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The superoxide dismutase (SOD) gene of Sulfolobus solfataricus, a hyperthermophilic
archaeon, was cloned and expressed in Escherichia coli, and its gene product was
characterized. When the protein was expressed in E. coli, it formed a homodimer that
contained both Mn and Fe. Metal reconstitution experiments of the SOD with Fe or Mn
showed that only the Fe-reconstituted SOD was active. Substitution of Tyr88 to Phe did not
affect the metal specificity of the enzyme. The Fe-reconstituted SOD was extremely resistant
to thermal denaturation; e.g. 96% of the initial activity was retained after heating at 95°C
for 2h. Fe-reconstituted SOD was not inhibited by azide, but fluoride inhibition was
observed. This suggests that some steric hindrance in the substrate funnel of the enzyme
prevents the access of N;~ but allows O,~ and F- access to the active site.

Key words: archaea, azide, hyperthermophile, Sulfolobus solfataricus, superoxide dis-
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Superoxide dismutases (SODs) are widely distributed
among aerobic organisms in which they catalyze the dis-
mutation of the superoxide anion (O;”) to O, and H,O,.
SODs play an important role in cell protection mechanisms
against oxidative damage. These enzymes comprise a
family of metalloproteins classified into three main groups
according to their metal cofactor: copper and zinc-contain-
ing SOD (Cu,Zn-SOD), manganese-containing SOD (Mn-
SOD), and iron-containing SOD (Fe-SOD). The latter two
groups are assumed to have a common evolutionary origin
because of the close similarity in their amino acid se-
quences and three-dimensional protein structures, whereas
Cu,Zn-SODs apparently evolved independently. There is
little difference in catalytic activity between Mn-SOD and
Fe-SOD. Despite these similarities, metal-reconstitution
studies indicate that most Mn- and Fe-SODs show strict
metal specificity (I, 2). A few groups of bacteria possess
“cambialistic” SODs that are active with either Fe or Mn as
a cofactor. It is unknown how the metal specificity of SOD
is determined.

Hyperthermophilic bacteria and archaea occupy all the
deepest and shortest branches of the phylogenetic tree (3).
Therefore, they might retain primitive characteristics
close to the common ancestor of all beings on earth. The
characterization of hyperthermophilic SODs is interesting
from a speculative viewpoint of the evolution of Mn- and
Fe-SODs.
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Although a few Fe-SODs have been purified from hyper-
thermophilic archaea, including Sulfolobus solfataricus (4)
and S. acidocaldarius (5), their sensitivities to inhibitors
and metal specificities were not well characterized. Here we
report the cloning and characterization of a superoxide
dismutase from an acidophilic hyperthermophilic archaeon,
Sulfolobus solfataricus. This SOD is azide-insensitive, and
the mechanism of its azide-insensitivity is discussed.

MATERIALS AND METHODS

Strains and Enzymes—S. solfataricus DSM 1616 was
obtained from Deutsche Sammlung von Mikroorganism
und Zellkulturen GmbH. It was grown in Brock’s medium
(6) at 75°C with vigorous rotary shaking (180 rpm). Cells in
the late exponential growth phase were harvested by
centrifugation and washed twice with fresh medium. The
cell pellet was frozen at —80°C prior to DNA isolation.
Escherichia coli Fe-SOD (S5389) and Mn-SOD (55639)
were purified enzymes purchased from Sigma (St. Louis,
USA).

Preparation of Genomic DNA—Cells (1 g wet weight)
were suspended in 19 ml of lysis buffer containing 50 mM
Tris-HCl (pH 8.0), 50 mM EDTA, 0.5% sodium lauryl
sarcosinate, and 0.2 mg/ml proteinase K, and incubated at
50°C for 3 h. The lysate was extracted once with phenol and
twice with phenol/chloroform. After precipitation with 2
volumes of ethanol, the DNA wasg dissolved in 3 ml of TE
buffer (10 mM Tris-Cl, pH 8.0, 1 mM EDTA). The DNA
solution was incubated with 0.025 mg/ml RNase A at 37°C
for 1h and then with 0.05 mg/ml proteinase K and 0.5%
SDS at 50°C for 1 h. The solution was extracted twice with
phenol/chloroform. After precipitation with 2 volumes of
ethanol, the DNA was dissolved in 2 ml of TE buffer.

Amplification of a Part of the SOD Gene by PCR—Two
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PCR primers designed from conserved sequences of report-
ed SODs were synthesized.

SODF3: 5'-GA(TC)GC(GATC)(TC)T(GATC)GA(AG)-

CC(GATC(C)-3

SODR1: 5’-(GA)TA(AG)(TA)A(GATC)(GCY{CAT)(AG)-

TG(TC)TC(CAGT)-3’
The PCR reaction was performed using 1.7 ng/u] of geno-
mic DNA as the template with 2 4M SODF3 and 8 M
SODR1. The PCR reaction was started with a template
denaturation step at 95°C for 4 min followed by 30 repeti-
tions of temperature cycling for amplification. The profile
for amplification was 95°C for 0.5 min, 44°C for 0.5 min,
and 72°C for 1 min. The PCR-amplified fragment with the
expected size (453-477 bp) was ligated to pT7Blue-T
(Novagen, Madison, USA) and its sequence was deter-
mined.

Construction and Screening of the Cosmid Library—
Genomic DNA was partially digested with Sau3AI and
ligated to SuperCosl (Stratagene, La Jolla, USA) digested
with BamHI. The ligated DNA was packaged in vitro and
introduced into E. coli XL1-Blue MR according to Strata-
gene’s instruction manual. Ampicillin-resistant transfor-
mants were obtained at a frequency of 4.5X 10* per ug of
ligated DNA. This genomic library was screened by colony
hybridization using the PCR-amplified fragment as a probe.
Labeling of the probe and hybridization were carried out
using a DIG DNA labeling and detection kit (Boehringer
Mannheim, Mannheim, Germany). The selected plasmid
was called pSODSS2.

Expression of the SOD Gene—Two PCR primers were
synthesized. SSF3 contained the recognition sequence of
Ndel upstream of the initiation codon of the ORF. SSR3
contained the recognition sequence of BamHI downstream
of the stop codon of the ORF.

SSF3: 5'-GCGCATATGACTCTCCAAATTCAGT-3

SSR3: 5-CGCGGATCCAACTATTTACTTCGTTAAA-

TATTT-3

After PCR-amplification of the plasmid pSODSS3 contain-
ing the SOD gene, the amplified fragment was digested with
Ndel and BamHI, and then ligated into vector pET11a
(Stratagene) which was digested with the same enzymes in
order to construct plasmid pSODSS5 for the expression of
the S. solfataricus SOD gene in E. coli. E. coli BL21(DE3)
was transformed with pSODSS5. The transformant was
grown in LB medium at 30 or 37°C up to logarithmic phase,
and then 0.2-1.0 mM isopropyl 8-D-thiogalactopyranoside
(IPTG) was added to the culture to induce the SOD gene.
The cells were then grown at 30 or 37°C to stationary phase.
For metal-rich cultures, 0.5 mM MnSO, or FeSO, was
added to the medium.

Purification of the SOD Gene Product—Harvested cells
were suspended in 50 mM Tris-HCI (pH 8.0) and sonicated
2 times for 2.5 min on ice with a Sonifier 260 (Branson,
Danbury, USA). After incubation at 75°C for 30 min, the
lysate was centrifuged at 9,730 X ¢ for 20 min to precipitate
denatured E. coli proteins. The supernatant was concen-
trated with Centriprep-10 (Amicon, Beverly, USA) and
applied to a Q-Sepharose HP HiL.oad 16/10 column (Phar-
macia LKB, Uppsala, Sweden) and eluted with a linear
NaCl gradient (0-0.6 M) in 50 mM Tris-HCI (pH 8.0).
Fractions containing SOD activity were concentrated with
Centriprep-10 (Amicon). Protein concentration was mea-
sured by the method of Bradford (7) using bovine serum
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albumin as a standard. The enzymes at each step were
analyzed by SDS-PAGE in 18% gels.

For molecular mass estimation, SOD was applied to a
Superose 12 HR 10/30 column (Pharmacia) equilibrated
with 50 mM Sodium phosphate (pH 7.0)+150 mM NaCl
buffer at a flow rate of 0.4 ml/min. The elution profile was
monitored by absorbance at 280 nm.

Assays for Superoxide Dismutase Activity—Enzyme
activity was assayed at 25°C by the xanthine oxidase-
cytochrome ¢ method (8). One unit is defined as the amount
of enzyme that causes 50% inhibition of cytochrome ¢
reduction. To determine the effects of inhibitors, activity
was measured in reaction mixtures containing inhibitors. In
H,0, inactivation experiments, SOD (0.25 mg/ml) was
incubated with 0.24 mM H,O, in 50 mM potassium phos-
phate (pH 7.8) at 25°C. At intervals, aliquots were with-
drawn, treated with catalase (1.0 U/xl), and then the
residual activity was assayed. In thermal mmactivation
experiments, reaction mixtures containing 1 mg/ml SOD
in 20 mM potassium phosphate (pH 7.0) were incubated at
90-105°C. Aliquots were removed at intervals, chilled on
ice, and the residual activity was measured.

Reconstitution of SOD—The purified SOD (3.0 mg) was
incubated in 3 ml denaturation buffer (50 mM acetate
buffer, pH 3.8, containing 6 M guanidine hydrochloride,
and 10 mM EDTA) for 16 h at 50°C. The solution was gel-
filtered through a Sephadex G-25 column (Pharmacia)
equilibrated with denaturation buffer to obtain the apo-
protein. For the preparation of the Mn-reconstituted
enzyme, the apoprotein was dialyzed against 50 mM ace-
tate buffer, pH 3.8, containing 6 M guanidine hydrochloride
and 10 mM MnSO, for 4h at room temperature, then
against 50 mM Tris-HCl buffer, pH 7.5, containing 6 M
guanidine hydrochloride and 10 mM MnSO, for 4 h at room
temperature. The guanidine hydrochloride was removed by
dialysis against 50 mM Tris-HCl buffer, pH 7.5, containing
1 mM MnSO, for 4 h at room temperature, then against 50
mM Tris-HCl buffer, pH 7.5, containing 0.5 mM EDTA for
12 h at room temperature. The Mn-reconstituted enzyme
was obtained after gel filtration through a Sephadex G-25
column (Pharmacia) equilibrated with 50 mM Tris-HCl
buffer, pH 7.5. The Fe-reconstituted enzyme was prepared
by the same procedures using FeSO, instead of MnSO,.

Metal Analysis—The metal content of the purified SOD
was determined with an Inductively Coupled Plasma
Emission Spectrometer (ICPS-1000 IV, Shimadzu, Kyoto).

Mass Spectrometry Analysis—MALDI-TOF mass spec-
tra were obtained in the positive ion mode using a Voyager
Elite time-of-flight mass spectrometer (PerSeptive Biosys-
tems, Framingham, USA). The matrix was prepared by
dissolving sinapinic acid (10 mg/ml) in 33.3% acetonitrile
and 0.0667% trifluoroacetic acid (TFA). Purified SOD (0.5
u1) dissolved in 0.005% TFA was mixed with 4.5 y1 of the
matrix to give a final concentration of 7.2 pmol/ul. The
mixed sample (0.5 x1) was applied to the target plate and
allowed to evaporate. The spectra were obtained using a
linear-mode measurement. The ions generated by laser
(337 nm) irradiation were accelerated to 20 kV and passed
through a 2.0 m flight tube to the detector. ACTH(7-38)
fragment (+1): M, 3,660.17 and myoglobin (4+1): M,
16,952.56 were used for calibration.

Amino Acid Sequence Determination—The N-terminal
amino acid sequence of the purified SOD was determined by
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a Shimadzu PSQ-2 protein sequencer (Shimadzu).

Site Directed Mutagenesis—Mutagenesis of the S. sol-
fataricus SOD gene was carried out according to the overlap
extention method (9). Two PCR primers were synthesized
as described below. SSR1 consisted of the native anti-sense
sequence while SS-Y88F consisted of a mutation (AT—TC)
and the other native sense sequence.

SSR1: 5 -TATGATTTTGGAAGTGATTTTC-3’

SS-Y88F: 5-GGACACAAGTTACACGCCTTGTTCTG-

GGAAAATATG-3

The first step consisted of two simultaneous PCR reactions,
the first with primers SSF3 and SSR1 and the second with
primers SS-Y88F and SSR3. These PCR reactions contain-
ing 2 ng/ul pSODSS5 as the template were started with a
template denaturation step at 95°C for 3 min followed by 25
repetitions of temperature cycling for amplification. The
profile for amplification was 95°C for 0.5 min, 52°C for 0.5
min, and 72°C for 1 min. The amplified products were
purified by ultrafiltration (Suprec 02; Takara Shuzo). Each
purified fragment (60 ng) was mixed and subjected to 25
cycles of PCR under the same conditions as described above
with primers SSF3 and SSR3. After purification, the
amplified product was digested with Ndel and BamHI and
then ligated to the vector pET11a (Stratagene), which was
then digested with the same enzymes in order to construct
plasmid pSSF88 for the expression of the Tyr88—Phe
mutant SOD (Y88F mutant) in E. coli. Mutagenesis was
confirmed by DNA sequencing. E. coli BL21(DE3) was
transformed with pSSF88. The expression, purification,
and reconstitution of Y88F mutant were done in the same
way as in the case of rSOD.

RESULTS

Cloning and Structure of the SOD Gene—Although the
sequences of 20 PCR-amplified fragments were deter-
mined, only one sequence homologous to SOD genes was
detected. This DNA fragment was considered to be part of
the SOD gene because of its similarity to known Fe- and
Mn-SOD genes. The genomic library was screened with this
fragment as a probe. Among several positive clones, one
was selected for further research and its plasmid was
designated pSODSS2. Plasmid pSODSS2 was partially
digested with Sau3AI and ligated to pUC18. The resulting
plasmids were screened by colony hybridization using the
same probe. Plasmid pSODSS3 containing a 4.6 kb geno-
mic fragment was obtained and its nucleotide sequence was
determined. The open reading frame obtained was thought
to be the S. solfataricus SOD (SS-SOD) gene due to its
similarity to other known Fe- and Mn-SOD genes. The
upstream region of the SS-SOD gene is shown in Fig. 1. The
amino acid sequence deduced from the nucleotide sequence
of the cloned SOD gene agreed perfectly with that of the
SOD protein purified from S. solfataricus cells (native
SS-SOD; nSS-SOD), except for the N-terminal Met (4).
The latter had no Met at its N-terminus.

Fig. 1. The upstream region of the S.
solfataricus SOD gene. BoxA and boxB 61
sequences are indicated by underlines and

dotted lines, respectively. Nucleotide se- 121
quence accession number: AB012620.
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A pair of conserved sequences has been repeatedly found
in archaeal promoters (10). One is a highly conserved
TATA-box like boxA, TTTA(A/T)A. The other is a weakly
conserved boxB, (A/T)TG(A/C) located at the transcrip-
tion start site. The distance between boxA and boxB is 22
to 27 bp. Two sets of promoter-like elements were found
upstream of the ORF in the SS-SOD gene. The first pair of
putative boxA and boxB sequences was found 141 and 107
bp upstream of the initiation codon, respectively. The
second putative boxA sequence was found 27 bp upstream
of the initiation codon with a slight variation, TATAAA.
The corresponding boxB sequence overlapped the initiation
codon. The latter pair may be the major promoter element
of the SS-SOD gene because transcription starts near
initiation codons in other archaeal SOD genes (11, 12).

Expression and Purification of S. solfataricus Recom-
binant SOD—The transformant E. coli cells harboring the
expression plasmid pSODSS5 were sonicated and heated to
remove E. coli proteins containing endogenous SOD. The
concentrated supernatant was applied to a Q-Sepharose
column, and S. solfataricus recombinant SOD (rSS-SOD)
was eluted in the void volume. As shown in Fig. 2, the
rSS-SOD was purified to homogeneity. The apparent
molecular weight of the monomer was estimated to be
25,200 from SDS-PAGE, which agrees approximately with
the value, 24,243.08, calculated from the deduced amino
acid sequence. This value also agrees with that of nSS-
SOD. The N-terminal amino acid sequence of rSS-SOD
showed it to be a mixture of a peptide starting with an
initial Met and a truncated peptide without the initial Met.
The truncated SOD, which appears to be identical to
nSS-SOD, occupies approximately 90% of rSS-SOD. The
molecular weights estimated from the nucleotide sequences
agreed well with the values, 24,233.5 and 24,110.6, ob-

Fig. 2. SDS-PAGE of the purification step products. Aliquots
from the various purification steps were analyzed by SDS-PAGE in an
18% gel. Each lane contains 5 ug of protein. The gel was stained with
Coomassie Brilliant Blue. Lane 1, protein size markers (from top to
bottom): 97.4, 66.2, 45.0, 31.0, 21.5, and 14.4 kDa; lane 2, cell lysate
supernatant after sonication; lane 3, cell lysate supernatant after heat
treatment (for 30 min at 75°C); lane 4, after Q-Sepharose column
chromatography.

1 ATTAATAACTGCAACTATTACTCTATTTATATATTCATATACAATATCACTATTTGCCTC 60
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tained by MALDI-TOF mass spectrometry, thus suggest-
ing that the SS-SOD is not modified in E. coli. The apparent
molecular weight of the whole enzyme estimated by gel
filtration indicates that rSS-SOD, like nSS-SOD, forms a
homeodimer in E. coli cells.

Metal Cofactor—It has been reported that nSS-SOD
does not contain Mn, but rather 0.7 atom of Fe per subunit
(4). However, rSS-SOD always contains both Mn and Fe,
although its metal content varies according to the condi-
tions of gene expression and culture. The activity appears
to depend on the Fe content but not the Mn content (Fig. 3).
To determine the metal-specificity of rSS-SOD, metal-
reconstitution experiments were carried out. As shown in
Table I, Fe-reconstituted rSS-SOD contains 0.88 atom of
iron per subunit and a specific activity of 481 U/mg protein.
Mn-reconstituted rSS-SOD contains 0.80 atom of manga-
nese per subunit but virtually no activity (1.2 U/mg
protein). Therefore, we conclude that rSS-SOD is active
only with Fe as a cofactor, while the incorporation of Mn is
almost equivalent to that of Fe. The specific activity of
Fe-reconstituted rSS-SOD is approximately 13-16% of
eubacterial Fe-SODs at 25°C (13). This temperature is
probably lower than the optimum temperature because the
optimum growth temperature of S. solfataricus is 87°C
(14). Because xanthine oxidase in the assay mixture for
SOD is not thermostable, the activity was measured at 25°C
(4, 5, 18, 20, 21).

Thermal Inactivation—S. solfataricus grows between 50
and 87°C with an optimum growing temperature of 87°C,
but it neither grows nor survives at 90°C (14). At 85-90°C,
which is close to the non-permissive temperature for
growth, no loss of activity of the Fe-reconstituted rSS-SOD
was observed even after 2 h incubation (Fig. 4). At 95-
105°C, rSS-SOD was inactivated according to first order
kinetics. Half-lives were extrapolated to 33 hat 95°C, 8.7 h
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Fig. 3. Activity vs. metal content of S. solfataricus SODs pro-
duced in E. coli cells. Open circles, Mn; closed circles, Fe.

TABLE 1. Activity and metal content of metal-reconstituted
rSOD.

Metal content R
. Specific activity
Enzyme é‘atom/aubumt) (U/mg protein)
e Mn
Fe-reconstituted SOD 0.88+0.02 <0.01 481+10
Mn-reconstituted SOD <0.01 0.80+0.02 1.2+0.04

Data are averages of two or three independent experiments.
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at 100°C, and 1.5h at 105°C. The Fe-SOD from the
hyperthermophilic bacterium Aquifex pyrophilus loses
about 20% of its initial activity after 2 h incubation at 95°C
(15). This shows the extreme thermostability of Fe-recon-
stituted rSS-SOD.

Effect of Inhibitors and Hydrogen Peroxide on SOD
Activity—Sodium azide competitively inhibits all types of
SODs. The concentrations of sodium azide that cause 50%
inhibition of E. coli Fe-SOD and E. coli Mn-SOD are 4 and
22 mM, respectively, agreeing approximately with the
values previously reported (16) (Fig. 5). However, up to
100 mM sodium azide did not inhibit the Fe-reconstituted
rSS-SOD. rSS-SOD is thus anomalously resistant to sodi-
um azide inhibition. The absorption spectra of Fe-recon-
stituted rSS-SOD with and without sodium azide were
compared to those of E. coli Fe-SOD. In the presense of
sodium azide, new absorption bands appeared near 420 nm
in E. coli Fe-SOD, as reported previously (13). In contrast,
no change in the spectrum was observed for Fe-recon-
stituted rSS-SOD. This indicates that azide does not bind to
Fe at the active site of rSS-SOD. Sodium fluoride, another
inhibitor that binds to metal at the active site, inhibits both
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Fig. 4. Thermal inactivation of reconstituted S. solfataricus
Fe-80D. Residual activity is represented in logarithmic scale. Open
circles, 90°C; open triangles, 95°C; open squares, 100°C; closed
circles, 105°C.
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Fig. 5. Effect of sodium azide on reconstituted S. solfataricus
Fe-SOD. Residual activity is represented in logarithmic scale. Clesed
circles, S. solfataricus SOD; open circles, E. coli Fe-SOD; open
squares, E. coli Mn-SOD.
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Fig. 6. Inactivation of SODs by sodium fluoride. Residual ac-
tivity is represented in logarithmic scale. Closed circles, Fe-recon-
stituted S. solfataricus SOD; closed squares, E. coli Fe-SOD.
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Fig. 7. Inactivation of reconstituted S. solfataricus Fe-SOD by
hydrogen peroxide. Residual activity is represented in logarithmic
scale. Closed circles, S. solfataricus SOD; open circles, E. coli
Fe-SOD.

E. coliFe-SOD and the Fe-reconstituted rSS-SOD (Fig. 6).
The concentrations of sodium fluoride that cause 50%
inhibition of E. coli Fe-SOD and the Fe-reconstituted rSOD
are 20 mM and 53 mM, respectively.

The criterion that distinguishes Fe-SOD from Mn-SOD
is inactivation by hydrogen peroxide, which inactivates
only Fe-SOD (17). The Fe-reconstituted rSS-SOD is
inactivated by hydrogen peroxide, but its sensitivity is
lower than that of E. coli Fe-SOD as shown in Fig. 7. The
inactivation of Fe-reconstituted rSS-SOD fits first order
kinetics.

Characterization of the Y88F Mutant—While Fe- and
Mn-SODs have been shown to have similar primary and
three-dimensional structures, it has been reported that
some amino acid residues differ between Mn- and Fe-SODs
(18, 19). Tyr88 of SS-SOD is presumably specific to
Fe-SODs. In Mn-SODs, this residue is commonly Phe. In
order to test the above hypothesis, we replaced Tyr88 in
SS-SOD with Phe to make the mutant Y88F. The apparent
molecular weight of the Y88F mutant found to agree with
that of wild type rSOD on SDS-PAGE. The metal contents
and activities of metal-reconstituted Y88F mutants are
shown in Table II. The Y88F mutant is actually active only

S. Yamano and T. Maruyama

TABLE . Activity and metal content of metal-reconstituted
Y88F mutant SOD.

Metal content

: Specific activity
Enzyme (atom/subunit) .
Fe Mo (U/mg protein)
Fe-reconstituted SOD  0.82+0.03 0.02 755+20
Mn-reconstituted SOD 0.03 0.851+0.03 4.3+£0.3

Data are averages of two independent experiments.

with Fe as a cofactor although the incorporation of Mn is
almost equivalent to that of Fe. Thus, the metal specificity
of the Y88F mutant is similar to that of rSOD. However,
the specific activity per metal atom increased 1.7 times.

DISCUSSION

Fe-SODs from the thermophilic aechaea M. thermoautotro-
phicum (20) and M. bryantii (21) are known to be relatively
azide-resistant. The former is 32% inhibited by 10 mM,
and the latter is 50% inhibited by 15 mM azide. Although
nSS-SOD was described as an azide-insensitive SOD, no
data were presented in the previous report (4). The inhibi-
tion of S. acidocaldarius Fe-SOD by azide has not been
reported (5). Usually, Fe-SOD is more sensitive to sodium
azide than Mn-SOD is (16). Therefore, the azide-insensi-
tivity of rSS-SOD is unique. This is not an artificial
characteristic in a recombinant SOD produced in E. coli
because the M. thermoautotrophicum SOD produced in E.
coli is azide-sensitive as described above (20). On the other
hand, fluoride inhibits the Fe-reconstituted rSS-SOD. In E.
coli Fe-SOD, the ligand, substrate or inhibitor, approaches
the metal ion at the active site through the substrate funnel
formed at the interface of two monomers in the homodimer
of SOD (22). rSS-SOD forms a homodimer and has four
residues (His-39, Tyr-42, His-85, Trp-89) postulated to be
in the substrate funnel. Therefore, it is likely that the
substrate funnel is also formed in rSS-SOD. rSS-SOD may
have some steric hindrance in the substrate funnel that
allows access to O~ and F~ to the active site but prevents
access by N;~ because the molecular size of N;~ is larger
than O, and F~. This hypothesis is supported by the
absorption spectra which suggest that azide can hardly bind
to Fe at the active site.

Amino acid analysis of native and hydrogen peroxide-
treated Fe-SOD from Pseudomonas ovalis (23) and E. coli
(24) has shown that hydrogen peroxide inactivation is
accompanied by the specific loss of Trp residues, leaving the
other amino acid residues substantially unchanged. Beyer
and Fridovich (24) have proposed that iron in the active
center may induce the disruption of Trp close to the iron,
possibly by a Fenton-type reaction (25). Multiple align-
ment of the known amino acid sequences of Fe- and
Mn-SODs shows that most SODs that are resistant to
hydrogen peroxide lack a Trp residue at position 83 (num-
bering based on the S. solfataricus sequence), which is close
to the metal-binding His-85 (26). The corresponding Trp
residue is not found in rSS-SOD (Fig. 8). The absence of
this Trp residue may be why rSS-SOD has a lower H,0,
gensitivity.

Large networks of ion-pairs are found in hyperthermo-
philic glutamate dehydrogenases (27) and indol-3-glycerol-
phosphate synthases (28). Ion-pair networks are thought to
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contribute to the hyperthermostability of A. pyrophilus
SOD because it contains many charged residues (24.9%;
15). While the charged residue content of rSS-SOD
(19.4%) is comparable to that of mesophiles and less than
that of A. pyrophilus SOD, its thermostability is slightly
higher than that of A. pyrophilus SOD. Therefore, some
other unknown factor may contribute to the hyperthermo-
stability of rSS-SOD.

Parker and Blake found that five amino acid residues
differ among six Mn- and three Fe-SODs of bacterial and
eukaryotic origin (18). These residues are shown in Fig. 8
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with the positions numbered to correspond to the sequence
of SS-SOD. In Mn-SODs, residues at positions 80, 81, 88,
156, and 157 are G, G, F, Q, and D, respectively. In
Fe-SODs, the corresponding residuesare A, Q, Y, A, and G,
respectively. Yamakura suggested that the most probable
among these residues to determine the metal specificity of
five Mn- and three Fe-SODs are those at positions 81, 88,
and 156 (19). However, in archaeal SODs, the residues at
80, 81, 156, and 157 do not seem to obey the rule, but Tyr
at 88 appears possible. Tyr 88 is found in all Fe-SODs
except that in M. thermoautotrophicum Fe-SOD. Because

20 40 60
Fe_S.solf MTLQIQFKKYELPPLPYK IDALEPYISKDI IDVHYNGHHKGYVNGANSLLERLEKVVKGD
Fe_S.acid MTQVIQLKRYEFPQLPYKVDALEPYTSKDI IDVHYNGHHKGYVNGANSLLDRLEKLIKGD
Fe_M.ther -MNDLEKKFYELPELPY PYDALEPHI SREQLTTHHQKHHQAYVDGANALLRKLDEARESD
Mn_H.cuti ----——-SEYELPPLPYDYDALEPHISEQVLTWHHDTHHQGY VNGWNDAEETLAENRETG
Mn_E.coli = -—=————- SYTLPSLPYAYDALEPHFDKQTMETHHTKHHQTYVNNANAALESLPEFAN-L
Mn_B.stea = = -—-—----- PFELPALPYPYDALEPHIDKETMNIHHTKHHNTYVTNLNAALEGHPDLON-K
Mn_T.aqua = ------ PYPFKLPDLGYPYEALEPHIDAKTMEI HHQKHHGAYVTNLNAALEKYPYLHG-V
Mn_C.eleg = ----——-- KHSLPDLPYDYADLEPVISHE IMQLHHQKHHATYVNNLNQIEEKLHEAVS - -
Mn_human =~ -------—- KHSLPDLPYDYGALEPHINAQTMOLHHSKHHAAYVNNLNVTEEKYQEALA- -
Fe_E.coli = ———-———- SFELPALPYAKDALAPHISAETIEYHYGKHHQTYVTNLNNLIKGTAFBGKS -
Fe_P.aeru =  —----—- MAFELPPLPYEKNALEPHISAETLEYHHDNNHNTYVVNLTNLI PGTEFEGKS -
Fe_P.leio = -——---—m- AFELPALPFAMNALEPHI SQETLEYHYGKHHNTYVVKLNGLVEGTELAEKS -
Fe_E.hist - - - - - -MSFQLPQLPYAYNALEPHI SKETLEFHHDKHHATYVNKLNGLVKGTEQEHKT-

* + +
80 _ . 100
Fe_S.solf LQTGQYDIQGIIRG-——-—- LTFNI [NG|HKLHAL | Y | WENMAPSGKGGGKPGGALADL INKQY
Fe_S.acid LPQGQYDLOGILRG-—~-~- LTFNI |NG|HKLHAT | Y | WNNMAPAGKGGGKPGGALADL INKQY
Fe_M.ther T---DVDIKAALKE~--——— LSFHV |GG | YVLHLF | F | WGNMGPADECGGEPSGKLAEYIEKDF
Mn_H.cuti D---HASTAGALGD-—- -~ VTHNG [SG | HILHTL | F | WQSMSPAG- -GDEPSGALADRIAADF
Mn_E.coli P-VEELITKLDQLPADKKTVLRNNA |GG | HANHSL | F | WKGLKK - - ~ ~-GTTLQGDLKAATERDF
Mn_B.stea S-LEFLLSNLEALPESIRTAVRNNG |GG | HANHSL | F | WITLSPNG--GGEPTGELADA INKKF
Mn_T.aqua E-VEVLLRHLAALPQDIQTAVRNNG |GG | HLNHSL | F | WRLLTPGG- - AKEPVGELKKATDEQF
Mn_C.eleg - -KGNVKEATALQP~---— ALKFNG |GG | HINHST | F | WINLAKDG--G-EPSAELLTATKSDF
Mn_human --KGDVTAQIALQP-~---- ALKFNG |GG | HINHST | F | WINLSPNG- -GGEPKGELLEATKRDF
Fe_E.coli --LEEIIRSS-BGG~---—- VFNNA |AQ | VWNHTF | Y | WNCLAPNA - - GGEPTGKVAEATAASF
Fe_P.aeru --LEEIVKSS-SGG~---—- IFNNA [AQ | VWNHTF | Y | WNCLSPNG- -GGOPTGGLADAINAGF
Fe_P.leio --LEEIIKTS-TGG~--~~- VEFNNA [AQ | VWNHTF | Y | WNCLAPNA - -GGEPTGEVAAATEKAF
Fe_E.hist --LEELIKQKPTQA~--——- TYNNA |AQ | AWNHAF | ¥ | WKCMCG-C - -GVKPSEQLTAKLTAAF
Ty
140 * 160
Fe_S.solf GSFDRFKQVFTETANSLPGTGWAVLYYDTESGNLOIMTFEN [HF | ONHIAETP-————- ITL
Fe_S.acid GSFDRFKQUFSESANSLPGSGWTVLYYDNESGNLQIMTVEN [HF |MNHIAELP------ VIL
Fe_M.ther GSFERFRKEFSQAAT SAEGSGWAVLTYCORTDRLFTMQVEK |HN | VNVIPHFR---~-- ILL
Mn_H.cuti GSYENWRAEFEAAASAASG--WALLVYDSHSNTLRNVAVDN |HD | EGALWGSH-—-—-- PIL
Mn_E.coli GSVDNFKAEFEKAAASRFGSGWAWLVLK - -GDKLAVVSTAN [QD | SPLMGEATSGASGFPIM
Mn_B.stea GSFTAFKDEFSKAAAGRFGSGWAWLVVN--NGELEITSTPN |QD | SPTMEGKT------ PIL
Mn_T.aqua GGFQALKEKLTQAAMGRFGSGWAWLVKDP-FGKLHVLSTPN |QD | NPVMEGFT- - -~~~ PIV
Mn_C.eleg GSLINLQKQLSASTVAVQGSGWGWLGYCPKGKILKVATCAN [0D | - PLEATTG- - -~ LVPLF
Mn_human GSFDKFKEKLTAASVGVQGSGWGWLGFNKERGHLQIAACPN |QD | -PLOGTTG----LIPLL
Fe_E.coli GSFADFKAQFTDAAIKNFGSGWTWLVKNS -DGKLATVSTSN |AG | TPLTTD-AT----- PLL
Fe_P.aeru GSFDKFKEEFTKTSVGHLRFRSGWLVKKP-DGSLALASTIG |AG |NPLTSG-DT----- PLL
Fe_P.leio GSFAEFKAKFTDSATNNFGSSWIWLVKNA -NGSLAIVNTSN |AG | CPITEEGVT----- PLL
Fe_E.hist GGLEEFKKKFTEKAVGHFGSGWCWLVEH - -DGKLET IDTHD |AV | NPMTNG -MK----- PLL
180 200

Fe_S.solf ILDEFEHAYYLQYKNKRADYVNAWWNVVNWDAAEKKLQKYLTK- - -
Fe_S.acid IVDEFEHAYYLQYKNKRGDYTLNAWWNVVNWDDAEKRLQKYLNK - - -
Fe_M.ther VLDVWEHAYYIDYRNVRPDYVEAFWNTVNWKEVEKRFEDIL----—
Mn_H.cuti ALDVWEHSYYYDYGPDRGSFVDAFFEVVDWDEPTERFEQAAERFE -
Mn_E.coli GLDVWEHAYYLKFQNRRPDY I KEFWNVVNWDEAAARFAAKK ~ - ~ - -
Mn_B.stea GLDVWEHAYYLKYQNRRPEY IAAFWNVVNWDEVAKRYSEAKAK ~ - -
Mn_T.aqua GIDVWEHAYYLKYONRRADYLQA TWNVLNWDVAEEFFKKA - - - - -
Mn_C.eleg GIDVWEHAYYLQYKNVRPDYVNATWKTANWKNVSERFAKAQQ- - - -
Mn_human GIDVWEHAYYLQYKNVRPDYLKATWNV INWENVTERYMACKK - - -
Fe_E.coli TVDVWEHAYY IDYRNARPGYLEHFWALVNWEFVAKNLAA - - — - — - -
Fe_P.aeru TCDVWEHAYYIDYRTAS - EVRRAFWNLVNWDFVAKNFAA -~ - - — - -
Fe_P.leio TVDLWEHAYY IDYRNLRPSYMDGFWALVNWDFVSKNLAA - - — - -~ ~
Fe_E.hist TCDVWEHAYY IDTRNNRAAYLEHWWNVVNWKEVEEQL - - - -~ -~ - -
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Fig. 8. Aligned amino acid se-
quences of Mn- and Fe-SODs.
Sequences were obtained from the
SWISS-PLOT and DDBJ databases
and aligned using the program
CLUSTAL W (37). Positions are
numbered to correspond to the
sequence of SS-SOD. Residues
postulated to be metal-binding and
part of the substrate funnel are
indicated by asterisks (*) and +,
respectively. Residues that may
distinguish between Mn-, and Fe-
SODs are indicated by boxed let-
ters. The upper four sequences are
those of archaeal SODs. Abbrevia-
tions: Mn_, Mn-SOD; Fe., Fe-
SOD; E.coli, E. coli; B.stea, Bacil-
lus stearothermophilus; T.aqua,
Thermus aquaticus; C.eleg, Caeno-
rhabditis elegans; human, human
liver; P.aeru, Pseudomonas aeru-
ginosa; P.leio, Photobacterium leio-
gnathi; E.hist, Entamoeba histoly-
tica; S.solf, S. solfataricus; S.acid,
S. acidocaldarius; M.ther, Metha-
nobacterium thermoautotrophicum;
H.cuti, Halobacterium cutirubrum.
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the Y88F mutant is active only when it binds Fe, the
importance of F or Y at residue no. 88 for metal specificity
is not clear. The residues responsible for metal-binding in
archaeal SODs may differ from those in bacterial SODs.

Generally, aerobes and facultative anaerobes contain
Mn-SOD and/or Fe-SOD while anaerobes and micro-
aerobes possess Fe-SOD (29). While anaerobically grown
Bacteroides fragilis cells contain only Fe-SOD, oxygen-
stressed cells use the same apoenzyme to produce Mn-SOD
(30, 31). E. coli cells contain both Fe-SOD and Mn-SOD.
While Fe-SOD is synthesized in anaerobically and aero-
bically grown E. coli cells, the synthesis of Mn-SOD is
induced by exposure to oxygen or O, (32, 33). It is likely
that microorganisms prefer Mn-SOD to Fe-SOD in aerobic
environments. Iron usually exists in redox states of Fe?* or
Fe®*. Aqueous Fe?* is easily oxidized to Fe®* at biological
pH under aerobic conditions, and Fe®* reacts with H,O to
form insoluble ferric hydroxide. Iron is often a growth-
limiting nutrient in aerobic environments because of the
insolubility of Fe®**. In contrast, manganese can be easily
incorporated into SOD in aerobic environments because it
is soluble. Iron is only soluble in water as Fe*' under
anaerobic or acidic conditions. During the Archean era, the
oceans may have been deplete of oxygen allowing huge
amounts of aqueous Fe?' to exist (34, 35). In such an
Fe-rich environment, anaerobic organisms could have
acquired prototypes for Fe-containing enzymes, including
Fe-SOD. In the late Archean era, oxygenic photosynthetic
organisms such as cyanobacteria appeared and began to
release oxygen that likely caused a decrease in aqueous iron
and enforced further oxidative stress on anaerobic organ-
isms. During the late Archean and early Proterozoic eras,
environmental changes including a decrease in aqueous iron
and an increase in oxidative stress might have promoted
the evolution of Mn-SODs and cambislistic SODs from
Fe-SODs, and also incorporation mechanisms for insoluble
Fe’* such as siderophores (36). On the other bhand, the
oxidation of Fe?* to Fe** and the reaction of Fe** with H,O
to form ferric hydroxide are suppressed under acidic
conditions. Sulfolobus spp. inhabit sulfur-rich acidic hot
springs (6) where both Fe?* and Fe®* are soluble. Because
soluble iron is available, S. solfataricus produce Fe-SOD
easily in an aerobic environment. This may be one reason
why S. solfataricus possess Fe-SOD.

We thank Dr. Y. Shizuri of Marine Biotechnology Institute for helpful
suggestions. We thank Mr. M. Fukuda of Japan PerSeptive Co. Ltd.,
for MALDI-TOF Mass Spectrography.
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