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ABSTRACT: We report (1) the amino acid sequenceHbfphomicrobium denitrificansitrite reductase
(HdANIR), containing two type 1 Cu sites and one type 2 Cu site; (2) the expression and preparation of
wild-type HANIR and two mutants replacing the Cys ligand of each type 1 Cu with Ala; and (3) their
spectroscopic and functional characterization. The open-reading frame of 50-kDa HANIR is composed of
the 15-kDa N-terminal domain having a type 1 Cu-binding motif like cupredoxins and the 35-kDa
C-terminal domain having type 1 Cu-binding and type 2 Cu-binding motifs such as common nitrite
reductases (NIRs). Moreover, the amino acid sequences of the N- and C-terminal domains are homologous
to those of plastocyanins and NIRs, respectively. The point mutation of the Cys ligand of each type 1 Cu
with Ala gives two mutants, C114A and C260A, possessing one type 1 Cu and one type 2 Cu. The
spectroscopic data of C114A reveal that the C-terminal NIR-like domain has the green type 1 Cu (type
1 Cw), showing two intense absorption peaks at 465-(2600 M1 cm™1) and 600 nm{ = 2800 M1

cm~1) and a rhombic EPR signal like those of the green type 1 CAiabiromobacter cycloclastédlR
(AcNIR). The spectroscopic data of C260A elucidate that the N-terminal Pc-like domain in HINIR contains
the blue type 1 Cu (type 1 G} exhibiting an intense absorption band at 605 =m=(2900 M1 cm™1)

and an axial EPR signal like those of the blue type 1 CAlo&ligenes xylosoxidansIR (AXNIR). The

sum of the visible absorption or EPR spectra of C114A and C260A is almost equal to the corresponding
spectrum of wild-type HANIR. The spectroscopic characterization of the type 1 Cu indicates that the
geometries of the type 1 Guand Cu sites are slightly distorted tetrahedral (or axially elongated
bipyramidal) and flattened tetrahedral, respectively. In the cyclic voltammograms, the midpoint potentials
(E1r2), probably because of the type 1 Cu ions of C114A and C260A, are observiegRatand+336

mV versus normal hydrogen electrode (NHE) at pH 7.0, respectively. These values, which are close to
each other, are more positive than those-0.24-0.28 V at pH 7.0) of the type 1 Cu sites of AcNIR and
AxNIR. The electron-accepting capability of C114A from cytochrocsg is almost similar to that of
wild-type HANIR, whereas that of C260A is very low. This suggests that the type InGhe C-terminal
domain is essential for the enzyme functions of HANIR.

Denitrification is the dissimilatory reduction of nitrate or one Cys, and one Met) is bound to one of the tiivbarrel
nitrite usually to dinitrogen in prokaryotic organisms to domains inside the monomer. The type 2 Cu site that has
synthesize ATP, and it is comprised of anaerobic reduction three His ligands and a solvent ligand is bound to the
processes, NO— NO, — NO — NO — N, These interface between two adjacent monomers, and it is located
processes are caused in either the cytoplasmic membrane oat the bottom of a ca. 13-A deep cleft through which the
periplasm by the corresponding oxidoreductases containingsubstrate can enter. The distance between the two Cu sites
transition-metal ions 1). Dissimilatory nitrite reductases connected through the sequence segment (-Cys-His-) is ca.
located in the periplasm catalyze one-electron reduction of 12.5 A @, 5). The enzyme receives one electron at the type
nitrite to nitric oxide. Generally, copper-containing nitrite 1 Cu site from an electron donor protein and catalyzes one
reductases (NIR%)are a trimer, in which a monomer (ca.
37 kDa) contains one type 1 Cu and one type 2 Zu4).
The type 1 Cu ligated by four amino acid residues (two His

1 Abbreviations: NIR, copper-containing nitrite reductase; HdNIR,
" NIR from Hyphomicrobiun denitrificansA3151; AcNIR, NIR from
Achromobacter cycloclastexNIR, NIR from Alcaligenes xylosoxi-
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electron reduction of N@ to NO at the type 2 Cu site. Biosystems) were used for hybridization and sequence
Moreover, a hydrogen-bond network including Asp and His determination, respectively. All other chemicals were of
around the type 2 Cu plays an important role in the proton analytical grade.

donation to the substraté)( Isolation and Sequencing of Peptide FragmemtdNIR

We have already reported the spectroscopic and functional(2 mg) purified from the cell extract df. denitrificans(12)
characterization of a unique NIR froyphomicrobium  was treated with BrCN (25 mg) at 37 for 20 h in an
denitrificansA3151 (HdNIR) (7, 8). The electronic absorp- ~ agueous solution of 70% formic acid. The peptide mixture
tion, circular dichroism (CD), and electron paramagnetic wWas separated with a Cosomosil 5C18 reverse-phase column
resonance (EPR) spectra of HANIR suggested that the subunifNacalai Tesque) using an aqueous solution of 0.1% trifluo-
has two type 1 Cu sites and one type 2 Cu site. The apparentoacetic acid and a 90% acetonitrile aqueous solution of 0.1%
first-order rate constankis) of the intramolecular electron-  trifluoroacetic acid. High-performance liquid chromatography
transfer reaction from the type 1 Cu to the type 2 Cu in the (HPLC) was carried out at a flow rate of 1.0 mL/min by
HANIR was 2.4x 10°2s ! at pH 6.0 in the presence of the ~continuous monitoring of the 215-nm absorbance. The
nitrite ion (8). This value is much smaller than those of sequences of the peptide fragments were determined with
AXNIR (NIR from Alcaligenes xylosoxidahpsand AcNIR an Applied Biosystems Model 477A protein sequencer.
(NIR from Achromobacter cycloclasteékinga = ~1.9-2.0 Cloning of NIR GeneTwo mixed oligonucleotide primers,

x 10° st at pH 6.0) @, 3). However, the intermolecular Pl [S-CTSCCNGCIATGAARGAYAA-3 synthesized on
electron-transfer rate constai,¢;) of cognate basic cyto-  the base of N-terminal sequence (L-P-A-M-K-D-K) of the
chromecsso (Cyt Csso) to HANIR was estimated to be 357 purified enzyme] and P2 [AARTCNACISWYTGNAC-

10° M~1s1at pH 5.5 and 28C by cyclic voltammetry. It ~ CAT-3' synthesized on the base of amino acid sequence (M-
was similar to those of AcNIR and AxNIR from pseudo- V-H-S-V-D-F) of the obtained peptide] were employed for
azurin Kner = 7.3 x 10° M1 st at pH 7.0) @) and Cyt polymerase chain reaction (PCR) with tHe denitrificans

Css1 (Kinter = 4.0 x 10° M~1s ™1 at pH 6.0) (0), respectively. genomic DNA as a template. A fragment with ca. 700-bp

HANIR has been proteolyzed to two protein fragments (14 thus amplif_ied was Iabe!ed with di_go>_<igenin and used fqr
and 35 kDa) with subtilisinX1). The blue 14-kDa protein  the screening of a partial genomic library. The genomic
fragment [plastocyanin (Pc)-like protein fragment] from Asp1 library was made from 5 to 6-kbpiindlll-digested H.
to Lys139 shows a visible absorption spectrum possessingdemtrlflcansgenome DNA fragments '|nserted mtq_the vector
an intense band at 602 nm and an axial EPR signal, whilePYC19. A 5.5-kbp DNA inserted in the positive clone
the green 35-kDa protein fragment (NIR-like protein frag- (designated as pUHdNIR) by colony hybridization was
ment) from Ser140 to GIn447 exhibits two intense absorption Subjected to sequence determination. DNA sequence analyses
bands at 454 and 597 nm and a rhombic EPR signal. ThesgVere carried out in both directions by the dideoxy chain
findings suggested that each fragment has a type 1 Cu: thd€rmination method with an Applied Biosystems Model 373A
Pc-like protein fragment contains the blue type 1 Cu that PNA sequencer. _ _
has a slightly distorted tetrahedral or an axially elongated —Construction of Expression Plasmid\ 1.4-kbp gene
trigonal bipyramidal geometry, and the NIR-like protein fragment consisting of a structural gene of HANB&HI
fragment contains the green type 1 Cu that has a flattened!inker, and Pst linker were amplified by PCR using
tetrahedral geometry and also the type 2 Cu. The latter PUHANIR as a template and two primers [P3;GCGC-
fragment has nitrite reduction activity a little higher than that CCCTGGATCCGATGCTCCGGCCATG -z 0ding for the

of native HANIR. The midpoint potentials of the two type 1 N-términal region of HANIR and théamH| digestion
Cu sites are similar to each other, showiqg45 and+353 sequence (underline); and PAGACTCTGCAGGACGC-

mV [versus normal hydrogen electrode (NHE) at pH 7.0] TACTGC_TT—QG—3 containing the termination codon and
for the blue type 1 Cu and the green type 1 Cu, respectively. the Pst _dlgestlon sequence (underline)]. The PCR prpducts
In addition, the intermolecular electron-transfer rate constantWere digested withBamHl and Pst and subcloned into
for the NIR-like protein fragment from Cytsso is almost ~ €xpression plasmid pQE-32 digested wiamHI and Pst
the same as that of the native enzyme. Therefore, the NIR-10 Yield pQHANIR2. The inserted gene was confirmed by
like domain of HANIR is necessary for the intermolecular DNA sequencing. _
electron transfer and catalytic reactions of the enzyme. Expression and Purification of Recombinant HdNFer
Here, we report the construction of an expression systemthe expression of HdNIR_’ we used the QIA express (His)
for HANIR and specific mutation at the Cys114 or Cys260 Fagged protein expression system (QIAGEN). We have
ligand of the type 1 Cu site to shed light on the spectral 'User‘ed the gene coding for Fhe mature HANIR toRiaert|
properties, coordination structures, and functions of the two site of pQE-32. The resulting plasmid (pQHANIR2) ex-

. : : - pressed the His-tagged fusion protein, in which the N-
E]yepvi é;;z z??\lsl'RTshls work has confirmed that HANIR is a terminal Asp residue is preceded by 12 residues (M-R-G-

S-(H)-G-S-). With pQHANIR2, a large amount of the
EXPERIMENTAL PROCEDURES recombinant HANIR was expressedHscherichia coli.
E. coliJM109 cells carrying pQHANIR2 were cultured in

Materials The vectors, pUC19 and pQE32, were pur- LB medium supplemented with 1 mM Cu&2H,0 and 100
chased from Takara Biochemicals and QIAGEN, respec- mg/mL sodium ampicillin for 15 h at 37C with reciprocal
tively. TagDNA polymerase, restriction endonucleases, and shaking. The cells were harvested and disrupted by sonication
other modifying enzymes were obtained from Takara Bio in a 50 mM sodium phosphate buffer (pH 8.0) containing
and TOYOBO. DIG DNA labeling and detection kit (Roche) 300 mM NaCl and 10 mM imidazole. The cell extract was
and Taq dye-terminator cycle sequencing kit (Applied passed through a Ni-NTA agarose (QIAGEN) column
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equilibrated with the same buffer to bind the His-tagged

Yamaguchi et al.

mixture contained reduced Cgisoin concentrations of 50

recombinant proteins. After the column was washed, the 200uM and 2 mM NaNQ in a 0.1 M potassium phosphate

recombinant protein was eluted with a 50 mM sodium
phosphate buffer (pH 8.0) containing 300 mM NaCl and 250
mM imidazole. The recombinant protein was further purified
with a RESOURCE Q column (Amersham Biosciences)
equilibrated with 50 mM Tris-HCI (pH 7.5). The recombinant
protein was eluted with a linear gradient of NaCH@.3
M) in the same buffer. The purified recombinant protein (ca.
10 mg) was obtained from c& g of wetcells (1 | culture
media). The recombinant was reconstituted with CSO
5H,0 (1 mM) by overnight dialysis against 20 mM Tris-
HCI buffer (pH 7.5) at 4°C, as described in the previous
method {3). The spectroscopic, electrochemical, and enzy-
matic properties of wild-type HANIR were indistinguishable
from those of native HANIR.

The ratios of the type 1 Cu to the type 2 Cu in the wild-

buffer (pH 5.5). The reaction was initiated by adding an
appropriate amount of the recombinant or mutant to the
reaction mixture, and a decrease in the 415-nm absorption
band was monitored at 25.0C. The molar extinction
coefficient €s1snm= 135 mM™* cm™?) of reduced Cytcsso

(8) was used to calculate the kinetic parameters.

RESULTS AND DISCUSSION

Cloning and Sequencing of HINIR Gene, and Comparison
of the Amino Acid Sequence of HdANIR with Those of
Cupredoxins and Common NIR$0 obtain amino acid
sequence information on HANIR, the purified enzyme was
digested with BrCN and the peptide mixture was separated
by reverse-phase HPLC. The amino acid sequences for 6
peptide fragments, which are underlined in Figurewigre

type and mutant enzymes were estimated as follows. Thedetermined by a protein sequencer. When the specificity and
total copper content of the enzymes reconstituted with Cu  lowering of codon degeneracy of the PCR primers were taken
ion was measured with an atomic absorption spectrometer.into consideration, two sequences were selected; one is the
The protein concentrations of the recombinant and mutantsN-terminal sequence, and the other is the sequence containing
were determined by using BCA Protein Assay Reagent Kit conserved copper ligand residues. Thus, two mixed oligo-
(Pierce, Rockford, IL). Bovine serum albumin was used for nucleotide primers, P1 and P2, were designed and synthe-
the calibration curves. Because it was spectroscopically sized. A ca. 700-bp fragment that involves a region trans-
ascertained that the reconstituted enzymes stoichiometricallylatable to four partial amino acid sequence®(—P4) could
contain the type 1 Cu, the concentration of the type 1 Cu is be amplified by PCR using thel. denitrificans genomic
equal to that of the subunit. Therefore, the concentration of DNA as a template. Therefore, using the amplified fragment
the type 2 Cu was obtained by subtracting that of the type 1 as a specific probe, the HdNIR gene was screened from a
Cu from the total copper content. The ratio of the type 1 Cu partial genomic library of DNA fragments (ca. 6 kbp)

to the type 2 Cu per one subunit of wild-type HANIR was obtained by digestion withlindlll and then was inserted in

estimated to be 2:0.6.
MutagenesisThe mutations Cys114Ala and Cys260Ala

were performed by the two-step PCR method using pQHd-

pUC19. Finally, one positive clone containing a 5.5-kbp
insert was obtained, and the partial nucleotide sequence (3.7
kbp) of the insert was determined in both directions with a

NIR2 as a template and sense and antisense primers replacinDNA sequencer.

the codon for Cys with that for Ala (first PCR), as described
in the previous paperd4, 15). After the second PCR was

The nucleotide sequence located 153 bp downstream of
theHindlll site is the N-terminal sequence of mature HANIR,

performed using universal primers, the amplified fragments D-A-P-A-M-K-D-K-. Four ATG codons were found in the

(1330 bp) were digested witBanH| and Pst. The digested
fragments were ligated into pQE-32 as the wild type. The
mutant HANIR genes were sequenced and expressgd in
coli JIM109 to produce a recombinant protein.

Physical Measurement$he electronic absorption and CD
spectra were measured at 5 with a Shimadzu UV-2200

upstream region of the GAT codon of N-terminal Asp. The
potential ribosome-binding sequence (AGGAGGAGA) lo-
cated 5 bp upstream of the distant codon suggests that the
open-reading frame of the HANIR gene includes 1461 bp
encoding 487 amino acid residues. Asp40 is the N terminus
of mature HANIR (calculateM, = 48 167) and is preceded

spectrophotometer and a JASCO J-500A spectropolarimeter by the signal peptide of 39 amino acid residues. All of the

respectively. The EPR spectra were recorded with a JEOL partial amino acid sequences determined were definitely
JES-FE1X X-band spectrometer at 77 K. The resonancefound in the complete sequence deduced from the nucleotide
Raman (RR) spectra were obtained with a JASCO NR-1800 sequence. No cloned genomic fragment contains the promoter

at 25°C. Laser excitation was provided by a 632.8-nntHe

region of HANIR, but the transcriptional terminator located

Ne" laser (5 mW), and the spectra were obtained from the 25 bp downstream of the termination codon was found.
accumulated data of 32 times scanning. The copper content The open-reading frame of HdNIR is divided into two

was determined with a Nippon Jarrel Ash AA-880 Mark-II
atomic absorption spetrophotometer. Cyclic voltametric
analyses were carried out under Ar atmosphere at 25.0
with a Bioanalytical Systems Model CV-50W voltammetric

parts, the N-terminal domain containing a type h®inding
motif (Cys-(X)-His-(X),-Met) like cupredoxins and C-
terminal domain containing a type 1 gbinding motif
having a His ligand (His*) of the type 2 Cu (His*-Cys-(X)

analyzer. The analyzer was equipped with three electrodes His-(X)s-Met) like common NIRs (Figure 1). We have

an Ag/AgCl reference electrode, a gold-wire counter elec-
trode, and a bis(4-pyridyl)disulfide-modified gold working
electrode.

Kinetic Analysis of Intermolecular Electron-Transfer
Reactions from Reduced Cykgto Wild-Type and Mutant
HANIRs Kinetic analyses of wild-type and mutant HANIRs
with Cyt css0 were carried out as follows. The reaction

previously reported that HAINIR is proteolyzed to two protein
fragments with subtilisin, the blue Pc-like protein fragment,
and the green NIR-like protein fragmentlj. That is to say,

the protease cleaved between Lys139 and Ser140 residues

2 Accession number of the DNA Data Bank of Japan, AB076606
(http://www.ddbj.nig.ac.jp/) sequence.



H. denitrificansCopper Nitrite Reductase Biochemistry, Vol. 43, No. 44, 200414183

1 AAGCTTAGGCGCGAGAACCACAAGGAGGAGATTGCATGATATTCCACCGCTTCGGGGCGGTTGTCGGCCTAATGATGGCCGCACTACTTT 90
Hindll S.D. sequence M I FHRFOGA AV VYV GLMMA AR RATL L

91 CCGTGCCGGCTGCGCATGCAGACCAGCACCAGCAAATGGCGCAGAAGGCCGCCCCTGCCGCCGATGCTCCGGCCATGAAAGACAAGTCGA 180
S VvV P A A HA D QHQQMA ASOQI KA AP A A C) A P A M K D K S

181 AATCCCACGAGGAAGAAAAAACAGATCCGACGGCCGGTGCACACGCGCCTGTCGTATTTACCCTCCGCACCGGCATCGCTGAAGGACGCA 270
K s H EEEKTD?PTAGAHAZPUVV F TULRTG I A E G R

271 TGGTTTACATCGGCGTCGGCGGCGACATCGACCACAAGATCAATCCCACTCTCGTTGTCCACGAAGGCGAAACGGTTCAGGTCAACCTTG 360
M Vv y I GV G GDIDHIKTINU®PTULV V HEGETV Q V N L

361 TGAACGGCGAAGGTGCACAGCACGATGTCGTCGTTGATCAGTATGCGGCGCGGTCGGCGATCGTCAACGGTAAGAACGCCAGCTCAACCT 450
vV N G E G A Q H DV V VD QYA AIRSATIVDNGI KN AS ST
[ ]

451 TCTCGTTCGTTGCCAGCAAAGTCGGTGAATTCAACTATTATTGCTCGATCGCAGGCCATCGCCAAGCCGGCATGGAAGGCAATATACAGG 540
F s F VA § K V G E F NY Y C 8 I A G HURIOQA AU GMMEG N I Q
® [ ®
541 TTCTGCCGGGCAATCGCGCCGAGATGAAATCGTCCGGAGCCGACATCACGCGTGACCCCGCCGATCTGCCAGGCCCGATCGGCCCGCGTC 630
v L P G NRAEMMI K S S GGADTI T RDUPADIULU®PSGU©PTI G P R

631 AGGCAAAGACGGTCCGCATCGATCTCGAAACTGTCGAGGTCAAGGGACAGCTCGACGACAACACGACCTACACGTACTGGACGTTCAACG 720
Q A XK T VU R I DULE TV EV K GQL DD NTTYTY W T F N

721 GCAAAGTTCCGGGTCCCTTCCTTCGCGTTCGCGTCGGTGACACGGTCGAGCTGCATTTGAAAAATCACAAAGACAGCTTGATGGTTCACT 810

G K vpP G P F L RV RV GD TV ELHULIKNUHI KD S L MV H
A

811 CCGTGGACTTCCACGGCGCAACCGGACCTGGCGGCGCAGCTGCATTCACGCAGALCCGATCCCGGCGAAGAAACCGTCGTGACGTTCAAGG 900

s vbpD FH G AT GP GG AW A AVF TOQTUD P GEE TV V T F K
[}

901 CGCTGATTCCCGGCATCTACGTCTATCACTGCGCGACGCCGAGCGTGCCGACGCACATCACCAACGGCATGTACGGACTTCTGCTCGTTG 990

A L I P G I YV YHCATU®PS VP THTITWNSGMMYSGUL L L V
A A

991 AGCCGGAAGGCGGCCTGCCACAGGTCGACCGCGAGTTCTACGTCATGCAAGGCGAGATCTATACGGTCAAATCGTTCGGCACTTCCGGCG 1080

E P E G GL P Q VDI REF Y VMQGE I Y TV K S F G T s G

1081 AGCAGGAAATGGACTACGAAAAGCTGATCAACGAAAAGCCGGAGTACTTCCTCTTCAACGGCTCGGTCGGTTCGCTTACGCGTAGCCATC 1170
E Q EM D Y E KL I N E X P E Y F L F NG S V G S L T R S H

1171 CGCTTTATGCCAGCGTCGGCGAAACCGTGCGCATCTTCTTCGGCGTCGGCGGACCGAACTTCACGTCATCGTTCCACGTCATCGGTGAAA 1260
P L YA SV GG E TV RIVFF GV GGG ?PNVF T S S F HV I G E

1261 TCTTCGATCATGTCTATTCACTCGGAAGCGTTGTTTCGCCTCCGCTGATCGGCGTGCAGACGGTTTCGGTTCCTCCGGGTGGCGCCACGA 1350
I F DHVY SL GSVVS P PILIGVQTV S VP P GG AT

1351 TCGTCGACTTCAAGATCGATCGCGCCGGGCGCTACATCCTGGTCGATCATGCTCTCTCTCGCCTGGAGCATGGCCTCGTCGGCTTCCTGA 1440
I vb F K ID RAGU RYTI UL V D 2 A L S R L E H G L V G F L

1441 ACGTCGACGGTCCGAAGAACGACTCGATCATGCATGAGGGACCTGCGAAGCAGTAGCGTCGCGTAGAGTCCGAAGCGTAACCGGAGGCCT 1530
N v D G P K ND S I MHEG P A K Q *

1531 CAGCGTTGACEEGAGGCCTCCGTATTTATTTGGAGATACCGGACGGTCTAAGCAGCAGCTTCCGGAACGCGAAAAGAAAGAGCGCGAAAG 1620
> <

transcriptional terminator

1621 CCGCAATCCAGCTGCATGCGGAAACAAGCAGCCACGCGTGTCGTGAATCTGCGGTCGTCTCCGCAACGATGCGCGCCGGAGCCGCGAGAG 1710
1711 CCGCGCAGGCGAGAGACAGCAACAGAGACGCTGAGACCGCGAACGGCGTACGCGCGTGACGCCGGATCATGCTGGCCATGACGGCGATGC 1800

Ficure 1: Nucleotide and deduced amino acid sequencés denitrificansnitrite reductase. A possible ShinBalgarno (S.D.) sequence
is boxed. The transcriptional terminator is shown by arrows. The sequences of peptides obtained by BrCN are underlined. The circled D
Zhgvv)s the N-terminal Asp. Putative residues involved in copper coordination are indicaeftype 1 Cy), a (type 1 Cy), anda (type

u).
of HANIR to separate into the Pc-like protein fragment As shown in Figure 2, the N-terminal 92-amino acid
containing the type 1 Cu motif [type 1 Q@His77, Cys114, sequence (Met48Leul31) of mature HANIR is homologous
His119, and Met124) and the NIR-like protein fragment to the amino acid sequences of plastocyanins—@%o
containing the type 1 Cu [type 1 GUHIis219, Cys260,  sequence identity); the N-terminal 131-amino acid sequence
His268, and Met273)] and type 2 Cu (His224, His259, and (Aspl—Leu131) of HANIR is termed the Pc-like domain of
His416), which shows the catalytic activity. These results HdNIR. However, the sequence homology of the Pc-like
indicate that HANIR is composed of two structurally domain to other members of the cupredoxin family is
independent domains. insignificant except for the type 1 Cu-binding motifs; for

3 The number of Cys, His, and Met residues of the type 1 Cu motif example, the homology of the Pc-like domain to azurins is

in the previous paperl) should be corrected to 114, 119, and 124, "’_‘bOUt 20%. The type 1 CU-_bi“ding motif containing three
respectively. ligands in the Pc-like domain, C-S-I-A-G-H-R-Q-A-G-M,
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#
GRMVYIGVGGDIDHKIN-P-TLVVHEGETVQVNLVNGEGAQHDVVVDQYAARS - -~

HdNIR 38

PC Chlamydomonas 1 DATVKLGADSGALEFVPKTLTIKSGET--VNFVNNAGFPHNIVFDEDAIPSGVN
Chlorella 1 DVTVKLGADSGALVFEPSSVTIKAGET --VTWVNNAGFPHNIVFDEDEVPSGAN
Enteromorpha 1 AAIVKLGGDDGSLAFVPNNITVGAGES--TIEFINNAGFPHNIVFDEDAVPAGVD
Ulva 1 AQIVKLGGDDGSLAFVPSKISVAAGEA--TEFVNNAGFPHNIVFDEDAVPAGVD
Populus 1 IDVLLGADDGSLAFVPSEFSISPGEK--IVFKNNAGFPHNIVIFDEDSIPSGVD

Ed Ed e

HdNIR 89 AI----VNGKNA-SSTFSFVASKVGEFNYYCSIAGHRQAGMEGNIQVL---

PC Chlamydomonas 35 AIS--RDDYLNAPGETYSVKLTAAGEYGYYC-EP-HQGAGMVGKIIVQ
Chlorella 55 ALS--HEDYLNAPGESYSAKFDTAGTYGYFC-EP-HQGAGMKGTITVQ
Enteromorpha 55 AIS--AEDYLNSKGQTVVRKLTTPGTYGVYC-DP-HSGAGMKMTITVQ
Ulva 55 AIS--YDDYLNSKGETVVRKLSTPGVYGVYC-EP-HAGAGMKMTITVQ
Populus 54 KISMSEEDLLNAKGETFEVALSNKGEYSFY/C-SP-HQGAGMVGKVTVN

CBP 76 ---SYFICNFPGHCQSGMKIAVNAL ---

Mavicyanin 81 ---FYFLCGIPGHCQLGQKVEIKVD---

Rusticyanin 134 ---YYYVCQIPGHAATGMFGKIVVK

Auracyanin B 213 -—-YLYICTFPGHYLAGMKGTLTVTP

Azurin 108 ---YMFFCTFPGH-SALMKGTLTLK

Azurin iso-2 108 ---YTYFCSYPGH-FSMMRGTLKLEE

—

Type 1 Cu-binding motif

Ficure 2: Alignment of the amino acid sequences of the N-terminal 92-amino acid sequence of HAINIR and cupredoxins. The conserved
residues of HANIR and Pc are boxed, and the type 1 Cu ligands are asterisk&hlBerydomonas reinhardtiSWISS-PROT accession

(SP: P25006)]Chlorella fusca(SP: P00300)Enteromorpha prolifera(SP: P07465)Ulva pertusa(SP: P56274), an@opulus nigra

(Popura; SP: P00299). Cupredoxins: cucumber basic protein (CBP; SP: P00303), mavicyanin from zucchini (SP: P80728), azurin from
Pseudomonas aerugino§aP: P00282), azurin iso-2 froMethylomonasp. J (SP: P12335), and rusticyanin fr@imobacillus ferrooxidans

(SP: P24930).

seems to lie along a large loop joining the two polypeptide 33%), and AXNIR (32%). It is interesting that the NIR-like
f strands, as observed in cupredoxih6)( In cupredoxins, domain of HANIR is very similar to that of AniA. In general,
the copper sites are classified according to the number ofas well as green AcNIR and AfNIR, blue AXNIR and PaNIR
residues between the Cys and His ligands and between theshow a high level of homology (about 80%), but the blue
His and Met/GlIn ligands. The His ligand is solvent-exposed enzymes show a lower level of homology with the green
and located in the middle of the large loop distinguished by enzymes (66 70%) @3). The type 1 Cyg and type 2 Cu motif
different lengths and conformations in each cupredokifi ( (His-Cys-(X)-His-(X)s,-Met) of the NIR-like domain having
18). In this classification, the type 1 Gusite of the Pc-like the two consecutive His and Cys ligands is also similar to
domain falls into the same category as the Cu sites of CBPthose of AcNIR, AfNIR, AXNIR, and PaNIR, except for the

(19), auracyanin B 17), rusticyanin 20), stellacyanin 21), number of amino acid residues between the ligating Cys and
and mavicyanin X4); that is, the type 1 Cu-binding motifs  His of the type 1 Cu. Although seven amino acid residues
of the three cupredoxins show the sequence CysH9- between these ligands in AniA are the same as those of the

(X)4-Met/GIn, although those of plastocyanins exhibit the NIR-like domain (Figure 3), AcNIR, AfNIR, AxNIR, and
sequence Cys-(%His-(X)s-Met. Moreover, the type 1 Cu  PaNIR have eight residues. The loop of the type 1 Cu motif
sites of the multicopper proteins (laccase, ascorbate oxidasein the NIR-like domain, together with five NIRs, is longer
and ceruloplasmin) also have the sequence CysHlg- than those in the Pc-like domain and blue copper proteins
(X)4-Met like the Pc-like domain22). The amino acid (Figure 2). Moreover, the Asp and His residues important
sequence containing the invariant amino acids near the typefor the nitrite reduction activity&), which are involved in
1 Cu-binding motifs of 25 plastocyanins is Cys-X-Pro-His- the hydrogen-bond network around the type 2 Cu, are
X-Gly-Ala-Gly-Met (16); the two consecutive residues conserved in the amino acid sequence of HANIR (Asp222
between the ligating His and Met, -Ala-Gly-, are conserved and His365).
in the Pc-like domain, but a Pro between the Cys and His Visible Electronic Absorption, EPR, and Raman Spectra
ligands is not necessarily conserved. With respect to aromaticof Wild-Type and Mutant HANIRFhe mutation of HANIR
amino acids around the type 1 Cu, there are Tyr and Phewas performed by PCR mutagenesis. The C114A and C260A
residues upstream from the Cys ligand. If the position of mutants were expressed and purified in the same manner as
the Cys is denoted by, both the Pc-like domain and the wild-type enzyme. The ratios of the type 1 Cu to the
plastocyanins have a Tyr or Phe at positionsH 1) and type 2 Cu in C114A and C260A were estimated to be 1:0.64
(n—4). and 1:0.68, respectively. The 77-K EPR spectra of these
The C-terminal 284 amino acid sequence (Valt64 mutants show a set of four hyperfine lines of the type 1 Cu
GIn447) of mature HANIR is shown in Figure 3 together (vide infra), suggesting that the type 1 Cu site with
with the amino acid sequence of the major anaerobically substituted Ala for Cys binds no copper ion.
induced outer membrane protein (AniA) containing a type  Like wild-type HANIR, C260A containing the type 1 Gu
1 Cu and a type 2 Cu from pathogeheisseria gonorrhoeae  exhibits a blue color and C114A containing the type L Cu
(23), which has no extra type 1 Cu domain at the N terminal. exhibits a green color. Because wild-type HANIR has both
The sequence identity between this Valt63In447 domain the type 1 Cu sites, the enzyme possesses a greenish blue
and five NIRs is as follows: AniA (48%), AcCNIR (37%), color. Figure 4 exhibits the electronic absorption spectra of
Pseudomonas aureofaciefzaNIR, 35%)A. faecalis(ANIR, the two mutants with wild-type HANIR in a 20 mM
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HANIR 140 SSGADITR ------- ﬂ E [-)@Q ETVEVKGQLTT@@
AniA 1 MAAQATAETPPAGE IDAVTTHA EVPPALDRDYPA KME TVEK TMKMDDGVE|
1 %2
HANIR 186 PFL GDTVELI-LK KDSLM . ﬁ H. - ETV
AniA 61 |WTFDGDVPGRMIRVREGDTVEVHFSNNPSSTVPHNVDFHAATGRGGGAAATFTAPGRTST
21 1 1
HANIR 246  VTFKALIPGI HCATPSEE HI NGMYGLLtVEPE IﬂKSF
AniA 121 FSFKALQPGLYLYHCANAPVGMHIANGMY GLILVEP p FY] FIY TKGKK
HANIR 306 [GTS B E LINFLSHPSVGETVRIFF GGPNFT
AniA 181 [GAQ FIDMDKAVAERQPE YV VENGHVGALTGDNALKAKAGETVRMYVGNGGPNLVSSFH
2
HdANIR 366 [VIGEIFDHVYSLGSVVSPPLI VSVAPGGR T VDKL RG - LEH
AniA 241 |VIGEIFDKVYVEGGKLINE--NVQSTIVPAGGSATIVEFKMDIPG VDHIF FNK
HANIR 425  LVGHLUNVDGP! HEGPAKQ 447
AniA 209 AL VE| QKLSDTAYAVGS 327
FIGURE 3: Sequence comparison between the NIR-like domain (Ser®®47) of HANIR and a portion (MetiSer327) ofN. gonorrhoeae

NIR (AniA, Gene Bank accession A49208). The numbers 1 and 2 on the sequence indicate the type 1 and type 2 Cu ligands, respectively,
and the amino acid residues involved in a hydrogen-bond network around the type 2 Cu are asterisked. Conserved residues are boxed.
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Ficure 4. UV—uvisible electronic absorption spectra of wild-type Frequency fem™

HANIR (), CL14A ), and C260A (---) in 20 mM phosphate . oo . spectra of C114A and C260A in 0.1 M phosphate
buffer (pH 7.0).
buffer (pH 7.0).

potassium phosphate buffer (pH 7.0). The absorption peakstetrahedral geometry like that of AcNIR2Y), while the
[454 (¢ = 2900) and 605 nme(= 6300 Mt cm™1)] of the geometry of the type 1 Guof C260A is slightly distorted
wild-type enzyme are the same as those of the native enzymeetrahedral (or axially elongated bipyramidal) like that of
(8). The spectrum of green C114A is clearly distinguishable AxNIR (5, 26) [or Az-is02 (24)].

from that of blue C260A. The sum of the spectra of C114A  Excitation of the type 1 Cu proteins within the intense,
and C260A is almost equal to the spectrum of HANIR. The 600-nm (Cys)S— Cu' charge-transfer band leads to
absorption spectrum of C114A showing two peaks at 455 characteristic RR spectra having several vibrational funda-
(e = 2600) and 600 nme(= 2800 Mt cm ™) and a shoulder  mentals in the region~330—-490 cm! (27—29). The
near 700 nm in the visible region is analogous to that of the multiplicity of vibrational modes is believed to originate from
35-kDa NIR-like protein fragment of HINIR obtained by a kinematic and vibronic coupling of the €5(Cys) stretch
treatment with subtilisinAmax = 454 and 597 nm)1(1) and with internal ligand deformations of the coplanar (Cys)S
to that of ACNIR @max = 460, 584, and 690 nm}Lg). The Cs-Co-N moiety. Figure 5 compares the typical type 1 Cu
spectral pattern of C260A having two peaks at 460 resonance Raman spectra of C114A and C260A. Two intense
600) and 605 nme(= 2,900 Mt cm™t) resembles those of  peaks of C114A observed at 409 and 365 €rare very

the 14-kDa Pc-like protein fragment of HINIR obtained by similar to those of AcNIR (395 and 361 c®) (28), and
treating with subtilisin fmax = 458 and 602 nm)1(1), AXNIR three intense peaks of C260A at 423, 408, and 372'cm
(Amax = 470 and 593 nm)13), and Methylomonasazurin resemble those @&. denitrificansazurin (429, 411, 398, and
(Az-is02) @Amax = 460 and 616 nm)24). Moreover, the 375 cnrl) andParacoccus denitrificanamicyanin (430, 392,
visible CD spectra of C114A and C260A are also similar to and 377 cm?') (29). In general, the ratio of absorption
those of the NIR- and Pc-like protein fragments, respectively intensities €4sonr€s00nm iNncreases with the degree of rhombic
(11). These electronic absorption and CD spectral data distortion (going from trigonal toward tetrahedral geometry)
indicate that the type 1 Gusite of C114A has a flattened and correlates with an increase in the bond strength of the
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Ficure 6: X-Band EPR spectra of wild-type HANIR, C114A, and
C260A in 20 mM phosphate buffer (pH 7.0) at 77 K.

axial ligand [Cu-S(Cys) or O(GIn)] in X-ray crystal
structuresZ9—31). Loehr et al. have proposed the correlation
of the Cu-S stretching frequencyg,-s, with the absorbance
ratio, €seonn{€soonm for the type 1 Cu 29). The increased
influence of the weak axial ligand upon moving from a
trigonal planar (axial EPR) toward a more tetrahedral

Yamaguchi et al.

Table 1: Kinetic Parameter&g andkes) of Wild-Type and Mutant
HdNIRs for Cytcsso in the Electron-Transfer Reaction at pH 5.5
and 25.0°C

Km kcat kca{Km
enzymes (uMm) (s (uM~ts™h
wild type 31+ 6 5.8+ 0.6 0.19
C114A 34+ 7 5.7+ 0.8 0.17
C260A 3.0+ 1.0 (7.3+0.1)x 10°3 0.0024
200 200
a b

150 150

50

L L I L

1
600 500 400 300 200 100

1 1 ! 1

- 1
600 500 400 300 200 10

E vs. NHE/ mV E vs. NHE/ mV

FiIGURE 7: Voltammetric behavior of Cytssp after addition of nitrite
(---, a and b) and after addition of nitrite and C114#4,(a) or
C260A (—, b) in 0.1 M phosphate buffer (pH 5.5) at 250. Cyt

(rhombic EPR) geometry is associated with a decrease inCsso 100 mM; mutant enzymes, 1 mM; sodium nitrite, 50 mM;

veu-s Of the most intense peak from430—-405 to~405—
355 cn1l. The absorbance ratiogssonn{€soonm for C260A
and C114A, are 0.21 and 0.93, respectively, andithes
values are 423 and 409 cty respectively. Therefore, the
larger absorbance ratio and the smallgrs of C114A than
those of C260A suggest that the type 1cGnoves out of
the trigonal (His)(Cys) ligand plane and toward the axial
ligand compared to the type 1 Gu

In the 77-K EPR spectra of C114A and C260A (Figure

and scan rate, 2 mV/s.

electron-transfer process using Qyt are listed in Table
1. TheKn, andkg4 values of C114A are quite similar to those
of wild-type HANIR, suggesting that the affinity of C114A
to Cyt css0 is comparable to that of the wild-type enzyme.
On the other hand, C260A shows an extremely srkall
and ca. 109K, compared to the corresponding values of
wild-type HANIR and C114A. These findings imply that the

6), the hyperfine structures of the type 1 Cu ions suggesttype 1 Ci is essential for the enzyme function and that Cyt

the existence of the only kind of type 1 Cu compared with
that of the wild-type HANIR containing two kinds of the
type 1 Cu with the type 2 Cu. The spectrum of C114A
consists of a rhombic type 1 gwignal gz = 2.21 and
Az = 5.5 mT) and an axial type 2 Cu signaj,[= 2.35 and

Ay = 13.5 mT )], resembling that of the NIR-like protein
fragment of HANIR (type 1 Cug; = 2.21 andAz; = 5.0
mT; type 2 Cu,gy = 2.31 andA; = 14.0 mT) 1). The
EPR spectrum of C260A shows an axial type IyGignal

(g = 2.23,A, = 6.0 mT) with the type 2 Cu signagf =
2.35,A; = 13.5mT )], and the type 1 Gusignal is almost
the same as that of the Pc-like protein fragment of HANIR
(g = 2.23,A; = 6.0 mT) (L1). The experimental findings
that the type 1 Cuand type 1 Cygsignals display axial and

Csso Would interact with the enzyme near the type 1cCu
Consequently, C260A without a type 1 £shows a very
low activity. Because C260A has a stronger affinity for Cyt
Csso than the wild-type enzyme and C114A, Gyto might
slowly transfer an electron to the type 2 Cu of C260A.

Electrochemical Studies of Mutant HINIREhe cyclic
voltammograms of C114A and C260A show well-defined
responses with a midpoint potenti&h () of +321 ancdH-336
mV versus NHE and a peak separatigxEj of 79 and 94
mV at pH 7.0, respectively. These cyclic voltammetric
responses are due to the type 1 Cu, andBhgvalues are
more positively shifted compared to those+0.24-0.28
V at pH 7.0) of the type 1 Cu in AXNIR and AcNIR2(3).
The fact that thdg;, value of the type 1 Calis close to that

rhombic characters, respectively, are consistent with the of the type 1 Cy suggests a possibility of the intramolecular

results that the geometry of the type 138 more rhombic
than that of the type 1 Guaccording to the RR spectra of
C260A and C114A.

Electron-Transfer Reactions of Wild-Type and Mutant
HANIRs from Cyt g0 Our previous study has revealed that
a basic electron-transfer heme protein, Gy, is a physi-
ological electron donor for acidic HANIRB). The kinetic
parameters of wild-type HANIR and two mutants in the

electron-transfer reaction between the two type 1 Cu sites.
In addition, we have measured the intermolecular electron-
transfer reaction from Cytsso to C114A or C260A in the
presence of the nitrite ion in a 0.1 M phosphate buffer (pH
5.5) at 25.0°C (Figure 7). In this electrochemical reduction
of nitrite to NO, the electron-transfer process from a bis(4-
pyridyl)disulfide-modified gold working electrode is carried
out as follows: electrode> Cyt cs50 — type 1 Cu— type
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2 Cu — nitrite. The catalytic current in the presence of versity of Agriculture and Technology) for helpful discus-
C260A was hardly detected, reflecting the slow electron- sions.

transfer reaction from Cytsso to C260A because of the
absence of the type 1 cuOn the other hand, the catalytic
current was observed when C114A was used instead of
C260A. The second-order electron-transfer rate constant for
C114A was calculated to be 4.4 10® M~t s71, This is
similar to those of native HINIR (3.% 10° M1 s1) (8)

and the NIR-like protein fragment (44 1° M1 s™1) (112)

similar to those from Cyftcss; to AXNIR (10) and from
pseudoazurin to AcNIR 9). Thus, the electrochemical
behavior of the wild-type and mutant HdNIRs is in ac-
cordance with the above results of the electron-transfer
reactions of these enzymes.

The direct determination of the midpoint potentials £
versus NHE) at pH 5.5 for Cylsspand C114A yielded values
E1(hemec) = +366 mV @) andEy»(T1Cu)= +321 mV,
respectively. Thus, it is expected that no intermolecular
electron transfer takes place from @yfoto C114A because
Ei(heme c) is more positive thdf »(T1Cu). However, the
electron transfer actually takes place from Gypto C114A.
This could be explained from the catalytic currents shown
in Figure 7a, which indicate that tHg, potentials of Cyt
Csso and C114A become almost equal because of the
conformational changes induced by the interaction between
the electron-donor and -acceptor proteins.

CONCLUTIONS

By amino acid sequence analysis, it has been confirmed
that HANIR from a methylotrophic denitrifying bacterium
is a new class of NIRs. The 50-kDa HANIR is composed of
two structurally independent domains, a 15-kDa N-terminal
domain (Pc-like domain) that has the sequence identity with
plastocyanins and a 35-kDa C-terminal domain (NIR-like
domain) that has the sequence identity with common NIRs

already reported. Each domain possesses a type 1 Cu; the

Pc-like domain contains the blue type 1Qwith a essonnf
€s0onm ratio of 0.21 and an axial EPR signal, and the NIR-
like domain has the green type 1 £with a €450nn{€s00nm
ratio of 0.93 and a rhombic EPR signal. The geometries of
the type 1 Cy and Cu sites were spectroscopically
presumed to be slightly distorted tetrahedral (or axially
elongated bipyramidal) and flattened tetrahedral, respectively.

The type 1 Cy-depleted mutant (C114A) of HANIR has
almost equal activity in intermolecular electron transfer
compared to those of wild-type HANIR, whereas the type 1
Cuc-depleted mutant (C260A) shows very low activity. This
fact indicates that the type 1 gsite adjacent to the type 2
Cu site is absolutely necessary for the enzyme function of
HANIR. Moreover, the previous paperl) has reported that
the NIR-like protein fragment of HANIR without the Pc-
like domain shows a slightly larger catalytic activity than
the wild-type enzyme. It is not clear, at the present stage,
what is the role of the Pc-like domain containing the type 1
Cuwy. However, the X-ray crystal analysis and pulse radiolysis
of the wild-type and mutant HANIRs will give an answer to
this question, which is in progress.
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