7] (Fig. 9C) and AxNiR-

pseudoazurin complexes (PDB ID: 5B1J) [6]

(Fig. 9D), suggesting similar interactions would be

possible with putative cytochrome and/or cupredoxin

electron donor for Br2DNiR. The residues forming

the hydrophobic patch, Trp139, Tyr198, and Pro88

(the latter, corresponding to Pro88 in the AxgNiR-

cytc551 complex, has been predicted to be a domi-

nant electron acceptor from the CBC methyl group

of heme [7]), adopt the same conformation (Fig. 9C).

In the case of the AxNiR-pseudoazurin complex, the

carbonyl oxygen of Ala86 is proposed to be the key

electron acceptor from His82, a ligand of the T1Cu

site [6], and this oxygen of Thr86 is structurally con-

served in Br2DNiR (Fig. 9D). Both Met87 and

Pro132 of Br2DNiR have two conformations primed

for conformational search for the recognition motifs

of the partner proteins (Fig. 9C,D). The van der

Waals contacts made by Met87, Pro88, and Pro132

of the AxgNiR-cytc551, corresponding to the residues

above, provide a tight packing for Met135. Replace-

ment of this methionine with a more compact side

chain of Ser has been shown to decrease the second-

order ET rate constant to ~ 10 times lower with

cytc551 as a donor, indicating the importance of this

packing for heme-to-T1Cu ET [7]. When compared

with the AxgNiR-cytc551, the side chain of Met136

of the Br2DNiR, which is completely conserved

(Fig. 2B) and is equivalent to Met135 of AxgNiR

and AxNiR, is found to be flipped away by 180°
with the two waters bound (Fig. 9C), implying

heme-to-T1Cu ET by a tight packing for this

methionine in Br2DNiR.

Conclusion

This study reports the discovery and characterization

of a novel 4-domain CuNiR from Bradyrhizobium sp.

ORS 375. The very low activity of the enzyme

decreases when only the cytochrome domain is

removed, but it increases when both tethered domains

are removed. A more recent detailed work on the teth-

ered nitrite reductase, RpNiR [21], has shown that

tethering does not enhance the rate of electron delivery

from its tethered cytochrome c to the catalytic copper-

containing core. The study further demonstrated that

tethering communicates the redox state of the heme to

the distant T2Cu center that helps initiate substrate

binding for catalysis. We suggest that tethering has

multiple functions that control and regulate multiple

features of NiR catalysis. These include suppression of

reductive enzyme inactivation, enhancing substrate

binding. We suggest that tethered Cu nitrite reductases

Table 2. Data collection and structure refinement statistics for D

(Cytc-Cup) BrNiR and Br2DNiR.

Data collection D(Cytc-Cup) BrNiR Br2DNiR

Beamline I24 at Diamond I04-1 at Diamond

Wavelength (�A) 0.9686 0.9159

Space group I23 P213

Unit-cell parameters

a, b, c (�A) 125.14, 125.14, 125.14 106.93, 106.93,

106.93

a, b, c () 90, 90, 90 90, 90, 90

Resolution range (�A) 39.57–2.87 (3.03–2.87)d 106.93–1.47

(1.50–1.47)d

No. of reflections,

total/unique

20101/7073 450989/69285

Completeness (%) 93.2 (88.8)d 100 (100)d

Redundancy 2.8 (2.6)d 6.5 (6.6)d

<I/r(I)> 3.5 (1.7)d 11.3 (1.5)d

Rmerge
a 0.219 (0.481)d 0.081 (1.018)d

CC(1/2) 0.939 (0.738)d 0.998 (0.638)d

Refinement

Resolution range (�A) 39.57–2.87 50.93–1.47

Rwork
b/Rfree

c 0.225/0.234 0.141/0.157

No. atoms

Protein 2250 2678

Cu 2 2

Lanthanides 10 –

Cl 1 –

Pentane-1,5-diol 49 –

Sulfate – 40

MES – 24

Water 55 521

B-factors (�A2)

Protein 23.8 18.8

Cu 19.2 14.3

Lanthanides 32.0 –

Cl 26.1 –

Pentane-1,5-diol 33.1 –

Sulfate – 43.3

MES – 25.4

Water 18.0 35.8

R.m.s. deviations

Bond lengths (�A) 0.002 0.013

Bond angles () 0.653 1.667

Ramachandran plot

Favored (%) 95.3 98.3

Allowed (%) 100 99.7

PDB ID 6THE 6THF

aRmerge = ∑|Ii�Im|/∑Ii, where Ii is the intensity of the measured reflec-

tion and Im is the mean intensity of all symmetry related reflections.;
bRwork = Σ||Fobs|�|Fcalc||/Σ|Fobs|, where Fobs and Fcalc are observed

and calculated structure factors, respectively.
cRfree = ΣT||Fobs|�|Fcalc||/ΣT|Fobs|, where T is a test data set of 5% of

the total reflections randomly chosen and set aside prior to refine-

ment.
dNumbers in parentheses represent the value for the highest resolu-

tion shell.
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offer an exemplar system to study the role of tethering

in ET, role of linker regions of cognate partners in

reaching optimum geometries for multiple redox cen-

ters, coupling of redox centers involved in catalysis

and communication between them that report on their

redox status during catalysis. The reverse protein

engineering approach utilized here with naturally

evolved tethered systems illustrates a wider applicabil-

ity for exploring protein–protein complexes and associ-

ated catalytic ingredients of redox enzymes including

activation of catalytic site, electron transfer, control of

gatekeepers, and coupling of redox centers.
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Materials and Methods

Primary structure alignment

Multiple sequence alignment was performed with ClustalW

[34], and the aligned sequences were illustrated using ESPript

[35]. Amino-acid sequence identity was estimated with

BLAST by performing one-to-one pairwise analysis [36]. Pri-

mary sequence information was obtained from the Universal

Protein Resource (UniProt) (http://www.uniprot.org).

Preparation of 4-domain BrNiR variants

The wild-type (WT) BrNiR, domain-truncated (DCytc and

D(Cytc-Cup)), and site-directed (D439N) BrNiR mutant

genes were ordered from GenScript (Piscataway, USA)

with the NCBI reference coding: WP_009028608.1. The N-

terminal signal peptide predicted by Signal-3L 2.0 [37] was

removed. The gene with TEV cleavage site was cloned into

pET-26b(+) (Novagen, Darmstadt, Germany) between

NdeI and XhoI sites. The resultant plasmid was verified by

DNA sequencing.

Escherichia coli host strain BL21(DE3) cell (New Eng-

land BioLabs Inc.) was transformed with the plasmid and

chloramphenicol-resistant pEC86 encoding the cytochrome

c maturation genes ccmABCDEFGH for overexpression of

WT and D439N. A single colony was grown in 50 mL of

Luria–Bertani (LB) medium supplemented with 50 lg/mL

kanamycin and 34 lg/mL chloramphenicol and incubated

at 37�C for 16 h at 240 rpm. Five mL of culture was inocu-

lated into 500 mL of LB medium in baffled flask supple-

mented with the same concentration of kanamycin and

chloramphenicol and incubated at 37�C at 180 rpm until

OD600nm reached ~ 0.6. Subsequently, a final concentration

of 1.0 mM CuSO4, 50 lg/mL hemin, and 0.5 mM isopropyl

b-D-1-thiogalactopyranoside (IPTG) were added and over-

expression was induced at 18�C for 16 h at 120 rpm. The

cells were harvested by centrifugation (4,690 g, 45 min,

4�C). The pellet was washed with 50 mL of phosphate-buf-

fered saline (PBS) pH 7.4 and harvested by centrifugation

(3,140 g, 30 min, 4�C).
The cells were suspended in 50 mL of lysis buffer

100 mM Tris/HCl (pH 8.0), 500 mM NaCl, and 10 mM imi-

dazole containing protease inhibitor tablet (Roche) for 1 L

culture. After lysozyme was added to a final concentration

of 0.5 mg/mL, the suspension solution was incubated on

ice for 20 min. The cells were disrupted by sonication on

ice. The cell debris was removed by centrifugation

(29 900 g, 45 min, 4�C). The supernatant was filtered and

applied to a 5 mL of His-tag affinity column HisTrapTM

HP (GE healthcare, Buckinghamshire, UK) equilibrated

with the lysis buffer. The resin was washed with the same

buffer, and protein was eluted with 10 mL of elution buffer

100 mM Tris/HCl (pH 8.0), 500 mM NaCl, and 250 mM

imidazole. The elution solution was dialyzed at 4�C for

24 h against size exclusion chromatography (SEC) buffer

100 mM Tris/HCl (pH 8.0), 500 mM NaCl, and 10% (v/v)

glycerol. After dialysis, a final concentration of 2 mM DTT

was added and protein was incubated with TEV protease

(50 : 1) at 4�C for 16 h to remove the 6xHis-tag. The pro-

tein solution was concentrated and applied on SEC column

HiLoad Superdex 200 16/600 pg (GE Healthcare, Bucking-

hamshire, UK) equilibrium with SEC buffer. The protein

was eluted at a flow rate of 1.0 mL/min. The elution frac-

tions were dialyzed at 4�C for 16 h against Cu-loading buf-

fer, SEC buffer with 0.1 mM CuSO4, to reconstitute T2Cu

site. After dialysis, the protein solution was concentrated

and applied again on the same SEC column equilibrated

with SEC buffer. The protein was eluted at a flow rate of

1.0 mL/min. The elution fractions were concentrated and

Fig. 9. Overall crystal structure of Br2DNiR and comparison with the classical 2-domain CuNiRs. (A) Top (upper) and side (lower) views of

the trimeric 2-domain CuNiR from Bradyrhizobium sp. ORS 375 (Br2DNiR). The interface between monomers is indicated by black

continuous line, and threefold axis symmetry is indicated by gray triangle. (B) The Cys-His bridge and proton pathways of superimposed

structures of Br2DNiR on 2-domain AxNiR (PDB ID: 5ONY) being colored in cyan (one subunit)/magenta (neighboring subunit) and white (both

of one subunit and neighboring subunit for simplicity), respectively. The T1Cu/T2Cu ions for Br2DNiR and AxNiR are shown by deep blue and

white spheres, respectively. The water molecules (W) including the ligand water molecule (W1) to T2Cu for Br2DNiR and AxNiR are shown

by red and white spheres, respectively. Coordination to the T1Cu/T2Cu ions is shown by red broken line. Major (N90 to D92) and minor

(T97/Y288/W to D92) proton pathways of Br2DNiR are shown by cyan and magenta broken lines, respectively. Major (N107 to D92) proton

pathway of AxNiR is shown by white broken line, and minor one is completely the same with Br2DNiR. Numbering in the brackets is for

AxNiR. (C) The binding interfaces of superimposed structures of Br2DNiR on 2-domain CuNiR from Achromobacter xylosoxidans GIFU 1051

(AxgNiR, formally known as Alcaligenes xylosoxidans) in transient complex with its cognate partner protein cytc551 (PDB ID: 2ZON) being

colored in cyan and white, respectively. The cytc551 with heme is colored in pink. The proposed ET path from the CBC methyl group to

Pro111 (4.0�A) is indicated by black broken line. (D) The binding interfaces of superimposed structures of Br2DNiR on 2-domain AxNiR in

transient complex with its cognate partner protein pseudoazurin (PDB ID: 5B1J) being colored in cyan and white, respectively. The

pseudoazurin is colored in orange. The proposed ET path from His82 ligand to carbonyl oxygen of Thr109 (2.5�A) is indicated by black broken

line. The T1Cu/T2Cu ions for Br2DNiR are shown by deep blue spheres. The heme Fe and T1Cu ions for cytc551 and pseudoazurin are shown

by orange and deep blue spheres, respectively. The water molecule (W) for Br2DNiR is shown by red spheres. Coordination to the T1Cu ion

for pseudoazurin is shown by red broken line. Numbering in the brackets is for AxgNiR-cytc551/AxNiR-pseudoazurin complex. Structural

figures were prepared with PYMOL, version 1.4 (Schr€odinger, LLC).
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stored at �80�C. All chromatography steps were performed

at 4�C. The DCytc and D(Cytc-Cup) samples were prepared

with the method used for WT with some modifications

(modified parts are underlined); E. coli was transformed

with the ordered single plasmid without pEC86, so that

chloramphenicol and hemin were not used. Overexpression

was induced at 180 rpm using an un-baffled flask. The elu-

tion fractions in 2nd SEC were dialyzed at 4�C for 16 h

against Cu-loading buffer, SEC buffer with 1.0 mM CuSO4,

to reconstitute T2Cu site.

Preparation of 3-domain HdNiR

The HdNiR gene was ordered from Invitrogen (Carlsbad,

USA) with GenBank coding: BAC00912.1. The signal pep-

tide sequence at N terminus, predicted by signal peptide

prediction server Signal-3L 2.0 [37], was removed from the

ordered gene. The gene with TEV cleavage site was cloned

into pETM-11 (EMBL, Heidelberg, Germany) between

NcoI and XhoI. The resultant plasmid was verified by

DNA sequencing.

Escherichia coli host strain BL21 cell (New England Bio-

Labs Inc.) was transformed with the plasmid. A single iso-

lated colony was grown in 5 mL culture of LB medium

supplemented with 50 lg/mL kanamycin and incubated at

37�C for 3 h with shaking at 190 rpm. This culture was

inoculated into 200 mL of LB medium (1 : 40 ratio) for

16 h. Five mL of culture was inoculated into 500 mL LB

medium (1 : 100 ratio) supplemented with the same concen-

tration of kanamycin and incubated at 30�C with shaking

at 190 rpm until OD600nm reaches ~ 0.6. The temperature

of culture solution was dropped to 20�C. Subsequently, a
final concentration of 0.1 mM CuSO4 and 0.3 mM IPTG

was added and overexpression was induced at 20�C for

16 h with shaking at 190 rpm. The cells were harvested by

centrifugation (2,000 g, 10 min, 4�C).
The cells were suspended in lysis buffer 40 mM MOPS (pH

7.8), 150 mM NaCl containing protease inhibitor tablet

(Roche), DNase, and 5 mM MgCl2. The cells were disrupted

by sonication on ice. The cell debris was removed by centrifu-

gation (32 800 g, 45 min, 4�C). The supernatant was applied
to a 5 mL of His-tag affinity column HisTrapTM HP (GE

Healthcare, Buckinghamshire, UK) equilibrated with the

lysis buffer. The resin was washed with the wash buffer, lysis

buffer with 50 mM imidazole, and protein was eluted with

enough volume of elution buffer, lysis buffer with 250 mM

imidazole. The elution solution was buffer-exchanged into

50 mM Tris/HCl pH 7.8, 200 mM NaCl, and 1 mM DTT. Pro-

tein was incubated with TEV protease (20 : 1) at room tem-

perature for 12 h on a roller to remove the 6xHis-tag. The

protein solution was buffer-exchanged into 50 mM Tris/HCl

pH7.8, 200 mM NaCl to remove cleaved 6xHis peptide and

DTT. A final concentration of 0.3 mM CuSO4 was added to

reconstitute T2Cu site. The protein solution was buffer-ex-

changed into the same buffer to remove remaining CuSO4

and then concentrated and stored at �80�C. The first His-tag

affinity purification steps were performed at 4�C, and the lat-

ter steps were done at room temperature.

Preparation of 2-domain Br2DNiR, AxNiR, and

AcNiR

The Br2DNiR gene was ordered from GenScript with the

NCBI reference coding: WP_009030123.1. The N-terminal

signal peptide predicted by Signal-3L 2.0 [37] was removed

from the ordered gene. The gene with TEV cleavage site

was cloned into pET-26b(+) between NdeI and XhoI sites.

The resultant plasmid was verified by DNA sequencing.

Escherichia coli host strain BL21(DE3) cell (New Eng-

land BioLabs Inc.) was transformed with the plasmid. A

single colony was grown in 50 mL of Luria–Bertani (LB)
medium supplemented with 50 lg/mL kanamycin and incu-

bated at 37�C for 16 h at 240 rpm. Five mL of culture was

inoculated into 500 mL of LB medium supplemented with

the same concentration of kanamycin and incubated at

37�C at 180 rpm until OD600nm reached ~ 0.6. Subse-

quently, a final concentration of 1.0 mM CuSO4 and

0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) was

added and overexpression was induced at 18�C for 16 h at

180 rpm. The cells were harvested by centrifugation

(4,690 g, 45 min, 4�C). The pellet was washed with 50 mL

of phosphate-buffered saline (PBS) pH 7.4 and harvested

by centrifugation (3,140 g, 30 min, 4�C).
The cells were suspended in 50 mL of lysis buffer

100 mM Tris/HCl (pH 8.0), 500 mM NaCl containing pro-

tease inhibitor tablet (Roche) for 1 L culture. After lyso-

zyme was added to a final concentration of 0.5 mg/mL, the

suspension solution was incubated on ice for 20 min. The

cells were disrupted by sonication on ice. The cell debris

was removed by centrifugation (29 900 g, 45 min, 4�C).
The supernatant was filtered and dialyzed at 4�C for 16 h

against the lysis buffer with 0.1 mM CuSO4. The precipitate

was removed by centrifugation (4,500 g, 10 min, 4�C). The
supernatant was filtrated and applied to a 5 mL of His-tag

affinity column HisTrapTM HP (GE Healthcare, Bucking-

hamshire, UK) equilibrated with the lysis buffer with

10 mM imidazole. The resin was washed with the same buf-

fer, and protein was eluted with 10 mL of elution buffer

100 mM Tris/HCl (pH 8.0), 500 mM NaCl, and 250 mM

imidazole. The elution solution was dialyzed at 4�C for

24 h against size exclusion chromatography (SEC) buffer

100 mM Tris/HCl (pH 8.0), 500 mM NaCl, and 10% (v/v)

glycerol. After dialysis, a final concentration of 2 mM DTT

was added and protein was incubated with TEV protease

(50 : 1) at 4�C for 16 h to remove the 6xHis-tag. The pro-

tein solution was concentrated and applied on SEC column

HiLoad Superdex 200 16/600 pg (GE Healthcare, Bucking-

hamshire, UK) equilibrium with SEC buffer. The protein

was eluted at a flow rate of 1.0 mL/min. The elution frac-

tions were concentrated and dialyzed at 4�C for 16 h
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against Cu-loading buffer, SEC buffer with 1.0 mM CuSO4,

to reconstitute T2Cu site. After dialysis, the protein solu-

tion was concentrated and stored at �80�C. All chromatog-

raphy steps were performed at 4�C.
AxNiR was prepared with the methods previously

reported [26]. AcNiR was prepared with the methods previ-

ously reported [38] with some modifications; a single colony

was grown in LB medium supplemented with 30 lg/mL

kanamycin. CuSO4 (1 mM) was added and overexpres-

sion was induced with 2.0 mM IPTG. The induction was

continued for 24 h. The harvested cells were resuspended in

20 mM Tris/HCl (pH 7.5) and 0.1 mg/mL lysozyme before

being disrupted by sonication. The lysate was collected by

centrifugation (36 900 g, 45 min, 4�C) and dialyzed against

20 mM Tris/HCl buffer (pH 7.5) and 2 mM CuSO4, fol-

lowed by dialysis against water after which the lysate

turned from pale yellow to bright green. After the lysate

was loaded onto a diethylaminoethyl (DEAE)-cellulose col-

umn (Sigma-Aldrich, St. Louis, USA), the column was

washed with 20 mM Tris/HCl (pH 7.5) followed by 100 mM

Tris/HCl (pH 7.5). The protein was eluted using a NaCl

gradient from 100 to 250 mM in 20 mM Tris/HCl (pH 7.5).

After further purification by ammonium sulfate precipita-

tion, the protein solution was buffer-changed into 10 mM

HEPES-OH (pH 6.5).

UV-visible absorption spectrum measurement

UV-visible absorption spectrum was recorded at room

temperature on Cray 300 Bio UV-visible spectropho-

tometer (Varian, Palo Alto, USA). The oxidized WT

BrNiR sample was prepared at 1.0 mg/mL in SEC buf-

fer, and the spectrum was recorded. The reduced WT

BrNiR sample was prepared by adding 100-fold molar

excess of sodium dithionite to this solution under anaer-

obic condition, and the spectrum was recorded. The oxi-

dized DCytc, D(Cytc-Cup), and Br2DNiR samples were

prepared at 1.0 mg/mL in the same buffer, and the

spectra were recorded. The oxidized HdNiR/AxNiR/

AcNiR samples were prepared at 1.0 mg/mL in 10 mM

Tris/HCl (pH 7.8), 200 mM NaCl/10 mM Tris/HCl (pH

7.5)/10 mM HEPES (pH 6.5), respectively, and the spec-

tra were recorded.

Oligomeric state analysis

Molecular mass of the BrNiR variants was estimated by

comparison with retention volumes of marker proteins (GE

Healthcare, Buckinghamshire, UK). The marker proteins,

blue dextran (2,000 kDa), thyroglobulin (669 kDa), ferritin

(440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and

ovalbumin (44 kDa), dissolved in SEC buffer 100 mM Tris/

HCl (pH 8.0), 500 mM NaCl, and 10% v/v glycerol, were

applied on 120 mL of SEC column HiLoad Superdex 200

16/600 pg (GE Healthcare, Buckinghamshire, UK) equilib-

rium with SEC buffer and eluted at a flow of 1.0 mL/min.

Calibration curve (Kav value vs log[Mw] (Mw: molecular

weight)) for these marker proteins was made. The Kav

value is defined with the equation Kav = (Ve - Vo)/ (Vc -

Vo), where Ve, Vo, and Vc are the elution, column void,

and geometric column volumes, respectively. The molecular

mass of the BrNiR variants was estimated with their Ve

values using the calibration curve.

NiR activity measurement

NiR activity was assessed under the anaerobic condition

using an NO detectable ISO-NOP electrode (World Preci-

sion Instruments, Sarasota, USA). The 3 mL of assay mix-

ture ‘initial pH 6.5’ contained nitrogen saturated 50 mM

HEPES buffer (pH 6.5), 8.0 mM sodium ascorbate, 80 lM
phenazine methosulfate (PMS), and 8.0 mM sodium nitrite

was prepared in the vessel under the anaerobic condition.

The electrode was inserted into the mixture, and baseline

voltage was confirmed to be constant for 1 min to confirm

non-enzymatic NO formation. The reaction was started by

the addition of tiny volume of sample at a final concentra-

tion of 300 nM for WT BrNiR, D439N BrNiR, DCytc
BrNiR, and HdNiR and 3 nM for D(Cytc-Cup) BrNiR,

Br2DNiR, AxNiR, and AcNiR, respectively, and time-

course NO production (Voltage [V] vs Time [sec]) was

monitored. Activity value [nmol sec-1 (nmol of protein)-1]

for linear slope in each measurement was estimated using

the calibration curve (Voltage [V] vs NO production

[nmol]), which was experimentally determined.

Structure determination of 2-domain D(Cytc-Cup)
BrNiR

The D(Cytc-Cup) sample in 100 mM Tris/HCl (pH 8.0),

500 mM NaCl, and 10% (v/v) glycerol was buffer-ex-

changed into 20 mM Tris/HCl (pH 8.0) and concentrated

to 10 mg/mL. Protein was crystallized by sitting drop

vapor diffusion method: 0.1 lL of sample solution was

mixed with an equal volume of crystallization reagent

10% (w/v) PEG 8,000, 20% (v/v) 1,5-pentanediol, 0.1 M

MOPSO/Bis-Tris (pH 6.5), 0.005 M Yttrium (III) chloride

hexahydrate, 0.005 M Erbium (III) chloride hexahydrate,

0.005 M Terbium (III) chloride hexahydrate, and 0.005 M

Ytterbium (III) chloride hexahydrate, and equilibrated

over 80 lL of the crystallization reagent at room tempera-

ture. The crystal was flash-cooled in liquid nitrogen.

Diffraction data set was collected at the I24 beamline,

Diamond Light Source, UK, at 100 K using Pilatus3 6M

detector. The diffraction images were processed with xia2

[39] using DIALS [40] and merged with AIMLESS [41].

The initial model was obtained by molecular replacement

with MOLREP [42] using the structure of core domain of
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HdNiR monomer (PDB ID: 2DV6). The model was man-

ually rebuilt with Coot [43] and refined with REFMAC5

[44] in CCP4 [45]. The quality of the final model was

accessed with MolProbity [46]. Data collection and struc-

ture refinement statistics are summarized in Table 2.

Structural figures were prepared with PYMOL (Version 1.4

Schr€odinger, LLC).

Structure determination of 2-domain Br2DNiR

The Br2DNiR sample in 100 mM Tris/HCl (pH 8.0),

500 mM NaCl, and 10% (v/v) glycerol was buffer-ex-

changed into 10 mM HEPES (pH 6.5) and concentrated to

10 mg/mL. Protein was crystallized by hanging drop vapor

diffusion method: 1 lL of sample solution was mixed with

an equal volume of crystallization reagent 1.2 M ammo-

nium sulfate, 0.05 M MES (pH 6.0), and equilibrated over

200 lL of the crystallization reagent at room temperature.

The crystal was transferred in 3.2 M ammonium sulfate and

0.1 M MES (pH 6.0) and flash-cooled in liquid nitrogen.

Diffraction data set was collected at the I04-1 beamline,

Diamond Light Source, UK, at 100 K using Pilatus 6M-F

detector. The diffraction images were processed with xia2

[39] using DIALS [40]. The initial model was obtained by

molecular replacement with MOLREP [42] using the struc-

ture of AcNiR monomer (PDB ID: 5I6K). The model was

automatically rebuilt with ARP/wARP [47] followed with

manual rebuilding with Coot [43] and refined with

REFMAC5 [44] in CCP4 [45]. The quality of the final

model was accessed with MolProbity [46]. Data collection

and structure refinement statistics are summarized in

Table 2. Structural figures were prepared with PYMOL, ver-

sion 1.4 (Schr€odinger, LLC).

3D structure alignment and prediction

3D structure alignment and homology modeling were per-

formed with TM-align [48] and I-TASSER [49], respec-

tively.
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