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mecyanin, a stellacyanin from horseradish roots, has been investigated by
differential scanning calorimetry, optical absorption and fluorescence spectroscopy at neutral and alkaline
pH. Above pH 9 the Cu(II) protein experiences a blue shift of the main visible absorption band at ∼600 nm
and changes colour from blue to violet. The thermal transition of the protein is irreversible and occurs
between 61.4 and 68.8 °C at pH 7.5 and between 50.7 and 57.4 °C at pH 9.8. The calorimetric data indicates
that at both pH values the thermally induced transition of the protein between the native and denaturated
states can be described in terms of the classical Lumry–Eyring unfolding model Native↔Unfolded→Final. The
analysis of the reversible step in the unfolding pathway demonstrates a significant reduction in
conformational stability (ΔG) of the alkaline form of the protein. Such a reduction is consistent with an
enhanced flexibility of UMC at high pH and has mainly entropic character.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Umecyanin (UMC) from horseradish roots belongs to the phyto-
cyanins, a family of cupredoxins [small copper-containing electron
transfer (ET) proteins] which are found in plants and whose exact
physiological function is not known [1,2]. UMC has a cupredoxin
topology consisting of eight β-strands (and two α-helices) arranged
into two β-sheets forming a Greek key β-barrel structure [3–5]. UMC
and other structurally characterised phytocyanins [1,2,6], possess a
number of unusual features compared to the typical cupredoxins.
These include a disulfide bridge connecting Cys57 and Cys91, close to
the active site, and a twist in one of the β-sheets that makes the β-
barrel more opened. The copper ion is more solvent exposed and is
only ∼4 Å from the surface of the molecule, coordinated by the Nδ1 of
His44 and His90, the Sγ from Cys85 and the Oε1 of Gln95 in a distorted
tetrahedral arrangement in UMC. An axial Gln ligand is a feature
unique to the stellacyanin sub-class of the phytocyanins [2,3,6]. Unlike
other members of the cupredoxin family, both His ligands are solvent
exposed in phytocyanins [3,5,6] which may favour interactions with
small molecule redox partners [1,3,4]. UMC readily undergoes ET with
redox protein partners [7]. Previous studies have shown that UMC, like
other phytocyanins [8–10], undergoes an alkaline transition char-
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acterised by the protein changing from its characteristic blue colour
[due to a S(Cys)→Cu(II) ligand to metal charge transfer (LMCT)
transition at ∼600 nm] at neutral pH to violet at pHN9 (the LMCT band
shifts to ∼580 nm at pH ∼11). EPR [11], 1H NMR [9,12] and resonance
Raman [13] spectra are all influenced by this transition. Although the
cause of this effect has not been identified, a number of possibilities
have been suggested. In particular, a change in the coordination mode
of the axial Gln ligand [14,15] and the deprotonation of a Lys residue
close to the active site [16,17] were thought to be responsible for this
effect. These possibilities have been disproved by site-directed
mutagenesis studies [11] and deprotonation of a His ligand has been
implicated [11,13,18]. Alteration of the secondary structure due to the
supposed high flexibility of phytocyanins [8] has been suggested as
being responsible for the alkaline transition.

Local conformational changes inducing an overall reorganization
of the protein could in turn have an effect on thermostability.
Information about the energetics of a protein can be obtained by
means of thermal denaturation studies. Differential scanning calori-
metry (DSC) is one of the most useful methods for assessing protein
thermal behaviour and to obtain thermodynamic parameters of
folding–unfolding transitions. A small monomeric protein should,
ideally, unfold in a two-state reversible process. However, many
proteins are unable to refold to the native state due to intermolecular
aggregation and degradative covalent reactions occurring at tempera-
tures higher than the melting temperature [19–21]. It is generally
assumed that the slow kinetic nature of these irreversible processes,
as observed by their dependence on the heating rate, allow separation
of the reversible and irreversible steps [19,22].

In this study DSC, optical absorption and fluorescence spectro-
scopy have been used to investigate the thermally induced
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Fig. 1. (A) DSC thermograms and (B) normalized plots of absorbance at the wavelength
of maximum intensity (ODλmax) in the Vis region (606 nm at pH 7.5 and 594 nm at pH
9.8) against temperature for Cu(II) UMC in 20 mM phosphate at pH 7.5 (■) and 9.8 (●).
In both cases the heating rate is 60 °C h−1.
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denaturation of UMC at neutral and alkaline pH. This is the first
investigation of this kind on a phytocyanin. The results demonstrate
that the thermal stability of the protein can be described by the two
step Lumry–Eyring model including a reversibly unfolded intermedi-
ate state followed by an irreversible step. The disulfide bridge in
phytocyanins contributes to the overall stability of their fold. At
alkaline pH the protein's thermostability, considered in terms of
denaturation temperature as well as Gibbs free energy change (ΔG), is
lower than at neutral pH.

2. Materials and methods

2.1. Materials

UMC was expressed in Escherichia coli and purified as described
previously [12]. For all experiments the protein was in 20 mM
phosphate at pH 7.5. To raise the pH, small quantities of NaOH were
added to UMC solutions. The pH value was measured with a Mettler
Toledo pH meter. Protein concentrations were determined spectro-
scopically using an ε606 of 4300 M−1 cm−1 [12] and typically ranged
between 20 and 30 µM.

2.2. Differential scanning calorimetry (DSC)

DSC experiments were performed on a VP-DSC MicroCalorimeter
(MicroCal, Inc.) which has cell volumes of 0.52 mL and a temperature
resolution of 0.1 °C. Oxidised protein samples were extensively
degassed before measurements. To obtain a reproducible baseline, at
least four scans with buffer in both the sample and reference cells
were performed. The sample cell was loaded with protein and
equilibrated for 30 min at 20 °C. Heating scans from 20 to 100 °C
were obtained at scan rates of 15, 30, 60 and 90 °C h−1. The
temperature was then decreased to 20 °C before rescanning the
sample. All data were analysed using the Origin software package
(MicroCal). The reversibility of the transition was checked by
performing a second scan with a previously heated sample. In
addition, protein scans in which the temperature range of the first
run was limited either to the maximum temperature of the Cp or to
the end of the endothermic peak were also carried out.

2.3. Spectroscopy

Optical thermal profiles were acquired using a JASCO 7850 UV/Vis
spectrophotometer equipped with a Peltier thermostated cell (model
TPU-436, precision ±0.5 °C) and an EHC-441 temperature programmer.
Quartz cuvettes with a 1 cm optical path length were used throughout.
The absorbance at a fixed wavelength (usually the visible λmax at
∼600 nm) was followed over a temperature range from 20 to 80 °C at
scan rates of 15, 30, 60 and 90 °C h−1. At the end of each experiment, the
temperaturewas lowered to 20 °C and a spectrum recorded to check for
refolding. Fluorescence spectra were obtained with a Perkin-Elmer LS
50B spectrofluorimeter equipped with a PTP-1 Peltier Temperature
Programmer using an excitation wavelength of 295 nm. The tempera-
ture was scanned from 20 to 80 °C at 60 °C h−1 and was measured
directly with a YSI thermistor dipped into the cuvette. Emission spectra
were recorded at 400 nm min−1. Data were corrected for the sloping
baselines from the folded and unfolded state of the protein and
normalized to calculate the fraction of folded protein [23].

3. Results and discussion

3.1. Calorimetric investigations provide a quantitative analysis of the
effect of the alkaline transition on the thermal stability of UMC

In Fig. 1A the DSC profile of Cu(II) UMC at pH 7.5 recorded at a scan
rate of 60 °C h−1 is compared with the corresponding thermogram of
the protein at pH 9.8. In both cases the main features are an
endothermic peak with Tmax values of 67.5 and 56.7 °C respectively,
and a smaller exothermic peak at higher temperatures. The exother-
mic peak is always observed in thermal unfolding studies of copper
proteins [21,24,25] and has been attributed to aggregation processes
occurring at TNTmax. Exothermic peaks have also been found for other
proteins, such as insulin [20] and β-lactoglobulin [26] when studied
under conditions favouring aggregation (high protein concentration).
At alkaline pH the main endothermic peak is sharper than that
obtained at neutral pH, indicating enhanced cooperativity of the
thermal transition. Furthermore, a small shoulder is present on the
high temperature side of the endothermic peak and a similar
shoulder/peak has been found in the DSC thermograms of other
cupredoxins including plastocyanin [21,27,28] and amicyanin [25] and
is thought to be due to the formation of dimers during thermal
melting. At alkaline pH the Tmax of UMC is much lower than at neutral
pH. Such destabilization may be related to a less stable conformation
of UMC at high pH and also increased negative charge (an increased 5−
charge is estimated between pH 7.5 and 9.5). A comparative analysis of
the Tmax at neutral pH with those obtained for other cupredoxins
reveals that the value for UMC is equal to that of amicyanin [25], which
has the same number of amino acids (106). However, because UMC
and all other structurally characterised phytocyanins have a some-
what more open β-sandwich structure [3,5,29] compared to other
cupredoxins, it is reasonable to assume that the presence of the
disulfide bridge, which is an important distinctive structural element
in UMC, could contribute to protein thermostability. A previous study
[24] on the disulfide depleted azurin variant (Cys3Ala/Cys26Ala) has
shown that the disulfide bond, which is located at the opposite end of
the β-barrel to the copper site, significantly contributes to the high



Fig. 2. Scan rate dependence of the DSC profiles of Cu(II) UMC at (A) pH 7.5 and (B)
pH 9.8. The experimental curves are shown as symbols ((○) 15, (□) 30, (△) 60, (▽)
90 °C h−1), whereas simulations derived using the non two-state model (Eq. (1), see
text) are shown as solid lines. The simulation parameters are listed in Table 2.
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stability of this cupredoxin (Tmax for the SS depleted variant is 21 °C
lower than for the wild type protein). We therefore assume that the
phytocyanin fold is less stable than that of a ‘standard’ cupredoxin and
that the disulfide close to the active site enhances stability.

The reversibility of the thermal transition was tested by perform-
ing a second scan on protein samples heated to the end of the
endothermic peak or to the temperature of maximum heat capacity
(Tmax) [30]. The scan rate in all reversibility experiments was 90 °C h−1.
When the final temperature of the first scan is stopped immediately
after the endothermic peak, no heat absorption was detected during
the reheating run. When the first scan is interrupted at Tmax, partial
reversibility is found. The reversibility of the fraction of protein
denaturatedwas calculated and expressed as a reversibility parameter
which is defined as the ratio of calorimetric enthalpy (area under the
curve) of the rescan with respect to that of the initial scan at the
maximum temperature (TH), [ΔHc(TH) 2nd scan/ΔHc(TH) 1st scan]
[30,31]. In particular, at neutral pH when the first scan has been
interrupted at TH=68.8 °C a reversibility of 47% is obtained.
Reversibility decreases as the maximum temperature of the initial
scan increases. In fact, when the scan is stopped beyond the
endothermic peak, at TH=70.5 °C, only a small DSC signal is recorded
in the second scan and reversibility drops to 7%. At high pH when the
first scanwas stopped at TH=57.4 °C the second scan exhibits only 19%
refolding. However, both the endothermic and exothermic peaks are
still present in the rescan. One possible explanation of the lower
degree of reversibility observed for the high pH form of UMC is that
the final temperature of the first scan, TH, is higher than the
temperature needed for disruption of the copper site (Tt), which at
the scan rate of 90 °C h−1 is 55.5 °C (vide infra and see Table 1). Thermal
irreversibility in monomeric proteins is mainly ascribed to degrada-
tion reactions occurring at temperatures higher than Tmax and to the
presence of dissolved molecular oxygen in the solution [21,30,32,33].
The spontaneous reaction of free Cys residues with O2 could promote
the formation of oxidised sulphur species [32,34]. Moreover, the
presence of a metal ion probably exacerbates the situation as it can
promote protein aggregation. In fact, when the copper ion was
removed in the cupredoxin pseudoazurin, the reversibility of protein
unfolding is close to 100% and the transition could be described by a
two-state model [35].

Irreversible processes associated with thermal denaturation of
proteins are generally sensitive to the scan rate because they are
under kinetic control. The scan rate dependence of the DSC profiles
of UMC at pH 7.5 and 9.8 is shown in Fig. 2A and B, respectively. The
data show that in both cases there is a progressive shift in the Tmax

to higher temperatures as the scan rate is increased. At the same
time, the amplitude of the exothermic peak decreases with
increasing scan rate and is almost absent at 90 °C h−1 at pH 9.8
(see Fig. 2B). In addition, the symmetry of the curves also increases
as the scan rate is raised indicating a reduction in distortions of the
thermal profile due to the irreversible processes. The reduction of
the amplitude of the exothermic peak at higher scan rates indicates
that this irreversible process is scan rate dependent and could, in
Table 1
The influence of scan rate on the maximum heat of absorption temperature (Tmax) and
the Vis transition temperature (Tt) for Cu(II) UMC in 20 mM phosphate at pH 7.5 and 9.8

Scan rate (°C h−1) DSC Vis

Tmax (°C)a Tt (°C)b

pH 7.5 pH 9.8 pH 7.5 pH 9.8

15 64.6 54.1 62.4 50.7
30 65.7 55.4 63.5 51.7
60 67.5 56.7 67.0 53.9
90 68.8 57.4 68.0 55.5

a The estimated error on the Tmax values is ±0.1 °C.
b The estimated error on the Tt values is ±0.5 °C.
principle, be eliminated by going to an infinite scan rate (not
experimentally accessible). The thermodynamic analysis of the
protein unfolding process requires that the thermal transition is
reversible, which is partially verified for UMC as in the reversibility
tests we have found some refolding (vide supra). Thermal denatura-
tion of a protein is usually discussed in terms of the Lumry–Eyring
model, NX k1

k−1
UYk2 F, which includes two steps; (i) reversible

unfolding of the native (N) protein to the unfolded (U) state and
(ii) irreversible alteration of U to the final (F) form, that is unable to
refold to N. When k2≫k−1, only the N and F states are significantly
populated and the denaturation process can be considered using a
one-step irreversible model following first order kinetics. This is not
the case for UMC denaturation since there is some refolding which
cannot occur if denaturation follows the simple one-step irreversible
model. This means that the irreversible step is slower than
reversible unfolding over the temperature range of the transition
and therefore a thermodynamic analysis is appropriate [31,36].
Under this condition the experimental DSC profiles have been fitted
using a non two-state model in which the heat capacity curve can
be written as [19]:

Cpexc =
ΔHΔHVH

RT2

K

1−Kð Þ2
ð1Þ

where the equilibrium constant K = exp − ΔHVH

R
1
T −

1
T1=2

� �h i
, ΔHVH is the

van't Hoff enthalpy, which may be different from the calorimetric
enthalpy ΔH, and T1/2 is the transition temperature when K=1. Since
the high temperature side of the experimental DSC profiles is
distorted by aggregation, and we are interested only in the reversible



Fig. 3. Dependence on scan rate of normalized ODλmax profiles for Cu(II) UMC at (A) pH
7.5 and (B) pH 9.8 at scan rates of 15 (●), 30 (■), 60 (▴) and 90 (▾) °C h−1.

2000 R. Guzzi et al. / Biochimica et Biophysica Acta 1784 (2008) 1997–2003
part of the unfolding process, fits have been restricted to the main
endothermic peak. The results are shown in Fig. 2 as solid lines and the
fitting parameters are listed in Table 2. The ΔH values at alkaline pH
are lower than those at neutral pH according to a weakened protein
structure at high pH as also suggested by dynamic light scattering
results which report an increase of the overall UMC size [13].

3.2. Thermal behaviour of UMC monitored by Vis absorption

The characteristic blue colour of the type 1 copper site of UMC is
due to a S(Cys85)→Cu(II) LMCT transition, which gives rise to the
optical absorption band at 606 nm at neutral pH. Upon increasing the
pH to 9.8 the maximum absorption is blue shifted to 594 nm.
Conformational changes within the copper site environment that
alter the Cu(II)–S(Cys) interaction can be monitored using visible
absorbance. The variation of the normalized intensity of this LMCT
band of Cu(II) UMC at pH 7.5 as a function of the temperature (scan
rate 60 °C h−1) is shown in Fig. 1B. The sigmoidal shape of this
thermal profile is typical of a two-state transition. The intensity of the
optical absorption is only slight reduced (by about 10%) from the
starting temperature during the pre-transition region, which is
followed by an abrupt decrease to zero. The transition region is
very narrow with a temperature range of approximately 10 °C.
Increasing the scan rate from 15 to 90 °C h−1 has no effect on the
shape of the thermal profiles, but does influence the transition
temperature, Tt, which varies from 62.4 to 68.0 °C, respectively at pH
7.5 (Fig. 3A and Table 1). The increase of Tt with scan rate is further
indication of a kinetically controlled thermal transition as observed in
the DSC experiments. The denaturation process of UMC is accom-
panied by bleaching of the protein solution and the blue colour is not
recovered by cooling the sample to room temperature. This effect can
be ascribed to changes in the tertiary structure of the protein, which
permanently alters the copper coordination environment.

When the pH of UMC is increased to 9.8 the temperature
dependence of the absorbance at the visible λmax indicates a
significant decrease in protein stability (Fig. 1B). In fact, Tt determined
at alkaline pH is about 12 °C lower than that at neutral pH. Such a
reduction is maintained at all scan rates (Fig. 3B and Table 1), but does
not affect the shapes of the thermal profiles. The reduced thermal
stability indicates that the Cu–S(Cys) interaction is more easily
disrupted at alkaline pH. This result is consistent with a series of
previous experimental findings. In particular, dynamic light scattering
experiments have shown that as the pH is raised, the hydrodynamic
diameter of UMC increases by ∼50% [13]. This change is reversible
when neutral pH is restored. Moreover, resonance Raman and NMR
investigation of the alkaline transition of UMC have provided
interesting information about modifications within the copper
environment as a consequence of the alkaline transition. In fact, the
Cu(II)–S(Cys) bond length increases whereas Cu(II)–N(His) bonding
strengthens at high pH [9,13].

3.3. Determination of activation parameters

Kinetic stability is an important aspect of irreversible protein
denaturation [30]. Information on kinetics of the denaturation
Table 2
Scan rate dependence of the T1/2 and ΔH values obtained from the non two-state model
fit of DSC profiles for Cu(II) UMC in 20 mM phosphate at pH 7.5 and 9.8

Scan rate (°C h−1) T1/2 (°C) ΔH (kJ mol−1)

pH 7.5 pH 9.8 pH 7.5 pH 9.8

15 64.54±0.02 53.91±0.01 312.2±1.7 197.3±1.7
30 65.75±0.02 55.32±0.03 320.2±2.5 298.4±3.7
60 67.45±0.02 56.54±0.02 299.3±2.9 259.6±2.2
90 68.74±0.03 57.39±0.03 360.0±3.3 280.5±2.1
pathway can be obtained from the scan rate dependent thermal
profiles recorded in DSC and Vis experiments. Using the scan rate
dependence of Tmax it is possible to derive the apparent activation
energy (Ea) according to the following equation:

ln v=T2
max

� �
= C−Ea=RTmax ð2Þ

where v is the scan rate. From the slope of the linear plot of ln (v/T max
2 )

against 1/Tmax we obtain Ea values of 361±18 and 434±27 kJ mol−1 for
UMC at pH 7.5 and 9.8, respectively. The higher Ea at alkaline pH is in
agreement with the sharper DSC profiles under these conditions as Ea
is inversely proportional to peak width [31]. When Tmax is substituted
by Tt in Eq. (2), we can calculate the apparent Ea related to disruption of
the active site. In this case Ea values of 243±27 and 285±25 kJ mol−1,
respectively are obtained for the neutral and alkaline forms of UMC.
The Ea determined for the copper site environment is also higher for
the alkaline form, suggesting an increase in the kinetic stability with
increasing pH.

3.4. Thermal behaviour of UMC monitored by fluorescence

Intrinsic fluorescence from a Trp residue is highly sensitive to the
micro-environment of this residue and is widely used to investigate
changes in protein tertiary structure [37]. A more polar surrounding
generally results in the Trp emission shifting to longer wavelength
(red shifted), whilst a more hydrophobic environment results in a blue
shift. Fig. 4 shows the fluorescence spectra of Cu(II) UMC at pH 7.5
(solid thick line) and 9.8 (solid thin line), using an excitation
wavelength of 295 nm. Both of these spectra were recorded at room
temperature, i.e. with the protein in the native state, and exhibit a



Fig. 4. Fluorescence spectra of Cu(II) UMC at pH 7.5 (thick line) and 9.8 (thin line).
Spectra shown as solid lines were recorded at 25 °C whilst those shown as dashed lines
were obtained at 63 and 70 °C at neutral and alkaline pH, respectively i.e. after the
thermal transition.
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large emission peak centered at ∼340 nm which indicates that both
Trp11 and Trp23 in UMC are solvent exposed. The absence of any
influence of pH on the fluorescence signal suggests that the alkaline
transition does not change the micro-environments of both Trp
residues. Upon increasing temperature, the position of the maximum
emission is progressively shifted up to ∼350 nm (dashed lines),
Fig. 5. (A) Thermal unfolding of Cu(II) UMC at pH 7.5 (■) and 9.8 (●) followed using the
fluorescence intensity at the wavelength of maximum emission (340 nm). The scan rate
in both cases was 60 °C h−1. (B) Normalized fluorescence thermal unfolding curves (see
Materials and methods) where the solid line represents the fit of the experimental data
to Eq. (3).
consistent with protein unfolding [37]. Fig. 5A shows the variation in
the fluorescence intensity at the emission maximum (340 nm) as a
function of temperature at the two pH values studied. The overall
trends of the two profiles are similar, although some differences do
exist. In particular, at neutral pH the intensity of emission is lowered
upon increasing temperature, whereas at alkaline pH the fluorescence
increases at elevated temperatures. This result suggests that the final
state could be different at the two pH values. In particular, in
agreement with the DSC results UMC shows a higher tendency to
aggregate as the temperature is increase at alkaline pH.

The typical unfolding curves shown in Fig. 5Awere normalized and
corrected for the slopes of the baselines for the folded and unfolded
states to calculate the fraction of folded protein (Fig. 5B). The
normalized profiles were fitted with a Boltzmann sigmoidal function;

I Tð Þ = I1−I2
1 + e T−Tfð Þ=d + I2 ð3Þ

where I1 and I2 are the limiting intensity values in the native and
unfolded states, respectively, Tf is the transition temperature between
the two conformational states corresponding to I Tfð Þ = I1 + I2

2 and d is an
exponential decay constant. The parameters for the fit shown in Fig. 5B
give a Tf value of 60.8±0.1 °C and a d of 1.67±0.04 °C−1 for UMC at pH
7.5. The corresponding values for UMC at alkaline pH are 54.9±0.1 °C
and 1.20±0.04 °C−1. The transition region at alkaline pH is steeper,
characterised by a smaller value of d, suggesting a more cooperative
thermal transition which occurs at lower temperature which is in
agreement with the DSC studies. At both pH values, returning the
protein samples to room temperature after the thermal scan results in
the fluorescence intensity significantly increasing to three times its
starting value. The maximum emission shifts to 345 nm, a value
intermediate between the initial value and that at high temperature.
This blue shift of the λmax of emission and the intensity increases both
indicate a final state of the protein where the Trp residues are more
shielded from the solventwith respect to the state at high temperature,
but more exposed than in the folded protein, probably due to
aggregation of the denaturated protein.

Comparing the transition temperatures determined by fluores-
cence and optical absorption at a scan rate of 60 °C h−1 highlights that
Tf is about 6 °C lower than Tt at neutral pH. Because solvent
accessibility is the major factor determining the fluorescence of the
Trp residues, the data suggest that the fluorescence change may reach
its limiting value before the copper center is disrupted. The transition
temperatures are very similar, within experimental error, when
measured by the different techniques at alkaline pH. This is
compatible with a general weakening of the interactions in the
Fig. 6. Temperature dependence of the Gibbs free energy of unfolding (ΔG) for Cu(II)
UMC at neutral (solid line) and alkaline (dashed line) pH.



Table 3
Thermodynamic parameters for Cu(II) UMC at pH 7.5 and 9.8 at 20 °C

pH ΔH kJ mol−1 ΔS kJ mol−1 K−1 TΔS kJ mol−1 ΔG kJ mol−1

7.5 44.5 0.057 16.7 27.7
9.8 38.7 0.072 21.1 17.5
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whole protein structure as the pH is increased, indicating that the two
regions, the copper site and the Trp environment, directly explored by
the two techniques have the same thermostability.

3.5. Thermodynamic analysis of the unfolding process

The conformational stability of a protein is described by the
temperature dependence of the Gibbs free energy [38,39]:

ΔG Tð Þ =ΔHU
T1=2−T
T1=2

−ΔCp T1=2−T
� �

+ TΔCp ln
T1=2
T

ð4Þ

The irreversibility of the DSC transition prevents the experimental
determination of ΔCp, i.e. CpU−CpN, since Cp at the offset
temperature is related to the final (F) and not the unfolded (U)
state. In this case ΔCp can be calculated by means of theoretical
methods based on the amino acid sequence of the protein [40,41].
The value obtained for UMC, using the Murphy and Gill model, is
6.5 kJ mol−1 K−1 which along with the ΔH and T1/2 values obtained
from the simulation of the DSC profiles at the highest scan rate have
been used in Eq. (4) to calculate the temperature dependencies of ΔG
at pH 7.5 and 9.5 shown in Fig. 6. The two functions follow a similar
trend with lower values for the curve for UMC at alkaline pH. The ΔG
values at 20 °C are 27.7 and 17.5 kJ mol−1 at pH 7.5 and 9.8
respectively, indicating that the alkaline transition is characterised by
a dramatic decrease in the conformational stability of UMC. If we
consider the enthalpic contribution to ΔG, at 20 °C there is a variation
of ∼6 kJ mol−1 (Table 3). The similarity of the unfolding enthalpy of
UMC at the two pH values suggests that the reduced stability of the
protein at high pH arises mainly from entropic effects. In fact, the ΔS
values at 20 °C is higher for UMC at pH 9.8 (Table 3) and the entropic
gain is 0.015 kJ mol−1 K−1. The two terms which contribute to the
unfolding entropy are the conformational (ΔSconf) and solvent (ΔSsolv)
entropies that are positive and negative respectively. To explain the
entropy gain at alkaline pH it can be hypothesized that a reduction of
solvation contributes to the unfolding entropy. In fact, the solvation
entropy depends on solvent accessible surface area differences
(ΔASA), between the native and denatured states [39]. The observed
increase in the hydrodynamic radius of UMC at alkaline pH [13]
indicates an increase in the ASA of the native state, and therefore
ΔASA is lower at pH 9.8 than at neutral pH.

4. Conclusions

The combination of a range of experimental techniques which
monitor different regions of the protein has allowed investigation of
the thermal behaviour of UMC at ∼neutral and alkaline pH values. The
denaturation pathway can be described in terms of a two step N↔U→F
unfoldingmodel analogous to that already used for other cupredoxins.
Changes in pH do not affect the unfolding pathway but strongly
influence the conformational stability which decreases dramatically at
alkaline pH. The reduced stability at high pH is related to an enhanced
protein flexibility and has been mainly explained in terms of an
entropy gain. From the transition temperatures obtained by DSC, Vis
and fluorescence experiments, it appears that UMC denaturation
starts with the destabilization of the Trp residues environments,
followed by the disruption of the copper site and simultaneous
unfolding of the whole protein. At alkaline pH the changes at the
copper site occur almost simultaneously with the Trp environment
changes with both preceding global protein unfolding.
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