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A peculiar feature of the psychrophilic iron superoxide dismutase from Pseudoalteromonas haloplanktis (PhSOD)
is the presence in its amino acid sequence of a reactive cysteine (Cys57). To define the role of this residue, a struc-
tural characterization of the effect of two PhSOD mutations, C57S and C57R, was performed. Thermal and
denaturant-induced unfolding of wild type and mutant PhSOD followed by circular dichroism and fluorescence
studies revealed that C→R substitution alters the thermal stability and the resistance against denaturants of
the enzyme, whereas C57S only alters the stability of the protein against urea. The crystallographic data on the
C57R mutation suggest an involvement of the Arg side chain in the formation of salt bridges on protein surface.
These findings support the hypothesis that the thermal resistance of PhSOD relies on optimization of charge–
charge interactions on its surface. Our study contributes to a deeper understanding of the denaturation mecha-
nism of superoxide dismutases, suggesting the presence of a structural dimeric intermediate between the native
state and the unfolded state. This hypothesis is supported by the crystalline and solution data on the reduced
form of the enzyme.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Life at low temperatures requires a vast array of adaptation atmolec-
ular and physiological levels. Psychrophilic enzymes are proteins from
organisms that inhabit areas with temperatures lower than 20 °C
[1–4]. They have to adapt their structure and function to cope with
slow reaction rate at low temperatures. The molecular mechanisms of
cold adaptation in psychrophilic enzymes are still partially unknown.
However, some general features of cold-adapted proteins have been
suggested [5–7]. These molecules are endowed with a high conforma-
tional flexibility that is often coupled to a reduced thermal stability.
The iron superoxide dismutase from Pseudoalteromonas haloplanktis
(PhSOD) represents an exception to this general rule [8,9]. Although
this enzyme comes from an organism living in a hostile habitat
(5–15 °C), it presents an unusual thermal stability, which is comparable
with that of itsmesophilic counterpart from Escherichia coli (EcSOD) [8].
Both PhSOD and EcSOD are dimeric metalloenzymes that catalyze the
Sciences, University of Naples
Angelo, I-80126 Napoli, Italy.

ights reserved.
dismutation of superoxide anion radicals into molecular oxygen and
hydrogen peroxide [9]. The elucidation of the three-dimensional struc-
ture of PhSOD suggested that a major role in its unusually high thermal
stability could be played by electrostatic interactions on the protein
surface [8]. Recent reviews summarized the structural and functional
features of the different families of SODs [10,11].

An interesting feature of PhSOD is the presence in its sequence of
a highly reactive cysteine residue (in position 57) that undergoes
endogenous glutathionylation upon induction of oxidative stress in
P. haloplanktis cell cultures [12]. This post-translational modification
significantly reduces the inactivation of the enzyme by peroxynitrite,
suggesting that this reaction could represent a strategy to improve the
antioxidant cellular defense mechanism in the psychrophilic organism.
Cys57 belongs to a segment of Fe- and Mn-SODs with a highly variable
sequence [9]. To investigate the role of Cys57 in the functional regula-
tion of PhSOD, the mutants C57S and C57R, where the cysteine on the
protein surface (Fig. 1) is replaced by serine or arginine, were produced
and characterized. Furthermore, the adducts formed by reaction with
β-mercaptoethanol [9] and glutathione [12] were analyzed. Substitu-
tion of the sulfhydryl group with an oxydryl one did not affect the
PhSOD enzymatic activity, whereas the substitution of Cys with Arg
causes a slight reduction of the activity [12].
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Fig. 1. (A) Overall structure of PhSOD. The two subunits are colored cyan and magenta respectively, active site residues and cysteine 57 are also shown as sticks, iron atoms and the
coordinated water molecules are shown as spheres. (B) PhSOD electrostatic surface. Position of Cys57 in one of the two subunits is indicated by an arrow.

Table 1
X-ray diffraction data-collection and processing statistics.

C57S
(4L2B)

C57R-I
(4L2C)

C57R-II
(4L2A)

Fe(II)PhSOD
(4L2D)

Space group P21 P21 P21 P21
Cell parameters
a (Å) 46.72 50.49 45.62 50.30
b (Å) 103.44 103.77 103.74 103.62
c (Å) 50.53 89.83 50.24 89.34
α (°) 90 90 90 90
β (°) 108.0 103.6 108.3 103.7
γ (°) 90 90 90 90

Resolution range(Å) 30.0–1.97
(2.04–1.97)

50.0–1.66
(1.72–1.66)

50.0–2.06
(2.13–2.06)

30.0–2.07
(2.04–2.07)

Observations 107,691 261,688 96,935 268,327
Unique reflections 30,651 95,529 27,167 53,308
Completeness (%) 95.1 (90.0) 90.1 (76.7) 98.8 (90.4) 98.2 (85.6)
I/σ (I) 9 (3) 8 (3) 13 (4) 9 (4)
Redundancy 3.5 (2.8) 2.7 (2.3) 4.0 (3.2) 5.0 (3.7)
Rmerge (%) 9.9 (26.9) 9.6 (31.4) 7.4 (23.5) 10.8 (20.5)
Mosaicity 0.8 0.7 0.7 1.2
Molecules in the
asymmetric unit

1 dimer 2 dimers 1 dimer 2 dimers
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Previous results on SODs have suggested a major role for Cys
residues in irreversible protein aggregation [13,14]. To complete the
characterization of PhSOD, we have now performed a combined struc-
tural and biochemical study, in solution and in the crystal state, of the
two mutants. Moreover we solved the structure of the reduced form
of the enzyme (Fe(II)PhSOD). No significant variation in the structural
features of the protein has been found in the Fe(II) form. CD data con-
firm that PhSOD thermally unfolds through a three-step mechanism
and show that the mutation C57R enhances the stability of the native
dimer, but destabilizes the intermediate partially unfolded dimer. This
finding has been interpreted on the basis of the crystal structure of the
mutants.

2. Methods

2.1. Crystallization and data collection

Wild type PhSOD and its mutants containing the replacement of
Cys57 with Arg or Ser, hereafter named C57R and C57S, were prepared
as previously described [8,9]. Crystals of PhSOD and C57Swere obtained
by hanging drop vapor diffusion method [15], by using the procedure
previously reported [16]. Briefly, crystals were grown in 1.8–2.0 M
ammonium sulfate, 1.0–1.2MNaCl, 100mMHepes pH 7.2–7.5. Crystals
of C57R were grown by hanging drop vapor diffusion method in the
same crystallization conditions (C57R-I) and also in 23% PEG8K, 0.2 M
ammonium sulfate, 0.1 M sodium cacodylate pH 7.0 (C57R-II). The
reduced form (Fe(II)PhSOD) was obtained by soaking PhSOD crystals
in a holding solution containing an excess of dithionite, according to
the procedure described in a previous paper [17].

Diffraction data on C57S, C57R-I and Fe(II)PhSODwere collected on a
Saturn944 CCD detector at the Istituto di Biostrutture e Bioimmagini
(CNR, Naples, Italy) with CuKα X-ray radiation from a RigakuMicromax
007 HF generator, whereas those on C57R-II were collected at the
Elettra synchrotron, Trieste (Italy). All the crystals were mounted in
nylon loops and flash-frozen at 100 K in a nitrogen gas produced by
an Oxford Cryosystems Cryostream and maintained at 100 K during
the data collection. Crystals were flash-cooled after the addition of
400 mg/ml trehalose to the harvesting solution,with the only exception
of crystals of C57R-II that were flash-cooled after the addition of 25%
glycerol. Data were processed by HKL2000 [18]. Statistics describing
the other crystallographic data are reported in Table 1.

2.2. Structure solution and refinement

Given the strict isomorphism with the wild type protein, the phase
determination was carried out by the difference Fourier method. The
refined coordinates of PhSOD (PDB IDs: 3LIO and 3LJF, [8]) were used
as starting models. The refinement was carried out with CNS [19] and
Refmac5 [20] programs. Several alternating cycles of positional refine-
ment, energy minimization, individual temperature factor refinement
and manual model building were performed. Model building was
done using “O” [21] and “Coot” [22]. Water molecules and trehalose
moleculeswere located in difference Fouriermaps and added tomodels.
PROCHECK [23] was used to analyze the quality of the final structures.
The refinement statistics are presented in Table 2. The coordinates of
C57S, C57R-I, C57R-II and Fe(II)PhSOD were deposited in the Protein
Data Bank (PDB IDs: 4L2B, 4L2C, 4L2A, and 4L2D, respectively). C57R-I
and Fe(II)PhSOD crystals contain two dimers in the asymmetric unit,
whereas the others contain a single dimer in the asymmetric unit.

The figures were drawn using PyMOL (http://pymol.org).

2.3. Guanidine hydrochloride- and urea-induced denaturation studies

Protein concentration has been determined spectrophotometrically
from absorbance at 280 nm and using a molar extinction coefficient
ε = 2.561 ml/(mg·cm). UV spectra were recorded on a Jasco V-560
spectrophotometer.

Protein samples (0.1 mg/ml in 10 mM Tris/HCl buffer at pH 7.8)
were incubated overnight with increasing concentration of guanidine
hydrochloride (GdnHCl) (0–5.6 M) or urea (0–7.8 M) at 20 °C.

A non-linear least-square analysis was used to fit the unfolded
protein fraction versus the denaturant concentration curves and to
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Table 2
Refinement statistics.

C57S
(4L2B)

C57R-I
(4L2C)

C57R-II
(4L2A)

Fe(II)PhSOD
(4L2D)

Resolution range (Å) 20.0–1.97 30–1.66 30–2.06 30–2.07
Number of reflections (F N 0σ(F)) 28,084 90,878 25,921 53,243
Number of reflections in test set 2800 4570 2571 2662
R-factor/R-free 0.19/0.24 0.20/0.24 0.19/0.24 0.19/0.24
Number of protein atoms 3022 6151 3031 6039
Water sites 403 911 338 623
Trehalose molecules 2 4 – 4

Rmsd from stereochemical target values
Bond length (Å) 0.007 0.006 0.022 0.025
Bond angles (°) 1.29 1.89 1.92 2.12

Average B-factor (Å2)
Protein, overall 16.73 15.68 22.79 20.05
Main chain 16.23 15.04 22.53 19.23
Side chain 17.25 16.32 23.06 20.90
Solvent atoms 29.41 26.08 34.86 26.25
Ions 12.58 12.07 16.88 15.14
Ligand atoms 33.04 28.46 – 29.37

Ramachandran statistics
Number of residues in
favored region (%)

96.3 97.2 97.1 97.1

Number of residues in
allowed region (%)

3.7 2.5 2.9 2.8

Number of residues in
outlier region (%)

0 0.3 0 0.1

Fig. 2. Thermal unfolding curves of PhSOD, C57R and C57S as followed by CD spectroscopy
at 222 nm.
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determine the concentration of the denaturant at themidpoint of dena-
turation (C1/2). The unfolded protein fraction was calculated as follows:

Fun ¼ Fobs−Fn
Fu−Fn

where: Fun is the unfolded fraction, Fobs is the observed value of the sig-
nal (CD or fluorescence) at the given denaturant concentration, Fn and
Fu are the signal values of the native and completely unfolded state
(highest concentration of denaturant), respectively.

2.3.1. Fluorescence measurements
Fluorescence spectra were recorded with a thermostatically

controlled JASCO FP-750 spectrofluorometer using a path length
of the cell = 1 cm. The emission spectra of C57S and C57R were re-
corded from 310 to 450 nm and collected at protein concentration
0.035 mg/ml. The measurements have been compared with those
already collected on wild-type enzyme [8]. Tryptophan residues were
selectively excited at 295 nm, whereas both tyrosine and tryptophan
residues were excited at 280 nm.

2.3.2. Circular dichroism
The chemical-induced denaturation curves of C57S and C57R

were obtained at constant temperature by recording the CD signal
at 222 nm for each independent sample at 0.1 mg/ml protein concen-
tration. CD spectra were recorded on a JASCO J-710 spectropolarimeter
equipped with a Peltier thermostatic cell holder (Model PTC-348WI).
Before the measurements the instrument was calibrated with an aque-
ous solution of d-10-(+)-camphorsulfonic acid at 290 nm.

2.4. Thermal denaturation studies

Thermal denaturation of PhSOD, C57R and C57S mutants was mon-
itored by following the change in ellipticity at 222 nm over the temper-
ature range 10–105 °C, with a scan rate of 0.5 °C/min. The reversibility
of the transition was then checked by lowering the temperature.
Thermal unfolding curves were recorded on 0.1–0.2 mg/ml enzyme
solutions in 7 mM Tris/HCl buffer at pH 7.8. Melting temperatures
(Tm)were calculated from the secondderivative of the ellipticity change
vs temperature.

Thermal denaturation of the enzyme samples (0.15 mg/ml in
20mMTris/HCl buffer at pH 7.8)was also followed bymeans of fluores-
cence measurements realized on a Cary Eclipse fluorescence spec-
trophotometer (Varian), equipped with an electronic temperature
controller. The increase in temperature was set up at 0.2 °C/min, and
fluorescence was recorded at every 0.5 °C increase. Excitation wave-
length was set up at 280 nm, whereas emission was recorded at
333 nm and 345 nm.

2.5. Thermal inactivation studies

Samples of PhSOD, C57S and C57R at 0.02 mg/ml in 20mM Tris/HCl
buffer at pH 7.8 were incubated for 10 min at various temperatures
ranging between 30 and 70 °C and then they were chilled on ice for at
least 30 min. The residual activity of the treated samples was assayed
at 25 °C by the inhibition of the cytochrome c reduction caused by the
superoxide anions generated with the xanthine/xanthine oxidase
method [24,25]. The activitywas expressed as a percentage of thatmea-
sured on untreated samples.

3. Results

3.1. Solution studies

A previous investigation showed that PhSOD possesses a mixed
helix-β-sheet structure [8]. The circular dichroism (CD) spectral fea-
tures of the two mutants, C57R and C57S, are unchanged with respect
to those previously reported for the wild-type enzyme. To verify the
effect of mutations on the protein thermal stability, CD spectra were
recorded and the signal intensity at 222 nmwas followed at increasing
temperature from 10 °C to 105 °C. Protein samples underwent irrevers-
ible aggregation during thermal unfolding. The spectra recorded at
105 °C revealed the complete loss of secondary structure. The superim-
position of denaturation curves of C57S, C57R and PhSOD is shown
in Fig. 2. As expected on the basis of the PhSOD behavior [8], the inspec-
tion of the melting curves unequivocally indicates that the thermal
unfolding of both mutants and wild type enzyme is not a simple two-
state process: indeed, all curves present two inflection points (i.e., Tm1

and Tm2), indicative of two temperature-induced transitions. After the
first transition, the protein retains a dimeric state, as judged by size
exclusion chromatography analysis. Indeed, these enzymes eluted as
dimers even after their incubation for 30 min at 65 °C (not shown).
The values of the apparent melting temperature (Tm1 and Tm2) for the
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Table 3
Summary of the thermal stability of wild-type PhSOD and its mutants.

Data obtained by CD measurements Data obtained by fluorescence
measurements

Tm1 (°C) Tm2 (°C) Tm2 − Tm1 (°C) Tm (°C)

PhSOD 52 ± 2 83 ± 4 29 ± 4 48 ± 2
C57S 51 ± 2 82 ± 2 31 ± 2 45 ± 2
C57R 55 ± 2 71 ± 3 16 ± 3 52 ± 2

Melting temperatures are averaged on at least three different unfolding temperature
profiles.

Fig. 4.Heat inactivation profiles of PhSOD, C57R and C57S. The residual SOD activity of the
samples was reported as a function of the temperature of heat treatment.
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transitions (see Table 3) indicate a similar thermal stability for C57S and
PhSOD [8]. On the other hand, C57Rdisplays a different behavior. In par-
ticular, C57R exhibits an increase in Tm1 from 52 °C to 55 °C with re-
spect to PhSOD, whereas the value of Tm2 decreases from 83 °C to
71 °C (Table 3).

A focus on the thermal stability was also realized through fluores-
cence measurements. The thermal treatment of the enzymes provoked
a progressive increase of the fluorescence emission and a concomitant
red shift of the emission maximum from 333 nm to 345 nm (data not
shown). As shown in Fig. 3 the profile of the emission intensity at
these wavelengths as a function of temperature is characterized by a
single transition. The calculated melting temperatures (Table 3) show
that C57R has the highest resistance to heat denaturation, followed by
PhSOD and C57S. Thermal unfolding data have been also compared
with the heat inactivation profiles of PhSOD and its mutants (Fig. 4).
Also in this case, C57R had the highest resistance, followed by C57S
and PhSOD; indeed, the calculated half inactivation temperature for
C57Rwas 58 °C, whereas lower values, 55 °C and 54 °C, were calculated
for C57S and PhSOD, respectively. Therefore, all these data indicate that
heat unfolding and inactivation of PhSODand itsmutants are apparently
concomitant processes and point to the highest resistance of C57R to the
thermal treatment.

Intrinsic fluorescence emission spectra were used to detect the
changes in microenvironments of Tyr and Trp residues as a function of
GdnHCl and urea concentration. The fluorescence spectra of both C57R
and C57S mutants are characterized by a broad band similar to that
of the wild type enzyme [8], indicating that Tyr and Trp residues are
in an apolar environment, in agreement with observations based on
their X-ray structures. A significant red-shift of the emission maximum
Fig. 3. Fluorescence melting curves of PhSOD, C57R and C57S by monitoring the change of emi
corrected for temperature-dependent quenching of the quantum yield.
wavelength appears when increasing concentrations of either urea or
GdnHCl are added to the protein. This suggests that during protein
unfolding significant changes in themicroenvironments offluorophores
occur: at high denaturant concentration these residues become fully
exposed to the solvent. The unfolding transition curves of PhSOD and
its mutants C57S and C57R, obtained by plotting the unfolded fraction
against the denaturant concentration, are reported in Fig. 5. Differently
from the three-state unfolding reflected by the thermal denaturation CD
study, a two-state transition is observed following the change of the
fluorescence emission maximum wavelength in the presence of in-
creasing concentration of denaturant. In this case, a full recovery of all
the spectroscopic features of the native state is observed upon complete
removal of the denaturant by ultracentrifugation. As shown in Fig. 5A,
C57R is more resistant to GdnHCl-induced unfolding than C57S and
PhSOD. On the contrary, C57S and C57R are less resistant to the action
of urea as a chemical denaturant when compared to PhSOD (Fig. 5B).
The values of denaturant concentration at themidpoint of the unfolding
curve (C1/2) for C57R, C57S and PhSOD using either urea or GdnHCl are
reported in Table 4. The observed differences in denaturing action of
ssion at 333 nm (A) and at 345 nm (B). Fluorescence was expressed as arbitrary units and
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Fig. 5. (A) Unfolding curves of PhSOD, C57R and C57S as followed by monitoring
the shift of fluorescence emission maximum wavelength (λexc = 295 nm) at
increasing concentrations of guanidine hydrochloride. (B) Unfolding curves of
PhSOD, C57R and C57S as followed by monitoring the shift of fluorescence emis-
sion maximum wavelength (λexc = 295 nm) at increasing concentrations of
urea. (C) Unfolding curves of PhSOD, C57R and C57S as followed by monitoring
the change of molar ellipticity at 222 nm at increasing concentrations of guanidine
hydrochloride.

Table 4
Values of denaturant concentration at half-completion of the transition (C1/2)
characterizing the chemical-induced denaturation of C57R, C57S and PhSOD.

Protein Denaturant Method C1/2 (M)

PhSOD GdnHCl Fluorescence (λexc = 280 nm) 1.79 ± 0.03
Fluorescence (λexc = 295 nm) 1.84 ± 0.02
CD[θ]222 2.13 ± 0.03

Urea Fluorescence (λexc = 280 nm) 4.16 ± 0.05
Fluorescence (λexc = 295 nm) 4.22 ± 0.06

C57R GdnHCl Fluorescence (λexc = 280 nm) 2.44 ± 0.03
Fluorescence (λexc = 295 nm) 2.49 ± 0.02
CD[θ]222 2.89 ± 0.04

Urea Fluorescence (λexc = 280 nm) 3.78 ± 0.09
Fluorescence (λexc = 295 nm) 3.85 ± 0.07

C57S GdnHCl Fluorescence (λexc = 280 nm) 1.81 ± 0.15
Fluorescence (λexc = 295 nm) 1.79 ± 0.04
CD[θ]222 2.30 ± 0.04

Urea Fluorescence (λexc = 280 nm) 3.73 ± 0.08
Fluorescence (λexc = 295 nm) 3.72 ± 0.07
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GdnHCl and urea are in line with the different chemical nature of the
two denaturants. The secondary structure stability of C57S and C57R
was alsomonitored in the presence of GdnHCl bymeans of CD spectros-
copy, following the change of ellipticity at 222 nm (Fig. 5C). The C1/2
values obtainedwith this method are in agreementwith those obtained
by fluorescence measurements (see Table 4).

3.2. Structural analysis

The composition of the final refined models of C57R-I, C57R-II, and
C57S is summarized in Table 2. The three-dimensional structures
of the two mutants are extremely similar, yielding root mean square
deviations (rmsd) in CA atom position in the range of 0.27–0.40 Å
when the whole dimers are superimposed. The models are essentially
isostructural to that of PhSOD (rmsd 0.20 Å, 0.36 and 0.37 Å, comparing
PhSOD with C57R-I, C57R-II and C57S, respectively). They adopt the
typical Fe/Mn-SODs topology, with the two monomers related by a
dyad axis (Fig. 1). The metal-ion coordination sphere is conserved
with respect to the wild-type protein, with the side chains of residues
His26, His73, Asp157, His171, along with a conserved water molecule,
arranged in a trigonal bipyramidal geometry. The only really significant
difference between the structure of the mutants and that of PhSOD is
confined to themutation site; therefore, this region accounts for the ob-
served differences in thermal and chemical stability of the proteins. The
omit Fo–Fc electron density maps of the mutation sites are reported in
Fig. 6. In both subunits of C57S, OH atom of Ser57 is hydrogen bonded
to the backbone oxygen of Glu53 (Fig. 6A). In C57R-II, the side chain
of Arg57 adopts two different conformations in the two subunits: it
forms salt bridges with Asp148 in chain A and with Glu53 in chain B
(Fig. 6B and C, respectively). Different results are obtained in the struc-
ture C57R-I. In particular, in one out of the two dimers in the asymmet-
ric unit (a.u.) Arg57 interacts with Asp148 in chain A (Fig. 6D) and with
Leu145 in chain B (Fig. 6E). In the other dimer, Arg57 adopts two alter-
native conformations in each subunit. In one case, it is in contact with
Glu53; in the other one, it interacts with Asp148 or Leu145 (Fig. 6F
and G). In conclusion, Arg side chain shows a large flexibility which
allows to form different electrostatic interactions. Further details are
reported in Table 5.

The X-ray structure of the reduced form of PhSOD (Fe(II)PhSOD)
has also been determined. Unsurprisingly, the two dimers in the a.u.
are strictly similar to each other and to the structure of Fe(III)PhSOD.
The similarity includes the position of active site residues and of many
solvent molecules. A detailed comparison of the geometry of the iron
coordination sphere, including values observed in the reduced and oxi-
dized forms of EcSOD, is reported in Table 6. In this comparisonwe have
supposed that photoreduction of the oxidized form of PhSOD is negligi-
ble, based on the following literature data: i) XANES data collected on
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Fig. 6.Omit Fo–Fc electron density maps of the mutation site of PhSODmutants contoured at 4.0 σ level. (A) Ser57 in C57S. (B) and (C) Arg57 in C57R-form-II, chain A and B respectively.
(D), (E), (F) and (G) Arg57 in C57R-form-I, chain A, B, C and D, respectively.
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FeSOD from E. coli have revealed that ferric center undergoes a slow
photoreduction at pH 7, with a rate of photoreduction equal to 3% per
hour, with less than 20% of the ferric iron being reduced during the
course of data collection and ii) no detectable photoreduction occurred
for samples at basic pHs [26].

Our data indicate that the bond lengths and angles do not change
significantly between Fe(III) and Fe(II)SODs, although a slight in-
crease of the average Fe–ligand distances is observed in the reduced
form of the enzyme. This is consistent with previous observations by
Lah and coworkers [17]. Redox-coupled conformational effects are
suggested to be fairly small also by other authors that have com-
pared the oxidized and reduced form of FeSOD from E. coli using
NMR data [27].

4. Discussion

Psychrophilic organisms produce cold-adapted enzymes that dis-
play a high catalytic efficiency at low temperature [28]. These enzymes
are particularly useful to investigate the relationships between stability,
dynamics and function [5].

In a previous paper [8], we have compared the structure and stability
of the cold adapted iron superoxide dismutase from P. haloplanktiswith
those of the corresponding enzymes from E. coli [17] and from the psy-
chrophilic organism Aliivibrio salmonicida [29]. We have demonstrated
that PhSOD has an unusual thermal stability [8]. The comparative anal-
ysis of the structure of PhSOD with that of the cold adapted SOD from
A. salmonicida [29] has suggested that the origin of the unusual stability
of the former enzyme could be the presence of a number of charged res-
idues on the protein surface [8].

Here a structural and stability study of two PhSOD mutants, where
Cys57 was replaced by serine or arginine, has been reported. The
Cys→Arg substitution converts this amino acid position as that present
in EcSOD and adds a positive charge in a region of the protein that is rich
in negative charged residues (Cys57 is close to Glu53 and Asp148)
(Fig. 1). The Cys→Ser substitution was investigated as a control, being
Cys and Ser isosteric residues. As expected, this substitution has no
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Table 5
Details of the interactions of Arg57 in C57R-I.

C57R-I

Arg A57 NH1 Asp A148
(OD1)

–

NH2 Water Val A150
(O)
Asp A147
(O)

Arg B57 NH1 Leu B145
(O)

–

Water Asp B148
(OD1)

NH2 Water –

Arg C57
Conformation A

NH2 Asp C148
(OD1)

–

Water Gly C149
(N)

NE Water Thr C146
(O)

Arg C57
Conformation B

NH1 Glu C53
(OE1)

–

Water Glu C53
(OE1)

NH2 Water –

Arg D57
Conformation A

NH1 Asp D148
(OD1)

–

NE Leu D145
(O)

–

NH2 Water Gly D149
(N)

Water Leu D145
(O)

Arg D57
Conformation B

NH1 Glu d53
(OE1)

–
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significant effect on the structure and stability of the protein. On the
other hand, the C57Rmutation has significant effects on thermal stabil-
ity and resistance to denaturants of the enzyme.

Presence of cysteine residues in SODs has drawn considerable atten-
tion. In many Cu/Zn SODs the removal of a free cysteine enhances pro-
tein stability and increases protein resistance toward irreversible
thermal inactivation [14,30], an effect likely correlated to the low prob-
ability of non-native disulfide bonds formation. To date, no structural
data on the substitution of a free cysteine residue in Fe/Mn SODs have
been reported. In the present study C57R shows a higher Tm1 and a
lower Tm2 when compared to PhSOD and C57S. Furthermore, it has a
higher stability against GdnHCl-induced unfolding and a lower resis-
tance to urea-induced unfolding. These properties are coupled to a
slightly lower SOD activity [12].

Pedersen et al. have ascribed the presence of two thermal transitions
in the denaturation curve of EcSOD to a potential reduction of iron
atoms during the data collection [29]. In linewith this hypothesis, dena-
turation curves of Fe-substituted MnSODs present two Tm (63 °C and
87 °C) that are attributed to a minor Fe(II) species and a major Fe(III)
species, respectively [31]. In order to evaluate this hypothesis, we re-
corded the denaturation curves of PhSOD in the presence of dithionite
and no variations of the protein spectral features are observed. This
agrees well with the finding that the X-ray structure of the reduced
Table 6
Metal coordination geometry. Average distance values in Å are calculated on independent cha

PhSOD-I
(3LIO)

PhSOD-II
(3LJF)

C57S
(4L2B)

C57R-
(4L2C)

Fe–Nε2 (His 26) 2.11 (0.08) 2.13 (0.06) 2.11 (0.01) 2.09 (0
Fe–Nε2 (His 73) 2.07 (0.08) 2.07 (0.05) 2.09 (0.01) 2.07 (0
Fe–Oδ2 (Asp 157) 1.94 (0.1) 1.95 (0.06) 1.72 (0.01) 1.98 (0
Fe–Nε2 (His 161) 2.12 (0.13) 2.10 (0.09) 2.11 (0.01) 2.16 (0
Fe–OH2 2.14 (0.08) 2.21 (0.13) 2.29 (0.11) 2.15 (0
form of PhSOD is basically identical to that of the oxidized form, with
only small changes in the values of iron–ligand distances. These results
are consistent with those obtained comparing oxidized and reduced
structures of other SODs [17,32], and with a number of experimental
data collected on Fe-substitutedMnSOD (e.g. [33,34]), which altogether
reveal that structural differences between reduced and oxidized Fe
substituted forms are not significant. Thus the data suggest that the
hypothesis proposed by Pedersen et al. [29] should be revisited. As
reported in a previous paper [35], we suggest that the thermal denatur-
ation curves of EcSOD and PhSOD could be interpreted using a three-
state unfolding model D→D*→A, in which D is the native dimer, D* is a
partially unfolded dimer, i.e. a dimer with a different three-dimensional
arrangement with respect to the folded protein, and A is an aggregated
unfolded state.

This is in line with models reported in the literature, which propose
that the destabilization of other SODs results in aggregation and disease
[30].

Several characteristics of the melting behavior of PhSOD and its
mutants are consistentwith this scheme: (1) the sample does not refold
upon complete or partial unfolding ([8] and present work); (2) the loss
of enzymatic activity and the first transition are roughly synchronous
([8] and present work); (3) the second transition depends on protein
concentration, thus suggesting the presence of an aggregation process,
and indeed aggregates are visible in the sample cells after heating
at high temperatures ([8] and present work); (4) at the temperature
corresponding to the first transition PhSOD retains a dimeric state ([8]
and present work); (5) the existence of intermediates whose mass is
comparable to that of the native enzyme has been already observed in
the unfolding pathway of other SODs [35]; and (6) the chromatographic
behavior of other SODs depends on the enzyme concentration, thus sug-
gesting the existence of a more complex structural organization of this
enzyme [36,37]. According to the three-state model that we propose,
the experimental data collected for C57R show an increased stability
of the native dimeric state and a significantly lower thermal tolerance
of the partially unfolded dimer formed upon the first transition. Since
C57R is slightly less active than PhSOD [12] and taking into account
that a correctly folded dimer is essential for the catalytic activity of
iron SODs, these findings are in agreement with the frequently
observed inverse relation between stability and activity of enzymes
(e.g. [38]). Furthermore, as most psychrophilic enzymes optimize their
activity at low temperatures by increasing the active site flexibility or
by destabilizing the whole molecule [28], the reduced catalytic activity
of C57R could be also related to the increased thermal stability of the
dimer.

The crystals of C57R were grown in the presence of ammonium
sulfate, condition in which a significant screening of electrostatic inter-
actions is expected, and in a different ionic strength condition, contain-
ing PEG as a precipitant. Salt-bridges are present in both cases, although
the Arg side chain is found to adopt alternative conformations. These
data give a dynamic scenario of salt bridges on the protein surface,
where charged residues can move apart and then get closer thus
forming a network that contributes to stabilize C57R. It is well known
that the presence of favorable interactions among charged groups
placed on the protein surface is the specific tool to cope with high
temperature [39–41]. In this respect, it should be also recalled that
ins in the asymmetric unit. Standard deviations are reported in parentheses.

I C57R-II
(4L2A)

Fe(II)PhSOD
(4L2D)

Fe(III)EcSOD
(1ISB)

Fe(II)EcSOD
(1ISA)

.05) 2.10 (0.01) 2.14 (0.06) 2.16 (0.01) 2.18 (0.01)

.01) 2.07 (0.01) 2.14 (0.04) 2.04 (0.02) 2.04 (0.02)

.04) 1.71 (0.02) 1.99 (0.09) 1.91 (0.03) 1.93 (0.02)

.10) 2.10 (0.01) 2.16 (0.05) 2.07 (0.01) 2.12 (0.01)

.09) 2.25 (0.10) 2.27 (0.08) 1.95 (0.05) 2.04 (0.02)
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electrostatic interactions have been considered to play a major role in
the thermostability of Cu,Zn SOD from Alvinella pompejana [42]. Accord-
ingly, optimization of surface charges could be the factor affecting
the stability of the first transition of C57R. On the other hand, when
the protein partially denatures the charged Arg residues are free to in-
teract with residues of other protein molecules, favoring the formation
of intermolecular aspecific contacts that are likely responsible for pro-
tein aggregation. The presence of additional salt bridges on the protein
surface of C57R can be also used to rationalize the higher stability of
C57R against GdnHCl-induced unfolding. In fact, it has been proposed
that this denaturant functions by interacting with surface charged resi-
dues [43,44]. The stabilizing role of the charge–charge networks in C57R
agrees with its slightly lower resistance to the action of a neutral dena-
turant, such as urea, when compared to PhSOD. In this respect, it should
be also noted that the ratio between C1/2 values obtained using urea
and GdnHCl is significantly smaller in C57R ([urea]1/2/[GdnHCl]1/2 is
1.5–1.6) with respect to PhSOD ([urea]1/2/[GdnHCl]1/2 is about 2.3)
and to that (approximately equal to 2) obtained from analyses carried
out on several different proteins [45].

It is interesting to note that in the case of EcSOD the side chain of
Arg57 is not involved in any salt bridge. The absence of the interaction
with Asp148 observed in C57R is related to the different conformation
of the 144–152 loop, which is in turn caused by the insertion of Gly149.

5. Conclusions

The simultaneous use of spectroscopic methods and X-ray crystal-
lography has clarified the effect of Cys57 mutation on the structure
and stability of PhSOD. In particular, by substituting Cys57 with Arg,
salt bridges can be formed on the protein surface. These interactions
cause an increase in the temperature of the first transition midpoint
and an enhanced stability against GdnHCl of the mutant. The results
confirm the hypothesis that optimization of surface charges could be
the key factor for the high thermal stability of PhSOD. It is also interest-
ing to stress that the ionic strength of crystallization medium does not
influence the ion pairing phenomenon on the protein surface.

Finally, our data show that no significant structural and spectral dif-
ferences occur between oxidized and reduced forms of the enzyme, an
issue suggesting that the three-state unfolding of SODs cannot be as-
cribed to a different reduction state of the coordinated metal ion.
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