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CueO is a multicopper oxidase (MCO) that is involved in the homeostasis of
Cu in Escherichia coli and is the sole cuprous oxidase to have ever been
found. Differing from other MCOs, the substrate-binding site of CueO is
deeply buried under a methionine-rich helical region including o-helices 5,
6, and 7 that interfere with the access of organic substrates. We deleted the
region Pro357-His406 and replaced it with a Gly-Gly linker. The crystal
structures of a truncated mutant in the presence and in the absence of excess
Cu(l) indicated that the scaffold of the CueO molecule and metal-binding
sites were reserved in comparison with those of CueO. In addition, the high
thermostability of the protein molecule and its spectroscopic and magnetic
properties due to four Cu centers were also conserved after truncation. As
for functions, the cuprous oxidase activity of the mutant was reduced to ca
10% that of recombinant CueO owing to the decrease in the affinity of the
labile Cu site for Cu(l) ions, although activities for laccase substrates such as
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), p-phenylenediamine,
and 2,6-dimethoxyphenol increased due to changes in the access of these
organic substrates to the type I Cu site. The present engineering of CueO
indicates that the methionine-rich a-helices function as a barrier to the
access of bulky organic substrates, which provides CueO with specificity as
a cuprous oxidase.
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p-PD, p-phenylenediamine; 2,6-DMP,
2,6-dimethoxyphenol; rCu, regulatory Cu; rCueO,

Multicopper oxidases (MCOs) are enzymes con-
taining a multiple copper center that catalyze the
oxidation of a variety of substrates, such as poly-
phenols, aromatic polyamines, L-ascorbate, and
metal ions, concomitantly with the four-electron
reduction of dioxygen to water.' Laccase, the

recombinant CueO; PCR, polymerase chain reaction; CD,
circular dichroism; DPPH, 1,1-diphenyl-2-picrylhydrazyl;
NHE, normal hydrogen electrode; EPR, electron
paramagnetic resonance; SUR, structurally unconserved
region.

largest subfamily of MCQOs, shows multiple func-
tions, including lignin degradation, pigmentation,
and pathogenesis in fungi, as well as lignin biosynth-
esis and wound healing in plants.®'® Therefore, the
structures and functions of new MCOs such as
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Escherichia coli CueO (formerly called yacK) and
Bacillus subtilis CotA'*"® have been discussed in
comparison with those of laccase.

CueO is a 53.4-kDa periplasmic protein involved in
the Cu efflux system, together with CopA, the P-type
ATPase.'® CueO is responsible for the oxidation of
cuprous ion to the less toxic cupric ion and for the
oxidation of a catechol siderophore, enterobactin.'”'®
CueO also catalyzes the oxidation of organic com-
pounds, including 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS), p-phenylenediamine (p-
PD), and 2,6-dimethoxyphenol (2,6-DMP). The oxidase
activities of CueO toward these substrates are consi-
derably low but are fairly enhanced in the presence of
excess Cu(Il) ions. /12 That is, the enzymatic activity of
CueO is regulated by Cu ions in E. coli.

The crystal structures of 11 MCOs—ascorbate
oxidase,” ceruloplaslrnin,20 five fungal laccases,?'2°
Fet3p,?” CueO,?® CotA,?° and phenoxazinone
synthase®—have been determined. The archetypal
MCO consists of about 500 amino acid residues
and has three domains, each of which basically has an
eight-stranded Greek key p-barrel fold (cupredoxin
fold).>" Cupredoxins are a family of small blue copper
(type I Cu) proteins (M, ~14,000) characterized by a
very intense Cys(S)—Cu(ll) charge transfer transi-
tion band in the visible spectrum (Npmax~600 nm;
€~5000), high redox potential (+180-680 mV), and
narrow hyperfine splitting in the electron para-
magnetic resonance (EPR) spectrum (Az~4 x 10 ®to
8x10"% cm™').** Only the C-terminal cupredoxin do-
main (domain 3) of MCO has a type I Cu site,
which transfers electrons from the substrate to the
trinuclear Cu center composed of a type Il Cu and a
pair of type III Cu atoms located at the interface of
domains 1 and 3 and reduces dioxygen to two water
molecules.

According to the structures of MCQs, 77272930 the

type I Cu site is positioned at the bottom of the
widely opened substrate-binding cleft, and an imi-
dazole edge of the type I Cu ligand is exposed to
solvent water, whereas the type I Cu site consisting
of His443, Cys500, His505, and Met510 in CueO
is completely isolated from solvent water by a
methionine-rich insertion sequence (amino acid
residues 355-400, of which 14 residues are Met)
including a-helices 5, 6, and 7. In particular, the
longest, helix 5 (amino acid residues 356-371),
which includes seven methionine residues, inter-
feres with the access of organic substrates to the type
I Cu site (Fig. 1). Beneath helix 5, the labile regu-
latory Cu (rCu)-binding site comprising Met355,
Asp360 (present in helix 5), Asp439, and Met441 is
located only 7.5 A apart from the type I Cu site. Both
Cu sites are connected with a hydrogen bond
between OD2 of Asp439 and NE2 of His443.> The
rCu site is the site that binds the substrate Cu(I) ion,
although crystal structure analysis of Cu(Il)-soaked
CueO revealed that a Cu(ll) ion was bound at this
site. The activities of CueO toward organic sub-
strates are enhanced in the presence of excess Cu(ll)
because rCu functions as the mediator of electron
transfer between substrates and type I Cu.”
Several different types of recombinant CueO
(rCueO) have been expressed to date, such as
Strep-tag-attached rCueO using the vector pASK-
IBA3 (IBA) and rCueO without an attached peptide
using a specifically controlled expression vector.''*
We constructed a new expression system of CueO
with 6xHis tag at the C-terminus suitable for
purification with immobilized metal ion affinity
chromatography. The native CueO, which might be
induced by excess Cu supplemented in a culture
medium, can be excluded by performing immobi-
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Fig. 1. The structure of CueO and the folding topology of domain 3. (a) Ribbon diagram of CueO. The domain 3 of
CueO is shown in blue and red (the antiparallel connections of the first and second p-strands of domain 3 are highlighted
in green). The region between a-helix 5 and a-helix 6 (broken line) is not seen because of high mobility. To generate the
Aa5-7 deletion mutant, the amino acid residues in the a-helical region from Pro357 to His406 (red) were deleted and
replaced by the dipeptide Gly-Gly. Red, blue, green, and orange spheres indicate the labile (regulatory) Cu (rCu), type I
Cu, type IT Cu, and type III Cu ions, respectively. The figure was drawn with PyMOL” using the coordinates from Protein
Data Bank file IN68. (b) Schematic diagram of the p-barrel structure of domain 3. The domain made up of two five-
stranded p-sheets (one additional strand is inserted in each sheet) forms the p-sandwich structure. SURs are illustrated by

wire. The color scheme is the same as in (a).
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lized metal ion affinity chromatography. By using
this expression system, we preliminarily prepared a
variant of CueO (Aa5-7 CueO) in which 50 amino
acid residues (Pro357-His406, of which 13 residues
are Met), including a-helices 5, 6, and 7 (red in Fig. 1),
and 23 residues spanning between helices 6 and 7 as
an unstructured loop (amino acid residues 380-402)
were deleted from rCueO, and a Gly-Gly linker to
connect antiparallel 3-strands was inserted so as not
to deform the CueO scaffold.** In the present report,
we determined the crystal structure of Aa5-7 CueO
and studied how the function of this first extensively
engineered MCO was modified without changing
the scaffold structure and spectroscopic properties.

Results

Structure of Aa5-7 CueO

The crystal structure of Aa5-7 CueO has been
determined at 1.81 A resolution. The asymmetric
unit contains two Aab5-7 CueO molecules (mole-
cules A and B), which are related by a pseudo-2-
fold symmetry (Supplementary Fig. 1). Both
molecules form a head-to-head interaction at the
surface region exposed by the deletion of a-helices
5-7, although Aa5-7 CueO is monomeric in
solution as evidenced by gel-filtration chromato-
graphy (not shown). There is a nitrate ion that
probably originated from the crystallization pre-
cipitant at the interface between molecules A and
B. The overall fold of both molecules is almost
identical with that of rCueO**>® (the root mean
square distance for 435 C* atoms of the molecule
A of Aa5-7 CueO with rCueO is 0.39 A.), except
for the loop region between domains 2 and 3
(>2 A) (Fig. 2 and Supplementary Fig. 2). Figure 3
shows the overall structure of Aa5-7 CueO
(molecule A) comgrising three domains as rCueO
and other MCOs."”° Molecules A and B have
essentially the same fold, although the C-terminal
6xHis-tag region of molecule B is disordered

(Supplementary Fig. 3). The structural discrepancy
at this region between Aa5-7 CueO and rCueO
may be caused by crystal packing interaction.

The structures of active sites (Fig. 4, Table 1) are
also almost identical with those of rCueO,?33
except for the bridging group between type III Cu
atoms. In the present Aa5-7 CueO, an oxygen atom
has been satisfactorily refined as a bridging species
with an acceptable temperature factor at the tri-
nuclear Cu center. On the other hand, a Cl™ ion
bridged between type Il Cu atoms in rCueO,****
although the OH -bridged form of rCueO has been
reported very recently.>> The angle around oxygen,
Cu2 (type HI)-O-Cu3 (type III), in molecule A
(molecule B) in the structure of Aa5-7 CueO is
149.8° (146.9°), while that around Cl, Cu2 (type
[I)-Cl-Cu3 (type III), in the structure of rCueO has
been reported as 169.3°. Bridging of the naturally
occurring group (OH ™ or O*") afforded a bond angle
similar to values reported for other MCOs.!9-30
The bonding distances of Cu (type III)-O in mole-
cule A (molecule B) were refined to 1.96 A (1.96 A)
for Cu2 and to 1.97 A (1.95 A) for Cu3, respectively,
while those of Cu (type III)-Cl were 2.29 A (Cu2)
and 243 A (Cu3). In addition, the distance of Cu
(type I)-O (H,O or OH ") has been also reduced
from 296 A in rCueO to 249 A (252 A) for
molecule A (molecule B) in Aa5-7 CueO, although
it is not clear whether the discrepancy was induced
directly by deprotonation from the coordinated
water molecule or indirectly by the difference in the
bridging species between type III Cu atoms. The
oxidation state of all Cu atoms is divalent as evi-
denced by spectroscopies (vide infra). The over-
lapped structures around the fifth copper (rCu)-
binding site of rCueO and Aa5-7 CueO (Fig. 4,
Roberts, S. A. et al. (2002)*® (Protein Data Bank
accession code 1KV7), and Li, X. et al. (2007)*
(2FQF)) indicate that the spatial arrangement of the
side chains of Asp439 and Met441 changes upon the
binding of a Cu(Il) ion at this site.

The crystal structure of Aa5-7 CueO soaked with
10 mM Cu(Il) for several seconds has been

Fig. 2. Superposition of the C* atoms of Aa5-7 CueO (blue) and rCueO (red).
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Fig. 3. Overall structure of Aa5-7 CueO (molecule A). Domain 1, pale pink; domain 2, pale green; domain 3, pale blue.
Type I Cu, type II Cu, and type III Cu ions are depicted as blue, green, and orange spheres, respectively.

determined at 1.50 A (Supplementary Figs. 2 and 3b).
The soaking of Cu(Il) in the crystal of Aa5-7 CueO
did not affect the overall folding of the protein
molecule, except for the conformational changes
around the C-terminal 6xHis-tag region caused by
the coordination of exogenous Cu ions. The anom-
alous difference map of Cu-soaked Aa5-7 CueO
showed clear density peaks corresponding to two
exogenous Cu ions positioned at the interface of
molecules A and B. One Cu is coordinated by His518
(molecule A), His518 (molecule B), and His520
(molecule B), and the other one is coordinated by

D439

Glul10 (molecule A), His494 (molecule A), His519
(molecule B), and His522 (molecule B). As mentioned
above, the C-terminal region of molecule B is
disordered in the structure of Aa5-7 CueO without
additional Cu ions. On the contrary, this region of
molecule A is disordered in Cu-soaked Aa5-7 CueO.
No electron density, which can be assigned as Cu,
was found at the rCu-binding site in the structure of
Aa5-7 CueO even with excess Cu.

The region at the interface of CueO was flattened
after truncation. Although the presence of a deep
substrate-binding pocket is not recognized, it is

Fig. 4. Superposition of the Cu-binding sites of Aa5-7 CueO onto those of rCueO. Aa5-7 CueO is shown by atomic
color coding (green), and rCueQO is shown by pale atomic coding. Type I Cu, type I Cu, type IIl Cu, and rCu are shown as
blue, green, orange, and red spheres, respectively. Met355, Asp439, and Met441 are rCu ligands, and Asp360 is deleted in
Aa5-7 CueO. Asp112 is the putative proton donor. Type I Cu is ligated by His443, Cys500, His505, and Met510. Type II Cu

is ligated by His101, His446, and a water molecule. One

type III Cu ion is ligated by His103, His141, and His501, and the

other type III Cu ion is ligated by His143, His448, and His 499. An OH  ion (oxygen atom figures as a small pale-blue

sphere) bridges between type III Cu ions.
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Table 1. Copper-ligand distances and angles

Aa5-7 CueO
rCueO
Molecule A Molecule B (1KV7)*®
Type I Cu
Cu(1)-His443 (15:) 2.04 2.01 2.02
Cu(1)-Cys500 (A) 2.15 2.20 2.19
Cu(1)-His505 (A) 1.99 1.99 1.98
Cu(1)-Met510 (A) 3.28 3.38 3.23
Type II Cu .
Cu(4)-His101 (A) 1.98 1.99 1.92
Cu(4)-His446 (A) 1.96 1.93 1.83
Cu(4)-HOH (A) 2.49 252 2.96
Type I Cu
Cu(2)-O (A) 1.97 1.95 2.29
Cu(2)-His143 (é) 2.02 2.05 2.02
Cu(2)-His448 (A) 2.03 2.07 1.94
Cu(2)-His499 (A) 2.04 2.05 2.02
Cu@B)-0 (A) | 1.96 1.96 243
Cu(3)-His141 (A) 2.10 2.05 1.97
Cu(3)-His103 (A) 2.13 2.04 1.96
Cu(3)-His501 (A) 2.02 2.04 2.09
Cu(2)-Cu(3) (A) 3.79 3.75 4.70
Cu(2)-Cu(4) (A) 3.48 347 3.54
Cu(3)-Cu(4) (A) 3.89 3.87 3.98
Cu(2)-O-Cu(3) angle (°) 149.8 146.9 169.3

expected that Aa5-7 CueO will show increased
activities for organic substrates by removing the
bulky region (vide infra). Since the rCu site without
Asp360 is now exposed to solvent, it is also expected
that its role as the medjiator of electron transfer in the
presence of excess Cu(Il) will be modified.

Spectroscopic and electrochemical properties
of Aa5-7 CueO

The electronic absorption spectrum of Aa5-7
CueO, together with that of rCueO, is illustrated in
Fig. 5a. A truncated mutant showed intense blue
color due to the charge transfer S;(Cys)—Cu(ll)
originating from type I Cu at 612 nm (g ~ 6000 at pH
6.0) similarly to rCueO. The shoulder at about
330 nm (e = 5000 at pH 6.0) due to the charge transfer
OH —Cu(Il) (type III) was also observed for both
rCueO and Aa5-7 CueO.

The circular dichroism (CD) spectral features of
rCueO and Aab5-7 CueO were also highly similar
over wavelengths of 300-800 nm, affording the
charge transfer bands OH —Cu(ll) (type III) at
330 nm (—), N(His)—Cu(lIl) at 440 nm (—), S, (Cys)—
Cu(II) at ca 520 nm (+, shoulder), S;(Cys)—Cu(Il)
at 580 nm (+), and d-d at 745 nm () (Fig. 5a).

Both signals due to type I and type Il Cu ions were
observed in the EPR spectrum of Aa5-7 CueO (solid
line in Fig. 5b): spin Hamiltonian parameters were
gu=2.24 and Ay =6.7 % 10~ % ecm ™! for type I Cu, and
gn=2.24 and Ap=19.0x10"2 cm ! for type II Cu.
These spin Hamiltonian parameters were the same
as those of the present rCueO (dotted line) and those
of rCueQ in Grass, G. et al. (2004)'®, although those of
type II Cu in rCueO have been reported to be
gn=2.26 and Ay=15.2x10"> cm ' in Kim, C. et al.
(2001)." This discrepancy might originate from the
difference in the assignments of the type II Cu signal

(an extra Cu might be present in the case of Kim, C.
et al. (2001)"") or from indirect effect due to the
bridging of Cl™ between type III Cu ions (vide infra).
The total amount of EPR-detectable Cu** was 1.9 per
protein molecule, ensuring that type I Cu and type 11
Cuions were fully oxidized and that type IIl Cu ions
were antiferromagnetically coupled. All the spectral
features above indicate that the electronic structure
of Cu-binding sites in Aa5-7 CueO was not affected
at all by the truncation of the helical region.

rCueO did not give clear redox waves on cyclic
voltammograms, although the E°’ value due to typel
Cu could be estimated as +0.36 V versus normal
hydrogen electrode at pH 6.0 by successive measure-
ments using an Au electrode modified with various
promoters (Fig. 6; data not shown). In contrast, Aa5-
7 CueO gave unequivocal quasireversible electron
transfer responses E°’ =+0.37 V, with a peak-to-peak
separation of AE,=87 mV at pH 6.0, indicating that
electric communication between the electrode and

L
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Fig. 5. Electronic absorption (a, top), CD (a, bottom),
and EPR spectra (b) of rCueO (dotted line) and Aa5-7
CueO (solid line). Measurement conditions: (a) 0.1 M
potassium phosphate buffer (pH 6.0) at room temperature;
(b) 0.1 M potassium phosphate buffer (pH 6.0) at 77 K;
microwave frequency, 9.20 GHz; microwave power, 5
mW; modulation frequency, 100 kHz; modulation ampli-
tude, 1 mT; filter, 0.1 s; sweep time, 4 min; amplitude, 400.
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Fig. 6. Cyclic voltammograms of rCueO (dotted line)
and Aab5-7 CueO (solid line). The background for Aa5-7
CueO is subtracted. The working electrode is a gold disk
modified with thioglycolate. Measurement conditions:
0.1 M potassium phosphate buffer (pH 6.0) at room
temperature; protein concentration, 51 uM; scan rate,
2mVs L

the protein molecule became much easier due to
truncation without any change in the redox potential
of type I Cu (experimental error is ca 0.01 V).

Effect of temperature and pH on the activities
and stability of Aa5-7 CueO

Incubations of rCueO and Aa5-7 CueO in 100 mM
potassium phosphate buffer, pH 6.0, over the range
of 30-75 °C showed that their oxidation activities for
p-PD increased continuously with increasing tem-
perature; thus, the optimal temperatures of both
rCueO and Aa5-7 CueO were found to be higher
than 75 °C. As for thermostability, both enzymes
retained full activity following incubation at 50 °C
for 30 min, whereas about 50% activity was lost by
incubation at 60 °C. The half inactivation time of
Aa5-7 CueO (t,2=28 min at 60 °C) was slightly
shorter than that of rCueO (f;,,=38 min) (Supple-
mentary Fig. 4). All these findings indicate that Aa5-
7 CueO conserved high thermostability comparable
to rCueO in spite of the deletion of 50 amino acids.

The pH dependencies of the oxidase activity of
rCueO and Aa5-7 CueO for p-PD were determined
(pH 2-12). The optimum pH of Aa5-7 CueO was
7.5, slightly lower than that of rCueO (pH 8.0). The
stability of Aa5-7 CueO decreased sparingly com-
pared to rCueO over the pH range of 6-11 by
incubation at 25 °C for 60 min in the same buffer
(data not shown).

Catalytic properties of Aa5-7 CueO

The oxidation of 2,6-DMP by rCueO and Aa5-7
CueO in the presence of various concentrations of
Cu(ll) ion was studied in order to determine the
affinity of the rCu site for Cu(Il) (Supplementary
Fig. 5). The K,, value of Aa5-7 CueO was deter-

mined to be 0.77 mM, five times higher than that of
rCueO (K,,=0.14 mM), while V.., values were the
same (34 U mgfl).

The substrate specificity of Aa5-7 CueO was
examined for the oxidation of Cu(I), Fe(Il), ABTS,
p-PD, and some phenolic substrates in comparison
with that of rCueO (Table 2). Oxidase activities
were measured in the presence and absence of ex-
cess Cu(Il): 1 mM for rCueO and 10 mM for Aa5-7
CueO. The amount of Cu(IT) added was determined
based on K, values to ensure full occupation of the
rCu site. The cuprous oxidase activity of Aa5-7
CueO was reduced to ca 10% that of rCueO owing to
the decrease in the affinity of the rCu site for Cu(ll)
ions. The K., values for Cu(l) were not obtained
because inhibition occurred at >0.1 mM Cu(I) and
did not reach the saturation condition. The activity
of Aa5-7 CueO with Fe(Il) was almost the same as
that of rCueO.

The truncated mutant demonstrated about 30-
and 10-times-higher activities for ABTS and p-PD,
respectively, contrary to those of rCueO in the
absence of exogenous Cu(Il), while activities in the
presence of excess Cu(ll) were comparable to those
of rCueO. On the other hand, Aa5-7 CueO exhibited
no reactivity with phenolic substrates such as 2,6-
DMP, 1,2-benzenediol (catechol), or 2-methoxyphe-
nol (guaiacol) in the absence of Cu(Il) ion as in the
case of rCueO. However, when excess Cu(Il) was
present, Aa5-7 CueO showed higher activity with
catechol than rCueO. Oxidizing activities with
guaiacol and syringaldazine newly emerged in
Aa5-7 CueO. Therefore, the effect of the deletion
on oxidase activities appears to differ for each
substrate depending on the affinity for them.

Table 3 summarizes the steady-state kinetic para-
meters of rCueO and Aab5-7 CueO for typical
laccase substrates ABTS, p-PD, and 2,6-DMP. In the

Table 2. Substrate specificities of rCueO and Aa5-7
CueO

Activity (U mg ')

rCueO Aa5-7 CueO
Without 1mM  Without 10 mM
Substrate (mM) Cu CuP Cu Cu®
Cu(D) (0.10)% 187 201 21 24
Fe(II) (0.5) 0.91 53 0.70 43
ABTS (6.0) 0.45 16 15 34
p-PD (5.0) 0.53 19 4.6 20¢
2,6-DMP (10.0) 0 29 0 30
Catechol (3.0) 0 12 0 52
Guaiacol (10.0) 0 0 0 55
Syringaldazine (0.01) 0 0 0.11 0.29

# One unit is the amount of enzyme that oxidizes 1 pmol of
substrate per minute in 0.1 M acetate buffer (pH 5.5) at 25 °C.
The activity was measured in the presence of 1 mM CuSO,.
¢ The activity was measured in the presence of 10 mM CuSOj.
The activity was measured with an oxygen electrode, as
described in Materials and Methods.
€ The activity was inhibited by high concentrations of Cu(II)
because of complex formation between p-PD and Cu(Il) and was
measured in the presence of 1 mM CuSO,. The activity in the
presence of 10 mM CuSO, was 4.7 U mg .
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Table 3. Kinetic constants of rCueO and Aa5-7 CueO for
ABTS, p-PD, and 2,6-DMP in the presence and in the
absence of Cu(Il) ions

rCueO Aa5-7 CueO
Km Vrnax Km Vmax
Substrate  Cu(II)* (mM) (Umg- B (mM) (Umg~ B
ABTS - 6.5+0.3 1.1+0.1 12+1 46+1
+ 6.4+0.3 34+1 11+0.1 39+1
p-PD - 375+93 55+11 90+9 108+4
+ NDP NDP NDP ND"
2,6-DMP - ND¢ ~0 ND¢ ~0

2.5+0.1 48+1 1.8+0.1 35+1

® Plus (+) indicates that 1 mM CuSOj (for rCueO) or 10 mM
CuSOy (for Aa5-7 CueO) was added to the reaction mixture, and
minus (—) indicates that CuSO, was not added.

Not determined due to complex formation between Cu(II)
and p-PD.

¢ Not determined due to low activity with 2,6-DMP.

+

oxidation of ABTS by Aa5-7 CueO, the K, value
was double that of rCueO in both the presence and
absence of excess Cu(Il) (11-12 mM). rCueO
exhibited a dramatic increase in the V.., values
for ABTS (1.1-34 U mg ') on addition of excess Cu
(II). In contrast, Aa5-7 CueO showed V,,.,=46 U
mgf1 even in the absence of excess Cu(Il). The K,
value of Aa5-7 CueO for p-PD decreased to 25%
that of rCueO, and the V.« value increased twofold
as a result of helix deletion as well. On the other
hand, no significant change in K, and V. values
occurred for the oxidation of 2,6-DMP.

Discussion

The crystal structure of Aa5-7 CueO (Figs. 2 and
3) indicated that the folding of the domain 3 core
and interdomain interactions were not disordered
by the deletion of the 50 amino acid residues since
the p-barrel structure was rigid. The linker dipep-
tide adequately formed a short reverse turn to
connect the antiparallel ends of the p-strands as
expected. In the packing of the Aa5-7 CueO
molecules, the interface of molecules A and B is
mainly formed with the region exposed by the
deletion of a-helix 5 from rCueO. The eight
conserved segments (p-strands) composing the
core structure of each cupredoxin domain of CueO
are connected by seven structurally unconserved
regions (SURs).?" The region deleted from CueO
(a-helices 5, 6, and 7) and the disordered loop
between a-helices 6 and 7 correspond to the variant
region of the cupredoxin superfamily (SUR1 in
Fig. 1b). Together with SUR4 and SUR?7, this
region forms the substrate—bmdmg site in MCOs
such as ascorbate oxidase'® and the interface re-
gion in a structural variant of MCO family (Cu
nitrite reductase) to interact with the redox couple
pseudoazurin.’®*”

The maintenance of the scaffold structure of CueO
in the truncated mutant led to the preserved high
thermostability (Supplementary Fig. 4). Further-

more, the content of four Cu ions and all spectro-
scopic features were the same as those of rCueO
(Fig. 5) because type I, type 1I, and type III Cu sites
were not modified by the truncation. Therefore, only
the initial stage of the reaction of MCO, the access of
the substrate to the protein surface, and the
following electron transfer to the type I Cu site are
affected by the truncation.

Improvement in electrochemical response without
any change in the redox potential of type I Cu (Fig.
6) will be derived from the fact that the distance
from the protein surface to type I Cu is shortened by
about 3-5 A. The change in the electrostatic
potentials of the protein surface before and after
the truncation (Supplementary Fig. 6, viewed from
the north side) indicates that the area of negative
potential decreased, and this might have also led to
better electrochemical communication of Aa5-7
CueO with the electrode.

The rCu-binding site comprising Met355, Asp360,
Asp439, and Met441 in rCueO is positioned beneath
a-helix 5 (above the type I Cu site). Since one of the
four ligand residues (Asp360) was involved in the
deleted a-helix 5, the binding affinity of the rCu site
for Cu(ll) was lowered by the truncation (the K,
value changed from 0.14 to 0.77 mM) (Supplemen-
tary Fig. 5), and Cu(II) was not bound at the rCu site
after the soaking of 10 mM Cu(ll). Instead, two Cu
ions were found at the interface of molecules A and B
involving 6xHis-tag sequences (Supplementary Fig.
2b). The binding of two Cu ions is considered to take
place only in the crystalline form of Aa5-7 CueO
containing a 6xHis tag in the C-terminus. These Cu
ions cannot affect enzyme activities in the presence of
excess Cu(II) (Tables 2 and 3) because the Cys500Ser
mutant, in which the type I Cu site is vacant but the
trinuclear Cu center is still able to react with
dioxygen, shows no enzyme activity regardless of
the presence of excess Cu(Il) (unpublished data).

The dramatic decrease i in cuprous oxidase activity
from 187 to 21 U mg ' was derived from the
truncation of Asp360 (Table 2), leading to a decrease
in the affinity for Cu(l), although the exact K, value
could not be determined because of inhibition at
high Cu(I) concentrations. In addition, the loss of the
cage effect of the region covering the rCu site and the
deletion of the 13 Met res1dues frequently found in
metal trafficking systems might have also con-
tributed to the decrease in cuprous oxidase activity.
In contrast, the change in ferroxidase act1v1ty was
not significant (from 0.91 to 0.70 U mg™ "), suggest-
ing that the affinity for Fe(Il) was not greatly
lowered by the truncation or that Fe(Ill) was not
bound at the rCu site. The increases in oxidizing
activity with ABTS and p-PD (by ca 30 and 10 times,
respectively) and the newly emerged activity for
syringaldazine indicate that the truncation favored
the access of these organic substrates to the region
near the type I Cu site, as was also indicated by
changes in Ky, and Vi,x values (Table 3). Never-
theless, 2,6-DMP, catechol, and guaiacol were still
not oxidized by Aa5-7 CueO, suggesting that other
factors might also influence the specificities for these
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organic substrates, such as their low affinities
towards the “flattened” surface of the Aa5-7
CueO molecule. Namely, the absence of a clevis to
accommodate organic substrates did not lead to
increases in the affinities for organic substrates
(Table 3).

In the case of laccase, the imidazole edge of one of
the His residues coordinating with type I Cu is
exposed to solvent water on the wall near the
bottom of the substrate-binding pocket, functioning
as the effective pathway of electron transfer between
substrate and type I Cu.'**** However, a-helix 4,
corresponding to SUR1 in domain 2, isolates this
amino acid (His443) from solvent water (Figs. 3 and
4), interfering with its direct interaction with organic
substrates.

According to the docking structures of an inducer
or a substrate with laccase and CotA, an Asp residue
located near the type I Cu site assists the binding of
the substrate and the abstraction of a proton from
it.*>* The corresponding amino acid residue in
CueO is Asp439, one of the ligands to rCu. The
crystal structure of Aa5-7 CueO unequivocally
indicates that the carboxy group in the side chain
of this amino acid is exposed to solvent after the
truncation, although it is still hydrogen-bonded
with His443 for type I Cu (Fig. 4). Thus, it appears
that Asp439 does not function in the binding of
phenolic substrates such as 2,6-DMP and catechol
and/or in deprotonation from them (Table 2).

All modifications in enzyme activities as above are
in the absence of excess Cu(Il) ion. The extent of the
decrease in the cuprous oxidase activity of Aa5-7
CueO was practically the same regardless of the
presence of rCu (Table 2) because Cu(Il) formed as
the product possibly functioned as the mediator of
electron transfer between Cu(I) in bulk water and
type I Cu.'"'? The increase in the ferroxidase
activities of rCueO and Aa5-7 CueO in the presence
of rCu was also derived from the function of rCu as
the mediator of electron transfer between the
substrate and type I Cu. The oxidizing activities of
Aa5-7 CueO for ABTS and p-PD, which increased ca
10-30 times even in the absence of rCu, increased
further in the presence of rCu (Table 2). Analogous
K, values for the oxidation of ABTS by both rCueO
and Aa5-7 CueO, regardless of the presence and
absence of excess Cu (Table 3), indicate that the
access of ABTS to the protein molecule may not
involve the rCu site. (Soaking of ABTS did not give
the docked structure.) On the other hand, the
emergence of the 2,6-DMP and catechol oxidase
activities of both rCueO and Aa5-7 CueO in the
presence of rCu (Table 2) might be due to this Cu as
the mediator of electron transfer. Increases in the
redox potential of type I Cu in the CotA mutant
Met502Leu/Phe’® and the decrease in the redox
potential of type I Cu in the bilirubin oxidase mutant
Met467GIn* led to decreases in enzyme activities, but
the redox potential of type I Cu did not change with
the present deletion (Fig. 6). Therefore, the increase
or the emergence of the oxidizing activities of Aa5-7
CueO with catechol, guaiacol, and syringaldazine in

the presence of rCu might be accounted for by the
fact that these organic substances interacted with the
region including the rCu site.

These kinetic results evidenced that the deletion of
the 50 amino acid residues facilitated the access of
organic substrates to the exposed rCu site directly or
to the type I Cu site indirectly. Therefore, we can
conclude that the presence of the unique region
covering the rCu site represents the molecular
architecture of CueO needed to produce the
specificity for Cu(I). The facile electron transfer
between the electrode and the type I Cu site in Aa5-
7 CueO (Fig. 6) also supports that the truncated
region functions as a barrier to organic substrates.
The catalytic efficiency (Vmax/Km) for p-PD at pH 7.5
was remarkably increased by the truncation from
0.15t0 1.2 Umg 'mM ', a value comparable to that
for bilirubin oxidase (8.5 U mg™ ' mM ' at pH 6.5)*’
and for laccase from Lentinula edodes (2.8 U mg !
mM ! at pH 5.0).*° Aa5-7 CueO is the first example
of the successful modification of MCO function to a
large extent, and extensive engineering of the
protein molecule is expected to lead to the creation
of novel functions.

Materials and Methods

Materials

The vector pUC18 (Takara Biochemicals) was used for
DNA cloning and recombinant protein expression. E. coli
JM109 was used for gene manipulations, and E. coli BL21
(Novagen) was used for protein expression. Tag DNA
polymerase, restriction endonucleases, and other modify-
ing enzymes were obtained from Takara Biochemicals and
TOYOBO. Oligonucleotides were purchased from BEX
(Japan). All other chemicals were of analytical grade.

Protein expression and purification of rCueO

The 1.6-kb gene fragment consisting of the structural
gene of CueO (yacK), 6xHis tag, EcoRI linker, and BamHI
linker was amplified by polymerase chain reaction (PCR)
using E. coli J]M109 genomic DNA as the template and two
oligonucleotides (P1, 5'-GAAGAATTCATGCAACGTCG-
TGATTTCTTAAAAT-3' coding for the N-terminal region
of CueO and the EcoRI digestion sequence (underlined);
P2, 5-TTGGATCCTTAATGATGATGATGATGATGGCC-
TACCGTAAACCCTAAC-3’ coding for the 6xHis tag
attached to the C-terminal region of CueO, termination
codon, and BamHI digestion sequence (underlined)). PCR
products were digested with EcoRI and BamHI and
cloned into pUC18 digested with EcoRI and BamHI to
yield pUCCueO. The inserted gene was analyzed by DNA
sequencing.

E. coli BL21 cells containing pUCCueO were grown in
liquid LB medium supplemented with 1 mM CuCl,,
0.5 mM IPTG, and 0.1 mg ml ™' sodium ampicillin for 12 h
at 32 °C, with shaking. Periplasmic fractions of the cells
were obtained by cold osmotic shock as follows. E. coli
cells used to express rCueO were harvested by centrifuga-
tion (10,000g for 10 min) and washed with cold 10 mM
Tris-HCl buffer, pH 8.0 (the same volume as the culture
medium). The washed cells were suspended in a 20%
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sucrose solution buffered at pH 8.0 with 100 mM Tris-HCI
(25% volume of the medium) and left on ice for 10 min.
After centrifugation, the cells were resuspended with ice-
cold water (20% volume of the medium) containing
Complete protease inhibitor cocktail (Roche). The cell
suspension was further left on ice for 10 min and then
centrifuged at 10,000g for 20 min. The supernatant was
centrifuged again (90,000g for 30 min) to obtain a crude
periplasmic fraction.

The periplasmic fraction was applied directly to a BD
TALON cobalt affinity resin (BD Biosciences) column
equilibrated with 50 mM potassium phosphate buffer
(pH 7.0) containing 300 mM NaCl. After washing the
column with the same buffer, rCueO was eluted with the
same buffer supplemented with 150 mM imidazole. The
recombinant protein was further purified using an UnoQ-
12 column (Bio-Rad) equilibrated with 20 mM Tris-HCl
(pH 8.0). The recombinant protein was eluted with a linear
gradient of NaCl (0-1.0 M) in the same buffer. Protein
purity was confirmed by SDS-PAGE.

The total Cu content in rCueO was 3.6 per protein
molecule, as determined by atomic absorption spectro-
scopy (the experimental error in determining the Cu
content was ca 10%), indicating that four intrinsic Cu ions
were incorporated into the active site. The Cu content did
not increase after the action of Cu(Il) under air or the
action of Cu(I) under Ar and dialysis against the buffer
solution, ensuring that apoprotein was not present.

Protein engineering of Aa5-7 CueO

To delete 50 residues (Pro357-His406), including o-
helices 5, 6, and 7 and the loop between helices 6 and 7,
mutagenesis was performed with a two-step PCR
method*!*? using pUCCueO as the template and using
sense and antisense mutagenic oligonucleotides designed
to lack amino acid codons from Pro357 to His406 but to
insert codons for Gly-Gly (underlined) as a linker to
connect between Asp356 and Ala407 (P3, 5'-GTTGGCAC-
CACCGTCCATGGAGAGTTGCAGCTTGCGTAC-3’; P4,
5-CTCTCCATGGACGGTGGTGCCAACAAAATCAAC-
GGTC-3'). After the second PCR using primers P1 and P2,
the amplified fragment was digested with EcoRI and
BamHI and cloned into pUC18 to yield pUCCueO Aa5-7.
The truncated mutant gene was sequenced and expressed
in E. coli BL21 to purify the mutant protein. Aa5-7 CueO
was isolated similarly to rCueO. The m/z value of Aa5-7
CueO was determined to be 48,725 (the calculated value of
apoprotein Aa5-7 CueO is 48,652) using matrix-assisted
laser desorption/ionization time-of-flight mass spectro-
scopy, during which a portion of Cu was lost by ionization,
although atomic absorption spectroscopy indicated the
presence of 3.7 Cu atoms in a protein molecule.

Crystallization, structure determination, and
refinement

Crystallization was performed with the sitting-drop
vapor-diffusion method at 20 °C using equal volumes of
protein (2 pl) and precipitant (2 pl) solutions consisting of
16% polyethylene glycol 3350, 160 mM potassium nitrate,
and 20% glycerol. Crystals appeared after a few days and
grew to approximate dimensions of around 0.2x0.2x
0.1 mm within 1 week. X-ray diffraction data sets were
collected at 100 K with freezing in a nitrogen cold stream.
The crystal diffracts to 1.81 A resolution using a rotating
anode source (RIGAKU RA-Micro7). The crystal-to-
detector distance was maintained at 120 mm with a 0.5°

Table 4. X-ray crystallographic data

Data 2 Data 3
Data 1 (Cu-soaked)  (Cu-soaked)
Source RA-Micro7  SPring BL38B SPring BL38B
Wavelength (A) 1.542 1.000 1.378
Space group Py Py
Cell constants
a,b,c(A) 49.98,50.95,  50.33, 51.57,
86.05 86.70
o P,y (®), 83.2,90.8, 66.7 83.8,904, 67.1
Resolution (A) 30.0-1.81 30.0-1.50 30.0-2.27
(1.90-1.81) (1.55-1.50) (2.37-2.27)
Completeness 92.1 (85.8) 95.2 (94.7) 90.51 (88.6)
(%)
Redundancy 2.0 2.0 2.0
I/o(l) 14.1 (3.0) 35.0 (6.6) 32.6 (27.5)
Runerge (%) 5.5 (31.2) 3.409.7) 3.2 (4.6)
R value (%) 17.2 (17.8) 18.0 (22.3)
R-free (%) 20.8 (22.3) 20.8 (24.1)
Number of 65,489 (2118) 1,271,073
reflections (2118)
Number of 6768 6772
protein atoms
Number of 14 16
hetero atoms
Number of water 394 658

oxygen atoms

oscillation range per image, covering a total oscillation
range of 180°. Determination of unit-cell parameters and
integration of reflections were performed using the
program MOSFLM.** The space group is P;, and the
unit-cell parameters were determined to be 1=49.98 A,
b=50.95 A, ¢=86.05 A, «=83.2°, p=90.8°, and y=66.7°.
The Aa5-7 CueO with exogenous copper ion was pre-
pared by soaking the crystal in a reservoir solution
containing 10 mM CuSO,. X-ray diffraction data sets of
copper-soaked Aa5-7 CueO were collected at a synchro-
tron source (beam line BL38B1, SPring-8). Structure was
determined by the molecular replacement method with
the program MOLREP,** using the structure of rCueO as a
starting model. Simulated annealing refinement was
carried out with CNS (Crystallography & NMR System).*
Alternate rounds of model building and refinement were
carried out for further completion of the model using
2F,—F. and F,—F. maps with the interactive molecular
graphics program Coot.*® The progress of TLS (Transla-
tion/Libration/Screw) refinement with REFMACY was
assessed by monitoring the R-free value for 5% of the total
reflection excluded from minimization.*® The final model
consists of molecules A and B of Aa5-7 CueO, and a
nitrate ion from the crystallization buffer binds to their
interface, which is produced by the deletion of a-helices
5-7. Data collection and refinement statistics are presented
in Table 4. Model geometry was analyzed with the
program PROCHECK,* and no residues were found in
the disallowed region of the Ramachandran plot. The
figures were prepared by the programs PyMOLft,”
51 2 :
MOLSCRIPT,”" Raster3D,’” and MolFeat (FiatLux).

Spectral and electrochemical measurements

Absorption spectra were measured on JASCO Ubest-50
and JASCO V-560 spectrometers. CD spectra were
measured on a JASCO J-500C spectropolarimeter.

+ pymol.sourceforge.net
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X-band EPR spectra were recorded on a JEOL JES-RE1X
spectrometer at 77 K. The total amount of EPR-detectable
Cu®* was determined by the double-integration method
using Cu-ethylenediaminetetraacetic acid as standard.
Signal intensities due to differences in tuning conditions
were calibrated with 1,1-diphenyl-2-picrylhydrazyl as an
external standard. The content of Cu per protein molecule
was determined on a Varian SpectrAA-50 atomic absorp-
tion spectrometer. Cyclic voltammetric measurements
were carried out using a Bioanalytical Systems Model
CV-50W voltammetric analyzer with a three-electrode
system consisting of a Ag/AgCl reference electrode, a
platinum plate counterelectrode, and a thioglycolate-
modified gold working electrode under an Ar atmosphere
at 25 °C.

Kinetic analysis

The oxidase activities of rCueO and Aa5-7 CueO were
determined by the absorption increases of oxidized
products or by the amount of consumed dioxygen
detected using a Clark-type oxygen electrode connected
to an Oxygraph 9 DO monitor (Central Kagaku) at 25 °C.
The oxidation reactions of ABTS, 2,6-DMP, p-PD, FeSO,-
(NH),504:6H,O (Mohr’s salt), catechol, guaiacol, and
syringaldazine were followed by initial absorption
changes at 420 nm (g£=36,000 M! cmfl), 477 nm
(€=14,800 M ! cm ), 487 nm (e=14,700 M ' cm 1),
315 nm (=2200 M~ ecm™ 1), 450 nm (6=2000 M~ em™ 1),
436 nm (e=6600 M ' cm '), and 525 nm (¢=65,000 M !
cm 1), respectively, in 0.1 M acetate buffer (pH 5.5). For
the determination of cuprous oxidase activity, [Cu(I)
(MeCN)4]PF, (Sigma) was used as described by Singh
et al.'’ Inactivations of rCueO and Aa5-7 CueO were
followed for 2 h at 60 °C. Enzyme activities depending on
pH were measured in a 100-mM Britton—Robinson buffer.

Protein Data Bank accession codes

Coordinates and structure factors have been deposited
in the RCSB Protein Data Bank with accession codes 2YXV
(Aa5-7 CueO) and 2YXW (Cu-soaked Aa5-7 CueO).
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