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Abstract Site-directed mutagenesis has been used to re-
place Met502 in CotA laccase by the residues leucine and
phenylalanine. X-ray structural comparison of M502L
and M502F mutants with the wild-type CotA shows that
the geometry of the T1 copper site is maintained as well
as the overall fold of the proteins. The replacement of the
weak so-called axial ligand of the T1 site leads to an
increase in the redox potential by approximately 100 mV
relative to that of the wild-type enzyme (E° =455 mV).
However the MS502L mutant exhibits a twofold to
fourfold decrease in the k., values for the all substrates
tested and the catalytic activity in M502F is even more
severely compromised; 10% activity and 0.15-0.05% for
the non-phenolic substrates and for the phenolic sub-
strates tested when compared with the wild-type enzyme.
T1 copper depletion is a key event in the inactivation and
thus it is a determinant of the thermodynamic stability of
wild-type and mutant proteins. Whilst the unfolding of
the tertiary structure in the wild-type enzyme is a two-
state process displaying a midpoint at a guanidinium
hydrochloride concentration of 4.6 M and a free-energy
exchange in water of 10 kcal/mol, the unfolding for both
mutant enzymes is clearly not a two-state process. At
1.9 M guanidinium hydrochloride, half of the molecules
are in an intermediate conformation, only slightly less
stable than the native state (approximately 1.4 kcal/
mol). The T1 copper centre clearly plays a key role, from
the structural, catalytic and stability viewpoints, in the
regulation of CotA laccase activity.
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Introduction

Laccases are members of the multicopper oxidase
family of enzymes that includes ascorbate oxidase
(L-ascorbate oxygen oxidoreductase, EC 1.10.3.3) and
ceruloplasmin [Fe(II) oxygen oxidoreductase, EC
1.16.3.1] [1, 2]. They are potential biocatalysts for
diverse biotechnological applications [3, 4], mainly
owing to their high relative non-specific oxidation
capacity, the lack of a requirement for cofactors and
the use of readily available oxygen as an electron
acceptor. Redox biocatalysts are highly sought after
because of the selectivity, controllability and economy
of their reactions, in comparison with conventional
chemical reactions. Moreover, biocatalyst-based pro-
cesses require less energy and minimize the amount of
waste produced, whilst at the same time being able to
improve the quality and functional specifications of
products. Recently, we undertook a multidisciplinary
study of the CotA laccase from Bacillus subtilis as a
model bacterial laccase system. CotA is a thermoactive
and intrinsically thermostable enzyme [5]. X-ray stud-
ies have shown that the enzyme has a typical 3-do-
main laccase fold [6] with a T1 mononuclear copper
centre in domain 3 and a trinuclear copper cluster
(two T3 ions and a T2 copper ion) located between
domains 1 and 3, and have given insights regarding
the role of 2,2’-azinobis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) as an oxidative mediator [7].
Moreover, studies involving structural intermediates of
O, reduction have provided a new model mechanism
for the dioxygen reduction in multicopper oxidases [§].
Such fundamental studies have been aimed at clarify-
ing, at the molecular level, the catalytic activity and
stability of these enzymes and the design of laccases
that better match biotechnological applications by
protein engineering techniques.



The catalytic rate-limiting step in laccases is consid-
ered to be the oxidation of substrate at the T1 site, most
probably controlled by the redox potential difference
between this site and the trinuclear site [9]. Redox
potentials exhibited by laccases span a broad range of
values from 400 mV for plant laccases to 790 mV for
some fungal laccases [10]. The conserved coordinating
amino acids for the T1 copper site are two histidines and
a cysteine, and the natural variations occur in the so-
called axial position with a single interaction from a
methionine being the most common arrangement.
Fungal laccases have non-coordinating phenylalanine or
leucine at this position and these may contribute, at least
in part, to the high E° observed in these enzymes, al-
though other elements of the protein matrix are known
to affect this important parameter of the T1 Cu centre
[11]. The present study utilizes site-directed mutagenesis
to examine how the replacement of a weakly coordi-
nating methionine of the T1 mononuclear copper by the
non-coordinating residues phenylalanine and leucine
affect the structure and the redox potential of this centre
and how these mutations affect the enzymatic properties,
ke and K, of the enzyme and also its overall ther-
modynamic stability. This information will assist the
development of strategies targeted at the improvement
of laccases as biocatalysts.

Materials and methods
Construction of CotA mutants

Single amino acid substitutions in the T1 Cu centre were
created using the QuickChange site-directed mutagenesis
kit (Stratagene). Plasmid pLOM10 (containing the wild-
type cotA sequence) was used as a template [5] and the
primers

cotA-MLd (5-GCATGAAGACTATGACCTGATGA
GACCGATGG-3") and

cotA-MLr (5-CCATCGGTCTCATCAGGTCATAGT
CTTCATGC-3)

were used to generate the M502L. The primers

cotA-MFd (5-GAAGACTATGACTTCATGAGACC
GATG-3’) and

cotA-MFr (5-CATCGGTCTCATGAAGTCATAGTC
TTC-3')

were used to generate the M502F mutation. The pres-
ence of the desired mutations in the resulting plasmids,
pLOMI13 (carrying the M502L point mutation) and
pLOMS52 (bearing the M502F point mutation), and the
absence of unwanted mutations in other regions of the
insert were confirmed by DNA sequence analysis. Plas-
mids pLOM13 and pLOMS2 were transformed into
Escherichia coli Tuner (DE3) strains (Novagen) to
obtain strains AH3522 and LOM401, respectively.
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Overproduction and purification of wild type and
M502L and M502F mutants

Strains AH3517 (containing pLOMI10 [10]), AH3522
and LOM401 were grown in Luria—Bertani medium
supplemented with ampicillin (100 pg/mL) at 25 °C.
Growth was followed wuntil the midlog phase
(ODyggp=0.6), at which time 0.1 mM isopropyl-f-p-thi-
ogalactopyranoside and 0.25 mM CuCl, were added to
the culture medium. Incubation was continued for a
further 4-6 h. Cell harvesting and disruption were per-
formed as described by Martins et al. [S]. Proteins were
purified by using a two-step purification protocol pro-
cedure as previously described [8]. Purified enzyme
samples were prepared by incubation with 250 uM
CuCl, for 1 h at room temperature in 20 mM tris(hy-
droxymethyl)aminomethane (Tris) HCl buffer with
0.2 M NaCl, pH 7.6. The excess copper was removed by
passing the solutions through a Sephadex G25 column
(PD 10 columns, Amersham Pharmacia Biotech) that
had been equilibrated with the same buffer. Purified
enzymes were stored at —20 °C until use.

Crystallization and X-ray data collection

Crystals of both mutants were obtained from a crystal-
lization solution containing 12% 2-propanol, 12% of
poly(ethylene glycol) 4000, 0.1 M sodium citrate pH 5.5
and a protein concentration of about 5 mg/mL, using
the vapour diffusion method. Pale-blue crystals ap-
peared within 2 days at room temperature. Data col-
lection was performed at the European Synchrotron
Radiation Facility (ESRF), Grenoble, France, using
beam line ID29. Two data sets were collected, one from
each mutant, at —163 °C, using a cryogenic solution that
contained 20% of glycerol plus the crystallization solu-
tion. Details of the data collection are given in Table 1.
Both data sets were processed and scaled with the pro-
grams DENZO and SCALEPACK from the HKL suite
[12].

Structure solution and refinement

The structure was determined by molecular replacement
(MOLREP from the CCP4 program suite [13]) with the
structure of the native protein (PDB code 1GSK) as a
search model, but with copper ions and solvent mole-
cules omitted and the side chain of residue 502 truncated
at the p-carbon atom. In each case there was one well-
discriminated solution with correlation coefficients of
0.71 and an Ry,cor Of 0.35 for both the M502L and the
M502F mutants. After five cycles of refinement with
REFMAC [14] the electron density maps, 2F,—F,, cal-
culated for both mutants clearly revealed the positions
of the four copper atoms. The electron density also
showed the side chain for Leu502, and for Phe502, in the
M502L and MS502F mutants, respectively. Repeated
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Table 1 Data collection and

refinement statistics M502L M3502F

Data collection statistics

Beam line at ESRF D29 1D29
Wavelength (A) 0.9756 0.9756
Detector ADSC Q210 2D ADSC Q210 2D
Distance | 190 225
Resolution (A) 2.05 2.3
Space group i P3,21 P3;21
Cell parameters (A)

a 101.45 101.97

¢ 135.85 136.11
Mosaicity (degrees) 0.2 0.3
Oscillation range (degrees) 60 94
Oscillation angle (degrees) 1.0 0.5

No. of unique hkl*
Completeness (%)*
1/o()*
R:ymm
Multiplicity®
Refinement
No. of protein atoms
No. of solvent atoms
No. of hetero atoms
Final R factor
Final free R factor
Mean B values (A?)
Protein
Solvent
Overall

Estimated overall coordinate uncertainty (A)b

Distance deviations®
Bond distances (A)
Bond angles (A),
Planar groups (A)

The G factor and Ramachan- Chiral volume deviation (A%

dran analysis [16] were deter-
mined by PROCHECK [17]
“Values in parentheses refer to
the highest-resolution shells as

Quality of models
Overall G factor

follows: M502L (2.12-2.05 A); Favourable
M502F (2.38-2.30 A) Additional
"Based on maximum likelihood Generous

‘Root-mean-square deviations Disallowed

Ramachandran analysis [% (no.)]

51,273 (5,068) 36,587 (3,616)

100.0 (100.0) 99.3 (99.7)
17.2 (2.6) 19.4 (5.8)
0.076 (0.531) 0.081 (0.282)
3.7 (3.7) 5.1(5.1)
4,086 4,095

458 434

4Cu + 20 + 4GOL 4Cu + 20 + 3GOL
0.16 0.15

0.195 (5.1%) 0.184 (5.0%)
273 218

37.8 31.1

28.5 223

0.08 0.09

0.02 0.02

1.44 1.52

0.01 0.01

0.108 0.133

0 —0.1

87.3 (370) 86.3 (366)
11.6 (49) 12.7 (54)

0.7 (3) 0.5 (2)

0.5 (2) 0.5 (2)

from standard values

cycles of model building with the COOT program [15]
and maximum-likelihood refinement with REFMAC
resulted in final models with good stereochemistry and
acceptable agreement residuals (Table 1). The overall
structural models of both mutants were then compared
with the structure of the native CotA, using the program
ESCET [18].

Enzyme assays

The laccase-catalysed oxidation reactions of ABTS,
potassium ferrocyanoferrate (II) [K4(FeCNg)], syring-
aldazine (SGZ) and 2,6-dimethoxyphenol (2,6-DMP)
were photometrically monitored with either a Nicolet
Evolution 300 spectrophotometer from Thermo Indus-
tries or a Molecular Devices Spectra Max 340 micro-
plate reader with a 96-well plate. The oxidation reactions
of ABTS, K4(FeCNg), SGZ and 2,6-DMP were followed
at 420 nm (¢=36,000 M~' cm™!), 405 nm (=900
M~ em™1), 530 nm (6=65,000 M~ cm™!) and 468 nm

(6=49,600 M~ ! cm™'), respectively. Oxidations were
determined by using Britton—Robinson (BR) buffer
(100 mM phosphoric acid, 100 mM boric acid and
100 mM acetic acid mixture with 0.5 M NaOH to the
desired pH). The effect of pH on the enzyme activity was
determined at 37 °C for the different substrates, in BR
buffer (pH 3-10). The reaction mixtures contained
I mM ABTS, I mM KyFeCNg), 0.1 mM SGZ or
1 mM 2,6-DMP. Kinetics parameters were determined
at 37 °C. The reaction mixtures contained ABTS (10—
200 uM, pH 4), K4(FeCNy) (10-200 pM, pH 6), SGZ
(1-100 uM, pH 7) and 2,6-DMP (10-200 uM, pH 7).
The initial reaction rates were obtained from the linear
portion of the progress curve. Kinetics data were
determined from Lineweaver—Burk plots assuming that
simple Michaelis—Menten kinetics was followed. All
enzymatic assays were performed at least in triplicate.
The protein concentration was measured by using the
absorption band at 280 nm (&g = 84,739 M™! cmfl) or
the Bradford assay using bovine serum albumin [19] as a
standard.



UV-vis spectra

UV-vis spectra were recorded using a Nicolet Evolution
300 spectrophotometer from Thermo Industries.

Redox titrations

Redox titrations were performed at 25 °C, and pH 7.6,
under an argon atmosphere, and were monitored by
visible spectroscopy (300-900 nm), using a Shimadzu
Multispec-1501 spectrophotometer. The reaction mix-
ture contained 25-50 uM enzyme in 20 mM Tris—HCI
buffer, pH 7.6, with 0.2 M NaCl and also the following
mediators: 10 uM final concentration of dimethyl-p-
phenylenediamine (+ 344 mV), monocarboxylic acid
ferrocene (+530 mV), 1,1’-dicarboxylic acid ferrocene
(+644 mV) and Fe(II/III) Tris-(1,10-phenanthroline)
(+1,070 mV). Potassium hexacholoroiridate(IV) was
used as an oxidant and sodium dithionite as a reductant.
The redox potential measurements were performed with
a combined silver/silver chloride electrode, calibrated
with a quinhydrone saturated solution at pH 7.0. The
redox potentials are quoted against the standard
hydrogen electrode. The reduction potentials were found
to be reproducible within =10 mV.

Thermodynamic stability

Steady-state fluorescence was measured with a Carry
Eclipse spectrofluorimeter using 280 nm as the excita-
tion wavelength. CotA laccase and single mutants were
in 20 mM Tris-HCI buffer at pH 7.6 with 200 mM
NaCl. Several fluorescence signals can be used to mon-
itor the unfolding transitions of proteins, such as steady-
state fluorescence intensity, emission maximum and
fluorescence anisotropy. Currently fluorescence intensity
(total intensity by integrating the emission at different
wavelengths or intensity at a specific wavelength) is
mostly used and appropriately measured as it is directly
related to the mole fraction of the states of the protein
[20]. For some cases such as the enzymes under study,
fluorescence intensity cannot be used because there is no
significant discernible difference between the signals
from macroscopic states that characterize unfolding
transitions. Although, fluorescence intensity changes
cannot be used, the emission maximum shifts to longer
wavelengths upon unfolding when tryptophan residues
become exposed to the high polarity of the water mol-
ecules (the enzyme emission maximum shifts from 330 to
354 nm upon unfolding). To monitor unfolding of the
enzymes under study using fluorescence, a combination
of two signals was used: fluorescence intensity and
emission maximum. The use of the emission maximum
might skew slightly the tracking of the population of
states towards the more intensely emitting state [20, 21],
but the use of these two signals was the only approach
able to provide accurate data within the transition
region. First, the spectra were normalized (dividing by
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the intensity at the maximum of emission) to reflect
clearly the shift in the emission maximum. Second, the
wavelength at which the relative fluorescence intensity
(intensity relative to the maximum) changes more sig-
nificantly was selected (370 nm for CotA laccase and
mutants) and the relative fluorescence intensity at this
wavelength was used to monitor unfolding of CotA
laccase and single mutants. Further details are given in
the “Appendix”.

The thermodynamic stability was also evaluated
based on enzymatic activity and absorbance at 600 nm
in the presence of different concentrations of guanidi-
nium hydrochloride (GdnHCI). The absorbance at
600 nm was measured in the presence of different
GdnHCI concentrations (0-3 M), by using 123 uM
CotA in 20 mM Tris—HCI pH 7.6 buffer with 200 mM
NaCl. Enzymatic activity was measured in the same
GdnHCI concentration range, following the oxidation of
SGZ at 530 nm in the same buffer by using 0.015 pM
CotA, 0.29 uyM MS502L and 0.30 pM MS02F, respec-
tively. These measurements were done in a 96-well-plate
Spectra Max 384 spectrophotometer from Molecular
Devices.

Other methods

The amount of copper bound to the protein was deter-
mined through the trichloroacetic acid/bicinchoninic
acid method of Brenner and Harris [22] and confirmed
by atomic absorption (Chemical Analysis Facility, In-
stituto Superior Técnico, Universidade Técnica de Lis-
boa).

Results and discussion
Characterization of the axial variants in CotA laccase

The site-directed replacement of Met502, an axial ligand
of the T1 copper site, by the non-coordinating residues
leucine and phenylalanine resulted in enzymes that show
the same chromatographic pattern during purification
when compared with that of wild-type CotA laccase.
Preparations were judged to be homogeneous by the
observation of a single band on a Coomassie Blue
stained sodium dodecyl sulfate polyacrylamide electro-
phoresis gel. Copper incorporation of wild-type CotA
laccase was followed by the increase in absorbance at
600 nm, showing that the proteins, as purified, present
an appreciable copper depletion. To ensure that copper
depletion was minimized, the purified proteins samples
were incubated for at least 1 h with excess copper, which
was removed by passing the solution through a Sepha-
dex-G25 column. Copper content measurements re-
vealed a stoichiometry number close to 4 Cu per protein
for the mutant M502L and M502F proteins, ensuring
that all four coppers anions required to exert enzyme
activity were incorporated into the active site. In con-
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trast, the wild-type CotA laccase was not completely
loaded with copper. On average, samples contained
2.01+0.47 Cu per protein. Incomplete metal incorpo-
ration was also observed in previous studies with CotA
laccase [5-8], and as a consequence copper in a stoichi-
ometry of 4:1 (copper-to-protein ratio) was added to the
protein solutions. Nevertheless, samples of this latter
protein were intense blue when compared with M502L
and M502F mutant proteins, correlating with the higher
signal intensity of the T1 Cu as monitored by the peak
absorbance at 600 nm (Fig. 1). The sequential addition
of the oxidizing agent, iridate, up to 10 times excess to
the solutions of M502L and MS502F proteins did not
increase the band intensity at 600 nm, ruling out the
hypothesis of the T1 Cu being in the reduced state in
these isolated enzymes. Under the conditions tested, we
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Fig. 1 UV-vis spectra of wild-type recombinant CotA laccase (a),
compared with that of M502L (b) and M502F (¢) mutants. Spectra
were recorded in 20 mM tris(hydroxymethyl)aminomethane HCI,
pH 7.6, with 0.2 mM NaCl

had assumed that mutant enzymes were fully Cu loaded
with oxidized T1 Cu. Comparison of different spectra
shows the absence of a 330-nm band (Fig. 1) in any of
the protein preparations. This band is indicative of the
presence of a hydroxyl group bridging the type 3 copper
ions [10]. In the wild-type CotA laccase our most recent
studies indicate that the “isolated” enzyme has a diox-
ygen moiety bound to the T2-T3 cluster [7, 8], so the
absence of a band or a shoulder at 330 nm is expected.
In the case of the mutants, the absence of this band is
consistent with the X-ray crystal structures where a di-
oxygen molecule and a peroxide moiety are observed
bound to the trinuclear cluster of the MS502L and
M502F mutants, respectively (Fig. 2e, f).

Structural characterization of M502L and M502F
mutants

The M502L and the M502F mutants show the charac-
teristic fold of the “‘as-isolated” protein [8]. It comprises
three cupredoxin domains, a mononuclear type 1 copper
centre localized in domain 3, and a trinuclear copper
centre that is placed between domains 1 and 3. In the as-
isolated structure of CotA the copper atom in the
mononuclear type 1 copper centre has three strong li-
gands, two histidine residues and one cysteine residue,
and a weak axial ligand, a methionine, which was mu-
tated into a leucine and a phenylalanine, as described
earlier. The polypeptide chain of both mutants was
traced through (2F, — F, and F, — F_) electron density
maps, except for a region positioned at the protein
surface (residues 89-96). In all the CotA structures re-
fined so far, this region has always been poorly defined
[6-8]. In addition, two residues (Aspl87 and Leu425)
systematically appear in the disallowed region of the
Ramachandran plot [23]; however, these are well-defined
residues located at the beginning of a 3;ohelix (Asp187)
and in a y-turn (Leu425). The T1 and trinuclear copper
centres were readily positioned in the electron density
maps, as well as the mutated residues (Fig. 2a, b).

In the M502L mutant, the position of Leu502 side
chain does not differ significantly from that occupied by
the methionine residue in the native protein; however,
the C*?Leu502 atom is located further away (at 3.4 A)
from the type 1 copper (Table 2, Fig. 2¢) and no longer
coordinates to it, as observed in other laccases which
have a leucine at that position. Overall, the geometry of
the type 1 copper centre is maintained (Table 2, Fig. 2c),
although some depletion of the copper anion is observed
(occupancy 0.85). Likewise, in the M502F mutant the
phenylalanine residue is positioned further away from
the copper atom gFig. 2b), and does not coordinate to it.
The distance (C°>~Cul 3.6 A), in this case is slightly
longer than that observed for the leucine mutant, but is
within the range that is observed in other laccases that
possess the same axial residue [24-26]. Again, the overall
geometry of the type 1 copper centre is maintained
(Table 2, Fig. 2d) and no significant differences were
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Fig. 2 Detail of the type 1 copper centre with a section of the 2F,—F electron density map contoured at 1o and showing the mutated
residue in M502L (a, ¢) and M502F (b, d); detail of the trinuclear centre in the M502L mutant (e) and in the M502F mutant (f)

identified in its neighbourhood. The structural compar- mutated residue, all the polypeptide chain is invariant
ison of both mutants with the as-isolated CotA showed (Fig. 3). The slight movement of the mutated residue
that, apart from a region that is positioned close to the towards the protein surface, and away from the type 1
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Table 2 Bond distances at the

copper centres CotA M502L M502F
Mononuclear type 1 copper centre
T1 4th ligand Met Leu-CD2 Phe-CD2 (CE2)
Cu-ligand 32 34 3.6 (3.9)
Cu-His H497, 1.98 H497, 2.02 H497, 2.01

H419, 2.02 H419, 2.02 HA419, 2.01

Cu—Cys B 2.22 2.22 2.24
Resolution (A) 2.00 2.05 2.3
Trinuclear copper centre
Cu2—Cu3 4.73 4.73 4.88
Cu2-Cu4 3.66 4.04 4.14
Cu3—Cu4 3.99 3.81 3.89
Cu2-01 2.57 2.61 2.33
Cu2-02 2.59 2.50 3.01
Cu3-01 2.31 2.28 2.67
Cu3-02 2.29 2.37 1.94
Cu4-02 242 2.56 2.80
Cud-w 2.98 2.92 2.77
Ol-w 2.40 2.71 2.79
w—E498 2.86 2.48 2.74
Cu2-H493 2.13 2.05 2.05
Cu2-H153 2.08 2.03 2.01
Cu2-H107 2.07 2.00 2.01
Cu3-H155 2.11 2.02 2.01
Cu3-H491 2.03 1.99 2.00
Cu3-H424 2.04 1.99 1.99
Cu4-H105 1.96 1.96 1.94
Cu4-H422 2.03 1.95 1.97

copper atom, leads to a concerted movement of this
region, pushing it away towards the solvent, and slightly
increasing the exposure of the copper centre.

In both mutant structures a diatomic moiety was
modelled between the two type 3 copper anions in the
trinuclear centre. For the M502L mutant a dioxygen

C-term

Fig. 3 Representation of the three-dimensional structure of CotA
with the cupredoxin domains coloured differently (domain 1 green,
domain 2 slate, domain 3 wheat) and the variant region in red
(M502L residues 371-377, 386-399; M502F residues 375-376, 387—
389). Prepared with PyMol [27]

moiety was modelled (O1-O2 distance 1.20 A) (Fig. 2¢)
symmetrically positioned between the two copper atoms,
as observed in the as-isolated structure of CotA [8]. In
the M502F mutant a_peroxide moiety was modelled
(O1-02 distance 1.45 A), tilted with respect to the type 3
copper anions (Fig. 2f). This moiety is similar to that
observed in the peroxide adduct [8] and constitutes an-
other intermediate state in the mechanism of dioxygen
reduction to water [8]. In the peroxide adduct, crystals of
the as-isolated CotA were deliberately soaked with
hydrogen peroxide. This was not the case for the M502F
mutant and the occurrence of the peroxide intermediate
must indicate that it is the most stable intermediate in
the overall reaction cycle under the crystallization con-
ditions used. The precise reasons why this state was
isolated are not clear, since no substrate or reducing
agent was deliberately added to the sample and there
was no indication that radiation damage during X-ray
data collection was significant.

Redox potential at the T1 site of wild-type
and mutant proteins

The reduction of the T1 copper ion was measured by the
disappearance of the ““blue’” absorbance band over 500-
800 nm. The normalized amplitude of the absorption
band measured at 600 nm as a function of the potential
for the three enzymes is displayed in Fig. 4. The redox
potentials of the T1 Cu site were determined to be 455,
548 and 515 mV for the wild type, M502L and M502F,
respectively (Table 3). Thus, the replacement of the axial
methionine residue by a leucine and a phenylalanine in



the CotA laccase leads to an increase of the redox po-
tential by approximately 100 and 60 mV, respectively.
The T1 Cu site of M502L and M502F (Fig. 2a—d) clo-
sely mimics the structural characteristics of the wild-type
CotA laccase, displaying a flattened trigonal geometry in
the absence of the fourth ligand. The redox potential
increase should therefore be a direct consequence of this
specific change to the axial ligand in the Cu centre and is
most probably related to the stabilization of reduced
state of the copper atom, Cu(I), by the elimination of the
axial ligand; all the other parameters that are known to
influence the redox potential, such as the solvent acces-
sibility of the metal site, the charge dipole distribution
around the copper, and the hydrogen bonds with the
cysteine sulfur atom [11] appear to remain unchanged.
Axial ligand mutations at T1 copper sites in other en-
zymes have been extensively studied and it has been
recognized that they are a key factor in modulating the
redox potential of blue copper sites in the range from
approximately 100 to 200 mV [28-34].
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Fig. 4 Redox titrations of wild type (a) and M502L (b) and M502F
(¢) mutants. The solid lines show the best fit of the experimental
data given by one-electron Nernst curves
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Catalytic properties of mutants as compared
with the wild type

Four different reducing substrates, two non-phenolic,
ABTS and K4(FeCNg), and two phenolic, SGZ and 2,6-
DMP, were used to identify specific changes in the cat-
alytic properties of M502L and MS502F mutants as
compared with the wild-type enzyme. The wild-type and
the mutant proteins exhibited maximal activity for
ABTS and FeCNg at pH 3 and for SGZ and 2,6-DMP at
pH 7, displaying the typical monotonal decrease as pH
increases for the non-phenolic substrates and a bell-
shaped profile for the phenolic substrates (results not
shown). Overall, the pH profiles of both single mutants
were similar to those of the wild-type enzyme (results not
shown). A comparison of the catalytic activities at the
optimum pH for the wild-type and the mutant enzymes
is shown in Table 3. These mutations did not result in
major alterations regarding the K, for the different
substrates; values that differ as much as threefold were
calculated for all the substrates tested. It was not ex-
pected that the mutations would have major effects on
the substrate binding site, and indeed no major changes
in the affinity for different substrates were observed.
Significant changes were found, however, for both mu-
tants, in the values of k., calculated. The M502L mu-
tant exhibits a twofold to fourfold decrease in kgy
towards the oxidation of all the non-phenolic and
phenolic substrates tested. Mutant M502F presents a
tenfold decrease in k., towards the oxidation of the
non-phenolics ABTS and FeCNg compared with the
wild-type enzyme and an 1,840-fold and 665-fold
decrease in k., towards the oxidation of the phenolic
substrates, implying that its ability to oxidize phenolic
substrates is highly reduced. The large decrease in the
catalytic activity of the M502F mutant towards phenolic
substrates whose oxidation accompanies proton release,
in contrast to the oxidation of non-phenolic substrates,
is not understood at present. One result that appears
outstanding, however, is that no direct correlation was
found between the redox potentials calculated for the
mutant enzymes and the oxidation rates of the sub-
strates tested. Both mutants exhibited higher redox
potentials than the wild-type CotA laccase and lower
turnover rates. The parameter k., is reflective of the
enzymatic rate-limiting step that was shown to be the
substrate oxidation under steady-state conditions [9].
For an electron-transfer reaction its rate (kgr) is mainly
determined, according to Marcus theory, by three fac-
tors: the donor—acceptor electronic coupling (Hap),
where the exact geometry of the protein matrix has an
important role; the redox potential (E°); and the reor-
ganization energy (1), which also depends on the struc-
ture and the dynamics of the protein [35]. The higher
redox potential determined for both mutants would
appear to favour an increased reaction velocity, as kgt is
a major component of the parameter k., [9]. In the
present case, we can hypothesize that mutations could
have affected the electronic tunnelling and/or the reor-
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Table 3 Redox potential and substrate specificity of the wild-type CotA laccase and mutant enzymes

E° (mV)  ABTS K 4(FeCNg) SGZ 2,6-DMP
Km (HM) kcal (Sil) Km (HM) kcat (Sil) Km (HM) kcal (Sil) Km (HM) kcat (Sil)
Wild type 455 87+10 224+0.9 69+2 54.5+1.0 101 18.4+0.4 60+17 6.65+0.5
M502L 548 89+5 10.6 £0.24 27+5 209+04 9=£1 74+22 145+16 1.55+0.1
MS502F 515 49+4 0.26+0.003 67+4 5.5£0.04 8+1 0.01+0.003 35+7 0.01+£0.001

ABTS 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid), SGZ syringaldazine, 2,6-DM P 2,6-dimethoxyphenol

ganization energy of the two electron-transfer processes
(from the substrate to the T1 centre and from this to the
trinuclear site) to find possible reasons for discrepancies
in the overall velocity of reactions in the different pro-
teins studied. It is possible that the replacement of
methionine by leucine and phenylalanine, leading to
elimination of a dipole, could contribute to the electro-
static destabilization of the reduced form of the Tl1
copper site [36]. The accommodation of an electron at
this site would therefore require an increase in the
reorganization energy, which in turn could result in
lower kgt and thus lower turning number values in the
mutant proteins. However, none of these possibilities
can be clearly investigated here.

Stability studies

The thermodynamic stability and characterization of the
unfolding of CotA induced by GdnHCI was achieved by
using different spectroscopic techniques and activity
measurements. Figure 5a shows the thermodynamic
stability of the tertiary structure of CotA wild type as
assessed by fluorescence. The wavelengths at the emis-
sion maxima reflect clearly the exposure of tryptophan
residues to the high polarity of water at the surface of
the protein upon unfolding [37]. The CotA tertiary
structure is very stable, displaying a GdnHCI concen-
tration of 4.6 M at the midpoint (where 50% of the
molecules are unfolded), and the native state is more
stable than the unfolded state by 10 kcal/mol at 25 °C
(Table 4). The unfolding process was accurately de-
scribed according to a two-state process with native and
unfolded states being the only ones that accumulate
significantly (N—U). Far-UV circular dichroism was
also used to assess the unfolding of the secondary
structure (data not shown). The CotA secondary struc-
ture unfolds at the same GdnHCI concentration as
unfolding of the tertiary structure was observed (4-6 M)
but accurate quantification was not possible. CotA has a
relatively low content of the secondary structure, mostly
p-sheets (3.5% of a-helixes and 37% of fS-sheets, PDB
entry 1GSK) which display a low mean residue ellipticity
[38].

Thermodynamic stability was also assessed by activ-
ity measurements and absorbance at 600 nm to probe
CotA function and copper binding at T1, respectively
(Fig. 5b). The use of a multidimensional approach that

measures changes at the level of tertiary structure (flu-
orescence), secondary structure (circular dichroism in
the far-UV), function (activity) and copper binding/
coordination (absorbance at 600 nm) provides infor-
mation on the heterogeneity of protein population in
equilibrium. Since both the activity and the absorbance
at 600 nm depend on copper bonding to T1 and they
follow approximately the same trend upon increased
GdnHCI concentrations, the decays of activity and
absorbance at 600 nm were accurately fitted according
to a two-state process describing an equilibrium between

0 2 4 6 8

[GdnHC1] (M)
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0 1 2 3
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Fig. 5 a Fraction of wild-type CotA laccase unfolded (fy) by
guanidinium hydrochloride (GdnHCI) as measured by fluorescence
emission. The solid line is the fit according to the equation

fu=exp(—AG°/RT)/1+ exp(—AG°/RT), which assumes the equilib-

rium N—U and was derived from Egs. 1, 2, 3, 4 and 5 and the
numbers are the wavelengths at the emission maximum. b Change
in activity in the absence (squares) and presence (triangles) of
copper (copper-to-CotA ratio 4:1) and change in absorbance at
600 nm (circles) at increasing GdnHCI concentrations. The solid
lines are the fits according to the equation y=ynTVNwmo
COpper)exp(—AGo/RT)/ 1 +exp(—AG°/RT), which assumes the equi-
librium NN, copper and was derived from Egs. 1, 2, 3, 4 and 5,
where yn and Yo copper) are the relative activity or the absorbance
for the native state and native state without copper, respectively. In
the presence of copper, an initial increase in activity which cannot
be fitted according to the process of copper loss is highlighted by a
dashed line to help visual inspection
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Table 4 Thermodynamic stability of the tertiary structure of CotA wild type and mutants M502L and M502F as assessed by fluorescence

spectroscopy

AGIZe (keal/mol) miyg (kcal/mol M) Midpoint;y, (M) AGHSter

(kcal/mol) my,q (kcal/mol M) Midpoint,,g (M)

CotA wild type 10.0+0.1 2.2+0.0 4.6+0.1
MS502L 1.4+0.0 0.7£0.1 1.9+0.2
M3502F 1.4+0.1 0.94+0.1 1.6+£0.0

7.1£0.6
6.2+0.5

5.0£0.0
4.8+0.2

1.4+0.1
1.3+0.2

st first transition, meaning from N to U for the wild type and from N to I for mutants; 2nd second transition, meaning from I to U, which

exists only for mutants

the native state with copper and the native state with no
copper at T1 (NN, copper). Parameters describing this
equilibrium assessed by activity are shown in Table 5.
The process of copper depletion from T1 and the con-
comitant loss of activity are not related to the unfolding
of secondary and tertiary structures as they occur at
much lower GdnHCI concentrations. Copper depletion
is the key event in the inactivation and thus for the
thermodynamic stability of CotA wild type. Even in
buffer (at 0 M GdnHCI), the native state with copper is
only marginally more stable than the native state with
no copper at T1 (0.2 kcal/mol), leading to the accumu-
lation of around 43% of CotA molecules without cop-
per. This point is fully supported by measuring the
equilibrium between N and Ny, copper in the presence of
copper in solution (Fig. 5b, Table 5). CotA wild type is
able to incorporate copper with an initial increase in
GdnHCI concentration up to 0.4 M, leading to an in-
crease in activity. The parameters obtained from the fit
also reflect copper uptake as the equilibrium is shifted
towards N in the presence of copper and the energy gap
between N and Ny, copper increases to 1.4 kcal/mol.
Clearly, the loss of the CotA enzymatic activity corre-
lates to T1 copper depletion, and not with global
unfolding of secondary and tertiary structures. The
thermodynamic parameters shown in Table 4 for the
wild-type protein characterize the transition from N
with no copper at T1 to U as copper is lost at much
lower GdnHCI concentrations. These results appear to
contradict previous results where it was observed that
the unfolding of three fungal laccases coincides with
their inactivation [38], but are in accordance with results
obtained for the thermal denaturation of the plant Rhus

vernicifera laccase [40] and in the fungal Coriolus hirsutus
and Coriolus zonatus laccases [41], where copper is lost
at relatively low temperatures and where global
unfolding of secondary and tertiary structures could not
still be detected.

The mutations M502L and M502F have a profound
impact on the stability of CotA. Only the stability of
M502L is shown in Fig. 6 but the mutant MS502F
shows basically the same behaviour (Table 4). First, the
unfolding of the tertiary structure is clearly a non-two-
state process. The accumulation of an intermediate
state (I) in-between N and U that occurs at low
GdnHCI concentration (at 1.9 M GdnHCI1 ,50% of
molecules are in the I state) allows the accurate fit of
the unfolding process. The I state accumulates at low
GdnHCI concentration because the native state is more
stable than the I state by only 1.4 kcal/mol. Trypto-
phan residues are partially exposed to water in the I
state as shown by the wavelength of the emission
maximum, indicating that the I state is a partially un-
folded state. As the stability of the I state is close to
that of the native state, the conversion from I to U
occurs only at high GdnHCI concentrations and is
thermodynamically similar to the conversion of N to U
in the wild-type protein. The term m, which is the
cooperativeness of the transition, contains interesting
information as it is a measure of the degree of
unfolding for a given transition [42]. The global
unfolding of the wild-type protein is characterized by
an m value of 2.2 kcal/mol M, which is equal to the
overall unfolding transition from N to U for the mu-
tants (mg + nopg 1s 2.1 and 2.2 kcal/mol M for M502L
and MS502F, respectively). This indicates that the

Table 5 Thermodynamic stability of CotA wild type and mutants M502L and M502F as assessed by activity

AGY YT (kcal/mol)

mg (kcal/mol M) Midpoint; (M)

CotA wild type 0.2+0.0
CotA wild type + copper (1:4) 1.4+04
MS502L 0.3+0.7
MS02L + copper (1:4) 1.0£0.4
MS02F + copper (1:8) —0.1+£0.8
MS502F + copper (1:70) 0.8+0.3

0.7+0.1 0.3+0.1
0.9+0.1 1.5+£0.3
0.7+0.1 0.4+0.9
1.5+0.5 0.7+0.1
0.8+0.1 @

1.2+0.1 0.6+0.1

Activity was measured in the absence and presence of copper (1:4 ratio of protein to copper) for wild type and M502L and in the presence
of two copper concentrations (1:8 and 1:70 ratios of protein to copper) for the M502F mutant

st first transition, which is from N with copper to N without copper for the wild type. For mutants the intermediate I accumulates at very
low GdnHCI concentration and the first transition might be from N to I, cy

aAt 0 M GdnHCI more than 50% of the molecules have no copper at T1 (AG? “#' is negative) and therefore the midpoint cannot be

defined
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Fig. 6 a Fractional change of the fluorescence signal from the
M502L mutant induced by GdnHCI as measured by fluorescence
emission. The dashed line is the fit according to a two-state model
(NeU, see Egs. 1, 2, 3, 4, 5) and the solid line is the fit according to
a three-state model (N—l—U) using Eq. 13. Numbers are the
wavelengths at the emission maximum showing that the CotA
MS502L mutant initiates unfolding (accumulation of I) at very low
GdnHCI concentrations. The inset shows precisely the accumula-
tion of I and its disappearance to give the unfolded state with the
increase in GdnHCI concentration, calculated according to Eqgs. 14
and 15, respectively. b Change in activity of the CotA MS502L
mutant in the absence (squares) and presence (triangles) of copper
(copper-to-CotA ratio 4:1) at increasing GdnHCI concentrations.
The solid lines are the fits according to the equation y =yn= Vnemo
coppen€XP(—AG®/RT)/1 +exp(—AG°/RT) derived from Egs. 1, 2, 3,
4 and 5, where yn and yneo copper) are the relative activities for the
native state and the native state without copper, respectively. In the
presence of copper, a small increase in activity which cannot be
fitted according to the process of copper loss is highlighted by a
dashed line to help visual inspection

structure of N is basically the same for wild-type and
mutant proteins at the level of exposure to the solvent
(as it is not expected that the U state will change upon
mutation). This observation is fully supported by the
invariant three-dimensional structures obtained for
both mutants (see earlier) and by the invariant emission
maximum of tryptophan residues (approximately
331 nm). Nevertheless, our results indicate that the
native overall structure of the mutant enzyme is less
stable when compared with the structure of the wild-
type enzyme. In fact, global unfolding of the wild type
is characterized by a AG® ™ of 10 kcal/mol, but the
free-energy gag between N and U for the mutants
(given by AG YT+ AGINT) is lower for M502L
(8.5 kcal/mol) and even lower for M502F (7.6 kcal/

mol), the most destabilized structure. The mutant
M502L also loses activity at very low GdnHCI con-
centrations in exactly the same way as the wild type
(the midpoints are 0.4 and 0.3 M, respectively; Ta-
ble 5). Copper uptake however was not significant at
low GdnHCI concentrations and only a very small in-
crease in the activity was observed (Fig. 6b). Probably
the I state that accumulates at low GdnHCI concen-
tration cannot incorporate copper from the solution.
For the mutant M502F, copper uptake was even more
compromised and the equilibrium was further shifted
to Npo copper» leading to AG® YT being negative and
more than 50% of the protein molecules having no
copper at T1 (Table 5). It appears that the mutations
MS02L and M502F have destabilized the conformation
of the T1 site without causing gross structural changes
in the tertiary structure. These mutations may have
created a “‘hot spot” where partial unfolding that leads
to accumulation of the I state is probably initiated. The
slight movement of the mutated residues towards the
protein surface, and away from the type 1 copper
atom, leads to a concerted movement of the region
positioned close to the mutated residues (Fig. 3 and
previous discussion), pushing it away towards the sol-
vent, and opening the copper centre. The loss of sta-
bility observed for the mutant proteins may be
correlated with this structural change. Indeed, the
weakening of the copper coordination and subtle
alterations in the interconnections of the residues could
lead to decreasing stabilization of the centre and thus
of the whole structure.

Concluding remarks

Integrated studies have been undertaken on the CotA
laccase from B. subtilis after site-directed mutagenesis on
the catalytic mononuclear T1 copper site. The role of the
T1 site within the multicopper oxidases is related to the
long-range intramolecular electron transfer, shuttling
the electrons from the reduced substrate to the trinuclear
centre, where O, is reduced to water. The X-ray analysis
of mutants has shown that replacement of the axial Cu
methionine ligand by the non-coordinating hydrophobic
residues leucine and phenylalanine did not lead to major
structural changes in the geometry of the centre or in the
overall fold of the enzyme. Thus, an increase of the re-
dox potential of the both mutant enzymes by as much as
100 mV has been attributed to the weakening in the T1
Cu coordination. Nevertheless, no direct correlation was
found between the redox potentials calculated for the
M502L and M502F enzymes and the oxidation rates of
several non-phenolic and phenolic substrates tested, as
lower turnover rates were calculated for both mutants
when compared with the wild-type enzyme. Further-
more, the mutations in the axial ligand have a profound
impact on the thermodynamic stability of the enzyme;
the accumulation of an intermediate state in-between the
native and unfolded states occurs at low concentrations



of denaturant, in contrast with the two-state unfolding
process of the wild-type enzyme. Mutant M502F is more
severely compromised in its biological function than the
M502L mutant. The aromatic phenylalanine residue is
larger than leucine or methionine residues and is posi-
tioned at a distance slightly further from the T1 Cu than
leucine. This resulted in a higher local instability of the
structure as shown by the smaller free-energy gap cal-
culated between the native and unfolded states and also
by the decreased ability to incorporate copper from
solution as compared with the wild type or the M502L
mutant. These variations should be related to the radical
drop in the catalytic ability. Our results indicate that
copper depletion is a key event in the inactivation and
thus in the thermodynamic stability of CotA laccase.
The enzyme loses copper from the TI1 site and the
activity decreases abruptly at very low GdnHCI con-
centrations, compared with those needed to unfold sec-
ondary and tertiary structures, indicating that copper is
the first parameter affecting the enzyme thermodynamic
stability. In the present work it was shown that subtle
rearrangements in the coordination sphere of the TI
copper result in major loss of function regarding the
catalytic as well as the overall stability of the enzyme,
raising new questions regarding our understanding of
the structure and function of the oxidative copper site of
the blue multicopper oxidases.
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Appendix

The thermodynamic stability of CotA wild type moni-
tored by fluorescence was analysed according to a two-
state process (N«<>U) using the following equations:

y = wW/N+wfu, (1)
-N) :fU/fNa (2)
AG{; ny = —RT In Ky_n), (3)

(i + exp((—AGRAS +mu_x)[GdnHCI ) /RT)

Fyu exp (( AGRHET + m [GdnHCl]) /RT) exp (( AGYHST 4 myy_y [GdnHCl]) /RT))
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AGYy ) = AGY*R) — mu-n) [GdnHCI] (4)
and
[GdnHClJ5y, = AGYRSK)/mu-n), (5)

where N and U are native and unfolded CotA, respec-
tively, y is the fluorescence signal, f is the fraction of
CotA molecules with a given conformation, K is the
equilibrium constant, AG is the standard free energy,
m Ny is the linear dependence of AG” on GdnHCI
concentration and [GdnHCl]s5g, is the GdnHCI con-
centration for AG*=0. yy and yy were calculated di-
rectly from the pretransition and posttransition regions
according to a linear dependence.

The thermodynamic stability evaluated by activity
measurements and the absorbance at 600 nm are
dependent on copper loss from T1. Therefore Egs. 1, 2,
3, 4 and 5 were used but considering that the two-state
process assessed by these two techniques is the estab-
lishment between the native state with copper bound at
T1 and the native state with no copper at T1 (NN,
copper))'

The thermodynamic stability of CotA M502L and
M502F mutants monitored by fluorescence could only
be accurately fitted according to a three-state process,
with the accumulation of an intermediate state in-be-
tween N and U (N«I—U). The following equations
were used:

y =W/~ +wfi +yufu, (6)

7N) = fi/ /N, (7)

= fu/h, (8)

AG‘()I Ny = —RT In Ky_nj, 9)

AG(y_y) = —RT In K-y, (10)

AGY Ny = AGY™S — m(_x)[GdnHCI] (11)
and

AG(y 1y = AGRY™S — mu_1)|GdnHC], (12)

where yn was considered to be the fluorescence signal at
0 M GdnHCI (this assumption was confirmed by the
fluorescence emission maximum) and yy was calculated
directly from the posttransition regions according to a
linear dependence.

Combining Egs. 6,7, 8,9, 10, 11 and 12, we fitted the
fluorescence signal (and therefore fractional change of
fluorescence signal) according to Eq. 13:

y= (exp ((~AGR™§ + myn[GdnHCL) /RT )

+1+ exp(( AGRS + mg

(13)

[GdnHCl]) /RT) exp ( (—AG?[“}'“EB‘ +mu_yy [GdnHCl]) /RT) )
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The fits were carried out by varying values of yy,
AGER, many, AGY" and my 1y with the Origin
software using the non-linear curve-fit option. Combi-
nation of Egs. 6, 7 and 8 leads to

Kix
fi= = (14)
1+ Kq-n + KoKy
and
fo= e UNROD (19)
1+ K1~ + KoKy
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