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ABSTRACT Mn-containing superoxide dismutase (SodA;
superoxide:superoxide oxidoreductase, EC 1.15.1.1) biosyn-
thesis in Escherichia coli is regulated by several environmental
stimuli. The DNA sequence of sodA shows the presence of a
potential binding site for a regulatory protein(s) at the -35
region. To explore the possible role of this region in the
regulation of sodA, we used oligonucleotide-directed site-
specific mutagenesis to change the sequence of nucleotides -48
through -44 from 5'-GGCAT-3' to 5'-TTACG-3'. We studied
the effect ofthis altered sequence on the expression ofsodA. The
data showed that the altered sequence resulted in the consti-
tutive expression of the gene. Thus, E. coli harboring a plasmid
containing the mutated sodA gene (pSNM6) were uninducible
by paraquat in aerobiosis or by 2,2'-dipyridyl in aerobiosis or
anaerobiosis. Furthermore, a multicopy plasmid containing
the mutated sodA failed to titrate the repressor molecules
present in an E. coli strain carrying the sodA-lacZ fusion. In
contrast, multicopy plasmids containing the wild-type sodA
gene were able to titrate the repressor protein and to cause the
anaerobic induction of P-galactosidase in this sodA-acZ fusion
strain. These results indicate that the region within and around
the mutated sequence probably plays an important role in sod4
regulation and that the mutation disrupts a sequence that
interacts with the repressor.

Superoxide dismutases (superoxide:superoxide oxidoreduc-
tase, EC 1.15.1.1) are ubiquitous among aerobic and aero-
tolerant organisms. They constitute an essential component
of the biological defenses against oxygen toxicity (1-4).
Escherichia coli possesses three isozymic forms of superox-
ide dismutase (5): a manganese-containing enzyme (SodA;
ref. 6), an iron-containing enzyme (7), and a hybrid enzyme
containing both manganese and iron (8, 9).
The regulation of SodA biosynthesis in E. coli has been

extensively studied both in vivo and in vitro (9-21). Thus, the
enzyme is induced by: oxygen (5, 10), redox-active com-
pounds capable of generating superoxide radical in the pres-
ence of oxygen (11, 12), ferrous iron chelators under aero-
biosis or anaerobiosis (13, 14), nitrate under anaerobiosis (9,
15, 16), and several strong oxidants capable of positively
changing the redox potential of the cells (17). These findings
led us to propose that the synthesis of SodA in E. coli is
negatively regulated by an iron-containing trans-acting re-
pressor protein (RPFe) (9, 13). It is also proposed that the
redox state of the cells dictates the valence of the iron in
RPFe (i.e., RPFe2+/RPFe3+), which in-turn regulates the
synthesis of SodA (9, 13, 17). RPFe2+ is presumed to be the
active repressor, and the induction of the enzyme by oxygen,
nitrate, redox-cycling compounds, and various oxidants is
due to the oxidation ofRPFe2+ to RPFe3+. Recent in vivo and
in vitro findings (9, 17, 19-21) support this negatively con-
trolled transcriptional model.

The gene coding for SodA (sodA) has been cloned (22, 23)
and sequenced (23). The sequence shows the presence of an
almost perfect 19-base pair (bp) palindrome at the -35
region, which represents a potential binding site for a regu-
latory protein (23). A core consensus sequence within this
palindrome shows some but not extensive homology to
catabolite-gene activator protein (CAP) binding sites (23, 24).
Also, possible integration-host-factor (IHF) binding sites
have been identified within and around this palindrome (23,
25). IHF has been implicated as having a regulatory role in
gene expression (26). To explore the possible role of this
region in the regulation of sodA, we used oligonucleotide-
directed site-specific mutagenesis to change nucleotides -48
through -44 overlapping the IHF binding site and the 19-bp
palindrome, including the 5' end of one of the two inverted
repeats of the dyad region. The data presented in this report
indicate that the region in and around the 19-bp palindrome
plays an important role in sodA regulation.

MATERIALS AND METHODS
Materials. Methyl viologen (paraquat), 2,2'-dipyridyl, xan-

thine, xanthine oxidase, horse heart cytochrome c, RNase A,
tetracycline, puromycin, kanamycin, ampicillin, chloram-
phenicol, dextran sulphate, Tris, and o-nitrophenyl ,B-
D-galactoside were purchased from Sigma. Urea and phage
T4 DNA ligase were obtained from BRL. Restriction en-
zymes and the Klenow fragment of DNA polymerase were
from BRL, New England Biolabs, or Stratagene. T4 poly-
nucleotide kinase was purchased from Promega. Protein
encoded by gene 32 and dNTPs were from Pharmacia. The
sequencing kit was obtained from Stratagene. [y-32P]ATP
(3000 Ci/mmol; 1 Ci = 37 GBq) and adenosine 5'-[a-(35S)-
thio]triphosphate (500 Ci/mmol) were purchased from New
England Nuclear. NEF-978 colony/plaque screens were
from DuPont/NEN research products. The 28-mer oligonu-
cleotide used in site-directed mutagenesis, 3'-TTTTCAT-
GAATCATGAATCACTATTAGTAAAAGT-5', was syn-
thesized and purified by the Molecular Biology Center,
Genetics Department, at North Carolina State University.

Bacterial Strains and Plasmids. E. coli XLI-Blue (Strata-
gene) strain endAl, hsdRJ7 (rjj, mj), supE44, thi-1, A-,
recAl, gyrA96, relAl, A(lac), [F',ProAB, lacIqZ, AM15,
TnlO (tetracycline resistance)]; QC779, a mutant E. coli
strain (sodA sodB) (27); and QC772 (27), a sodA-lacZ fusion
strain, were used throughout this study. pDT1-5 (22) was
kindly provided by D. Touati (University of Paris VII).
Bluescript SK(-) plasmid and VCSM13 phage were obtained
from Stratagene.

Construction of pSN(-)4. sodA gene was isolated by di-
gesting pDT1-5 with Ava I and purifying the sodA (1.05 kb)

Abbreviations: SodA, Mn-containing superoxide dismutase; IHF,
integration-host-factor; LB broth, Luria-Bertani broth; Fur, ferric
uptake-regulation protein.
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gene on N-45 DEAE membrane. The gene was cloned into
Bluescript SK(-) plasmid at the Xho I-Sma I site by digest-
ing the vector with Ava I (Fig. 1). The orientation of the gene
in plasmid pSN(-)4 and the sequence of the 5' untranslated
region was determined by dideoxy sequencing (28). Plasmid
DNA was isolated by the method of Birnboim and Doly (29).

Construction of pSNM6. Oligonucleotide-directed site-
specific mutagenesis was carried out as described by Zoller
and Smith (30) as modified in the Stratagene protocol. Fifty
nanograms of the synthetic 28-mer oligonucleotide was phos-
phorylated by mixing with 2 Al of lOx kinase buffer (in
Stratagene protocol), 2 /l of 10 mM ATP, and 4 units of T4
polynucleotide kinase in a 20-Al reaction mixture and was
incubated at 370C for 1 hr. The phosphorylated primer was
annealed to 1 ,.g of single-stranded pSN(-)4 template DNA
by incubating at 650C for 10 min and was allowed to cool to
room temperature for 5 min. Primer extension and ligation
was carried out in a final volume of 40 Al by adding 2 jul of
each dNTP at 2.5 mM, 4 Al of 10mM ATP, 4 /4 oflOx ligation
buffer (in Stratagene protocol), 4 ,g of gene 32 protein, 1.5
units ofKlenow fragment, and 4 units ofT4DNA ligase to the
annealing mixture. This synthesis reaction was carried out at
room temperature for 4 hr. Competent XL1-B cells were
transformed with 10 ,l of the synthesis reaction mixture
containing the heteroduplex DNA and were plated on Luria-
Bertani (LB) broth (pH 7.3), containing ampicillin at 500
,ug/ml. Colonies were transferred in duplicate onto NEF-978

BamH I

colony screen filters, and duplicate filters were made. The
28-mer synthetic oligonucleotide was 5'-end-labeled by using
100 ,uCi of [y-32P]ATP (3000 Ci/mmol) and was used for
hybridization and identification ofthe colonies that contained
a mixture of homoduplex mutant and parent pSN(-)4 plas-
mids. Colony hybridization was carried out as described (31,
32). The colonies containing homoduplex mutant plasmid
(pSNM6) were recovered by a second screen of XLI-Blue
cells transformed with DNA isolated from a positive colony
from the first screen. DNA from these putative homogeneous
mutant colonies was sequenced to confirm the site-directed
mutation.
Media and Growth Conditions. E. coli cultures were grown

in LB broth (pH 7.3) containing per liter 10 g of Bacto-
tryptone (Difco), 5 g of yeast extract (Baltimore Biological
Laboratory), and 10 g of NaCl. Media were supplemented
with sterile MnCl2 to a final concentration of 1 mM to provide
sufficient Mn cofactor needed under highly induced condi-
tions. Under anaerobic growth conditions, 0.5% glucose was
added to LB broth to provide a fermentable carbon source.
Ampicillin (500 ,g/ml), chloramphenicol (20 ug/ml), tetra-
cycline (10 ,g/ml), kanamycin (70 ,ug/ml), and puromycin
(150 ,g/ml) were used as needed. Aerobic and anaerobic
growth conditions were essentially the same as described (9,
13, 17).

Assays. Cells were harvested at 4°C by centrifugation, and
cell-free extracts were prepared as described (9). Protein was
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FIG. 1. Construction of pSN(-)4.
sodA was isolated by digesting pDT1-5
with Ava I and was purified as de-
scribed. The gene was cloned in Blue-
script SK(-) plasmid at the Xho I-
Sma I site by digesting the vector with
Ava I.
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assayed by the method of Lowry et al. (33). Superoxide
dismutase was assayed by the cytochrome c method (1).
Superoxide dismutase activity was visualized by using the
nitro blue tetrazolium method (34) after separation of the
proteins by electrophoresis on 10o polyacrylamide gels (35).
,8-Lactamase was assayed as described (36). ,3-Galactosidase
was assayed as described by Miller (37). Proteins were
separated by electrophoresis on sodium dodecyl sulfate
(SDS)/10% polyacrylamide gels (38) and immunoblotted
(39). Antiserum prepared against pure SodA was a gift of D.
Clare (Department of Animal Science, North Carolina State
University). The peroxidase conjugate of goat anti-rabbit
immunoglobulin was purchased from Cappel/Cooper Bio-
medical. SodA bands were visualized indirectly by staining
for peroxidase activity (40).

RESULTS
Sequence of the 5'-Untranslated Region of sod4 from pSN-

(-)4 and pSNM6. It was imperative that the sodA gene
subcloned form pDT1-5 into pSN(-)4 have the identical 5'
untranslated sequence as that published for sodA from
pSOD-1 (23). Indeed, this was the case. Fig. 2 shows a partial
sequence of sodA from pSN(-)4 from nucleotide -59
through nucleotide + 1, involving the IHF binding site and the
19-bp palindrome. Oligonucleotide-directed site-specific mu-
tagenesis was used to alter the sequence of nucleotides -48
through -44 as described. DNA isolated from colonies
containing the homoduplex mutant plasmid pSNM6 was
sequenced to confirm the desired mutation in nucleotides
-48 through -44 from 5'-GGCAT-3' to 5'-TTACG-3' (Fig.
2).

Effects of Paraquat and 2,2'-Dipyridyl on the Aerobic Syn-
thesis of SodA from pSNM6. In aerobically grown wild-type
E. coli, the synthesis of active SodA is induced by the
presence of ferrous iron chelators (13, 14) or by redox-active
compounds capable of exacerbating the intracellular flux of
superoxide radicals (11, 12). The inductive effects of these
compounds were shown to be at the transcriptional level (9,
12, 13, 19).

In this study, we compared the expression of SodA from
the wild-type gene cloned in plasmid pSN(-)4 and from the
mutant gene present in plasmid pSNM6. We reasoned that,
if the mutated region ofpSNM6 were indeed in or around the
proposed (9, 13, 23) cis-acting regulatory site, then the
expression of SodA from the mutant gene would be different
from that of the wild-type gene.
We used E. coli strain QC779 (27), which lacks both SodA

and the iron-containing superoxide dismutase, as a host for
the plasmids carrying the wild-type or the mutant sodA gene.
Thus, in this null background, the activity of SodA reflects
the enzyme expressed from the plasmid introduced into the
host strain. Plasmid pDT1-5, which carries wild-type sodA
and 3.75 kilobases (kb) of adjacent chromosomal genes from
E. coli K-12, was included for comparison. The effects of
paraquat (0.1 mM) and 2.2'-dipyridyl (1 mM) on the aerobic

Table 1. Aerobic expression of SodA from E. coli (QC779)
harboring plasmid pDT1-5, pSN(-)4, or pSNM6 in
response to added paraquat or 2,2'-dipyridyl

SodA, units/mg
Strain (plasmid) LB LB + PQ LB + 2,2'-dipyridyl
QC779 0 0 0
QC779 (pDT1-5) 96 458 256
QC779 [pSN(-)4] 362 1733 1143
QC779 (pSNM6) 715 739 723

Overnight cultures grown in LB broth (LB) containing 1 mM
MnCl2 plus the appropriate antibiotics (chloramphenicol, 20 ,ug/ml;
ampicillin, 500 ;Lg/ml) were used to inoculate fresh prewarmed
medium of the same composition to an initial OD6No = 0.05. Paraquat
(PQ) (0.1 mM) or 2,2'-dipyridyl (1.0 mM) were added when the OD600
of the cultures reached 0.1. Cultures were allowed to grow to an
OD6w0 = 1.0 before cells were harvested and cell-free extracts were
prepared and assayed for SodA, which is expressed in units per mg
of soluble cellular proteins.

expression of SodA by E. coli QC779 transformed with
pDT1-5, pSN(-)4, or pSNM6 are shown in Table 1.
The data in Table 1 clearly indicate that sodA in pDT1-5

and pSN(-)4 was inducible by paraquat and by 2,2'-dipyridyl
as expected (9, 13, 19), whereas the mutant sodA in pSNM6
was not inducible by either of these known inducing agents.
In all cases, boiling the samples for 5 min resulted in complete
loss of SodA activity, thus ensuring the absence of free (i.e.,
unchelated) Mn2+ in the dialyzed samples, which is known to
interfere with the assay for superoxide dismutase (41). The
expression of SodA, in the absence of added inducing agents,
was much higher from plasmid pSNM6 than from either
pSN(-)4 or pDT1-5. It is also interesting to note that the
expression of SodA from plasmid pSN(-)4 was consistently
about 4-fold higher than that expressed from plasmid pDT1-5,
possibly related to differences in their copy number. Previous
studies have shown that the level of ampicillin resistance
(expressed as P-lactamase, the product of bla gene) is directly
proportional to the copy number of the gene (42). Therefore,
we determined the specific activity of j-lactamase in QC779
harboring each of the plasmids and found that 3-lactamase
was expressed 2.5 + 0.2-fold higher from cells harboring
pSN(-)4 orpSNM6 than from cells harboring pDT1-5 (L. W.
Schrum and H .M.H., unpublished data). These relative copy
numbers for plasmids pSN(-)4/pDT1-5 as depicted from the
level of 8-lactamase expression agreed well with the relative
copy numbers reported for pUC/pBR322-derived plasmids
(43).

Anaerobic Expression of SodA from pSNM6: Effect of
2,2'-Dipyridyl. Previous studies have shown that sodA gene
is repressed under normal anaerobic growth (5, 9, 13, 17, 19).
Immunoblot (Western blot) analysis of cell-free extracts
prepared from anaerobically grown cells demonstrated the
absence of SodA antigen (17, 27). Ferrous iron chelators and
strong oxidants have been shown to induce the synthesis of
SodA under anaerobic conditions (9, 13, 14, 17).

Iron Box
TTACG

-50 t Ittt -30 -20 -10 +1
5'ACGAAAAGTA CGGCATTG ATAATCAATILCA ATATCATTT AATTAAC1I T AATGAACCAA3'

-35 -10

FIG. 2. Nucleotide sequence of the 5' region of sodA. Only nucleotides -59 to +1 (23) are listed. The +1 nucleotide designates the start
point of transcription. The -35 and -10 regions are boxed. Arrows indicate the 19-bp palindrome. The IHF- and Fur (iron box)-binding sites
are bracketed. Underlined nucleotides (-48 through -44) indicate the nucleotides changed in plasmid pSNM6 by site-specific mutagenesis.
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Table 2. Anaerobic expression of SodA
SodA, units/mg

Strain (plasmid) LB LB + 2,2'-dipyridyl

QC779 0 0
QC779 (pDTI-5) 7.0 23.0
QC779 [pSN(-)4] 112.0 212.0
QC779 (pSNM6) 156.0 186.0

Anaerobic LB broth (LB) supplemented with glucose (0.5%),
MnCI2 (1 mM), and chloramphenicol (20 Ag/ml) was used for growth.
Ampicillin (500 /ig/ml) was added to cultures transformed with the
different plasmids. Overnight cultures (15-17 hr) were used at 1% to
inoculate fresh prewarmed medium of the same composition. 2,2'-
Dipyridyl (1 mM) was added when the OD600 reached 0.1. Cultures
were harvested in late logarithmic phase of growth (6-7 hr). Puro-
mycin (150 ,ug/ml) was added before the flasks were stoppered and
removed from the anaerobic chamber, Cells were harvested, and
cell-free extracts were prepared and assayed.

In the present study, E. coli QC779 transformed with
pDT1-5, pSN(-)4, or pSNM6 were grown anaerobically and
tested for the expression ofSodA in response to the presence
or absence of 2,2'-dipyridyl (Table 2). The data clearly show
that the presence ofmulticopy plasmids harboring a wild-type
sodA gene [i.e., pDT1-5 and pSN(-)4] resulted in the anaer-
obic expression ofSodA in the absence of 2,2'-dipyridyl. The
presence of pDT1-5 in the cells resulted in the synthesis of
active SodA (7 units/mg of protein), whereas the presence of
pSN(-)4 resulted in a further 16-fold increase in the expres-
sion of the enzyme. The anaerobic expression of sodA in
response to the presence of these multicopy plasmids, pDT1-
5 and pSN(-)4, that harbor the wild-type gene is presumably
due to their capacity to neutralize the limited number of
repressor molecules normally present in the cell (9, 19). The
data also indicate that pSN(-)4 is more efficient than pDT1-5
in neutralizing the repressor molecules, probably because of
its higher copy number per cell. Furthermore, the addition of
2,2'-dipyridyl to cells harboring pDT1-5 or pSN(-)4 resulted
in a further 2- to 3-fold increase in the anaerobic expression
of active SodA (Table 2). On the other hand, cells harboring
the mutant plasmid pSNM6 showed a higher level of expres-
sion of SodA that was not significantly affected by the
presence of 2,2'-dipyridyl (Table 2). Data in Fig. 3 show that
the amount of active SodA expressed by cells harboring
plasmids pDT1-5, pSN(-)4, or pSNM6 correlates with the
amount of SodA antigen present in the cells.
Plasmid pSNM6 Does Not Neutralize the sodA Repressor.

The above results suggest that the mutational changes intro-
duced in plasmid pSNM6 must have altered the cis-acting
regulatory site of sodA in a fashion that rendered the gene to
be constitutively expressed under aerobic and anaerobic
growth conditions. To strengthen this conclusion, we de-
signed an experiment to demonstrate that the anaerobic
expression of SodA from plasmid pSNM6, unlike pDT1-5 or

A

FIG. 3. Anaerobic expression i

of anaerobic cell-free extracts (
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2, QC779 (pDT1-5); 3, QC779 [pSIS
E. coli SodA. (B) SodA activity sl
(100 ,Ag of protein in lanes 1-4 and
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Table 3. Effect of pSNM6 on the anaerobic expression of /8-
galactosidase (3-Gal) in the sodA-4acZ fusion strain

OD6w p-Gal,
Strain (plasmid) at 2 hr units per OD600
QC772 0.27 20.0
QC772 (pDT1-5) 0.48 26.0
QC772 [Sk(-)] 0.47 11.0
QC772 [pSN(-)4] 0.33 173.0
QC772 (pSNM6) 0.40 18.0

E. coli QC772 carrying the sodA-4acZ fusion was transformed with
pDT1-5, pSN(-)4, pSNM6, or Sk(-) (the vector in pSN plasmid).
Growth conditions were the same as in Table 2. Samples were taken
at different time intervals and assayed for growth (OD(,6) and
/3-galactosidase (37). Only data from the midlogarithmic phase of
growth (2 hr) are presented for briefness.

pSN(-)4, is not due to the neutralization of the repressor
molecules. We used an isogenic strain ofE. coli that contains
a chromosomal sodA-lacZ fusion (27). In this strain, the
expression of 83-galactosidase is under the control ofthe sodA
promoter, and induction of p-galactosidase faithfully mimics
that of SodA (19). Thus, in this strain (QC772), ,B-
galactosidase is not expressed in anaerobiosis; and the pres-
ence of plasmid pDT1-5 results in low expression of 1B-
galactosidase (19).
We therefore reasoned that, if indeed, the mutation in

plasmid pSNM6 has altered the binding site for the repressor
protein, then its presence in the sodA-lacZ fusion strain
would not titrate the repressor and therefore should have no
effect on the anaerobic expression of/3-galactosidase. On the
other hand, pSN(-)4, which has the intact wild-type se-
quence in the postulated regulatory region, should be able to
titrate the repressor and therefore cause the anaerobic in-
duction of 83-galactosidase. Indeed, this was the case. Data in
Table 3 indicate clearly that under anaerobic conditions the
sodA-lacZ fusion strain harboring pDT1-5 showed a slight
induction of P-galactosidase, whereas the presence of
pSN(-)4 caused a dramatic 8- to 9-fold induction of the
enzyme. The data also suggest that because of the higher
copy number per cell of pSN(-)4 vs. pDT1-5, pSN(-)4 was
more efficient in titrating the repressor molecule and caused
a greater expression ofsodA-acZ gene product. On the other
hand, both the mutant plasmid (pSNM6) and its vector
[SK(-)] were unable to induce 3-galactosidase under anaer-
obiosis (Table 3).

DISCUSSION
The biosynthesis of SodA in E. coli is under rigorous and
complex control. The enzyme is induced by conditions
known to increase the intracellular flux of superoxide (5,
10-12), to deplete the concentration of iron available to the
cells (13, 14), or to cause a positive change in the redox status
-C+U_ --1r In 117 AA1 TM_ _o,+C: Q _ A ;- -I--lbonOI me ceLns v, i /, 44). ne syntnesis O0 boaA iS aliSo suJect

B to glucose effect (45) and to modulation by changes in the
specific growth rate of the organism (46). Furthermore, the

1 2 3 4 5 6 regulation of the sodA gene in E. col is independent of the
inducible DNA repair system (SOS) (47), the oxidative stress
regulon (oxyR) (19, 48), and the heat-shock regulon (htpR)
(19,49). Moody and Hassan (13) proposed a regulatory model
based on a negatively controlled operon, in which a redox-
sensitive iron-containing protein is proposed to play the role

ofSodlA.(A) Westernblotanalysis of a trans-acting repressor. The same observations were
15 Ag of protein per lane) after explained by another model based on autogenous regulationyacrylamide gel. Lanes: 1, QC779; (14). Support for the first model comes from the following
i(-)4]; 4, QC779 (pSNM6); 5, pure observations: (i) cell-free extracts from anaerobically grownLain of anaerobic cell-free extracts cells do not contain SodA antigen (17, 27); (ii) active SodA is

1-5); 3 and 5, QC779 [pSN(-)4]- 4 induced anaerobically by the addition of isopropyl D-
thiogalactopyranoside to a strain of E. coli containing a
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ptac-sodA operon fusion (19); (iii) 8-galactosidase is induced
by paraquat, oxygen, and iron chelators in a strain carrying
a sodA-lacZ fusion (19); (iv) the introduction of a multicopy
plasmid harboring sodA gene into wild-type E. coli (9) or into
a sodA-lacZ fusion strain (19) causes the expression of SodA
or f3-galactosidase, respectively; and (v) the nucleotide se-

quence of sodA indicates the possible presence of a potential
binding site for a regulatory protein at the -35 region (23).
The data presented here show that alterations in nucleotide

-48 through -44, which are within and near the 19-bp
palindrome in the sodA gene sequence, resulted in constitu-
tive expression of active SodA. Thus, the mutated sodA gene
was not inducible by paraquat or by 2,2'-dipyridyl in aero-

biosis (Table 1) or by 2,2'-dipyridyl under anaerobic condi-
tions (Table 2). Furthermore, a multicopy plasmid harboring
the mutated sodA gene (pSNM6) was unable to titrate the
repressor molecules present in a E. coli strain carrying the
sodA-lacZ fusion, in contrast to plasmids [pDT1-5 and
pSN(-)4] harboring the wild-type gene (Table 3). These
results indicate that the region within and around the mutated
sequence probably plays an important role in sodA regulation
and that the mutation disrupts a site necessary for repressor/
operator interactions. Furthermore, the aerobic expression
of active SodA by cells harboring the mutant plasmid
(pSNM6) was 4.6 times higher than that obtained anaerobi-
cally (Tables 1 and 2). This could be due to the presence of
other regulatory elements or due to posttranslational control.
Indeed, a recent report (19) suggests that sodA may also be
under positive transcriptional control by superoxide radical.
Thus, results reported herein do not rule out the possibility
that sequences besides the ones we changed could contribute
to the regulation of sodA.

It is interesting to note that the mutated region overlaps an
IHF binding site (i.e., nucleotides -51 through -39) (23, 25).
The physiological role of IHF in E. coli is not clear, but it has
been shown to modulate the expression of several bacterial
and viral genes (26, 50). Further studies into the role of IHF
in the regulation of SodA biosynthesis are under way and
should greatly add to our understanding of controls over
sodA.
The product of thefur (ferric iron uptake regulation) gene,

Fur, negatively controls the transcription of many genes
required for the synthesis of iron siderophores in E. coli (51,
52). Since the synthesis of SodA is derepressed by iron
limitation (13, 14, 19), we compared the 5' region ofsodA with
the sequences of Fur-binding sites (53). A strong Fur-binding
consensus sequence (iron-box) was identified within the
19-bp palindrome (see Fig. 2) of sodA gene. However, we
found that the expression ofsodA is not affected by mutations
in the fur gene and that SodA is equally induced infur- and
fur' strains of E. coli by the addition of paraquat or 2,2'-
dipyridyl to the growth medium (J. R. Schiavone and
H.M.H., unpublished results). Similar findings have been
reported, and it was concluded that the regulation of sodA is
independent of the fur regulon (54). In conclusion, the
present findings corroborate our proposed model for the
regulation of sodA gene (9, 13) by showing the existence of
a cis-acting regulatory site at the -35 region of sodA.
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