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Abstract In the present study the thermal unfolding of
amicyanin has been addressed using differential scanning
calorimetry, fluorescence emission, optical density, cir-
cular dichroism and electron paramagnetic resonance.
The combined use of these techniques has allowed us to
assess, during unfolding of the protein, its global con-
formational changes in relationship to the local structural
modifications occurring in the copper environment and
close to the fluorescent chromophore Trp46 of the pro-
tein. The thermal transition from the native to the dena-
tured state is on the whole irreversible and occurs in the
temperature range between 65 and 72 °C, depending on
the scan rate and technique used. Amicyanin as a whole
shows a complex unfolding pathway, which has been de-
scribed in terms of a three-step model: N= U — F| — F.
According to this model, in the first step the native state of
the protein (N) goes reversibly to the unfolded state (U), in
the second one U goes irreversibly to F; and, finally, the
state F, is irreversibly reached in the third step. Kinetic
factors prevent the experimental separation of these steps.
Nevertheless, the comparison of the data obtained with
the different experimental techniques testifies the pres-
ence, within the unfolding pathway, of some intermediate
states, although not sufficiently long-lived to allow a de-
tailed characterization. A first intermediate transient state
has been identified around 68 °C, whereas a second one
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can be related to conformational changes that involve the
copper environment. Finally, an exothermal phenome-
non, caused by irreversible rearrangements of the melted
polypeptide chains, is evidenced. In addition, according to
the EPR findings, the type 1 copper ion, which is four-fold
coordinated by two N and two S atoms in a distorted
tetrahedron in the native state of the protein, shows type 2
features after denaturation. A mathematical model sim-
ulating the unfolding Cp.,. profile has been also devel-
oped.

Keywords Amicyanin - Thermal unfolding -
Intermediates - Thermodynamics - Irreversibility

Introduction

The blue copper proteins are widely recognized to have a
number of remarkable spectroscopic and chemical prop-
erties, including intense low-energy electronic absorption
features in the visible spectrum, small hyperfine coupling
constants in the EPR spectra and fast electron transfer
dynamics (Malkin and Malmstrom 1970; Fee 1975).
However, in spite of the intense investigations carried out
on these systems, many important aspects remain to be
understood. As an example, the relationships between the
structural features of these proteins, their thermodynamic
stability and/or their unfolding mechanism need to be
elucidated. A major goal of experimental work addressing
this problem is to detect and to characterize partially
folded states, including transient intermediates as ob-
served in kinetic experiments and stable intermediates
occurring under equilibrium conditions. Despite the
wealth of structural data that are by now available from
X-ray, NMR and molecular dynamics studies, the lack of
exhaustive thermodynamic information concerning the
folding/unfolding equilibrium prevents us to fully eluci-
date all the aspects of the process.

Among blue copper proteins, amicyanin (Tobari and
Harada 1981; Tobari 1984; Husain and Davidson 1985;
Lawton and Anthony 1985) shows intriguing, unique
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structural features. The three-dimensional structure of
amicyanin from Paracoccus versutus is known in detail
by both X-ray diffraction (Romero et al. 1994) and
NMR studies on the protein in solution (Kalverda et al.
1994). The overall structure of the protein can be
described as a f-sandwich, essentially formed by eight
p-strands arranged in two sheets. Almost 30% of the
residues are involved in forming fS-turns. Even if this is
the common folding topology of blue copper proteins,
such as plastocyanin and azurin, whose thermal
unfolding has been recently elucidated (La Rosa at al.
1995; Milardi et al. 1996, 1998), some differences can be
observed. The main structural feature of amicyanin is
the existence of a large 21-residue-long N-terminal chain
that forms an extra f-strand not present in plastocyanin
and azurin. The second difference concerns the loop
which in azurin contains the a-helix and in plastocyanin
the acidic patch. In amicyanin this region is not acidic
and contains no o-helical structure. The copper ion is
located between three loops at one end of the molecule
(the so-called “northern end”) and is coordinated by two
N atoms from His54 and His96 and two S atoms from
Cys93 and Met99 in a distorted tetrahedral geometry. In
addition, Trp46 is located in the core of the protein,
being an excellent, built-in, fluorescent probe. Such an
unusual three-dimensional arrangement of amicyanin
suggests that the unfolding pathway of this protein
could be different from that of the cupredoxins studied
previously.

Different experimental techniques have been used in
the present work to investigate the folding/unfolding
process of amicyanin, paying also attention to the
structural features of the protein along the unfolding
pathway. The results have shown the complex nature of
the temperature-induced transition from the native to the
fully denatured state of amicyanin, and also evidenced
the presence of transient intermediate states. Subse-
quently, an extrapolation procedure of calorimetric
curves to infinite scan rate (Freire et al. 1987; La Rosa
et al. 1998) was applied to the amicyanin unfolding
curves in order to extract the thermodynamic functions
from the irreversible differential scanning calorimetry
(DSC) transitions. As a result the thermal unfolding of
amicyanin can be described by a complex model in which
a reversible step is followed by two irreversible steps. A
detailed mathematical analysis of the unfolding process,
in combination with the development of an appropriate
fitting program of the excess heat capacity (Cpeyc) curves,
has demonstrated the correctness of the model proposed.

Materials and methods
Sample preparation

Paracoccus versutus amicyanin was obtained via overexpression in
Escherichia coli strain JM109. For the expression and purification
of the recombinant amicyanin, a standardized protocol was fol-
lowed as previously described (Van Houwelingen et al. 1985;

Kalverda et al. 1994). Throughout the experiments, only fully ox-
idized amicyanin was used. The protein was diluted in the same
buffer as used for dialysis, 10 mM phosphate buffer solution (PBS),
pH 7 (0.1 M ionic strength).

Differential scanning calorimetry

DSC scans were carried out with a SETARAM (Lyon, France)
microDSC III with stainless steel 1 mL sample cells. The tem-
perature resolution is 0.01 °C. The instrument sensitivity is
90 uV mW !, The same solution without the protein was used in
the reference cell. Experiments involving protein concentrations
in the range from 0.8 to 2 mg mL™' have shown that the DSC
transitions do not depend on protein concentration (data not
shown). As a consequence, the amicyanin concentration used in
all the experiments was 1.5x10* M. Both the sample and the
reference (PBS) were scanned from 30 to 100 °C with a precision
of +0.02 °C at scanning rates of 0.3, 0.5, 0.7 and 1.0 K min .
Electric signals coming from the DSC were collected, starting
from the point at which a stable baseline was obtained. In order
to obtain the Cpey. curves, buffer-buffer base lines were obtained
at the same scanning rate and then subtracted from the sample
curves according to a previously established procedure (La Rosa
et al. 1995). All the Cpey curves were obtained using a fourth-
order polynomial fit as baseline. The average level of noise was
about +0.4 pW and the reproducibility at refilling was about
0.1 mJ K' mL™". Calibration in energy was obtained by pro-
viding a well-defined amount of power input, electrically gener-
ated by an EJ2 SETARAM Joule calibrator within the sample
cell.

Optical density

OD measurements were carried out with a JASCO 7850 spectro-
photometer equipped with a Peltier-type thermostated cell holder
(model EHC-441) and a temperature programmer (model TPU-
436; precision +0.2 °C). The protein concentration was 2.5x10°°
M. The temperature was scanned from 30 to 90 °C at the same
scanning rates as used in the DSC measurements.

Fluorescence emission

Fluorescence emission curves were acquired with a Perkin-Elmer
LS 50B spectrofluorimeter equipped with a Peltier Temperature
Programmer PTP-1. The excitation wavelength was 295 nm, while
the excitation and emission band-passes were 6 and 4 nm, respec-
tively. Protein samples were scanned from 30 to 85°C at
0.5 K min~". The temperature of the samples was measured directly
by a YSI precision thermistor dipped in the cuvette. The emission
spectra were recorded at a scan speed of 400 nm min'. The protein
concentration was 2.5x10 > M.

Circular dichroism

CD measurements in the far-UV region (200-330 nm) were per-
formed with a JASCO 700 spectropolarimeter using quartz cuvettes
of 0.1 cm optical path. The amicyanin concentration was 3.8x10 > M.,

Electron paramagnetic resonance

The EPR measurements were carried out with a Bruker ER 200D-
SRC X-band spectrometer equipped with the ESP 1600 Data
System. The EPR spectra were recorded at 77 K by plunging the
sample solution in a finger Dewar containing liquid nitrogen. The
concentration of amicyanin was about 10 ° M.



Results
Differential scanning calorimetry

In Fig. 1a the Cpex. profile of amicyanin at the scan rate
of 0.5 K min' is shown. The amicyanin Cpey. profile
shows two overlapping endothermic peaks centred at
T,=68.4 and T,,=74.2 °C and an exothermic one lo-
cated at the end of the thermal transition at approxi-
mately T7,,=78.5°C, where T, is defined as the
maximum heat capacity temperature of the calorimetric
peak.

In order to understand the origin of the two over-
lapping endotherms in the DSC thermogram, protein
samples were scanned at the heating rate of 0.5 K min
according to the following heating/cooling cycles. (1)
Heating from 30 to 100 °C (Fig. 2a, dotted line) and
subsequent rapid cooling to 30 °C. A second run of this
sample in the same temperature range did not show any
endotherm (Fig. 2a, solid line). (2) Heating from 30 to
68.4 °C (Fig. 2b, dotted line) and rapid cooling to 30 °C.
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Fig. 1a—¢ Experimental thermal profiles of amicyanin in PBS
recorded at 0.5 K min . a DSC. b Normalized intensity of the
fluorescence emission at 314 nm (filled circles) (Aoxe =295 nm). The
negative of the first derivative of the normalized fluorescence with
respect to the temperature (solid line) is also shown. ¢ Normalized
optical density at 596 nm (open squares) and the negative of the first
derivative with respect to the temperature (solid line)
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When the same sample was re-heated up to 100 °C
(Fig. 2b, solid line) a partial reversibility of the ther-
mally induced process was observed. (3) A third protein
sample was then heated from 30 to 74.2 °C (Fig. 2c,
dotted line) and again rapidly cooled to 30 °C. No heat
absorption was observed in the second heating cycle of
this sample (Fig. 2c, solid line).

The results of these thermal cycles ensure that the
thermal unfolding of amicyanin is, on the whole, irre-
versible and it cannot be directly analysed in the light of
equilibrium thermodynamics. The presence of kinetic
factors within the unfolding process of amicyanin can be
evidenced by performing DSC scans at different scan
rates and constant protein concentration. The DSC
scans of amicyanin obtained at 0.3, 0.5, 0.7 and
1.0 K min ' are shown in Fig. 3a. Each DSC profile was
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Fig. 2 DSC profiles (dotted line) of amicyanin heated up to a
100 °C, b 68.4 °C and ¢ 74.2 °C. The rescan obtained after cooling
the samples to 30 °C (solid lines) are shown. The scan rate was
0.5 K min ' for each heating scan



562

Cp,,. (kJ K" mol™)

MOt e )
015 - ey b
! £o€i§
5 ool P\
L2010
- |
a’ |
o [
© 0,05}
0,004

Temperature (°C)

Fig. 3 Scan rate effect a on the DSC profile and b on the negative
of the first derivative of the optical density at 596 nm with respect
to the temperature of amicyanin. The scan rates are: (squares)
0.3 K min~", (circles) 0.5 K min™', (triangles) 0.7 K min~' and
(down triangles) 1.0 K min~'. The extrapolated Cpey curve (stars)
obtained as described in the text is also shown. The transition
temperatures (7y) observed for the optically detected thermal
transition were 68.8, 70.5, 71.4 and 72 °C for curves obtained at
0.3, 0.5, 0.7 and 1.0 K min ', respectively

deconvoluted in three Gaussian components and the
results are given in Table 1. From the data reported in
Table 1 it can be noted that all the T,, values increase
with the scan rate. It is also evident that the first com-
ponent is in any case the major contribution to the
overall calorimetric enthalpy.

The thermal profiles shift to higher temperature with
the increase of the scan rate. According to a previously

published paper (Sanchez-Ruiz 1992), DSC runs per-
formed at different protein concentrations provide an
effective test to establish if changes in molecularity of the
unfolding process can occur. In the case of amicyanin, a
change of molecularity during heating is unlikely be-
cause no change in enthalpy or temperature of maxi-
mum heat absorption, T,, were observed in experiments
at different protein concentrations (data not shown).

Fluorescence emission

Amicyanin has a single tryptophan (Trp46) residue
buried in a hydrophobic and inner region of the protein
(Kalverda et al. 1994). Because of its localization, the
Trp residue can be considered a powerful probe to
monitor the structural changes occurring in the protein
as the temperature is increased. At room temperature,
amicyanin shows a maximum fluorescence emission at
Amax = 314 nm, which is compatible with a Trp residue in
a hydrophobic environment (Lakowicz 1983). The in-
tensity of emission at this wavelength decreases with
temperature because the Trp residue will be exposed to a
more polar environment once the unfolding takes place.
Thus, Anax shifts to 357 nm. Figure 1b (filled circles)
shows the variation of the normalized fluorescence
emission at 314 nm as a function of the temperature at
the scan rate of 0.5 K min '. If the fluorescence thermal
profile is drawn in terms of the negative of the first de-
rivative of the experimental points with respect to the
temperature (Fig. 1b, solid line), two peaks corre-
sponding to two transitions are observed. The temper-
ature of the first peak, TF, is 66 °C whereas the second is
centred at 78 °C.

Optical density

The copper site in amicyanin lies in a cavity formed by
four f-strands shielded from the solvent. The His96 is
the only ligand residue which is partially surface ex-
posed. The most distinctive feature of a type 1 copper
site is its intense blue colour which, in amicyanin, orig-
inates from a ligand-to-metal charge transfer transition
from the Cys93 to the copper ion, centred at 596 nm.

Table 1 Scan rate effect on amicyanin DSC thermograms. The three components of the Cp.,. curves were obtained using simple Gaussian
peaks. Amicyanin concentration was 1.5x10* M in PBS. T}, in °C and AH in kJ mol

v (K min™") 1st component 2nd component

3rd component Overall

T (°C)  AH (kI mol!) T, (°C) AH (kI mol)) T, (°C) AH (kJ mol') T, (°C) AH (kJ mol™") AH®AHVH
0.3 66.1 214 72.1 87 76.2 24 - 277+ 14 -
0.5 67.5 197 73.3 82 78.3 -10 - 269+ 16 -
0.7 70.0 182 76.5 92 80.3 -26 - 247+ 16 -
1 7.5 175 78.7 79 82.9 -15 - 238+19 -
oo? - - - - - - 747401 331411 1.03

“Extrapolated values were obtained as reported in the text



For this peculiar property this site can be considered as
a good reporter of the thermally induced local modifi-
cation occurring in correspondence to the copper
environment. Figure Ic shows the variation of the nor-
malized optical density at a fixed wavelength
(A=596 nm) of amicyanin in PBS between 30 and 90 °C
(ODso6/T) at a scan rate of 0.5 K min' (open squares).
The negative of the first derivative of the ODsq¢/ T profile
(Fig. lc, solid line) allows us to calculate with high ac-
curacy the transition temperature, T, as 70.5 °C. The
symmetry of the curve suggests that the disruption of the
copper environment can be described by a “‘two-state”
path. The denaturation process of amicyanin is accom-
panied by the bleaching of the protein solution and the
blue colour is no longer recovered by cooling the sample
to room temperature. Consequently, the visible ab-
sorption spectrum of a previous denatured sample shows
only a residual absorption which, at 596 nm, has the
same value over all the temperature range. Thus, simi-
larly to the DSC results, visible absorption reveals an
irreversible thermal transition. This irreversibility can be
partially eliminated, if the thermal transition of the
sample scanned at 0.5 K min ! is stopped at 70 °C and
then rapidly cooled to room temperature. In fact, under
this condition the native absorption is partially recov-
ered. This finding is in agreement with the corresponding
DSC thermal cycle (Fig. 2b), suggesting a close corre-
lation between the second DSC endothermic peak and
the “disruption” of the copper environment.

In order to elucidate the dependence of ODsys/T
profile on the scan rate, the negatives of the first deriv-
atives of ODsgg/T are shown in Fig. 3b. The effect of the
increasing scan rate is to shift 7; to higher temperatures,
while the symmetry of the curves is maintained. Such an
effect, which has been already observed in the DSC
profiles, suggests the presence of kinetic factors within
the unfolding pathway of amicyanin. From the scanning
rate effect on both DSC thermograms and ODsge/T
curves it is possible to extract kinetic information related
to the thermal unfolding of amicyanin. In particular,
by using the equation (Sanchez-Ruiz 1992): In(v/T?) =
C — Eupp/RT;, where v is the scan rate (°C min V), T} is
the transition temperature, 7T, or 7, of the corre-
sponding profiles and C is a constant, it is possible to
calculate the apparent activation energy, E,pp, of the
thermally induced processes. According to this equation,
for the two endothermic components of the DSC ther-
mogram we have obtained E,,,; =174+9 kJ mol ! for
the first component, and E,,,,=172+10 kJ mol ' for
the second component. Similarly, if this criterion is
applied to the optical data in Fig. 3b, an apparent ac-
tivation energy of E,,,=333+24 kJ mol ! is obtained.

Differences in the apparent activation energies cal-
culated by means of optical and calorimetric experi-
ments are quite normal for blue copper proteins and
have been already observed for azurin and plastocyanin
(La Rosa et al. 1995; Milardi et al. 1998). These differ-
ences can be ascribed to the fact that spectroscopic in-
vestigations are limited to a well-defined spatial region
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of the protein, i.e. the active site; calorimetric measure-
ments involve the whole structure of the protein and of
course the kinetics of the observed phenomena are dif-
ferent.

Electron paramagnetic resonance

Figure 4 shows the EPR spectra of amicyanin in aque-
ous solution recorded at 77 K in the (a) native and (b)
denatured states. The spectral features of native amicy-
anin are typical of a type 1 copper ion with axial sym-
metry characterized by four hyperfine lines centred at
g, =2.235 and separated by 4, =58x10~* cm ' in the low
magnetic field region. The small separation of the hy-
perfine lines in the high-field region, 4, =4.8x10* cm ',
is responsible for their appearance as a single intense
resonance line centred at g, =2.042 (Van Houwelingen
et al. 1985). The values of the magnetic parameters de-
scribing the low-field region of the spectrum are directly
derived from the experimental spectrum, while the high-
field region parameters have been obtained from the
simulation of the experimental spectrum (data not
shown).

To obtain the denatured state of the protein, the so-
lution has been maintained at 75 °C, until the blue col-
our disappears (about 10 min). The EPR spectrum of
this sample, recorded under the same experimental
conditions as the native protein, is shown in Fig. 4, line
b. The same result is obtained if the protein solution is
heated to 100 °C and then cooled. This spectrum is
characterized by a large increase of 4, to 187x10* cm™!
in the high-field region. Slight variations of the g-values
with respect to the native state are found. The magnetic
values characterizing the EPR spectrum of denatured
amicyanin are compatible with a type 2 copper site with
a square-planar coordination of the copper. Based on
the correlation map of A4 versus g, for a series of copper
complexes (Addison 1983), the copper ligands of

100

o

-100

Intensity (a.u.)

-200

3100
H (Gauss)

1 1 1
2500 2700 2900 3300 3500

Fig. 4 EPR spectra of amicyanin in PBS recorded at 77 K: a native
state; b after heating at 75 °C
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amicyanin in the denatured state are identified as two
nitrogen and two oxygen atoms. A similar result has
previously been found for azurin (La Rosa et al. 1995)
and plastocyanin (Milardi et al. 1998). Differently,
Leckner et al. (1997) have observed a change in the
oxidation of the copper ion (Cu’"—Cu™), which is
magnetically silent, for acid-induced denaturation of
azurin. The different method to induce protein dena-
turation may be responsible for the disagreement of the
two final results.

Circular dichroism

The simplest method of extracting the secondary struc-
ture content from CD data is to assume that a spectrum
is a linear combination of the CD spectra of each con-
tributing secondary structure type (“‘pure” a-helix,
“pure” f-strand, etc.), weighted by its abundance in the
polypeptide conformation. The major drawback of this
approach is that there are no standard reference CD
spectra for “pure” secondary structures. In response to
these shortcomings, several methods have been developed
to analyse experimental CD spectra using a database of
reference protein CD spectra containing known
amounts of secondary structures (Hennessey and John-
son 1981; Provencher and Glockner 1981; Manalevan
and Johnson1987; Sreerama and Woody 1994). These
methods are in general more accurate and reliable than
the novel approach mentioned first, but accurate CD
spectra at wavelengths <200 nm are needed. For all
these reasons we decided to analyse only qualitatively
the CD spectra of different amicyanin samples, which
are available starting from 200 nm. Figure 5 shows the
CD spectra between 200 and 260 nm for amicyanin in
PBS measured at room temperature on native and pre-
heated protein samples. If no o-helix structures are

10
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Fig. 5 CD spectra recorded at room temperature on amicyanin
samples with different thermal histories. Native state (solid line),
after heating at 68.4 °C (dashed line), after heating at 74.2 °C
(dotted line) and a fully denatured amicyanin sample (dotted and
dashed line)

present in the native molecule, the -turns, f-sheets and
random coil structures are located at 205 nm (Ae>0),
218 nm (Ae <0) and 230 nm (Ae > 0), respectively (Bohm
et al. 1992). This assignment fits very well with the
spectral features of the CD spectrum of amicyanin in the
native state shown in Fig. 5 (solid line). It is interesting
to note that if the protein solution is heated to 68.4 °C,
corresponding to the melting temperature of the first
peak in the DSC profile (Fig. 1a), the S-turn region of
the CD spectrum disappears (Fig. 5, dashed line),
whereas the f-sheet region is still evident. A direct
conclusion can be that the first calorimetric peak is
mainly ascribable to the denaturation of f-turns, while
the f-sheets appear less affected. Moreover, at the same
temperature the copper site has lost about 30% of its
optical absorbance, although in a reversible way
(Fig. 1c). On the other hand, if amicyanin is heated to
74.2 °C, corresponding to the second peak in the DSC
curve, the CD signal (Fig. 5, dotted line) is very similar
to the one obtained when amicyanin is completely de-
natured (Fig. 5, dashed-dotted line) reaching, presum-
ably, a random coil-like configuration. This transition is
irreversible and involves also the complete disruption of
the copper site.

Discussion

The main goal of performing thermal studies on proteins
is to provide information about the energetics and the
mechanism of unfolding. This, in turn, is believed to be
informative in the understanding of how a polypeptide
chain folds into a functionally active unique conforma-
tion. The complexity of such a process suggests that it
may proceed through a definite sequence of intermediate
states characterized by decreasing Gibbs free energy en-
ergies. Since these intermediates are often too unstable
and short lived to be observed experimentally, their na-
ture has been widely debated. However, some proteins,
under certain conditions, assume conformations which
can be distinguished from the native or completely un-
folded states (Tanford 1968; Ptitsyn 1992). These cases
have received particular attention, since they might pro-
vide a clue to the folding mechanism. While it is quite
clear that the folding of large proteins proceeds in discrete
steps corresponding to the folding of individual domains
(Wetlaufer 1973; Privalov 1982; Novokhatny et al. 1984;
Jaenicke 1991; Garel 1992; Abkevich et al. 1995; Dobson
1995), understanding the folding of a small protein
without an evident subdomain organization remains a
challenge. In this light, the study of thermal unfolding of
amicyanin is of high interest. According to the experi-
mental evidence reported in the present paper, at least two
different intermediate states are involved. The popula-
tions of these states are under kinetic control and they are
influenced differently by the heating rate. When the
heating rate is increased, all thermal transitions tend to
occur simultaneously. However, even if each intermediate
is, under the experimental conditions adopted in the



present work, kinetically controlled, some transient states
are sufficiently long lived to allow their spectroscopic
detection. In particular, the first intermediate state is
obtained in a partially reversible way and, as fluorescence
emission studies confirm, it is accompanied by large
motions of the Trp environment. CD measurements have
shown that f-turns are the elements of the secondary
structure most involved in this transformation. In this
first intermediate state the copper environment appears
similar to the native state, as optical measurements indi-
cate. Moreover, the thermal effect associated with the
transition from the native to the first intermediate state is
the largest of all the DSC transitions. It is noteworthy to
underline that the first intermediate state must not be
confused with the unfolded state (U) depicted in the de-
naturation model N=U—F,;—F,. In fact the unfolded
state of the protein can be approached only when heating
rate is infinite. On the other hand, the transient interme-
diate states can be detected only at low scan rates. After
this first intermediate, the Trp46 environment changes its
conformation into a less rigid one. Optical and EPR
findings clearly show that the copper environment is
thoroughly and irreversibly modified during this confor-
mational transition. In fact, in a sample analysed after a
thermal treatment up to the temperature of the second
DSC peak, instead of an axial type 1 symmetry the copper
ion shows a planar geometry. The last step, characterized
by a slightly exothermal DSC peak, is attributed to the
occurrence of irreversible inter- or intramolecular inter-
actions between the molten polypeptide chains.

A detailed thermodynamic analysis can be carried out
only for the overall transition between the initial or
native (N) and the unfolded (U) state. In this respect, it
is essential to calculate the denaturational AH(T), AS(T)
and AG(T) thermodynamic functions which, in turn,
depend on AHy, T, and ACp=C, y,—C, n. Only in the
case of a reversible transition can these parameters be
directly extracted from the experimental DSC profiles.
However, it has been recently shown that even for an
irreversible transition the reversible component can be
obtained by means of the extrapolation of the calori-
metric curve at infinite scan rate (Freire et al. 1987; La
Rosa et al. 1998). Since the exothermic peak decreases
with increasing scan rate (Fig. 3 panel a), we can con-
clude that this exothermic contribution is time depen-
dent. It is therefore reasonable to consider the reversible
step separable from the irreversible one by means of the
extrapolation of the calorimetric curves to infinite
scanning rate (Freire et al. 1987).

The Cpey curve at infinite scanning rate was obtained
by means of the following procedure: the cumulative
enthalpy functions <AH> were calculated from the
experimental calorimetric profiles obtained at different
scan rates by using the equation:

T

<AH>:/Cpexch (1)

Ty
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where T is the temperature at which all molecules are in
the initial state, and Cp,,. is the specific excess heat ca-
pacity calculated according to Privalov and Potekhin
(1986). In the denaturation range considered, <AH >
profiles depend on the scan rate, ie. at T=T;,
<AH> 7—p; is a function of the scan rate. For a first-
order process, the relationship between <AH>,
<AH> ., T and v is given by the following equation
(Freire et al. 1987):

(8H — () = (8~ (M) ) exp | [ ko
To

(2)

where AH is the calorimetric enthalpy calculated at the
chosen scan rate, <AH > .., represents the cumulative
enthalpy function containing the information pertinent
only to the species that are in thermodynamic equilib-
rium, and k,p, is the apparent kinetic constant. Obvi-
ously, when v tends to o, <AH> tends to <AH> .,
exponentially.

In Fig. 3a we show the experimental and the ex-
trapolated Cpey curve at infinite scan rate according to
the procedure described above, which represents the
reversible component of the amicyanin thermal unfold-
ing. From this curve it is possible to obtain
AHy=331+11 kJ mol! and T,,=74.73£0.06 °C (see
Table 1). According to the van’t Hoff ratio (Privalov
1982) reported in Table 1, this is a classical “all-
or-none”’ equilibrium.

In previous papers concerning the thermal studies of
azurin (La Rosa et al. 1995) and plastocyanin (Milardi et
al. 1996), two small blue copper proteins with structural
features similar to amicyanin, the path of unfolding of
both proteins was depicted according to the Lumry and
Eyring (Lumry and Eyring 1954; Sanchez-Ruiz 1992)
model N=U—F, where N, U and F are the native,
unfolded and final states, respectively. Any attempt to fit
the amicyanin DSC profiles with this model failed. On
the other hand, the complexity of either the DSC or
fluorescence data indicate that the thermal unfolding of
this protein must involve more than two steps.

In this respect, two possible models have been con-
sidered. Model A:

K
N = U k,0, F
i 1_91 1 -
lesz
F
and model B:
K
N = U 24 F &R (4)
AHU Ql QZ

where, in both schemes, K is the thermodynamic equi-
librium constant associated with the reversible step:
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where AHy is the unfolding enthalpy, T, is the tem-
perature at which K=1 and R is the gas constant. The k;
terms refer to the kinetic constants of the irreversible
steps:

Eatt 1 1
hi=ep| = 777

where E, is the activation energy associated with the
irreversible steps, 7% is the temperature at which k;=1
and R has its usual meaning. According to model A
(Eq. 3), the native state (N) is in equilibrium with the
unfolded state (U) which can undergo two simultaneous
irreversible transformations into states F; and F,. One
of these two irreversible processes is exothermic. Ac-
cording to model B (Eq. 4), after the N=U step, an
irreversible transformation of the unfolded state to the
F, state occurs. Finally, F, approaches irreversibly the
final F, state. This last step is exothermic. To choose
the best model describing the thermal denaturation of
amicyanin, it is necessary to derive the expression of
Cpexe for the models A and B to be used for the sim-
ulation of the experimental curves. The mathematical
details to derive the Cpey. expressions of the two models
are given in the Appendix. In order to verify which
model is able to better describe the thermal unfolding of
amicyanin, the experimental Cp.,. profiles obtained at
different scan rates were fitted using (see Appendix)
Eq. (A12) representing model A and Eq. (B9) describ-
ing model B.

Figure 6a and b shows the fit of the experimental
DSC profile recorded at 0.5 K min' using the A
(Fig. 6a) or B (Fig. 6b) model. It is evident that only
model B reproduces the experimental data in the whole
temperature range with a high degree of accuracy. The
parameters obtained from the simulations of all DSC
profiles with models A and B are given in Table 2.

As already pointed out, the ACp value of amicyanin
cannot be determined experimentally, because the value
of Cp at the offset temperature must be ascribed to the
final state and not to the unfolded state; hence, other
methods should be used. The experimental method
based on DSC measurements at different pH cannot be
applied in our case because amicyanin is stable over
only a narrow pH range. Thus, ACp had to be calcu-
lated using two different theoretical methods (Murphy
and Gill 1991; Milardi et al. 1997). Both are based on
the primary structure of the protein and, in addition,
the second one includes a temperature dependence of
ACp (Milardi et al. 1997). The first approach consists in
the use of the Murphy and Gill model (Murphy and
Gill 1991). According to this model, the ACp value can
be evaluated on the basis of the following set of equa-
tions:

ACp = ACpyp + ACppol

(5)

(6)

(7)

N
(e

Cp,,. (kJK'mol™)

o

40

20 |

Cp,, (kJK'mol™)

40 50 60 70 80 90
Temperature (°C)

Fig. 6 Curve fitting of the experimental Cpey. profile (solid line)
recorded at 0.5 K min~' with a model A and b model B (open

circles)

ACpap = fap X Neu X AC) oy (8)
fap = 0.574 +0.000702 X Nyes (9)
ACppot = 0.73 X Nees X ACY _conp— (10)
AC) _conp- = —60£6J K" mol™! (11)
AC) . =28+ JK ' mol™ (12)

where ACp,,, is the denaturational heat capacity change
ascribable to apolar groups, ACp,,; is the heat capacity
change ascribable to polar groups, f,, is the fraction of
apolar buried surface area, N, is the number of the
residues in the protein, Ncy is the number of apolar
hydrogen atoms (i.e., the hydrogen atoms directly bound
to a carbon atom), ACOp,_CH_ is the specific contribution
of one mole of apolar hydrogens to the overall denatu-
rational heat capacity change and ACOP,_CONH_ is the
specific contribution ascribable to one mole of polar
residues. As there are 643 apolar hydrogen atoms and
106 amino acid residues in amicyanin, the ACp value
calculated for amicyanin is 7.03 kJ K mol ™.



Table 2 Parameters obtained for the two time-dependent unfold-
ing steps of models A and B as derived from the curve fitting
operations carried out on DSC curves at different scan rates (see
description in the text). Enthalpy and activation energies are given
in kJ mol™, temperature values in °C, scan rates in K min~'. The
minimum increments in the minimization procedure are 1 kJ mol™!
for the enthalpies, 0.1 °C for the temperatures. During the fitting
operation, K (which in turn depends on AHy and T ,) is constant.
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On the other hand, k; and k; (the kinetic constants which depend
on E|, T1* and E,, T>*, respectively) are freely floating. The irre-
versibly reached states F; and F,, as observed for azurin and
plastocyanin in the above-mentioned papers, are a complex family
of different conformers whose relative populations is dependent on
the scan rate. As a consequence, the kinetic parameters E|, E, T*
and T,* result in being scan rate dependent

Model A
U—)Fl U—)F2 m?
vy min)  E; (kImol) T, (°C)  AHg (kI mol) E, kKImol)y T, (°C) AHp (kJ mol ™)
0.3 190 70.8 -201.0 504.3 75 10 83
0.5 127.3 71.2 -230.7 432.1 76 40.6 47
0.7 147.2 75.2 -200.5 401.1 79.4 37.6 90
1 101.8 79.8 -215.8 375.3 80.1 49.1 75
Model B
U—)Fl N F1—>F2 B m®
v (K min") E; (kJ mol™h) T," (°C) AHy, (kJ mol™") E, (k] mol™h) 7" (°C) AHp (kJ mol™)
0.3 160.4 59.1 -131.5 414.2 75.2 94.2 16
0.5 139.8 62.4 -130.5 401.5 76.7 103.3 8
0.7 121.2 71.2 ~131.1 392.1 80.0 100.1 15
1 101.8 77.9 -101.9 381.5 81.2 82.3 11

3m (kJ K" mol ™V is a measure of the accuracy of the fitting operation. It is defined as: m = =

Z |Cp{hcm 7CP'=XD‘ . ) .
—————— where Cp'sp, is the ith value of

the experimental Cp thermogram, Cpyeor is the corresponding calculated value and # is the total number of points of the scan

The second approach, developed by some authors of
the present work (Milardi et al. 1997), is based on the
averaging property of globular proteins. Considering
that the apolar components of ACp,, for proteins is a
linear function of temperature:

ACpap(T) =a+ bT
— (=2.43877 +0.023205 x New)
+(0.00155241 — 4.89819 x 105 x New)
(13)

the polar components of ACpp, do not vary linearly
with temperature, but follow a parabolic trend:

ACppoi(T) = o+ BT +yT° (14)
where o, f and y are given by:

o= 1.5563 — 0.0684997 X Nies (15)
p = —0.0599115 + 0.000867265 X Nies (16)
9 = 0.000429975 — 5.24539 x 107 Ny (17)

Thus the ACp(T) as a function of the temperature for
a globular protein with a known number of apolar hy-
drogen (Ncy) and number of amino acid residues (Ncs)
can be obtained from the following equation:

ACp(T) = (a+ o)+ (b+ B)T +7T* (18)

For amicyanin, the ACp value in the investigated
temperature range can be considered slightly dependent
on temperature and is, on average, 6.75 kJ K ' mol .

The average of the two values calculated by means of the
two different methods was 6.88+0.2 kJ K' mol™!, and
this value was adopted for the calculation of the dena-
turation Gibbs free energy (AG) of the protein in the
0-100 °C temperature range shown in Fig. 7.
Conclusively, the integrated use of DSC, EPR, CD,
optical and fluorescence data has made it possible to
highlight fundamental aspects concerning both the en-
ergetics and the thermal unfolding mechanism of ami-
cyanin. The thermal denaturation of this protein is a
complex process in which at least two intermediate states
are populated. The DSC behaviour parallels the thermal
effects observed by the fluorescence emission of the
single Trp residue of the protein. The irreversible
changes in the copper environment are observed after

20 -

o

AG (kJmol™)

)
=t
T

-40 1 L 1 I N I
0 20 40 60 80

Temperature (°C)

100

Fig. 7 Gibbs free energy of denaturation as a function of
temperature for amicyanin
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the first DSC peak once the disruption of the f-sheet
structure of the protein starts.

The equilibrium step of the unfolding mechanism of
amicyanin has been separated from the irreversible ones
by means of the extrapolation of the Cp.,. at infinite
scan rate (data reported in Table 1). This procedure has
allowed us to calculate the thermodynamic stability of
amicyanin in the 0-100 °C range.
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Appendix
Model A

The rate equations for the irreversible formation of F,
and F, from U are:

dvp, 1
— =—kixyu

dvr, —lkx

dr ~— oY

where xp; and xg, are the molar fractions of the two
final states and v is the heating rate (v=dT/dt).

By combining the expression for the equilibrium
constant (K= xy/xy) with xy and xy, the molar frac-
tions of the unfolded and native state, respectively, and
the conservation of mass (xy+ xy+ xg; + xp2 = 1), it can
be easily deduced that xy= K(l-xg1—xg2)/(K+1).

The two equations Al can be written as:

dxp, 1 kK
G TeRF10 TR )

A2
dr, _1 kK ) (A2)
ar “ k41 TR

By solving the differential equations system, we will
obtain the temperature dependence of xg; and xg, for a
DSC experiment.

If it is supposed that the irreversible steps occur with
a non-negligible thermal effect Q; and @, in particular
AH = AHy + Q, + 0,, the average excess enthalpy
can  therefore = be  expressed  as (AH) =
XUAHU +)CF1(AHU + Ql) +)CF2(AHU + Qz), or, keep-
ing in mind that xy+xy+xpl+xp2=1, as
(AH) = AHy(xy + xpl +xp2) + O1xp1 + Opxp2 or

<AH> = AHu(l —XN) + Q]xFl + Q2XF2.
The Cpex. profile is given by:
d(AH) d dxF
exc — A 1 - —
Cpoe =~ = 7 AHU(1 =) + 01 1t

(A3)

If Eq. (A3) is taken into account, the system of
Eq. (A2) can be solved as follows:

dxp, dxp, 1K(ki + k)
2=— 1 —xp, — A4
ar Tar v ka1 (LR (A4)
Setting xg; + xp» =u we obtain dxg; +dxg,=du and

substituting these equations into Eq. (A4) we obtain:

du 1K(k1 —l—kz)

aT s ki1 U (AS)

By integration of differential equation (A5) from a
low temperature 7| (at which the reactions rate is neg-
ligible and xg; =0 and xg,=0), to a temperature 7" we
obtain:

Kk1+k2

u=1—exp|—- K11

(A6)

By substituting the solution (A6) into system (A2) we
obtain:

dXF 1 Kk, Kk1+k2
- - A
a7 vK—I—lep K1 (A7)
dsz 1 Kk Kkl-l-kz
= A8
dr UK+1 CK+1 (A8)
Kk1+k2
1eXp _E K+l (A9)
To
XU Kk1+k2
_Yu _ _Z Al
=g CK+1 (A10)
and, das a consequence:
de_ K ki +k AHy
a7 (K +1)? v RT?
[ Kk +k)
1+ k2
— - 2T All
" exp v/ K+1 ¢ (A1)

Ty

Substituting Eqgs. (A4), (A8) and (A11) into Eq. (A3),
we obtain the expression for the Cp,. describing model A:



Com— AHyK k1+k2+AHU i O1k1 + 02k K
Pxe= 1K1\ v | RI? v K+l

(A12)

It is interesting to note that by setting the scan rate
v=o00, Eq. (A12) reduces to the equation describing a
two-state reversible model.

Model B

In this case, the rate equations for the irreversible for-
mation of F; and F, from U are:

dx

L L(kixy — kox,)
dsz — lk2x1:
dr v :

and, taking into account that xy +xy +xpl +xp2 =1,
and the expression for the equilibrium constant
K= XU/XN, then:

K
Xy = <K——|—l> (1 — XF, — sz) (B2)
By substituting Eq. (B2) into system (B1):
dx
ot ()00 )]
g (B3)
e Liox,
dr v

The solution of the system (B3) was done by using the

same technique used to solve the system (A2). Inte-
grating from T, at which xg; =0, to T we obtain:
T
1 1
xp, =—|exp| —— [ kdT
v v
Ty
r kK 1 TK ki +k)+k
K+1 v K+1
To To

By substituting (B4) into the second equation of the
system (B3) and integrating from Ty, at which xg, =0, to
T we obtain:

1 ; 1 r
XF, = U_2 /szXp —;/ksz
To Ty
T
k]K K (k1 +ky)+ ko
—— T |dT|(dT
K+1 K+1 — kg1 ardryd

(BS)
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Finally, taking into account that K = xy /xy:

T
K | [ Kk
- 2 dr B6
WER AP K+l (B6)
To
| 1 [ Kk
1
- 2 dr B7
WER P U/K+1 (B7)

the cumulative enthalpy is given by (AH) =xyAHy
+xp1(AHy 4+ Q) + xp2(AHy + Q) + Q,). Taking into
account the mass conservation law and deriving <AH >
with respect to the temperature, the Cpey. function is
obtained:

d(A
CPexc <df>
= A1 =) 4 S (01, — )+ 02
9

If the first derivative with respect to the temperature
of the Egs. (B4), (B5S), (B6) and (B7) are substituted into
Eq. (B8), we can obtain the expression for the Cpey. for

model B:
KAH (ki AH\ O, kK
C exe — |- > | gy -
P (K+1)2<U+RT2>+UK—|—1
[ Kk
X exp| —— 1 dT +A(v, T) (B9)
where A(v,T) is:
k 1 T
A, T) = Qz—zzexp ——/ksz
v v
Ty
; kK 1 K k
K+1 K+1
To
(B10)

It is interesting to note that the first term on the right-
hand side of Eq. (B9) represents the Cp,,. for the Lumry
and Eyring model; this solution can be obtained by
setting k, =0. Moreover, by setting v=eo, Eq. (B9) re-
duces to the equation describing a two-state reversible
model.
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