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ABSTRACT: Bilirubin oxidase (EC:1.3.3.5) purified from a culture mediumMyrotheciumyerrucaria

MT-1 (authentic enzyme) catalyzes the oxidation of bilirubin to biliverdin in vitro and recombinant enzyme
(wild type) was obtained by using an overexpression system of the bilirubin oxidase gerespétyillus
oryzaeharboring an expression vector. The absorption and ESR spectra showed that both bilirubin oxidases
are multicopper oxidases containing type 1, type 2, and type 3 coppers similar to laccase, ascorbate oxidase,
and ceruloplasmin. Site-directed mutagenesis has been performed for the possible ligands of each type of
copper. In some mutants, Cys457 Val, Ala, His94— Val, and His134.136— Val, type 1 and type 2

copper centers were perturbed completely and the enzyme activity was completely lost. Differing from
the holoenzyme, these mutants showed type 3 copper signals. However, the optical and magnetic properties
characteristic of type 1 copper were retained even by mutating one of the type 1 copper ligands, i.e., a
mutant, Met467— Gly, showed a weak but apparent enzyme activity. A double mutant His456:458

Val had only type 1 Cu, showing a blue band at 600 rm=(1.6 x 10%) and an ESR signal with very

narrow hyperfine splitting4; = 7.2 x 103 cm™1). Since the type 2 and type 3 coppers are not present,

the mutant did not show enzyme activity. These results strongly imply that the peculiar sequence in bilirubin
oxidase, His456-Cys457-His458, forms an intramolecular electron-transfer pathway between the type 1
copper site and the trinuclear center composed of the type 2 and type 3 copper sites.

Copper in biological systems has been classified into three  The X-ray crystal structure analyses of ascorbate oxidase
types according to their optical and magnetic propertigs ( (2, 3) and ceruloplasmind) unequivocally indicate that the
Type 1 copper (blue copper) shows several charge-transfertype 2 and a pair of type 3 coppers form the trinuclear center
bands, in which the most peculiar one appears around 600as shown in Figure 1. The type 1 copper site and the
nm (Cys to Cu(ll) charge transfer). The other bands appeartrinuclear center are separated by ca. 13 A but are directly
at ca. 450 nm and ca. 750 nm. The hyperfine splitting (A  connected through the sequence His-Cys-His. The Cys sulfur
in ESR spectrum is usually very narrow because of the highly coordinates to type 1 Cu, and the His imidazoles at the both
covalent character of type 1 copper. On the other hand, typeends coordinate to type 3 coppers. Type 1 copper is
2 copper (nonblue copper) does not show any strong chargecoordinated by 1Cys-2His-1Met, type 2 copper by 2His-
transfer bands in the visible region and itgva&lue in ESR 1H,0, and type 3 coppers by 3 His and a bridged hydroxide
spectrum is normal. Type 3 coppers are not detectable byjon. Although type 3 Cu is usually ESR undetectable, it
ESR because a pair of them are strongly antiferromagneti-pecomes detectable when perturbed. The hyperfine splitting
cally coupled. A hydroxide ion is bridged between them, thys measured is (3L5) x 102 cm%, the intermediate
giving a strong absorption at 330 nm. Type 2 and 3 coppers magnitude for type 1 Cu and type 2 Cu, indicating that the

form a trinuclear center to reduce dioxygen to two water strycture around type 3 Cu is tetrahedrally distorted from
molecules. Type 1 copper functions as the electron mediatorine normal tetragonal geometry.

from substrate to the trinuclear center. Bilirubin oxidase (EC.1.3.3.5) catalyzes the four-electron

reduction of molecular oxygen to water with concomitant
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niaD gene, andA. oryzae ni® mutant AO1.1 as a host cell

UN strain were kind gifts of Amano Pharmaceutical Co., Ltd.

His62 ‘G - Hi Restriction enzymes and calf intestine alkaline phosphatase
9 " were purchased from Nippon Gene. The DNA ligation kit

Wt m;gf; version 1, TagDNA polymerase and thBcaBEST dideoxy
His308 ‘(” y,f R sequencing kit were from Takara Shuzo. DEAE-Sephacel
= and Sephadex G-100 were from Pharmacia Biotech Inc.
7 Purification of Authentic Bilirubin Oxidase from Myroth-

His60 () S eciumverrucaria (MT-1) Bilirubin oxidase purified from
' p the culture medium oM. verrucaria was kindly supplied
by Amano Pharmaceutical Co. The lyophilized enzyme
preparation was further purified by DEAE-Sephacel column
¥ A ﬂ: chromatography in TrisH,SO, buffer (50 mM, pH 7.6) to
e homogeneity on polyacrylamide gel electrophoresis.
Purification of Recombinant Bilirubin Oxidase from As-
3 " Mets17 pergillus oryzaeA. oryzaeharboring an expression vector
Hist45 (% % was cultured aerobically at 30C for 5-6 days nh 1 L of
Cj soybean oil medium [3.0% (v/v), 0.5% (w/v) bacto-yeast
FIGURE 1: Copper binding site of ascorbate oxidase and presumed €xtract (Difco), 0.5% (w/v) bonito extract (Kyokuto), 0.3%
site for bilirubin oxidase. The 3-D structural data for ascorbate (W/v) sodium nitrate (Wako Pure Chemical Industries), 0.1%
oxidase were obtained from the Protein Data Bank under PDB: (w/v) potassium dihydrogenphosphate (Wako Pure Chemical
e e e ety o o o e ToAdusires). 0.05% (wh) potassium chioride, 0.08% (wA)
upper number is for gscorbate oxidase, and the lower number in''agNesIUM sulfate, 0.003% (w/v) cuprous sulfate, and
boldface is for bilirubin oxidase. 0.001% (w/v) ferrous sulfate]. After removal of the cells by
filtration through a glass filter, ammonium sulfate was added

ca. 66 kDa. It containl-linked andO-linked carbohydrate  to the filtrate up to 50% saturation under stirring, and the
chains, and copper is essential for the enzyme act|v|ty mixture was allowed tO stand Overnight. The precipitate was
cDNA of bilirubin oxidase was recently cloned, and the separated by a glass filter, the supernatant was made to 70%

pre, pro sequences and the whole amino acid sequence ofMmonium sulfate saturation under stirring, and the mixture
534 residues were deduces).(It appears that there is strong Was allowed to stand overnight again. The precipitate was
sequence homology between bilirubin oxidase and multi- collected by centrifugation and dialyzed against Fii-

copper oxidases such as laccase, ascorbate oxidase, cerul@® buffer (50 mM, pH 7.6). The supermatant was then
plasmin, etc., as shown in Figure 2«17). The peculiar applied to a DEAE-Sephacel column equilibrated with the

sequence characteristic of multicopper oxidase, His-Cys-His, S&me buffer. After the column had been washed, the enzyme
is also present in bilirubin oxidase. In addition, all the Was €luted with alinear gradient of-@50 mM NaCl in the

intrinsic ligand groups for three types of copper are conserved S2Me buffer. The fract_ions coqtaining bilirubin oxidase were
in the sequence of bilirubin oxidase. Therefore, bilirubin Pocled, and the protein solution was concentrated to about
oxidase should be a member of the multicopper oxidases ag®> ML Py ultrafiltration using a PM-30 filter (Amicon). The

judged from the amino acid sequence, although no detailedS@mple was loaded on a Sephadex G-100 gel filtration
spectroscopic and magnetic study has been performed.commn' and then the protein was eluted with the same buffer.

Furthermore, no genetic study such as mutation has been ASsay of the Enzyme Adty. Bilirubin was purchased
carried out for this enzyme. from Wako Pure Chemical Industries and used without

. : ; further purification. The bilirubin oxidase activity was
In this paper, we report the expressionhdf verrucaria ' T .
bilirubin oxidase inAspergillus oryzaeusing a secretory gszsigl/?r(:i:l—saogg%uffé? ?]LHOE]; mgg‘gg&ggltsosgl\éegtnof
expression system. We also prepared several mutants, in,’ 2 pH ©. y

which the potential ligands for three types of copper were the enzyme solution, followed by incubation at 3¢.'
changed, and we characterized them by absorption and ESI:\;\/Ieasurement of the absorbance decrease of bilirubin was

spectra. While a number of mutation studies have beenCarrleol out at 440 nm W.'th a Jas_co model Ubest-55
reported for blue copper proteins containing only a blue spectrophot_ometgr._One unit was fjefmed as the amount of
copper (type 1 copper), azuridg) and plastocyaninl@), en;?/me .\glhéCh OX|d|;ed J‘pﬂhb'"rEme/m'.n (52) £ Wild
and also for nitrite reductase containing a type 1 copper andT asg?Il. bpnstrggtlon Igl t e'd XplileBSS'fn ectpr 0 hl )
a type 2 copper20), mutations for multicopper oxidase have ype bilirubin Oxidase Plasmid pNBC contalnlng_ the
just started and no systematic data have been published orl?'“rUbIn oxidase gene, mdiA promoter, andoryzae ni@

. . selection marker gene was constructed in the following
tchoeps(fefregittg;;nuztgtmn on the ligand group of each type of way: An Xbal fragment from pBXbal was ligated into the

same site of pY1. Into thélin dlll sites of the resultant

His512

MATERIALS AND METHODS construct, theHin dlll fragments containing thaiaD gene
from pSTAL were ligated.
Materials and ChemicalsThe plasmid pBXbal containing Site-Directed Mutagenesis of Bilirubin Oxidasghe in

the cDNA of M. verrucariabilirubin oxidase gene, plasmid  vitro mutagenesis was achieved by polymerase chain reaction
pY1 containing the mono- and diaminoacyl lipase (mdlA) (PCR) @4) using the two distant primers which have the
promoter 23), plasmid pSTA14 containing tha. oryzae restriction enzyme recognition site (bolded) and the sets of
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2 3 3 3 1 2 3 313 1 1
MVBO 91 NSVHLHGSFS 128 RTLWYE]DHAMHI 398 HPIHIHLVDF 451 GVYMFHC NLI@EDHDE
Fet3 78 TSMHFHGLFQ 121 GTYWYHSH 413 HPFHLHGHAF 478 GVWFFHCHIEWHLLQG
CpAO 57 VVIHWHGILQ 99 GTFFYH 445 HPWHLHGHDF 501 GVWAFHCHIEPHLHMGM
Ablccl 60 VSIHWHGFFQ 103 GTFWYH 398 HPFHLHGHNF 446 GAWFLHCHIDWHLEAGL
ChPO1 61 TSIHWHGFFQ 104 GTFWY[H 395 HPFHLHGHAF 446 GPWFLHCHIDFHLEAGF
Tvlccl 61 TSIHWHGFFQ 104 GTFWYH 396 HPFHLHGHTF 445 GPWFLHCHIDFHLEAGF
Prlac 61 TTIHWHGFFQ 104 GTFWYH 397 HPFHLHGHTF 446 GPWFLHCHIDWHLEAGF
DHGO 114 TAVHWHGIRL 156 GTSWYH 484 HPIHLHGHDF 538 GAWLLHCHLQYHASEGM
HuCp 98 YTFHSHGITY 156 VTWIYH 975 HTVHFHGHSF 1015 GIWLLHCHVTDHIHAGM
RtCp 98 YTFHAHGVTY 156 VTRIYH 969 HTVHFHGHSF 1028 GTWLLHCHVTDHIHAGM|
HuFa5 119 LSIHPQGIRY 168 LTHIYY 1840 HVVHFHGQTL 1880 GWWLLNTHVGENQRAGM
HuFa8 115 VSLHAVGVSY 173 LTYSY]L 1973 HSI@ESGHVF 2013 GIWRVEC IGEHLHAGH
MvBO :Bilirubin oxidase from M.verrucaria (6) DHGO :Dihydrogeodin oxidase from A.terreus (13)
Fet3 :Perri reductase from S.cerevisiae (7) HuCp :Human ceruloplasmin (14)
CpAO :Ascorbate oxidase from zucchini (8) RtCp :Rat ceruloplasmin (15)
Ablccl:Laccase from A.bisporus (9) HuFa5 :Human caogulation factor V (16)
Prlac :Laccase from P.radiata (10) HuFa8 :Human caogulation factor VIII (17)
Tvlccl:Laccase from T.versicolor (11)
ChPol :Laccase from C.hirsutus (12)

Ficure 2: Presumed potential coordination sites with copper in bilirubin oxidase and homology of partial amino acid sequence between
bilirubin oxidase and other copper proteins. The numbers 1, 2 and 3 indicate the potential coordination sites for types 1, 2, and 3 copper
ions, respectively. The presumed amino acid residues for ligands are boxed.

His94val tively. We constructed some expression vectors of the
51 _GATCCATGCAGTACTACGGA-3"' mutants. One of the constructions on His456.458Val (pNTIII-
p— 5.6V) is shown in Figure 4. These vectors contained the
mono- and diaminoacy! lipase promoter and feoryzae
nitrate reductase geneiéD) as a selective marker. Plasmids
of the expression vectors for the mutants were purified from
E. colicells using the alkali-SDS method, angi& of DNA
was introduced by protoplast transformation into the
His134.136Val oryzae ni® strain. Transformants were cultured on the
5 ' _CCCTATGGTATGTCGACGTTGCTATG—3 ' minimum medium containing nitrate as the sole nitrogen
CAGCTGCAR source. After cultivation for 5 days the transformants were
picked up and isolated in test tubes. After an additional 5
Cys457val,Ala days the transformants were cultured for 5 days in 3 mL of
5'—-CAAATTGTGGPCATGGAACA-3' soybean oil medium. The level of the expression product
p— was examined by SDSpolyacrylamide gel electrophoresis
(SDS-PAGE) 7).
His456.458Val Spectroscopic Measuremengsbsorption spectra of bi-
5 ' _TACATCTTCGTGTGCGTTAACTTGATTC-3 ' lirubin oxidase were measured with a Jasco model Ubest-
A ACACGCAR" 55 spectrophotometer. The X-band ESR spectra at 77 K were
measured on a JEOL JES-RE1X spectrometer. The signal

3'-CTAGGTACGTCATGATGCCT-5"

Distinct primers for His94val
5'-GCAAGCTTCCGGGAGTAAAT-3"'
3'-ATGTACAAGCACACGCAATTGAACTAAG-5'

3 '-GGGATACCATACAGCTGCAACGATAC-5"'

3'-GTTTAACACCYGTACCTTGT-5"'

3'-ATGTACAAGCACACGCAATTGAACTAAG-5"'

Met467X intensity of the ESR-detectable €uwvas determined by the
5 ' ~-TTGATTCACGAGGACCACGATRKGATGGCTGCC-3 ' double integration method using E&EDTA as a standard.
3'—-AACTAACAGCTCCAGGTGCTATACYMCCGACGG-5" 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was used as an
external marker to calibrate the estimation error of ESR
Distinct primers for the above four mutageneses signal intensities arising from the difference in tuning
5'-TTCCATGGCCGAGCGTTACG-3" conditions £8). Some of the ESR spectra were simulated
3'-ATACTGAACTTGGAGCTCAA-5" according to the previous work29). CD spectra were

FiGURE 3: Nucleotide sequence of synthetic oligonucleotide primers measured on a JASCO J-600 automatic recording dichrograph
used for mutagenesis. The recognition sites for restriction enzymesat room temperature. The total amounts of coppers contained
are described in boldface, and mutated codons are underlined. jn the enzyme derivatives were determined by atomic

mutagenic oligonucleotides (mutated codons are underlined)absorption spectroscopy with a Shimadzu AA-640-13.
as in Figure 3. All oligonucleotide primers used for mu- RESULTS
tagenesis were chemically synthesized tailor-made products
from Sawady Technology as shown in Figure 3. The PCR  Mutagenesis and Protein Expressitie have previously
products were cloned into pUC18, and sequences werereported the cloning of bilirubin oxidase cDNA froM.
confirmed. The mutant partial bilirubin oxidase genes were verrucaria, which included the pre,pro N-terminal signal
cloned into pNBC1 plasmid and expressed as below. sequences of 38 amino acids to express wild-type bilirubin
Transformation and Expression of Mutantsansforma- oxidase under the control of mdIA promot&r oryzae The
tion of Escherichia coliand A. oryzaewas done according M. verrucaria signal sequences guided the expression of
to the methods of Hanaha25) and Unkles 26), respec- recombinant protein il. oryzae In this study, we obtained
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Ficure 4: Construction procedure of the expression vector for mutant H456.458V. PCR was achieved by using mutation-introduced primer.
The PCR product was digested wittba| and BssH Il, substituted for pBCL1 first, and then inserted in pUC-118 to check the nucleotide
sequence. A selective marker was inserted in the expression vector (pTIlI-5.6V) at the end of the construction procedure.

BGO-DNA Segment, Scal 0.51

Xbal 1342

i

Sequence

the mutated DNA segments using mutated PCR primers. AsHowever, the level of the mutant expression was remarkably
for the mutants on Met, we designed the PCR primers different; namely, the yield frm 1 L of culture medium was
encoding four or five amino acids to express the plural 80 mg for the wild-type enzyme, 15 mg for His94Val, 10
mutated DNA segments except for Met468Val and mg for His456.458Val, 5 mg for Met467Gly, 3 mg for
Met468Arg. We constructed the mutant expression vectors, His134.136Val and less than 2 mg for Cys457Ala and
pPNTI-H1V (His94Val), pNTIII-3.4V (His134. 136Val), Cys457Val. For the other four mutants we tried to transform
PNTIII-5.6V (His456.458Val), pNTI-CV (Cys457Val), pNTI-  A. oryzaecells with the mutant vectors several times, but
CA (Cys457Ala), pNTI-H2V (His462Val), pNTI-MG  we did not find any expression product.

(Met467Gly), pNTI-MR  (Met467Arg), PpNTI-MV Authentic and Wild-Type Bilirubin Oxidaseghe wild-
(Met467Val), and pNM468G (Met468Gly). From these 10 type bilirubin oxidase purified from the culture medium of
vectors 6 transformants were expressed for the bilirubin recombinantA. oryzaewas subjected to automated amino
oxidase mutants containing the same molecular mass as thacid sequencing. Thd-terminal sequence was determined
wild-type bilirubin oxidase after cultivation for 5 days. to be VAQIS, which was the same as that of the authentic
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bilirubin oxidase fromM. verrucaria. This wild-type bilirubin was essential, although other divalent cations were not
oxidase showed 24 units/(mg of protein) enzyme activity as effective.
high as 80% of the authentic enzyme. The authentic and wild- Mutagenesis for Potential Type 1 Cu Ligandslirubin
type bilirubin oxidases were expressed as glycoproteins. Theoxidase has only one Cys residue in a protein molecule.
molecular mass of the authentic bilirubin oxidase was Because Cys is the most important amino acid residue to
determined as 66 kDa, and that of the wild-type bilirubin form type 1 copper, we mutated this residue first. Second,
oxidase, as 63 kDa. The small discrepancy came from Met was noted because many mutation studies for blue
difference in the sugar content. Although the authentic copper proteins have targeted this amino acid to modify the
bilirubin oxidase has twdl-linked and som®-linked sugar spectroscopic and magnetic characters of type 1 copper as
chains (the number and positions of thdinked sugar chains  well as its electron-transferring ability. Thus, the site-directed
have not yet been fixed), the wild type bilirubin oxidase mutagenesis was performed to exchange Cys457 for Val or
carries only twoN-linked sugar chains (data not shown).  Ala and Met467 for Gly, namely, the amino acids that cannot
CD spectra of both authentic and wild-type bilirubin act as ligand towards the metal center.
oxidases were almost identical, suggesting that the secondary The Cys457Val and Cys457Ala mutants showed no
structure of wild-type bilirubin oxidase was similar to that enzyme activity, while the Met467Gly mutant showed a weak
of the authentic enzyme (data not shown). In the absorptionbut apparent enzyme activity (Table 2).
spectra both wild and authentic bilirubin oxidases showed Absorption and ESR spectra of these mutants are shown
an intense §(Cys) to Cd* charge-transfer band at 600 nm in Figures 5 and 6, respectively. The Cys mutants exhibited
and a shoulder around 330 nm derived from Qb type 3 no absorption band in the visible region, indicating that this
Cu’s charge transfer (Figure 5). The former is typical of type Cys residue is undoubtedly a ligand for type 1 copper. On
1 copper (blue copper), and the latter of type 3 coppers (ESRthe other hand, the Met467Gly mutant showed absorption
nondetectable coppers). The appearance of both band®ands around 600, 430, and 330 nm. Although the small
unequivocally indicates that bilirubin oxidase is a multicopper absorption band at 430 nm (N(imidazole) toCwharge
oxidase. However, the absorption feature of the authentictransfer) was obscured for the authentic bilirubin oxidase,
bilirubin oxidase around 330 nm was more prominent. In this band became prominent for the Met467Gly mutant
contrast, the absorption intensity around 600 nm was weakprobably because other two bands at ca. 600 nm and ca. 330
as compared with that of the wild-type bilirubin oxidase (see nm were weakened. In the ESR spectrum of this mutant
Discussion). In addition, the charge-transfer band at ca. 450(Figure 6C) both of the slightly modified type 1 and type 2
nm (N(His) to Cd") was not clear because of the intense Cu signals were observable together with a weak type 3
330 nm band. copper signal. Although type 3 Cu’s are usually undetected
The X-band ESR spectra of the authentic and wild type in the resting multicopper oxidases because of the strong
bilirubin oxidases are shown in Figure 6A,B, and their spin antiferromagnetic interaction, they are sometimes detectable
Hamiltonian parameters are listed in Table 1. Both type 1 when the enzymes are modified, giving-a® mT hyperfine
and type 2 copper signals were apparently present, indicatingsplitting (30). The parameters are tabulated in Table 1. On
that bilirubin oxidase is a member of the multicopper the other hand, the mutants for Cys (C457A, C457V) showed
oxidases. A signal originating from a type 3 copper was only a weak type 2 Cu-like signal. CD spectra of these
slightly observable at 275 mT in the case of the wild type mutants were almost the same as that of wild-type enzyme
bilirubin oxidase, also producing a different feature at around (data not shown).
320 mT. Since type 3 Cu signal is usually rhombic, the Mutagenesis for a Potential Type 2 Cu Ligaitis94Val
andy components affect the feature of this region when itis was prepared as a mutant for type 2 Cu. The absorption
present. However, its signal was not intense as to be able tospectrum of this mutant showed no band in the visible to
estimate the spin Hamiltonian parameters. Furthermore, thenear-UV regions (Figure 5F). The ESR spectrum of the
hyperfine splitting of type 2 copper was slightly different. mutants showed neither a type 1 nor a type 2 copper signal
These might be caused by a sugar moiety attached to arbut showed two type 3 Cu-like signals (Figure 6F). Predict-
amino acid residue(s) near the active site, so as to give aably, enzymatic activity was not observed for this mutant.
perturbation on the protein structure, and/or by the possibility However, CD spectrum of this mutant in the far-UV region
that the expressed wild-type bilirubin oxidase is in an was similar to that of wild-type bilirubin oxidase (data not
equilibrium of the bridged and unbridged forms, as for type shown).
3 copper sites (see Discussion). The total amount of the ESR  Mutagenesis for Potential Type 3 Cu Ligandéd/e
detectable Ctr was 2.0 for both authentic and wild-type prepared two type 3 Cu mutants such as His134.136Val and
bilirubin oxidases according to the double integrations. His456.458Val. His456 and His458 are positioned at both
Atomic absorption spectroscopy indicated that both authentic ends of the His-Cys-His sequence, coordinating to different
and wild type bilirubin oxidases contain 3.5 copper atoms/ type 3 coppers (Figure 1). We expected that substitution of
molecule. Considering the estimation errors of the protein these residues with noncoordinating amino acid residues
concentration (gravimetry for the freeze-dried sample and profoundly affects the character of the type 1 Cu site. The
Lowry method, 10%) and the atomic absorption spectroscopy reason we doubly mutated the amino acid residues for type
(ca. 5%), we concluded that bilirubin oxidase contains 4 3 coppers is to preserve the symmetry around type 3 copper
copper atoms per molecule similar to all other multicopper centers. His134.136Val showed no enzymatic activity and
oxidases. also no optical absorption bands (Figure 5E), indicating that
Effect of Metal lon on Expression Lel. Since we used  the mutation for these His residues fatally interfered with
the mdlA promoter, oil or fat was necessary to induce the the formation of type 1 Cu site. The ESR spectrum of
expression of bilirubin oxidase. In addition, cupric ion ¢Gu His134.136Val (Figure 6E) showed the existence of one type
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Ficure 5: Absorption spectra of the authentic, wild type, and constant of 0.1 s, and sample temperature of 77 K.

mutant bilirubin oxidases: (A) bilirubin oxidase frol. verrucaria

(authentic); (B) recombinant bilirubin oxidase (wild type) expressed 2 gnd the modified tvpe 3 coppers (see Discussion). The
in A. oryzae (C) Met467Gly mutant; (D) His456.458Val double P P ( )

mutant; (E) His134.136Val double mutant; (F) His94Val mutant; pgrameterslfor'type' 2 copper were similar to those of the
(G) C457A mutant; (H) C457V mutant. Inset: Same spectra are Wild-type bilirubin oxidase, but those for type 3 copper were
shown on curtailed (A) or amplified (C and D) scales. different from those of His94Val (Table 1). On the other
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Table 1: Parameters of ESR Spectra for Authentic, Recombinant ~ 2NCi€s may be derived from the difference in the postirans-
wild Type, and Mutant Bilirubin Oxidases lational glycosylation. The wild type bilirubin oxidase
contains only twd\-linked carbohydrate chains. On the other

mutants Cu type ol 103 A (cm™) AP . .
hent v o1 e hand, the authentic bilirubin oxidase hadinked carbohy-
authentic tyype : ; drate chains in addition to the tw-linked carbohydrate
pe 2 2.24 18.6 ; _ :
wild type type 1 221 8.3 chains (to be published elsewhere). The CD spectra in the
type 2 2.24 17.1 far-UV region (206-250 nm) showed very similar spectral
M467G typezl 22222 7.1 features abundant jf-sheet for both wild type and authentic
H456.458Y t%%ee 1 520 177'32 bilirubin oxidases.
H134.136V type 2 222 19.9 The absorption and ESR spectra of the authentic and wild-
type 3 2.23 11.9 type bilirubin oxidases indicate the typical features of
H94V type 3 2.29 15.0 multicopper oxidase. In the absorption spectrum, two bands
type 3 2.28 15.6

are observed at 600 and 330 nm. The former derives from
type 1 Cu, and the latter, from the coupled type 3 C8H.(

Table 2: Enzymatic Activity, Copper Contents, and Absorbance Although their absorption intensities were different between
Ratios of Authentic, Recombinant Wild Type, and Mutant Bilirubin  the guthentic and wild-type bilirubin oxidases, it is considered
Oxidases for Bilirubin Oxidation that the discrepancy may be due to the indirect effect of

specific relative Cu content  egoo (M~ carbohydrates on the spectra. While the absorption at ca. 450
mutants  activity (U/mg) activity (%) (atom/protein) cm™?) nm (charge-transfer bands, N(His) and S(Met)type 1
authentic 30 100 35 2.8 10° Cuw?*) was not clear for authentic bilirubin oxidase because
V,\‘/’l"',r%;yge zg 074 8% 3 3251 ‘B%‘ 1833 of the stronger 330 nm band, it was clearly observed for the
H456.458V a a 0.9 1.6x 108 wild-type enzyme (Figure _5A,B). In additio_n_, bqth o_f the
H134.136V a a 0.6 ND? ESR spectra of the authentic and wild-type bilirubin oxidases
(H:ig\Y/A a a I{ILS)b NNS showed the existence of type 1 and type 2 coppers, indicating
a a S : . : ;

Cas7V a a ND ND that bilirubin oxidase is a multicopper oxidase. Also a weak

: — . signal originating from type 3 was observed for wild-type

* No enzymatic activity detecteND: not determined. bilirubin oxidase. A difference was observed in thevalue

. . of the type 2 Cu (18.6< 102 cm™? for authentic bilirubin
hand, the absorption spectrum of His456.458Val showed agyjdase and 17.1x 10-3 cm! for wild type bilirubin
prominent band derived from type 1 Cu near 600 nm but no gxidase). This slight difference in the parameters of type 2
shoulder at 330 nm (Figure 5D). This spectral feature is of copper signals might be caused by different attachments of
simple blue copper prote_lns such as azurin, plastocyanin, etcsugars, which perturbed the protein conformation to modify
The ESR spectrum of His456.458Val showed only the type the electronic and/or steric structure(s) of the type 2 copper
1 copper signal but not the type 2 Cu signal. And this mutant sjte. The definition of type 3 Cu is based on that it is ESR
showed no enzymatic activity. Atomic absorption spectros- yndetectable because a pair of them are strongly antiferro-
copy showed that this mutant has 2 Cu's in a protein magnetically coupled. However, a signal is sometimes
molecule, suggesting that one Cu is a type 1 Cu and thegpservable when multicopper oxidases are stored in solution.
other possibly is a cuprous ion. The CD spectrum of type 3 Byt this is not the case for wild-type bilirubin oxidase
C_u mutants in the far-UV region was similar to that of the pecause the ESR of a fresh sample was measured. The type
wild-type enzyme (data not shown). 3 Cu signal has been also observed when multicopper
oxidases are treated with exogenous small anions such as

DISCUSSION azide and fluoride ions30). These anions have been used

We succeeded in the overexpression of wild-type bilirubin to reveal the structure and properties of the trinuclear center
oxidase inA. oryzaeusing the secretary expression system of multicopper oxidases. However, these anions are not
under the control of the mdIA promoter. The recombinant present, and accordingly, it is supposed that the type 3 Cu’s
wild-type bilirubin oxidase showed copper content and in wild-type bilirubin oxidase are in an equilibrium of bridged
absorption and CD spectra similar to those of the authentic and unbridged forms. The weak absorption of the 330 nm
bilirubin oxidase fromM. verrucaria. The copper contents  band also supports this. The fact that wild-type bilirubin
of both authentic and wild type bilirubin oxidases were oxidase retained 80% authentic enzyme activity indicates that
determined to be 3.5 copper atoms per protein molecule M. verrucaria enzyme was undoubtedly expressedAn
(Table 2). Taking into account the experimental errors in oryzaewith less sugar moiety.
determining the protein concentration and copper contents, Mutations have been performed for blue copper proteins
the value of 3.5 for both authentic and wild type bilirubin azurin 382—34) and plastocyanin35) and nitrite reductase
oxidases indicates that 4 copper atoms are present in thecontaining a type 1 Cu and a type 2 G6( 37. However,
active site, similar to other multicopper oxidases, such as mutation studies of for multicopper oxidases such as Fet3P
laccase, ceruloplasmin, and ascorbate oxidase (ascorbaté?1) and laccase2?) have just started, and no systematic
oxidase is a homodimer and has 4 coppers in a subunit).investigation has been performed on how the mutations will
The molecular weight of wild type bilirubin oxidase was 63 affect the structure of the active site and the enzymatic
kDa, being slightly smaller than 66 kDa for authentic reaction.
bilirubin oxidase according to SDSPAGE, although the When we replaced the one Cys in bilirubin oxidase, which
molecular weight of bilirubin oxidase deduced from the base is the origin of the intense blue color of bilirubin oxidase,
sequence of the cDNA was about 60 kDa. These discrep-by noncoordinating residues (Ala and Val), the resulting
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mutants were colorless (Figure 5G,H) and showed no enzymededuce that this decrease of the copper contents may be
activity. Since the absorption band at 330 nm was not derived from the mixed populations of enzymes with the
observed, it seemed unlikely that the intact trinuclear center partial and complete apo forms. Furthermore, this mutant
was also formed. In line with this, very weak type 2 Cu-like showed neither blue color due to type 1 Cu nor the 330 nm
signals were observed in the ESR spectra (Figure 6G,H).band due to the coupled type 3 Cu’s (Figure 5F). The ESR
This indicates that a multicopper oxidase suffers a fatal blow spectrum indicated two type-3-like coppers wihvalues
when Cys for type 1 copper is mutated. In contrast, all apparently narrower than that of type 2 copper (Figure 6F).
absorption spectral features intrinsic to multicopper oxidase Type 2 copper site is only three-coordinated by 2 His and a
were, although modified, retained when Met was substituted water or hydroxide ion. This unusual coordination chemistry
with Gly. Charge-transfer bands due to type 1 Cu appearedas a cupric ion was found to be no longer possible to hold
at 600 and 430 nm. The former is due to the charge transfera cupric ion, when one of the two His residues was
from Cys to Cd", and the latter, from His to Ct. The substituted with the noncoordinating residue. We mutated
charge-transfer band due to the coupled type 3 Cu’s appearsnly a type 2 copper coordinated residue in His94Val, but
at 330 nm 81). The intensities of these bands decreased this mutant showed no type 1 copper signals in the ESR and
considerably compared with those of authentic and wild type absorption spectra. This was caused by the change in
bilirubin oxidases, but their appearance clearly indicates thatoxidation state of type 1 copper, since we have already
the mutation for Met of the type 1 Cu site is not fatal, as it confirmed that cuprous ion (Clexists at the type 1 copper

is in the mutation of blue copper protein38j. Moreover, site in His94Val (to be published elsewhere). As for the
Met467Gly contains only about 2 copper atoms in a molecule coordination at the trinuclear center of the mutant, an
(Table 2). We deduced that this decreased copper contenintercross of ligand might also take place as has been reported
may represent mixed populations of molecules with the full for the X-ray crystal structure of the expressed laccase which
metal complement and partial or complete apo enzymes,contained only 2 copper ions in the trinuclear cen#).(
because multicopper oxidase should contain 4 copper atoms The double mutations for the two His residues of type 3
to exhibit enzymatic activity. In fact, the apparent enzyme coppers, i.e., His456.458Val and His134.136Val, showed
activity was observed in the Met467Gly mutant, although it conirasting results. The mutant His456.458Val gave the
was considerably lowered (0.3% of the authentic enzyme). apsorption and ESR spectra typical of blue copper proteins,
The reduct|_on of the enzyme activity may be derived from features coming from only type 1 Cu. Both type 2 and type
a change in the reduction potential of type 1 Cu. The 3 coppers seemed to be absent in this mutant. To support
replacement of Met by Gly may cause decreased hydropho-iis ‘the Cu content in this mutant was only 0.6 atom per
bicity around the type 1 Cu site, lowering the redox potential yrotein molecule. This indicates that depletion of the
of type 1 Cu 82). The intermolecular electron transfer from = ¢ rdinating group(s) in the trinuclear center is fatal for the
type 1 Cu to the trinuclear center becomes extremely tormation of the trinuclear structure. (We have not specially
perturbed by this change in the redox potential. It is well- {raated the mutants by Cu. The similar decrease of the copper
known that the redox potential of all types of Cu's in contents has been reported for mutants of nitrite reductase.)
multicopper oxidases are simila89) (we are studying the  on the other hand, His134.136V showed no remarkable
redox property of bilirubin oxidase and mutants, and the absorption band (Figure 5E). The ESR spectrum also
results will be published elsewhere). In the ESR spectrum supported the lack of type 1 copper. However, strong type 2
of the Met467Gly mutant the hyperfine splitting of type 1 54 type 3 copper-like signals with larger (1%2.0-3 cm1)

Cu became slightly narrow and thg, value slightly and smaller (11.% 1073 cm™?) hyperfine splitting, respec-

increased, indicating that the trigonal plane formed by 1 Cys tjyely, were observed, indicating that the intact trinuclear
and 2 His may be more tetrahedrally hindered. The analogouscenter was not formed.

changes in both absorption and ESR spectra have been
reported for the Met121Gly mutant of azuriBg]. It is CONCLUSIONS
interesting that similar spectral changes take place for both
blue copper protein and multicopper oxidase, when aligand A new multicopper oxidase, bilirubin oxidase fro.
for type 1 copper (blue copper) is mutated. Met is not an verrucaria, was expressed iA. oryzaeonly with the loss
indispensable amino acid to produce type 1 Cu charactersof O-linked sugars and slight modifications of the spectral
as similarly reported from a series of mutant studies for features. On the basis of the amino acid sequence comparison
Met121X (X= Gly, Ala, Val, Lue, lle, His, Asn, Glu, and  with those of the other multicopper oxidases, point mutations
Asp) (32—34, 38. The biological role of Met residue for have been performed for all type 1, 2, and 3 coppers.
the type 1 Cu site has been considered to tune the redoxSubstitutions toward ligand groups with noncoordinating
potential and also to uptake copper. As for the Met92GIn amino acids indicated that the target amino acids are really
mutant of plastocyanin, the recombinant protein was purified indispensable to form the intact active site and to show the
mostly as an apo form4(). The type 1 copper site of enzyme activity. Since all coppers are closely linked by the
Met150Glu mutant of nitrite reductase has been occupied specific architecture of the ligand groups directly or indi-
by a zinc ion 41). The Met residue might also contribute to  rectly, mutations for a copper site were found to profoundly
stabilizing the copper binding site and/or protein structure affect the formation of the other copper site(s). Nevertheless,
because the Met467Gly mutant was not very stable whenthe Met467Gly mutation indicated that a mutant with enzyme
stored in a refrigerator as a solution. activity can be formed if we carefully select the target and
The mutation type 2 Cu (His94Val) was also found to be replace the amino acid(s). In this study we changed the
fatal for bilirubin oxidase. Atomic absorption spectroscopy coordinating amino acid by the noncoordinating amino acid.
indicates that only 1.3 Cu’s are present in the mutant. We Mutations by other coordinating amino acid(s) and also
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mutations for the site adjacent to a coordinating amino acid
residue are in progress.
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