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ABSTRACT The disulfide bond connecting Cys-3 and Cys-26 in wild type azurin has been removed to study the contribution
of the —-SS- bond to the high thermal resistance previously registered for this protein (La Rosa et al. 1995. J. Phys. Chem.
99:14864-14870). Site-directed mutagenesis was used to replace both cysteines for alanines. The characterization of the
Cys-3Ala/Cys-26Ala azurin mutant has been carried out by means of electron paramagnetic resonance spectroscopy at 77
K, UV-VIS optical absorption, fluorescence emission and circular dichroism at room temperature. The results show that the
spectral features of the Cys-3Ala/Cys-26Ala azurin resemble those of the wild type azurin, indicating that the double mutation
does not affect either the formation of the protein’s overall structure or the assembly of the metal-binding site. The thermal
unfolding of the Cys-3Ala/Cys-26Ala azurin has been followed by differential scanning calorimetry, optical absorption
variation at A, = 625 nm, and fluorescence emission using 295 nm as excitation wavelength. The analysis of the data shows
that the thermal transition from the native to the denaturated state of the modified azurin follows the same multistep unfolding
pathway as observed in wild type azurin. However, the removal of the disulfide bridge results in a dramatic reduction of the
thermodynamic stability of the protein. In fact, the transition temperatures registered by the different techniques are
down-shifted by about 20°C with respect to wild type azurin. Moreover, the Gibbs free energy value is about half of that found
for the native azurin. These results suggest that the disulfide bridge is a structural element that significantly contributes to the

high stability of wild type azurin.

INTRODUCTION

One of the most puzzling problems in biochemistry is how
a polypetide chain, which is synthesized as a linear hetero-
geneous polymer, folds into a functionally unique three-
dimensional structure. In this respect, the knowledge of the
energetics of protein folding/unfolding is crucial to our
understanding of the formation and functioning of protein
molecules (Privalov, 1992). The stability of the native con-
formation of proteins is the result of all noncovalent inter-
actions between backbone and side chain atoms, the cova-
lent interchain disulfide bonds, and the coordinative bond
between the metal ion and the protein side chains that act as
ligands in all metallo-proteins. It has been shown that the
integrity of the native three-dimensional structure of many
proteins is promoted by the presence of disulfide bridges,
because the removal of one or more of these bridges results
in a reduction in the stability of the native relative to the
denatured state (Creighton, 1974; White, 1982; Wetzel et
al., 1988; Taniyama et al., 1988; Inaka et al., 1991; Cooper
et al., 1992). Consequently, the investigation of the role of
disulfide bonds for the stability of folded proteins has re-
ceived a lot of attention. Protein engineering techniques
have been recently employed in the attempts to increase
both the overall stability of proteins by the introduction of

Received for publication 10 November 1998 and in final form 3 May 1999.

Address reprint requests to Dr. Luigi Sportelli at Dipartimento di Fisica,
Universita della Calabria, Arcavacata di Rende, 87030 Rende (CS), Italy.
Tel.: 39-0984-493073; Fax: 39-0984-493187; E-mail: sportelli@fis.
unical.it.

© 1999 by the Biophysical Society

0006-3495/99/08/1052/12  $2.00

non-native disulfide linkages into the structure and as spe-
cific probes of the folding pathway (Creighton, 1992;
Clarke and Fersht, 1993). Although in some cases, the
increase of the stability of a mutated protein relative to the
wild type (wt) form has been observed, this is not generally
the case (Wetzel, 1987; Matsumura et al., 1989). Many
factors, including the location of the mutation site, the loop
size connected by the —SS— linkage, and the strain energy
introduced by the disulfide bridge, have to be considered to
estimate the effect on the protein stability (Matsumura et al.,
1989; Vogl et al., 1995). The mechanism of protein stabi-
lization by disulfide bridge formation is difficult to resolve
because the —SS— bond may influence enthalpy and entropy
of both the native and unfolded state of the protein. In this
respect, the two approaches commonly used are the intro-
duction of artificial disulfide bridges (Clarke and Fersht,
1993; Gokhale et al., 1994; Tamura et al., 1994) and the
removal of natural disulfide bonds either through Cys re-
placement by genetic engineering techniques or by opening
existing disulfide bridges by chemical reduction (Schwarz
et al., 1987; Pace et al., 1988; Cooper et al., 1992).

The generality of these concepts has been tested on
azurin, a small blue copper protein belonging to the cupre-
doxin family, that acts as an electron transfer shuttle in the
redox systems of certain bacteria. This protein has 128
amino acid residues and one copper(Il) ion with Gly-45,
His-46, Cys-112, His-117, Met-121 as metal ligands. The
structure of wt azurin, that has been resolved by x-ray
diffraction study (Nar et al., 1991), consists of eight
B-strands that form two sheets in a Greek-key motif (Fig. 1).
This is the common fold in the cupredoxin family. In azurin,
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FIGURE 1 Model of wt azurin generated with Molscript program
(Kraulis, 1991). The figure shows the copper ion with its ligands (top), the
Trp-48 residue (middle), and the disulfide bridge (bottom).

the two sheets are connected by an a-helix at one side and
by a kink in one of the (-strands at the other side. A
disulfide bridge connecting Cys-3 and Cys-26 is present at
the southern end of the protein. Azurin has only one tryp-
tophan residue, Trp-48, pointing with its side chain to the
center of the hydrophobic core.

It is generally recognized that the stability of the cupre-
doxins does not depend on the presence of the disulfide
bridge. In fact, other members of the cupredoxin family,
such as plastocyanin (Guss et al., 1992) and amicyanin
(Kalverda et al., 1994) have not such a bond, and, in the
case of stellacyanin (Strange et al., 1995), the disulfide
bridge is in a region of the protein quite different from that
of the disulfide bond in azurin. However, simple structural
considerations can be misleading in estimating the stability
of a protein. The knowledge of the energetics of the protein
is also required. The thermal behavior of wt azurin has been
previously investigated by some of us (La Rosa et al., 1995;
Guzzi et al., 1996, 1998) from both a spectroscopic and a
calorimetric point of view to relate the conformational
changes occurring in the active site environment with the
conformational changes of the whole protein. If the overall
results are taking into account, a protein picture emerges
that is consistent with a highly cooperative structure and a
multistep unfolding pathway.

In this study, the structural and thermodynamic conse-
quences of the removal of the —SS— bond connecting Cys-3
and Cys-26 in azurin are investigated. Site-directed mu-
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tagenesis has been used to replace both cysteines with
alanine residues. The combined use of different techniques,
such as optical absorption, steady-state fluorescence, circu-
lar dichroism (CD), and electron paramagnetic resonance
(EPR), allowed us to monitor different regions of the protein
and to gain more insight on the structural properties of the
native state of the Cys-3Ala/Cys-26Ala (C3A/C26A) azurin
mutant.

The results show that the spectroscopic properties of the
C3A/C26A azurin mutant are very similar to those of wt
azurin, indicating that the double mutation prevents neither
the correct folding of the protein nor the formation of the
metal-binding site.

The thermal unfolding of the C3A/C26A azurin mutant
has been followed by differential scanning calorimetry,
optical absorption at A,,, = 625 nm, and fluorescence
emission using A = 295 nm as excitation wavelength.
Moreover, the geometry of the copper site in the denaturated
state has been resolved by EPR spectroscopy.

The analysis of the overall experimental data shows that
the thermal transition from the native to the denaturated
state of the modified azurin is irreversible and scan-rate
dependent as in the wt azurin (La Rosa et al. 1995). How-
ever, the removal of the disulfide bridge results in a dra-
matic reduction of the protein stability. In fact, the midpoint
transition temperatures registered by the different tech-
niques for C3A/C26A azurin mutant are about 20°C lower
than those previously obtained for wt azurin. Similarly, the
Gibbs free energy calculated for the disulfide bond deficient
protein is half that of the wt protein, suggesting that the
presence of the disulfide bridge is an important contributor
to the high stability of the wt azurin.

EXPERIMENTAL PROCEDURES

Construction, culturing, and isolation of the C3A/
C26A azurin mutant

The C3A and C26A azurin mutations were introduced sep-
arately in the azurin gene (Canters, 1987) using the oligo-
nucleotide-directed polymerase chain-reaction mutagenesis
(Picard et al., 1994). For the single C3A and C26A mutants,
the mutagenesis primer, i.e., 5’CTGGCTGCCGAGGCCT-
CGGTGGACATC-, 5'ATCACCGTCGACAAGAGCGC-
TAAGCAGTTCACC- (Eurogentec) have been used, re-
spectively. Subsequently, the DNA fragments containing
the mutations have been substituted into the wt gene ex-
pression vector. Finally, to generate the double mutant, the
two DNA fragments containing the single mutations have
been ligated, and the intact reading frame encoding the
double mutant has been obtained. The plasmid vector pUC
18-derived bearing the C3A/C26A mutant was used for
Escherichia coli JM101 transformation and expression.
Subsequently, the cells were grown in a fermentor contain-
ing 30 L Luria-Bertani medium supplemented with 100
pg/mL ampicillin and 100 uM of IPTG for gene induction.
The cells were harvested at the end of the exponential



1054 Biophysical Journal

growth phase. In principle, the protocol for C3A/C26A
azurin purification could be kept similar to that of the wt
azurin (Van der Kamp et al., 1990). The protein was judged
pure based on standard L.E.F gel-electrophoresis.

Differential scanning calorimetry and
spectroscopic measurements

Differential scanning calorimetry (DSC) scans were carried
out with a SETARAM (Lyon, France) microdifferential
scanning calorimeter (microDSC) with stainless steel 1-mL
sample cells, interfaced with a BULL 200 Micral computer.
The sampling rate was | point/s in all measuring ranges.
The protein (1.25 mg/mL) was dissolved in 10 mM phos-
phate buffer at pH = 7.03. The ionic strength was adjusted
at 0.1 by sodium chloride. Protein solution pH was adjusted
by computer-controlled potentiometric titration. Titrations
were performed using Metrohm digital pH meter (mod. 654)
equipped with Metrohm 109 glass-saturated calomel micro-
electrode. The titration cell was thermostatted at 25.0 =
0.2°C, and all solutions were kept under an atmosphere of
nitrogen. The same solution without the protein was used in
the reference cell. Both the sample and reference were
scanned from 30 to 80°C with a precision of =0.08°C at the
scanning rates of 0.3, 0.5, 0.7, and 1°C/min. The calorimet-
ric scans were carried out under an extra nitrogen pressure
of 1.5 bar.

The average level of noise was about 0.4 wW and the
reproducibility at refilling was about 0.1 mJ/K/mL. Calibra-
tion in energy was obtained by dissipating a defined amount
of energy, electrically generated by an EJ2 SETARAM
Joule calibrator, within the sample cell.

To obtain the Cp curves, buffer—buffer base lines were
recorded at the same scanning rate and then subtracted from
sample curves (Sturtevant, 1987; Connelly et al., 1991). All
the Cp,,. curves were obtained using a fourth-order poly-
nomial fit.

Optical Density (OD) measurements were carried out
with a JASCO 7850 spectrophotometer equipped with a
Peltier-type thermostatted cell holder, model TPU-436 (pre-
cision £0.2°C) and the EHC-441 temperature programmer.
Quartz cuvettes with a 1-cm optical path were used through-
out. The temperature of the samples was measured directly
by a YSI precision thermistor dipped in the cuvette. The
experiments were started 3 min after sample positioning in
the thermostatted sample holder at the initial temperature of
30°C. The heating rates were 0.3, 0.5, 0.7, and 1°C/min.
Protein concentration was 0.4 mg/mL.

Fluorescence emission curves were acquired with a Per-
kin-Elmer LS 50B spectrofluorimeter equipped with a Pel-
tier Temperature Programmer PTP-1. The excitation wave-
length was 295 nm, while the excitation and emission band-
passes were of 6 and 4 nm, respectively. Temperature was
scanned from 30 to 82°C at 1°C/min. The temperature of the
samples was measured directly by a YSI precision ther-
mistor dipped in the cuvette. The emission spectra were
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recorded at the scan speed of 400 nm/min. Protein concen-
tration was 0.4 mg/mL.

CD measurements in the far UV region were performed
with a JASCO 700 spectropolarimeter using quartz cuvettes
of 1-cm optical path. Azurin concentration was 0.3 mg/mL.

The EPR measurements were carried out with a Bruker
ER 200D-SRC X band spectrometer equipped with the ESP
1600 Data System. All the EPR spectra were recorded at 77
K by plunging the sample solutions in a finger dewar
containing liquid nitrogen positioned into a TE,,, cavity.
Protein concentration was 4 mg/mL.

All data presented in this paper are the average value of
three measurements.

RESULTS AND DISCUSSION

Spectroscopic characterization of C3A/C26A
azurin mutant

Spectroscopic techniques are essential tools in the investi-
gation of the structure and dynamics of proteins. In Fig. 2 a
the UV-Vis spectrum of C3A/C26A azurin mutant (dashed
line) recorded at room temperature is compared to that of wt
azurin (solid line). As can be seen, the spectral features of
the two proteins are rather similar with absorption maxima
at 280 and 625 nm. The intense absorption in the Vis region
is usually assigned to a ligand-to-metal charge transfer
transition between the S(Cys-112)7r and the d,-_,» orbital of
the Cu(Il) ion (Solomon et al., 1992). The similarity of the
two spectra suggests that the geometry of the copper envi-
ronment is preserved in the mutated azurin, and the overlap
between the two orbitals involved in the transition is
maintained.

Figure 2 b shows the steady-state fluorescence emission
spectra of wt (solid line) and C3A/C26A azurin mutant
(dashed line) collected through excitation at 295 nm at room
temperature. At this excitation wavelength the intensity of
fluorescence emission is mainly due to the unique Trp
residue of the protein. The spectra, perfectly overlapping,
have emission maxima at 308 nm, which is consistent with
a hydrophobic environment of the chromophore
(Guptasarma, 1997). The similarity of the two spectra sug-
gests that the double mutation does not affect the microen-
vironment where the emitting Trp residue is located. A
similar result is obtained when the Tyr and Phe residues are
also excited at 280 nm (data not shown).

In Fig. 2 ¢, the far-UV CD spectrum of C3A/C26A azurin
mutant recorded at room temperature (dashed line) is com-
pared to that of the wt protein (solid line). Both spectra
show a strong absorption around 220 nm, which is charac-
teristic of B-structure (Mei et al., 1996). No significant
deviation from the spectrum of the wt sample is observed in
the mutated protein, indicating that both proteins have com-
parable secondary structure.

Finally, the EPR spectra at 77 K of wt (solid line) and
C3A/C26A azurin mutant (dashed line) are shown in Fig.
2 d. The spectral features are typical of a type-1 copper ion
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FIGURE 2 (a) UV-Vis spectra of wt (solid line) and C3A/C26A azurin mutant (dashed line) recorded at room temperature. Proteins concentration was
0.4 mg/mL in 10 mM PBS (pH 7.03). (b) Normalized fluorescence emission spectra of wt (solid line) and C3A/C26A azurin mutant (dashed line) in aqueous
solution recorded at room temperature through excitation at 295 nm. (c¢) Far-UV CD spectra of wt (solid line) and C3A/C26A azurin mutant (dashed line)
recorded at room temperature. (¢) Comparison of the EPR spectra of wt (solid line) and C3A/C26A azurin mutant (dashed line) recorded at 77 K. Proteins

concentration was 1 mM in 10 mM PBS (pH 7.03).

with axial symmetry characterized by four hyperfine lines
centered at g and separated by 4| and by a single, more
intense resonance line centered at g, at higher fields (Aqua-
lino et al., 1991). The two spectra are very similar, although
for the C3A/C26A azurin mutant sample the m; = +34
resonance line in the parallel region of the spectrum is
centered at a slightly higher magnetic field with respect to
the corresponding line in the wt protein.

From the results presented in Fig. 2, it can be concluded
that both the copper ion and the Trp environments as well as
the secondary and the tertiary structure of the —SS— bond-
deficient protein are very similar to those of wt azurin. In
other words, the native state of the mutated azurin is not
affected in a significant way from the replacement of the
two cysteines with alanines. A different result has been
previously found on azurin by substituting the two cysteines
with serines (Bonander et al., 1995). This mutation gives
rise to a significant alteration of the azurin folding and of
the metal active site geometry. In fact, the type-1 Cu™ ™" is
converted into a type-2 copper ion and the fluorescence

emission change of the Trp residue shows that it becomes
exposed to a polar environment. Moreover, the far-UV CD
spectrum of such a mutated azurin indicates a loss of
B-structure. This result may be related to the polar character
of the serine residues, which can induce a strong pertubation
not only on the mutation site but also for the overall protein
conformation. Such a perturbation does not occur when the
two cysteines are replaced by alanines as in the present
study.

Thermal behavior of the C3A/C26A azurin
mutant. DSC

In Fig. 3 a, the calorimetric profiles of the C3A/C26A
azurin mutant and wt azurin recorded in the same experi-
mental conditions are shown. The comparison of the two
curves evidences two main differences. The first one is that
in the mutated azurin the DSC curve is broad and the
temperature of maximum heat absorption, 7., is about
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FIGURE 3 (a) DSC thermograms of wt and C3A/C26A azurin mutant
recorded under the same experimental condition. Protein concentration:
1.25 mg/mL, pH = 7.03, ionic strength 0.1 in NaCl; scan rate 0.5°C/min.
(b) Normalized ODy, versus temperature of C3A/C26A azurin in aqueous
solution recorded at a scan rate of 0.5°C/min.

62°C, whereas for the wt protein the same parameter is
about 83°C. The broadening of the DSC profile and the
reduction of 7, suggest a decrease of the cooperativity of
the thermal transition and a strong reduction of C3A/C26A
azurin mutant stability with respect to the wt protein, re-
spectively. The second difference concerns the intense exo-
thermic peak present at 87°C in the DSC profile of the wt
protein, which disappears in the mutated one. This result
suggests some differences in the final states reached by the
two proteins. Notwithstanding these differences, the thermal
unfolding of C3A/C26A azurin mutant is still irreversible
like that of the wt protein, i.e., a second scan of a previously
scanned sample did not show any endothermic peak. The
irreversibility of the thermal transition requires establish-
ment of whether the reaction is under kinetic control, and
whether there is a change of molecularity during the heating
of the solution (Sanchez-Ruiz, 1992; Galisteo and Sanchez-
Ruiz, 1993; Tello-Solis and Hernandez-Harana, 1995). DSC
scans at different scan rates allow us to elucidate the first
point, whereas a change of molecularity is prevented be-
cause azurin is a monomeric protein.

In Table 1 are listed the 7,,,, and the experimental AH

values as a function of the scan rates. As can be seen, 7,

max
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TABLE 1 Scanning rate dependence of the optical transition
temperature, the maximum heat absorption temperature, and
the experimental unfolding enthalpy of C3A/C26A azurin
mutant

Differential Scanning

Optical Density Calorimetry
Scan/rate T, Tax AH
(°C/min) (°C)* (°C)* (kJmol ™ 1)*
0.3 59.5*£0.2 61.22 £ 0.04 344 = 10
0.5 60.5 £ 0.1 62.15 £ 0.03 405 = 11
0.7 60.7 * 0.1 62.95 £ 0.03 385+ 15
1.0 62303 63.81 £ 0.05 335+ 11
oo — 64.72 + 0.06 444 + 18

*Values expressed as mean * SD.
#Extrapolated values at infinite scan rate.

increases with the scan rate. Such an effect testifies to the
irreversible character of the thermal denaturation of the
protein. From the scan rate dependence of 7, ,,, it iS pos-
sible to calculate the apparent activation energy, £, of the
denaturation process by using the equation (Sanchez-Ruiz,

1988),

72 RT (1)

ln( . )z o
where v is the scan rate (°C/min). From the slope of the
linear plot of In(v/72,,.) versus 1/T,,,,., we obtain E,p, = 508
kJ/mol (correlation coefficient is 0.98).

On the other hand, some differences in the values of the
denaturation enthalpy measured at varying scan rates are
observed (Table 1) in agreement with other works
(Sanchez-Ruiz et al., 1988; Grasso et al., 1995; Lyubarev et
al. 1998). From a microscopic point of view, the reasons for
these differences remain unclear. In principle, the denatur-
ation enthalpy should not depend on the scanning rate,
supposing the protein concentration and the initial and final
states are identical in all the experiments performed with
varying scanning rates. If we assume accurate sample prep-
aration and the similarity of the initial states, it can be
hypothesized that the differences registered for AH can be
attributed to differences in the final states reached by vary-
ing the scan rates. Such a situation is realized, for example,
when denaturation is accompanied by the formation of
aggregates whose characteristics depend on the rate of de-
naturation, i.e., on the scan rates. The AH values obtained
for the C3A/C26A azurin mutant (Table 1) are lower than
those found for wt protein (La Rosa et al., 1995). This result
is in agreement with the idea that the presence of a disulfide
bond represents a constraint for the protein structure even in
the unfolded state. As a consequence, the hydrogen bonding
network in such a system is less favorable than in an
unconstrained system. Moreover, the van der Waals’ inter-
actions between nonpolar groups, which are highly depen-
dent on the distance, may also be disrupted by the introduc-
tion of an —SS— bond (Doig and Williams, 1991). Thus the
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AH of unfolding is expected to increase in the presence of
the disulfide bridge.

In general, the main problem concerning irreversible
thermal transitions is that they cannot be analyzed in the
light of classical thermodynamics. Then, the knowledge of
the energetics of the system requires the use of theoretical
models that describe the unfolding pathway. In previous
papers authored by some of us (Milardi et al., 1994; La Rosa
et al., 1995, 1998; Guzzi et al., 1998), we have developed a
model to extract thermodynamic information from irrevers-
ible calorimetric data. According to this method, which has
been already applied to wt azurin, the whole denaturation
process of the C3A/C26A azurin mutant can be described as
the sum of two steps: the first (unfolding) is reversible and
contains thermodynamic details about the energetics of the
protein; the second is irreversible and time dependent. The
whole denaturation pathway can be summarized as

K k
N & U => F
AHy, T2 AHg, T*

where N, U, and F are the native, unfolded, and final states,
AH; and AH;. are the enthalpy associated with the revers-
ible and the irreversible steps, respectively, T, and T* are
the temperatures at which the equilibrium constant, K, and
the kinetic constant, k, approach the unity value, respec-
tively. The reversible component can be separated from the
irreversible one by using an extrapolation procedure of the
Cpex. curve at infinite scanning rate. According to this
procedure, we have obtained AH,; = 444 + 18 kJmol ' and
T,, = 64.72 = 0.06°C. The details of the extrapolation
procedure have been reported elsewhere (La Rosa et al.,
1995).

To determine the thermodynamic and the kinetic param-
eters of the two steps of the denaturation process, the
experimental DSC curves of C3A/C26A azurin, obtained at
different scan rates, were simulated with the equation,

KAH, [k AHy
(KA—Uz;*'RW

kK 1T kK
|l exp{—— dr (2)
T

Cpexe =

vK+1 vl K+1 ’

0

where the previously determined quantities AH; and 7,
have been used as starting values, R being the gas constant,
T, is the onset temperature of denaturation, and

- AH, (1 1
K—exp - R X ?_m , (3)

E 1 1
k=exp{—R>< (T_T*)}’ “4)

where E is the activation energy of the irreversible step.
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This equation, which originates from the -classical
Lumry—Eyring model, has been previously improved (Mi-
lardi et al., 1994) by considering the enthalpy, AHy, of the
U = F process not negligible. The unknown parameters
AHy, T* and E have been obtained from the fitting proce-
dure. In Fig. 4 the experimental heat capacity curve of
C3A/C26A azurin mutant recorded at 0.5°C/min (solid line)
is compared with the corresponding curve obtained by using
Eq. 2 (dashed line). The two curves are in good agreement.
This suggests that the proposed model provides a reliable
description of the thermal denaturation of C3A/C26A azurin
mutant.

Optical density

The variation of the intense optical absorption at 625 nm as
a function of temperature can be used to directly monitor the
local conformational changes occurring in the copper envi-
ronment when the temperature increases. Because the cop-
per ion is located in a hydrophobic region of the protein,
these changes reflect those occurring in the tertiary or
secondary structure of the protein. Figure 3 » shows the
normalized optical density at 625 nm, ODg,s, in the tem-
perature range 30—70°C of C3A/C26A azurin mutant in
aqueous solution recorded at the scan rate of 0.5°C/min. The
thermal profile shows a transition temperature, 7, defined
as the midpoint of the OD transition, of 59.5°C. This T,
value is remarkably lower than the corresponding one
shown from the wt protein (7, = 79.3°C) and reflects the
strong decrease in stability of the mutated azurin. After the
thermal denaturation, the characteristic blue color of the
protein is not recovered by cooling back the solution to
room temperature. Such an effect can be ascribed to con-
formational changes of the tertiary structure of the protein,
which permanently alter the copper coordination environ-
ment (see also the section Electron Paramagnetic Resonance).

80

60

exe

Cp, (kJ K" mol ™
S
(=]
1

Temperature (°C)

FIGURE 4 Curve fitting with Eq. 2 of the experimental Cp,,. profile
recorded at 0.5°C/min. The starting values were AHy, = 444 kJ/mol and
T, = 64.7°C.
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The occurrence of kinetic factors in the thermal disrup-
tion of the active site of C3A/C26A azurin mutant has been
verified by performing ODy,s/T measurements at different
scan rates. The 7, values obtained at 0.3, 0.5, 0.7, and
1.0°C/min are listed in Table 1. As can be inferred from the
data, T, increases with the scan rate according to the trend
observed in the DSC scans. The comparison of 7, and 7,
shows that 7| has always a slight lower value with respect to
Tax- The difference, AT = T, — T, > 0 for each scan
rate, suggests that the disruption of the active site precedes
the whole protein denaturation.

The scan rate dependence of 7, can be used to calculate
the activation energy, E,, of the denaturation process using
Eq. 1, where E,,, and 7,,,,, are now substituted by £, and 7,
respectively. The result of the fit of the experimental points
with Eq. 1 gives an E, value of 460 = 8 kJmol !, which is
comparable, within the experimental error, with the value

registered for the wt protein (La Rosa et al., 1995).

Electron paramagnetic resonance

Figure 5 shows the EPR spectra of C3A/C26A azurin mu-
tant in aqueous solution recorded at 77 K after the protein
solution has been heated at 75 (curve a) and 90°C (curve b)
for 10 min. The first temperature has been chosen above the
end of the DSC thermal transition. The EPR spectrum, when
compared to the magnetic signal recorded on the native state
of C3A/C26A azurin mutant (Fig. 2 d, dashed line), shows
a strong temperature-induced effect both on the copper-
ligands geometry and coordination atoms. In fact, the cop-
per-ligand geometry undergoes a transition from trigonal
bipyramidal in the native state to square planar in the final
state as testified from the change of the 4, value from 55 to
175 Gauss. Moreover, in the high magnetic field region of
the spectrum, traces of a superhyperfine structure are evi-
dent (Fig. 5, curve a). A better resolution of this superhy-
perfine structure can be observed in the spectrum recorded
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FIGURE 5 EPR spectra of C3A/C26A azurin mutant recorded at 77 K
after heating of the sample solution for 10 min at 75°C (curve a) and 90°C
(curve b).
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after heating the C3A/C26A azurin mutant solution at 90°C
(Fig. 5, curve b). The superhyperfine structure arises from
the interaction of the unpaired electron spin of the Cu™ ™ ion
with the nuclear spin of the ligand atoms (McGarvey, 1967).
This result is quite different from that previously obtained
for wt protein (see Fig. 8 in La Rosa et al., 1995). In fact,
although in both cases the final geometry can be assimilated
to square planar, an increase in the hyperfine splitting from
160 Gauss in the denaturated wt azurin to 175 Gauss in
denaturated C3A/C26A azurin mutant is registered. The
differences observed in the EPR spectra of the denaturated
state of wt and C3A/C26A azurin mutant suggest that the
mutation affects the final conformational state reached by
the protein in absence of the disulfide bridge. In particular,
the presence of at least nine superhyperfine resonance lines
suggests that there are four nitrogen atoms in the copper
coordination sphere of the denaturated C3A/C26A azurin
mutant. In contrast to this, two N and two O ligands had
been proposed for the copper coordination of the denatur-
ated state of wt protein (La Rosa et al., 1995).

Fluorescence emission

The fluorescence emission signal of the Trp residue in a
protein is closely related to its solvent exposure (Lakowicz,
1986), so that the Trp emission spectra can provide useful
information about the changes of the protein conformational
states. The fluorescence spectra of the wt and C3A/C26A
azurin mutant collected through excitation at 295 nm have
been recorded in steps of 1°C in the temperature range
30—-82°C. The inset of Fig. 6 shows, as an example, the
fluorescence spectra of C3A/C26A azurin mutant recorded
at 30 and 62°C. At low temperature, the maximum emission
is at 308 nm, whereas at high temperature it occurs at 357
nm. The same results are also observed for wt azurin at 30
and 80°C, respectively. The first wavelength is compatible
with a Trp residue completely buried in the interior of the
protein and surrounded by nonpolar amino acid residues
(Lakowicz, 1986). The second one being compatible with
the fluorescence emission of a Trp residue exposed to the
aqueous solvent (Guptasarma, 1997).

In Fig. 6 the variations of the fluorescence emission
intensity at 308 and 357 nm as a function of temperature for
wt and C3A/C26A azurin mutant are reported. As can be
seen, the effect of the temperature on the fluorescence
intensity is similar in both proteins. In fact, with tempera-
ture increase, a reduction of the fluorescence intensity at
308 nm is observed, then the maximum emission wave-
length shifts at 357 nm, and an increase in the fluorescence
intensity occurs, too. However, the transition temperature,
defined as the midpoint of the fluorescence variation at 308
nm, is 78°C for wt protein and 58°C for the mutated azurin.
These findings further support the results obtained using the
other experimental techniques and confirm the strong re-
duction of stability of azurin upon removal of the —SS-—
bond.
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Because the solvent accessibility is the major factor de-
termining the fluorescence of the Trp residue, the data in
Fig. 6 suggest that the fluorescence change may reach its
limiting value before both proteins fully unfold. In fact, the
temperatures of 78 and 58°C, determined by means of
fluorescence emission for wt and C3A/C26A azurin mutant,
respectively, are lower than those extracted from the DSC
profiles (Fig. 3 @). In addition, the comparison between the
fluorescence emission and optical absorption data reveals
that the solvent exposure of the Trp residue occurs before
the disruption of the copper site.

It is noteworthy that the Trp fluorescence intensity at 357
nm increases upon unfolding. Moreover, the fluorescence
intensity of C3A/C26A azurin in the denaturated state is
much higher than the corresponding one of the wt protein.
This result supports the hypothesis that the conformational
states of the two proteins after the thermal denaturation are
quite different. In fact, because the Trp fluorescence in
holo-azurin is extensively quenched compared to that of
copper-depleted azurin (Petrich et al., 1987; Hansen et al.,
1990; Sweeney et al., 1991), it turns out that the fluores-
cence emission intensity gain of the C3A/C26A azurin
mutant may be related to a marked increase in the Cu—
Trp-48 distance. On the other hand, this finding is consistent

with EPR data that show a tight binding of the copper ion

with ligand atoms in the denaturated-mutated azurin, which
are different with respect to the wt protein.

Thermodynamic analysis of the unfolding process

The calculation of the Gibbs free energy relative to the
unfolding process in all the temperature range considered
requires the knowledge of three parameters: AHj, T} ,,, and
ACp. Unfortunately, the irreversibility of the thermal tran-
sition of the C3A/C26A azurin mutant prevents the exper-
imental determination of ACp = Cpy — Cpy, because the
value of Cp at the offset temperature is ascribable to the

final (F) state and not to the unfolded (U) one. To solve this
problem, both alternative experimental methods and theo-
retical models can be used. In this paper, the calculation of
ACp has been obtained by three different approaches. In the
first one, the denaturational ACp is obtained from the tem-
perature dependence of the unfolding enthalpy AH|; using
the Kirchhoff equation. Several sets of calorimetric exper-
iments have been carried out at different pH values from 4.8
to 7.0. Then the AH{, and the T,, values, related to the
thermally induced unfolding of C3A/C26A azurin mutant,
have been calculated following the extrapolation procedure
at infinite scanning rate (La Rosa et al., 1995). The temper-
ature dependence of the extrapolated unfolding enthalpies
AH,; obtained at different pH values is linear with 7 ,,. The
slope of the linear fit gives 8.9 = 0.9 kJK 'mol ' for the
heat capacity changes upon unfolding of C3A/C26A azurin
mutant in H,O.
The second approach consists in the use of the Murphy
and Gill (1991) model. According to this model, the ACp
value can be evaluated on the basis of the set of equations,

ACp = ACp,, + ACp,y1 (5)
ACpyy = fap X Nen X (AC)p_cn. (0)
oo = 0.574 + 0.000702 X N, %

ACpyy = 0.73 X Ny X (AC)p-contr.» ®)
(AC)p.con. = —60 = 6 JK 'mol !, 9)
(ACYp.cy. =28 = 1 JK 'mol !, (10)

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, Ny is the number of apolar hydrogen atoms
(i.e., the hydrogen atoms directly bound to a carbon atom),
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(AC®)p._cyy. is the specific contribution of one mole of apolar
hydrogens to the overall denaturational heat capacity
change and (AC®)p_conyy. is the specific contribution ascrib-
able to one mole of polar residues (Murphy and Gill, 1991).
Because there are 759 apolar hydrogen atoms and 128
aminoacid residues in C3A/C26A azurin mutant, ACp is
8.5 + 1.0 KJK 'mol .

The third method is based on the average properties of
globular proteins (Milardi et al., 1997). This method starts
from the correlation of ACp with N, and Ny of well-
known globular proteins at various temperatures. According
to this method, we obtain a ACp value of 7.9 kJK ™ 'mol !
and in the temperature range 20—100°C the ACp variation is
+1.0 kJK ™ 'mol .

To minimize the errors, ascribable either to experimental
uncertainties or to the nonperfect efficiency of the models,
the ACp used to calculate the thermodynamic functions has
been taken as the average of the three values, which corre-
sponds to 8.4 = 1.0 kJK 'mol . This value is also in good
agreement with the ACp value calculated according to the
equation (Doig and Williams, 1991),

ACp = 77N,., — 940N, JK 'mol ', (11)

where N, is the number of disulfide bridges. The ACp
obtained is 8.9 kJK 'mol . The denaturational heat capac-
ity change, together with 7,, = 64.72°C and AH, = 444
kJmol ™! values, allow us to calculate AH(T), AS(T), and
AG(T), characterizing the thermal behavior of C3A/C26A
azurin mutant by using the equations

AH(T) = AHy — ACP(TI/z -1, (12)
AHy Ty,
AS(T) = —ACpIn—, (13)
Ty
T.,,—T Ty,
AG(T) = AH,, T ACp(T\, — T) + TACp ln7.
(14)

The three functions are drawn in Fig. 7. In the same figure,
the previously thermodynamic functions related to the ther-
mal denaturation of wt azurin in H,O (La Rosa et al., 1995)
are also shown.

By comparing the two AG functions (Fig. 7 ¢), it can be
seen that the temperature of maximum stability is about
20°C in both cases. Moreover, AAG = AG,, — AG ¢q =
27 kJmol ! is constant over the whole temperature range
(the subscript indexes wt and —SS— refer to wt and disulfide-
deficient azurin). This result suggests that the presence of
the disulfide bridge in the wt azurin contributes significantly
to the stability of the protein and is not temperature depen-
dent. If we consider the enthalpic contribution (Fig. 7 a) to
AG, it can be seen that AH, and AH ¢4 coincide in all the
temperature range. The close similarity of the unfolding
enthalpy value of the two proteins suggests that the reduced
stability of C3A/C26A azurin mutant arises mainly from
entropic effects. This result is in agreement with a DSC
study of wt and three-disulfide lysozyme derivative (Cooper
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FIGURE 7 Temperature dependence of the unfolding (a) enthalpy, (b)
entropy, and (c) Gibbs free energy for wt (solid line), C3A/C26A azurin
mutant (dashed line). The thermodynamic functions expected using the
Murphy and Gill model (see the text for details) are also shown (dotted
line).

et al., 1992). An opposite conclusion has been proposed by
Doig and Williams (1991) based on the correlations be-
tween the thermodynamic properties and the number of the
disulfide bridges present in six proteins.

A different behavior is observed in the entropic compo-
nent. AS,, is less than AS ¢ over the whole temperature
range (Fig. 7 b). In particular, at 20°C, the entropy of
unfolding of C3A/C26A azurin mutant is about 115
JK ™ 'mol ! higher than that of the wt protein (Table 2). This
is consistent with the increase in the conformational entropy
in the unfolded polypeptide chain resulting from removal of
the —SS— cross-link (Vogl et al., 1995). Based on a series of
studies on a large variety of proteins, it has been shown that
this entropic contribution depends on the size of the loop
connecting the —SS— bond according to the equation (Pace
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TABLE 2 Thermodynamic parameter values of wt (Milardi et al., 1996), C3A/C26A azurin mutant and calculated (Model) by
using Murphy and Gill method at the temperature of maximum stability (20°C)
AH AS TAS AG

(kJmol ") (kJK 'mol ) (kJmol ) (kJmol ")
Azurin wt 61.0 = 6.7 0.0045 = 0.0005 1.3 £0.1 59.7 £ 6.5
C3A/C26A 67.1 =54 0.12 = 0.01 352 +28 32.6 £2.6
Model 40.5 £3.2 0.008 = 0.006 23+02 38.1 = 3.0

et al., 1988; Vogl et al., 1995),

AS.one = 8.8 + 1.5R In(n)JK 'mol !, (15)

where R is the gas constant and # is the number of residues
in the loop. In azurin, the removal of the disulfide bridge
should provide an increase in conformational entropy of
47.9 JK 'mol~'. Experimental data reported in Table 2
show that the removal of the disulfide bridge in azurin
implies an entropy gain of 115 JK ™ 'mol ' on unfolding. By
subtracting from this value the conformational entropy, we
obtain the residual entropy, AS,. which is 67.1
JK 'mol ™!, This residual entropy can be ascribed both to
solvent-related effects that operate via a decrease in the
water-exposed nonpolar surface area of the unfolded protein
and to changes in the Cu coordination sphere in the un-
folded mutant and wt protein (see Fig. 5). For some pro-
teins, it has been shown that AS,., can be calculated by

means of the equation (Doig and Williams, 1991),

AS,, = 2N, + 290N JK 'mol ! . (16)

According to this point of view, the AS, for azurin should
be 34 JK 'mol ™', which is lower than the expected value
(67.1 JK '"mol~"). Hence, we believe that, in the case of
azurin, other factors contribute positively to the entropic
increase after removal of the disulfide bridge. We suggest
that additional entropic factors can arise from a decrease of
the entropy of the native state of the mutated azurin as a
consequence of a modified hydrogen bonds network and
nonpolar intramolecular interactions due to the removal of
the disulfide bridge.

At a first approximation, the effect of the metal ion on
unfolding can also be considered by comparing the AG
values calculated for the C3A/C26A azurin mutant and the
one expected from applying the Murphy and Gill (1991)
model, where the average thermodynamic features of pro-
teins are considered only in terms of polar and apolar
groups, i.e., neither the metal ion nor the —SS— bridge are
considered. From the curves shown in Fig. 7 ¢ it seems that
the simultaneous absence of both the disulfide bridge and
the Cu™™ ion makes the protein more stable by about 6
kJmol ! with respect to the absence of the only —SS—
cross-link. Structural details can be invoked to explain the
different behavior of the thermodynamic functions, in par-
ticular of the entropic destabilization, in the mutated azurin
with respect to the wt protein. The native structure of azurin
is very compact, and as a consequence, the introduction of
a disulfide bond in such a structure may induce only neg-

ligible effect on the entropy of the native state of the protein.
In contrast, the number of the possible conformations that
the protein can assume in the final state may be significantly
lower if an —SS— bond is present as in the wt azurin. As a
consequence, AS,,, < AS_ .. This hypothesis is also sup-
ported by the EPR and fluorescence emission measurements
where differences in the final state of wt and C3A/C26A
azurin mutant have been evidenced.

CONCLUSIONS

The results presented in this study show that the double
substitution of Cys-3 and Cys-26 with alanine residues does
not affect the spectral properties and the most structural
features of C3A/C26A azurin mutant with respect to the wt
protein, whereas the thermodynamic consequences of the
removal of the disulfide bond are considerable. The reduced
stability of the C3A/C26A azurin mutant is evident from
both the downward shift of the transition temperature from
the native to the denaturated state of the protein as well as
from the decrease of the AG value. This reduction has
mainly an entropic character. The presence of the disulfide
bridge stabilizes the protein in two ways: 1) it decreases the
conformational entropy of the unfolded state, and 2) it
increases the surface area exposed to the solvent on unfold-
ing of the nonpolar residues of the protein. In the case of
azurin, these two entropic effects have almost the same
weight, whereas the removal of the disulfide cross-link has
little effect on the enthalpy of denaturation of the protein.

The different techniques used in this paper also allow us
to hypothesize a sequence of events in the thermal denatur-
ation process of azurin, which starts with the destabilization
of the Trp environment, proceeds through the disruption of
the copper site, and then the whole protein molecule col-
lapses in the denaturated state.
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