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The stability of the Aquifex aeolicus multicopper oxidase (McoA) was studied by spectroscopy, calorimetry
and chromatography to understand its thermophilic nature. The enzyme is hyperthermostable as
deconvolution of the differential scanning calorimetry trace shows that thermal unfolding is characterized
by temperature values at the mid-point of 105, 110 and 114 °C. Chemical denaturation revealed however a
very low stability at room temperature (2.8 kcal/mol) because copper bleaching/depletion occur before the
unfolding of the tertiary structure and McoA is highly prone to aggregate. Indeed, unfolding kinetics
measured with the stopped-flow technique quantified the stabilizing effect of copper on McoA (1.5 kcal/mol)
and revealed quite an uncommon observation further confirmed by light scattering and gel filtration
chromatography: McoA aggregates in the presence of guanidinium hydrochloride, i.e., under unfolding
conditions. The aggregation process results from the accumulation of a quasi-native state of McoA that binds
to ANS and is the main determinant of the stability curve of McoA. Kinetic partitioning between aggregation
and unfolding leads to a very low heat capacity change and determines a flat dependence of stability on
temperature.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The multi-copper oxidases (MCOs) constitute a family of enzymes
whose principal members are ceruloplasmin (Fe(II) oxygen oxidor-
eductase, EC 1.16.3.1), ascorbate oxidase (L-ascorbate oxygen oxidor-
eductase, EC 1.10.3.3) and laccase (benzenediol oxygen
oxidoreductase, EC 1.10.3.2) [1,2]. This family of enzymes is widely
distributed throughout nature and members are encoded in the
genomes of organisms in all three domains of life — Bacteria, Archaea
and Eukarya [3]. MCOs that contain ∼500 amino acid residues are
composed of three Greek key β-barrel cupredoxin domains (domains
1, 2 and 3) that come together to form three spectroscopically distinct
types of Cu sites, i.e. type 1 (T1), type 2 (T2), and type 3 (T3) [1,2]. The
T1 Cu site is characterized by an intense Cys-S π to Cu2+ charge transfer
absorption at about 600 nm responsible for the blue colour of these
enzymes. The T2 Cu site is characterized by the lack of strong
absorption features. The T3 Cu site is composed of two Cu atoms
typically antiferromagnetically coupled, for example, through a
hydroxide bridge. It is characterized by an intense transition at
330 nm originating from the bridging ligand that is apparent as a
shoulder on the protein absorbance band at 280 nm. T1 mononuclear
copper site is the primary acceptor site for electrons derived from the

reducing substrate while the T2 and T3 sites form a trinuclear centre
that is the site for O2 reduction [1–3]. Multi-copper oxidases have
broad substrate specificity and oxidise numerous aromatic phenols
and amines. Only a few members present higher specificity to lower
valent metal ions such as Mn2+, Fe2+ or Cu1+, being thus designated as
metallo-oxidases [3]. The best studied metallo-oxidases are human
ceruloplasmin, yeast Fet3p and bacterial CueO which are suggested to
play an in vivo catalytic role in the maintenance of both copper and
iron homeostasis in their respective organisms.

We had recently cloned, overproduced, purified and characterized
a recombinant metallo oxidase (McoA) from Aquifex aeolicus, a
hydrogen-oxidising, chemolitoautotrophic bacterium that grows
between 58 and 95 °C and optimally at 89 °C, occupying the deepest
branch of the bacterial phylogenetic tree [4,5]. We found that McoA is
a copper-activated metallo-oxidase with spectroscopic properties
typical of MCOs. However one particular aspect of McoA is the
presence of a methionine rich region segment (residues 321–363)
evidenced in the comparative model structure, reminiscent of those
found in copper homeostasis proteins. Reaction kinetic analysis of the
wild type enzyme and the deletion mutant (McoAΔP321-V363)
without the methionine rich segment indicates that this region is
near the T1 Cu catalytic centre and is most probable involved in the
catalytic mechanism through copper binding [4].

The study of the hyperthermophilic nature of A. aeolicusMcoA offers
an opportunity to get insight into protein general mechanisms of
thermostabilityand into stabilitymechanismsof this particular family of
enzymes. Studies on the stability of MCOs have focused mainly on
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thermal stability measured by differential scanning calorimetry [6–10].
The study of unfolding pathways using chemical denaturants has been
mostly performed for the small blue copper proteins which only have a
T1 copper centre [11–15] besides a recent report with human MCO
ceruloplasmin [16]. The stability of McoA was assessed in this work by
using spectroscopic techniques, differential scanning calorimetry (DSC)
and gel-filtration chromatography. Stopped-flow kinetics was per-
formed to obtain additional information regarding the mechanism of
unfolding and the role of copper in the stabilization of McoA. To our
knowledge this is the first report on studies ofMCOs based on unfolding
kinetics. Their measurement quantified the increase in McoA stability
due to copper binding and revealed the importance of aggregation
processes on McoA stability. Among the different possible mechanisms
responsible for its high thermostability McoA features an extremely flat
dependence of stability on temperature.

2. Experimental procedures

2.1. Protein expression and purification

Purification of recombinant McoA from A. aeolicuswas performed as
described before [4]. Apo-McoA was obtained by incubating McoA in
20 mM Tris HCl buffer, pH 7.6 in the presence of EDTA (5 mM) for 1 h
followed by dialysis. Protein copper content of McoA forms was
determined using the trichloroacetic acid/bicinchoninic acid method of
Brenner and Harris [17] and confirmed by atomic absorption spectro-
scopy (Instituto Superior Técnico, Universidade Técnica de Lisboa).

2.2. UV–visible spectra

UV–visible spectra were acquired using a Nicolet Evolution 300
spectrophotometer from Thermo Industries.

2.3. Enzyme assays

The enzymatic activities were routinely assessed at 40 °C using
syringaldazine (SGZ) as substrate. The assay mixtures contained
0.1 mM SGZ, 20 mM Tris–HCl buffer pH 7.6 and the reactions were
followed at 530 nm (ɛ530=65,000 M−1 cm−1). The protein concentra-
tion was measured by using the absorption band at 280 nm
(ɛ280=75,875 M−1cm−1).

2.4. Equilibrium unfolding studies

Steady-state fluorescence was measured in a Cary Eclipse spectro-
fluorimeter using 2 μM of McoA and 296 nm as excitationwavelength.
Increased guanidinium hydrochloride (GdnHCl) concentrations were
used to induce proteins unfolding at pH 7.6 (20 mM Tris–HCl buffer)
and pH 3 (50 mM glycine buffer). To monitor unfolding of McoA, a
combination of fluorescence intensity and emission maximum was
used as described by Durão et al. [7]. Unfolding of McoA was difficult
to quantify through total emission (by integrating the fluorescence
emission at different wavelengths) or single wavelength fluorescence
emission as the difference between the emission from folded and
unfolded states is not very significant. The combination of fluores-
cence intensity and emission maximum decreases data scatter and
gives very similar stability parameter values compared to the ones
obtained from total fluorescence emission.

The thermodynamic stability of McoA monitored by fluorescence
was analyzed according to a two-state process using the following
equations:

y = yFfF + yUfU ð1Þ

K U�Fð Þ = fU=fF ð2Þ

ΔG U�Fð Þ = −RTlnK U�Fð Þ ð3Þ

ΔG U�Fð Þ =ΔG water
U�Fð Þ −m U�Fð Þ GdnHCl½ � ð4Þ

GdnHCl½ �50k =ΔG water
U�Fð Þ =m U�Fð Þ ð5Þ

where F and U are folded and unfolded states of McoA, respectively, y
is the fluorescence signal, f is the fraction of McoA molecules with a
given conformation, K is the equilibrium constant, ΔG is the standard
free energy, m(U–F) is the linear dependence of ΔG on GdnHCl
concentration and [GdnHCl]50% is the GdnHCl concentration for
ΔG=0. yF and yU were calculated directly from the pre- and post-
transition regions according to a linear dependence. Copper bleach-
ing/depletion and loss of activity induced by GdnHCl were performed
at 40 °C as described by Durão et al. [7] and quantified by using Eqs.
(1–5) but assuming an equilibrium that describes copper bleaching/
depletion from the folded state. Copper bleaching resulting from
reduction of the T1 Cu site cannot be distinguished from copper
depletion and were used indistinctly.

2.5. Quenching of fluorescence by acrylamide

Quenching of tryptophyl fluorescencewas carried out by titrating a
McoA solution with a stock solution of acrylamide at room
temperature in 20 mM Tris–HCl, pH 7.6 with 200 mM NaCl. Excitation
was at 296 nm and total fluorescence emission (F) was integrated from
305 to 420 nm. The total fluorescence was then corrected to account
for acrylamide absorbance as described elsewhere [18]. Data was
fitted to the Stern–Volmer equation:

F0=F = 1 + KSV Q½ � ð6Þ
where F0 and F are the total fluorescence emission in the absence and
presence of quencher, respectively, KSV is the Stern–Volmer quenching
constant and [Q] is the acrylamide concentration.

2.6. Thermal denaturation

DSC was carried out in a VP-DSC from MicroCal at a scan rate of
60 °C/h. The experimental calorimetric trace was obtained with 0.3 mg/
mL of protein at pH 3 (50 mM glycine buffer) and a baseline obtained
with buffer alone was subtracted from the experimental trace. The
resulting McoA DSC trace was analyzed with the DSC software built
within Origin spreadsheet to obtain the transition excess heat capacity
function (a cubic polynomial function was used to fit the shift in
baseline associated to unfolding). The excess heat capacity can only be
accurately fitted using a non two-state model with three transitions
(equation in the data analysis software).

2.7. Gel filtration chromatography

Gel filtration chromatography was carried out in a Superose 12
HR10/30 column (GE Healthcare) using 20 mM Tris–HCl, pH 7.6,
200 mM NaCl as eluent. For runs in the presence of GdnHCl the
column was previously equilibrated with the same buffer containing
the desired concentration of GdnHCl. Samples of McoA at 0.5 mg/mL
concentration were incubated in 0–4 M GdnHCl for 1 h at room
temperature before injection. Ribonuclease (13.7 kDa), chymotrypsi-
nogen A (25 kDa), ovalbumin (43 kDa), albumin (67 kDa), aldolase
(158 kDa) and catalase (232 kDa) were used as standards.

2.8. Stopped-flow kinetics

Kinetic experiments were carried out on an Applied Photophysics
Pi-Star 180 instrument with fluorescence intensity detection. The
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McoA and GdnHCl solutions both at pH 7.6 (20 mM Tris–HCl buffer)
were mixed at a 1:10 ratio to give a final protein concentration
between 2 and 0.05 μM and the desired denaturant concentration and
at least 6 shots were averaged for each denaturant concentration.
Excitationwas always at 296 nm and emission detected above 315 nm
using a glass filter. Kinetics followed through fluorescence of ANS (8-
anilino-1-naphthalenesulfonic acid) were recorded using excitation at
390 nm and emission detection above 455 nm (cut-off filter). The
volumetric mixing ratio was of 1:10 and ANS (4 μM)was present in the
GdnHCl solution only leading to a final ANS concentration of 3.6 μM
(final McoA concentration was 2 μM). To measure light scattering
during a stopped-flow experiment the mixed ratio was kept at 1:10
but excitationwas set at 500 nm and no filter was used in the emission
photomultiplier. Protein concentrations in the optical cell of the
stopped-flow were increased up to 9 μM in the light scattering
experiment. Kinetics of unfolding measured by fluorescence emission
was analyzed according to a multi-exponential fit using the Pro-Data
Viewer software provided by Applied Photophysics. The dependence
of the logarithm of the rate constants on GdnHCl concentration was
fitted using Origin software according to the following equation:

lnkobs = lnk water
u +mu GdnHCl½ � ð7Þ

where ku
water is the rate constant of unfolding in water and mu is the

constant reflecting the linear dependence of the rate constant on
GdnHCl concentration. The values of mu are directly proportional to
amino acid exposure to solvent upon unfolding [19].

3. Results

3.1. Thermal stability

Thermal stability of McoA tertiary structure was probed by DSC
(Fig. 1). The endothermic peak for thermal unfolding at pH 3 (higher
pH values lead to protein precipitation before significant unfolding
could be observed) displays a complex process. First, aggregation after
unfolding was observed leading to 100% irreversibility (no peak in the
second scan). Secondly, the excess heat capacity can only be accurately
fitted by considering three independent transitions. As expected,
McoA is hyperthermostable exhibiting Tm values (temperature at
which 50% of the molecules are unfolded) of 105 (±1.5), 110 (±0.7) and
114 (±0.8) °C. Each transition is actually a non-two state process as the
calorimetric molar enthalpy is significantly smaller than the van't Hoff
enthalpy, (ΔHcal/ΔHvH=0.71, 0.37 and 0.20, respectively for the first,
second and third thermal transitions). DSC scans of apo-McoA did not
give accurate results as apo-McoA aggregates (revealed by an
exothermic shift in the baseline) before detection of an endothermic
peak.

3.2. Thermodynamic stability and importance of copper

The thermodynamic stability of McoA was studied by probing the
tertiary structure, (fluorescence intensity), the copper binding at T1
centre (absorbance at 610 nm) and also the enzyme activity in the
presence of the chemical denaturant GdnHCl. Fig. 2 shows the
unfolding of the tertiary structure of McoA induced by increasing
GdnHCl concentrations. With selective excitation of tryptophan
residues at 296 nm, the wavelength at the emission maximum shifted
from around 336 to around 355 nm upon unfolding reflecting the
exposure of tryptophan residues at the protein surface (inset in Fig. 2).
McoA has seven tryptophan residues and their degree of exposure
ranges from 0 to 56% in the model structure [4], as compared to the
exposure of Trp in a standard Gly-Trp-Gly extended peptide [20]. The
unfolding of McoA induced by GdnHCl is apparently described by a
two-state process where the folded and unfolded states seem to be the
only states that accumulate at significant amounts. McoA tertiary
structure unfolded with a mid-point of 2.7 M (GdnHCl concentration
where 50% of the protein molecules were unfolded) and in water the
folded statewasmore stable than the unfolded state by 2.8 kcal/mol at
pH 7.6 (Table 1). This low free energy gap at 25 °C in water is not
associated to a specific set of titrating groups (please notice that
similar values were obtained at pH 7.6 and 3.0) but should mainly
reflects the low cooperativeness of the transition as evaluated by the
m(U–F) parameter. We have found that the copper content of McoA
does not affect the stability of the tertiary structure (Table 1). The as-
isolated enzyme is partially copper depleted (2.5:1, Cu/McoA) but
addition of exogenous copper up to a final ratio of 4:1 (Cu/protein) has

Fig. 1. Excess heat capacity obtained from a DSC scan of McoA at pH 3 (thick line) fitted
with three independent transitions shown separately in dashed lines as one or two
transitions could not fit accurately the experimental trace. The dashed line under the
DSC trace is the resulting sum of the three independent transitions.

Fig. 2. Fraction of McoA unfolded (fU) by GdnHCl at pH 7.6 as measured by fluorescence
emission at 25 °C. The solid line is the fit according to the equation fU=e(−ΔG° /RT) /1+e
(−ΔG° /RT) which was derived from Eqs. (1–5) and assumes the equilibrium F↔U. The
inset shows the normalized emission spectra of folded (thick solid line) and unfolded
McoA in the presence of 5 M GdnHCl (thin solid line). Stability at pH 3.0 is very similar
(see Table 1).

Table 1
Thermodynamic stability of apo- and as-isolated McoA at pH 7.6 and pH 3 in the
absence and presence of copper in solution assessed by fluorescence emission (tertiary
structure), activity and absorbance at 610 nm

ΔGwater (kcal/mol) [GdnHCl]50% (M) m (kcal/mol.M)

Tertiary structurea 2.8±0.6 2.66±0.32 −1.0±0.1
(3.2±0.2) (2.5±0.1) (−1.2±0.1)

Tertiary structurea 2.3±0.1 2.32±0.34 −1.0±0.2
(apo-McoA) (3.3±0.3) (2.4±0.2) (−1.4±0.0)
Tertiary structurea 2.7±0.4 2.62±0.29 −1.0±0.0
(McoA:copper 1:4) (3.5±0.3) (2.3±0.1) (−1.5±0.2)
Activityb −1.3±0.0 c −13.9±6.3
Activityb (McoA:copper 1:4) 0.12±0.02 0.01 −8.2±0.1
Abs 610 nmb 0.11 0.16 −0.7

Stability parameters of McoA at pH 3.0 are shown between brackets.
a Assuming the equilibrium F↔U.
b Assuming the equilibrium F↔Fcopper bleached/depleted.
c At 0 M GdnHCl copper is bleached/depleted in more than 50% of the molecules

(ΔGU–F
water is negative) and therefore the mid-point cannot be defined.
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no influence in the conformational stability parameters. Moreover, the
stability of apo-McoA (0.02:1, Cu/McoA) is only slightly lower than the
exhibited by the as-isolated enzyme in the absence or presence of
exogenous copper. Equilibrium refolding experiments carried out by
dilution of McoA in 5 M GdnHCl have shown that unfolding induced
by guanidinium is mostly but not totally reversible (data not shown).
This statement is based on two observations: The refolding curve is
shifted to lower guanidinium concentrations (around 1 M) and the
fluorescence emission peak does not reach the value observed for
native McoA (has reached 339 nm instead of 336 nm). A low degree of

irreversibility can decrease slightly the absolute values measured for
the stability of McoA if the irreversible pathway shifted the
equilibrium between folded and unfolded McoA within the transition
region.

By probing different levels of protein structure and function it is
possible to get further insight on protein stability and unfolding
pathways. Therefore, decays of activity and absorbance at 610 nm
(signal from T1 Cu centre) were also followed at increasing GdnHCl
concentrations (Fig. 3). As absorbance at 610 nm and enzymatic
activity are dependent on the presence of oxidised Cu atoms in the
catalytic centres, both decays were described by a two-state process
assuming an equilibrium between the folded state and the folded state
with bleached copper as previously shown to occur in the CotA-
laccase [7]. The process of copper bleaching from T1 and the
concomitant loss of activity are not related with the unfolding of
tertiary structure as this only occur at higher GdnHCl concentrations.
However, in contrast with CotA, in McoA the activity decay should not
be mainly caused by the bleaching of T1 copper as it occurred at lower
GdnHCl concentrations than the drop of the absorbance at 610 nm
(Fig. 3). In particular, the m parameter which represents the
dependence of free energy change associated to copper bleaching on
denaturant concentration is significantly different for the transition
assessed by activity or absorbance at 610 nm (Table 1). This indicates
that the T2/T3 Cu sites of McoA are affected at lower GdnHCl
concentrations than the T1 Cu centre. Indeed, in most MCOs
structures, T2 Cu appears to be the most labile centre showing many
times severe copper depletion, followed by the T3 centre also showing
some copper depletion [10,21]. Additionally we show that activity
decay of McoA is delayed in the presence of exogenous copper (Fig. 3).

Fig. 3. Change in activity in the absence (■) and presence of copper (△) (copper:McoA
ratio is 4:1) and relative absorbance of McoA at 610 nm (▴) in the presence of increasing
concentrations of GdnHCl, at 40 °C. The solid lines are the fits according to the equation
y=yF+yF(copper bleached/depleted)e(−ΔG° /RT) /1+e(−ΔG° /RT) which was derived also from Eqs.
(1–5) and assumes the equilibrium F↔F(copper bleached/depleted). The parameters yF and
yF(copper bleached/depleted) are the fraction of activity or the relative absorbance at 610 nm
of folded McoA and folded McoA with copper bleached/depleted, respectively.

Fig. 4. (A) Kinetic traces of 2 μM of McoA at pH 7.6 obtained at different GdnHCl concentrations. Kinetic traces had to be fitted according to a triple exponential equation
independently of GdnHCl concentration. A double exponential equation cannot fit accurately the data as shown in the residuals plot. (B) Kinetic traces of McoA at different protein
concentrations were measured at 3.64 M GdnHCl and were accurately fitted by using a double exponential equation up to 0.5 μM McoA concentration as residuals did not decrease
from a double to a triple exponential fit (residuals plots). (C) Kinetic traces of McoA at different protein concentrations measured by light scattering (LS) during the first 150 ms after
the dead time of the stopped-flow upon mixture with 3.64 M GdnHCl. (D) Kinetic traces followed trough fluorescence of ANS (excitation at 390 nm) during the unfolding of 2 μM of
McoA upon mixture with 3.63 or 2.91 M GdnHCl. Both traces were fitted accurately by a single exponential with rate constants of 99.7 an 39.5 s−1, respectively. The inset shows the
first 150 ms of the two kinetic traces to highlight the amplitude of the trace which is large enough to be fitted accurately. The fluorescence of ANS alone in the absence of protein is
show as the baseline and the binding of ANS to folded McoA (0MGdnHCl curve) could only be fitted by using a three exponential equationwith rate constants of 18.3, 1.5 and 0.12 s−1.
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This probably indicates that copper added exogenously binds to the
protein and shifted the equilibrium towards the folded state of the
enzyme with bound copper (the increase in the free energy gap, from
−1.3 to 0.12 kcal/mol shown in Table 1 reflects this shift). In fact, the
mid-point (GdnHCl concentration where 50% of the molecules are
active) could only be determined in the presence of exogenous copper
reflecting this shift in the equilibrium. Lower concentrations of
denaturant than those required for the unfolding of the overall
structure should lead toMcoA copper bleaching/depletion. This would
explain the similar stability of the tertiary structure of the different
McoA forms; as-isolated in the absence or presence of exogenous
copper and apo-enzyme (Table 1).

3.3. Kinetics of chemically induced unfolding and aggregation of McoA

Kinetics of unfolding and refolding was measured using the
stopped-flow technique. The kinetics of folding of McoA is complex
with a lag phase before refolding dependent on enzyme and GdnHCl
concentration (data not shown). The lag phase dependence on protein
concentration indicates protein aggregation of the unfolded state
when suddenly placed under native conditions in the dead-time of the
stopped-flow experiment [22]. Therefore, kinetics of refolding was not
analyzed in detail due to its complexity. Kinetics of unfolding was
analyzed at different GdnHCl concentrations and at different McoA
concentrations (Fig. 4). For a final concentration of 2 μM protein

(22 μMofMcoA in the reservoir syringe before themixture), unfolding
can be accurately fitted by using three exponentials as shown in Fig.
4A. However, if McoA concentration is decreased to 0.5 μM or below,
two exponentials were enough to fit the kinetic traces indicating that
protein aggregation is responsible for at least one of the kinetic
constants observed with 2 μM (Fig. 4B). Thus, the additional kinetic
phase observed at high McoA concentrations was related to an
aggregation process occurring when the folded state of McoA is
suddenly placed under unfolding conditions. The aggregation process
was additionally proved by measuring light scattering of protein
samples in a stopped-flow shot (Fig. 4C). Light scattering increases
with increasing McoA concentrations during the first 100 ms upon
exposition to unfolding conditions. Protein aggregation has been
related to partial exposure of hydrophobic surfaces that may be
probed through fluorescence of the dye ANS [23–26]. Therefore, the
fluorescence of ANS was used to probe the unfolding of McoA induced
by GdnHCl in a stopped-flow experiment (Fig. 4D). Kinetic traces
described by a single rate constant were obtained. The rate constants
measured (39.5 and 99.7s−1 at 2.91 and 3.63MGdnHCl) are faster than
the fastest rate constant measured through McoA fluorescence and
reports the formation of a species within the first 10–25 ms, prior to
the aggregation process. ANS fluorescence reveals thus the formation
of a species that precedes McoA aggregation. As expected, in the
absence of GdnHCl, ANS binds significantly slower to McoA with
kinetics that could only be fitted with three exponentials. These are
most probably related to ANS binding to regions with different
accessibilities in the folded McoA. Considering that the fastest rate

Fig. 5. Gel filtration chromatography of McoA in the absence and presence of 3 and 4 M
of GdnHCl. Arrows point to elution volumes of specific molecular weight standards and
numbers assigned to peaks are the molecular weights calculated from the standards
calibration curve.

Fig. 6. Logarithm of the three unfolding rate constants of as-isolated McoA (solid
symbols) and apo-McoA (empty symbols) at different GdnHCl concentrations. The
values of k1 (■,□) were shown in A, k2 (●,○) in B and k3 (▴,Δ) in C and were fitted to
Eq. (7).
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constant (18.3s−1) is smaller than those measured prior to aggregation
this rate should describe binding to more exposed hydrophobic
patches in the native protein. The tendency of McoA for aggregation
was also proved by gel filtration chromatography in the presence of
guanidinium hydrochloride (Fig. 5). At 0 M GdnHCl McoA elutes as a
monomer according to its molecular weight of 59.5 kDa. In the
presence of 3 M and 4MGdnHCl where the protein is mostly or totally
unfolded, large aggregates were detected in the chromatograms.
Roughly, these aggregates can have from 40 to 300 McoA molecules
according to the molecular weights extrapolated from standard
calibration curves.

The logarithm of the three rate constants of McoA unfolding at
2 μM measured by stopped-flow were plotted in Fig. 6 and describe
the unfolding limb of a chevron plot. These were well fitted assuming
a linear relationship with GdnHCl concentration, indicating that
addition of higher amounts of guanidinium hydrochloride causes a
linear decrease of the free energy gap between the initial ground state
and the transition state. This linear relationship also applies to the first
phase assigned to the aggregation pathway (Fig. 6A). The slope of this
relationship, representing the mu parameter, is directly proportional
to amino acids exposure during the transition [19]. The ratio between
mu from kinetics and m(U–F) from equilibrium experiments, also
known as Brønsted β value, gives the fractional change in amino acid
exposure in the transition state as compared to the final state (for an
unfolding transition, β=1 means a transition state as exposed as the
unfolded state). These ratios are 0.63, 0.65 and 0.56 (calculated asmu/
−RTm(U–F)) for the three transitions, showing that two out of three rate
constants measured for 2 μM of McoA result from parallel unfolding
pathways that lead to protein aggregation. In fact, if all the measured
rate constants resulted from a sequential unfolding pathway the
transition state for the last unfolding stepwould have a β value of 1.84
and thus an improbably larger surface area exposed to solvent than
the unfolded state which is assumed to be random coil and thus fully
exposed.

Asmentioned above, the stabilizing effect of copper onMcoA could
not be quantified through equilibrium unfolding studies using GdnHCl
as denaturant as copper should be depleted prior to the overall protein
unfolding. The stabilization by copper was thus quantified through
kinetic measurements. Kinetic measurements were used previously to
quantify the increase in stability for the apo- to the holo-form of the
small blue copper azurinwhich has only a T1 copper [15]. Unfolding of
apo-McoA (without copper) is faster compared with the as-isolated
McoA (2.5:1, Cu/protein) due to the stabilizing effect of copper (Fig. 6).
Based on the differences between the rate constant in water (kuwater)
for the as-isolated and apo-McoA it is possible to quantify the
stabilizing effect of copper. The change induced by copper in the free
energy gap between the ground state and the transition state can be
calculated based on the following equation derived from the
Arrhenius law:

ΔΔG‡ = RT lnkno copper−lnkcopper
� �

:

Copper increases the free energy gap by 0.49, 0.79 and 1.5 kcal/mol
for k1, k2 and k3, respectively. The stabilizing effect of copper on the
native state of McoA was 1.5 kcal/mol when it is assumed that k3
reports the unfolding of monomeric McoA. Actually, as stated above,
this value reports the free energy difference between the ground and
the transition state and therefore reports the lower limit for the
stabilizing effect of copper on the native state (it assumes no affinity of
copper for the transition state).

3.4. Dependence of stability on temperature

The dependence of stability of McoA on temperature was also
studied. Since direct measurement of ΔCp or measurements through
changes of enthalpy by using DSC were not possible due to protein

aggregation, a different approach was used to estimate the stability of
McoA at different temperatures [27,28]. The apparent Tm value of
110 °C, corresponding to the peak of the excess heat capacity, as
determined by DSC, and values of ΔGwater measured at different
temperatures using GdnHCl as denaturant were used to fit the
temperature dependence of stability using the Gibbs–Helmholtz
equation (Fig. 7). Since its first proposal [28], this methodology has
been validated for other proteins [27,29]. However, combination of
chemical and thermal stability has to be donewith caution as the final
unfolded state can be structurally different as clearly illustrated for
human ceruloplasmin [16,30]. Also for McoA, the final unfolded states
should be structurally different as chemical unfolding is almost totally
reversible compared to total irreversibility upon thermal unfolding.
With this limitation in mind, the dependence of McoA stability on
temperature was analyzed by combining chemical and thermal
experiments. Stability of McoA plotted versus temperature at pH 7.6
and pH 3 shows that this enzyme presents an extremely flat
dependence of stability on temperature. This can be explained by a
change in theΔCp upon unfolding of 0.11 and 0.27 kcal/mol K, at pH 7.6
and 3, respectively. These values were significantly smaller than
theoretically predicted from the amino acid sequence (8.9–9.4 kcal/
mol K, depending on the method used for calculation) [31,32]. Also,
the use of a fixed enthalpy change measured by DSC to fit the Gibbs–
Helmholtz equation prevents any convergence between experimental
and fitted data. To obtain an accurate fit the enthalpy change
calculated is around one fourth the enthalpy change measured
experimentally by DSC (see values in the legend of Fig. 7) reflecting
the different nature of the chemical and thermal unfolding pathways.
Considering that the equilibrium unfolding (as measured in Fig. 2)
quantifies the stability of apo-McoA, as copper is depleted at lower
GdnHCl concentrations, the stabilizing effect of copper (1.5 kcal/mol)
quantified by kinetics was added to the experimental equilibrium
ΔGwater values measured at pH 3. This addition resulted in a steeper
stability curve (Fig. 7) and thus a larger ΔCp upon unfolding was
determined (0.50 kcal/mol K) but still very far from the theoretically
predicted value.

To address the contribution of conformational dynamics to the
uncommon ΔCp value of McoA, collisional quenching of fluorescence

Fig. 7. Temperature dependence of McoA stability at pH 7.6 (□) and pH 3 (■) built with
an average Tm measured by DSC and chemical unfolding at different temperatures
induced by GdnHCl. Experimental data was fitted (solid line) with the Gibbs–
Helmholtz equation (ΔG=ΔHTm (1−T /Tm)−ΔCp [(Tm−T)+T ln(T /Tm)]) using the
Origin software to calculate the enthalpy change at Tm and the heat capacity change.
Both, the ΔCp and the enthalpy change were allowed to change during the fit as the use
a fixed value of ΔHTm derived from the DSC scan prevents the convergence between the
fit and experimental data (total enthalphy change derived from the DSC scan was
167 kcal/mol and that obtained from the fit was 45 kcal/mol at pH 3). Values of ΔCp are
0.11±0.04 and 0.27±0.02 kcal/mol K at pH 7.6 and pH 3, respectively. The dotted line is
the fit obtained using the Gibbs–Helmholtz equation after adding 1.5 kcal/mol to the
experimentally measured stability of McoA at pH 3 as illustrated by the arrows (see
Results to rationalize this increase in stability which is due to the stabilizing effect of
copper). Taking into account this stabilization by copper the ΔCp value increases to
0.50±0.06 kcal/mol K.
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by an external quencher, such as acrylamide, was used. The exposure
of tryptophan residues and protein conformational dynamics that
may expose tryptophan residues periodically on a nanosecond time
scale were probed by this technique [33,34]. Exposed tryptophan
residues also fluoresce at longer wavelengths as they sense the high
polarity of water at the surface of the protein [35] and a correlation
between the peak of emission and collisional quenching constants
was previously observed [33]. The value of KSV obtained for McoA
was shown in Fig. 8 and plotted versus the peak of fluorescence
emission in comparison with other proteins in the inset of Fig. 8. The
KSV value lie clearly within the range observed for other proteins
indicating that McoA follows a general trend between peak position
and degree of tryptophan exposure. McoA conformational dynamics,
or at least those that may expose tryptophan residues, are not
significantly larger. On the other hand, these results also point out to
the fact that hyperthermophilic McoA does not present higher
rigidity than other characterized proteins. In fact, the common
thought that thermal stability relies on enhanced conformational
rigidity independently of the time scale selected to probe motion has
been under dispute [36–38].

4. Discussion

4.1. Unfolding of McoA is a complex process

The DSC thermogram clearly shows that thermal unfolding of
McoA is complex and three independent transitions have to be
considered to fit the endothermic peak (Fig. 1). Three transitions were
previously used to describe DSC traces of plant ascorbate oxidase [10],
human ceruloplasmin [39] and CotA-laccase from B. subtilis [8] which
apparently correlates with a structural organization in three cupre-
doxin-like domains for the ascorbate oxidase and CotA-laccase.
Nevertheless, this hypothesis is not supported by the human
ceruloplasmin structure which is comprised of six plastocyanin-like
domains arranged in a triangular array [40]. Disruption of copper sites
previously to overall protein unfolding can lead to thermal transitions
probed by DSC [41]. In addition, each transition induced by
temperature is a non two-state process as the ratio ΔHcal/ΔHvH is
bellow 1 [42,43]. In McoA these ratios are lower for the transitions
with higher Tm values indicating the occurrence of protein aggrega-
tion. The aggregation of McoA leads to an asymmetrical DSC peak
resulting in 100% irreversibility upon thermal unfolding. The long-
term stability of McoA has previously revealed that the majority of the
activity decay was due to protein aggregation [4]. Decomposition of
copper clusters may be another cause of irreversibility upon thermal
unfolding [44].

4.2. The role of copper on McoA stability

McoA is a hyperthermostable enzymewith Tmvalues ranging from
105 to 114 °C but it has a low stability in water at room temperature
(2.8 kcal/mol, see Table 1). The stabilizing effect of copper added
exogenously was not detected in the chemically induced equilibrium
unfolding of McoA because copper should be bleached or lost at lower
GdnHCl concentrations, before the unfolding of the tertiary structure
occurs (Figs. 2 and 3). This point is entirely supported by the
equilibrium stability of apo-McoA which is only slightly lower than
the as-isolated enzyme (Table 1). Moreover, a similar result was found
in CotA-laccase from B. subtilis where the copper ions are also
bleached before the unfolding of the tertiary structure of the protein
[7]. Probably for the same reason the chemical stability of the Rhus
vernicifera laccase is also independent of copper content, being similar
in the apo- and holo-forms [6]. Disruption of the T1 copper site also
precedes global protein denaturation in other copper containing
proteins [45,46]. Like in McoA, copper-uptake in the presence of
guanidinium hydrochloride by folded apo-azurin increase when
exogenous copper is added to the solution [47]. This indicates that
the process of copper exchange between the protein and the bulk
solution is easier (faster) in the presence of guanidinium hydro-
chloride probably due to increased conformational dynamics. Unfold-
ing kinetics measured by stopped-flow was used to estimate the
stabilizing effect of copper in McoA since the rate constants reflect the
pre-equilibrium between the native with copper and without copper
presumably formed during the dead-time of the stopped-flow. Using
kinetics, the stabilizing effect of copper on the unfolding pathway was
quantified to be 1.5 kcal/mol. Copper also stabilizes McoA against
thermal unfolding. This conclusion was taken up based on a DSC scan
of a fully copper-loaded sample of McoA (4:1 instead of 2.5:1, Cu/
McoA for the as-isolated protein) obtained by a new procedure [8].
The full copper-loaded McoA could not be thermally unfolded up to
130 °C, the maximum temperature attained by the DSC. The holo-
ceruloplasmin is also 15–20 °C more stable than the apo-form against
thermal unfolding [30].

4.3. Aggregation is the main cause for the complexity of unfolding

The complexity of the unfolding pathway of McoA and the
importance of aggregation effects even on chemically induced
unfolding are entirely supported by kinetics measurements with the
stopped-flow technique and by gel filtration chromatography. Unfold-
ing kinetics at relatively high concentrations of McoA (2 μM) was
described by three exponentials (Fig. 4A). The assignment of each rate
constant to the unfolding of a single domain would be tempting but,
kinetics of unfolding become double exponential when a lower McoA
concentration was used indicating that at least one rate constant
relates to protein aggregation (Fig. 4B). Also, the Brønsted β value
shows that the three rate constants cannot result from the sequential
unfolding of each domain. The β value gives the fractional change in
amino acid exposure in the transition state compared to that of the
unfolded state (β=1) [19], and a value of 1.84 was measured for McoA.
If the three rate constants resulted from the sequential unfolding of
each domain, the transition state would have higher exposition to
solvent in the transition state than in the unfolded state which clearly
is not possible. Aggregates of McoA formed during the first 100 ms in
the stopped-flow experiment reveal an extremely fast aggregation
process (Fig. 4C). In fact, as shown for the chymotrypsin inhibitor 2,
the aggregation process is not always slow and irreversible but may
take place transiently on a millisecond time scale [22]. Kinetics of
unfolding of McoA in the presence of the dye ANS reveals the
formation of a species within the first 10–25 ms, prior to aggregation
(Fig. 4D). This species is able to bind ANS having thus hydrophobic
patches exposed to solvent that should mediate aggregation. McoA
most probably aggregates from a quasi-native state, with the tertiary

Fig. 8. Collisional quenching of McoA WT (■) by acrylamide. The inset shows the
correlation between the peak of emission and the Stern–Volmer quenching constant
(KSV) for several proteins (○) (taken from [33]) and for McoA WT (●).
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structure slightly distorted to expose hydrophobic patches as
observed for other proteins [23,25]. Accumulation of a quasi-native
state was previously observed to be promoted at low pH values in the
presence of salt for the S6 ribosomal protein [23] or in the presence of
trifluoroethanol for the acylphosphatase [25]. Multiple or hetero-
geneous transition state ensemble that lead to both aggregation and
unfolding should result from the accumulation of the quasi-native
state. Kinetic partitioning between aggregation and other pathways
seems to be more common than one would believe [22,48,49].
Interestingly, pathways that putatively lead to aggregation have
slightly larger degrees of amino acid exposure in the transition state
(β values are 0.63 and 0.65 for k1 and k2 compared to 0.56 for k3)
reflecting the additional exposure acquired by the quasi-native
relatively to the native state. Aggregation of the folded state in the
presence of chemical denaturants, generally, quite uncommon among
proteins, was further confirmed by gel filtration chromatography
which has revealed the presence of several large and heterogeneous
aggregates of McoA (Fig. 5). These aggregates might cause some
degree of irreversibility detected after chemically induced unfolding.
Interestingly, the folded state of the blue copper rusticyanin was also
shown to aggregate in the presence of GdnHCl [11]. The slowest rate
constant k3 most probably characterizes the unfolding of monomeric
McoA and thus the transition state for unfolding (β=0.56) should
structurally resemble the unfolded state in contrast to the majority of
small globular proteins which have a transition state close to the
folded state [50]. In conclusion, the complexity of unfolding of McoA
reflects parallel pathways due to protein aggregation which is related
to the accumulation of a quasi-native state with hydrophobic patches
exposed to solvent.

4.4. Partition between unfolding and aggregation draws a flat
dependence of stability on temperature

McoAexhibits a small difference in stability between the folded and
unfolded states in a broad range of temperatures drawing a flat
dependence of stability on temperature. Thermal unfolding of the blue
copper plastocyanin shows a similar pattern with a low stability in
water at room temperature (2–3.5 kcal/mol) and a dependence on
temperature flatter than that predicted from the primary structure
[51]. Actually, the flat dependence of ΔGwater on temperature due to a
low ΔCp is one of the mechanisms that leads to enhanced thermal
stability in proteins from thermophiles as it provides a suitable
mechanism for balancing a high Tm with the optimal stability for
protein function [38,52–54]. The ΔCp value determined for this flat
dependence of McoA, 0.27 kcal/mol K, is significantly lower than the
one predicted theoretically (8.9–9.4 kcal/mol K) [31–32]. Interestingly,
the hyperthermophilic ferredoxin from A. ambivalens which is a
oxidase containing iron–sulfur centres, displays also a rather flat
stability versus temperature due to aΔCp value significantly lower than
theoretically predicted [44]. The curve for McoA becomes less flat
(ΔCp=0.50 kcal/mol K) when the stabilizing effect of copper is taken
into account but the folded state is stillmarginallymore stable than the
unfolded state even at room temperature (Fig. 7). The low value of ΔCp
is entirely in accordancewith the lowcooperativeness of the transition
as evaluated by the equilibriumm(U–F) parameter. Heat capacity andm
values are both intrinsically related to changes in solvent exposure
[27,32]. The lowΔCp value upon unfolding ofMcoAmight be explained
by different reasons. Firstly, an increased number of electrostatic
interactions or hydrogen-bonding network around an ionised group in
the core of the protein [54–56]. Secondly, a high level of conforma-
tional dynamics of the folded state for solvent access as the heat
capacity change is dominated by the non-polar surface area exposed to
water [57]. Thirdly, the presence of residual structure in the unfolded
state whether aggregated or not [53,58]. McoA has five additional
totally buried (zero accessible surface area towater) ionisable residues
than its mesophilic counterpart CueO from E. coli as it could be shown

in the comparative structure model [4]. This might give some
contribution to the low ΔCp value observed as the removal of three
ionisable residues involved in a charge cluster in the thermophilic
ribosomal protein L30e have increased the ΔCp value by 0.4 kcal mol−1

K−1 [55]. Regarding the level of conformational dynamics of the folded
state, collisional fluorescence quenching studies point to common
degrees of protein dynamics. A mutant enzyme lacking a methionine-
rich segment involved in themodulation of the catalyticmechanismby
copper binding displays a 2–3 fold larger ΔCp value than wild type
McoA, despite some uncertainty in the measurements. This segment
should display large conformational dynamics to mediate the role of
copper in the catalytic mechanism and its structure could not be
modelled by homology. Therefore, any significant contribution of large
conformational dynamics of the folded state to the low ΔCp value
should be restricted to the methionine-rich segment. The aggregation
of McoA upon chemically unfolding conditions as proved by gel
filtration chromatography and kinetic measurements, undoubtedly
will confer residual structure to the final state at equilibrium
contributing to the low ΔCp value observed. An unusual low ΔCp
value determined for a thermophilic ribonuclease H (35% lower than
the mesophilic counterpart) was also assigned to residual structure in
the unfolded state and the authors have raised the hypothesis that
residual structure in the unfolded state might be an important and
novel mechanism for tuning protein energetic and function [53]. The
aggregation of McoA also explains the low cooperativeness of the
unfolding process (m value) which relates to changes in solvent
exposure. The low enthalpy change calculated using the Gibbs–
Helmholtz equation when compared to the calorimetric enthalpy
might reflect the formation of the quasi-native state and its aggrega-
tion in the presence of guanidinium in contrast with the putative
aggregation of the unfolded state after thermal unfolding.Molecules of
the quasi-native state that aggregate do not contribute to the total
enthalpy change as much as those that unfold thermally, even if they
aggregate after thermal unfolding as indicated by the irreversibility of
the DSC scan. Kinetic partitioning between unfolding and aggregation
should be the main factor behind the unusual low chemical stability
and thermodynamic parameters observed for McoA.

The results reported in this study revealed interesting features on
the hyperthermostable nature of McoA such as (i) the hyperthermo-
stable character of McoA with very high Tm values as probed by DSC,
(ii) the role of copper as a determinant of the thermodynamic stability,
(iii) a fast aggregation process of the folded state under unfolding
conditions due to the accumulation of a quasi-native state that binds
ANS and (iv) an extremely flat dependence of stability on temperature
due to a very small ΔCp value upon unfolding. We were able to show
that aggregation of the quasi-native state upon unfolding conditions is
the main cause for the small ΔCp value determined for this enzyme.
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