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ABSTRACT: We have examined and compared the effects of mutating Y41 and H155 in the iron superoxide
dismutase (SOD) from the archaeonSulfolobus solfataricus(Ss). These two neighboring residues in the
active site are known to have crucial functions in structurally related SODs from different sources. The
metal analysis indicates a slightly lower iron content after either Y41F or H155Q replacement, without
any significant substitution of iron for manganese. The specific activity ofSsSOD referred to the iron
content is 17-fold reduced in the Y41F mutant, whereas it is less than 2-fold reduced by the H155Q
mutation. The noticeable pH dependence of the activity ofSsSOD and H155Q-SsSOD, due to the ionization
of Y41 (pK 8.4), is lost in Y41F-SsSOD. After H155Q and even more after the Y41F substitution, the
archaeal enzyme acquires a moderate sensitivity to sodium azide inhibition. The hydrogen peroxide
inactivation ofSsSOD is significantly increased after H155Q replacement; however, both mutants are
insensitive to the modification of residue 41 by phenylmethanesulfonyl fluoride. Heat inactivation studies
showed that the high stability ofSsSOD is reduced by the H155Q mutation; hovewer, upon the addition
of SDS, a much faster inactivation kinetics is observed both with wild-type and mutantSsSOD forms.
The detergent is also required to follow thermal denaturation of the archaeal enzyme by Fourier transform
infrared spectroscopy; these studies gave information about the effect of mutations and modification on
flexibility and compactness of the protein structure. The crystal structure of Y41F mutant revealed an
uninterrupted hydrogen bond network including three solvent molecules connecting the iron-ligating
hydroxide ion via H155 with F41 and H37, which is not present in structures of the corresponding mutant
SODs from other sources. These data suggest that Y41 and H155 are important for the structural and
functional properties ofSsSOD; in particular, Y41 seems to be a powerful regulator of the activity of
SsSOD, whereas H155 is apparently involved in the organization of the active site of the enzyme.

Studies on SODs1 isolated from several sources point to
the key role played by this metal enzyme in the protection
against the toxicity of superoxide anions produced during
oxidative stress (1-3). Its properties and classification in
structurally unrelated families have been extensively re-
viewed (3-8). SsSOD isolated from the hyperthermophilic
archaeonSulfolobus solfataricusis an iron-containing en-
zyme endowed with a high heat resistance (9). SsSOD is
insensitive to sodium azide inhibition (9, 10), but it is
inactivated by hydrogen peroxide treatment (9). Its 3D-
structure showed that the enzyme is organized as a very
compact homotetramer with an overall fold of the monomer

similar to that of structurally related SODs containing either
Fe or Mn in the active site (11). The crystal structure of
SsSOD also revealed the presence of a covalent modification
of Y41 (11), a conserved residue of Fe- and Mn-SODs
located in the channel that drives the superoxide anion to
the active site (12). In SsSOD the modification is caused by
phenylmethanesulfonyl fluoride (PMSF), that reacts with the
hydroxy group of Y41 and causes the irreversible inactivation
of the enzyme (13). A similar reactivity was previously
reported for the corresponding Y34 of human mitochondrial
Mn-SOD (14). However, in this case the modifying agent
was peroxynitrite, which led to the formation of a 3-nitro-
tyrosine (14-16). This highly reactive tyrosine residue plays
an important role in the mechanism of superoxide dismuta-
tion through deprotonation of its hydroxy group, as confirmed
by mutagenic studies on Fe-SOD fromEscherichia coli(17,
18) and human mitochondrial Mn-SOD (19). A recent study
on Fe- and Mn-SOD fromE. coli showed that these enzymes
have a very similar proton-coupled electron transfer upon
reduction of the SOD active site, the proton acceptor of the
oxidized enzyme (Fe3+-SOD or Mn3+-SOD) being the
ionized solvent molecule coordinating the metal ion (20).
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Another crucial position for the structure of the active site
of Fe- and Mn-SODs is occupied by H155 inSsSOD (11).
H155 is close to Y41 and to the metal binding coordination
sphere of the enzyme (11, 12, 21, 22). While Y41 is strictly
conserved, the position of H155 is occupied by a histidine
or glutamine, the glutamine being in the sequence position
corresponding to either G80 or H155 (inSsnumbering). This
residue hydrogen bonds to the hydroxy group of the
conserved tyrosine residue. Also in the crystal structure of
the PMSF-modifiedSsSOD, H155 forms a hydrogen bond
with Y41 (11, 13). The hypothesis that His/Gln in the
position of H155 (both in sequence and structure) implies a
SOD active with Fe/Mn, respectively, was weakened by the
occurrence of SODs with a histidine residue in this position,
capable of functioning with either Fe or Mn (23). Further-
more, the H145Q mutant in Fe-SOD fromMycobacterium
tuberculosisled to a mutant retaining the iron atom (24).
Surprisingly, in the H145E mutant the manganese replaced
the iron atom, thus suggesting that this alteration in metal
specificity reflects the preference of manganese ions for
anionic ligands (24). Probably, also oher residues are
involved in the metal specificity, as demonstrated for the
cambialistic SOD fromPorphyromonas gingiValis. In this
case, a glycine apart from the active site (G155 inP.
gingiValis SOD), conserved in most Mn-SODs, was replaced
by a threonine residue, mostly found in Fe-SODs; that
substitution changed the metal specificity of the enzyme from
a cambialistic type to one close to an iron-specific type (25).

In this work the availability of a suitable expression system
for the production of recombinantSsSOD (13) prompted us
to carry out the mutagenic analysis of Y41 and H155. The
investigation of the role of these residues in the archaeal
enzyme could allow a deeper insight into the regulation of
the properties of the Fe- and Mn-SOD family, through the
evaluation of the effects of analogous mutations in different
organisms. Under this aspect, the archaeonSsrepresents a
suitable model for studying the evolution of this ancient and
crucial scavenger of toxic radicals developed for the protec-
tion against the toxicity related to oxygen consumption. The
comparison betweenSsSOD and the mammalian mitochon-
drial Mn-SOD could be particularly interesting. In fact, the
mammalian enzyme shares withSsSOD (i) a compact
homotetrameric organization (11, 22), (ii) a 38% amino acid
sequence identity (11), (iii) a similar reactivity toward
covalent modifications (13, 14), and (iv) an unusual heat
resistance for a mesophilic enzyme (26). Furthermore, the
Sulfolobusgenus has been proposed as the putative ancestor
of animal mitochondria (27).

The amino acid substitutions carried out onSsSOD were
Y41F and H155Q, and the corresponding mutated forms
were purified and characterized in comparison with wild-
typeSsSOD or its PMSF-modified form. The data obtained
indicate that the free hydroxy group of Y41 has a more
crucial role in the catalytic mechanism of superoxide
dismutation, as compared to mammalian or bacterial sources,
and that H155 is involved in keeping a correct structural
organization of the active site ofSsSOD, together with the
fact that this residue modifies the reactivity of Y41.

MATERIALS AND METHODS

Chemicals, Enzymes, and Buffers.Chromatographic media
and columns were from Pharmacia Biotech or Biorad.

Restriction/modifying enzymes were from Amersham or
Promega. Oligonucleotides were synthesized by Genset
(Paris, France). Xanthine, xanthine oxidase, cytochromec,
and PMSF were purchased from Sigma-Aldrich. Deuterium
oxide (99.9 %2H2O), 2HCl, and NaO2H were from Aldrich.
The stock solution of PMSF was prepared in ethanol to avoid
its inactivation in aqueous solution. All other chemicals were
of analytical grade.

Methods.Transformation of bacterial strains, preparation
of plasmids through the use of the Qiagen kits (M-Medical),
and other details of DNA recombinant technology were as
described (28). PCR amplifications of DNA segments were
carried out on DNA Thermal Cycler from Perkin-Elmer.
Nucleotide sequencing was performed using the T7 sequenc-
ing kit from Pharmacia Biotech.

Samples of recombinant or mutatedSsSOD were stored
in 20 mM Tris‚HCl buffer pH 7.5, containing 50% (v/v)
glycerol. SOD activity was measured at 25°C by the
inhibition of the cytochromec reduction caused by super-
oxide anions generated with the xanthine/xanthine oxidase
method (9, 29). One unit of SOD activity was defined as
the amount of enzyme that caused 50% inhibition of
cytochromec reduction. Unless otherwise indicated, the
standard buffer used for the reaction was 100 mM potassium
phosphate, pH 7.8, containing 0.1 mM Na2EDTA. When
different buffers were used to measure SOD activity, the
xanthine/xanthine oxidase method was adjusted to give a rate
of cytochromec reduction similar to that measured at pH
7.8. The pH interval covered by the different buffers was
5.5-10.85 with some overlapping points. Protein concentra-
tion was determined by the method of Bradford (30), using
bovine serum albumin as standard. Protein purity was
evaluated by SDS/PAGE (31). The tetrameric structure of
the mutant forms ofSsSOD was evaluated by gel filtration
on a Superdex 75 HR 10/30 column calibrated withSs
proteins as molecular-size markers (11).

The metal content in protein solutions was determined by
flame atomic absorption spectrometry, using a Varian
SpectrAA 220 atomic absorption spectrometer equipped with
a MK7 burner. Solutions were directly aspired into an air-
acetylene flame with no prior treatment or after dilution in
20 mM Tris‚HCl buffer pH 7.5. Concentrations were
obtained by comparison with calibration curve and also by
standard addition.

Preparation of Recombinant SsSOD and Its Mutant Forms
Containing Y41F or H155Q Amino Acid Replacement.
RecombinantSsSOD was obtained through the expression
system previously described (13), constituted by the host
Escherichia colistrain JM109(DE3) (Novagen) transformed
with the vector vSOD engineered from the plasmid pT7-7
(USB).

The production of the mutant forms ofSsSOD was
obtained through the site-directed mutagenesis on the
corresponding gene cloned in the vector vSOD. The first
target triplet, T124AT (coordinates of theSsSOD gene
including the start codon, see ref13), was mutagenised
into T124TT, to obtain the Y41F amino acid replacement
(amino acid numbering excludes initial methionine miss-
ing in nativeSsSOD, see ref9). Using vSOD as template,
a 232 bp segment was amplified with the direct primer
5′d-A-97TTCGAACTTCTGATAGACT-78-3′ and reverse
primer 5′d-T135CCATTTACAAAGCCTTTATG115-3′, whereas
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another 571 bp segment was obtained with the primers
5′-C115ATAAAGGCTTTGTAAATGGA135-3′ and 5′-A685-
ATTGCGGATACCATACTAA666-3′ (the designed mis-
match is underlined). The amplified segments were purified
on 1% agarose gel and then mixed at equimolar amounts;
after melting of the fragments, reannealing was achieved in
the overlapping 21-mer region containing the mutated triplet.
The heteroduplex with recessed 3′-ends was extended by
TaqDNA polymerase and amplified using the direct primer
5′d-A-97TTCGAACTTCTGATAGACT-78-3′ and the reverse
primer 5′-A685ATTGCGGATACCATACTAA666-3′. The re-
sulting 782 bp segment was shortened to 524 bp via double
digestion withNdeI and SphI and cloned in the 2.7 kbp
SphIfNdeI fragment prepared from vSOD. The new plasmid
was called vSOD(Y41F). The target triplet for the H155Q
amino acid replacement is C466AC, and its conversion into
C466AG was obtained by using the Quick Change mutagen-
esis kit from Stratagene. The method entailed the amplifica-
tion of the entire vSOD vector with the DNA polymerase
PfuTurbo, using primers annealing in the target region,
namely, 5′d-T457TCGAAAATCAGTTCCAAAATC478-3′ and
5′d-G478ATTTTGGAACTGATTTTCGAA457-3′. The ampli-
fication product was digested with the restriction endonu-
cleaseDpnI to remove non mutated DNA plasmid and then
used to transform the super competent Epicurian Coli XL1-
Blue cells. The new plasmid was called vSOD(H155Q). The
structure of the mutant plasmids was identical to that of
vSOD and contained the designed mutated triplet, as
confirmed by nucleotide sequencing of the synthetic region.
The expression of the new plasmids and the purification of
recombinant mutated forms ofSsSOD was carried out as
previously described for recombinantSsSOD (13). The yield
of purified mutant enzymes was similar to that reported for
wild type SsSOD (13).

Infrared Spectroscopy.The structure of proteins was
analyzed in 50 mM Tris‚HCl buffer pH or p2H 7.8, in the
absence or in the presence of 5.6% SDS (w/v). The p2H
corresponds to the pH meter reading+0.4 (32). Concentrated
protein samples for infrared analysis were prepared as
described (33) using centricon-30 micro concentrators (Ami-
con). Approximately 35µL of the concentrated protein
solution (3-3.5% w/v) was placed between two CaF2

windows separated by 6 or 25µm spacers for measurements
in 1H2O or 2H2O medium, respectively. The windows were
fitted in a thermostated Graseby Specac 20500 cell (Graseby-
Specac Ltd, Orpington, Kent, UK). Fourier transform infrared
(FT-IR) spectra were recorded by means of a Perkin-Elmer
1760-x FT-IR spectrometer using a deuterated triglycine
sulfate detector and a normal Beer-Norton apodization
function (33). Spectra were processed using the “Spectrum”
software from Perkin-Elmer. The deconvoluted parameters
for the Amide I band were set with a gamma value of 2.5
and a smoothing length of 60.

Crystallography.Crystals of Y41F-SsSOD were grown
under similar conditions to the PMSF-modifiedSsSOD
crystals (11). Crystals were grown by vapor diffusion in
hanging drops at 21°C in a 1:1 mix of the reservoir solution
(8% PEG 8000, 0.1 M Tris/HCl pH 8.5) and a protein
solution (1.45 mg/mL Y41F-SsSOD, 20 mM Tris/HCl pH
7.8, 1% glycerol). Data were collected at 100 K at beamline
I711 (34) with λ ) 0.986 Å using a Mar 345 image plate
detector. Data were processed with XDS (35). The PMSF-

modified SsSOD model (PDB entry 1SSS) without solvent
molecules and with residue 41 modeled as alanine was used
as starting model. The structure was refined using Refmac
(36) and CNS (37). Manual model rebuilding was done with
O (38). Data collection and refinement statistics are shown
in Tables 1 and 2.

RESULTS

Molecular and Functional Properties of SsSOD after Y41F
or H155Q Amino Acid Replacements.Y41F-SsSOD and
H155Q-SsSOD showed the same electrophoretic mobility of
recombinantSsSOD, corresponding to a molecular mass of
24 kDa of the monomer subunit. TheMr was also determined
under native conditions by gel-filtration chromatography,
using a column calibrated with purifiedSs proteins with
known molecular size (11). Both mutant enzymes eluted as
a single peak with an apparentMr 87 900, a value approach-
ing the theoretical value of a homotetramer. Therefore, the
structural organization ofSsSOD in four identical subunits
is maintained after Y41F or H155Q amino acid replacement.

The activity of Y41F-SsSOD and H155Q-SsSOD was first
measured in standard buffer. The Y41F replacement causes
a significant drop of the specific activity ofSsSOD, thus
approaching the minimum activity levels determined on
samples almost completely modified by the PMSF treatment
(13). On the other hand, a good level of activity is maintained
after the H155Q replacement, as it causes only a half-
reduction of the specific activity. Further insight into the
catalytic properties of the mutantSsSOD forms was obtained
through the study of the pH dependence of the activity

Table 1: Data Collection Statistics for the Y41F-SsSOD Mutant

space group C2
unit cell parameters

a (Å) 75.2
b (Å) 121.8
c (Å) 59.4
â (deg) 128.7

resolution limits (Å) 60.9-2.24
Rsym

a (last shell 2.39-2.24 Å) 9.3% (25.5%)
〈I/σ〉 (last shell 2.39-2.24 Å) 13.6 (5.2)
redundancy 4.1
number of unique reflections 19,994
fraction unique reflections withI > 3σ(I) 83%
completeness 99.7%

a Rsym ) ∑h∑i|Ih,i - Ih|/∑h∑i Ih,i.

Table 2: Refinement and Model Statistics for the Y41F-SsSOD
Mutant

no. of monomers per asymmetric unit 2
solvent content 47%
no. of unique reflections (excluding the test set) 19 994 (18 971)
no. of non-hydrogen atoms per dimer 3344
no. of solvent molecules in asymmetric unit

with/without NCS mate
96/111

no. of non-hydrogen atoms in asymmetric unit 3551
crystallographicR-factor (Rfree) 0.180 (0.222)
rms deviation from ideal bond lengths (Å) 0.006

ideal angles/dihedrals/impropers 1.33/21.7/0.754
Ramachandran plot, residues

in most favored regions 90.7%
in disallowed regions 0%

averageBiso main chain (1640 atoms) 16.4 Å2

side chain (1702 atoms) 16.8 Å2

iron (2 atoms) 17.9 Å2

solvent (207 atoms) 32.9 Å2

Mutations at the Active Site of an Archaeal SOD Biochemistry, Vol. 43, No. 8, 20042201



(Figure 1). The profile obtained withSsSOD is typical of
an acid-base titration of a single acidic group, because above
pH 7.4, the high level of specific activity ofSsSOD drops
in the pH interval 7.4-9.4 and reaches a constant low value
above pH 9.4. On the basis of similar results obtained on
the Y34 residue of Fe-SOD fromE. coli (17), we conclude
that the acid candidate is the hydroxy group of Y41 and
that its ionization has an apparent pK of 8.4. This conclusion
is strengthened by the insensitivity of Y41F-SsSOD to pH
regulation, because the low activity of this mutant remains
unchanged in the whole 5.5-10.85 pH interval (Figure 1).
Furthermore, the pH dependence of a partially PMSF-
modified SsSOD sample is similar to that of unmodified
SsSOD, even though a lower activity was determined in the
5.5-7.4 pH interval (not shown). The pH dependence profile
of H155Q-SsSOD (Figure 1) is similar to that ofSsSOD,
with the exception of the lower activity levels determined
in the 5.5-7.4 pH range. This behavior suggests that the
H155Q replacement has no influence on the deprotonation
mechanism of Y41, whose pK remains unchanged. It is
interesting that wild-type, modified, and mutant enzymes
have a very similar low-activity values above pH 9.4. All
these findings on the pH dependence of the differentSsSOD
forms are based on the observation made by the indirect
method used to measure SOD activity.

It has been reported thatSsSOD isolated fromS. solfa-
taricuscell extracts is an iron-containing enzyme on the basis
of its metal content of 0.7 atoms of iron per subunit, the
missing metal for the 1:1 stoichiometry being zinc (9). Table
3 reports the metal content of recombinant wild-type and
mutantSsSOD forms. In the wild-type enzyme, the amount
of 0.63 iron atoms per subunit is similar to the value found
in the endogenous enzyme. On the other hand, a moderately
lower iron content is present after Y41F or H155Q replace-
ment (0.47 or 0.46 atoms per subunit, respectively). The
analysis on the metal content was extended to manganese
to exclude an alteration of the metal selectivity caused by
the mutations. However, as reported in Table 3, wild-type
and mutant SsSOD forms display a very similar low
manganese content, ranging from 0.07 to 0.09 atoms per

subunit. This finding indicates that manganese did not replace
iron in the metal binding site of Y41F- or H155Q-SsSOD.
The analysis on the metal content allows a better expression
of the specific activity of the differentSsSOD forms as U‚mg
protein-1‚mol of Fe-1‚mol subunit. The data reported in
Table 3 indicate that the specific activity ofSsSOD is 17-
fold reduced by the Y41F replacement, whereas it is only
1.7-fold reduced by the H155Q mutation.

Effect of Inhibitors and InactiVators on Y41F-SsSOD and
H155Q-SsSOD.The activity ofSsSOD and its mutant forms
was measured in the presence of increasing concentrations
of sodium azide, a typical inhibitor of Fe- and Mn-SODs,
that is otherwise ineffective onSsSOD (9, 10) also in its
modified form (13). The dose-dependent inhibition profiles
reported in Figure 2A indicate that Y41F-SsSOD and, to a
lesser extent, H155Q-SsSOD are inhibited by sodium azide,
whereas no inhibition at all occurs for the wild-type enzyme.

Hydrogen peroxide is an inactivator of Fe-SODs, acting
on SsSOD (9), also in its PMSF-modified form (13). The
time course of the residual activity of wild-type and mutant
SsSOD forms treated with 0.5 mM hydrogen peroxide at 25

FIGURE 1: pH dependence of the specific activity of wild type
SsSOD and its mutant forms. Purified samples ofSsSOD (b), Y41F-
SsSOD (9), and H155Q-SsSOD (2) were assayed for SOD activity
as indicated in Materials and Methods, with the exception that the
standard buffer was replaced by the following buffered solutions,
containing 0.1 mM Na2EDTA: 50 mM MES‚KOH, pH 5.5, 5.9,
or 6.35; 50 mM imidazolium‚HCl, pH 6.4, 6.9, or 7.45; 50 mM
Tris‚HCl, pH 7.4, 7.9, or 8.4; 50 mM glycine‚HCl, pH 8.6, 9.1,
9.35, or 9.85; CAPS‚KOH, pH 10.05, 10.4, or 10.85. The specific
activity was expressed as U/mg protein.

Table 3: Activity and Metal Content of Wild-Type and Mutant
Forms ofSsSOD

metal contenta

sample specific activityb Fe Mn

wild-type 6720( 140 0.63( 0.01 0.07( 0.01
Y41F mutant 387( 32 0.47( 0.01 0.08( 0.01
H155Q mutant 3980( 170 0.46( 0.01 0.09( 0.01

a Mean values( SD are expressed as mol of Fe or Mn‚mol subunit-1.
b The specific activity is expressed as U‚mg protein-1‚mol of Fe-1‚mol
subunit. Figures were calculated from the mean activity values( SD
obtained in the 5.5-7.4 pH interval (Figure 1).

FIGURE 2: Effect of inhibitors and inactivators on the activity of
wild type and mutant forms ofSsSOD. (A) The activity ofSsSOD
(b), Y41F-SsSOD (9), and H155Q-SsSOD (2) was mesaured in
standard buffer in the presence of the indicated sodium azide
concentrations. For eachSsSOD form the activity was expressed
as a percentage of the activity measured in the absence of sodium
azide. (B) Solutions of 0.1 mg/mLSsSOD (b), Y41F-SsSOD (9),
and H155Q-SsSOD (2) in standard buffer were incubated at 25
°C in the presence of 0.5 mM H2O2. At the times indicated, aliquots
were withdrawn from the reaction mixtures and assayed for residual
SOD activity as described in Materials and Methods. The data were
plotted according to the equation of a first-order kinetics, where
A0 or At represents the activity measured at the time zero ort,
respectively. (C) Solutions of 0.1 mg/mLSsSOD (b), Y41F-SsSOD
(9), and H155Q-SsSOD (2) in standard buffer were incubated at
25 °C for 30 min in the presence of the indicated concentrations of
PMSF. Aliquots of the treated samples were assayed for residual
SOD activity as described in Materials and Methods. The activity
was expressed as a percentage of the activity measured in the
absence of PMSF.
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°C is shown in Figure 2B. Compared to the inactivation
kinetics ofSsSOD, that of Y41F-SsSOD is slightly slower.
On the other hand, a significantly faster rate of H2O2

inactivation is observed with H155Q-SsSOD. This different
sensitivity of the mutant forms ofSsSOD toward H2O2 was
confirmed also in the presence of 0.1 mM hydrogen peroxide
(not shown).

The effect of PMSF on mutantSsSOD forms was
determined by measuring their residual activities after a
treatment with an increasing PMSF concentration (Figure
2C). While SsSOD is progressively inactivated by this
compound, no effect emerges for Y41F-SsSOD or H155Q-
SsSOD up to 5 mM PMSF. The insensitivity of the mutant
forms of SsSOD is consistently observed even if the molar
ratio inactivator/protein is varied in a large interval (not
shown).

Effect of Heat and SDS on the ActiVity of SsSOD and Its
Mutant/Modified Forms.It is known thatSsSOD is endowed
with a very high heat resistance (9), which is even improved
by the PMSF modification (13). In a first experimental
approach to measure the effect of temperature onSsSOD
mutants, the heat stability of wild-type and mutant enzymes
was evaluated by measuring their time-dependent residual
activities after exposure at 99°C (Figure 3). The data confirm
the extreme thermoresistance ofSsSOD and indicate that
Y41F-SsSOD has a very similar inactivation kinetics. In
contrast, a faster rate of heat inactivation is observed with
H155Q-SsSOD.

The inactivation ofSsSOD and its mutant and modified
forms was also studied in the presence of the detergent SDS.
In protein samples kept at 0°C in the presence of 1% SDS,
no significant time-dependent inactivation occurs for several
hours. However, Y41F-SsSOD showed a surprising improve-
ment of its specific activity up to 1750 U‚mg protein-1‚mol
of Fe-1‚mol subunit. The combined effect of heat and
detergent is shown in Figure 4, which reports the inactivation
kinetics of wild-type and mutant/modifiedSsSOD forms at
80 °C in the presence of 1% SDS. The data show that the
detergent significantly decreases the stability ofSsSOD and
accelerates its inactivation. A similar rate of inactivation is
observed for H155Q-SsSOD, whereas Y41F-SsSOD and the

PMSF-modified form ofSsSOD initially are inactivated with
a similar rate but then more slowly, especially Y41F-SsSOD.

Analysis of SsSOD and Its Mutant/Modified Forms by FT-
IR Spectroscopy.The secondary structure and the thermal
stability of wild-type and mutant/modifiedSsSOD were
analyzed by FT-IR spectroscopy. The deconvoluted infrared
spectrum ofSsSOD recorded at 20 and 99.5°C is shown in
Figure 5A. The information on the protein secondary
structure is contained in the 1700-1600 cm-1 interval,
corresponding to the four bands forming the Amide I′ region
(39). The spectrum obtained at high temperature shows only
marginal differences in the Amide I′ region with respect to
the spectrum recorded at 20°C, indicating thatSsSOD is
very resistant toward thermal denaturation. Similar results
were obtained with the other mutant and modified forms of
SsSOD (spectra not shown). The FT-IR spectroscopy experi-
ments were also carried out in the presence of SDS. The
deconvoluted spectrum ofSsSOD at 20°C in the absence
and in the presence of SDS (Figure 5B) shows that the
detergent has no effect on the protein secondary structure at
20 °C, because the Amide I′ bands are almost superimpos-
able. In the presence of SDS, the Amide I′ region of Y41F-
SsSOD is very similar to that ofSsSOD (Figure 5C), thus
indicating that this mutation does not alter the secondary
structure of the enzyme at 20°C. Similar results were
obtained with H155Q-SsSOD (Figure 5D) and PMSF-
modified SsSOD (Figure 5E).

The 1554.1 cm-1 band shown in Figure 5 is due to the
residual Amide II band. In1H2O medium the intensity of
this band is about 2/3 of the Amide I band (not shown), but
in 2H2O medium it decreases as a consequence of the
exchange of amide hydrogen with deuterium (40). The larger
the decrease in intensity, the larger the1H/2H exchange, and
in turn, the larger the accessibility of the solvent (2H2O) to
the protein. Hence, the data of Figure 5 indicate that high
temperatures, or SDS, or mutations allow a larger acces-
sibility of the solvent to the protein. In turn, this effect could
be attributable to a more flexible or less compact tertiary
and/or quarternary structure (41), rather than to changes in
the secondary structure. Thus, according to the residual
Amide II band intensity, Y41F-SsSOD (Figure 5C) and
H155Q-SsSOD (Figure 5D) would appear to be more flexible
or less compact thanSsSOD, whereas PMSF-modified
SsSOD would show a flexibility/compactness almost similar
to that ofSsSOD (Figure 5E). The last band marked in the
SsSOD spectrum (1514.1 cm-1), assigned to tyrosine absorp-
tion (42), has been found slightly lower in intensity than the
control (Figure 5C), as a consequence of the Y41F replace-
ment.

The thermal denaturation patterns of wild-type and mutant/
modified SsSOD forms obtained through FT-IR measure-
ments are shown in Figure 6. In the absence of SDS, the
Amide I′ bandwidth ofSsSOD shows a small increase only
at very high temperature, a feature preventing the observation
of the thermal denaturation pattern (43). Similar results were
obtained with the other proteins (not shown). On the other
hand, in the presence of SDS, a significant increase of the
Amide I′ bandwidth ofSsSOD is evident at high tempera-
tures, even though the denaturation pattern of the wild-type
enzyme is still incomplete. The H155Q replacement desta-
bilizes the protein structure in the presence of SDS because
the denaturation pattern of this mutant starts at a lower

FIGURE 3: Heat inactivation at 99°C of wild type and mutant forms
of SsSOD. Solutions of 0.1 mg/mLSsSOD (b), Y41F-SsSOD (9),
and H155Q-SsSOD (2) in standard buffer were incubated at 99
°C. At the times indicated, aliquots were withdrawn from the
incubation mixtures and assayed for residual SOD activity as
described in Materials and Methods. Data were plotted according
to a first-order kinetics.
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temperature compared toSsSOD and it is almost complete
in the temperature range tested. Also, an increasing PMSF-
modification of Y41 progressively destabilizes the structure
of the enzyme in the presence of SDS. On the other hand,
the denaturation pattern of Y41F-SsSOD in the presence of
SDS displays an unusual curve. First, the bandwidth increase
starts at a lower temperature, indicating some protein

structural changes. Second, the curve has a low gradient and
increases significantly only at higher temperatures, when a
marked denaturation occurs.

Y41F-SsSOD Crystal Structure.The Y41F mutant crystal-
lized in the same space group as the PMSF-modifiedSsSOD
(11) and with similar cell constants (Table 1). The crystal
packing is the same and the monomer structure is very similar
to modifiedSsSOD with an rms difference of 0.24 Å for the
205 ordered CR atoms. There are no significant changes in
the quaternary structure, including the interactions in the
dimer interface of the conserved dimer. Besides the Y41F
mutation itself, the only noticeable difference is in the
surrounding solvent molecules. There is a solvent molecule
2.94 Å from the Cú atom of F41 (Figure 7) hydrogen bonding
to Nδ1 of H155. This solvent molecule creates an uninter-
rupted hydrogen bond network from the iron-ligating hy-
droxide ion via H155 and two solvent molecules to H37. In
SsSOD this hydrogen bond network is most likely also
present with the hydroxy group of Y41 replacing the solvent
molecule interacting with H155. In the two SODs with both
native and “Y41F” mutant structures available in the PDB,
human mitochondrial Mn-SOD (refs44 and45; PDB codes

FIGURE 4: Heat inactivation at 80°C of wild type, mutant, and modified forms ofSsSOD in the presence of SDS. Solutions of 0.1 mg/mL
SsSOD (b), Y41F-SsSOD (9), H155Q-SsSOD (2), and a modified form ofSsSOD containing 55% of Y41 modification (O) in 50 mM
Tris‚HCl, pH 7.8, were incubated at 80°C in the presence of 1% SDS. At the times indicated, aliquots were withdrawn from the incubation
mixtures and assayed for residual SOD activity as described in Materials and Methods. Data were plotted according to a first-order kinetics.

FIGURE 5: Effect of high temperature, SDS, Y41F, and H155Q
mutations, and PMSF modification of Y41 on the deconvoluted
FT-IR spectrum ofSsSOD. (A) Continuous and dashed lines refer
to SsSOD analyzed at 20°C and 99.5°C, p2H 7.8, in the absence
of SDS. (B) The proteins were analyzed at 20°C, p2H 7.8.
Continuous and dashed lines refer toSsSOD in the absence and in
the presence of 5.6% SDS, respectively. (C-E) The proteins were
analyzed in the presence of 5.6% SDS at 20°C, p2H 7.8. Continuous
lines refer toSsSOD. Dashed lines refer to Y41F-SsSOD (C),
H155Q-SsSOD (D), and PMSF-modifiedSsSOD (E).

FIGURE 6: Thermal denaturation curves forSsSOD, Y41F-SsSOD,
H155Q-SsSOD, and PMSF-modifiedSsSOD in the presence of
5.6% SDS. The curves were obtained by monitoring the Amide I′
bandwidth, calculated at 3/4 of Amide I′ band height (W3/4H), as
a function of the temperature (43). All curves were obtained from
protein samples in the presence of SDS, with the exception of the
curve referred to a sample ofSsSOD in the absence of SDS
(continuous line). Protein samples in the presence of SDS are:
SsSOD (b), Y41F-SsSOD (9), H155Q-SsSOD (2), and a PMSF-
modified SsSOD containing 21% (O) or 70% (() modification.
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1MSD and 1AP6), andE. coli Mn-SOD (refs46 and 47;
PDB codes 1VEW and 1EN5), this hydrogen bond network
is also present in the native structure, though inE. coli the
distance from the second solvent molecule to Nδ1 of the
residue corresponding to H37 is slightly long (3.5 Å) for an
optimal interaction. However, in the Y34F mutants of these
SODs, the hydrogen bond network is not present(45, 47)
because the mutant phenylalanine together with a tryptophan
(in the position ofSsSOD F172) are sterically hindering a
solvent molecule to enter to the position of the tyrosine
hydroxy group (47).

DISCUSSION

Tyrosine 41 and histidine 155 are two interacting residues
of the second coordination sphere in the active site metal
center ofSsSOD. While Y41 is absolutely conserved, both
the position and the identity of residue 155 (Ssnumbering)
undergo a conservative variation among Fe- and Mn-SODs.
In Mn-SODs this residue belongs to the C-terminal domain
of the enzyme, being often glutamine, or in a few cases
histidine. In Fe-SODs a structurally equivalent residue
occupies two alternative positions in the enzyme structure:
indeed, it is a histidine or a glutamine in the C-terminal or
N-terminal domain, respectively. Nonetheless, in all Fe- and
Mn-SODs structures the conserved tyrosine is always
hydrogen-bonded to the glutamine/histidine residue in the
outer cordination sphere of the metal. Therefore, the com-
parison of our data on the mutagenesis of Y41 and H155
with the results of analogous mutations reported from other
sources allows a better definition of the functional role of
these residues.

Neither Y41F nor H155Q substitution affects the structural
organization ofSsSOD in four identical subunits. From the
metal analysis of wild-type and mutant proteins, a similar
slight impairment of the iron content emerges after either
Y41F or H155Q substitution. However, manganese does not
replace the iron atom in the metal binding site of the mutant
enzymes.

Concerning the importance of Y41 and H155 in the
catalytic activity, several findings support the conclusion that
the most relevant role inSsSOD is played by the tyrosine
residue. The deprotonation of the free hydroxy group of Y41
significantly impairs the catalysis ofSsSOD, as revealed from
the large pH dependence of its activity. Also, the 17-fold
decreased activity of Y41F-SsSOD compared to wild-type
enzyme, together with its pH independence, are in agreement
with the crucial role played by Y41 during catalysis. This
behavior is only partially similar to what is reported on the
effects of tyrosine to phenylalanine mutations in other
sources. Indeed, the calculated pK of 8.4 found for Y41
deprotonation is very similar to the corresponding value of
8.5 reported for Y34 ionization in Fe-SOD fromE. coli (17),
whereas in Mn-SODs a higher value was reported for either
Paracoccus denitrificans(pK 9.8; ref48) or E. coli (pK 9.7;
ref 49). Furthermore, the Y34F replacement in Fe-SOD from
E. coli (17, 18) causes a reduction of activity to 40%, and
in the Y34F mutant of human mitochondrial Mn-SOD the
difference of activity between wild-type and mutant enzyme
is even lower (19). However, in this latter case, the activity
change becomes greater when a highly efficient catalysis is
required by increased superoxide levels (45); the authors
conclude that the absolute conservation of tyrosine through
evolution could reflect constraints from extreme rather than
average cellular conditions. Our data on the dramatic effect
of the tyrosine to phenylalanine mutation in a hyperthermo-
philic source are in agreement with this hypothesis. A
structural explanation for the higher activity reduction
observed with the archaeal mutant enzyme could be the
presence of the solvent molecule replacing the hydroxy group
of Y41; in the corresponding mutant Mn-SOD fromE. coli
and human mitochondria the solvent molecule is absent. The
extensive hydrogen bonding network created in the Y41F
mutant could cause a tighter conformation of the active site,
thus rendering the entrance of the substrate more difficult.
A moderate treatment with SDS could possibly make the
active site more accessible. In fact, under mild conditions
this detergent specifically improves the activity of Y41F-
SsSOD; as a consequence, in these conditions the effect of
the Y41F mutation on the activity becomes less dramatic
compared to wild-type enzyme. On the other hand, the
importance of the Y41 hydroxy group for catalysis has
alreaby been proved by the PMSF treatment, which causes
a steric hindrance to the active site (13).

The catalytic properties of H155Q-SsSOD suggest that
H155 is less directly involved in the mechanism of catalysis
of SsSOD. Indeed, this mutation produces less than a half-
reduction of the activity and does not affect the pK of Y41
deprotonation. In Fe-SOD fromMycobacterium tuberculosis,
the substitution of the wild-type histidine 146 (equivalent to
H155 of SsSOD) for glutamine or glutamate causes only
small changes in the conformation of the surrounding
residues (24). In the 3D-structures ofSsSOD (11) and M.
tuberculosisFe-SOD (21), the orientation of H155 or H146,
respectively, is quite similar, the Cε1 atom of histidine
forming a hydrogen bond with the metal-bound hydroxyde
ion. Furthermore, in the crystal structure of the H146Q
mutant of M. tuberculosisFe-SOD, a hydrogen bond is
formed between Q146 and Y36, equivalent to Y34 ofSsSOD
(Figure 8). Most likely, the H155Q replacement inSsSOD
still allows the formation of a weak hydrogen bond between

FIGURE 7: Active site of the Y41F mutant ofSsSOD. Some
hydrogen bonds are represented by dotted yellow lines showing
the hydrogen bond network connecting H37 via H155 to the iron-
ligating hydroxide ion. Atom color: carbon, black; oxygen, red;
nitrogen, blue; iron, purple. Water molecules are shown as red
spheres. The figure was prepared with Molscript (56) and Raster3D
(57).
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Y41 and Q155. The moderate reduction of activity found
with H155Q replacement inSsSOD is in agreement with this
hypothesis. A somehow different picture emerges from the
study of mutations on structurally equivalent positions in
other sources. For instance, inE. coli Mn-SOD the replace-
ment of the wild-type glutamine 146 for histidine (or other
residues) has dramatic negative effects on the activity (47).
Furthermore, the pH dependence of the activity is also
somehow affected by some mutations. A similar picture
emerges from the study of the Q143 mutants of human
mitochondrial Mn-SOD (50, 51). It is interesting to note that
in the E. coli Mn-SOD the mutant histidine adopts a
conformation sterically similar to that of the wild-type
glutamine (47), which is different from that of the wild-type
histidine in the iron-containing enzymesSsSOD andM.
tuberculosisSOD. The dramatic effects on the catalytic
activity of glutamine to histidine mutations in Mn-SODs
could be related to the different orientation of the histidine
residue.

The sensitivity toward sodium azide acquired by Y41F-
and H155Q-SsSOD renders the archaeal enzyme more similar
to other Fe- and Mn-SODs, even though its sensitivity
remains significantly lower, even in the case of the most
susceptible Y41F mutant. For instance, the inhibition ob-
served in the presence of 30 mM sodium azide is only 42%
and 15% for Y41F and H155Q mutants, respectively,
whereas a 2 mMsolution of this inhibitor is sufficient to
cause a 50% inhibition of wild-type Fe-SOD fromE. coli,
and a 20-fold lower concentration is needed for the corre-
sponding Y34F mutant (18). In the Y41F mutant the reduced
steric hindrance could be responsible for its sensitivity toward
sodium azide. The insensitivity displayed by the PMSF-
modified SsSOD (13) is in agreement with this hypothesis.

Another possible explanation for the acquired sensitivity of
both mutants resides in a less appropriate architecture of the
active site region ofSsSOD caused by weaker bonding
interactions as a consequence of the Y41F or H155Q
replacement.

A previous study on the mechanism of hydrogen peroxide
inactivation of Fe-SODs explains the sensitivity by a
mechanism involving the oxidation of specific tryptophan
residues, important for the enzymatic activity (52). In
cambialistic SOD fromP. gingiValis the target residue is
W159 (53), whereas inPropionibacterium shermaniianother
position appears to be relevant because the substitution of
valine 73 for a tryptophan residue turned the insensitive
cambialistic SOD into a sensitive enzyme (54). However,
in both cases the target tryptophan is close to the active site.
A sequence alignment indicates that inSsSOD no tryptophan
residue is conserved in the above-mentioned positions (not
shown). However, a candidate tryptophan could be W135,
a residue quite close to the iron-binding position ofSsSOD
(11). This hypothesis is reinforced by the occurrence of a
hydrogen bond between W135 and H155, an interaction
possibly weakened after H155Q replacement, and that would
improve the accessibility of W135 to H2O2 inactivation.

The insensitivity to PMSF inactivation displayed by Y41F-
SsSOD mutant was expected since this mutant lacks the
hydroxy group of tyrosine, target of the PMSF attack (13).
In the other mutant, the lack of inactivation likely involves
a missing modification of Y41. It is possible that in the
H155Q mutant a weaker bonding interaction between Y41
and position 155 prevents the correct orientation of the
hydroxy group of Y41 for the attack by PMSF, thus
influencing the reactivity of Y41.

Concerning the structural role played by Y41 and H155
in maintaining the integrity of the active site ofSsSOD, the
heat inactivation experiments carried out in the absence of
SDS indicate that H155 contributes to the very high heat
resistance of the enzyme, probably through the formation
of two hydrogen bonds with Y41 and W135. In the H155Q
mutant, these interactions are likely weakened, and this
negatively disturbs the structural organization of the active
site. Differently, the heat resistance ofSsSOD is fully retained
in the Y41F mutant and even improved with the PMSF
modification of Y41. The unique solvent molecule replacing
the Y41 hydroxy group in the interactions between F41 with
H155 probably contributes to the stability of Y41F-SsSOD.
The relevance of these amino acid positions in the heat
stability of SsSOD is apparently less evident upon the
addition of SDS. However, an interesting observation comes
from the surprising increased activity of Y41F-SsSOD
measured in the presence of SDS. A possible explanation
for this effect is an enlargement of the active site channel
caused by a better hydrophobic interaction between SDS and
F41; in addition, a destruction of some relevant ion pairs in
the intersubunit interactions cannot be excluded.

The FT-IR experiments indicate that the designed amino
acid replacements or the covalent modification of Y41 does
not affect the secondary structure ofSsSOD. On the other
hand, in the presence of SDS the archaeal enzyme has a more
flexible or less compact structure after either Y41F or H155Q
substitution, but not after the covalent modification of Y41.
The infrared spectra do not give direct information on protein
sites where flexibility/compactness changes occur. In the

FIGURE 8: Active site ofM. tuberculosisMn-SOD H145Q mutant.
The active site ofM. tuberculosiswild-type structure (blue thin
lines; ref21) with Y36, N75, W125, and Q145 ofM. tuberculosis
Mn-SOD H145Q mutant (24) shown in red. Some hydrogen bonds
are shown as dotted yellow lines. The H145Q mutant corresponds
to the H155Q mutant inSsSOD. All of the shown residues are the
same inSsSOD except N75, which corresponds toSsSOD L83,
and thus there is no hydrogen bond between residue 155 and 83 in
SsSOD. Note that theM. tuberculosisMn-SOD H145Q mutant
model is determined at 4.0 Å resolution but the native model at
2.0 Å resolution. Atom color: carbon, black; oxygen, red; nitrogen,
blue; iron, purple. Water molecules are shown as red spheres. The
figure was prepared with Molscript (56) and Raster3D (57).
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absence of changes or losses in secondary structure, an
increase in1H/2H exchange may be related to a relaxation
of the whole tertiary/quaternary structure or of a particular
part of the protein molecule, including the active site. A
possible explanation of the FT-IR data is related to the fact
that the Y41F replacement weakens the hydrogen bond
interaction between F41 and H155, thus rendering this part
of the molecule more flexible or less compact in the presence
of SDS. A similar effect would occur with the H155Q
replacement, but it would not occur with the covalent
modification of Y41 because the oxygen of Y41, the acceptor
of a hydrogen bond by H155, is retained after the covalent
modification (13). The FT-IR data confirm the exceptional
thermostability ofSsSOD because its denaturation pattern,
although incomplete, is evident only upon the addition of
SDS. Under these experimental conditions, the H155Q
replacement and the presence of the Y41 modification cause
a reduction of the thermostability of the enzyme, revealed
as a general destabilization of the structure. However, the
archaeal enzyme seems to retain in large part its great
thermostability upon the Y41F replacement.

Some differences emerge from the comparison of our data
with studies describing the effects of temperature on
analogous mutations in other Fe- and Mn-SODs. Activity
measurements proved that the Y34F mutant of Fe-SOD from
E. coli has a decreased heat stability compared to wild-type
(18). On the other hand, differential scanning calorimetry
experiments showed that the Y34F mutant of human mito-
chondrial Mn-SOD has a transition temperature for thermal
denaturation significantly higher than that reported for the
wild-type enzyme (45). Similar studies of mutations in a
position equivalent to H155 showed that the substitution of
the wild-type glutamine 143 for histidine or asparagine in
the human Mn-SOD does not essentially change the thermal
denaturation temperature of this mitochondrial enzyme (50,
51). However, nonconservative replacements of the same
residue cause either an increase or a decrease of the unfolding
transition temperature, depending on the ability of the
mutated residues to re-form hydrogen bonds with the
surrounding residues disrupted by the mutations (51).
Another study on the effects of mutating a glutamine residue
of Mn- or Fe-SOD fromE. coli (Q146 or Q69, respectively)
proved the involvement of this structurally conserved position
(equivalent to H155 ofSsSOD) in the thermostability of the
enzyme (55).

All these results point to different roles played by Y41
and H155 inSsSOD. In particular, Y41 appears to be relevant
for the catalytic properties of the enzyme, a free hydroxy
group being strictly required for full activity ofSsSOD; if
this group is deprotonated, blocked by PMSF, or abolished
by mutation, the activity of the enzyme is greatly reduced.
On the other hand, H155 is shown to be important for
enzyme stability; it is likely that this residue plays an
important role in keeping a correct structural architecture of
the active site ofSsSOD. In other Fe- and Mn-SODs, a clear
distinction among the functional roles of these residues is
much less evident, both positions being involved in both
catalysis and structural organization of the active site metal
center of the enzyme. The study of the archaealSsSOD
mutations opens new perspectives aimed at a better definition
of the functional role of these residues.
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