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Replacement of Met510, the axial ligand to the type I Cu in a cuprous oxidase CueO, with Leu afforded the three-
coordinated type I Cu, while Gln, Ala, and Thr mutations led to the replacement of the thioether ligand with oxygen
ligands (amide carbonyl group and water), and characteristic properties of absorption, circular dichroism, and electron
paramagnetic resonance spectra of a variety of Met510 mutants were correlated with the changes in redox potential and

enzyme activities.

Escherichia coli CueO (copper efflux oxidase) is a unique
multicopper oxidase in terms of its molecular architecture to
carry a methionine-rich helical region, beneath which the
substrate-binding site for Cu™ ion is located.' Because of the
presence of this methionine-rich helical region, the access of
organic substrates to the catalytic site is inhibited, and CueO
functions as the sole known cuprous oxidase. Nevertheless,
CueO has the same catalytic Cu centers as other multicopper
oxidases: a type I Cu to function as the entry of electron and a
trinuclear Cu center comprised of a type II Cu and a pair of type
I Cu atoms to bind and reduce dioxygen to two water
molecules.*” The type I Cu is responsible for the charge-transfer
bands, His(N) — Cu®* at ca. 440 nm, Cys(S7)y — Cu?* at ca.
520 nm, and Cys(S7); — Cu®* at 610nm, and the d—d transi-
tion bands at >700 nm. The type III Cu bridged with a hydrox-
ide ion affords an intense charge-transfer band, OH™ — Cu?* at
ca. 330 nm, while the type II Cu does not give a conspicuous
band in the visible region. The type I Cu and the type IT Cu give
rise to the characteristic signals in the electron paramagnetic
resonance (EPR) spectra, while the type III Cu atoms are EPR-
silent because of the strong antiferromagnetic interaction.

In order to study function and reaction mechanisms and
apply to biofuel cells, we have performed point mutations and
engineering of CueQ.>® In the present study, we carried out
mutations of Met510 axially coordinating the type I Cu aimed
at obtaining a variety of type I Cu centers (Figure 1 shows the
sequence alignment around the type I Cu center in multicopper
oxidases, nitrite reductases containing a type I Cu and a type II
Cu, and blue copper proteins containing a type I Cu). We
replaced Met510 with Leu to obtain the three-coordinated type
I Cu center found in fungal laccases with more positive redox
potentials.* In line with this, we replaced Met510 with Ala and
Thr to study the effect of bulkiness and polarity of the side
chain on redox potential, although these axial ligands have not
been found in naturally occurring type I Cu centers. In addition,

we replaced Met510 with Gln in order to obtain a type I Cu
center with a more negative redox potential found in a class of
blue copper proteins, phytocyanin such as stellacyanin and
mavicyanin, and the Met to GIn mutants of nitrite reductase and
blue copper proteins, azurin and pseudoazurin.”® Recently, we
have performed analogous mutations at Met467 in a multi-
copper oxidase, Myrothecium verrucaria bilirubin oxidase, but
the compensatory binding of the distal Asn459, the uncon-
served residue in other multicopper oxidases (Figure 1), did not
allow us to obtain systematic data in spite of the double
mutations to avoid the binding of this amino acid.'%'?

Experimental

With a QuikChange kit (Stratagene) the genes for Met510Leu,
Met510GIn, Met510Ala, and Met510Thr with a 6xHis-tag at the
C-terminal were synthesized by using the template plasmid
pUCCueQ’, in which the Ncol site was introduced at Ala375 as
the silent mutation site (GCG — GCC), and the designed primers
as shown in Chart 1.

The plasmids containing the mutated site were digested with
Ncol and BamHI, and exchanged with the corresponding gene
fragments (about 450bp) of pUCCueO’ to give pUCCueO-
MS510L/Q/A/T. E. coli Origami (DE3)/pLac I (Novagen) was
transformed with the mutant plasmids. Cultivation of the trans-
formants and purification of the mutant proteins were carried out as
described previously.® Protein concentration was determined by
using the BCA (bicinchoninate) protein assay reagent (Pierce) and
from the absorption intensity at 280 nm.

The total copper content in each CueO mutant was determined
by atomic absorption spectroscopy on a Varian SpectrAA-50
spectrometer. Absorption spectra were measured on a JASCO V-
560 spectrometer for the wavelength region 240-900nm and
circular dichroism (CD) spectra on a JASCO J-500C spectropo-
larimeter for the wavelength regions 300-800 nm (photomultiplier
detector) and 700-1000nm (Pb-S cell detector). X-band EPR
spectra were measured on a JEOL JES-RE1X spectrometer at 77 K.
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CueO “1 ML PFHIEGT 497 Hﬁ._’,’hLLE EDTG ML
MvBO 9 WTEPIHIHLY 54 MFH{GHNL I[JE DHD[MA
RvLe a1 TSOPMHLHGF  “° FLHMHFERE|TTEGAT
CpAO e ETHPWHLHGH 504 AF."'IEP LHMGav
TvLc 393 APIPFE LHGH 450 F HWH I DF[iILEAGFAV
CeLe 3% GPQIPF} LHGH 449 FEHEH T EF[ILMNGLAT
Fet3p a GTEPFHLHGH 48t FFH®H T EWLLOGLGL
CumA 39 YQIP IHLHGM 555 MFH[BHV 1D METGLMA
CotA w1 gTUPIHLHLY  “° VWHEHILE EDYD

SLAC 29 YYITFHMHGH 255 MYHBHVQSISMDG

hCp 9B DLJTVHFHGH 1918 L HEHVTD IHAG

AXNIR % MPINVDFHGA 133 VYH[E+VPW WSG SG
AcNIR 9 LLENIDFKM 133 wgwpwﬁme NG
AfNIR 9 MENIDFHAA 133 VYH[E+VPWVVSGING
CrPc BSEPANIVFDED 8 GYYRE-P-[JoGAG[VG
PnPc SEPQINIVFDED 8 SFY[es-P-{HaGAG[vG
AcPAz BKGENVETIKG 75 GVK{ET-P-{f|Y GMC[IVG
PdAm SIMPQNVHFVAG 3 DYH[&T-P- —P— RG
AxAzl “MGEINWVLTKQ 1 AYF{®SFPGHIF K&
TfRe BFGESFDITKK 5 YYV[®QIPG AATG FG
CsSte “NAGINVHEMET 86 YFVBTVGT{JCSBG[EKL
CpMv 2 KFRINVLQVDO 8 YFL[EGIPG[CQLGEKY
Figure 1. Amino acid sequence alignment around the type I

Cu binding site of multicopper oxidase, nitrite reductase,
and blue copper protein. 1, 2, and 3 represent type I Cu
ligand, type II Cu ligand, and type III Cu ligand,
respectively. Plus represents the five amino acids as
spacers. MvBO, Myrothecium verrucaria bilirubin oxi-
dase; RvLc, Rhus vernicifera laccase; CpAO, Cucurbita
pepo ascorbate oxidase; TvLc, Trametes versicolor lac-
case; CcLc, Coprinus cinerius laccase; SLAC, small
laccase from Streptomyces coelicolor; hCp, human cer-
uloplasmin; AxNIR, Alcaligenes xylosoxidans nitrite
reductase; AcNIR, Achromobacter cycloclastes nitrite
reductase; AfNIR, Alcaligenes faecalis nitrite reductase;
CrPC, Chlamydomonas reinhardtii plastocyanin, PnPc,
Populus nigra plastocyanin, AcPAz, Achromobacter cyclo-
clastes pseudoazurin; PdAm, Paracoccus denitrificans
amicyanin; TfRc, Thiobacillus ferroxidans rusticyanin;
CsSte, Cucumis sativus stellacyanin; CpMyv, Cucurbita
pepo mavicyanin.

Activities of the mutants for oxidizing 2,2’-azinodi-3-ethyl-
benzothiazoline-6-sulfonic acid (ABTS) were colorimetrically
determined from the absorption changes at 420nm in acetate
buffer, pH 5.5.3 One unit of activity was defined as the amount of
enzyme that oxidized 1 pumol of ABTS per minute based on the
molar extinction coefficients of the one-electron oxidized product
(radical cation, ABTS**), 36.0mM~'ecm™ (M = mol dm~3).13

Results and Discussion

All Met510 mutants of CueO were purified to homogeneity
to give a single band on sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS-PAGE) (53 kDa, not shown).
Met510Leu, Met510GIn, Met510Ala, and Met510Thr con-
tained 3.6, 4.0, 4.0, and 3.5 copper ions per protein molecule,
respectively (Experimental error, ca. 10%). We also tried to
prepare Met510Phe containing another type I Cu center found
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MS510L(+), 5-GATACGGGGCTGATGTTAGGG-3’
MS10L(-), 5-CCCTAACATCAGCCCCGTATC -3’
M510Q(+), 5-GATACGGGGCAGATGTTAGGG-3’
M510Q(-), 5’-CCCTAACATCTGCCCCGTATC -3’
MS510A(+), 5-GATACGGGGGCTATGTTAGGG-3’
MS510A(-), 5-CCCTAACATAGCCCCCGTATC -3’
M510T(+), 5-GATACGGGGACGATGTTAGGG-3’

M510T(-), 5’-CCCTAACATCGTCCCCGTATC -3’

Chart 1.

in fungal laccases (Figure 1), but its copper content was 2.6 in
spite of the changes in cultivation conditions and dialysis
against Cu®>* or Cu™. While such reduced copper content has
been reported in the mutants for copper ligand of bilirubin
oxidase, CotA and laccase,!*'® we excluded data on
Met510Phe without a multiplying factor.

Met510Leu/Gln/Ala/Thr gave a strong absorption band
derived from the charge-transfer, Cys(S™); — Cu** at 610—
613 nm (Figure 2A top: black line for the recombinant CueO
(rCue0), blue line for Met510Leu, green line for Met510GlIn,
red line for Met510Ala, and orange line for Met510Thr). The
type I Cu had been fully oxidized as ascertained by the fact that
the absorption intensities of the 610-613 nm band of rCueO
and mutants did not increase upon reaction with an oxidizing
reagent, hexacyanoferrate(IIl). Therefore, Met510 mutants have
a decreased extinction coefficient, & = 3900-4700 M~!
from that of rCueO, & = 6300M~'ecm™!. All Met510 mutants
showed a strong absorption band at ca. 330nm, & = 4800-
6200M~! comparable to that of rCueO, &~ 5000
M~'em™!, indicating that the electronic state of the trinuclear
Cu center was not disturbed by the mutations at the remote site,
ca. 13A (A = 107"°m) apart. The d—d band originating in the
type I Cu of Met510Leu was observable at ca. 780nm as a
shoulder similarly to rCueO. On the other hand, those of
Met510GIn/Ala/Thr shifted to ca. 800 nm and their intensities
were considerably reduced (The broadened features at 700—
900 nm were not due to shift in baseline, but were intrinsic to
the mutants). Analogous spectral features in the d—d band of the
type I Cu have been also reported for the axial ligand mutants
of blue copper proteins, bilirubin oxidase, and nitrite reduc-
tase.”®!2 The spectral features of Met510Ala and Met510Thr
were unexpectedly analogous to those of Met510GlIn, suggest-
ing that an O atom occupied the vacant axial position (vide
infra).

In the CD spectra of rCueO and Met510Leu (Figure 2A
bottom) the positively-signed bands coming from the charge-
transfers, Cys(S7); — Cu** and Cys(S7)y — Cu?* were ob-
served at 580 and ca. 500 nm (shoulder), respectively. On the
other hand, the CD spectral features of Met510GIn were
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Figure 2. Absorption (A, top), CD (A, bottom), and EPR
(B) spectra of rCueO and Met510 mutants, Met510Leu/
GlIn/Ala/Thr. Spectra of rCueO, Met510Leu, Met510Gln,
Met510Ala, and Met510Thr are figured with black, blue,
green, red, and orange lines, respectively. Absorption and
CD spectra were measured at room temperature using a
1 cm path-length quartz cell for ca. 100 uM proteins in
0.1 M phosphate buffer, pH 7. The units of the ordinate are
based on protein molecule. EPR spectra were measured at
77K, frequency 9.2 GHz, microwave power 4 mW, mod-
ulation 1 mT at 100kHz, filter 0.3 s, sweep time 4 or 8 min,
and amplitude 400.

modified due to the replacement of the thioether ligand with the
amide oxygen in the corresponding region.'” Similar to the case
of the absorption spectrum, Met510Ala and Met510Thr gave
analogous CD spectra to that of Met510Gln, supporting that an
O atom occupied the vacant axial position. The intensity of the
CD band coming from the d—d transitions of Met510Leu was
reduced to almost half of that of rCueO, being accompanied by
a shift in wavelength from 745 to ca. 790 nm. The intensities of
the CD band derived from the d—d transitions of Met510GIn/
Ala/Thr were also prominently reduced with a red-shift of ca.
50nm in wavelength. Although the noise level of these CD
spectra of Met510Ala in the region 800-1000nm is consid-

Axial Ligand Mutation of Type I Cu in CueO

erably high, it is apparent that the d—d band is involved in the
transition of the d. orbital at >1000nm for Met510GIn/Ala
and may also be for Met510Thr.'® The CD band at 330 nm due
to the charge-transfer, OH™ — Cu?* of Met510Leu/Gln/Ala/
Thr was as intense as that of rCueO (Figure 2A bottom).

Both the type I Cu and type II Cu signals were observed in
the EPR spectra of the Met510 mutants (Figure 2B and
Table 1). The spin Hamiltonian parameters of Met510Leu were
gy =222 and Ay =8.4 x 10 cm™" for the type I Cu, and
gy=224and Ay =20 x 10 cm™" for the type Il Cu. While
the type I Cu became three-coordinated by the mutation, the
EPR signal remained axial with a slight modification in the
parameters from those of rCueO, gy =2.24 and 4, =6.7 x
1073 cm™!. The parameters of the type IT Cu were unchanged
after the mutation. On the contrary, Met510GIn/Ala/Thr
afforded the rhombic type I Cu signal typical of the phyto-
cyanin-like type I Cu center: g, = 2.31-2.34, g, = 2.06-2.07,
g:=2.00, 4, =3.5-3.6 x 1073 cm~1.7>!L1%19 The total num-
ber of the EPR detectable Cu?* was 2.0 per protein molecule
within the experimental error, ca. 10%, for all mutants.

Absorption, CD, and EPR spectra of Met510Ala and
Met510Thr indicated that the axial site of the type I Cu was
not vacant but was occupied by an O atom. In the case of
Met510Gln, the origin of the O atom is the amide carbonyl
group in the side chain of Gln. On the other hand, the origin of
the O atom in Met510Ala and Met510Thr is presumed to be a
water molecule, which might become accessible to the type I
Cu site by the substitutions of amino acids with less bulky side
chains. The occupation of a water molecule in the open axial
site of the type I Cu has been reported for Met98Ala of
amicyanin and Metl21Asp and the deleted mutant from
Met121 to Lys128 at the C-terminal end (End-121) of azurin,
although the mutations of azurin also induced a shortening
of the distance from the carbonyl O atom of Gly45 to the
type I Cu, 2.97 to 2.74A leading to an approximately trigonal-
bipyramidal geometry.?%2! These approaches of the carbonyl O
atom of Gly45 to the type I Cu produced a four-coordinated Cu
site in the Metl21Ala mutant of azurin without allowing the
occupation of a water molecule in the open axial site.?? On the
other hand, a recent crystallographic study on the CotA mutant
at the distal 11e494 to Ala showed the coordination of a water
molecule at the type I Cu site leading to a five-coordinated Cu
site with an approximately trigonal-bipyramidal geometry.'
The axial site of the type I Cu center in Metl44Ala of nitrite
reductase was vacant, and accordingly three-coordinated.?3?* In
contrast, the hydroxy group of Thr182 was directed to the
mutated type I Cu center of the so-called green nitrite reductase
with a distance of 3.4-3.6 A (protein data bank (PDB) code
1IMZZ), giving the spectra typical of the type I Cu center with
an axial symmetry.2>?¢ In the case of the Met469 mutants of
bilirubin oxidase, the distal Asn459 compensatory occupied the
vacant site.'> However, the amino acid sequence (Figure 1) and
the X-ray crystal structure of CueO indicate that neither
potential compensatory amino acid such as Asn and GIln nor
peptide backbone is present within the coordination sphere of
the type I Cu center.? The diversity of the modifications on the
type I Cu center demonstrates that position and rigidity of the
axial ligands have a profound influence in the determination of
the geometry and spectroscopic properties.
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Table 1. Kinetic Parameters for the Oxidation of ABTS, EPR Spectral Data, and Redox Potentials of rCueO

and Met510 Mutants

Enzyme Kinetic parameters® Type 1 Cu signal in EPR Redox potential®
Kyn/mM feca/s ™! gy/em™! Ay/103 em™! En/V vs. SHE
rCueO 6.5+03 12+0.11 2.24 6.7 0.50
Met510Leu 37402 6.1 +0.11 222 8.4 (0.54)°
Met510GIn 71409 0.036 & 0.002 2.349 (3.6)Y 0.37
Met510Ala 6.0+0.6 0.035 £ 0.002 2319 (3.5 (0.38)°
Met510Thr 59405 0.16 £ 0.006 2.329 3.5)9 0.47)°

a) One unit of activity is defined as the amount of enzyme that oxidizes 1 pmol of substrate per minute in 0.1 M
acetate buffer (pH 5.5). b) Midpoint potential at pH 5 determined by cyclic voltammetry using a carbon—gel
electrode'® and unpublished data. ¢) Midpoint potential estimated from voltammetric responses in the presence
of O,. d) g: and 4. values are indicated. g, and g, values are 2.06-2.07 and 2.00, respectively.

We have determined the redox potential of the type I Cu in
rCueO to be 0.50 V (vs. SHE (standard hydrogen electrode)) at
pHS (0.44V at pH7) by electrochemical study using a
carbon-gel electrode.'® The value of Met510Leu is shifted
toward positive potential by 40mV, whereas those of
Met510GIn, Met510Ala, and Met510Thr toward negative
potentials by ca. 130, 120, and 30 mV, respectively (Detailed
electrochemical data will be published elsewhere). When the
axial site of the type I Cu center in mutants was vacant as in
fungal laccases,* the redox potential was shifted to positive
potential: the redox potentials of the type I Cu in Met121Ala of
azurin and Metl44Ala of nitrite reductase were shifted from
310 to 373 mV and 240 to 314mV, respectively.?!*?> On the
other hand, when an O atom coordinated the axial site in place
of an S atom, the redox potential was shifted to negative
potential: the redox potentials of the type I Cu in Met121Asp
and End-121 of azurin changed from 346mV to 327 and
205mV, respectively.!® The type I Cu center in stellacyanin,
which has the coordination of the amide O atom, shows the
most negative redox potential, 184 mV, among the type I Cu
centers.”’ The slight shift in the redox potential of Met510Thr
toward negative potential by ca. 30 mV might be a result of an
integrated effect of the coordination of an O atom and
hydrophobicity caused by the side chain of the Thr residue.
Supporting this, the redox potential of the Thr mutant of nitrite
reductase, in which the hydroxy group of Thr182 was simply
oriented to the type I Cu (vide supra), changed from 247 to
354mV.»

The K, and k. values for the oxidation of ABTS by the
Met510 mutants are tabulated in Table 1 together with the
redox potential and the spin Hamiltonian parameters of the type
I Cu. Met510Leu exhibited higher activities than rCueO
presumably because the shift in the redox potential toward
positive potential by ca. 40 mV favored the electron transfer
between substrates and the type I Cu, although the intra-
molecular electron transfer between the type I Cu and the
trinuclear Cu center would have become slightly unfavorable.
Accordingly, it appears that the former thermodynamic driving
force of electron transfer is superior to the latter in the case of
Met510Leu. An analogous conclusion has been also derived
from a flash-photolysis study.? In contrast, the shift in redox
potential of Met510GIn/Ala/Thr by 30-130mV toward
negative potentials favored the electron transfer between the
type I Cu and the trinuclear Cu center, while the electron

Met510GIn
MetS510Ala
et510Thr
— rCueO
.&
g Met510Len
2
[~}
[~
l Trinuclear
4+ | Substrate Type I Cu Cu Center

Figure 3. Scheme of the redox potential of the Met510
mutants of CueO to show how the electron transfers to and
from the type I Cu center are modified. The potential of
substrate is arbitrarily positioned, while the relative
difference in the redox potentials of the Cu centers are
taken into consideration in preparing the scheme based on
Ref. 18 and unpublished data.

transfer between substrates and the type I Cu became unfav-
orable. The order of enzyme activity, Met510Leu > rCueO >
Met510Thr > Met510Ala ~ Met510GIn, coincides with the
order of the redox potential of type I Cu, indicating that the
electron transfer between substrate and the type I Cu is a
dominating process to determine the overall enzyme activity of
CueO.

Met510, the axial ligand to the type I Cu in CueO, was
substituted with Leu, Ala, Thr, and Gln. The type I Cu center in
Met510Leu showed an axial symmetry similar to the type I Cu
center in fungal laccases, and its redox potential shifted toward
positive potential promoting the oxidizing activity of ABTS.
On the other hand, the type I Cu center in Met510GIn/Ala/Thr
showed a rhombic symmetry due to the coordination of an O
atom, and their redox potentials were shifted to negative
potentials leading to the drastic decreases in enzyme activities.
Figure 3 schematically shows how the mutations at Met510
affect the electron transfer to and from the type I Cu and overall
enzyme activities. This is the first example of the four axial
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variants of the type I Cu center (thioether, amide oxygen, H,O,
and vacancy) prepared for multicopper oxidase, in correlation
with their spectroscopic properties and enzyme activities.
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