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Abstract The copper content of recombinant CotA lac-
case from Bacillus subtilis produced by Escherichia coli
cells is shown to be strongly dependent on the presence of
copper and oxygen in the culture media. In copper-sup-
plemented media, a switch from aerobic to microaerobic
conditions leads to the synthesis of a recombinant holo-
enzyme, while the maintenance of aerobic conditions
results in the synthesis of a copper-depleted population of
proteins. Strikingly, cells grown under microaerobic
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conditions accumulate up to 80-fold more copper than
aerobically grown cells. In vitro copper incorporation into
apoenzymes was monitored by optical and electron para-
magnetic resonance (EPR) spectroscopy. This analysis
reveals that copper incorporation into CotA laccase is a
sequential process, with the type 1 copper center being the
first to be reconstituted, followed by the type 2 and the
type 3 copper centers. The copper reconstitution of holo-
CotA derivatives depleted in vitro with EDTA results in the
complete recovery of the native conformation as monitored
by spectroscopic, kinetic and thermal stability analysis.
However, the reconstitution of copper to apo forms pro-
duced in cultures under aerobic and copper-deficient
conditions resulted in incomplete recovery of biochemical
properties of the holoenzyme. EPR and resonance Raman
data indicate that, presumably, folding in the presence of
copper is indispensable for the correct structure of the
trinuclear copper-containing site.

Keywords CotA laccase - Multicopper oxidases -
Copper incorporation - Copper homeostasis

Introduction

Laccases are the simplest members of the multicopper oxi-
dase (MCO) family of enzymes that includes ascorbate
oxidase (L-ascorbate oxygen oxidoreductase, EC 1.10.3.3)
and human ceruloplasmin [iron(Il) oxygen oxidoreductase,
EC 1.16.3.1]. MCOs are characterized by the presence of
three types of structurally and functionally distinct Cu cen-
ters [1-3]. The type 1 (T1) Cu site is characterized by an
intense St — Cu (dxz_yz) charge transfer absorption band at
around 600 nm, conferring an intense blue color to these
enzymes, and a narrow parallel hyperfine splitting (A =
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43 x 107*-95 x 10™* cm™") in the electron paramagnetic
resonance (EPR) spectrum [1]. When the charge transfer
excitation is used, several vibration transitions coming from
Cu-S(Cys) stretching modes, centered at 400 cm ™", typi-
cally appear in the resonance Raman (RR) spectra of blue
copper oxidases. The intensity-weighted frequency of all
these fundamental modes can provide an estimation of the
Cu-S bond length and thus insight into the T1 site geometry
[4]. The T1 Cu site functions in shuttling electrons from
substrates to the other Cu sites. Type 2 (T2) Cu is charac-
terized by the lack of strong absorption bands and by a larger
parallel hyperfine splitting in the EPR spectrum (A) =
150 x 107*=201 x 107* em™'] [1). The type 3 (T3) or
coupled binuclear Cu site is characterized by an intense
absorption band at 330 nm originating from a bridging
hydroxide and the lack of an EPR signal due to the antifer-
romagnetically coupling of the two Cu ions. Together, the
T2 and T3 sites form a trinuclear center that is the site for O,
reduction.

CotA laccase is a MCO present in the endospore coat of
Bacillus subtilis in an active form [5]. While its exact func-
tion within the spore is still not fully understood, its assembly
is essential for the full complement of spore resistance
properties [6, 7]. Several recent studies have characterized
biochemical and structural aspects of the CotA laccase
purified from an overproducing Escherichia coli strain [5, 8—
10]. Incomplete Cu incorporation was observed and most of
the CotA laccase structures reported so far were from crystals
which displayed a significant depletion of some of the Cu
centers [8, 9]. Cu incorporation in MCOs is still a poorly
understood process and remains an important issue of dis-
cussion in the current literature [11-15]. The understanding
of this mechanism is important from biochemical, spectro-
scopic and structural viewpoints and also from a
biotechnological perspective. In fact, laccases, owing to their
high relative nonspecific oxidation capacity, find an impor-
tant role in diverse biotechnological applications [16]. This
work aims to gain insight into the mechanism of Cu incor-
poration into CotA laccase. We have identified growth
conditions that allow for the production of a fully Cu loaded
recombinant enzyme in the cytoplasm of E. coli. In addition,
several spectroscopic techniques, including UV-vis, EPR
and RR, as well as kinetic and thermal stability assays were
used to characterize the proteins obtained through different
metal-incorporation procedures.

Materials and methods
Protein recombinant production and purification

E. coli strain AH3517 [5] was grown aerobically in 1 L
Luria—Bertani (LB) medium supplemented with ampicilin
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(100 pg mL™") in a 5-L Erlenmeyer, with 120-rpm shaking
(Innova® 44, New Brunswick Scientific). The cells were
grown at 30 °C until an optical density at 600 nm (ODgq)
of 0.6 was reached, after which 0.1 mM isopropyl-f-p-
thiogalactopyranoside (IPTG) and 0.25 mM CuCl, were
added to the culture medium and the temperature was
reduced to 25 °C. Incubation was continued for a further
4 h, when a change to microaerobic conditions was
achieved by switching off the shaking function. Cells were
harvested after a further 20 h of growth by centrifugation.
Cell disruption and a two-step protein purification chro-
matographic procedure were conducted as previously
described [5, 9].

Determination of cellular copper content

Aliquots of 2 mL cell culture harvested at different growth
times were pelleted by centrifugation. To determine the
cell dry weight pellets were dried for 16 h at 80 °C. For Cu
determination, the cell pellets were washed three times
with a 0.9% NaCl and 1 mM EDTA solution, resuspended
in 3 mL of a mixture of 10% perchloric acid and 10% nitric
acid and finally hydrolyzed at 100 °C for 1 h. The Cu
content was measured by atomic absorption (Chemical
Analysis Facility, Instituto Superior Técnico, Universidade
Técnica de Lisboa, Lisbon, Portugal).

Preparation of apoenzyme forms

Two different forms of apoenzyme were prepared. One,
apoCotA, was obtained through chromatographic purifi-
cation from cells that had grown aerobically in
unsupplemented-Cu LB medium [5]. A further apoenzyme
was prepared by treating with EDTA [10 mM in 20 mM
tris(hydroxymethyl)aminomethane—HCI buffer, pH 7.6 for
8-12 h, followed by dialysis and washing in EDTA-free
buffer] a sample of CotA laccase purified from micro-
aerobic cultures. These conditions, as discussed later,
allowed the purification of an enzyme containing a full
complement of Cu ions and thus we have designated this
apoform as the holoCotA derivative. The Cu concentra-
tion was determined through the trichloroacetic acid/
bicinchoninic acid method of Brenner and Harris [17] and
confirmed by atomic absorption (Chemical Analysis
Facility, Instituto Superior Técnico, Universidade Técnica
de Lisboa, Lisbon, Portugal). The protein concentration
was measured considering the absorption band maximum
at 280 nm for CotA (e»g0 = 84,739 M~ ! cm™!) or the
Bradford assay using bovine serum albumin [18] as a
standard.
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In vitro copper reconstitution

For reconstitution experiments Cu was added to both apo
forms of CotA laccase (see “Preparation of apoenzyme
forms”) either as a solution of Cu(I), obtained from stock
solutions of freshly prepared [Cu(I)(MeCN)4]PF¢ (Sigma-
Aldrich) in argon-purged acetonitrile, or as a solution of
Cu(I) (CuCl,, Sigma, analytical grade). Protein samples
were incubated either aerobically or anaerobically (by
repeated cycles of evacuation/flushing with argon) with
different molar equivalents of Cu per mole of protein for
10 min. Excess Cu was removed by repeated washing with
a metal-free buffer in a Centricon unit (Amicon) before
further analysis. The protein concentration and Cu content
was determined as described already.

UV-vis, EPR and RR spectra and redox titration

UV-vis spectra were acquired using a Nicolet Evolution
300 spectrophotometer from Thermo Industries. EPR
spectra were measured with a Bruker EMX spectrometer
equipped with an Oxford Instruments ESR-900 continuous-
flow helium cryostat. The spectra, obtained under
nonsaturating conditions (100 uM protein content), were
theoretically simulated using the Aasa and Vinngard
approach [19]. Redox titrations were performed at 25 °C
and pH 7.6 under an argon atmosphere, and were moni-
tored by visible spectroscopy (300-900 nm) with a
Shimadzu Multispec-1501 spectrophotometer as described
by Durio et al. [10]. Back-scattered light from the frozen
protein (—196 °C) was collected by a confocal spectro-
graph (Jobin Yvon, XY) equipped with grating of 1,800
lines per millimeter and a liquid nitrogen cooled back-
illuminated CCD camera. About 2 pL. of protein sample
(1-2 mM) was introduced into a liquid nitrogen cooled
cold finger (Linkam THMS600) mounted on a microscope
stage and measured, typically with an accumulation time of
40 s, a laser power of 5 mW and binning of 1. Exciting
radiation was provided by an Ar* 457.9 nm laser (Coherent
Innova). The RR spectra (350-450-cm ™! region) were
subjected to component analysis in which the spectra of
individual modes were fitted to measured spectra. The band
widths and band positions were kept constant. The fitted
band intensities and frequencies were used for determina-
tion of the intensity-weighted frequency (vcy_s).

Activity and stability assays
Activity assays were performed as previously described

[10]. Kinetic stability was performed as described by
Martins et al. [5]. In brief, the enzyme was incubated at

80 °C, and at fixed time intervals samples were withdrawn
and tested for activity at 37 °C using 2,2'-azinobis(3-eth-
ylbenzthiazoline-6-sulfonic acid) (ABTS) as the substrate.
Differential scanning calorimetry (DSC) was carried out in
a VP-DSC instrument from MicroCal at a scan rate of
60 °C h™'. The experimental calorimetric trace was
obtained with 0.3 mg mL~" protein at pH 3 (50 mM gly-
cine buffer) and a baseline obtained with buffer alone was
subtracted from the experimental trace. The resulting DSC
trace was analyzed with the DSC software built within the
Origin spreadsheet to obtain the transition excess heat
capacity function (a cubic polynomial function was used to
fit the shift in baseline associated with unfolding). The
excess heat capacity could only be accurately fitted using a
non-two-state model with three transitions (equation in the
data analysis software).

Results and discussion
Growth and cell copper content

One goal of this work was to produce a recombinant, fully
Cu loaded CotA laccase in the cytoplasm of E. coli AH
3517, in which expression of the cotA gene is driven upon
IPTG induction of the strong T7lac promoter. The pro-
duction of an enzymatically active laccase was shown to be
dependent on the Cu supplementation of the culture media
[5, 15, 20]. However, incomplete metal incorporation was
observed even under these conditions [10, 15]. The exis-
tence of elaborate homeostasis mechanisms in E. coli (Cu-
efflux and Cu-sensing systems) maintains the intracellular
quota for Cu within a narrow range, owing to the well-
known cytotoxicity of this transition metal [21-23]. Thus,
one possibility is that overproduction of a fully Cu loaded
CotA laccase is impaired by the presence of a low con-
centration (10 uM) of this metal in the bacterial cytoplasm
[22]. Cu physiology in E. coli is dependent on oxygen
availability, and an increased intracellular accumulation of
Cu was observed under anaerobic growth conditions [24,
25]. Therefore, E. coli cells were grown in microaerobic
conditions to promote conditions for cells to accumulate
higher intracellular Cu contents. The change in the aeration
conditions, from shaking (aerobic cultures) to static con-
ditions (microaerobic cultures), in the growth course of E.
coli AH 3517 in the presence of 0.25 mM CuCl, resulted in
differences in the growth pattern and final cell yields
(Fig. 1). In strictly aerobic conditions the growth reached a
final ODg( of around 5-6. On the other hand, shortly after
the promotion of microaerobic conditions, active growth
was arrested and cultures reached a final ODgq of around
2-3. We related this observation to changes in the central
metabolism of the facultative aerobe E. coli, since aerobic
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Fig. 1 a Growth curves of Escherichia coli in different aeration
conditions. Exponential cells were induced at an optical density at
600 nm (OD600nm) of approximately 0.6 with 100 uM isopropyl-f-
p-thiogalactopyranoside and 250 uM Cu. After a further 4 h in
shaking conditions (120 rpm), cultures were exposed to shaking
(filled squares) or static (open squares) conditions. b Intracellular Cu
content of E. coli cells during growth under aerobic (filled squares)
and microaerobic (open squares) conditions

respiration is energetically more efficient than alternative
metabolic modes, as well as to the higher Cu toxicity under
conditions of oxygen limitation [24, 26, 27]. Cells from
microaerobic cultures showed clearly enhanced Cu content

as measured by atomic absorption (Fig. 1b); these cells
accumulated up to 80-fold more Cu than cells grown aer-
obically. The rise in Cu concentration (presumably in the
more toxic cuprous form) in anaerobic conditions was
related to limitations in the Cu-efflux primary Cu export
system [24].

Purification and biochemical characterization

Crude extracts of E. coli cells grown under microaerobic
conditions had twofold lower total protein content (in
agreement with lower cellular yield), but remarkably a
nearly 100-fold higher enzymatic activity against ABTS,
when compared with crude extracts of cells grown under
aerobic conditions (Table 1). Microaerobic conditions led
to a reduced amount of contaminant proteins in cell
extracts, allowing a higher purification yield and a lower
purification factor of CotA laccase to achieve electropho-
retic homogeneity (Table 1). Purified protein samples from
microaerobic cultures were more intensely blue when
compared with protein preparations purified from cells
grown under aerobic conditions. This correlates with a
stronger band intensity of the T1 Cu as monitored by the
absorption at 600 nm (Fig. 2, Table 2). A shoulder at
330 nm, indicative of a hydroxyl group bridging the T3 Cu
ions, was also present with an absorption intensity nearly
equivalent to that of the absorption band with a maximum at
600 nm. Treatment of the protein samples with an oxidizing
agent (hexachloroiridate) had no effect on the intensity of
the absorption bands, showing that both enzymes were
obtained in a completely oxidized state. The purified
enzyme from aerobic cultures exhibited an incomplete
metal incorporation (0.5:1 Cu to protein), also observed in
previous studies with CotA laccase [10] (Table 2). In con-
trast, Cu content measurements revealed a Cu-to-protein
stoichiometry close to 4 for the protein purified from cells
grown under microaerobic conditions, ensuring that all four
Cu ions required for enzyme activity were incorporated into
the active sites. Proteins purified from cells grown under
microaerobic and aerobic conditions will be subsequently
referred to as holoCotA and partially Cu loaded CotA,
respectively. Under microaerobic conditions cells were

Table 1 Purification of CotA laccase from Escherichia coli AH3517 grown under different O, conditions

Purification Protein (mg) Total activity Specific activity Purification factor Yield (%)
step (pmol min~ 1) (pmol min~! mgfl)

Aerobic Microaerobic Aerobic Microaerobic Aerobic Microaerobic Aerobic Microaerobic Aerobic Microaerobic
Crude extract 441 198 49.8 5,614 0.11 28.4 1 1 100 100
SP-Sepharose 25 26 34.0 5,600 1.29 219.6 11.7 7.7 96 99.8
Superdex 200 20 23 31.5 5,225 1.58 228.2 14.4 8.04 63 93
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Fig. 2 UV-vis spectra of the as-isolated CotA species produced in
aerobic (thin line) and in microaerobic (thick line) conditions

shown to accumulate higher amounts of Cu (see above).
Although a significant portion of Cu is likely to be bound to
the cell wall and other cell components, at least some of the
Cu remains biologically available to the cytoplasm,
possibly in the form of “metal ion pools” [22, 23], ready
for incorporation into newly synthesized recombinant
enzymes.

Copper incorporation into apoCotA

In order to gain a better insight into the incorporation of Cu
into the CotA laccase, sample aliquots of an apoCotA
purified from cells grown in unsupplemented-Cu medium
were incubated with increasing molar equivalents of Cu(I)
or Cu(Il) and the incorporation was followed by UV-vis
and EPR spectroscopies. The apoCotA had no spectral
features indicative of the presence of either of the Cu sites
in MCOs (Fig. 3a—c). Upon addition of one equivalent of

Table 2 Copper content and molar coefficients for different CotA forms

Cu(I) a visible band with a maximum at 600 nm could be
observed (Fig. 3a), demonstrating the presence of a T1 Cu
site. Taking into consideration the molar absorption
coefficient of the holoprotein, this accounts for approxi-
mately 40% of Cu occupancy at the T1 site. After addition
of the first Cu equivalent, EPR spectral features charac-
teristics of TI, with g =2.224, g, =2.045 and
Aj=70x 107*em™', and T2, with g =2.255,
g1 =2.045and A = 152 x 10~* ecm™" (Fig. 3b, c), were
observed. The total paramagnetic Cu content was quanti-
fied as 1.2 per protein molecule. Occupancy of
approximately 55% of Cu at the T1 site and 45% of Cu at
the T2 site was determined by spectral integration. Upon
the second addition of Cu the proteins contained 2 equiv of
Cu. The 600 nm band increased, accounting for about 80%
of Cu occupancy at the T1 site. The EPR spectra revealed
the signals characteristic of T1 and T2 with 1:1 ratio,
accounting for a full occupancy of both sites upon the
second addition of Cu. This finding was further corrobo-
rated by the determination of the total paramagnetic Cu
content, now being 2.3 per protein. This value did not
change upon subsequent Cu addition. Upon further in-
crease of the metal content, accounting for 3 equiv of Cu,
the ratio between T1 and T2 is maintained but, importantly,
the hyperfine constant for T2 is now larger; 174 x 1074 cm™
reflecting a change in the Cu ligand field (Fig. 3c). Since
the only difference now was the introduction of 1 equiv of
Cu more, the EPR data most likely indicate the incorpo-
ration of Cu ion in the vicinity of T2, i.e., incorporation of
part of the T3 site. Indeed, the 330 nm absorption band
appears in the UV-vis spectra after the addition of 3 equiv
of Cu, suggesting that Cu is now prevalently reconstituting
the EPR-silent T3 site (Fig. 3a). Upon addition of 4 equiv
of Cu neither visible nor EPR spectra show further sig-
nificant changes. The results presented in this study point to
a possible sequential process of Cu loading, with the T1 Cu

CotA species Initial Cu content Final Cu content €600 nm £330 nm

(mol Cu per mol protein)* (mol Cu per mol protein)* M 'em™h M 'em™h
Partially Cu loaded CotA (as-isolated aerobic) 0.5+ 0.2 - 1,300 + 300 310 + 138
HoloCotA (as-isolated microaerobic) 37+03 - 4,075 £ 210 3,298 + 849
ApoCotA reconstituted with Cu(Il) 0.020 £ 0.001 254+03 3,200 £ 200 1,691 4+ 499
ApoCotA reconstituted with Cu(I) 0.020 £ 0.001 42+ 0.7 3,870 + 390 3,639 + 815
HoloCotA treated with EDTA 0.300 £ 0.001 42 + 0.1 3,380 + 120 4,000 £ 416

and reconstituted with Cu(II)

HoloCotA depleted with EDTA 0. 300 + 0.001 35£0.1 3,350 + 180 3,600 + 107

and reconstituted with Cu(I)

Copper reconstitution of apoCotA or holoCotA depleted with EDTA was performed by adding 4 equiv of Cu [either Cu(I) or Cu(Il)] to protein
aliquots followed by dialysis and washings to remove excess Cu. Molar absorption coefficients and Cu stoichiometries were based on protein
concentration determined using the absorption band maximum at 280 nm

4 Standard errors based on errors in both Cu and protein determinations
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center being the first to be reconstituted, followed by T2
and T3 Cu centers. Our findings are in accordance with
data obtained for the MCOs CueO, Fet3p and bilirubin
oxidase where partial Cu intermediates were observed
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<« Fig. 3 Reconstitution of apoCotA with Cu(l). a Optical spectra, b

EPR spectra of approximately 100 uM apoCotA before (a) and after
sequential additions of 1 equiv (b), 2 equiv (c), 3 equiv (d) and
4 equiv (e) of Cu and ¢ zoom in of b highlighting the differences in
the hyperfine splitting constant. EPR conditions as follows: micro-
wave frequency 9.39 GHz; microwave power 2.4 mW; modulation
amplitude 0.9 mT; temperature —258 °C

[12, 15, 31]. In contrast, in human ceruloplasmin no
apparent hierarchy for Cu incorporation was observed and
a cooperative process of Cu loading was proposed [14].

When the incubation was performed with Cu(Il), the
same incorporation pattern as the one described above for
the incubation with Cu(I) was observed by UV-vis and
EPR spectroscopies (results not shown). However, the
maximum Cu content of the protein reconstituted with
Cu(Il) was never higher than 2.5 Cu per protein, revealing
that only a part of the total protein population becomes
fully loaded. Our results clearly show that the apoCotA is
reconstituted more efficiently with cuprous than with
cupric ions. Although, the mechanism by which Cu centers
are constructed in MCOs has not been clarified, our results
suggest that recombinant CotA laccase is synthesized in the
cytoplasm of E. coli, through incorporation of Cu(I) and
not Cu(Il). This is consistent with evidence that cuprous is
the valence state of intracellular Cu accumulating under
anaerobic conditions [24, 26]. In a similar manner, Cu
incorporation of Fet3p in yeast cells was suggested to occur
in the reduced form [12].

The reconstitution of the holoCotA derivatives, resulting
from EDTA-depletion of the holoenzyme, followed an
identical sequential incorporation pattern (results not
shown). Interestingly, and in clear contrast with reconsti-
tution of apoCotA (synthesized and folded in E. coli in the
absence of Cu), the Cu full occupancy was reached after
addition of 4 equiv of either Cu(I) or Cu(ll) (Table 2).
These in vitro findings show that the competent state of
CotA required for Cu insertion is critically dependent of
the apoenzyme preparation.

Comparative kinetic, redox potential
and spectroscopic analysis

The two nonphenolic substrates, ABTS and K4(FeCNpg),
and the two phenolic substrates, syringaldazine (SGZ) and
2,6-dimethoxyphenol (2,6-DMP), were used to identify
specific changes in the catalytic properties of the different
forms of CotA laccase obtained during this study
(Table 3). Overall, the pH optima and pH profiles were
similar for all enzymes tested (results not shown). No
major alterations were observed regarding the K, values
for the different substrates. Significant changes were
found, however, in the values of calculated k., The
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Table 3 Steady-state kinetic constants for 2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), syringaldazine (SGZ), 2,6-dimethoxy-

phenol (2,6-DMP) and K4Fe(CN)¢ for different CotA laccase forms

CotA species ABTS SGZ 2,6-DMP K Fe(CN)g

Ko (M) ke 571 K (M) kea 571 K (M) kea 57 Ko (M) e (s71)
Partially Cu loaded CotA 101 + 22 1.5£02 16+1 04 £00 358 £60 T+1 84 £ 7 22+ 1
HoloCotA 124 £ 17 322+ 20 18+ 3 80 + 4 216 + 35 29 + 4 56 + 11 529 + 79
ApoCotA reconstituted with Cu(Il) 87 + 10 22 + 1 10 £ 1 18+ 04 273+27 75+1 69 + 2 55+ 1
ApoCotA reconstituted with Cu(I) 105 £ 6 82 +2 10 £ 2 74 +£9 265 £ 23 16 £1 51+5 193 £ 9
HoloCotA treated with EDTA 126 &£ 11 242 £ 15 17 £2 67 £5 192 £ 19 23+ 1 52+ 6 484 + 37

and reconstituted with Cu(II)

HoloCotA depleted with EDTA 134 £ 10 294 + 15 2243 85 £+ 7 202 + 24 22 +1 40+ 3 411 £ 15

and reconstituted with Cu(I)

Maximal activity for ABTS and FeCNg at pH 3 and for SGZ and 2,6-DMP at pH 7. The velocity data were analyzed by nonlinear fits to the
Michaelis—Menten equation yielding the kinetic constants and their standard errors as shown

partially Cu loaded CotA and the holoCotA exhibited, as
expected, enormous differences regarding the calculated
keae values. Although the differences in the k., values are
substrate-dependent, it was surprising that differences as
large as 200-fold (for ABTS and SGZ oxidation) were
measured. The holoCotA derivatives reconstituted with
either Cu(Il) or Cu(I) appear to recover the native con-
formation and the structure of the Cu-containing sites
completely, since the k., values calculated are very close
to those observed in holoCotA. The apoCotA reconsti-
tuted with Cu(Il), showed 10-25% catalytic activity for
the different substrates when compared with the as-iso-
lated holoCotA. This suggests that a small fraction (10-
25%) of the protein is fully loaded and redox-active,
whereas the remaining incompletely loaded protein mol-
ecules do not contribute to the protein turnover.
Unexpectedly, the apoCotA reconstituted with cuprous
ions, exhibiting a full complement of Cu ions, has lower
keae values for the oxidation of substrates compared with
the as-isolated holoCotA. The difference in the turnover
rates could differ as much as twofold to fivefold
depending on the substrate considered.

The reduction potential of the T1 Cu site, an important
factor for determining catalytic activity in MCOs, was
measured for the different forms of CotA (see “Materials
and methods”). The redox potential of the as-isolated ho-
loCotA was essentially identical (525 &+ 10 mV) to that of
the Cu-reconstituted holoCotA derivatives. Lower redox
potentials were measured for the apoCotA reconstituted
with Cu(I) and with Cu(Il), 498 £ 4 and 455 £+ 15 mV,
respectively. The measured redox potential difference
(approximately 70 mV) between the holoenzymes and the
apoCotA reconstituted with Cu(II), which contains 2.5 mol
Cu per protein, probably reflects the heterogeneity of the
sample in Cu species. These redox potential measurements
correlate with the oxidation rates of the substrates tested.
The as-isolated holoCotA and its reconstituted derivatives

exhibited higher redox potentials and higher turnover rates
than the reconstituted apoCotA. Also, the EPR spectra of the
as-isolated holoCotA and the apoCotA reconstituted with
Cu(I) have some differences (Fig. 4a, b). It can be observed
that the T1 signal in both spectra is characterized by the same
parameters, but the T2 signal is not. The g,.q value of the
latter changes significantly, which indicates some structural
difference in the vicinity of the T2 center. The RR spectra of
the holoCotA and the Cu(I)-reconstituted apoenzymes (both
the apoCotA and the holoCotA derivatives) are essentially
identical. They consist of a number of vibrational modes in
the low-frequency region, originating from coupling of the
Cu—S(Cys) stretch with the S—-C3—C,(Cys) bend, as typically
observed in Cu proteins containing a T1 blue Cu site [4, 29,
30] (Fig. 4c). The lower signal-to-noise ratio in the apoCotA
reconstituted with Cu(I) originates from lower sample con-
centration. Deconvolution of the spectra (only vibrational
fundamentals found below 500 cm ™' were considered) by
component analysis reveals that all spectra can be fitted with
the same spectral parameters, band frequencies and band
widths. More quantitative description of the T1 site can be
obtained by calculating the intensity-weighted frequency
(vcus) of all Cu-S stretching modes. (vcy,_s) is, according to
Badger’s law, inversely proportional to the Cu-S bond
length in the T1 site [4, 28]. The intensity weighted fre-
quency (vcy_s), was determined to be 410 cm™ ! for all three
enzymes, indicating the same Cu-S(Cys) bond strength.
This value is within the range reported for other well-studied
MCOs [4, 29, 30]. Taken together with the EPR data, the RR
results indicate that different fully Cu loaded enzymes have
essentially identical electronic structures on the level of the
T1 Cu site, regardless of the protein preparation procedure.
Nevertheless, the EPR data point to a distinct structure at the
level of the T2 Cu center.

Altogether these data point to the fact that apoCotA,
synthesized by E. coli in the absence of Cu, is unable to be
reconstituted in vitro either with Cu(I) or with Cu(II) to the
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native conformation of the protein molecule. Presumably,
folding in the presence of Cu is indispensable for the
correct structure of the trinuclear Cu-containing site.

Thermal stability

Thermal stability was measured in order to further char-
acterize Cu loading of the different CotA species. First,
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r*.' A <« Fig. 4 aEPR spectra of the apoCotA incubated with 4 equiv of Cu(I)

(a), total spectral simulation (b) and components (c, d). The g values
used in simulation b are for type 1 gmin = 2.045, gmea = 2.048,
Gmax = 2.229, A, =71 cm™' and for type 2 gmin = 2.033, gmed =
2.098, gmax = 2.253, A, =179 cm™!. b EPR spectra of the holo-
CotA (a), total spectral simulation (b) and components (¢, d). The g
values used in simulation b are for T1 g.;, = 2.045, gmeq = 2.048,
Gmax = 2.229, A, =71 cm ™" and for T2 guin = 2.040, gmeq = 2.067,
Zmax = 2.256, A, =179 cm™!. EPR conditions as follows: micro-
wave frequency 9.39 GHz; microwave power 2.4 mW; modulation
amplitude 0.9 mT; temperature —258 °C. ¢ Resonance Raman
spectra of a 1 mM apoCotA, reconstituted with Cu(l), » 1.9 mM
holoCotA and ¢ 1.4 mM holoCotA depleted with EDTA and
reconstituted with Cu(I); obtained with 567.9-nm excitation and
5-mW laser power at —196 °C, accumulation time 40 s

Ln Activity

0 100 200 300 400
Time {min)

Fig. 5 Kinetic stability of the as-isolated holoCotA (triangles),
apoCotA reconstituted with Cu(l) (open squares) and apoCotA
reconstituted with Cu(Il) (filled squares) at 80 °C. Deactivation obeys
first-order kinetics (In activity = In activity(, = oy — kat, Where kq is
the rate constant of deactivation). The calculated half-life (¢, = In 2/
kq) for as-isolated holoCotA was 172 min (R2 =0.91), that for
apoCotA reconstituted with Cu(I) was 117 min (R*> = 0.95) and that
for apoCotA reconstituted with Cu(II) was 79 min (R*> = 0.98). The
inset shows the comparison between deactivation of holoCotA
depleted with EDTA and then reconstituted with Cu(I) which displays
a half-life of 178 min (open triangles), and as-isolated holoCotA
(filled triangles)

kinetic or, so-called, long-term stability was measured.
Kinetic stability quantifies the amount of enzyme that loses
activity irreversibly during incubation at a certain tem-
perature (Fig. 5). Essentially, it quantifies the amount of
enzyme that denatures irreversibly owing to protein
aggregation, misfolding and covalent changes such as the
deamidation of asparagines and the oxidation of cysteines
and methionines [32]. The different species of CotA
deactivate according to a first-order process, which can be
described by the classical Lumry—Eyring model applied to
the majority of enzymes (N < U — D, where N, U and D
are the native, the reversible unfolded and the irreversible
denatured enzyme), pointing to a simple pathway of
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unfolding and deactivation. HoloCotA 1is the most stable,
retaining 50% of activity after 172 min at 80 °C. Although
apoCotA reconstituted with Cu(I) contains roughly the
same Cu content as holoCotA, it is less stable, having a
half-life of 117 min. The least stable species is apoCotA
reconstituted with Cu(Il), containing 2.5 Cu per protein,
which takes 79 min to lose 50% of its initial activity. The
reconstituted holoCotA derivatives [reconstituted with
either Cu(I) or Cu(Il)] have a half-life of 178 min and are
therefore as stable as holoCotA.

The thermal stability of different CotA species was also
probed by DSC to gather additional insight into the spec-
ificity of Cu incorporation, through its effect on protein
stability. DSC gives unique information on the thermal
stability of proteins based on heat changes, besides the
measurement of protein unfolding temperatures. The DSC
thermogram reveals a complex process for two reasons
(Fig. 6). Firstly, aggregation after unfolding was observed
even at pH 3, leading to 100% irreversibility (no peak in
the second scan). Secondly, the excess heat capacity can
only be fitted by considering three independent transitions.
Three thermal transitions were previously used to describe
DSC traces of ascorbate oxidase [33] and ceruloplasmin
[34]. Interestingly, the temperature at the mid-point of each
transition clearly reflects the stability of each species of
CotA (T, values in Fig. 6). The as-isolated holoCotA is
around 2 °C more stable than the apoCotA reconstituted
with Cu(I), independently of the transition under consid-
eration. This latter species is in turn more stable than the
apoCotA reconstituted with Cu(Il), but the differences in
T, values depend on the transition, being 7.1, 4.6 and
3.6 °C for the first, second and third transition,
respectively. The reconstituted holoenzyme derivatives
[reconstituted either with Cu(I) or with Cu(Il)] are even
slightly more stable than the holoCotA (T, values in
parentheses in Fig. 6, scan A). In addition, each transition
measured by DSC is a non-two-state process as the calo-
rimetric molar enthalpy is significantly smaller than the
van’t Hoff enthalpy. The behavior is similar for the three
species of CotA, with the ratio AH_.,/AH,y taking the
values of 0.94, 0.52 and 0.18 for the first, second and third
transition of as-isolated holoCotA, respectively. Ratios
AH . /AH.5; smaller than 1 indicate protein aggregation
[35] and explain why thermal unfolding of CotA leads to
irreversibility even at pH 3.

Interestingly, both kinetic and thermal stability data for
the different Cu-loaded forms of CotA reflect a clear pat-
tern. HoloCotA is the most stable, followed by apoCotA
reconstituted with Cu(l), and the least stable is apoCotA
reconstituted with Cu(II). These results show that Cu
content as well as Cu incorporation (in vivo vs. in vitro)
have a direct impact on the stability of the enzyme. If
holoCotA is depleted with EDTA and then reconstituted
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Fig. 6 Excess heat capacity obtained from a differential scanning
calorimetry (DSC) scan (at pH 3) of as-isolated holoCotA (A),
apoCotA reconstituted with Cu(I) (B) and apoCotA reconstituted with
Cu(Il) (C). The thick line (experimental data) was fitted with three
independent transitions shown separately in thin lines. The thin line
under the DSC trace is the resulting sum of the three independent
transitions. Ty, values for the three transitions are shown, with the T,
values in parentheses referring to the holoCotA depleted with EDTA
and then reconstituted with Cu(I). The standard deviation of T, is
between 0.6 and 2.3 °C

with Cu, it becomes as stable as the original species,
meaning that the protein fold acquired in vivo and the Cu
coordination are crucial for maximum stability. Cu binding
to MCOs is well known to stabilize the enzyme [36, 37]
and indeed we have observed this stabilizing effect both for
kinetic and for thermal stability. Stabilization by Cu
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depends on the type of coordination involved (T1, T2 or
T3) [36, 38, 39] but probably also on subtle changes of
each coordination geometry, as pointed out by the differ-
ences in stability between apoCotA reconstituted with
Cu(l) and the as-isolated holoCotA and its reconstituted
derivatives which have the same Cu content.

Concluding remarks

In this study we have described the procedure for obta-
ining a soluble recombinant bacterial laccase with its full
complement of Cu ions from E. coli. We have shown that
Cu physiology is dependent on the oxygen availability;
under microaerobic growth conditions in Cu-supplemented
media, cells accumulate higher amounts of Cu than when
grown under aerobic conditions. Microaerobically grown
cells are able to produce, in the cytoplasmic space, a
recombinant holoCotA enzyme, while in aerobic condi-
tions a Cu-depleted population of proteins becomes
expressed. Possibly, the heterologous expression of a fully
Cu loaded enzyme under aerobic conditions by E. coli is
impaired by the presence of low cellular concentrations of
this transition metal ion. Visible and EPR data point to a
sequential process of Cu loading, with the T1 Cu center
being the first center to be reconstituted, followed by the
T2 Cu and T3 Cu centers. The sequential reconstitution
with cuprous or cupric ions of apoCotA, synthesized by
E. coli in the presence of oxygen in unsupplemented-Cu
media, showed that a fully Cu loaded reconstituted
enzyme is obtained only when the incorporation occurs in
the presence of Cu(I). These observations suggest that the
CotA laccase is synthesized in vivo through incorporation
of the +1 oxidation state. Nevertheless, the apoCotA
reconstituted with Cu(I), even with its full complement of
Cu ions, possesses lower catalytic ability and thermal
stability when compared with the as-isolated holoCotA.
These results point to a critical role of Cu in the correct
folding of recombinant CotA laccase in the cytoplasm of
E. coli. In fact, the reconstitution with either cuprous or
cupric ions of holoCotA derivatives obtained in vitro by
treatment with EDTA completely recovers the properties
of the native enzyme. EPR and RR data of the holoCotA
and the Cu(I)-reconstituted apoenzymes (both the apo-
CotA and the holoCotA derivatives) presented essentially
identical electronic structures on the level of the T1 Cu
site. The EPR data indicate some structural difference in
the vicinity of the T2 center. Taken together the EPR and
RR data indicate that, presumably, folding in the presence
of Cu is indispensable for the correct structure of the tri-
nuclear Cu-containing site, and could partly explain the
differences in the kinetic and stability properties of the
enzymes.
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