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SUPEROXIDE DISMUTASE ENHANCES THE
TOXICITY OF 3-HYDROXYANTHRANILIC ACID TO
BACTERIA
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Cu,Zn-superoxide dismutase (SOD) enhanced the toxicity of 3-hydroxyanthranilic acid (3-HAT) to
Salmonella typhimurium strain TA 102, evaluated as ability to form colonies. MnSOD showed the same
effect. Inactivated Cu,ZnSOD had no effect. SODs accelerated the oxidation of 3-HAT, but inactivated
Cu,ZnSOD caused little acceleration. It is proposed that the acceleration of 3-HAT oxidation leads to the
enhancement of the 3-HAT toxicity. Catalase protected the bacteria from the toxicity of 3-HAT enhanced
by Cu,ZnSOD, indicating that hydrogen peroxide generated in the oxidation of 3-HAT is involved in the
toxixity. SODs accelerate the oxidation of 3-HAT and generate more hydrogen peroxide, that causes the
enhancement of the 3-HAT toxicity to the bacteria. However, hydrogen peroxide alone was not so toxic.
Hydrogen peroxide with 3-HAT was more toxic to the bacteria.
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INTRODUCTION

Active oxygen species, such as the superoxide radical, hydrogen peroxide and the
hydroxyl radical, have many deleterious effects.! They may be involved in cancer,**
aging,* and inflammation.*® Superoxide dismutase (SOD) removes the superoxide
radical and thus protects against the toxicity of oxygen in biological systems."”® SOD
can prevent oxidative stress produced by daunorubicin’ or by alloxan.'”!' However,
it was reported that SOD-rich bacteria were more readily killed by paraquat under
aerobic conditions, possibly because of accumulation of more hydrogen peroxide.'
Hence SOD may sometimes enhance oxygen toxicity.

3-Hydroxyanthranilic acid (3-HAT) is a tryptophan metabolite occurring in the
kynurenine pathway, and is excreted in urine.”® It is important as a precursor of
NAD?. On the other hand, 3-HAT has deleterious effects. 3-HAT is a known
carcinogen, related to bladder cancer.'*'® The mechanisms of carcinogenesis by
3-HAT are not fully elucidated, but its ability to oxidize may be relevant. 3-HAT
oxidizes in a process that involves the production of organic and superoxide radicals,
and that eventually yields cinnabarinic acid and hydrogen peroxide.'"
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3-HAT + O, —— 3-HAT + O; + H* (a)
3-HAT + O, ——— Quinoneimine + O, + H* (b)
202— + 2H+ _— HzOz + 02 (C)

Quinoneimine + 3-HAT + 20, ——— Cinnabarinic acid + 2H,0, (d)

The overall reaction is;
2(3-HAT) + 30, ——— Cinnabarinic acid + 3H,0, (e)
In this paper we report the effects of SOD on the toxicity of 3-HAT to bacteria.

MATERIALS AND METHODS

Materials

3-Hydroxyanthranilic acid (3-HAT) was purchased from Aldrich Chemical Com-
pany, Inc. (Milwaukee, WI, U.S.A.). Nutrient broth and bacto-agar were obtained
from Difco Laboratories (Detroit, Michigan, U.S.A.). Cu,ZnSOD was prepared from
bovine erythrocytes and was assayed as described by McCord and Fridovich:” its
activity was 3,600 U/mg. MnSOD from Escherichia coli was from Sigma Chemical
Company (St. Louis, MO, U.S.A.) and was assayed in the same way:? its activity was
3,400 U/mg. For an inactive control, Cu,ZnSOD was exposed at pH 9.5, in 0.1 M
sodium bicarbonate at 23°C, to 10mM hydrogen peroxide for 1.5h and was then
thrice dialyzed against 500 volumes of the cold bicarbonate solution.”’ Bovine liver
catalase from Boehringer Mannheim Biochemicals (Mannheim, West Germany) was
dialyzed at 4°C against three changes of 500 volumes of 50 mM sodium phosphate
buffer (pH 7.4) to remove preservatives. Its specific activity was found to be 38,000 U/
mg protein. Protein concentration was determined according to Lowry et al.”* and
catalatic activity was by the methods of Beers and Sizer;” with 1 unit being able to
decompose 1 umole of H,O, per min at pH 7.0 and 25°C when acting on 10.3mM
H,0,.

Bacteria

Salmonella typhimurium strain TA102 was kindly supplied by Dr. B. N. Ames (Berke-
ley, California, U.S.A.).** The bacteria were inoculated from frozen into 5ml of
nutrient broth media (0.8% nutrient broth, 0.5% NaCl) in 50 ml volume DeLong
flasks. Inoculated cultures were grown aerobically on a rotary shaker at 200 rpm in
the dark at 37°C for 14-16 h. After overnight growth the bacteria were harvested by
centrifugation at 3,000 g for 10 min and washed thrice with Sml of 50 mM sodium
phosphate buffer (pH 7.4). Finally, bacterial suspensions were prepared in the phos-
phate buffer. Concentration was adjusted to 0.500D at 600nm in turbidity. The
suspension contained 4.8 x 107 bacteria per ml, as determined by colony numbers on
nutrient broth agar plates.
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Exposure of the Bacteria to Reagents

3-HAT was dissolved to 0.2mM in S0 mM sodium phosphate buffer (pH 7.4). The
3-HAT solution was passed through a Millex-GV filter (Millipore Corporation,
Bedford, MA, U.S.A.) and used immediately.

40 ul of the bacterial suspension was added to 2ml reaction mixtures in 13 mm
diameter tubes. Exposure was carried out on a rotary shaker at 200 rpm at 37°C under
air. After 0, 4, 8, and 24h exposure, 50 ul aliquots were taken from the reaction
mixtures and diluted by 10* with the phosphate buffer. Appropriate amounts (50 ul)
of the dilutions were plated on nutrient broth agar (0.8% nutrient broth, 0.5% NaCl,
1.5% bacto-agar). The agar plates were incubated at 37°C for 24 h under air and
colony numbers were counted. Some of the colonies were smaller than those of the
control sample. These colonies were also counted. No new colonies emerged after 24 h
incubation. Each sample was plated on two plates and colony numbers were averaged.
Each experiment was replicated at least four times.

Oxidation of 3-HAT

Oxidation of 3-HAT was followed by increase in absorbance at 450 nm due to the
oxidized product, cinnabarinic acid,'® using a UV-160 spectrophotometer (Shimadzu,
Kyoto, Japan). The reaction was carried out in 13mm diameter tubes on a rotary
shaker at 200rpm at 37°C under air. When bacteria were present in the reaction
mixtures, they were removed through a Millex-GV filter just before the measurement
of absorbance.
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FIGURE 1 Exposure of the bacteria to 3-HAT and 3-HAT plus SODs. The bacterial suspension was
added to reaction mixtures consisting of 50 mM sodium phosphate buffer (pH 7.4) and indicated reagents.
Percent colony number denotes ratio to the colony number of the control sample at 0 h exposure. Values
represent the average of independent experiments. (O), Control (n = 7); (@), 0.2mM 3-HAT (n = 7); (0),
0.2mM 3-HAT and Cu,ZnSOD (100 U/ml) (n = 7); (W), 0.2mM 3-HAT and MnSOD (100 U/ml) (n = 4);
(a), 0.2mM 3-HAT and inactivated Cu,ZnSOD (corresponding to 100 U/ml) (n = 4).
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RESULTS

Toxicity of 3-HAT is Enhanced by SOD

Salmonella typhimurium strain TA102 was exposed to 3-HAT (Figure 1). 3-HAT was
toxic: it caused the bacteria to lose colony forming ability, while the bacteria unex-
posed to 3-HAT as a control maintained the ability almost completely during the 24 h.
The toxic effect of 3-HAT was weak at 8 h exposure but prominent at 24 h exposure.
Cu,ZnSOD markedly enhanced the toxic effect of 3-HAT (Figure 1). The colony
number was markedly decreased at 4h exposure to 3-HAT with Cu, ZnSOD and
some of the colonies were smaller than those of the control, suggesting that some of
the colony-forming bacteria has been damaged. After 8 h exposure the toxic effect of
3-HAT with Cu,ZnSOD was less marked. Cu,ZnSOD itself had no effects on the
colony forming ability of the bacteria (data not shown). MnSOD showed almost the
same effect as Cu,ZnSOD. Inactivated Cu,ZnSOD lost the toxicity-enhancing effect.
These controls confirm that the enhancement of the 3-HAT toxicity by SODs is
related to dismutation of the superoxide radical.

Oxidation of 3-HAT

Oxidation of 3-HAT was followed by increase in absorbance at 450 nm due to the
oxidized product, cinnabarinic acid (Figure 2). The oxidation of 3-HAT was slow and
continued after 24h. Cu,ZnSOD greatly accelerated the oxidation, as previously
reported.” > The oxidation of 3-HAT with Cu,ZnSOD was completed in 8 h, when
the toxicity of 3-HAT with Cu,ZnSOD reached almost the maximum effect (Figure
1). In the first 4 h about 90% of the oxidation was accomplished, when a strong toxic
effect was observed. After 6 h the absorbance decreased gradually because of decay
of cinnabarinic acid.”’ MnSOD had almost the same effect as Cu,ZnSOD. Inactivated
Cu,ZnSOD had little accelerative effect: it may have accelerated the oxidation slightly
because weak activity (0.8 U/ml) was left after the inactivation.

When bacteria were present in the reaction mixtures, they hardly affected the time
courses of the oxidation of 3-HAT. But for the reaction mixtures containing 3-HAT
and SODs, the absorbance at 450 nm was 15% higher with bacteria than without
bacteria.
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FIGURE 2 Oxidation of 3-HAT. Reaction mixtures contained 0.2 mM 3-HAT and indicated reagents in
50 mM sodium phosphate buffer (pH 7.4). (0), 3-HAT; (®), 3-HAT and Cu,ZnSOD (100 U/ml); (O0),
3-HAT and MnSOD (100 U/ml); (m), 3-HAT and inactivated Cu,ZnSOD (corresponding to 100 U/ml).
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FIGURE 3 Effect of catalase on the toxicity of 3-HAT with Cu,ZnSOD. Procedures of the experiment
were the same as in Figure 1. 3-HAT was 0.2mM and Cu,ZnSOD was 100 U/ml. (0), 3-HAT and
Cu,ZnSOD (n = 7); (@), 3-HAT, Cu,ZnSOD and catalase (26 ug/ml) (n = 7); (Q), 3-HAT, Cu,ZnSOD,
and BSA (26 ug/ml) (n = 5).

The time courses of the oxidation of 3-HAT were fairly parallel with the time
courses of the toxic effects of 3-HAT on the bacteria (Figure 1 and 2).

Involvement of Hydrogen Peroxide

Hydrogen peroxide is generated in the oxidation of 3-HAT.'"'* Catalase protected the
bacteria from the toxicity of 3-HAT enhanced by Cu,ZnSOD (Figure 3). Bovine
serum albumin (BSA) as a protein control for catalase caused little protection,
indicating that the protection by catalase is not due to non-specific action of protein.
Catalase and BSA themselves had no effects on the colony forming ability of the
bacteria. The protection by catalase means that hydrogen peroxide is involved in the
toxicity.

However, 0.3 mM hydrogen peroxide alone was less toxic to the bacteria (Figure
4). The toxicity of hydrogen peroxide was greatly enhanced by 3-HAT.
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FIGURE 4 Exposure of the bacteria to H,0,. The bacterial suspension was added to reaction mixtures
with or without 0.2 mM 3-HAT in the sodium phosphate buffer. Then a small aliquot of H,0, was added
to the reaction mixtures, to give a final concentration of 0.3 mM. The other procedures were the same as
in Figure 1. (0), H,0, (n = 5); (®) 3-HAT + H,0, (n = 5); (O), 3-HAT (n = 5).
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DISCUSSION

SOD increases the toxicity of 3-HAT to bacteria and catalase protects the bacteria
from the toxicity, indicating that hydrogen peroxide is involved in the toxicity but the
superoxide radical is not. SOD accelerates the oxidation of 3-HAT and will stimulate
the generation of hydrogen peroxide. That explains the acceleration by SOD of the
3-HAT toxicity to the bacteria. The mechanisms of the acceleration by SOD of the
3-HAT oxidation are as follows.?*?” SOD dismutes the superoxide radical in reaction
(c), removing the superoxide radical in reactions (a) and (b). That shifts the equi-
librium of reactions (a) and (b) to the right in favor of the formation of the superoxide
radical, causing the acceleration of the 3-HAT oxidation and eventually stimulating
the formation of hydrogen peroxide ().

Hydrogen peroxide was involved in the toxicity, but equimolar hydrogen peroxide
alone was not so toxic. Hydrogen peroxide with 3-HAT exhibited severer toxicity to
the bacteria. Such behavior of hydrogen peroxide has been seen in a study of the
bactericidal effect of hydrogen peroxide and ascorbic acid.? One possibility is that a
strong toxicant is generated in the reaction of hydrogen peroxide and 3-HAT (or its
oxidized intermediate). One candidate for such a strong toxicant is the hydroxyl
radical, which can be generated from hydrogen peroxide and 3-HAT in the iron-
catalyzed Haber-Weiss reaction.”® However, involvement of the hydroxyl radical
could not be determined. Dimethyl sulphoxide and ethanol, scavengers of the hyd-
roxyl radical, and desferrioxamine, a chelator of iron,” showed some toxicity to the
bacteria, so evaluation of their effects on the toxicity of 3-HAT was difficult. Another
possibility is that hydrogen peroxide would help an intermediate of the 3-HAT
oxidation to exert toxicity to the bacteria.

SOD enhanced toxicity of 3-HAT to the bacteria through the generation of more
hydrogen peroxide. This implies that hydrogen peroxide is more hazardous than the
superoxide radical under the conditions employed in our experiments. 3-HAT occurs
in humans and has deleterious effects.>® There is a possibility that SOD might
aggravate the toxicity of 3-HAT to humans.
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