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A second gene for superoxide dismutase (SOD) in S. aureus (sodM) was cloned 

and characterized. This gene was found to be unique to S. aureus among the 

staphylococci. S. aureus is the first gram-positive bacterium reported to contain two or 

more SOD activities. The three native SOD enzymes observed for S. aureus can be 

accounted for by two distinct genes, sodM and sodA. The SodM and SodA proteins form 

homodimers, but their subunits also interact to form an active heterodimeric SOD. The 

deduced amino acid sequence from each gene and the relative insensitivity to hydrogen 

peroxide and potassium cyanide indicate that the S. aureus SODs utilize manganese as a 

metal ion cofactor. Additionally, viabilities of the sodA and sod double mutants, but not 

the sodM mutant were drastically reduced under conditions of oxidative stress in early 

exponential growth. However, only the double mutant was affected when oxidative 

stress was applied in the late-exponential and stationary phases of growth. It was 

determined, therefore, that while SodA may be the major SOD activity in S. aureus 

throughout all stages of growth, SodM, under conditions of oxidative stress, becomes a 

major source of SOD activity during the late-exponential and stationary phases of growth 

such that the viability of the S. aureus sodA mutant is maintained. Experiments 



examining the roles of sodM and sodA in virulence determined that the ability of S. 

aureus to cause disease in the mouse lung and subcutaneous abscess formation in mice 

was unaffected by sod mutation. Lack of SOD activity, however, results in enhanced 

clearance of S. aureus within the lung and also promotes killing of the organism by 

mouse macrophage cell lines and human polymorphonuclear leukocytes. 
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CHAPTER I 

INTRODUCTION 

Background and Significance 

Reactive oxygen species generated endogenously in biological systems. The 

transition from fermentation to aerobic metabolism afforded many advantages to 

microorganisms, but did not come without a price. In order to make use of the increase 

in energy generated by respiration, bacteria had to evolve ways to counteract the reactive 

oxygen intermediates that result from the univalent reduction of molecular oxygen. The 

intermediates produced by this process, namely superoxide, hydrogen peroxide, and the 

hydroxyl radical, have a variety of different toxicities and can be produced exogenously 

as well as endogenously. Additionally, these same oxygen species are also produced and 

as a result of reactions involving xanthine oxidase, glucose oxidase, thiol groups, and 

flavins (26,46,112,113). 

Superoxide (02) is fonned by the addition of one electron to dioxygen, is capable 

of acting as either an oxidant or reductant in biological systems, and can diffuse over 

· considerable distances as compared to other oxygen species (55). Whether produced 

endogenously, for example by exposure to ultraviolet or gamma irradiation (96), or 

internalized from exogenous sources by cellular ion channels (55), 02· can inactivate 
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iron-sulfur proteins such as aconitase, fumarases A and B, 6-phosphogluconate 

dehydratase and a,p-dehydratase (33,44,45) as well as enzymes involved in branched

chain amino acid synthesis ( a,p-dihydroxyisovalerate dehydratase and lactic 

dehydrogenase) (51,83). 

Hydrogen peroxide (H20 2), formed as a result of the dismutation ofQ2-, can 

readily diffuse across cell membranes (101). It is not bactericidal, however, except at 

high concentrations (68,70). The power ofH202 appears to be due to its ability to react 

with other compounds to produce potent oxidants like the hydroxyl radical, hypohalous 

acids, and the ferryl radical (52,67,70). 

Hydroxyl radicals (OH) can be formed by the reaction ofH20 2 and 02- (Haber

Weiss reaction; 52) or with transitional metal catalysts such as Fe3
+ (Fenton reaction; 55). 

This radical can also be formed by the reaction of 0 2- with hypochlorous acid (HOCl) 

(55), by the decomposition of peroxynitrite ( 101 ), or by homolytic cleavage of H202. 

Additionally, OH has been implicated in damaging DNA, proteins and lipids (38, 138). 

Bacteria such as Staphylococcus aureus and the trypanosome Leishmania donovani 

chagasi are killed by an OH mediated mechanism (116,153). 

In many cases, it remains difficult to determine whether 02-, H202, or OH· is 

responsible for oxidative injury within cells, or whether oxidants produced by their 

reaction with other compounds are responsible for this damage, due to need for more 

~ sensitive free radical detection systems (11 0). Additionally, some have suggested that 

ROS are capable of exerting damaging effects at sites distant from their generation by 

oxidizing fatty acids in lipid membranes which then produce peroxyl radicals that set up a 
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chain reaction by oxidizing other lipids (16). This would create a situation where one 

would not be able to detect any ROS despite the fact that their action brought about the 

damage observed. 

Exogenous sources of oxidants. In addition to coping with endogenously created 

ROS, bacteria must also deal with those produced exogenously. Bacteria live in complex 

environments in nature and often share their habitat with other microorganisms that can, 

as a nonspecific antimicrobial defense mechanism, release ROS into their environment. 

For example, the lactobacilli generate extracellular H20 2 that inhibits replication of 

Neisseria gonorrhoeae and the human immunodeficiency virus (81,154). Bacteria, such 

as Streptococcus pneumoniae and many of the mycoplasmas, are capable of producing 

extracellular 02- and H202 which results in damage to eukaryotic cells that they infect 

(92,100,148). 

Once inside the host, bacteria are confronted by professional phagocytes. 

Phagocytosis of microorganisms by macrophages (Mcjls) and polymorphonuclear 

leukocytes (PMNs) causes an increase in the amount of oxygen consumption by the cell 

and indirectly activates the membrane associated NADPH-dependent oxidase complex 

(23). Oxygen is reduced by NADPH oxidase to 0 2- which is secreted into the 

phagosomal compartment (23). There 0 2- dismutes to H202 (23). Azurophilic and 

specific granules fuse to the phagosome and empty compounds such as myeloperoxidase 

"'{MPO), hydro lases, lactoferrin, lysozyme, and vitamin B 12 binding protein (15, 131) that, 

though they are not ROS, help to kill internalized microorganisms. In neutrophils and 

monocytes, the majority ofH20 2 produced reacts with MPO to form hypohalous acids 
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such as hypochlorous acid (HOCl), which affect membrane integrity, oxidize components 

of the respiratory chain and interfere with the distribution of DNA during bacterial 

replication (101). These phagocytes also use MPO to generate other radicals such as OR 

and tyrosyl radicals as well as cytotoxic chloramines ( 61,67,14 7). 

Though the non-oxidative components of the professional phagocytes are 

important to their ability to kill ingested bacteria, oxidative activity is critical for the 

microbicidal activity of these cells (136). Individuals with chronic granulomatous 

disease (CGD) have inherited defects in the NADPH-oxidase complex that prevent 

production of phagocyte generated 0 2- (136). Recurrent infections by organisms such as 

S. aureus, Candida and Aspergillus, which are usually rapidly killed by oxidants, typify 

the clinical manifestations of the disease (136). In contrast, individuals whose PMNs do 

not produce MPO, a component of the azurophilic granules, exhibit delayed killing of 

bacteria and fungi by neutrophils (136). MPO-deficient PMNs otherwise function 

normally and patients with this disorder do not have the types of recurrent infections seen 

with CGD (136). Therefore, superoxide appears to be critical in the ability of phagocytic 

cells to kill the bacteria they ingest. 

It should be noted that other oxidants, such as nitric oxide (NO·), are produced by 

some professional phagocytes in addition to reactive oxygen intermediates 

(17,48,74,75,103,115,145). Nitric oxide is an oxidant that is cytostatic or cytotoxic for a 

.. number ofbacteria (42,102,155), mediates some damage by interacting with essential 

iron-containing portions of respiratory cycle enzymes (102), and interferes with DNA 

synthesis (1 02). Similar to the ROS, NO· can combine with other molecules to create 
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toxic species. For example, peroxynitrite (ONOO"), generated by the reaction of NO" 

with 02-, can directly mediate DNA damage and lipid peroxidation (11,65,110,111) and 

protein damage may result as a consequence ofnitrosothiol formation (102,118). In 

addition, toxic alkylating agents are yielded by the reaction of NO· with secondary 

amines (81). 

In mammalian cells, NO· is produced by nitric oxide synthases that are either 

constitutively expressed or are inducible (1 01,1 02). Intracellular pathogens such as 

Toxoplasma gondii, Leishmania major and Mycobacterium bovis appear to be affected by 

the microbicidal activity of NO" (1,32,86), though its role in the killing other bacteria is 

less certain. Nitric oxide production is known to occur in murine M~s and, though the 

machinery to produce NO' has been identified, minimal levels of the reactive nitrogen 

species have been detected in human phagocytes (17,48,74,75,103,115,145). 

Nonenzymatic microbial defenses against oxidative stress. Bacteria have evolved 

a variety of mechanisms to defend themselves against exogenously and endogenously 

generated ROS, which can be classified as enzymatic or nonenzymatic. The 

nonenzymatic forms are quite varied, as opposed to the highly specific enzymatic 

pathways of oxidant inactivation. One strategy bacteria have employed is to secrete a 

toxin to kill phagocytes before the bacteria themselves can be killed. For example, S. 

aureus and the Streptococci secrete leukocidin and streptolysin, respectively (12,120). 

· Some organisms, like N. meningiditis and N. gonorrhoeae and the pneumococci 

(34,62, 73,117,151 ), are able to avoid phagocytosis entirely by synthesizing hydrophobic 

capsules. Similarly, bacteria such as Pseudomonas aeruginosa produce 
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exopolysaccharides like alginate to prevent phagocytosis (6,29). In a particularly 

interesting manner, the Yersinia spp. are able to avoid phagocytosis by interfering with 

Mcjl cell signaling (49). 

· Once bacteria are phagocytosed, bacteria must use other mechanisms to defend 

themselves. Legionella pneumophila and the protozoa Toxoplasma gondii have 

developed mechanisms that prevent the acidification of the phagocyte vacuole, thereby 

preventing maximal 0 2- dismutation ( 66, 128). Another approach taken by bacteria is to 

survive the conditions within the phagosome and prevent lysosomal fusion, thereby 

preventing an exposure to hydrolytic enzymes. Though not well understood, this method 

is used by some Mycobacteria and the Chlamydia spp.(64). Still other microorganisms 

(Listeria monocytogenes, Trypanosoma cruzi and Shigella jlexneri) escape the 

phagosome by producing cytolysins (4,19,125). 

Some organisms, intracellular pathogens in particular, have developed ways to 

protect themselves against killing by phagocyte generated ROS by inhibiting NADPH

oxidase. L. major and L. donovani possess a lipophosphoglycan on their membranes that 

suppresses the oxidative burst ofMcjls by inhibiting protein kinase C (14,36), and these 

flagellate protozoa also block o2- formation by way of extracellular acidic phosphatases 

(47,124). Select pathogens are able to produce antioxidant scavengers such as alginate in 

the case of P. aeruginosa (85,129). The phenolic glycolipid of Mycobacteria is effective 

• at scavenging ROS (20,105), and the high amount of mannitol produced by the fungi 

Cryptococcus neoformans serves in the same capacity (150). 
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Enzymatic defenses against ROS. The methods of enzymatic oxidant inactivation 

are well-characterized and include reactions catalyzed by glutathione peroxidase, 

catalases/other peroxidases, and superoxide dismutases (101). Glutathione is a low 

molecular weight thiol that helps to maintain the reducing intracellular environment of 

the cell by acting as a substrate for glutathione peroxidases and as an OH scavenger 

(51,60). Glutathione peroxidase removes H202 from inside the cell as do catalases and 

peroxidases. Catalases and peroxidases convert H202 to water and oxygen, these 

enzymes are widely distributed in aerobic and facultatively anaerobic bacteria (97). 

However, the majority of obligate anaerobes as well as the notable exception of the 

streptococci among the aerobes, do not produce one or both of the catalases and 

peroxidases (97). 

The Escherichia coli catalases are two of the most well-characterized and are 

termed hydroperoxidase I and II (HPI, HPII) (21 ,22). These enzymes are structurally 

distinct (21 ,22). HPI, encoded by katG, is periplasmically located and acts as both a 

catalase and peroxidase (21,22). HPII is a strict catalase encoded by katE and is located 

specifically within the cytoplasm (21 ,22). Each gene is under the control of separate 

regulons that respond to oxidative stress (specifically H202; HPI) and to nutrient 

depletion (HPII) (89,91). Bacillus subtilis and the other Enterobacteriaceae contain 

similar catalases to those found in E. coli (88,90). In other bacteria, however, regulation 

• and expression can be varied as can the number of catalases produced (59,91,93). 

Additionally, the amount of catalase produced by a bacterium has been correlated with 

susceptibility to killing by phagocytes in both E. coli and S. aureus. (50,93). 
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The Superoxide Dismutases. The superoxide dismutases (SODs) are a group of 

metalloenzymes that function to eliminate 02- (38,138). SODs decrease direct toxic 

effects of02- and protect against the formation ofOH by the Haber-Weiss reaction (52). 

The SODs are classified according to their metal ion cofactor and three main forms exist, 

manganese (Mn), iron (Fe) and copper-zinc (Cu/Zn) (38,138). These SODs are divided 

into two families, the copper-zinc and the manganese/iron, that evolved from different 

ancestral proteins in different eras (5). 

Copper-zinc SODs are primarily found in eukaryotes and higher fungi and are 

structurally conserved (132). Copper-zinc SODs are also found in some gram-negative 

bacteria where they are periplasmically located and are believed to protect against 

exogenous 0 2- (132). These enzymes are homodimers that contain equimolar 

concentrations of copper and zinc and associate by noncovalent interactions (39 ,40,41 ). 

Manganese and iron SODs are also found in eukaryotes (5). In instances where 

Mn- and Cu/Zn-SODs are present in a single organism, the Mn form associates with the 

mitochondria while the Cu/Zn form is cytosolic (27,95,98,114,123,146). Iron and Mn

SODs are found, in the majority of bacteria, within the cytoplasm where the Fe-SODs 

appear to associate with the bounding membrane and the Mn-SODs are distributed 

throughout the cytoplasm (133). Anaerobic bacteria contain Fe-SODs while the majority 

of aerobic ones contain Mn-SODs (5). The Mn- and Fe-SODs are structurally more 

.. diverse than and are distinct from Cu/Zn-SODs (132). They can exist as dimers or 

tetramers (133) and generally contain only one type of metal ion cofactor. Exceptions to 

these rules, such as the trimeric Mn-SOD from mycobacteria (84), exist. 
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Some bacteria, such as E. coli, contain both Mn- and Fe-SODs (138). The E. coli 

SODs have been studied in detail (139). As with the E. coli catalases, environmental 

stimuli regulate sod gene expression. The Fe-SOD, encoded by sodB, is constitutively 

expressed under anaerobic and aerobic conditions but is upregulated by nitrate in the 

latter environment (139). Oxidative stresses induce expression of the transcriptional 

activators SoxR and SoxS that in turn activate the transcription of the E. coli manganese 

sod gene, sodA (134). Expression of sodA is controlled by a system involving six known 

global regulators, Fur, Fnr, Arc, IHF, SoxRS and Sox Q (reviewed in 56). The Fur (ferric 

uptake regulator) protein acts as a negative repressor of sodA under anaerobic and aerobic 

conditions (57,104,135), while the FnR (fumarate nitrate reductase) protein that acts as a 

repressor of sodA (56). AreA (aerobic regulatory control), an anaerobic transcriptional 

repressor of genes not required for anaerobic growth, acts as an anaerobic repressor of 

sodA (58,135), while IHF (integration host factor) is a negative effector of expression of 

sodA (58). SoxQ also increases transcription of sodA, though regulation by Fur, Fnr, 

AreA and lliF is independent from SoxQ (56). Evidence exists that regulation of SodA 

by levels of iron and manganese also occurs post-translationally by influencing which 

metal ion inserts into the protein, rendering it active in the case of manganese and 

inactive in the case of iron (56). 

Relevance of bacterial SODs in microbial/host interactions. The importance of 

· SODs with respect to phagocytic killing has been demonstrated in several organisms. The 

SODs from M. tuberculosis (Fe-SOD) and Nocardia asteroides (Mn/Fe/Zn-SOD) protect 

these organisms from killing by phagocytic cells (3,9). In addition, over-expression of 
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the E. coli Cu/Zn-SOD protected the organism from killing by Mcjls (8). All the afore

mentioned bacteria have SODs that are periplasmic in location, cell-surface associated, or 

are secreted by the organism. Given the fact that manganese and iron SODs in most 

bacteria do not cross the cytoplasmic membrane, it would appear unlikely that the 

cytoplasmic location of most bacterial Mn- and Fe-SODs would protect the cell from 

exogenous superoxide. However, there are cytoplasmic SODs that have been shown to 

be involved in certain aspects of pathogenesis in other bacteria. Inactivation of the 

Shigella flexneri Fe-SOD renders the bacterium extremely sensitive to killing by 

phagocytes (37), and the E. coli KI2 sodA,sodB mutant has increased sensitivity to 

killing by both serum and neutrophils (99). 

Mutagenesis of several bacterial SODs has resulted in less virulent bacteria. For 

instance, the Streptococcus pneumoniae sodA mutant demonstrated decreased lethality 

compared to the parent strain when given to mice intranasally (152), and the sodB of 

Campylobacter coli was found to be necessary for aerobic survival of the organism and 

for colonization of the chicken stomach (108). Additionally, mutation in the sodA of 

Haemophilus influenzae results in impaired ability to colonize the rat nasopharynx (28), 

and in Yersinia enterocolitica, sodA is required for survival in the spleen and liver of 

mice infected intraveneously or orogastrically (119). Because these cytoplasmic SODs 

are involved in the protection of their respective organism from phagocytic killing, it 

- seems reasonable to examine whether staphylococcal SODs are similarly important and 

whether these enzymes have an impact on the pathogenicity of S. aureus. 
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Rationale and Specific Aims 

Staphylococcus aureus is an important bacterial pathogen responsible for 

numerous diseases in humans and animals. S. aureus is a gram-positive facultative 

anaerobe that typically resides on the skin and mucous membranes (142) Approximately 

thirty percent of healthy individuals and up to ninety percent ofhealthcare workers are 

carriers of S. aureus (143). Therefore, it is not surprising that of the estimated two 

million hospitalizations each year that result in a nosocomial infection, S. aureus is one of 

the most common causative agents (18,53). It is the predominant organism found in 

surgical site infections as well as in hospital acquired pneumonia (77, 140), and S. au reus 

is also the leading cause of nosocomial septicemia (71). 

Adding to the seriousness of staphylococcal infections is the increasing presence 

of methicillin resistantS. aureus (MRSA) (13). MRSA have an intrinsic resistance to all 

P-lactam antibiotics (122) and tend to acquire multiple other unrelated resistance 

determinants as well. In the case of these multiple-drug resistantS. aureus, vancomycin 

has historically been the drug of choice for treatment (94). However, resistance to this 

antibiotic has recently been reported both abroad and in the Unites States (63,137). The 

ability of S. aureus to cause numerous different kinds of infections, ranging from minor 

to life·threatening (143) is due to its capacity to produce greater than thirty secreted 

proteins in the form of enzymes, immunotoxins, and cytotoxins, and numerous cell 

- surface-associated factors. These proteins promote adherence to various tissues and 

prevent attack by the host's defenses (69,130). 
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For the host, the skin provides the major barrier that prevents infection by S. 

aureus (151). However, the bacterium can gain entry to the underlying tissues when the 

skin is breached. Once this has occurred, Mq,s and PMNs provide the next line of defense 

(151). These phagocytes produce ROS to kill ingested bacteria (30,80,127). One of 

these oxidants is Oz-, a compound known to inactivate iron-sulfur proteins and enzymes 

involved in branched-chain amino acid synthesis (60,92). Bacteria have evolved specific 

enzymes to counteract the effects of 0 2-, namely the SODs. 

The function of SOD in S. aureus has been presumed to be similar to that of other 

bacterial SODs, to catalyze the dismutation of superoxide to hydrogen peroxide and 

oxygen (38). However, the only studies attempting to correlate a role for this enzyme in 

staphylococcal disease have generated conflicting information. Mandell (93) 

demonstrated that SOD activity in clinical isolates, whether high or low, did not correlate 

with lethality in a mouse model of infection. Furthermore, the differences in SOD 

activity did not affect the ability ofPMNs to kill intracellular staphylococci. In contrast, 

Kanafani and Martin (76) demonstrated that virulent strains of S. aureus from patients 

with confirmed staphylococcal disease exhibited significantly higher levels of SOD 

activity than non-virulent isolates from patients who exhibited no staphylococcal disease. 

In addition, when these strains were compared in a neonatal mouse model, the mice 

inoculated with virulent strains demonstrated significantly lower-percent weight gain 

... than mice inoculated with non-virulent strains (76). These experiments were performed 

with clinical isolates with no characterization of their genetic background, making it 
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difficult to draw any conclusions regarding the role of SODs in S. aureus from these 

studies. 

Recently, Watson et al. (144) reported the isolation of a number oftransposon 

mutants of S. aureus with an impaired ability to survive long-term starvation. One of 

these mutations was determined to be within a gene belonging to the Mn family of SODs, 

sodA (144). Upon further examination, it was determined that S. aureus produces three 

SOD activities, as assessed by nondenaturing polyacrylamide gel electrophoresis (25). 

The two fastest migrating activities were absent in the sodA transposon mutant. 

Examination of the putative amino acid sequence, along with a demonstrated dependence 

upon Mn for activity and relative resistance to hydrogen peroxide lead to the conclusion 

that the SodA of S. aureus is most likely a Mn-SOD (25). Previous to the Clements et al. 

(24) study, Poyart et al. (106) used degenerate primers designed from conserved regions 

of several gram-positive Mn-SOD genes to isolate a PCR product from S. aureus that 

appeared to represent -85% of a putative sod gene. The nucleic acid sequence of this 

gene showed only a 71% identity with the sodA gene isolated by Clements et al. (24), 

indicating that S. aureus most likely contains two SOD genes. 

In the present study, I hypothesized that the SODs of S. aureus protect against 

killing by professional phagocytes and clearance from host tissues. To determine the 

function of S. aureus SOD, the decision was made to isolate and clone the second sod 

- gene of S. aureus and to generate isogenic sod mutants devoid of one or both SOD 

activities. The sod mutants were examined for effects on persistence of S. aureus in the 

mouse models of pneumonia and cutaneous abscess formation, and phagocytic assays 

13 



with Mcjls and PMNs were performed to determine if killing by professional phagocyte is 

increased in mutant strains. 
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ABSTRACT 

A gene for superoxide dismutase (SOD), sodM was cloned and characterized from S. 

aureus. The deduced amino acid sequence specifies a 187 amino acid protein with 

extensive homology (75%) to the S. aureus SodA protein. Amino acid sequence 

comparisons with known SODs and relative insensitivity to hydrogen peroxide and 

potassium cyanide indicate that SodM most likely uses manganese (Mn) as a cofactor. 

The sodM gene expressed from a plasmid rescued an Escherichia coli double mutant 

(sodA, sodB) under conditions that are otherwise lethal. SOD activity gels of S. aureus 

RN6390 whole-celllysates revealed three closely migrating bands of activity. The two 

upper bands were absent in a sodM mutant, while the two lower bands were absent in a 

sodA mutant. Thus, the middle band of activity most likely represents a SodM-SodA 

hybrid protein. All three bands of activity increased as high aerated cultures entered the 

late-exponential phase of growth, SodM more so than SodA. Viability of the sodA and 

sodM/sodA mutants but not the sodM mutant, was drastically reduced under oxidative 

stress conditions generated by methyl viologen (MV) added during the early exponential 

phase of growth. However, only the viability of the sodM/sodA mutant was reduced 

when MV was added dUring the late-exponential and stationary phases of growth. These 

data indicate that while SodA may be the major SOD activity inS. aureus throughout all 

stages of growth, SodM, under oxidative stress, becomes a major source of activity 

auring the late-exponential and stationary phases of growth such that viability and growth 

of a S. aureus sodA mutant is maintained. 

36 



INTRODUCTION 

Staphylococcus aureus is a gram-positive facultative anaerobe that typically 

resides on the skin and mucous membranes of approximately thirty percent of healthy 

individuals and up to ninety percent ofhealthcare workers (44). Therefore, it is not 

smprising that of the estimated two million hospitalizations each year that result in a 

nosocomial infection, S. aureus is one of the most common causative agents (5, 16). 

Staphylococcus aureus has the capacity to produce greater than thirty secreted proteins in 

the form of enzymes, immunotoxins, and cytotoxins, and numerous cell surface

associated factors that promote adherence to various tissues and prevent attack by the 

host's defenses (18, 38). Consequently, S. aureus causes numerous different kinds of 

infections, ranging from skin abscesses to life-threatening endocarditis, meningitis, and 

pneumonia as well as toxemias such as scalded skin and toxic shock syndromes (44). 

The skin and mucous membranes serve as the primary line of defense against 

infection by S. aureus ( 43). However, when this organism is introduced into the 

underlying tissues, the primary defense mechanism is the professional phagocyte (43). 

Polymorphonuclear leukocytes (PMN) and macrophages use toxic reactive oxygen 

intermediates such as superoxide and hydrogen peroxide to aid in the killing of 

phagocytized bacteria (11, 23, 37). In addition, these same oxygen species are produced 

during aerobic respiration, and have the potential to damage DNA, protein, and lipids 

(12, 19). 

In order to detoxify these reactive oxygen intermediates, bacteria produce several 

classes of SODs and catalases that convert superoxide to hydrogen peroxide and 
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hydrogen peroxide to water and oxygen, respectively (for review, see 14, 42). 

Superoxide dismutases are metalloenzymes classified by the type of metal cofactor 

utilized (14, 42). In bacteria, manganese (Mn)- and iron (Fe)-SODs are localized in the 

cytoplasm and are believed to be important in protecting nucleic acid, proteins, and lipids 

from the damaging effects of superoxide (14, 42). In gram-negative bacteria, 

copper/zinc-SODs reside in the periplasm, where they are hypothesized to act upon 

exogenous superoxide (14, 42). Recently, a nickel-containing SOD was isolated and the 

gene subsequently cloned from Streptomyces coelicolor (21, 22). 

The function of SOD in S. aureus has been presumed to be similar to that of other 

bacterial SODs. However, the only studies attempting to correlate a role for this enzyme 

in staphylococcal disease have generated conflicting information. Mandell (28) 

demonstrated that SOD activity in clinical isolates, whether high or low, did not correlate 

with lethality in a mouse model of infection. Furthermore, the differences in SOD 

activity did not impair the ability ofPMNs to kill intracellular staphylococci. In contrast, 

Kanafani and Martin (20) demonstrated that virulent strains of S. aureus from patients 

with confirmed staphylococcal disease exhibited significantly higher levels of SOD 

activity than non-virulent isolates from patients who exhibited no staphylococcal disease. 

In addition, when these strains were compared in a neonatal mouse model, the mice 

inoculated with virulent strains demonstrated significantly lower-percent weight gain 

t'han mice inoculated with non-virulent strains (20). 

Recently, Watson et al. ( 45) reported the isolation of a number of transposon 

mutants of S. aureus with an impaired ability to survive long-term starvation. One of 

38 



these mutations was determined to be within a gene belonging to the Mn family of SODs, 

sodA ( 45). Upon further examination, it was determined that S. aureus produces three 

bands of activity, as assessed by nondenaturing polyacrylamide gel electrophoresis (7). 

The two lowest migrating bands of activity were absent in the sodA transposon mutant. 

Amino acid sequence analysis, along with a demonstrated dependence upon Mn for 

activity and relative resistance to hydrogen peroxide lead to the conclusion that the SodA 

of S. aureus is most likely a Mn-SOD (7). Previous to the Clements et al. (7) study, 

Poyart et al. (35) used degenerate primers designed from conserved regions of several 

gram-positive Mn-SOD genes to isolate a PCR product from S. aureus that appeared to 

represent -85% of a putative sod gene. The nucleic acid sequence of this gene showed 

only a 71% identity with the sodA gene isolated by Clements et al. (7), indicating that S. 

aureus most likely contains two SOD genes. 

In this study, we report the cloning and characterization of a second gene for SOD 

activity in S. aureus. The gene has been designated s'OdM, due to its amino acid 

similarities to the Mn family of SODs, which was supported by its insensitivity to 

hydrogen peroxide and potassium cyanide, a characteristic ofMn-SODs. Results from 

this study indicate that the two sod genes in S. aureus account for three distinct SOD 

activities; SodM, SodA, and a hybrid SodM/SodA form, which represents a SOD profile 

not previously recognized in gram-positive bacteria. Expression of sodM was greatest 

iiuder high aeration growth conditions during the late and post-exponential phase of 

growth, and SodM provided protection from oxidative stress for a sodA mutant strain of 

S. aureus. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions. Bacterial strains used in this study are listed 

in Table 1. Strains were routinely grown overnight (15 to 18 h) in tryptic soy broth 

(TSB: Difco Laboratories, Detroit, Mich.) at 37°C with rotary aeration (180 rpm) or on 

TSA plates (TSB containing 1.5% agar). To examine the effects of high and low 

aeration, S. aureus was grown essentially as described by Clements et al. (7). High 

aeration was achieved by using a flask to volume ratio of 25 with rotary aeration (225 

rpm) while low aeration was achieved by using a flask to volume ratio of2.5 with rotary 

aeration (125 rpm). Strains of E. coli were routinely grown at 37°C with rotary aeration 

(225 rpm) in either Luria Bertani (LB) broth or M63 minimal medium (32) with the 

appropriate antibiotic selection. Solid media consisted of either LB or M63 containing 

1.5% agar. Antibiotic-resistant S. aureus strains were selected with and maintained on 

either erythromycin, tetracycline, or chloramphenicol (Sigma Chemical Co., St. Louis, 

Mo.) at 5 fJ.g/ml while antibiotic-resistant E. coli strains were grown in the presence of 

carbenicillin (Sigma) at 1 00 fJ.g/ml. 

Cloning of sodM. (i) Amplification by PCR. Chromosomal DNA was isolated 

from S. aureus using the method of Dyer and Iandolo (10). Oligonucleotide primers (5'

TTAATTCTCTTTAAAAGCGGGAAA-3' and 5'

GGGACATTCATCAACTTTTTATCAG-3') were designed using sequences from the S. 

aureus DNA databases maintained by The Institute for Genomic Research 

(http://www.tigr.org) and the University of Oklahoma's Advanced Center for Genome 
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Technology (http://www.genome.ou.edu/staph.html), and used to amplify a 787 bp 

contiguous region from S. aureus RN6390 by PCR. The PCR product was ligated into 

pCR2.1 (Invitrogen, Carlsbad, Calif.), transformed into E. coli INVaF', and 

transformants were selected as recommended by the manufacturer (Invitrogen). Plasmid 

DNA from antibiotic-resistant transformants was isolated using the Plasmid Miniprep Kit 

(Bio-Rad Laboratories, Richmond Calif.) and digested with EcoRI to verify the presence 

of an approximately 800 bp insert. Plasmid DNA containing the desired fragment 

(pCR2.1sodM) was sequenced at the University of Arkansas for Medical Sciences DNA 

Sequencing Core Facility (Little Rock, Ark.) using a Perkin-Elmer Biosystems DNA 

sequencer (PE Biosystems, Foster City, Calif.). 

(ii) Complementation of an E. coli sodA, sodB mutant. The E. coli strain 

QC779 (sodA, sodB) was transformed with the pCR2.1sodM construct by electroporation, 

as recommended by the manufacturer (Bio-Rad Laboratories), and selected on M63 agar 

plates containing antibiotic. Plates were incubated at 37°C for 2-3 days before colonies 

were visible. In addition, E. coli QC779 was transformed with pBA23sodC (pUC9 

containing the sodC gene from Brucella abortus) and selected on LB agar plates 

containing antibiotic. Plasmid DNA from several antibiotic-resistant transformants was 

isolated to verify the presence of either pCR2.1sodM or pBA23sodC and transformants 

containing the appropriate plasmid were procured for further study. 

Construction of sod mutations in S. aureus. The erythromycin resistance 

marker (erm) of plasmid pDG647 (15; kindly provided by Ken Bayles, University of 

Idaho, Moscow, Idaho) was isolated as a 1.6 kbp BamHI fragment, gel-purified, and 
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filled in using the Klenow fragment of DNA polymerase (Promega Corp., Madison, 

Wis.), and subcloned into the single SnaBI site located approximately in the middle of the 

sodM gene in pCR2.IsodM. The resulting construct, pCR2.IsodM: :erm, was verified by 

restriction analysis. The sodM: :erm cassette, residing on the 2.4 kbp EcoRI fragment of 

pCR2.IsodM: :erm, was gel purified and ligated into the temperature-sensitive shuttle 

vector, pCLIO (36; kindly provided by Chia Lee, University of Kansas Medical Center, 

Kansas City, Kans.). The resulting construct, pCL10sodM::erm, was transformed into S. 

aureus RN4220 by electroporation as described by Kraemer and landolo (24), and 

erythromycin-resistant transformants were selected at 30°C. A single plasmid-containing 

colony was chosen and grown overnight at 30°C in TSB containing erythromycin. 

Portions of the overnight culture were diluted 1000-fold and plated as 0.1 ml aliquots 

onto TSA plates containing erythromycin. Plates were incubated for 36 hat 43°C, which 

is nonpermissive for plasmid replication. Erythromycin resistant colonies growing at 

43°C were analyzed for loss of SOD activity. The sodM: :erm mutation inS. aureus 

RN4220 was moved into S. aureus RN6390 by cpl1-mediated transduction (31) and the 

erythromycin resistant transductants were analyzed for loss _ofSOD activity. Southern 

analysis using the sodM PCR product as probe was performed to verify the disruption of 

sodM. The sodA mutant was generated in a similar manner except the tetracycline 

resistance marker from pDG1515 (15; kindly provided by Ken Bayles, University of 

faaho, Moscow, Idaho) was inserted as a blunt-ended, 2.1 kbp EcoRI fragment into the 

SnaBI site of sodA. The sodA::tet mutation generated inS. aureus ·RN4220 was 
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transduced into S. aureus RN6390 and S. aureus RN6390 containing the sodM::erm 

mutation. Southern analysis and SOD activity gels were used to confirm the mutations. 

The PCR product containing the sodM gene was also subcloned into the 

expression shuttle vector, pCL15 (kindly provided by Chia Lee at the University of 

Kansas Medical Center, Kansas City, Kansas) which contains an inducible lac promoter. 

The pCL 15sodM construct was transformed into RN4220 and subsequently moved into 

the S. aureus RN6390 double (sodM/sodA) mutant by transduction (24). A 

chloramphenicol-resistant transductant was inoculated into TSB containing 

chloramphenicol and grown under high aeration growth conditions. Expression of sodM 

was induced with IPTG (0.5 mM; Fisher Scientific, Fairlawn, N.J.) one hour post

inoculation, and cells were harvested five hours later. Whole-celllysates were assessed 

for SOD activity as described below. In addition, viability of the pCL15sodM-containing 

transformants was determined in the presence of methyl viologen (MV; Sigma). 

Sampling and determination of viability were performed as described below. 

Preparation of celllysates and SOD activity assay. Whole-celllysates from 

strains of S. aureus and£. coli were prepared using the procedure of Blevins et al. (3). 

Briefly, cells from broth cultures of either S. aureus or E. coli were harvested by 

centrifugation (12,000 x g for I 0 minutes at 4°C), washed with an equal volume ofTEG 

buffer (25 mM Tris, 25 mM EGT A [pH 8.0]), and suspended in 0.4 ml TEG buffer. The 

~II suspensions were pipetted into 2.0 ml Fast Prep Blue Tubes (BiolOl, Vista, Calif.) 

containing acid-washed, RNase-free O.I mm silica beads. The tubes were placed into a 

high-speed reciprocator (Bio 10 I) and agitated at 6 meters/s for 40 s. The tubes were 
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cooled on ice for 15 minutes and the lysates were cleared by centrifugation (16,170 x g, 

for 10 minutes at 4°C). The supernatant was recovered as 0.2 ml portions and stored at-

20oc until needed. Total protein ofwhole-celllysates was determined using the Bradford 

assay (Bio-Rad Laboratories). 

Equal amounts of cell protein (5 J.Lg) were loaded onto 15% (w/v) nondenaturing, 

polyacrylamide gels and separated by electrophoresis in buffer lacking sodium dodecyl 

sulfate (26). Superoxide dismutase activity was determined using the nitro blue 

tetrazolium negative staining method of Beauchamp and Fridovich (2). To determine the 

sensitivity of SOD to either hydrogen peroxide (H202) or potassium cyanide (KCN), gels 

were expose to 5 mM H202 (Sigma) for 30 minutes, washed two times in deionized, 

glass-distilled H20, and stained for SOD activity as described by Clare et al. ( 6). 

Sensitivity to KCN (Sigma) was determined by exposing gels to 10 mM KCN for 15 

minutes prior to negative staining for SOD activity (27). 

Superoxide dismutase activity of resolved bands was quantified by densitometry 

using the Alphalmager 2000 (Alpha Innotech Corp., San Leandro, Calif.) imaging 

system. Final values were calculated from the linear region of a standard curve of 

activity as a function of protein. 

RNA isolation and northern analysis. Total RNA was isolated from S. aureus 

as described by Hart et al. (17). RNA (A26oiA2so = 1.9 to 2.0) was diluted in 

diethylpyrocarbonate (Sigma)-treated water to a final concentration of 1 J.Lg/ml and 

verified by comparing the intensities of the rRNA bands. RNAs, serially diluted 2-fold, 

were denatured in the presence of glyoxal (Eastman Kodak Co., Rochester, N.Y.) and 
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dimethyl sulfoxide (Fisher Scientific) at 50°C for one hour, electrophoresed through a 

1.4% GTG agarose gel (BioWhittaker Molecular Applications, Rockland, Maine), and 

transferred by passive diffusion onto neutral nylon (MagnaGraph; Micron Separations, 

Inc., Westborough, Mass.). Membranes were hybridized overnight (18 to 24 h) at 65°C 

with DNA probes specific for the cloned sodM gene and 16S rRNA (39). Probes were 

randomly labelled with digoxygenin-11-UTP (Roche Molecular Biochemicals, 

Indianapolis, Ind.) and Klenow fragment of DNA polymerase (Promega). Hybridized 

probes were detected by autoradiography with alkaline phosphatase-conjugated, anti

digoxygenin F(ab')2 antibody fragments (Roche Molecular Biochemicals) and the 

chemiluminescent substrate CDP-Star (Roche Molecular Biochemicals). 

Methyl viologen treatment. The S. aureus parent and the sod mutant strains 

were tested for susceptibility to the internal oxygen-radical generator, MV. Overnight 

(15 to 18 h) cultures were used to inoculate 500 ml flasks containing 20 ml ofTSB to an 

initial optical density of approximately 0.05 at 550 nm. Cultures were incubated at 37°C 

with rotary aeration (225 rpm) and growth was monitored spectrophotometrically until 

cells reached early exponential phase (1.5 h., 00550 of ca. 0.2). Freshly prepared MV 

was added to a final concentration of 10 mM at 1.5 h and at times in growth that 

corresponded to late- (6 h) and post- (12 h) exponential phases of growth. Growth was 

assessed spectrophotometrically and cell viability was determined by taking aliquots at 

various times points, diluting and plating on TSA. Plates were incubated overnight at 

37°C before colonies were counted. Cell viability values represent the geometric mean 

(x/+ standard error) of 2 to 5 independent determinations. Statistical significance was 
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determined by analysis of variance followed by Fisher PLSD multigroup comparison 

using StatView (SAS Institute Inc., Cary, N.C.) with a P value~ 0.05. 

Nucleotide sequence accession number. The sodM nucleotide sequence has 

been assigned the accession number AF273269 by GenBank. 

RESULTS AND DISCUSSION 

Identification and isolation of the S. aureus sodM gene. The incomplete 

sequence of the sod gene reported by Poyart et al. (35) was used to perform a BLAST 

search of the genomic DNA databases for S. aureus COL (The Institute for Genomic 

Research) and 8325 (University of Oklahoma Advanced Center for Genome 

Technology). The search revealed a match within both databases to an open reading 

frame (ORF) containing 187 codons, predicting a protein of 21.5 kDa (data not shown). 

The ORF in S. aureus COL was located on a 787 bp contiguous region that included 

putative Shine-Dalgarno and promoter sequences' (data not shown). Oligonucleotide 

primers were designed and a region encompassing the ORF and its upstream region was 

amplified from S. aureus RN6390 by PCR. The product was cloned into pCR2.1 and 

verified by restriction analysis and nucleic acid sequencing. The deduced amino acid 

sequence ofthe gene was 64% identical to a variety of bacterial Mn- and Fe-SODs, 

irrespective of the metal ion cofactor requirement (Fig. 1), and was 76% identical to the 

· S~ aureus SodA protein reported by Clements et al. (7). In addition, the amino acid 

alignment also identified key amino acids used to differentiate between Mn- and Fe

SODs (33). Nineteen of the 21 potential amino acid discriminators were consistent with 
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Mn-SOD types (Fig. 1). The glycines at positions 76 and 77, the phenylalanine at 

position 84, and the glutamine and aspartate at positions 146 and 147, respectively were 

particularly important in predicting a Mn-SOD due to their conservation among SODs 

that utilize Mn as a cofactor (Fig. 1 ). 

S. aureus sodM rescues SOD deficiency in E. coli. Escherichia coli QC779 

(sodA, sodB) is unable to grow on minimal medium under aerobic conditions due in part 

to the superoxide-sensitive dehydratases needed for branch-chain amino acid synthesis 

( 4, 25). The E. coli sodA sodB mutant was transformed by electroporation with either 

pCR2.1 or pCR2.1sodM and plated on minimal medium (M63 agar) containing 

carbenicillin. Plates were incubated at 37°C for 2-3 days before colonies transformed 

with pCR2.1sodM appeared. No transformants were recovered when the E. coli sodA, 

sodB mutant was transformed with pCR2 .1. SOD activity gels of whole-celllysates from 

one of the trans formants grown in LB broth revealed a single band of activity (Fig. 2, 

lane 1 ), which migrated between the upper and middle bands of activity from S. aureus 

RN6390 (Fig. 2, lane 6). No activity was observed with either the E. coli double sod 

mutant or the E. coli double sod mutant containing pCR2.1 under identical conditions 

(Fig. 2, lanes 2 and 3, respectively). At present, it is unknown as to why the mobility of 

the recombinant SOD does not comigrate with any of the wild-type bands of activity seen 

inS. aureus RN6390. 

In wild-type E. coli, three bands of activity can be detected under aerobic 

conditions (9). The uppermost band of SOD activity represents the Mn-SOD, the 

lowermost band represents the Fe-SOD, and the middle band of activity represents a 
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hybrid protein consisting of subunits of the Mn- and Fe-SOD (6, 9). The E. coli QC771 

strain, parent to the double sod mutant and a wild-type E. coli (MG 1655) strain exhibited 

the expected bands of activity (Fig. 2, lanes 4 and 5, respectively). 

SodM insensitivity to H202 and KCN. Inactivation by H20 2 and KCN has been 

used to predict the metal cofactor requirement of SODs (1, 8, 27). Given that the amino 

acid sequences of the staphylococcal sodM and sodA (7) genes indicate that these SODs 

are of the Mn variety, we examined the relative sensitivity of the staphylococcal SODs to 

H202 and KCN. As Fe-containing SODs are inactivated by H20 2 (1), polyacrylamide 

gels were treated with 5 mM H20 2 for 15 minutes prior to negative staining for SOD 

activity. All three SOD activities of S. aureus were relatively resistant to H20 2 (Fig. 3, 

compare lane 1 of panels A and B) while the Fe-containing SOD activity of the wild-type 

E. coli strain was reduced considerably (Fig. 3, compare lane 2 of panels A and B), 

suggesting that the three SOD activities of S. aureus do not utilize Fe as a cofactor. This 

is in contrast to the findings of Clements et al. (7), who reported that the upper most band 

of activity is sensitive to H20 2• Currently, these differences are unexplained. Clements 

et al. (7) showed Mn depletion of celllysates abolished all three bands of SOD activity 

and that only the lower two bands of activity were restored when Mn was restored. 

Likewise, Fe did not restore the upper band of activity. These data suggest that the SodM 

protein may utilize some cofactor other than Mn (7). 

Potassium cyanide inactivates SODs containing Cu/Zn metal cofactors (8, 27). 

Treatment of gels containing whole-celllysates from S. aureus with 10 mM KCN 

resulted in no loss of activity from any of the three bands of SOD activity (Fig. 3, 

48 



compare lane 1 of panels A and C), while the B. abortus Cu/Zn-SOD, expressed by a 

recombinant plasmid in the E. coli, double sod mutant, was inactivated (Fig. 3, compare 

lane 3 of panels A and C). 

These data taken collectively indicate that the SODs, encoded by sodM and sodA 

are most likely of the Mn type. However, sensitivity to H20 2 and amino acid sequence 

similarity have been misleading in the characterization of certain SODs. For example, 

the SOD from the anaerobic archaebacterium, Methanobacterium thermoautotrophicum 

is a Fe-containing enzyme, although its amino acid sequence and resistance to H20 2 

suggests that it is of the Mn variety ( 40, 41 ). Conclusive evidence of the specific metal 

cofactor of the staphylococcal SODs will require protein purification and some means of 

ion detection. 

SOD activity and sodM expression under low and high aeration conditions. 

In order to determine when expression of sodM and the production of SOD occurs in S. 

aureus, whole-celllysates and total RNA were isolated from S. aureus RN6390 during 3, 

6, and 12 hours of growth under low and high aeration conditions (Fig. 4). Optical 

density readings indicate that while growth rate under low and high aeration conditions 

appears to be the same, growth under low aeration conditions results in less overall 

growth (Fig. 4, panel A). Northern analysis using a DNA probe specific for sodM 

detected a single RNA species of 0. 7 kb, approximately the size of the transcript 

predicted from the nucleic acid sequence of the sodM gene, indicating that sodM is 

transcribed monocistronically. Message levels for sodM under low aeration growth 

conditions were most abundant at the 3-hour time point, which corresponded to the 
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transitional period prior to the post-exponential phase of growth (Fig. 4, panel B). After 

6 and 12 hours of growth, times that corresponded to the early- and late-stationary 

phases, message levels were reduced approximately 2- and 4-fold with respect to the 3-

hour time point (Fig. 4, panel B). In contrast, under high aeration growth conditions, 

message levels were observed to increase throughout this time course. Levels at 6 (late

exponential) and 12 (stationary) hours of growth were 2- and 4-fold elevated with respect 

to the levels at the 3 hour time point (Fig. 4, panel B). 

Whole-celllysates from S. aureus RN6390 at 3, 6, and 12 hours oflow and high 

aeration growth were separated by electrophoresis on nondenaturing polyacrylamide gels 

and stained for SOD activity (Fig. 4, panel C). Under low aeration, all three bands of 

activity were most abundant at 6 hours of growth but decreased considerably by 12 hours 

(Fig. 4, panel C). This was in contrast to what was observed under high aeration 

conditions. Under high aeration conditions, all three bands of activity increased .by 6 

hours of growth and remained high during the stationary phase of growth (12 h; Fig. 4, 

panel C). 

The relative contribution of each SOD to the overall SOD activity was assessed 

by quantitatively comparing each band of activity by densitometry and determining the 

percentage of each with respect to total SOD activity (Fig. 4, panel D). These data 

indicate that while the SodA activity is the most abundant of the three SOD activities, the 

increase in total activity as cells entered the late- and post-exponential phases of growth 

under high aeration conditions appears to be due to an increase in SodM activity (Fig. 4, 

panels C and D). 
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Data obtained from our study agree qualitatively with results obtained by 

Clements et al. (7). Using the pyrogallol spectrophotometric assay for total SOD activity 

(29), Clements et al. (7) determined that total SOD activity under low and high aeration 

conditions increased 10- and 18-fold, respectively, as cells entered the post-exponential 

phase of growth. In addition, Clements et al. (7) also noted that total activity during the 

stationary phase of growth decreased under low aeration conditions and remained the 

same under high aeration conditions. 

SOD activity in S. au reus sod mutants. To determine the loss of SOD activity 

in each of the mutants, whole-celllysates from S. aureus RN6390 and its isogenic sod 

mutant strains were electrophoresed on nondenaturing polyacrylamide gels and stained 

for SOD activity (Fig. 5). As expected, the parental strain, RN6390 exhibited three 

closely-migrating bands of activity (Fig. 5, lane 1) while the sodM mutant strain 

exhibited only a single band of activity that corresponded to the lowest migrating band 

exhibited by the parent (Fig. 5, lane 2). As previously demonstrated by Clements et al. 

(7) who used a sodA transposon mutant, whole-celllysates from our sodA::tet mutant 

contained only a single band of activity that corresponded to the upper most band 

exhibited by the parent strain (Fig. 5, lane 3). No bands of SOD activity were detected in 

celllysates prepared from the sod double mutant (Fig. 5, lane 4). However, when the 

sodM gene was expressed from plasmid pCL15 in the sod double mutant, the uppermost 

band of activity was restored (Fig. 5, lanes 5 and 6). Maximal activity was observed 

when sodM was induced from the lac promoter with IPTG (Fig. 5, lane 5). It is not clear 

at present, as to why the sodM gene is poorly expressed from its own putative promoter 
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in a moderate copy number plasmid (Chia Lee, personal communication). Sequence 

analysis of the sodM gene revealed a putative promoter region and northern analysis 

clearly demonstrates that the sodM message is approximately the size of the transcript 

predicted from this nucleic acid sequence. In addition, no other hybridizing bands were 

observed by northern analysis (data not shown). Furthermore, sequence analysis a 

thousand base pairs upstream of the sodM open reading frame revealed no obvious 

sequences that might suggest a cis acting element. Currently, experiments are underway 

to determine the precise transcriptional start site of sodM and whether expression 

involves additional cis acting elements upstream of sodM. 

These data demonstrate that the three bands of SOD activity observed for S. 

aureus RN6390 are encoded by two distinct genes, sodM and sodA. Because the middle 

band of activity observed for the parent strain is lost in either the sodM or sodA mutant, 

the middle band of activity is proposed to result from the formation of a hybrid protein 

composed of SodM and SodA. The SOD activity profile exhibited by S. aureus is similar 

to the pattern of SODs in E. coli where subunits of the Mn- and Fe-SOD form a hybrid 

band of activity that migrates between the Mn- and Fe-SOD (ref. 6, 9; Fig 2, lane 6). 

Even though Clare et al. ( 6) concluded that the formation of a hybrid SOD in E. coli is 

most likely due to subunit exchange between two enzymes with comparable catalytic 

activities arid extensive amino acid sequence homology, a functional role for the hybrid 

S'"OD in E. coli has not been investigated. Likewise, whether the hybrid SOD band 

observed inS. aureus possesses a particular function or is simply a hetero-product of two 

structurally related proteins remains to be determined. 
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To the best of our knowledge, S. aureus represents the first gram-positive 

bacterium reported to contained more than one sod gene. Most gram-positive bacteria 

studied thus far, possess a single gene for SOD (42). In addition, several ofthese SODs 

are said to be cambialistic, capable of utilizing either Mn or Fe as the metal cofactor (42). 

Why S. aureus possesses two sod genes is an intriguing question, particularly when one 

considers that whole celllysates from several coagulase-negative staphylococci, 

including S. epidermidis, exhibit only one band of SOD activity, with an electrophoretic 

mobility identical to that of the S. aureus SodA (M.W. Valderas and M.E. Hart, 

unpublished data). Perhaps, these differences in SOD profiles between S. aureus and the 

coagulase-negative staphylococci represent an important divergence in the evolution of 

these species relevant to the environmental niches that these species primarily occupy. 

Viability in the presence of methyl viologen. To assess the contribution of each 

of the SODs to resistance against an internal source of oxidative stress, MV was added to 

high aeration broth cultures of S. aureus at 1.5, 6, and 12 hours of growth; times that 

corresponded to early and late exponential, and stationary phases of growth. Growth was 

monitored spectrophotometrically and viability in the presence and absence ofMV was 

determined at various times during growth (Fig. 6). Only the sod double mutant was 

affected when grown in the absence ofMV, exhibiting a statistically significant reduction 

(P < 0.001) in the total number of cells as compared to the parent strain and to the sodM 

ind sodA single mutants (Fig. 6). When MV was added to early exponentially-growing 

cultures (1.5 h), cell viability of all cultures was reduced at 6 hours to levels just below 

the cell concentration at zero hour (Fig. 6, panel A). However, only the sodA and sod 
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double mutant continued to lose viability over the next 6 to 12 hours. An approximately 

104
- fold reduction in viability was observed for these mutants (Fig. 6, panel A). While 

growth of the parent and sodM mutant was reduced approximately ten-fold by 6 hours, no 

additional loss of viability was observed and cell number began to increase by 18 hours 

(Fig. 6, panel A). Interestingly, an increase in viability was also observed for the sodA 

and sod double mutant during the later time points. Whether these cells are the result of 

suppressor mutations is currently under investigation. 

When MV was added to cells late in the exponential (6 h) or stationary (12 h) 

phases of growth, the viability of the parent and sodM mutant was unaffected (Fig. 6, 

panels B and C). Surprisingly, the sodA mutant was unaffected (Fig. 6, panels B and C). 

In fact, both the sodM and sodA mutants and the parent strain exhibited identical viability 

in the presence or absence ofMV. In contrast, when MV was added to the sod double 

mutant at 6 or 12 hours of growth, a significant reduction (105-fold) in viable cells was 

observed (Fig. 6, panels B and C). These data indicate that SodA levels alone are 

sufficient ciuring early growth to protect against oxidative stress (1.5 h; Fig. 4, panels C 

and D). In contrast, maximum expression of SodM is delayed until cells reach the late- to 

post-exponentialphases of growth (6 h; Fig. 4, panel C). Consequently, the sodA mutant 

is sensitive to oxidative stress caused by MV addition at 1.5 hours of growth and its 

viability is significantly reduced (Fig. 6, panel A). However, MV is not inhibiting when 

added after SodM has been produced in the cell (6 or 12 hours), and the viability of the 

sodA mutant is unaffected due to the compensatory levels of SodM (Fig. 6, panels B and 

C). These results indicate that while SodA may be the major SOD activity in the 
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exponential growth phase of S. aureus, Sod.M may play an important role in maintaining 

cell viability during the stationary phase of growth. To verify that SodM can function in 

this capacity, the sod double mutant containing pCL 15sodM was grown in the presence 

ofMV (Fig. 7). Cultures in the early exponential phase of growth (1 h) were induced to 

express sodMby the addition ofiPTG. When cultures reached the late exponential phase 

of growth (6 h), MV was added. As previously demonstrated, MV added to either the 

parent or sodA mutant strain at 6 hours of growth had no affect on their viability (Fig. 7). 

However, when MV was added to the sod double mutant a drastic reduction (104-fold) in 

viability was observed by 12 hours. In contrast, the sod double mutant containing the 

pCL15sodM construct was unaffected by the addition ofMV at 6 hours. Growth of this 

strain was identical to that of the parent and sodA mutant strains (Fig. 7). 

In summary, we isolated a gene encoding a secondS. aureus SOD. The gene 

(sodM) codes for a 187 amino acid protein that most likely uses Mn as a cofactor. Three 

bands of activity, as determined by nondenaturing polyacrylamide gel electrophoresis and 

staining for SOD activity are accounted for by sodM, sodA, and a hybrid SOD dependent 

upon both genes. Under high aeration conditions, sodM steady-state message levels and 

Sod.M activity increased as cells entered the late-exponential and stationary phases of 

growth. However, loss of sodM function had no effect on cell viability as compared to 

the parent strain when grown in the presence ofMV. Activity of SodA was higher than 

either SodM or the hybrid protein during the early-exponential phase of growth and most 

likely provided sufficient SOD activity to compensate for the loss of Sod.M. In contrast, 

the viability of the sodA mutant was drastically reduced when MV was added to early-
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exponentially growing cells under high aeration conditions. Because maximal SodM 

production does not occur until cells have reached the late-exponential phase of growth, 

the sodA mutant most likely had little to no SOD activity to provide protection from 

oxidative stress during the exponential phase of growth. However, when MV was added 

to cultures growing in the late-exponential or the stationary phase of growth, a time in 

growth when SodM levels were elevated, no loss in cell viability was observed. Only the 

sod double mutant lost viability regardless of when MV was added. While this study has 

shown that SodM levels in the late- to post-exponential phases of growth can protect aS. 

aureus sodA mutant from oxidative stress, it does not seem likely that S. aureus would 

employ a two SOD system to protect cells in the event that one of the SODs became 

nonfunctional. The fact that viability of the sodM mutant is not adversely affected even 

in the presence ofMV would suggest an alternative role for this SOD. Perhaps the 

differences in SodM and SodA activities observed in this study using in vitro growth 

conditions suggest a more important role for one or both of these SODs in the host, 

particularly after phagocytosis by neutrophils. Studies addressing this question are 

currently in progress. In addition, studies that include the definitive determination of the 

metal cofactors used by both SODs and the environmental stimuli that control the 

expression of these genes should also provide helpful insight in determining the 

significance of each SOD inS. aureus. 
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TABLE 1. Bacterial strains used in this stud~. 
Strain Genotype and/or relevant Reference and/or source 

characteristics 
S. aureus 
RN4220 Nitrosoguanidine-induced 34, J.J. Iandolo, University of 

restriction mutant Oklahoma Health Science Center 
RN6390 Prototypic strain 34, M.S. Smeltzer, University of 

Arkansas 
for Medical Sciences 

NTH205 RN6390, sodM: :erm This study 
NTH247 RN6390, sodA::tet This study 
NTH248 RN6390, sodM::erm sodA::tet This study 
E. coli 

INVaF' F'endA1 recA1 hsdR17 (rk·, m/) Invitrogen, Carlsbad, CA 
supE44 thi-1 gyrA96 re!A1 080lac 
Z~Ml5(lac ZYA-argF)Ul69 t.: 

HBlOl F leuB6 supE44 hsdS20(ra· rna·) Laboratory stock 
recA13 ara-14 proA2 galK2lacY1 
rpsL20 :xyl-5 mtl-1 

QC771 ~(argF-lac)U169 is from strain 4, D. Touati, lnstitut Jacques Monod, 
Hfr3000 U169, F; parent to QC779 France 

QC779 ~(argF-lac)169, t..:, $(sodB-kan)l- 4, D. Touati, Institut Jacques Monod, 
~2. IN(rrnD-rrnE)1, rpsL179(strR), France 
sodA25::MudPR13 

MG1655 prototypic strain Tony Romeo, University of North 
Texas Health Science Center 

NTH212 QC779, containing pBA23: :sodC This study, plasmid (27) obtained 
from R.M. Roop, Louisiana State 
Universit~ Health Science Center 

64 



FIG. 1. Amino acid sequence alignments of bacterial SODs. The SodM (AF273269) and 

SodA (7; AF121672) proteins of S. aureus and the SOD proteins from Bacillus subtilis (Bs

MnSOD, D86856), Listeria monocytogenes (Lm-MnSOD, M80526), E. coli (Ec-MnSOD, 

AE000465; Ec-FeSOD, AE000261), Pseudomonas putida (Pp-FeSOD, U64798), and Legionella 

pneumophilia (Lp-FeSOD, Dl2922) are shown. Discriminating amino acids (33) used to 

differentiate between Mn- and Fe-SODs are bolded. The underlined region represents the partial 

SodM amino acid sequence identified by Poyart et al.(35). 
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Sa-SodM MAFKLPNLPYAYDALEPYIDQRTMEFHHDKHHNTYVTKLNATVEGTE.LEHQSLA 54 
Sa-SodA MAFeLPkLPYAfDALEPhfDkeTMEiHHDrHHNTYVTKLNAaVEGTd.LEskSie 54 
Bs-MnSOD MAyeLPeLPYAYDALEPhiDkeT.MtiHHtKHHNTYVTnLNkaVEGntaLankSve 55 
Lm-MnSOD MtyeLPkLPYtYDALEPnfDkeTMEiHytKHHNTYVTKLNeaVaGhpeLaskSae 55 
Ec-MnSOD MsytLPsLPYAYDALEPhfDkqTMEiHHtKHHqTYVnnaNAalEslpefanlpve 55 
Ec-FeSOD MsFeLPaLPYAkDALaPhisaeTiEyHygKHHqTYVTnLNnlikGT ........ A 47 
Pp-FeSOD MAFeLPpLPYAhDALqPhiskeTlEFHHDKHHNTYVvnLNnlVpGT ........ e 47 
Lp-FeSOD MtFtLPqLPYAlDALaPhvskeTlEyHygKHHNTYVTnLNklipGT ........ e 47 

Sa-SodM DMIANLDKVPEAMRMSVRNNGGGHFNHSLFWEILSPNSEEKGGVIDD .. IKAQWG 107 
Sa-SodA eivANLDsVPaniqtaVRNNGGGHlNHSLFWElLSPNSEEKGtVvek .. IKeQWG 107 
Bs-MnSOD elvAdLDsVPEniRtaVRNNGGGHaNHkLFWtlLSPNgggeptgalaeelnsvfG 110 
Lm-MnSOD elvtNLDsVPEdiRgaVRNhGGGHaNHtLFWsiLSPNgggaptgnlkaaiesefG 110 
Ec-MnSOD elitkLDqlPadkktvlRNNaGGHaNHSLFWkgLkk .. gttlqgdlkaalerdfG 108 
EC-FeSOD fegksLeeiirsseqqVfNNaaqvwNHtfyWncLaPNaggeptgkvaeaiaAsfG 102 
Pp-FeSOD fegktLeeivktssqqifNNaaqvwNHtfyWncLaPNaggqptgaladainAafG 102 
Lp-FeSOD fesmtLeeiimkakqqifNNaaqvwNHtfyWhsmSPNgggepkgrlaeainksfG 102 

Sa-SodM TLDEFKNEFANKATTLFGSGWTWLVVND.GKLEIVTTPNQDNPLTEGKT ...... 155 
Sa-SodA sLeEFKkEFAdKAaarFGSGWaWLVVNn.GqLEIVTTPNQDNPLTEGKT ...... 155 
Bs-MnSOD sfDkFKeqFAaaAagrFGSGWaWLVVNn.GKLEitsTPNQDsPLsEGKT ...... 158 
Lm-MnSOD TfDEFKekFnaaAaarFGSGWaWLVVND.GKLEIVsTaNQDsPLsdGKT ...... 158 
Ec-MnSOD svDnFKaEFekaAasrFGSGWaWLVlkg.dKLavVsTaNQDsPLmgeaisgasgf 162 
Ec-FeSOD sfadFKaqFtdaAiknFGSGWTWLVkNsdGKLaiVsTsNaqtPLTtdaT ...... 151 
Pp-FeSOD sfDkFKeEFtktsvgtFGSGWgWLVkkadGsLalasTigaqcPLTsGdT ...... 151 
Lp-FeSOD sfaaFKeqFsqtAaTtFGSGWaWLVqdqsGaLkiinTsNaqtPmTEGln ...... 151 

Sa-SodM PILLFDVWEHAYYLKYQNKRPDYMTAFWNIVN 187 
Sa-SodA PILglDVWEHAYYLKYQNKRPDYigAFWNvVNwekvdelynatk 199 
Bs-MnSOD PILglDVWEHAYYLnYQNrRPDYisAFWNvVNwdevarlyseak 202 
Lm-MnSOD PvLglDVWEHAYYLKfQNrRPeYietFWNviNwdeankrfdaak 202 
Ec-MnSOD PimglDVWEHAYYLKfQNrRPDYikeFWNvVNwdeaaarfaakk 206 
Ec-FeSOD PlLtvDVWEHAYYidYrNaRPgYlehFWalVNwefvaknlaa 193 
Pp-FeSOD PlLtcDVWEHAYYidYrNlRPkYveAFWNlVNwafvaeqfegktfka 198 
Lp-FeSOD alLtcDVWEHAYYidYrNrRPDYieAFWslVNwdfassnlk 192 
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FIG. 2. Activity gel analysis of E. coli (Ec) and S. aureus SODs. Lane 1, E. coli (sodA, 

sodB) containing pCR2.1sodM; lane 2, E. coli (sodA, sodB); lane 3, E. coli (sodA, sodB) 

containing pCR2.1; lane 4, E. coli (parent to E. coli sodA, sodB); lane 5, E. coli MG 1655; and 

lane 6, S. aureus RN6390. Stained gels were scanned using the Alphalmager 2000 (Alpha 

Innotech Corp., San Leandro, Calif.) imaging system and the above inverse image was generated 

using NIH Image software. 
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FIG. 3. SOD sensitivity to hydrogen peroxide and potassium cyanide. Whole-celllysates 

prepared from S. aureus RN6390 (lane 1), E. coli MG1655 (lane 2), and E. coli (sodA, sodB) 

containing plasmid pBA23sodC (lane 3) were resolved by nondenaturing polyacrylamide gel 

electrophoresis and either treated with hydrogen peroxide (Panel B), or potassium cyanide (Panel 

C) prior to negative staining for SOD activity. Panel A is an untreated control. The gel was 

analyzed and the image generated as describe in Figure 2 . 

.. 
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FIG. 4. Growth-phase dependent SOD activity and sodM expression under conditions oflow 

and high aeration. Panel (A) is a representative growth curve of S. aureus RN6390 grown under 

conditions oflow (e) and high (0) aeration. Whole-celllysates and total RNA were isolated 

under low and high aeration conditions at 3, 6, and 12 hours of growth. Panel (B) is a Northern 

analysis of total RNA hybridized with a sodM-specific probe. RNA concentrations were 

standardized according to A260 values and loaded as either undiluted (U) or twofold serially 

diluted (numerical values) samples. Panel (C) is a nondenaturing polyacrylamide gel ofwhole

celllysates stained for SOD activity. The gel was analyzed and the image generated as described 

in Figure 2. Panel (D) represents the percent activity ofSodM (e), the hybrid(~), and SodA 

(•) under low (left-side) and high (right-side) aeration conditions. Percentages were determined 

from values generated by quantitative densitometric analysis as described in the Materials and 

Methods. 

-
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FIG. 5. SOD activities from S. aureus sod mutants. Lane 1, RN6390; Lane 2, the sodM 

mutant; Lane 3, the sodA mutant; Lane 4, the double (sodM sodA) mutant; Lane 5, the double 

mutant containing pCL 15sodM induced with IPTG; Lane 6, double mutant containing 

pCL15sodM uninduced. 
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FIG. 6. Viable cell count of S. aureus RN6390 (O,e), the sodM mutant (0,.), the sodA 

mutant (D.,.), and the double (sodM sodA) mutant (0,+) grown in the absence (open symbols) 

and presence (closed symbols) ofMV. Panel (A) MV added at 1.5 hours into growth, panel (B) 

MV added at 6 hours into growth, and panel (C) MV added at 12 hours into growth . 

... 
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FIG. 7. Viable cell count of S. aureus RN6390 (O,e), the sodA mutant (0,.), the double 

mutant (.6.,A), and the double mutant containing pCL15sodM ( 0, +)grown in the absence 

(open symbols) and presence (closed symbols) ofMV. 
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Whole celllysates of Staphylococcus aureus were found to contain three SOD activities, 

as determined by non-denaturing polyacrylamide gel electrophoresis and staining for 

SOD activity. The activities were accounted for by sodM, sodA, and a hybrid SOD 

dependent upon both genes. Because S. aureus produces three SODs, a characteristic 

unique among the gram-positive bacteria, the purpose of the following study was to 

determine if SOD activities are different among species of Staphylococcus. 
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ABSTRACT 

Superoxide dismutase (SOD) profiles of clinical isolates of S. aureus and coagulase

negative staphylococci (CNS) were determined using whole celllysates and activity gels. 

All S. aureus clinical isolates exhibited three closely migrating bands of activity as 

previously determined for laboratory strains of S. aureus; Sod.M, SodA, and a hybrid 

composed ofSod.M and SodA (M.W. Valderas and M.E. Hart, J. Bacteriol. 183:3399-

3407, 2001). In contrast, the CNS produced only one SOD activity, which migrated 

similar to the SodA protein of S. aureus. Southern analysis of eight CNS species 

identified only a single sod gene in each case. A full-length sod gene was cloned from S. 

epidermidis and determined to be more similar to the sodA than the sodM gene of S. 

aureus. Therefore, this gene was designated sodA. The deduced amino acid sequence of 

the S. epidermidis sodA was 92% and 76% identical to that of the SodA and Sod.M 

proteins of S. aureus, respectively. The S. epidermidis sodA gene expressed from a 

plasmid complemented a sodA mutation in S. aureus and the protein formed a hybrid 

with the SodM protein of S. aureus. Both hybrid SOD forms as well as the Sod.M and 

SodA proteins of S. aureus and the S. epidermidis SodA protein exist as dimers. These 

data indicate that sodM is found only in S. aureus and not in the CNS thereby suggesting 

an important divergence in the evolution of this genus and a unique role for Sod.M in S. 

aureus. 
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INTRODUCTION 

The staphylococci represent a diverse group of species that are routinely categorized 

in the clinical setting as either being coagulase positive or coagulase negative (3). In 

most cases, coagulase positive staphylococci isolated from human disease are S. aureus 

while the coagulase negative staphylococci (CNS) may represent any of the remaining 32 

species that constitute the genus Staphylococcus (32). A notable exception to this axiom 

isS. intermedius, which is coagulase positive (31). However, only about 15 of the 

coagulase negative species are indigenous to humans, with S. epidermidis being the 

species most frequently isolated from bloodstream infections (26, 32). 

Staphylococcus aureus has always been considered a human pathogen with a wide 

array of disease syndromes ranging from minor skin abscesses to life-threatening 

endocarditis, osteomyelitis, and pneumonia (48). Contributing to this array of diseases is 

the capacity of this organism to produce numerous proteins with cytotoxic and 

immunogenic properties as well as surface-associated factors that promote adherence and 

evade host defenses (27, 42). In contrast, the CNS have been regarded as apathogenic 

commensals residing on the human skin and a frequent contaminant of clinical samples 

(26). However, the increasing use of invasive medical devices in recent years has made 

the CNS the most common pathogen isolated from bloodstream infections in intensive 

care units (11). While the determination of virulence factors in the CNS has not been 

pursued as vigorously as that for S. aureus, it is evident that capsular polysaccharides are 

a major factor contributing to attachment to foreign bodies (26). Therefore, a more 
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complete understanding of the mechanisms of disease caused by the staphylococci is 

drastically needed. 

The staphylococci reside primarily on the skin and mucous membranes of warm-

blooded animals (31). In humans, approximately 30% ofhealthy individuals and up to 

90% of health care workers are carriers of staphylococci ( 48). Once the bacteria enter the 

human body through a break in the skin or mucous membranes they are confronted by the 

professional phagocytes ( 4 7). These host immune cells utilize reactive oxygen 

intermediates (ROis ), such as superoxide, hydrogen peroxide, and hydroxyl ions to aid in 

the killing of phagocytized bacteria (17, 30, 41). In addition, bacteria must also prevent 

damage to nucleic acids, proteins, and cell membranes from ROis that arise from 

incomplete reduction of oxygen during aerobic respiration (reviewed in 22 and 44). Most 

microorganisms that utilize aerobic respiration produce a number of enzymes that 

counteract the deleterious effects ofROis (19, 28). For example, superoxide dismutase 

(SOD) converts superoxide to hydrogen peroxide and oxygen and catalase converts 

hydrogen peroxide to water and oxygen (22, 44). 

Superoxide dismutase has been shown to be important in several bacteria for defense 

against killing by professional phagocytes of vertebrate hosts. Secreted SODs such as 

those from Mycobacterium tuberculosis and Nocardia asteroides as well as the 

periplasmically-located Cu/Zn SOD from E. coli protect these microorganisms from 

.. 
·phagocytic killing (2, 5, 6). Inactivation of the cytoplasmically-located SODs of Shigella 

jlexneri and E. coli K12 results in increased sensitivity to killing by serum and 

neutrophils (21, 36). In addition, sod mutations in Streptococcus pneumoniae, 
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Campylobacter coli, Yersinia enterocolitica, and Haemophilus injluenzae result in 

attenuation of virulence, reduced colonization of the chicken stomach, decreased survival 

in the spleen and liver of mice, and the inability to colonize the rat nasopharynx, 

respectively (15, 38, 39, 50). 

Apart from earlier conflicting reports (29, 35) regarding the importance of 

staphylococcal SOD in disease, the role of SOD in S. aureus has only recently been 

addressed. This organism contains two genes, sodM and sodA, that account for three 

SOD activities (13, 37, 45). The sodM and sodA gene products are important for the 

viability of S. aureus when grown under oxidative stress conditions (13, 45). In addition, 

the ability to survive amino acid starvation during aerobic growth is reduced in a S. 

aureus sodA mutant (13, 49). However, the sodA mutation did not affect the organism's 

ability to recover from starvation (13, 49). While a sodA mutation inS. aureus was 

demonstrated to have no effect on virulence in a mouse abscess model (13), the effect of 

a sodM or sodM sodA double mutation on virulence has only been recently addressed 

(46). 

Because S. aureus produces three SODs, a characteristic unique among the gram

positive bacteria, the purpose of the present study was to determine if SOD activities are 

different among species of Staphylococcus. Results from this study indicate that unlike 

S. aureus, the CNS produced only one SOD activity, which is most closely related to 

SodA of S. aureus with respect to migration on activity gels, Southern analysis, and 

amino acid similarities. Given the differences in pathogenesis between S. aureus and the 

CNS, the presence of a second SOD in S. aureus suggests an alternative role for the 
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SodM function in this organism that may be related to this organism's ability to cause 

disease. 

MATERIALS AND METHODS 

Staphylococcal strains and growth conditions. Staphylococcal strains used in this 

study are listed in Table 1. Strains were routinely grown overnight (15 to 18 h) in tryptic 

soy broth {TSB; Difco Laboratories, Detroit, Mich.) at 37"C with rotary aeration (180 

rpm) or on TSA plates {TSB containing 1.5% agar). Clinical isolates were provided by 

Larry Kemp of the Osteopathic Medical Center of Texas (OMCT), Fort Worth, Texas 

and by Dr. Ken Waites, Division of Laboratory Medicine, University of Alabama at 

Birmingham. Gram-positive cocci possessing catalase activity were categorized as either 

coagulase positive or negative by inoculating 0.5 ml of reconstituted rabbit plasma (Difco 

Laboratories) with a single isolated colony and incubating at 37"C for three hours. Tubes 

were observed for the presence of a fibrin clot. Species identification was determined 

using Positive Combination Type 6 Panels (Dade International, Inc., West Sacramento, 

Calif.) read after a 16-24 h incubation at 35"C with a Microscan Walkaway automated 

instrument (Dade) . . These panels use the results of 18 separate biochemical tests and the 

susceptibility to 18 different antibiotics to identify Staphylococcus species (Dade). 

Preparation of celllysates and SOD activity assay. Whole-celllysates of 

-staphylococcal strains were prepared using the procedure ofValderas and Hart (45). 

Total protein of whole celllysates was determined using the Bradford assay (Bio-Rad 

Laboratories, Richmond, Calif.). Cell protein (5 or 50 J.tg) was loaded onto 15% (w/v) 
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nondenaturing, polyacrylamide gels and separated by electrophoresis in buffer lacking 

sodium dodecyl sulfate. Superoxide dismutase activity was determined using the 

nitroblue tetrazolium negative staining method of Beauchamp and Fridovich (8). 

SOD subunit composition. Whole-celllysates of S. aureus RN6390, S. epidermidis 

ATCC 12228, and the sodA mutant of S. aureus RN6390 containing the S. epidermidis 

SOD determinant on a plasmid (pCL1Sepi-sod) were prepared as above. Total protein (5 

J.Lg) from each strain along with standard proteins of known molecular weights (Sigma) 

were loaded on nondenaturing, polyacrylamide gels of various concentrations (12, 15, 18, 

and 21 %). Proteins were separated by electrophoresis and stained for SOD activity as 

previously described (8). The relative mobility (Rr) of each band of activity was 

determined. Gels were then rinsed in water overnight, stained with Coomassie Brilliant 

Blue (Fisher; 4) and the Rr values for each of the standard proteins was determined. Rr 

values of standard proteins and SOD activity bands were used to generate Ferguson plots 

(20) as per Sigma technical bulletin no. MKR-137. The correlation of slopes verses the 

molecular weights of standard proteins was r = 0. 987. 

Chromosomal DNA analysis, cloning, and complementation. Chromosomal DNA 

was isolated from staphylococci using the guanidine-HCl-CsCI method as described by 

Dyer and Iandolo (16). DNA was digested with either EcoRI or HindU!, resolved by 

agarose gel electrophoresis, and transferred by passive diffusion onto neutral nylon 

-membranes (Magna Graph; Micron Separations Inc., Westborough, Mass.). Membranes 

were hybridized overnight (18-24 h) at 65°C with PCR products containing either the 

sodM, sodA, or S. epidermidis ATCC 12228 sodA gene labeled with digoxygenin-11-
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UTP (Roche Molecular Biochemicals, Indianapolis, Ind.) as described by Smeltzer et al. 

(43) and Hart et al. (24). Hybridizing probes were detected by autoradiography with 

alkaline phosphatase-conjugated, antidigoxygenin F(ab')2 antibody fragments (Roche 

Molecular Biochemicals) and the chemiluminescent substrate CDP-Star (Roche 

Molecular Biochemicals). 

Sequence from the 5'-end of the putative sod gene reported by Heidrich et al. (25) for 

S. epidermidis BN280 (GenBank accession no. X97011) was used to perform a BLAST 

search of the genomic DNA database (in progress) for S. epidermidis RP62A maintained 

by The Institute for Genomic Research (http://www.tigr.org). Oligonucleotide primers 

5'-AGGCCATTGGTCGTATTT-3' and 5'-GCAAATCATCTAAGGGCTATG-3' were 

designed and used to amplify an approximately 0.9 kbp region containing the sodA gene 

from S. epidermidis ATCC 12228 by PCR. The PCR product was ligated into pCR2.1 

(Invitrogen, Carlsbad, Calif.) and used to transform Escherichia coli INVaF', as 

recommended by the manufacturer (Invitrogen). Plasmid DNA from antibiotic-resistant 

transformants was isolated using a plasmid miniprep kit (Bio-Rad Laboratories) and 

digested with EcoRI to verify the presence of an approximately 0.9 kbp insert. Plasmid 

DNA containing the S. epidermidis sodA gene (pCR2.lepi-sod) was sequenced at the 

University of Arkansas for Medical Sciences DNA Sequencing Core Facility (Little 

Rock, Ark.) using a Perking-Elmer Biosystems DNA sequencer (PE Biosystems, Foster 

.. 
. City, Calif.). 

The EcoRI fragment containing the S. epidermidis sodA gene was also ligated into the 

shuttle vector pCL 15 (kindly provided by Chia Lee at the University of Kansas Medical 
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Center) and transformed into E. coli HBlOl. Plasmid DNA (pCLl5epi-sod) isolated 

from antibiotic resistant colonies was used to transform the S. aureus RN4220 sodA 

mutant (45) by electroporation (33). Plasmid isolation and Southern analysis was used to 

confirm the presence ofpCLl5epi-sod in chloramphenicol-resistant transformants. 

Plasmid pCL15 was also transformed into the sodA mutant as a vector control. 

Nucleotide sequence accession number. The full-length sodA gene from S. 

epidermidis ATCC 12228 has been assigned the accession number AF410177 by 

GenBank. 

RESULTS AND DISCUSSION 

SOD subunit composition. Most procaryotic SOD proteins studied thus far exist as 

either dimers or tetramers ( 1 0). Genetic evidence from our previous study demonstrated 

that at least the middle band of activity found in celllysates of S. aureus consists of a 

multimeric form composed of SodM and SodA ( 45). In our present study, we have now 

compared the relative mobility of each band of SOD activity to that of proteins of known 

molecular weights using nondenaturing PAGE and SOD staining. These values were 

used to generate Ferguson plots (20) which allowed for the calculation of the molecular 

weight of each band of SOD activity. Results from these studies indicate that the S. 

aureus SodM and SodA, the S. epidermidis SodA and the hybrids composed of SodM 

· and SodA exist as dimers (Table 2). 

SOD profiles among clinical isolates of S. aureus. Because the SOD profile of 

laboratory strains of S. aureus appears to be unique among the gram-positive bacteria, we 
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examined the SOD profiles of other staphylococci, in particular, clinical isolates of S. 

aureus and CNS. Clinical S. aureus strains isolated from two different geographical 

locations were analyzed for SOD activity using nondenaturing polyacrylamide gel 

electrophoresis (PAGE) and SOD staining (Fig. 1 ). Celllysates from all eight S. aureus 

isolates (lanes 2-6 and 8-11) as well as the ATCC 25923 (lane 7) strain demonstrated a 

SOD profile similar to S. aureus RN6390 (lane 1). Analysis of 50 j..tg of total protein 

revealed in each case, three bands of activity that corresponded to the profile exhibited by 

S. aureus RN6390 (Fig. 1 ). Interestingly, the level of activity for SodM ranged from 

detectable to approximately half of that observed for S. aureus RN6390. In addition, in 

all S. aureus strains (including laboratory strains) examined thus far, the SodM 

homodimer band of activity has always been less than the heterodimeric hybrid band 

composed ofSodM and SodA (45). It is not known at present why the heterodimer SOD 

would exhibit more activity than the homodimer SodM protein. Perhaps, the heterodimer 

is more stable than the SodM homodimer in celllysates or that the SodM homodimer is 

either secreted or associated with the cytoplasmic membrane which has been observed 

with some bacterial SODs (1, 7, 14, 18, 23). However, we have compared SOD activity 

from S. aureus spent media to that of celllysates and determined that the specific activity 

for all three SODs is approximately the same for both preparations, thereby suggesting 

that the SOD activity associated with spent media is not the result of secretion (data not 

.. 
' shown). 

SOD profiles among coagulase-negative staphylococci. Given the S. aureus 

characteristic three bands of SOD activity, we decided to determine whether CNS have 
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similar SOD activities. Five Jlg (Fig. 2) of cell lysate total protein from each of 22 CNS 

encompassing eight different species was resolved by nondenaturing PAGE and stained 

for SOD activity. All 22 CNS exhibited a single band of SOD activity migrating to a 

similar position as the SodA protein of S. aureus RN6390 (Fig. 2, lane 1 of panels A, B, 

and C). Activity of the single band ranged from barely detectable to equaling the SodA 

band of S. aureus RN6390 (Fig. 2). Levels of activity among the nine S. epidermidis 

strains (Fig., lanes 2-10 of panel A), which included the ATCC 12228 strain, were 

approximately the same. These data indicate that CNS contain only one SOD activity 

with a migratory pattern similar to that of the S. aureus SodA protein. While we were 

unable to isolate sufficient amounts of total protein from all CNS strains, of those that we 

were able to, no additional bands of activity were observed when 50 J.lg of protein was 

resolved by nondenaturing PAGE and stained for SOD activity (data not shown). 

Southern analysis of clinical isolates of CNS. To determine whether the lack of 

additional bands of SOD activity among the CNS was due to the absence of aS. aureus 

sodM-gene equivalent, we isolated chromosomal DNA from a representative strain of 

each of the eight species ofCNS examined. The DNA was digested with either EcoRl 

(Fig. 3) or Hindlll (data not shown) and hybridized with probes generated from the S. 

aureus RN6390 sodM and sodA genes and from the sodA gene isolated from S. 

epidermidis ATCC 12228. The nucleic acid sequences of all three-sod genes, sodA, 
... 

sodM, and the S. epidermidis sodA are 74% identical (data not shown) and as expected, at 

a hybridization temperature of 65°C, some cross hybridization occurred. This is 

particularly evident with S. aureus strains RN6390 and UAB1 (Fig. 3, lanes 1 and 2 of 
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panels A, B, and C). All three probes were able to hybridize with EcoRI fragments 

containing the sodA and sodM genes although the fragment containing the sodA gene was 

barely detectable when probed with sodM (Fig. 3, lanes 1 and 2 of panel B). 

Nevertheless, Southern analysis using these probes indicates that the CNS examined in 

this study contain only one gene for sod. A single EcoRI hybridizing band was observed 

for both the ATCC and clinical isolates of S. epidermidis, for S. carnosus, S. simulans 

and S. auricularis whileS. hominis, S. capitis, S. lugdunensis, and S. haemolyticus 

exhibited two EcoRI hybridizing bands (Fig. 3, panels A, B, and C). In all cases, the 

hybridizing bands were identical in size regardless of which probe was used and the 

intensity of the hybridizing bands was always greater with either the S. aureus sodA or 

the S. epidermidis sod probes than with the sodM probe. In addition, species exhibiting 

two hybridizing bands with EcoRI-digested DNA exhibited only one band when digested 

with Hindiii and hybridized with the sod probes thereby indicating only one sod gene in 

these species (data not shown). Chromosomal DNA hybridized with the sodM probe 

required extended periods of exposure time in order to detect hybridizing bands and in 

some cases those probed with sodA. No bands were ever detected for S. auricularis and 

S. haemolyticus when hybridized with the sodM probe (Fig. 3, lanes 8 and 10, of panel 

B). While the clinical isolate of S. epidermidis (Fig. 3, lane 11 of panel C) exhibited a 

single hybridizing band when probed with the S. epidermidis sod, the S. epidermidis 

ATCC strain exhibited a number of less intense bands (Fig. 3, lane 3 of panel C). These 

hybridizing bands may share a level of nucleic acid relatedness to the S. epidermidis sod 

probe. However, it is unlikely that these fragments represent additional sod genes due to 
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the appearance of only one band of SOD activity (Fig. 2, lane 10 of panel A) and the 

absence of additional genes identified through searches of the DNA database. In 

addition, the sodA probe also hybridized to additional EcoRI chromosomal fragments of 

S. aureus albeit less intense than the EcoRI fragments containing either the sodM or sodA 

genes (Fig. 3, lanes 1 and 2 of panels A and C). Again, it is unlikely that these 

hybridizing fragments represent additional sod genes since SOD activity is undetectable 

in a sodM sodA mutant of S. aureus ( 45). However, it is possible that additional sod 

genes were not expressed under our growth conditions or perhaps the products of these 

genes are unstable in celllysates. The failure to find the E. coli Cu!ZnSOD until recently 

has been attributed to the loss of the protein during isolation primarily due to its 

periplasmic location but also due to instability during the isolation procedures employed 

(9). 

sod gene from S. epidermidis. To assess the relatedness of the sod gene from S. 

epidermidis ATCC 12228 to the sodM and sodA genes of S. aureus, the nucleic acid 

sequence of the 5'-end of the putative sod gene of S. epidermidis BN280 (25; GenBank 

accession no. X97011) was used to search the S. epidermidis RP62A genomic sequence 

maintained by The Institute for Genomic Research (http://www.tigr.org) to find the entire 

open reading frame of the sod gene. PCR primers designed from this sequence were used 

to amplify an approximately 0.9 kbp fragment from chromosomal DNA of S. epidermidis 

"ATCC 12228, which was cloned and sequenced. The deduced amino acid sequence of 

the ORF was 100% identical to the sequence reported for S. epidermidis RP62A by TIGR 

(data not shown). The predicted amino acid sequence of the S. epidermidis sod ORF is 
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92% and 76% identical to the amino acid sequence of SodA and SodM of S. aureus 

RN6390, respectively (Fig. 4A). In addition, the predicted Sod amino acid sequences 

from S. carnosus (AJ295150), S. xylosus (AJ276960), and the recently reported 

sequences from S. aureus N315 (AP003129 and AP003134 for sodM and sodA, 

respectively, [34]) were included for comparison as well (Fig. 4A). The homologs share 

67.8% identity as a group. 

These sequences were also used to generate a phylogenetic tree (Fig. 4B) to 

determine their relative relatedness. Data from this analysis suggest that the SOD in S. 

epidermidis, S. carnosus, and S. xylosus are highly related to the SodA protein of S. 

aureus whereas these proteins along with the SodA protein of S. aureus are distantly 

related to the SodM protein, exhibiting only a 51% similarity to the SodM protein. 

In addition, the sod gene from the S. epidermidis ATCC strain was cloned into the 

staphylococcal shuttle vector, pCL15 and transformed into the sodA mutant of S. aureus 

(Fig. 5). Celllysates from the parental strain, S. aureus RN4220 (Fig. 5, lane 1) and the 

ATCC strainS. epidermidis (Fig. 5, lane 2) exhibited the expected patterns of SOD 

activity. Only the SodM band of activity was observed in the sodA mutant (45; Fig. 5, 

lane 3) and the sodA mutant containing pCL15 (Fig. 5, lane 4). However, the sodA 

mutant containing pCLl5epi-sod exhibited a band of SOD activity comparable to that of 

S. epidermidis and a hybrid band of activity similar to that observed for the parental S. 

-·aureus strain (45; Fig. 5, lane 5). These data demonstrate that the S. epidermidis sodA 

gene expressed in S. aureus and the gene product formed a hybrid with the SodM protein 

of S. aureus and like the hybrid SOD band seen with wild-type S. aureus exists as a 
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heterodimer (Table 2). The formation of a hybrid protein between two SOD proteins is 

not only seen inS. aureus (45) but is also seen in E. coli (12). In E. coli the hybrid is a 

dimeric protein consisting of one subunit each of SodA (Mn-containing enzyme) and 

Sod.B (Fe-containing enzyme). In E. coli as well as inS. aureus, it is not known whether 

the formation of a hybrid SOD protein has physiological relevance or is the result of 

subunit exchange between two related proteins. 

Originally, we reported that the sodM gene from S. aureus RN6390 encoded a 187 

amino acid protein with a 76% identity to the SodA protein (45; GenBank accession no. 

AF273269). We have now determined that the sodM sequence that was reported earlier 

contained an incorrect base that resulted in a 12 amino acid truncation of the predicted 

sodM ORF. Verification of the correct base was determined by sequencing the region 

containing the base in question and we now report that the S. aureus RN6390 sodM ORF 

consists of 199 amino acids with a predicted molecular weight of 22.7 kD (Fig. 4A). 

In summary, we have determined that eight representative species of the CNS contain 

only one sod gene that yields one band of SOD activity as determined by nondenaturing 

PAGE and staining for SOD activity. This is in contrast to S. aureus which contains two 

genes responsible for three bands of activity ( 45). The putative amino acid sequence 

from three, CNS sod genes indicates that these genes are more similar to the sodA gene 

than the sodM gene of S. aureus. Therefore, the S. epidermidis gene isolated in this study 

'is designated sodA. Furthermore, the CNS SOD proteins migrate on activity gels to a 

position similar to that of the S. aureus SodA protein. Whether the differences observed 

with the SOD profiles between S. aureus and the CNS represents an important divergence 
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in the evolution of the staphylococci is not known at present. However, the origin of the 

S. aureus sodM gene is an intriguing question. We recently demonstrated that the sodM 

gene is important in maintaining viability under oxidative stress conditions in a S. aureus 

strain containing a sodA mutation ( 45). Expression of sodM increased as cells entered the 

post-exponential and stationary phases of growth ( 45) similar to that observed for sodA 

(13). However, while SodA is the most abundant of the three SOD activities observed, 

the increase in total SOD activity as cells entered the post-exponential and stationary 

phases of growth is attributed to the increase production of SodM ( 45). These data 

suggest a regulatory mechanism for sodM independent of sodA and a unique role for 

SodM. Results from the present study support a unique role for sodM in that all S. aureus 

isolates, including those isolated from the clinical environment, contain sodM while the 

CNS do not. As a pathogen, S. aureus is certainly better equipped than the CNS, as it 

produces numerous toxins, enzymes and cell wall-associated proteins, which concertedly 

cause a wide variety of disease syndromes in humans (27). Perhaps the S. aureus SodM 

protein is yet another important factor that contributes to the disease-causing ability of 

this organism. Studies addressing this question are currently in progress. 
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TABLE 1. Bacterial strains used in this study. 

S. aureus 
RN6390 

ATCC 25923 
HACl 
HAC2 
HAC3 
HAC4 
HAC6 
UABI 
UAB2 
UAB4 
UAB5 

Strain 

Coagulase-negative staphylococci 
S. epidermidis ATCC 12228 
S. epidermidis HAC33 
S. epidermidis HAC36 
S. epidermidis HAC94 
S. epidermidis HAClll 
S. epidermidis HAC112 
S. epidermidis HAC113 
S. epidermidis HAC114 
S. epidermidis HAC115 
S. auricularis HAC140 
S. auricularis HAC145 
S. capitis HAC138 
S. carnosus KSI2019 

S. haemolyticus HAC146 
S. hominis HAC79 
S. hominis HAC139 
S. hominis HAC142 
S. hominis HAC144 
S. lugdunensis HAC51 

. S. lugdunensis HAC141 
;:, S. simulans HAC44 

S. simulans HAC143 

Relevant characteristics 

Prototypic strain 

Blood 
Skin abscess 
Peritoneal fluid 
Respiratory secretions 
Surgical wound 
Sputum 
Sputum 
Sputum 
Sputum 

Blood 
Surgical wound 

Triple lumen catheter 
Wound isolate 
Blood 
Triple lumen catheter 
Blood 

Deep tissue wound 
Tissue wound 
Food isolate 

Arterial line catheter 
Blood 
Tissue wound 
Urine 
Blood 
Abscess 
Deep tissue wound 
Deep tissue wound 
Blood 

.. "ATCC , American Type Culture Collection, Rockville, Maryland. 
bOMCT, Osteopathic Medical Center ofTexas, Fort Worth, Texas. 
CUAB, University of Alabama at Birmingham, Birmingham, Alabama. 
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Source 

M. S. Smeltzer, 
University of 
Arkansas for Medical 
Sciences 
ATCC" 
OMCr 
OMCT 
OMCT 
OMCT 
OMCT 
UABC 
UAB 
UAB 
UAB 

ATCC 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
J. J. Iandolo, 
University of 
Oklahoma Health 
Science Center 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 
OMCT 



TABLE 2. Subunit composition of staphylococcal SOD. 
Predicted Molecular Subunits/active 

SOD molecular weight of active enzymec 
weighta enzymeb 

S. aureus SodM 23,015 45,512 1.98 
S. aureus SodA 22,686 38,572 1.70 
S. epidermidis SodA 22,679 38,572 1. 70 
S. aureus SodM/SodA 41,953 1.82/1.85 
S. aureus SodMIS. epidermidis SodA 41,953 1.82/1.85 

aThe predicted molecular weight (daltons) of each SOD was calculated from the 
deduced amino acid composition of the respective gene. 

bThe molecular weight (daltons) of each active enzyme was estimated by Ferguson 
plot (20) as described in the Materials and Methods. 

cThe number of subunits per active enzyme was calculated by dividing the molecular 
weight of the active enzyme by the predicted molecular weight. Values for the hybrid 
forms were calculated using the predicted molecular weight of SodM and SodA, 
respectively. 
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FIG. 1. Activity gel analysis of S. aureus SOD. Lane 1, RN6390; lane 2, HACl; lane 3, 

HAC2; lane 4, HAC3; lane 5, HAC4; lane 6, HAC6; lane 7, ATCC 25923; lane 8, UABl; lane 9, 

UAB2; lane 10, UAB4; and lane 11, UAB5. Stained gels were scanned using the Alphalmager 

2000 (Alpha Innotech Corp.) imaging system, and the inverse image was generated using Nlli 

Image software. 
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FIG. 2. Activity gel analysis of CNS. Panel A. S. epidermidis isolates. Lane 1, S. aureus 

RN6390; lane 2, HAC33; lane 3, HAC36; lane 4, HAC94; lane 5, HAC111; lane 6, HAC112; 

lane 7, HAC113; lane 8, HAC114; lane 9, HAC115; and lane 10, ATCC 12228. Panels Band C. 

Other CNS. Panel B. Lane 1, S. aureus RN6390; lane 2, S. auricularis HAC140; lane 3, S. 

auricularis HAC145; lane 4, S. capitis HAC138; lane 5, S. carnosus KSI2019; lane 6, S. 

haemolyticus HAC146; lane 7, S. epidermidis ATCC 12228. Panel C. Lane 1, S. aureus 

RN6390; lane 2, S. hominis HAC79; lane 3, S. hominis HAC139; lane 4, S. hominis HAC142; 

lane 5, S. hominis HAC144; lane 6, S. lugdunensis HAC51; lane 7, S. lugdunensis HAC141; lane 

8, S. simulans HAC44; lane 9, S. simulans HAC143; and lane 10, S. epidermidis ATCC 12228. 

The gels were analyzed and the image generated as described for Fig. 1. 
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FIG. 3. Southern analysis of S. aureus and CNS chromosomal DNA hybridized with either a 

S. aureus sodA- (A), S. aureus sodM- (B), or S. epidermidis sod-(C) specific probe. Lane 1, S. 

aureus RN6390; lane 2, S. aureus UAB1; lane 3, S. ~pidermidis ATCC 12228; lane 4, S. 

simulans HAC143; lane 5, S. hominis HAC 79; lane 6, S. carnosus KSI2019; lane 7, S. capitis 

HAC138; lane 8, S. auricularis HAC140; lane 9, S. lugdunensis HAC141; lane 10, S. 

haemolyticus HAC146; and lane 11, S. epidermidis HAC33 . 

.. 
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FIG. 4. Panel A. Amino acid sequence alignments of staphylococcal SODs. The S. aureus 

RN6390 SodA (45) and SodM (45; AF273269) proteins, the S. aureus N315 SodA and SodM 

proteins (34; AP003129-AP003138), and the Sod protein for S. epidermidis ATCC 12228 

(AF410177), S. carnosus (CAC14833), and S. xylosus (CAB95744) are shown. Consensus 

sequences are shown as blocked regions. A gap at position 136 of the SodM sequences was 

manually inserted. Panel B. Phylogenetic tree. Amino acid sequences were analyzed with 

DNAMAN (Lynnon BioSoft, Vaudreuil, Quebec CANADA) software which uses the neighbor

joining method as described by Saitou and Nei, 1987 ( 40). 
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FIG. 5. SOD activity gel of S. aureus sodA mutant complimented with S. epidermidis sod. 

Lane 1, S. aureus RN4220; lane 2, S. epidermidis ATCC 12228; lane 3, S. aureus RN4220 sodA 

mutant; lane 4, S. aureus RN4220 sodA mutant containing pCL15; and lane 5, S. aureus RN4220 

sodA mutant containing pCL 15epi-sod. The gel was analyzed and the image generated as 

described for Fig. 1. 

116 



· SodM ~ 

Hybrid~ 

SodA~ 

1 2 

117 

3 4 5 



The coagulase negative staphylococci produce only one SOD activity, which is most 

closely related to SodA of Staphylococcus aureus with respect to migration on activity 

gels, Southern analysis, and amino acid similarities. Given the differences in 

pathogenesis between S. aureus and the coagulase negative staphylococci, the presence 

of a second SOD in S. aureus suggests an alternative role for the SodM function in this 

organism may be related to this organism's ability to cause disease. The following study 

was conducted to examine this hypothesis. 
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INTRODUCTION 

t · Staphylococcus aureus is the etiological agent for a wide variety of diseases in 

I humans and animals that range from minor to life-threatening (73). Infections caused by 

I 

S. aureus ordinarily begin as a localized abscess that results from the bacterium gaining 

entry to the underlying layers of the skin (72). Ifuncontained, septicemia can occur, 

leading to metastatic infections such as pneumonia, endocarditis, meningitis, and 

osteomyelitis (73). S. aureus is one of the most common causes of nosocomial infections 

(11,24). It is the predominant organism found in hospital-acquired pneumonia and in 

surgical site infections ( 40,69), and S. aureus is also a leading cause of nosocomial 

septicemia (35). Adding to the seriousness of staphylococcal infections is the increasing 

presence of methicillin resistant S. aureus (MRSA; 1 0) and the emergence of strains with 

intermediate resistance to vancomycin which, traditionally, is the drug of choice to treat 

MRSA (30, 48, 66). The ability of S. aureus to cause disease in such a wide variety of 

tissues and organs is mainly due to its ability to produce over thirty toxins, enzymes, and 

cell surface-associated proteins that promote adherence to various tissues and prevent 

attack by the host's defenses (33,64). 

When intact, the skin is a sufficient barrier to prevent entry of S. aureus (73), but 

when the skin is breached the bacterium gains access to the tissues underneath. There, 

the organism is confronted by professional phagocytes which act as the next line of 

-defense (73). Macrophages and polymorphonuclear leukocytes (PMNs) produce reactive 

oxygen species (ROS) such as superoxide, hydrogen peroxide, and hydroxyl radicals to 

kill the bacteria they ingest (16, 43, 63). These ROS, also produced endogenously in 
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bacteria by aerobic respiration and UV exposure (reviewed in 51), can damage DNA, 

proteins, and lipids (17,34). 

Microorganisms have evolved enzymes such as catalases, peroxidases, and 

superoxide dismutases (SODs) that catalyze chemical reactions which effectively 

detoxify ROS (reviewed in 21 ,68). SODs are metalloenzymes that convert superoxide to 

hydrogen peroxide and oxygen (21 ,68), and hydrogen peroxide is subsequently converted 

to water and oxygen by catalases or peroxidases (21 ,68). Five divalent metal ion 

cofactors have been identified in bacterial SODs including manganese (Mn), iron (Fe), 

copper-zinc (Cu/Zn), and nickel (Ni) (21,41,42,68). In the majority ofbacteria, Mn- and 

Fe-SODs are localized within the cytoplasm and are believed to be important for 

protecting nucleic acids, proteins, and lipids from the toxic effects of superoxide (21 ,68). 

In some gram-negative bacteria, Cu/Zn-SODs reside in the periplasm where they are 

believed to act on exogenous superoxide (21 ,68). 

The importance of SODs has been demonstrated in a variety of organisms by the 

susceptibility of SOD mutants to killing by professional phagocytes and attenuation of 

virulence (2,5,7,15,20,49,57,61,75). The Mycobacterium tuberculosis Fe-SOD is 

secreted and the Mn!Fe/Zn-SOD of Nocardia asteroides is cell-surface associated. Both 

ofthese SODs function to prevent killing by human PMNs (2,6). In addition, 

overexpression of the periplasmically-located E. coli Cu/Zn-SOD protected the organism 

· fr;m killing by macrophages (5). Given that superoxide cannot readily cross biological 

membranes without cellular ion channels (62) and that the Mn- and Fe-SODs of most 

bacteria do not cross the cytoplasmic membrane, it would appear unlikely that 
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cytoplasmically located SODs could protect organisms from exogenous superoxide. 

However, there are several cytoplasmically located SODs that aid in protecting the 

bacterium from ROS generated by phagocytes. For example, inactivation of the Shigella 

flexneri Fe-SOD renders the bacterium extremely sensitive to killing by murine 

peritoneal macrophages and human PMNs (19), and the E. coli sodA, sodB mutant has 

increased sensitivity to killing by both serum and neutrophils ( 49). Additionally, the 

sodA mutant of Streptococcus pneumoniae demonstrated decreased lethality compared to 

the wild-type strain when given to mice intranasally (75), while the sodB gene product of 

Campylobacter coli was found to be necessary for the organism's aerobic survival and its 

ability to colonize the chicken stomach (57). The sodA of Yersinia enterocolitica is 

required for survival in the spleen and liver of mice ( 61 ), and interestingly mutation in the 

sodA of Haemophilus injluenzae results in impaired ability to colonize the rat 

nasopharynx (15). Incidentally, the nares are also the preferred colonization site of S. 

aureus (44), so perhaps a similar role exists for the S. aureus SODs. 

Previous studies assessing the role of the S. aureus SODs in staphylococcal 

disease generated conflicting data. Mandell (47) demonstrated that clinical isolates of S. 

q.ureus varied in their level of SOD activity and that lethality in a mouse model of 

infection was independent of the amount of SOD produced by the strain. Additionally, 

the amount of SOD activity, whether high or low, did not impair the ability ofPMNs to 

· Idil phagocytized S. aureus (47). In contrast, Kanafani and Martin (38) showed that 

strains of S. aureus isolated from patients exhibiting staphylococcal disease exhibited 

significantly higher levels of SOD activity than isolates from colonized individuals 
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without signs of disease. When these strains were compared in a neonatal mouse model, 

mice inoculated with the virulent strain demonstrated significantly lower percent weight 

gain than those mice inoculated with nonvirulent strains (38). Both of these studies used 

clinical isolates whose genetic background was not determined. 

Recently, however, the genes responsible for SOD activity inS. aureus were 

cloned and characterized with respect to their roles in endogenous oxidative stresses 

(13,70,74). Results from these studies have shown that the organism contains two genes, 

sodM and sodA, that account for two of the native SOD activities, which are 

homodimers,and a third heterodimeric hybrid form composed of subunits of SodM and 

SodA (13,70). All of the S. aureus SODs are believed to contain manganese as their 

cofactor (13,70). Among the staphylococci, sodM is unique to S. aureus (71). The 

coagulase negative staphylococci (CNS) possess one sod gene that is most closely related 

to the S. aureus sodA gene (71) and one SOD activity that migrates to the same position 

as the SodA of S. aureus on native PAGE gels. 

The CNS have long been considered opportunistic pathogens that, likeS. aureus, 

reside on the human skin (32). S. aureus remains the most pathogenic member of the 

staphylococci due to its production of various toxins (33,64). Given these differences 

between the CNS and S. aureus, along with the fact that sodM is unique to S. aureus, it 

seems reasonable to assume that sodM may have a role within the organism. One 

·po; sibility could be that sodM contributes to the ability of S. aureus to cause disease, 

especially in light of the fact that the sodA mutant was not impaired in its ability to form 

abscesses in mice (13). In this study, we report the effects of sod mutation to S. aureus' 
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ability to cause pneumonia in and be cleared from the mouse lung, to form subcutaneous 

abscesses in mice, and to evade killing by professional phagocytes. 

MATERIALS AND METHODS 

Bacterial strains and culture conditions. S. aureus RN6390, its isogenic sodM: :erm, 

sodA::tet, and sodM::erm sodA::tet mutants (65) were routinely grown overnight (15 to 

18 hours) in tryptic soy broth (TSB, Difco Laboratories, Detroit, Mich.) at 3TC with 

rotary aeration (180 rpm) and a flask to volume ratio of2.5. Staphylococcal strains were 

also grown on TSA plates (TSB containing 1.5% agar) and in the case of all animal 

experiments, mannitol salt agar plates (MSA, Difco Laboratories) to ensure that the 

colonies recovered were presumptively identified as S. aureus due to their ability to 

ferment mannitol and grow in the presence of a high salt concentration. Viable cells 

recovered from animal tissues were picked from TSA and MSA and patched to TSA 

containing 5 J.l.g/ml of erythromycin (Sigma Chemical Co., St. Louis, Mo.), tetracycline 

(Sigma), or both antibiotics depending on the strain to ensure that the sod mutations were 

stably maintained throughout the experiments. 

Murine pneumonia assay. S. aureus cells from overnight cultures were collected by 

centrifugation (12,000 x gat 4·c for 10 min) and washed twice in equal volumes of 

phosphate buffered saline (PBS; 0. 27 mM KCl, 0. 15 mM KH2P04, 0.14M NaCl, 0. 81 

tnM Na2HP04). The cells were suspended in one one-hundreth of the original culture 

volume in PBS. Ten-fold (109 cfulml) and one hundred-fold dilutions (108 cfulml) were 

made in PBS. Aliquots of these suspensions (25 J.l.l) were used to intranasally inoculate 
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mice with either lethal (108 cfu) or sublethal (107 cfu) doses ofRN6390, as previously 

determined (54), or an equal amount of each of the isogenic sod mutants. Sterile PBS 

was used as a control in this scenario. Serial ten-fold dilutions of the inocula were 

performed and were plated to determine the number of cfus present. Groups of three, 

female BALB/c mice ages 6 to 10 weeks were anaesthetized with Ketaved (Vedco, St. 

Joseph, Mo.) containing 4.8% xylazine (Lloyd Laboratories, Shenadoah, Iowa), 

intranasally inoculated by applying S. aureus suspensions to the nares while held prone, 

and given gentle chest compressions to force inhalation. Appearance, such as starry coat 

and hunched back, as well as weight loss were recorded at 24 hour intervals. Mice 

inoculated with the sublethal dose were sacrificed at 4 and 24 hours. Their lungs were 

aseptically removed, minced in 1 ml sterile PBS, sonicated using a cup-hom sonicator 

(50% output for 1 min at 4·c) and serially diluted in PBS. Portions of diluted and 

undiluted lung suspensions were plated on TSA and MSA and plates were incubated 

overnight at 37·c. Plates containing between 30 and 300 colonies were used to 

determine the number of S. aureus present in the lung. 

Lung histopathology. After intranasal inoculation ofBALB/c mice with S. aureus (as 

described above), lungs were aseptically removed and fixed in neutral formalin (80%, 

VWR Scientific Products, West Chester, PA.). Tissues were embedded in paraffin, 

sectioned at 5 Jim thickness, and stained with hematoxylin and eosin for light microscopy 

· (University of Alabama at Birmingam Department of Comparative Medicine). Lungs 

were examined for airway exudate and epithelial hyperplasia, peribronchial inflammatory 

cell infiltrate, and alveolar exudate to determine the severity of disease within the lung. 
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Bacterial cell preparation and in vitro and in vivo assays. (i) S. aureus cell 

preparation. Overnight cultures of S. aureus were centrifuged (12,000 x g for 10 min at 

4·c), washed twice in PBS (abscess studies) or modified Hank's balanced salt solution 

(MHBSS; phagocytes studies, 0.009 M K2HP04, 0.145 M NaCl, 0.011 M glucose), and 

suspended in the appropriate solution to an optical density ofO.l at 550 run. This optical 

density was shown to give a concentration of approximately 5 x 10 7 cfulml using a 

standard curve of optical density versus viable cell count. Serial ten-fold dilutions of 

these suspensions were plated and used to determine the number of S. aureus cells within 

the inocula as previously described. 

(ii) Murine abscess model. S. aureus cells (ca. 5 x 106 cfu) were combined with a 

preparation of sterile cytodex beads (0.76%, Sigma) and PBS in a total volume of0.5 ml. 

Aliquots of this mixture (50 f..ll; ca. 5 x 105 cfu) were subcutaneously injected into the 

right flank of groups of two hairless, immunocompetent, male, SKH1 (hrhr) mice 

(Charles Rivers, Wilmington, Mass.) using a tuberculin syringe and needle. An equal 

amount of a PBS/cytodex suspension was also injected in the left flank area as a control. 

This dose of bacteria was determined previously to give a contained lesion that could be 

aseptically removed intact and one that formed gradually enough to observe changes in 

the skin at the injection site as well as the surrounding tissue. Abscesses were allowed to 

form over eight days and their diameter was measured in millimeters daily with calipers. 

Le;ion volume (V) was calculated by the using the formula for a spherical ellipsoid: V= 

(1t/6) x L x W2
, where Lis the length and W is the width (11). Lesion volumes were 

averaged and statistical significance was determined as described below. Mice were 
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weighed at 24 hour intervals and lesions were examined at these times for erythema, 

fluctuance, necrosis and spontaneous rupture. On day eight, mice were euthanized and 

their lesions (both S. aureus and control) were aseptically removed and minced in 1 ml 

sterile PBS. The suspensions were sonicated, diluted and plated as previously described. 

Similarly, blood from the femoral vein, spleens, and lungs were harvested, treated in the 

same manner as the abscesses, and plated in order to determine if dissemination had 

occurred. 

(iii) Killing of S. aureus with macrophage cell lines. The murine macrophage cell lines 

MH-s (alveolar; ATCC CRL-2019) and J774A.1 (peritoneal; ATCC TIB-67) were kindly 

provided by Jerry Simecka (University of North Texas Health Science Center at Fort 

Worth, Fort Worth, TX) and were grown in medium (RMPI 1640 for MH-s and DMEM 

for J774A.1; HyClone, Logan, Utah) supplemented with fetal bovine serum (FBS, 10%, 

HyClone). Cells were incubated at 37"C with 5% C02 and were passaged 2 to 4 times 

before use in this assay. Once cells grew to near confluency (70 to 90% of the flask), 

they were released from the tissue culture plate by addition of0.25% trypsin (HyClone) 

for MH-S cells or mechanically for J774A.1 cells. The cells were collected and counted 

using a hemacytometer. Sterile six well plates (Nalge Co., Rochester, NY.) were seeded 

with 1 x 105 macrophages in 1 ml of the medium containing 10% FBS. The plates were 

incubated overnight and reached approximately 107 cells per well. Spent media was 

·replaced with 1 ml of medium containing 10% human sera and 1 x 107 cfu pre-opsonized 

S. aureus (RN6390 or each of its isogenic sod mutant strains). Phagocytosis was allowed 

to occur for 30 minutes at 37·c and 5% C02• The medium containing the staphylococci 
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was removed, the macrophages were washed with the appropriate medium and replaced 

with 1 ml of medium containing 100 J.lg/ml gentamicin sulfate (Sigma). After a 30 

minute incubation at 3TC and 5% C02, the antibiotic medium was removed and replaced 

with fresh medium without antibiotic. At 0, 4, and 24 hours the cells were washed twice 

with sterile PBS and 1 ml of medium was added to the wells prior to lysis with Triton-X-

100 (0.01 %, Fisher Scientific, Fairlawn, N.J.). Macrophages were further disrupted by 

sonication and suspensions were diluted and plated as previously described to determine 

the number of viable S. aureus within the macrophages. 

(iv) Killing of S. aureus by human PMNs. PMNs were isolated from healthy adults by 

venipuncture (50). Briefly, 80 ml of heparinized blood was aliquoted as 20 ml portions 

into sterile 50 ml conical tubes. An equal portion of Dextran (3% in 0.85% NaCl; Fisher) 

was added to each tube. Sedimentation was achieved by mixing the tube contents and 

allowing the tubes to rest undisturbed for 20 minutes. This allowed for separation of 

leukocytes from the majority of red blood cells (rbc). Residual rbc were hypotonically 

lysed by adding 20 ml sterile 0.2% saline, and proper osmolarity was restored by the 

addition of20 ml sterile 1.6% saline. PMNs were harvested by centrifugation (500 x g 

for 5 min at 4°C) and suspended in 1 ml MHBSS. Cell viability was determined using 

trypan blue exclusion (0.4%, Sigma), and a population of greater than 80% PMNs was 

detected by staining with Cameo Quick Stain (American Scientific Products, McGaw 

Park , IL.). Killing assays were carried out at a 10:1 ratio ofPMNs (5 x 107
) to pre

opsonized S. aureus in a total volume of 1ml MHBSS containing 10% human sera. 

Aliquots of 100 J.ll were transferred to each of six, sterile polypropylene tubes and 
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maintained on ice until the experiment began. The tubes were incubated at 37·c with 

rotary aeration (180 rpm) for 15, 30, 60, 120, and 180 minutes. Time zero controls were 

kept on ice. At these various times, tubes were removed and PMNs were lysed by adding 

900 Ill sterile deionized glass distilled water. PMNs were further disrupted by sonication 

and were diluted and plated as previously described. 

Statistical significance. Cell viability values are means of three to five independent 

determinations. Statistical significance was determined by analysis of variance followed 

by Fisher protected least significant difference multigroup comparison using Stat View 

(SAS Institute Inc., Cary N.C.) with a P value of ::S 0.05 (*)or ::S 0.001 (**). 

RESULTS AND DISCUSSION 

Clearance of sod mutants is significantly increased in murine pneumonia but 

pathogenicity is unaffected with regard to sod mutation. A murine model of 

pneumonia was employed to assess the pathogenicity of S. aureus RN6390 and its 

isogenic sod mutants. The dose previously found to be lethal for RN6390 (54) was also 

lethal for each of the sod mutants (data not shown). In all cases, mice died within 24 

hours (data not shown). Therefore neither Sod.M nor SodA activity contributes to the 

lethality of S. aureus in a murine pneumonia model. 

Lethality, however, is not the only affect associated with pneumonia. Pneumonia 
... 

is defined by its characteristic inflammation of the lung (60). The ability ofRN6390 or 

the sod mutants to cause such inflammation within the mouse lung was assessed by 

microscopic observation of 24 hour lung sections from mice inoculated with the sublethal 
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dose ofbacteria. These lungs, regardless of the strain of S. aureus used to inoculate the 

mice, demonstrated an equal amount of airway inflammation and alveolar consolidation , 

as evidenced by inflammatory cell infiltration and occlusion of the alveoli (data not 

shown), indicating that the S. aureus SODs do not contribute to the ability of S. aureus to 

cause the inflammation characteristic of pneumonia within the lung. To fully 

comprehend the data from this murine pneumonia model, we must consider that death in 

mice inoculated with the parent strain RN6390 is due to an extracellular factor or factors 

that are controlled by the S. aureus global regulators agr and sar (54). The inflammation 

seen within the mouse lungs is not, however, completely dependent on a functional agr or 

sar, for lungs inoculated with isogenic agr or sar mutants still exhibit inflammation, 

though less than that caused by RN6390 (54). 

The ability of the lungs and bronchi to clear the small numbers ofbacteria 

commonly encountered in nature is imperative in prevention of pneumonia (22,56). In 

light of our observations that lack of SOD activity did not impact the ability of S. aureus 

to cause inflammation or death in the murine pneumonia model, we decided to examine 

whether clearance from the lung was affected. After 4 and 24 hours of infection using a 

nonlethal dose of either S. aureus RN6390 or its isogenic sod mutants, mouse lungs were 

harvested and the number of bacteria contained within the lungs were determined. These 

times were chosen because all staphylococci were previously shown to be cleared from 

the iung by 48 hours (54) and because they corresponded to the time points in killing 

assays with alveolar macrophages. At 4 hours, no statistically significant differences 

were observed in the number of S. aureus RN6390 or sod mutant cells cleared by the 
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mouse lung (Fig 1A). However, by 24 hours of infection, clearance of the mutants was 

significantly increased as compared to the parent strain (Fig IB). Additionally, the 

double mutant was cleared significantly better by the mouse lung (P:::; 0.001) as 

compared not only to the parent strain but to each single mutant (Fig 1B). Although 

mutation of the sod genes does not prevent S. aureus from causing pneumonia in the 

mouse lung, clearance of the bacteria is increased in the sod mutants. These data also 

indicate that, although the sod mutants are cleared from the lung significantly better than 

RN6390 by 24 hours, their numbers early in infection are sufficient to cause pulmonary 

inflammation. It should be noted that staphylococcal pneumonia rarely occurs in healthy 

individuals whose respiratory systems readily clear small numbers of airborne bacteria 

(21 ). Those with chronic granulomatous disease ( 65) or previous infection by 

Haemophilus injluenzae (53) are known to be more susceptible to S. aureus infections. 

Under such conditions, or perhaps in situations where the person is immunocompromised 

(such as those with HIV, 36) or has a pre-existing pulmonologic disease like cystic 

fibrosis (14), persistence within the lung afforded by the S. aureus SODs could 

exacerbate disease. Experiments addressing this hypothesis could be performed by 

infecting mice with H. influenza prior to inoculation with S. aureus, or one could use 

NADPH-oxidase deficient mice to mimic the effects of chronic granulomatous disease. 

Additionally, one could infect nude mice to examine the role of S. aureus SODs in a 

mo<iel of an immunocompromised host. 

The SODs of S. aureus do not contribute to abscess formation in mice. Clements et 

al. (13) previously demonstrated that a mutation in the S. aureus sodA gene had no effect 
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on the ability of the organism to cause cutaneous abscess formation in mice as assessed 

by lesion size and the number of bacteria recovered from the lesion. With the isolation of 

a second sod gene in S. aureus and the generation of isogenic mutants of sodA and sodM, 

as well as a sod double mutant, (70) we thought it would be interesting to further 

investigate the ability of the SODs to contribute to abscess formation. When mice were 

subcutaneously inoculated with 5 x 105 cfu of either RN6390 or the sodM, sodA, or sod 

double mutant, no differences in mouse weight (data not shown) or lesion volume (Table 

1) were observed over an eight day period. No significant differences in the number of 

viable bacteria recovered from the abscesses were observed (Fig. 2), nor were there any 

significant difference in abscess weights (Fig. 3). Additionally, no dissemination of 

bacteria to the lungs, spleen, or blood occurred (data not shown). These findings confirm 

those of Clements eta/. (13) with respect to the S. aureus sodA mutant and also indicate 

that mutation of the S. aureus sodM gene or both sod genes does not alter abscess 

formation. An intriguing question is whether the nature of the abscess itself, which can 

support the growth of even strict anaerobes, could repress S. aureus sod expression. 

Most strictly anaerobic bacteria produce Fe-SODs while most aerobic organisms produce 

Mn-SODs (3), and in E. coli the Mn-SOD is not present under anaerobic conditions while 

the Fe-SOD remains active (67). Apparently both the S. aureus SODs are of the 

manganese variety (13,70), therefore it is possible that, similar to E. coli, neither S. 

aurl'us SOD could be present in the cell while bacteria are contained in the environment 

of the abscess. 
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The sod double mutant is more susceptible to killing by murine macrophage cell 

lines. The importance of SODs has been demonstrated in several organisms in the 

prevention of killing by professional phagocytes such as macrophages and PMNs 

{2,5, 7 ,20,49). Given that these phagocytes provide the first line of defense against 

staphylococcal infection upon entrance of S. aureus into the underlying tissues of the skin 

(73), examination of the abilities of these cells to kill the S. aureus sod mutants could 

increase our knowledge of the manner in which the bacterium is cleared from the body. 

In order to examine the ability ofmacrophages to kill phagocytized S. aureus, 1 x 

107 cfu of either RN6390 or its isogenic sod mutants was incubated with an equal number 

of cultured murine alveolar (MH-s) or peritoneal (J774A.1) macrophages. Four hours 

after incubation with S. aureus, no significant difference in the number of cells recovered 

from either cell line was observed between the parent and mutant strains (Fig 4A and 

4B). However, by 24 hours the double mutant was significantly reduced in number when 

compared to the parent and the sodM and sodA mutants in both cell lines (Fig. 4A and 

4B). Additionally, a significant reduction of the sodA mutant was observed in the MH-s 

cell line (Fig 4A). These results indicate that the S. aureus SODs play a role in protecting 

the organism from killing by macrophages above what is seen in RN6390. 

Alveolar macrophages are considered by many to be responsible for the majority 

of bacterial clearance within the lung (22,39). Nugent and Pesant (52), however, have 

-more recently demonstrated that ingestion of S. aureus by alveolar macrophages is not 

necessary for removal of the majority of this bacterium from the lung and that this 

removal of S. aureus from the lung was independent of exogenously added catalase, 
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SOD, or hydroxyl radical scavengers (56). We have confirmed that alveolar 

macrophages kill phagocytized S. aureus in vitro. We have also demonstrated that 

increased clearance of sod mutants from the lungs occurs in vivo, indicating that an 

oxidative component is involved in this process. The source of the clearance observed 

could indeed be alveolar macrophages, but contribution could also be made by infiltrating 

neutrophils, eosinophils, ROS production by endothelial cells, or some yet undescribed 

mechanism. 

In order to understand why macrophages kill the S. aureus sod mutants in a 

statistically significant manner hours after phagocytosis, we must first consider how these 

cells kill the bacteria they ingest. Macrophages possess two independently regulated 

biochemical pathways to aid in elimination of phagocytized bacteria, namely those 

resulting in the production ofsuperoxide and nitric oxide (4). The oxidative burst 

occurs upon bacterial phagocytosis and therefore limits examination of the contribution 

ofROS to killing to within a few hours after coincubation of bacteria and phagocytes (6). 

Production of nitric oxide requires multiple signals and its production begins several 

hours after stimulation (23 ), and the exotoxins and lipoteichoic acid of S. aureus induce 

macrophage nitric oxide production ( 18,28 ). In light of the observation in this study that 

killing of S. aureus by macrophage cell lines occurred by 24 hours, nitric oxide may be 

implicated in microbicidal activity ofmacrophages against S. aureus. Nitric oxide has 

be~ shown to participate in the killing of a number of intracellular pathogens such as 

Toxoplasma gondii, Leishmania major, and Mycobacterium bovis (1,19,45), and though 

its role in killing other bacteria is less certain, it was shown to contribute to killing of E. 
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coli in vitro and S. aureus by PMN cytoplasts which are anucleate, granule-poor, motile 

fragments from human blood neutrophils (46,55). Superoxide can combine with nitric 

oxide to form peroxynitrite, a highly reactive compound that can directly oxidize 

sulfhydryl groups and DNA bases (8,31 ,58,59). Whether nitric oxide alone is responsible 

for the killing of S. aureus by murine macrophages or whether it reacts with other 

molecules, like superoxide, to form additional toxic compounds is under investigation in 

this laboratory. Examination of phagocytic killing by macrophages treated with the nitric 

oxide synthase inhibitor W -monomethyl arginine (29) or by the respiratory burst 

inhibitor acetovanillone (27) should determine whether killing of S. aureus is potentiated 

by reactive oxygen species or reactive nitrogen species. 

Increased killing of the sod double mutant is observed with human PMNs. 

PMNs are regarded as an essential element in the prevention of infection by S. aureus 

because neutropenic individuals and those with PMN defects are susceptible to infections 

caused by this organism (24,65). Superoxide has been implicated in the killing of this 

bacterium by these phagocytes (26, 3 7). These findings, along with those obtained in this 

study with phagocytic killing by macrophages lead us to believe that the SODs of S. 

aureus would participate in protection from killing by neutrophils, despite the fact that 

some have indicated that myeloperoxidase-dependent processes appear to be the primary 

killing mechanism of PMNs (26). Evidence for the role of superoxide in the killing of 

-bacteria by PMNs lies in the fact that individuals with chronic granulomatous disease 

(CGD), a disease characterized by inherited defects in the NADPH-oxidase complex 

responsible for superoxide generation, suffer from recurrent infections by 
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microorgansims such asS. aureus, Candida and Aspergillus (65). However, those 

persons with myeloperoxidase deficient PMNs exhibit delayed killing of bacteria and 

fungi, but their PMNs otherwise function normally (65). This indicates that production 

of superoxide is important to the ability of the professional phagocyte to kill the bacteria 

it ingests. 

Initially we determined that a multiplicity of infection of 10:1 human PMNs to S. 

aureus RN6390 resulted in increased killing of the bacteria as compared with the other 

ratios tested (Fig. 5). Results of experiments using either RN6390 or its isogenic sod 

mutant strains demonstrated that only the double mutant is rendered significantly 

susceptible to killing by human PMNs at all times examined as compared to the parent 

strain or either single mutant (Fig. 6; P ~ 0.001). These results indicate that the presence 

of either SodM or SodA is sufficient to protect the bacterium to the ·levels observed for 

RN6390. Our results that the S. aureus SODs play a role in the prevention of bacterial 

killing by neutrophils elaborates on the findings of Johnston et al. (37) and Hampton et 

al. (26), who demonstrated that killing of S. aureus was inhibited when the bacteria was 

co-ingested with SOD-coated latex beads (37) or when SOD was covalently cross-linked 

to IgG that bound protein A in the organism's cell wall (26). 

In summary, we have determined that the ability of S. aureus to cause pneumonia 

and abscesses in mice is independent of sod mutation. Lack of SOD, however, 

.. 
contributes to enhanced clearance of the bacteria within the lung and to killing of s. 

aureus by professional phagocytes. The fact that these results were obtained with both 

types of professional phagocytes does not change the fact that sod mutation was 
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independent of the ability of S. aureus to cause disease. If the role of the S. aureus SODs 

is not that of promoting the disease process, the question of what their role is, and 

specifically that of sodM, remains unsolved. · Studies addressing this question are on

gomg. 
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Table 1. Mean abscess volume (mm3
) +/- standard deviation 

Strain Da:l3 Da:l4 Da:l5 Da:l6 Da:l7 Da:l8 
RN6390 57.72 +/- 158.92 77.35 +/- 155.24 102.18 169.73 

9.42 +I- 15.97 +/- 96.44 +/- 19.97 +/- 51.39 
125.78 

SodM 75.32 +/- 143.78 90.8 +/- 127.31 96.6 +/- 219.8 +/-
mutant 23.72 +I- 16.23 +/- 55.11 39.46 117.58 

100.81 

SodA 56.03 +/- 142.58 88.18+/- 136.18 101.05 214.92 
mutant 11.84 +I- 9.96 +/- 63.44 +/- 21.68 +I-

100.96 120.01 

Double 61.73 +/- 119.63 72.3 +/- 119.04 90.7 +/- 161.2 +/-
mutant 22.51 +/- 88.64 31.4 +/- 91.81 38.24 51.55 

.. 
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FIG. 1. Totallog10 cfu/lung of S. aureus RN6390 and its sod mutants harvested at 4 (A) 

and 24 (B) hours post inoculation. Values represent the mean and standard deviation of 2 to 3 

independent determinations.(*= P ~ 0.05, ** = P ~ 0.001) 
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FIG. 2. Average log10 cfu/abscess of S. aureus RN6390 and its sod mutants harvested 8 

days post inoculation. Values represent the mean and standard deviation of 4 independent 

determinations. 
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FIG. 3. Average abscess weight in grams from lesions harvested 8 days after 

subcutaneous inoculation with either S. aureus RN6390 or the sod mutants. Values represent the 

means and standard deviation of 4 independent determinations. 
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FIG. 4. Killing of S. aureus RN6390 (•), the sodMmutant (•), the sodA mutant (•) or 

the sod double mutant ( •) by MH-s (A) or J774A.l (B) macrophage cells. Strains were assayed 

for killing at 0, 4, and 24 hours after infection of the cell lines as described in the materials and 

methods. Values represent the mean and standard deviation of 2 to 3 independent 

determinations. (* = P :S 0.05, ** = P :S 0.001) 
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FIG. 5. Killing of S. aureus RN6390 with human PMNs at different multiplicities of 

infection. Squares (•) represent a PMN to RN6390 ratio of 1:1, circles ( •) a ratio of 10:1, and 

triangles (A) a ratio of 1:10. Determination of the amount of bacteria killed was performed at 0, 

15, 30, 60, 120, and 180 minutes. Values represent the mean and standard deviation of2 

independent determinations. 
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FIG. 6. Killing of S. aureus RN6390(•), the sodM mutant ( • ), the sodA mutant (•) or the 

sod double mutant ( •) with human PMNs. Strains were assayed for killing at 0, 15, 30, 60, 120, 

and 180minutes after infection of the cell lines as described in the materials and methods. 

Values represent the mean and standard deviation of 5 independent determinations. (** = P S 

0.001) 
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The ability of Stapylococcus aureus to cause disease was found to be independent of sod 

mutation. If the role of S. aureus SODs is not that of promoting the disease process, the 

question of what their role is, and specifically that of sodM, remains unsolved. Some 

bacterial manganese SODs have been shown to be involved in protection of DNA from 

oxidative damage. In the following study we examined whether the SODs of S. aureus, 

both of which are believed to be of the manganese variety, function in this capacity. 
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CHAPTER V 

Mutation frequencies of S. aureus RN4220 and its isogenic sod mutants 

INTRODUCTION 

Manganese superoxide dismutases (Mn-SODs) have been found to associate with 

DNA in vitro and with the bacterial chromosome in vivo (18). Superoxide is known to 

combine with other molecules to generate highly reactive compounds, such as the 

hydroxyl radical and peroxynitrite, that can directly mediate DNA damage (reviewed in 

14). These findings have led to the suggestion that Mn-SODs function to protect DNA 

from oxidative damage (5,18). In fact, several bacteria that contain a single SOD such as, 

Porphyromonas gingiva/is (cambialistic SOD), and Streptococcus agalactiae (Mn-SOD) 

have demonstrated higher mutation frequencies with rifampin when their sod genes were 

mutated (10,16). In E. coli, which contains a total of three SODs (6,21), only the sodA 

and sodA sodB mutants were implicated in susceptibility to oxygen dependent 

mutagenesis (5). Perhaps the SODs of S. aureus, both of which are believed to be of the 

manganese variety (3,22) function in this capacity. 

MATERIALS AND METHODS 

Bacterial strains and culture conditions. S. aureus RN4220 (15) and its isogenic 

sodM::erm, sodA::tet, and sodM::erm sodA::tet mutants (22) were routinely grown 
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overnight (15 to 18 hours) in tryptic soy broth without antibiotic (TSB, Difco 

Laboratories, Detroit, Mich.) at 3TC with rotary aeration (180 rpm) and a flask to 

volume ratio of2.5. · S. epidermidis ATCC 12228 (American Type Culture Collection) 

was also grown in this manner. Staphylococcal strains were also grown on TSA plates 

(TSB containing 1.5% agar) to enumerate the number of bacteria plated on rifampin 

(Sigma Chemical Co., St. Louis, Mo.) containing TSA plates as described below. 

Construction of the sod double mutant. The S. aureus RN4220 sod double mutant was 

generated as described by Valderas and Hart (22). Briefly, the sodA::tet mutation 

previously generated in RN4220 by allele replacement was moved into RN4220 

containing the sodM::erm mutation by ~11-mediated transduction (14). Celllysates from 

several erythromycin and tetracycline resistant colonies were examined by PAGE and 

SOD staining (1) for complete lack of SOD activity. 

Mutagenesis studies. Overnight cultures of S. aureus or S. epidermidis were used to 

inoculate 60 ml ofTSB to an optical density of0.01 at 550 nm, which yields 

approximately 5 x 106 colony forming units per milliliter ( cfu/ml) as determined using a 

standard curve of optical density versus viable cell count. Flasks containing 20 ml 

portions of the diluted culture at a flask to volume ratio of25 were incubated at 37·c 

with rotary aeration (225 rpm) (3,22). At 1, 3, and 4 hours of growth, flasks of either 

RN4220 or each of its isogenic sod mutants, or S. epidermidis ATCC 12228, were 

. centrifuged (12,000 X g for 10 min at 4·c) to collect cells. Pellets were suspended in 250 

J!l sterile deionized glass distilled water. Two hundred microliters of the cell suspension 

were plated onto TSA containing rifampin (1 JJ.g/ml). The remaining 50 J!l was serially 
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diluted and plated on TSA in order to determine the total number of cells plated. Plates 

were incubated overnight at 3TC and colonies were counted in order to determine the 

total number of rifampin resistant colonies with respect to the number of colonies plated. 

Determination of mutation frequency. Mutation frequency, or the average number of 

rifampin resistant colonies, was determined by dividing the total number of rifampin

resistant colonies by the total number of colonies plated. 

Statistical significance. Cell viability values are means of two independent 

determinations. Statistical significance was determined by analysis of variance followed 

by Fisher protected least significant difference multigroup comparison using Stat View 

(SAS Institute Inc., Cary N.C.) with a P value of S 0.05 (*)or S 0.001 (**). 

RESULTS AND DISCUSSION 

Given that the MnSODs in a variety of other bacteria aid in protecting DNA from 

oxidative damage (5,10,16), it is reasonable to assume that the SODs of S. aureus, both of 

which are believed to be of the manganese variety (3,22) could also function to protect 

DNA from oxidative damage. ~xamination of the mutation frequency of either S. aureus 

RN4220 or each of its isogenic sod mutants using spontaneous mutation to rifampin 

resistance was undertaken to determine if sod mutation alters the frequency of mutation 

inS. aureus. Additionally, S. epidermidis ATCC 12228 was used in this study to 

determine if the presence of only one SOD results in a higher mutation frequency than S. 

aureus, which contains two SODs. Results of this study have demonstrated that a 

significant increase in the mutation frequency of S. aureus occurs at all times examined 
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in exponential growth (1, 3, and 4 hours) when SodM is absent (Fig. 1, P:::; 0.05), as well 

as when both SODs are absent (Fig. 1, P ::S 0.001). This effect on mutation frequency 

does not occur in a sodA mutant or in either RN4220 or S. epidermidis ATCC 12228 (Fig. 

1 ). Incidentally, S. epidermidis differs from S. aureus RN4220 and the sod mutants in 

that it had a mutation frequency of zero at 1 hour of growth (Fig. 1 ). Thereafter its 

mutation frequency resembled that of RN4220 and the S. aureus sodA mutant, not the S. 

aureus sodM mutant as we thought it might. 

Nevertheless, the number of mutants seen in RN4220 and the isogenic sod 

mutants do not accumulate over time. Attempts to generate mutation rates with this data 

by the equation J..L = (r2/N2- r1/N1) I (In (N2 -N1)) (17), which would account for the 

growth defect of the sod double mutant in antibiotic-free media (Fig. 2) and where r is the 

number of mutants and N is the total number of cells, has resulted in negative numeric 

values (data not shown). Perhaps by inoculating fresh media with fewer bacteria initially, 

we could have attained no rifampin resistant colonies at one hour of growth as we saw 

with S. epidermidis. This would allow us to generate a mutation rate from subsequent 

spontaneous rifampin resistant mutants at later time points during exponential phase. 

However, the model of spontaneous mutation to rifampin resistance may not be the best 

way to measure mutation rates. It relies specifically on mutation of the p-subunit of RNA 

polymerase which could affect a variety of necessary bacterial functions, leading to 

-, decreased growth of the spontaneously arising mutants. This would be expected to result 

in negative values for the mutation rate, which was observed. Ideally, mutations in a 

non-essential gene could be measured to generate mutation rates for RN4220 and the sod 
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mutants, or a strain auxotrophic for one or more amino acids could also be used to 

generate these rates once the sod mutations have been transduced into such a strain. If 

possible use of the latter should be avoided because the sodA mutant, and potentially the 

other sod mutants, is impaired in its ability to survive starvation (3). This could again 

lead to inaccurate detection of mutants because of decreased ability to grow under these 

conditions. At present, I am not aware of an assay using a non-essential gene to measure 

spontaneous mutation rates in S. aureus. Assays that detect phenotypic changes, such as 

loss of lipase activity or hemolytic activity, would appear to be ideal to measure 

spontaneous mutability. However, S. aureus has several hemolysin and lipase genes 

(7,8). It would be very difficult to measure spontaneous mutagenesis of a single gene in a 

background that does not exhibit loss of the desired phenotype due to multiple genes with 

similar activities. A substrate specific for a single hemolysin or lipase activity would be 

ideal to alleviate this problem, but at present I am not aware of the existence of such a 

substrate. 

Though spontaneous mutations occur randomly during exponential growth, 

bacteria exposed to non-lethal stresses in stationary phase also accumulate mutations that 

are adaptive rather than spontaneous (4). We have previously demonstrated that maximal 

sodM expression under conditions of high aeration does not occur until the cells reach the 

post-exponential phase of growth (22). Therefore it is possible that Sod.M could protect 

· s': aureus DNA from oxidative damage in the late-exponential and/or stationary phases of 

growth. A variety of methods, such as measurement of transposon-mediated deletions 

{9, 11, 12), assays for substitutions in E. coli colonies (19,20), and the lac frameshift 

166 



reversion assay (2), have been used to detect adaptive mutations in E. coli. To date no 

such methods for examination of stationary phase mutations have been described for S. 

aureus. From the present study, we can draw no conclusions regarding the role of the S. 

aureus SODs in prevention of oxidative DNA damage for the reasons already discussed. 

More careful examination of the mutation rate of RN4220 and the isogenic sod mutants 

should give definitive answers about spontaneous or adaptive mutagenesis within these 

strains. 
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FIG. 1. Rifampin mutation frequencies of S. aureus RN4220, the sodM mutant, the sodA 

mutant, the sod double mutant, and S. epidermidis ATCC 12228 grown under high aeration 

conditions. Values represent the mean and standard deviation of two independent 

determinations. 
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FIG. 2. Growth rate of S. aureus RN4220 (•), the sodM mutant ( • ), the sodA mutant 

(•), the sod double mutant ( •) and S. epidermidis ATCC 12228 (•) as determined by optical 

density at 550 nanometers. Values represent the mean of two independent determinations . 

.. 
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CHAPTER VI 

CONCLUSIONS 

This study revealed that the three bands of SOD activity observed for S. aureus 

are encoded by two distinct genes, sodM and sodA, and that the uppermost band 

corresponds to the SodM protein while the lowest migrating band is that of the SodA 

protein. The middle band of activity is absent in the sodM, sodA, and sod double 

mutants, it was hypothesized that the band was a hybrid enzyme consisting of subunits 

from SodM and SodA. To our knowledge, S. aureus is the first gram-positive bacterium 

reported to contain two or more SOD activities. Previous studies with gram-positive 

bacteria have exhibited one band of activity on non-denaturing polyacrylamide gels 

stained for SOD activity (40). 

Results of this study also demonstrated that a variety of laboratory and clinical 

strains of S. aureus contain sodM. Multiple strains representing eight species of 

coagulase negative staphylococci (CNS) were examined and each produced a single band 

of SOD activity that migrated to approximately the same position as the S. au reus SodA 

on SOD activity gels. Southern analysis confirmed that one sod gene was present in each 

.. 
of the CNS. Comparisons of the deduced amino acid sequences S. epidermidis SodA and 

the SODs of S. carnosus and S. xylosus (identified from genome sequence databases) 

showed high relatedness to the S. aureus SodA. However, these SODs were only 51 
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percent similar to SodM as a group. The S. epidermidis sod, when expressed in the S. 

aureus sodA mutant, formed a hybrid with SodM. This hybrid SOD migrated to the same 

position as the hybrid found in wild type S. aureus and was found to exist as a 

heterodimer as well. Whether the hybrid SOD in S. aureus is merely a consequence of 

the interaction of two highly related proteins, as one could infer from the data with the S. 

epidermidis SOD, or whether it has some physiological function has yet to be 

determined. Because the CNS are not considered to be as pathogenic as S. aureus and do 

not contain a functional sodM gene, it seems reasonable to assume that sodM represents 

an important divergence in the evolution of the staphylococci that might, in part, account 

for S. aureus' virulence, although the gene product may have a variety of other functions. 

Ferguson plots demonstrated that the S. aureus SodM and SodA proteins are 

homodimers and that the hybrid SOD is a heterodimer of SodM and SodA. These 

findings are not surprising, given that SODs are commonly found to exist as dimers or 

tetramers (27). E. coli also produces three SOD activities that result from two gene 

products (14,40), two homodimeric forms (Mn-SOD and Fe-SOD) and a heterodimeric 

hybrid SOD (1 0). Amino acid sequence alignments identified amino acids conserved in 

manganese SODs for both SodM and SodA. Insensitivity of the enzymes to hydrogen 

peroxide and potassium cyanide suggested that the S. aureus SODs do not utilize iron or 

copper/zinc as co factors. These data however did not conclusively demonstrate that 

tiianganese is the cofactor of both SodM and SodA. Some bacterial SODs are also 

known to be cambialistic, or capable of using Mn or Fe as their divalent metal ion 

cofactor (40). Clements et al. (11) showed that replacement of metal ions with Mn2
+ after 
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metal depletion of celllysates restored activity to the middle and lowermost bands of S. 

aureus SOD activity, but not the uppermost band which we now know represents SodM. 

Furthermore they reported that replacement with Fe2+ did not restore activity to this band. 

Clements et al. (11) did not report whether any of the SOD activities were restored by 

treatment of metal depleted celllysates with Fe2
+, making it unable to ascertain whether 

any of the S. aureus SODs are cambialistic. Protein purification and ion detection 

should reveal the nature of the metal ion co factors for both proteins. 

With regard to sodM expression, northern analysis demonstrated that the sodM 

gene is transcribed monocistronically and yields a message that is approximately the size 

predicted from the nucleic acid sequence of the sodM gene. Additionally, no other bands 

hybridized with the sodM probe. Message levels of sodM in cells grown under low 

aeration were most abundant at three hours of growth and decreased two- and four-fold at 

six and 12 hours, respectively. However, under high aeration conditions sodM message 

levels increased two- and four-fold by six and 12 hours. One dimensional densitometry of 

SOD activity gels corresponding to these times and growth conditions showed that 

though SodA is the most abundant of the three S. aureus SOD activities, an increase in 

SodM activity is responsible for the increase in total activity as cells under high aeration 

enter the late- and post-exponential phases of growth. Qualitatively, these data agree 

with Clements et al. (11) who determined that totalS. aureus SOD activity under 

. conditions of low and high aeration increased 10- and 18-fold, respectively, as cells 

entered the post-exponential phase of growth and that it decreased in stationary phase for 

cells grown under low aeration while it remained the same for those grown in high 
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aeration conditions. Complementation of the sodM defect in the sod double mutant with 

a plasmid-borne copy of sodM was accomplished by inserting the gene behind the 

plasmid's inducible lac promoter. However, expression of sodM from the plasmid had to 

be induced with isopropyl-13-D-thiogalactopyranoside (IPTG). Presently, it is unclear 

why the gene is poorly expressed from its own putative promoter, which was identified 

from the sodM nucleic acid sequence. In E. coli, a variety of trans acting elements such 

as Fur, Fnr, AreA, and IHF have binding sites in the sodA promoter region that affect 

expression of sodA (reviewed in 19). The Fur (ferric uptake regulator) protein, which 

negatively regulates transcription of genes required for siderophore synthesis (3,18), acts 

as a negative repressor of sodA under anaerobic and aerobic conditions (20, 30,39). The 

FnR (fumarate nitrate reductase) protein acts as an anaerobic repressor of sodA and has a 

variety of other functions (19), while AreA (aerobic regulatory control), an anaerobic 

transcriptional repressor of genes not required for anaerobic growth (19), acts as an 

anaerobic repressor of sodA (7,21,39). IHF (integration host factor) is a DNA binding 

protein that, among many of its effects, negatively effects expression of sodA (29,36). 

No obvious sequences suggestive of a Fur box or other cis acting elements, such as direct 

or indirect repeats, were detected one thousand bases upstream or downstream of the 

gene. Precise determination of the transcriptional start site by primer extension could 

give insight into why sodM could not be expressed from its own putative promoter in 

complementation studies, due perhaps to a weak promoter region that differs from the 

putative promoter region identified from the sodM nucleic acid sequence. 
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From the sodM expression data and the observation that the increase in total SOD 

activity in late exponential and post-exponential growth phases under high aeration was 

due to an increase in production of SodM, a regulatory mechanism for sodM is 

independent of that for sodA is indicated. S. aureus possesses a number virulence factors 

that have been shown to be under the coordinate control of global regulatory systems, and 

among the best characterized of these are agr (accessory gene regulator) and sar 

(staphylococcal accessory protein regulator) (reviewed in 33). The agr locus of S. aureus 

functions to activate the transcription of most extracellular virulence factors and repress 

transcription of cell-wall associated proteins during the transition from exponential phase 

to stationary phase (33), while the sar locus regulates the expression of virulence factors 

at this time in growth both independently from agr and through interactions with agr 

(33). Furthermore, the agr, sar double mutant produces fewer virulence factors than 

either single mutant (9). Clements et al. (11) demonstrated that no change in sodA'- '/acZ 

expression was observed in agr or sar mutant strains indicating that these global 

regulators do not regulate sodA. The mutation of the gene encoding the stationary phase 

sigma factor SigB was also shown to have no effect on sodA '- 'lacZ expression (11 ). In 

E. coli, the Fe-SOD is constitutively expressed in aerobic and anaerobic conditions and is 

upregulated in the presence of nitrate (38). Its regulation is separate from that of the 

MnSOD whose expression, as part of the soxRS regulon, is upregulated by oxidative 

- stress ( 19). Upon exposure to superoxide or nitric oxide, SoxR becomes oxidized and 

enhances the expression soxS. The soxS gene product activates transcription of genes that 

increase the bacterium's resistance to oxidants, among which is the sodA gene. As 
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previously stated, expression of the E. coli MnSOD is modulated by the fur, areA, and for 

gene products as well as by the lliF protein (19). No experiments addressing regulation 

of the sodM gene, however, were conducted in this study. It may be that the sod genes of 

S. aureus are regulated in a manner similar to that of E. coli, but this would appear 

unlikely because examination of the upstream regions of the sodM and sodA genes 

showed no area with homology to a Fur binding site, nor were any homo logs to SoxRS 

found on searches of the S. aureus genome. However, maximal expression of sodM 

occurs during the transition from exponential growth to stationary phase, therefore, sodM 

might be controlled by agr or sar. Examination of sodM expression in strains defective 

in these S. aureus global regulators could yield information as to how sodM is regulated. 

After the initial characterization of the S. aureus SODs, their role was assessed in 

conditions of oxidative stress generated by the addition of the internal superoxide 

generator methyl viologen (MV). Levels of SodA alone are sufficient during early 

growth to protect S. aureus from the effects of this compound when added at one and one 

half hours of growth. Maximal SodM expression does not occur until cells reach the late 

exponential and post-exponential growth phases, rendering the sodA mutant sensitive to 

oxidative stress by MV added in exponential phase (1.5 hours) and resulting in reduced 

viability. When MV was added to cells in late exponential (6 hours) and stationary 

phases (12 hours) of growth, the viability of either single mutant was unaffected; only the 

-viability of the double mutant was reduced regardless of the time MV was added. These 

results indicate that though SodA is the major SOD activity during all phases of growth, 

SodM, under conditions of oxidative stress, becomes a major source of activity during 
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late exponential and stationary phases of growth such that viability of an S. aureus sodA 

mutant is maintained. This loss of viability does not come as a surprise because 

inactivation of most bacterial Mn or Fe-SODs results in paraquat sensitivity (8, 14,25). In 

E. coli, which also has two sod genes, the growth of the sodA and sodB mutants was 

retarded (the sodA mutant in particular) by the addition ofMV to cultures growing in 

minimal medium but not in rich medium (8). The most dramatic effect was seen with the 

E. coli double sod mutant which was unable to grow at all in minimal medium and 

exhibited decreased growth as compared to the parent and single sod mutants in rich 

medium with MV (8). Nevertheless, because the viability of the S. aureus sodMmutant 

was not adversely affected in rich medium with MV under conditions of high aeration, an 

alternative role for this SOD is implicated. 

Because of the effects on viability of the sod mutants seen after exposure to MV, 

experiments examining the roles of SodM and SodA in protecting S. aureus from killing 

by professional phagocytes were conducted to try to determine what the role for the 

SODs genes, and in particular SodM, might be. Statistically significant killing of the S. 

. aureus sod double mutant occurred by 24 hours in both the alveolar and peritoneal 

macrophage cell lines and of the sodA mutant in the peritoneal macrophages. This 

indicates that the presence of either SOD protects S. aureus from increased killing in the 

alveolar macrophages, while mutation of sodA is responsible for the increased killing of 

.. 
the sodA and double mutant observed in the peritoneal macrophages. To understand why 

macrophages kill the S. aureus sod mutants in a statistically significant manner hours 

after phagocytosis, we must consider that macrophages possess two independently 
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regulated biochemical pathways that result in the production of superoxide and nitric 

oxide (4) which aid in the ability of the cell to kill phagocytosed organisms. The 

oxidative burst occurs upon bacterial phagocytosis, limiting examination of the 

contribution ofROS to killing to within a few hours after phagocytosis (5). Production of 

nitric oxide begins several hours after macrophage stimulation (15). In light of the 

observation in this study that killing of S. aureus by murine macrophage cell lines 

occurred by 24 hours, nitric oxide may be involved in microbicidal activity of these 

macrophages against S. aureus. Nitric oxide participates in the killing of a number of 

intracellular pathogens such as Toxoplasma gondii, Leishmania major, and Mycobacteria 

bovis (1,13,24) though its role in the killing of other bacteria has only recently been 

addressed. Pacelli et al. (31) showed that nitric oxide contributes to killing of E. coli in 

vitro and Malawista et al. (26) demonstrated that it contributes to killing of S. aureus by 

polymorphonuclear leukocyte (PMN) cytoplasts which are anucleate, granule-poor, 

motile fragments from human blood neutrophils. Peroxynitrite, a highly reactive 

compound that can directly oxidize sulfhydryl groups and DNA bases, is formed by the 

reaction of superoxide with nitric oxide (6,22,34,35). Whether nitric oxide alone is 

responsible for the killing of S. aureus observed in alveolar and peritoneal macrophages 

or whether its killing is due to reaction with molecules like superoxide could be 

addressed by experiments using inhibitors of various reactive oxygen and nitrogen 

.. 
species or those using macrophages from mice deficient in NADPH oxidase or inducible 

nitric oxide synthase. 
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Increased killing of the sod double mutant was also observed in human PMNs at 

all times tested over a three hour period. Here, as in the alveolar macrophage cell line, 

presence of either SOD was sufficient to protect the bacterium to levels of killing 

observed for RN6390. Our results that the S. aureus SODs play a role in the prevention 

of bacterial killing by neutrophils elaborates on the findings of Johnston et al. (23) and 

Hampton et al. (17) who showed significantly decreased killing of S. aureus by 

phagocytes upon co-incubation with SOD-coated latex beads or SOD bound to the 

surface of the bacteria, respectively. 

Given that the S. aureus SODs were found to be involved in protecting the 

organism from enhanced killing by macrophages and PMNs and that phagocytes play 

critical roles in clearing bacteria from the body, experiments addressing the role of the 

SODs in disease were conducted using the mouse models of pneumonia and cutaneous 

abscess formation. These studies revealed the ability of S. aureus to cause disease was 

unaffected by sod mutation in that lethality and abscess volume were unaffected, 

respectively. In the case of the pneumonia study, however, a statistically significant 

increase in clearance of the bacteria from the lung was observed in the sodM, sodA, and 

sod double mutants as compared to the wild-type 24 hours after inoculation. Perhaps the 

SODs allow for persistence within the lung such that, in the case of immunocompromised 

patients or those with pre-existing pulmonologic conditions, disease may arise. An 

· i;triguing question is whether the ability of the sod mutants to form abscesses equal in 

size to those produced by the parent strain is due to the nature of the abscess itself, which 

can support growth of even strict anaerobes. Most strictly anaerobic bacteria produce Fe-
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SODs while most aerobic organisms produce Mn-SODs (2), and in E. coli, which 

contains both an Mn- and Fe-SOD, expression of the Mn-SOD gene is repressed under 

anaerobic conditions (41). Given these findings and the observation that both the S. 

aureus SODs are believed to be of the manganese variety, it is possible that neither S. 

aureus SOD could be present within the abscess due to repression of sodM and/or sodA. 

Irregardless, these results do not change the fact that sod mutation was independent of the 

ability of S. aureus to cause disease. If the role of the S. aureus SODs is not that of 

promoting the disease process, the question of what their role is, and specifically that of 

sodM, remains unsolved. 

Though this study and that of Clements et al. (11) have addressed many issues 

regarding the role of SODs inS. aureus, there are many avenues of research, such as ion 

detection and regulation of the sod genes, that need to be undertaken to fully understand 

how the SODs function overall in the bacterium. Clearly the S. aureus SodA functions to 

protect the bacterium from intracellular superoxide throughout growth, however this does 

not explain why the bacterium contains a second enzyme, SodM. Though SodM levels in 

late-exponential and stationary phases of growth are sufficient to rescue a sodA mutant 

under conditions of oxidative stress, it is unlikely that the bacterium would employ a two-

SOD system to protect cells in the event that one enzyme became nonfunctional. With 

regard to the ability of the S. aureus SODs to contribute to the ability of the organism to 

-cause disease, I believe that the SODs can participate in virulence only under conditions 

of oxidative stress, such as the lung, the professional phagocyte and potentially the nares 

(colonization). I can envision that SodM is upregulated under the coordinate control of 
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agr and/or sar such that it can aid in defending the bacterium against macrophage-

generated nitric oxide resulting from staphylococcal exotoxin production in the late-

exponential and stationary phases of growth. Either SOD aids in prolonging survival 

within both macrophages and PMNs. Perhaps, in immunocompromised individuals or in 

those with chronic granulomatous disease this results in dissemination of bacteria. 

Similarly, the S. aureus SODs might contribute to disease in those with pre-existing 

pulmonary conditions or again in those that are immunocompromised because they allow 

for persistence within the lung. I believe that further examination of the regulation of the 

S. aureus SODs will reveal a complex multi-regulated system that will coordinate the 

expression of SODs with growth phase, oxidative stress, and nutritional conditions and 

may shed light on other functions not previously recognized for the SODs inS. aureus. 

REFERENCES 

1. Adams, L. B., J. B. Hibbs, Jr., R. R. Taintor, and J. L. Krahenbuhl. 1990. 

Microbiostatic effect of murine-activated macrophages for Toxoplasma gondii. Role for 

synthesis of inorganic nitrogen oxides from L-arginine. J. lmmunol. 144: 2725-2729. 

2. Asada, K., S. Kanematsu, and T. Hayakawa. 1980. Phylogenetic distribution of 

three types of superoxide dismutase in organisms and cell organelles in Chemical and 

Biochemical Aspects of Superoxide and Superoxide Dismutase, Bannister and Hill Eds . 
.. 

Elsevier/New Holland, NY. 136-154. 

185 



3. Baggs, A. and J. B. Neilands. 1987. Ferric uptake regulation prtoein acts as a 

repressor employing iron (II) as a cofactor to bind the operator of an iron transport 

operon in Escherichia coli. Biochem. 26:5471-5477. 

4. Bastian N. R. and J. B. Hibbs. 1994. Assembly and regulation ofNAPDH-oxidase 

and nitric oxide synthase. Curr. Opin. Immunol. 6:131-139. 

5. Beaman, L., and B. L. Beaman. 1984. The role of oxygen and its derivatives in 

microbial pathogenesis and host defenses. Ann. Rev. Microbiol. 38:27-48. 

6. Beckman, J. S., T. W. Beckman, J. Chen, P. A. Marshall, and B. A. Free-

man.1990. Apparent hydroxyl radical production by peroxynitrite: implications for 

endothelial cell injury from nitric oxide and superoxide. Proc.Natl. Acad. Sci. USA 

87: 1620-1624. 

7. Beaumont, M. and H. M. Hassan. ·1992. Characterization of trans-acting regulatory 

elements afftecting the expression ofMn-superoxide dismutase (sodA) in Escherichia 

coli. Curr. Microbiol. 25:135-141. 

8. Carlioz, A. and D. Touati. 1986. Isolation ofsuperoxide dismutase mutants in 

Escherichia coli: is superoxide necessary for aerobic life? EMBO J. 5:623-630. 

9. Cheung, A. L., K. J. Eberhardt, E. Chung, M. R. Yeaman, P.M. Sullam, M. 

Ramos, and A. S. Bayer. 1994. Diminished virulence of a sar-/agr- mutant of 

Staphylococcus aureus in the rabbit model o fendocarditis. J. Clin. Invest. 94:1815-1822. 

-10. Clare, D. A., J. Blum, and I. Fridovich. 1984. A hybrid superoxide dismutase 

containing both functional iron and manganese. J. Bioi. Chern. 259:5933-36. 

186 



11. Clements, M.O., S.P. Watson, and S.J. Foster. 1999. Characterization ofthe 

major superoxide dismutase of Staphylococcus aureus and its role in starvation survival, 

stress resistance, and pathogenicity. J. Bacteriol. 181:3898-3903. 

12. Farr, S. B., R. D'Ari, and D. Touati. 1986. Oxygen-dependent mutagenesis in 

Escherichia coli lacking superoxide dismutase. Proc Natl. Acad. Sci. 83:8268-8272. 

13. Flesch, I. E. A., and S. H. E. Kaufmann. 1991. Mechanisms involved in 

mycobacterial growth inhibition by gamma interferon-activated bone marrow 

macrophages: role of reactive nitrogen intermediates. Infect. Immun. 59:3213-3218. 

14. Fridovich, I. 1995. Superoxide radical and superoxide dismutases. Annu. Rev. 

Biochern. 64:97-112. 

15. Green, S. J. and C. A. Nacy. 1993. Antimicrobial and imrnunopathogenic effects 

of cytokine-induced nitric oxide synthesis. Curr. Opin. Infect. Dis. 6:384-386. 

16. Hampton, M. E., A. J. Kettle, and C. C. Winterbourn. 1996. The involvement of 

superoxide and myeloperoxidase in oxygen-dependent bacterial killing. Infect. Immun. 

64:3512-3517. 

17. Hampton, M. E., A. J. Kettle, and C. C. Winterbourn. 1998. Inside the neutrophil 

phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood. 92(9):3007-3017. 

18. Hantke, K. 1981. Regulation of ferric iron transport in Escherichia coli K12: 

isolation of a constitutive mutant. Mol. Gen. Genet. 182:282-292. 

19. 19. Hassan, H. M. and L. W. Schrum. 1994. Roles of manganese and iron in the 

regulation of the biosynthesis of manganese superoxide dismutase in Escherichi coli. 

FEMS Microbiol. Rev. 14:315-324. 

187 



20. Hassan, H. M. and H. -C. H. Sun. 1991. Regulatory role ofFnr in the expression 

of manganese superoxide dismutase in Escherichia coli. FASEB J. 5:2585 (abstract). 

21. Hassan, H. M. and H. -C. H. Sun. 1992. Regulatory roles ofFnr, Fur, and Arc in 

the expression of the manganese containing superoxide dismutase in Escherichia coli. 

Proc. Natl. Acad. Sci. USA 89:3217-3221. 

22. Hogg, N., V. M. Darley-Usmar, M. T. Wilson, and S. Moncada. 1992. Production 

of hydroxyl radicals from the simultaneous generation of superoxide and nitric oxide. 

Biochem. J. 281:419-424. 

23. Johnston, R. B., B. B. Keele, H. P. Misra, J. E. Lehmeyer, L. S. Webb, R. L. 

Baehner, and K. V. Rajagopalan. 1975. The role ofsuperoxide anion generation in 

phagocyte bacterial activity. Studies with normal and chronic granulomatous disease 

leukocytes. J. Clin. Invest. 55: 1357-1372. 

24. Liew, F. Y., Y. Li, and S. Millott. 1990. Tumor necrosis factor-a synergizes with 

IFN-gamma in mediating killing of Leishmania major through the induction of nitric 

oxide. J. Immunol. 145:4306-4310. 

25. Lynch, M. C. and H. K. Kuramitsu. 1999. Role ofsuperoxide dismutase activity 

in the physiology of Porphyromonas gingiva/is. Infect. Immun. 67:3367-3375. 

26. Malawista, S. E., R. R. Montgomery, and G. VanBlaricom. 1992. Evidence for 

reactive nitrogen intermediates in killing of staphylococci by human neutrophil 

c}rtoplasts. J. Clin. Invest. 90: 631-636. 

188 



27. McCord, J. M. 1976. Iron- and manganese-containing superoxide dismutases: 

structure, distribution, and evolutionary relationships. In Y asunoba and Mower Ed. Iron 

and Copper Proteins. Plenium Press, New York. 

28. Miller, R. A. and B. E. Britigan. 1997. Roles of oxidants in microbial 

pathophysiology. Clin. Micro. Reviews. 10(1): 1-18. 

29. Nash, H. and C. Robertson. 1981. Purification and properties of the Escherichia 

coli protein factor required for integration recombination. J. Biol. Chern. 256:246-253. 

30. Neiderhoffer, E. C., C. M. Naranjo., K. L. Bradley, and J. A. Fee. 1990. Control 

of Escherichia coli superoxide dismutase (sodA and sodB) genes by the ferric uptake 

regulation (fur) locus. J. Bact. 172:1930-1938. 

31. Pacelli, R., D. A. Wink, J. A. Cook, M. C. Krishna, W. DeGraff, N. Friedman, 

M. Tsokos, A. Samuni, and J. A. Mitchell. 1995. Nitric oxide potentiates hydrogen 

peroxide induced killing of Escherichia coli. J. Exp. Med. 182:1469-1479. 

32. Poyart, C, E. Pellegrini, 0. Gaillot, C. Boumaila, M. Baptista, and P. Trieu

Cuot. 2001. Contribution ofmanganese-cofactored superoxide dismutase (SodA) to the 

virulence of Streptococcus agalactiae. Infect. lmmun. 69(8):5098-51 06. 

33. Projan, S. J. and R. P. Novick. 1997. The molecular basis of pathogenicity. In 

Crossley and Archer Ed. The Staphylococci. Churchill Livingstone, New York. 

34. Radi, R., J. S. Beckman, K. M. Bush, and B. A. Freeman. 1991. Peroxynitrite 

oi idation of sulthydryls. The cytotoxic potential of superoxide and nitric oxide. J. Biol. 

Chern. 266:4244-4250. 

189 



I 
I 
I 

l 
I 
1 
i 
! 

35. Radi, R., J. S. Beckman, K. M. Bush, and B. A. Freeman. 1991. Peroxynitrite-

induced membrane lipid peroxidation: the cytotoxic potential of superoxide and nitric 

oxide. Arch. Biochem. Biophys. 288:481--487. 

36. Schrum, L. W. and H. M. Hassan. 1992. Transcriptional regulation ofMn-

superoxide dismutase gene is stimulated by DNA gyrase inhibitor. Arch. Biochem. 

Biophys. 299:185-192 

37. Steinman, H. M., L. Weinstein, and M. Brenowitz. 1994. The manganese 

superoxide dismutase of Escherichia coli K12 associates with DNA. J. Bioi. Chern. 

269:28629-28634. 

38. Storz, G. and J. A. Imlay. 1999. Oxidative stress. Curr. Op. Micro. 2: 188-194. 

39. Tardat, B. and D. Touati. 1991. Two global regulators repress the anaerobic 

expression ofMnSOD in Escherichia coli: Fur (ferric uptake regulation) and Arc (aerobic 

respiratory control). Mol. Microbial. 5:455-466. 

40. Touati, D. 1997. Superoxide dismutases in bacteria and pathogen protists, p. 447-

493. In J.G. Scadalios (ed.), Oxidative stress and the molecular biology of antioxidant 

defenses. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

41. Touati, D. 1989. The molecular genetics of superoxide dismutase in E. coli. An 

approach to understanding the biological role and regulation of SODs in relation to other 

elements of the defense system against oxygen toxicity. Free Radical Res. Commun. 8:1-

"' 9. 

190 



42. Valderas, M.W., and M.E. Hart. 2001. Identification and characterization of a 

second superoxide dismutase gene (sodM) from Staphylococcus aureus. J. Bacteriol. 

183:3399-3407. 

191 



... 








