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Expression of superoxide dismutases (FeSOD and MnSOD) and catalases by laboratory strains of Pseudo-
monas aeruginosa is modulated by exogenous factors. Whether clinical isolates behave similarly and whether
antioxidant enzyme expression influences P. aeruginosa virulence remain unclear. Fifty-seven P. aeruginosa
blood culture isolates, plus seven pairs of blood and local-site isolates, were examined for FeSOD, MnSOD, and
catalase production in vitro. Under iron-replete growth conditions FeSOD and catalase activities were maxi-
mized. MnSOD was not detected. FeSOD and catalase activity decreased under iron-limited growth conditions,
whereas MnSOD activity appeared. SOD and catalase activity did not change with site of isolation or by
patient. MnSOD could not be expressed by one isolate due to a missense mutation in sod4 that produced a
premature stop codon. Eleven percent of the isolates expressed a novel, rapidly migrating MnSOD that was
associated with missense mutations in the normal stop codon of sod4. We conclude that clinical P. aeruginosa
isolates vary little in FeSOD and catalase expression. Some strains produce a newly described MnSOD variant,
whereas one is deficient in MnSOD production. The absence of MnSOD expression in a P. aeruginosa strain
causing invasive human disease indicates that MnSOD is probably not essential for P. aeruginosa virulence.

Pseudomonas aeruginosa is an important cause of nosoco-
mial pneumonia, burn wound infections, and urinary tract in-
fections, some of which lead to bacteremia and septic shock
(19). As a by-product of its aerobic metabolism, as well as
through interaction with host phagocytic cells, P. aeruginosa is
exposed to endogenous and exogenous fluxes of cytotoxic ox-
idants such as superoxide (O, ) and hydrogen peroxide
(H,0,) (7). Like many other bacteria, P. aeruginosa possess
antioxidant enzymes such as the superoxide dismutases (SOD)
and catalase, which catabolize O, and H,O,, respectively (4,
7, 12, 18). P. aeruginosa expresses two forms of SOD, one in
which Mn is present at the active site (MnSOD) and another in
which iron serves this function (FeSOD) (7, 12, 18). Recent
studies have shown that a variety of exogenous factors modu-
late expression of the SODs and catalase in P. aeruginosa (4, 7,
9, 17). For example, in the presence of relatively high concen-
trations of extracellular iron, FeSOD is preferentially ex-
pressed, whereas under iron-limited conditions, expression of
FeSOD decreases and MnSOD is produced (7).

With limited exceptions, information regarding the nature
and regulation of antioxidant enzymes in P. aeruginosa has
been derived from studies of laboratory strains. There have not
been extensive studies of these enzymes in clinical isolates of
this organism. This raises the possibility that levels of one or
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more or these enzymes could differ between isolates causing
local infection and those leading to septicemia. In addition,
regulation of these enzymes could differ or novel forms of one
or more of the enzymes could exist among P. aeruginosa strains
causing human infection.

Given these possibilities, we examined the expression of
FeSOD, MnSOD, and catalase in a group of P. aeruginosa
strains isolated from the urinary tracts, respiratory tracts, and
blood of infected patients. Comparisons were made among
isolates from different patients as well as between those iso-
lated from a localized site of infection and from the blood of
the same patient. In the process, we identified a potentially
novel form of MnSOD in some of the clinical isolates.

(This work was presented in abstract form at the Pseudo-
monas '99: Biotechnology and Pathogenesis meeting of the
American Society for Microbiology, Maui, Hawaii, 4 Septem-
ber 1999.)

MATERIALS AND METHODS

Organisms studied. Clinical strains of P. aeruginosa were selected in a random
fashion from banked isolates in the collection of the Clinical Microbiology
Laboratory of the University of Iowa Hospitals and Clinics. These consisted of 57
bloodstream isolates from separate patients as well as pairs of blood and local-
site (urine [4 patients], respiratory tract [2 patients], and tissue biopsy specimen
[1 patient]) isolates from 7 patients. P. aeruginosa strain PAO1 (ATCC 15692;
American Type Culture Collection, Manassas, Va.) was used as a reference
strain.

Culture conditions. Each isolate was passed on tryptic soy agar plates at 37°C.
Colonies were then transferred from the plate to one of two broth media, tryptic
soy broth (TSB) or succinate medium, for growth under iron-rich or iron-
depleted conditions, respectively (6, 7). Organisms were inoculated into the
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FIG. 1. Native (nondenaturing) PAGE analysis demonstrating SOD and catalase activities and migration patterns for P. aeruginosa (PA) strains
grown to log phase in TSB. Shown are SOD activities (A) and catalase activities (B) of the PAO1 laboratory strain, three separate bloodstream
isolates, and paired local and bloodstream isolates taken from the same patient. Also shown on the far left of each gel is a positive control: E. coli
FeSOD (A) or bovine catalase (B). Results are representative of those obtained with all of the clinical isolates examined (71 for SOD and 41 for

catalase). Std., standard.

broth and grown to mid-logarithmic phase, as determined by monitoring of the
optical density at 600 nm, 3 to 4 h for TSB and overnight for succinate medium.
Then organisms were pelleted by centrifugation (at 2,500 X g for 10 min). The
supernatant was discarded, and the bacterial pellet was then suspended in 50 mM
potassium phosphate (KP;) (pH 7.8) (1). Bacteria were lysed by a combination of
sonication (30 s, three times) and two freeze-thaw cycles using either liquid N, or
a —80°C freezer (minimum cycle, 30 min). The sample was centrifuged at
13,000 X g for 10 min to remove cellular debris. The supernatant was then
removed and frozen at —80°C until needed. These frozen samples were not
subjected to more than three to four additional freeze-thaw cycles so as to
maintain antioxidant enzyme activity.

Staining for antioxidant enzyme activity using native-protein polyacrylamide
gel electrophoresis (PAGE). Proteins contained in bacterial cell extracts were
separated by electrophoresis on 8% (for catalase) and 12% (for SOD) nonde-
naturing polyacrylamide minigels. Prior to application of the sample, a current
was applied to each gel in the presence of Tris (187.5 mM) and EDTA (1 mM)
to remove oxidants (e.g., ammonium persulfate) which might alter enzyme ac-
tivity. Bacterial extracts were then separated by electrophoresis in the presence
of Tris (50 mM), glycine (300 mM), and EDTA (1.8 mM) at a constant current
(40 mA) for 2 to 3 h. Gel lanes were loaded with 7.5 X 10° and 4.5 X 108
bacterium equivalents for SOD and catalase determinations, respectively. SOD
activity was then determined as previously described (21). Briefly, following
electrophoresis, gels were placed in the dark and soaked in a SOD staining
solution containing riboflavin (0.028 mM), nitroblue tetrazolium (0.25 mM),
EDTA (1 mM), and N,N,N',N'-tetramethylethylenediamine (TEMED) (28 mM)
in 50 mM KP; (1, 2). After 45 min of incubation, the staining solution was
removed and replaced with 50 mM KP;. Gels were then exposed to light. Areas
of SOD activity appeared as achromatic bands on a blue background (1). Each
gel contained purified Escherichia coli MnSOD or FeSOD as a positive control.
For analysis of catalase, following electrophoresis, gels were extensively rinsed
with double-distilled water. After they were soaked for 10 min in 0.003% H,O,,
a staining solution consisting of 2% potassium ferricyanide and 2% ferric chlo-
ride was added (21). Areas of catalase activity appeared as clear (negative-
staining) bands on a blue-green background (21). The enzyme activities of the
samples were quantitated and compared by gel spectrometry for both SOD and
catalase using a Shimadzu (Kyoto, Japan) model CS-9000 densitometer system.
Note that the E. coli MnSOD, FeSOD, and catalase standards were included to
demonstrate the specificity of the activity determinations and are not present to
confirm the electrophoretic mobility of a given activity.

DNA sequence analysis. DNA sequences comprising the sod4 gene, which
encodes MnSOD, were determined as previously described (12) by PCR on
double-stranded DNA derived from individual P. aeruginosa strains.

Removal and replacement of metal at the active site of MnSOD. Metal was
removed from, and restored to, the active site of MnSOD as previously described
(3). Briefly, bacteria were grown in iron-limited succinate medium for 72 h at
37°C. Each culture (approximately 30 ml) was centrifuged at 2,000 X g for 30

min. Bacterial pellets were resuspended in 5 mM sodium phosphate at a con-
centration of approximately 6 X 10'' organisms/ml and then sonicated on ice.
Samples were then centrifuged at 16,000 X g for 15 min. Supernatants were
decanted, and the pellet was discarded. At this point samples could be stored at
—70°C with no noticeable loss of enzymatic activity. Samples were then divided
into aliquots, with one aliquot saved at each step of the following procedure.
Samples were dialyzed overnight at 4°C against a solution of 5 mM Tris HCI (pH
3.8) containing 20 mM 8-hydroxyquinoline, 2.5 mM guanidine HCI, and 0.1 mM
EDTA. This removed the metal from the active site of MnSOD. To restore
activity, samples were dialyzed overnight at 4°C following two changes of 5 mM
Tris HCI (pH 7.8) containing 0.1 mM MnCl,. This was followed by dialysis
overnight with three solution exchanges against 5 mM Tris HCI (pH 7.8) con-
taining 0.1 mM EDTA. The resulting samples were then assayed for SOD activity
using the native gel electrophoresis system described above.

Ribotyping. Ribotyping was performed on clinical P. aeruginosa isolates using
the RiboPrinter Microbial Characterization System (Qualicon, Wilmington,
Del.) according to the manufacturer’s protocol and as described by Hollis et al.
(13). In brief, colonies were streaked for growth on brain heart infusion agar
plates. Cells were suspended in lysis buffer, lysing enzymes were added, and the
tubes were placed in the RiboPrinter system. Within the Riboprinter, cells were
lysed and the DNA was digested with Pvull restriction enzyme. The restriction
fragments were then separated by electrophoresis and transferred to nylon mem-
branes. A chemiluminescent-labeled nucleic acid probe containing the rRNA
operon (rnB) from E. coli was hybridized to the DNA on the membrane. The
chemiluminescent patterns were electronically imaged and analyzed using the
RiboPrinter Microbial Characterization System computer. Assignment to a par-
ticular ribogroup was based on differences in both band position and the signal
intensity of each band. Isolates were considered to represent different ribotypes
if the coefficient of similarity was <0.9 (13).

Guidelines. All work was conducted in accordance with the guidelines for the
conduct of clinical research of the United States Department of Health and
Human Services and the institutional policies of the Department of Veterans
Affairs and the University of Iowa.

RESULTS

Expression of antioxidant enzymes by isolates grown in
iron-replete medium. Consistent with previous work using lab-
oratory strains (7), when patient-derived P. aeruginosa isolates
were grown in TSB, which provides ample amounts of exoge-
nous iron, and subjected to native gel electrophoresis, a single
band of SOD activity (71 isolates examined) or catalase activity
(KatA [41 isolates examined]) was observed by enzymatic anal-
ysis (Fig. 1A and B, respectively). This SOD activity reflected
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FIG. 2. Native (nondenaturing) PAGE analysis of SOD and catalase activities and migration patterns for P. aeruginosa (PA) strains grown to
log phase in TSB compared to those for strains grown in succinate medium (SM). Shown are SOD activities (A) and catalase activities (B) of the
PAOI1 laboratory strain, two distinct bloodstream isolates, and a urine isolate. Also shown on the far left of each gel is a positive control: E. coli
FeSOD (A) and bovine catalase (B). Note that the MnSOD activity of the second blood isolate runs lower than those of the other three P.

aeruginosa strains. Std., standard.

the presence of FeSOD rather than MnSOD, as demonstrated
by both its electrophoretic mobility and its ability to be inhib-
ited by H,O, (data not shown) (7, 24). No difference in FeSOD
or catalase activity was seen between isolates from different
patients or from different sites of infection in the same or
different patients (Fig. 1).

Expression of antioxidant enzymes in organisms grown un-
der iron-limited conditions. Consistent with previous results
with other strains (7, 18), growth of each of the 71 clinical
isolates in succinate-based (iron-limited) medium yielded a
near-100% decrease in expression of FeSOD (Fig. 2A) and a
36 to 56% decrease in catalase activity (Fig. 2B). The loss of
FeSOD activity was accompanied by the appearance of a new
band of SOD activity which migrated into the gel more slowly
and which paralleled a band known to represent MnSOD in
strain PAO1 (Fig. 2A). These bands were resistant to inacti-
vation by H,O, (data not shown), confirming that they were
due to MnSOD activity (7).

Surprisingly, five of the P. aeruginosa isolates from the 63
individual patients exhibited MnSOD activity which consis-
tently migrated into the gel slightly faster than those of the
other isolates (Fig. 3). The higher band was not observed, and
this activity was again resistant to inactivation by H,O, and
NaCN (data not shown). Regardless of whether the lower or
higher migrating band of MnSOD was expressed, the magni-
tudes of MnSOD activity among the isolates appeared similar.
In addition to the strains expressing the aberrant form of
MnSOD, one isolate failed to demonstrate any evidence of
MnSOD activity in spite of the near-disappearance of FeSOD
(data not shown).

No epidemiologic link among the isolates expressing the
atypical MnSOD could be ascertained. Ribotyping analysis
revealed them to be different P. aeruginosa strains (Fig. 4).

Aberrant MnSOD enzyme expression does not reflect alter-
nate metal insertion at the active site. MnSOD is a ho-
modimer. In E. coli (3), P. aeruginosa (7), and Staphylococcus
aureus (5), Fe can be inserted in place of Mn into the active site
of one or both of the enzyme monomers. Substitution of Fe is

associated with a loss of enzyme activity of that component of
the holoenzyme, i.e., homodimers with one Fe atom and one
Mn atom have 50% SOD activity, and if both monomers have
Fe in place of Mn, the enzyme has no activity (3, 5, 7). Relevant
to the aberrant MnSOD we observed in some of the P. aerugi-
nosa strains, it had previously been shown that in E. coli when
one of the two Mn atoms are replaced with Fe, the enzyme
migrates further into native gels than the fully Mn loaded
enzyme (3). This suggested the possibility that the aberrant
MnSOD we observed in the P. aeruginosa strains was due to
the unique expression of an Fe-Mn hybrid enzyme. In order to
address this possibility, we employed a previously described
technique in which metals could be removed from and then
selectively reinserted into the active site of the MnSOD pro-
tein (3, 5, 7). We reasoned that if the aberrant enzyme re-
flected an Fe-Mn hybrid, if we removed the metals from the
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FIG. 3. Native (nondenaturing) PAGE analysis of SOD activities
of P. aeruginosa (PA) strains grown to log phase in succinate medium.
Shown are results with the PAO1 strain, three distinct blood culture
isolates, and two groups of paired blood and local tissue isolates. Also
shown on the far left is SOD activity resulting from the presence of E.
coli FeSOD, which was included as a positive control. Std., standard.
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FIG. 4. Normalized Pvull riboprint patterns of the five isolates of
P. aeruginosa demonstrating aberrant MnSOD expression. These iso-
lates were ribotyped with the RiboPrinter Microbial Characterization
System (Qualicon). Relative molecular sizes are given on the right.

active site and then reloaded the protein under conditions in
which only Mn was present, the migration pattern of the en-
zyme would return to that of the wild type. As shown in Fig.
5A, we were able to remove the metals and then restore Mn to
the active site of the enzyme with a return of activity. However,
this had no effect on the migration pattern of the aberrant form
relative to that of the wild type (Fig. 5B). Thus, the aberrant
form of MnSOD does not appear to be due to formation of an
Fe-Mn hybrid.

Analysis of the sod4 genes of bacteria with altered MnSOD
electrophoretic profiles. The altered migration pattern and/or
absence of expression of MnSOD in some of the P. aeruginosa
isolates suggested that there could be mutations within the
sodA locus in these strains. To test this hypothesis, the sodA
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FIG. 5. (A) Native (nondenaturing) PAGE analysis of SOD activ-
ities of succinate-grown strain PAO1 and a clinical isolate that ex-
presses the atypical MnSOD activity before (lanes 1 and 2, respec-
tively) and after (lanes 3 and 4, respectively) the samples were
subjected to a procedure that removes the metal from the active site of
MnSOD. The procedure led to the expected loss of SOD activity in
both strains. (B) Native (nondenaturing) PAGE analysis of SOD ac-
tivity after Mn reloading. Lanes 1 and 3, SOD activities of the samples
from panel A, lanes 3 and 4, which were incubated with Mn in such a
way as to reload the active site of the protein with Mn. Activity was
restored with restitution of the migration pattern that existed prior to
removal of metal and reloading. The migration of the atypical form of
MnSOD of the clinical isolate was identical to that exhibited prior to
the procedure (lane 2).
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gene and a region immediately downstream were amplified by
PCR and sequenced on both strands. Four of the five strains
expressing the aberrant MnSOD form and the one strain un-
able to express MnSOD were available for analysis. Surpris-
ingly, all strains possessed substitution mutations, the most
significant of which were T-to-G and G-to-A missense muta-
tions within the stop codon (Fig. 6). This would allow tran-
scription to proceed and eventually terminate with another
stop codon (TAG) 18 codons downstream. Thus, all of the
strains that express the aberrant form of MnSOD would pre-
dictably have MnSOD isozymes with molecular sizes ~5 kDa
larger than the wild-type MnSOD dimer (~45 kDa). The ad-
ditional amino acids could alter the secondary structure of the
MnSOD monomer, possibly contributing to the different elec-
trophoretic migration pattern observed when it assembles as
the normal dimeric form. In the case of the non-MnSOD-
expressing strain, a missense mutation was also detected at
position 85; this mutation results in the generation of a pre-
mature stop codon (Fig. 6), presumably explaining the inability
of the strain to produce a functional MnSOD.

DISCUSSION

The present work confirms that most clinical isolates express
similar amounts of FeSOD, MnSOD, and catalase relative to a
laboratory control strain (PAO1) grown under the same in
vitro conditions. As expected from earlier data (7, 10, 11, 18),
FeSOD and catalase enzymatic activities were maximized un-
der iron-replete growth conditions. Activities for both enzymes
decreased when strains were grown in iron-limited succinate
medium, whereas MnSOD activity now appeared. These ef-
fects appear to be the result of the interaction of iron with
regulatory elements which modulate expression of the genes
encoding MnSOD (sodA), FeSOD (sodB), and catalase (katA
and katB), as well as the lack of iron available to insert in the
active site of FeSOD and protoporphyrin IX of the catalase
heme group (8, 10). Preliminary immunoblot analysis of sev-
eral clinical P. aeruginosa isolates grown in TSB versus succi-
nate suggests a decrease in immunoreactive catalase activity in
succinate-grown organisms.

No difference in the magnitude of SOD or catalase activity
was seen when clinical isolates were grouped according to site
of isolation, nor were there differences between patients. Thus,
we conclude that there are no significant differences in antiox-
idant enzyme expression among P. aeruginosa clinical isolates
grown in vitro. This is not unexpected, since neutrophils, which
serve as a major mechanism of host defense against P. aerugi-
nosa, do not appear to rely on oxygen-dependent killing as
their principal means for eradicating P. aeruginosa (14-16, 20).
Neutrophils from individuals with chronic granulomatous dis-
ease of childhood, which are unable to generate O, and
H,O,, kill P. aeruginosa as effectively as those from normal
individuals (14). Such patients do not suffer from recurrent
infections with P. aeruginosa (23).

An interesting and unexpected result of our study is that
11% of the clinical isolates we examined express a form of
MnSOD which migrates more rapidly in a native gel system
than the MnSOD of the other clinical isolates and the standard
laboratory strain (PAO1) that we examined. This alternate
form of MnSOD does not decrease the virulence of the organ-
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FIG. 6. DNA and amino acid sequences of the wild-type P. aeruginosa PAO1 sodA gene (www.pseudomonas.com) (12), of four clinical strains
possessing MnSOD isozymes with altered electrophoretic profiles (sequences 1, 2, 4, and 5), and of one clinical strain that was not able to produce
MnSOD at all (sequence 3). Base substitutions are depicted in boldface, with the base change and strain indicated above. In sequence 3 the base
substitution at position 85 results in the conversion of a tryptophan to a stop codon. In each of the five mutant strains, there is a base substitution
in the sequence coding for the normal stop codon that converts it to an amino acid. The sequence extended beyond the normal sodA4 stop codon
(star) is shown so as to indicate the next stop codon in the DNA sequence of each strain.

ism, as each P. aeruginosa strain expressing this MnSOD form
was isolated from a clinically significant site of human infec-
tion, in most cases blood. We also found a blood culture isolate
that was unable to produce MnSOD. A bronchopulmonary
isolate lacking the ability to produce MnSOD has been re-
ported previously (18). The fact that our strain was isolated
from blood provides strong evidence that the ability to produce
MnSOD is not required for virulence (22). This is consistent
with previous work indicating that FeSOD is more important
than MnSOD in protecting P. aeruginosa from oxidative stress
(10).

In the four strains expressing the atypical form of MnSOD
that were available for analysis, we identified missense muta-
tions within the stop codon of the sodA4 locus. This would lead
to the production of a protein approximately 5 kDa greater
than wild-type MnSOD, since transcription would continue
until the next stop codon was encountered 18 codons down-
stream. How production of a larger-than-normal MnSOD
monomer leads to the formation of an active dimeric protein
that migrates faster on a nondenaturing “activity” gel is un-
clear. The exact mechanism responsible for the migration pat-
tern of the alternative MnSOD form requires additional anal-
ysis but likely relates to conformational or charge density
changes of the dimer that in turn lead to its altered migration
under nondenaturing gel conditions.

In summary, clinical isolates of P. aeruginosa differ little

from standard laboratory strains previously studied in their
production of FeSOD, MnSOD, and catalase as well as in the
regulation of their expression. The exception to this finding is
the identification in a number of the clinical strains of an
MnSOD variant that is associated with point mutations in the
normal stop codon of the sodA4 locus. The similarity in SOD
and catalase activity levels among the various isolates and the
ability to cause invasive disease in the absence of the genetic
capacity to produce MnSOD suggest that antioxidant enzyme
differences do not contribute to the relative virulence of P.
aeruginosa strains.
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