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Superoxide production by the three 4,9-dihydroxyperylene-3,10-quinone fungal toxins, altertoxins I, II, and
III, was stimulated on illumination with broad-spectrum light. As determined previously for cercosporin,
superoxide production by illuminated altertoxins was increased by the addition of the reducing substances
ergothioneine or urate; ascorbate also effectively increased superoxide production. Illuminated urate alone

engendered some superoxide production.

Plant pathogenic fungi of the genus Alternaria produce a
variety of toxins, among which are the altertoxins I, II, and
III (14, 21, 25). The three altertoxins (Fig. 1) are 4,9-
dihydroxyperylene-3,10-quinones (25). The altertoxins are
structurally similar to cercosporin and several other fungal
toxins (19, 27, 28). Cercosporin is a primary toxin of the
plant pathogenic fungal genus Cercospora, the cause of leaf
spot disease (for a review, see reference 6). Cercosporin is
photodynamic and produces singlet oxygen when illumi-
nated (5, 6, 8); this behavior may account in part for
dependence on light intensity for the primary toxicity of
cercosporin for tissue culture cells in vitro (5) and for the
light intensity dependence of the toxicity of the fungus for
plants in vivo (3). Daub and Hangarter (7) showed that
cercosporin also produces superoxide anion when it is
illuminated in the presence of the reducing agent methionine.
An alternate reducing agent, ergothioneine, significantly
quenched singlet oxygen production and enhanced superox-
ide production by illuminated cercosporin (10). Both singlet
oxygen and superoxide generation are positively light regu-
lated.
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FIG. 1. Structures of altertoxins I, II, and III (25, 26).
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Here we demonstrate the production of superoxide by
altertoxins I, II, and III, a process that is strongly photo
facilitated and that is stimulated by reducing agents.

MATERIALS AND METHODS

Reagents. Sodium carbonate, ascorbate, ergothioneine,
urate, Nitro Blue Tetrazolium (NBT), and superoxide dis-
mutase (SOD; EC 1.15.1.1; lyophilized powder derived from
bovine blood, 3,000 U, 0.9 mg) were obtained from Sigma
Chemical Co., St. Louis, Mo. Copper sulfate and dimethyl
sulfoxide were from J. T. Baker Chemical Co., Phillipsburg,
N.J. Altertoxins, I, II, and III were extracted and purified
from cultures of Alternaria alternata, as described by Stack
and Prival (26). Cercosporin was isolated and purified from
cultures of Cercospora nicotianae as described previously
(5) and was kindly provided by Margaret E. Daub (North
Carolina State University at Raleigh). Na,CO, buffer (0.05
M, pH 10.2) was used to make stock solutions of the
reducing agents, NBT and SOD, at 1 mM, 1.6 mM, and 1 mg/
ml. Ascorbate was freshly prepared before each experiment,
in order to minimize autooxidation. Altertoxins were pre-
pared at a concentration of 1 mM in 33% dimethyl sulfoxide
in Na,CO; buffer. All stock reagents were refrigerated at 4°C
and brought to room temperature before each experiment.

NBT reduction. NBT reduction was used as an indicator of
superoxide production (1). Experimental samples were
mixed directly in disposable polystyrene cuvettes (PGC
Scientifics, Gaithersburg, Md.), such that the reaction mix-
ture contained 80 M NBT and 10 puM altertoxin I, II, or III,
in addition to 10 .M ascorbate and 10 or 100 pM ergothio-
neine or urate, when assayed. Additionally, 10 ng of SOD
per ml was present when necessary to inhibit superoxide
reduction of NBT. Controls contained the same reagents as
experimental samples, but without NBT; each sample was
brought to a total volume of 4 m!l with Na,CO; buffer (0.05

TABLE 1. Rates of absorption changes (560 nm) of altertoxins
with and without illumination

Rate of absorption change of:

Illumination
Altertoxin I Altertoxin II Altertoxin I11
Dark -1.0 = 0.2 2) -19=*0.1(Q) -0.8 £0.4()
Light -1.0+0.1(2) -3.7*+04(Q) -1.5+0.103)

“ Values in parentheses are the number of repeated assays.
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TABLE 2. Rates of NBT reduction (560 nm) by reducing agents
in the absence and in the presence of added SOD

Rate of NBT reduction under:
Reducing agent

Light Dark
Ascorbate
10 pM 0.9 = 0.4 (2)°
10 uM + SOD —-0.7 £0.1(2)
Ergothioneine
10 pM 0.3 +03(Q)
10 uM + SOD 0.0 £ 0.0 (2
100 pM 0.5 +0.1(3)
100 oM + SOD -0.2£0.2(Q)
Urate
10 uM 2.0 = 0.0(3) 0.8 £0.1(2)
10 pM + SOD 0.0 +£0.0(2) 0.0 =0.0(2)
100 pM 4.3 +0.5@4) 1.1 £02(Q2)
100 puM + SOD 0.1 £0.1(3) 0.1+0.1Q2)

9 Values in parentheses are the number of repeated assays.

M, pH 10.2). Reactions were carried out at room tempera-
ture (25°C), and the oxygen present in solution was that
dissolved from air without bubbling. As indicated, samples
were kept in the dark or illuminated with a 150-W projector
spotlamp (tungsten filament; Sylvania), which was sus-
pended 26 cm above the surface on which the samples were
placed. The light passed through a 2% CuSO, solution, in
order to absorb the heat generated by the lamp. The light
intensity was 1.1 millieinsteins per m? per s, as measured at
the midpoint of the cuvette with a quantum photometer
(LI-185; Li-Cor). Optical densities (ODs) were followed at
560 nm in a dual-beam spectrophotometer (series 634; Va-
rian Instruments, Inc.). All rates are expressed as (dy/dr +
standard error) x 10™%.

RESULTS

There was a slow loss of the Asq of the altertoxins in
carbonate buffer at pH 10.2 in the dark; this loss in OD was
enhanced by illumination in the cases of altertoxins II and III
(Table 1). The instability of altertoxins in solutions contain-
ing dimethyl sulfoxide has been noted previously (26).
Therefore, experimental samples were compared with par-
allel samples containing altertoxin alone. When this proce-
dure is used, it is assumed that the rate of spontaneous
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absorbance loss and photobleaching of altertoxins is analo-
gous in cuvettes containing additional reactants, an assump-
tion that may or may not be true. For example, additional
reactants could alleviate photobleaching of altertoxins, a
possibility that was taken into account in the interpretation
of results.

Table 2 presents data describing interactions of reducing
agents (ascorbate, ergothioneine, and urate) with NBT in the
absence of altertoxins. Like ascorbate, ergothioneine (refer-
ences in reference 11) and urate (references in reference 13)
are effective reducing agents. In all cases there was some
reduction of NBT, as measured by an increase in the OD at
560 nm, and this reduction of NBT by illuminated reducing
agents was strongly suppressed by the addition of SOD.
Ascorbate was tested only at 10 uM, because concentrations
above this level led to the almost instantaneous reduction of
NBT. Reduced glutathione also instantaneously reduced
NBT at all concentrations tested. Of particular interest
(Table 2) was the concentration-dependent production of
superoxide by illuminated urate, indicating that urate is,
itself, a photo-facilitated producer of superoxide. The rates
of reduction by illuminated reducing agents alone have not
been subtracted from data from experiments in which alter-
toxins were examined (Table 3).

Data in Table 3 indicate that illuminated altertoxins pro-
duced superoxide when they were illuminated in the absence
of added reducing agents. This superoxide production was
enhanced in the presence of reducing agents (Table 3).
Figure 2 shows results of representative individual experi-
ments in which the reduction of NBT was followed during
illumination of altertoxins I, I, and III, in reaction mixtures
containing 100 wM ergothioneine in the absence and the
presence of 10 pg of SOD per ml. Figure 3 shows results of
an individual experiment in which altertoxin II was illumi-
nated in the absence of added reducing agent and in the
presence of 10 uM ascorbate, urate, and ergothioneine. The
rate of NBT reduction by altertoxin and reducing agent with
illumination immediately fell to zero when samples were
transferred to the dark; on reintroduction to the light, the
original rate of reduction was established once again (data
not shown). Data in Tables 1 to 3 were compiled from
replicate experiments analogous to those shown in Fig. 2 and
3. As in Fig. 2 and 3, rates of NBT reduction did not deviate
from linearity with time over the 60-min assay period in each
of the individual cases tabulated in Table 3.

Cercosporin, which has been tested previously for super-
oxide generation by a procedure that was slightly different

TABLE 3. Rates of NBT reduction (560 nm) by altertoxins with illumination

Rate of NBT reduction by:

Treatment

Altertoxin I Altertoxin 11 Altertoxin III
Altertoxin alone 4.9 + 0.4 (11)¢ 5.4+0.409) 2205012
SOD (10 pg/ml) 0.5+0.14) 1.4 £ 0.3 (5) 0.0 +0.2(2)
Ascorbate (10 uM) 7.5 = 0.4 (6) 8.5 £1.2(6) 45+14@4)
Ascorbate (10 uM) + SOD (10 pg/ml) 09 *+0.5(03) 1.7 £ 0.6 (3) 0.6 = 0.6 (2)
Ergothioneine (10 uM) 12.0 £ 2.0 (2) 13.7 £ 1.8 3) 7.2 +£09(Q)
Ergothioneine (10 nM) + SOD (10 pg/ml) 0.8 +£0.1(Q) 1.3+£0.2Q2) 0.2 +0.303)
Ergothioneine (100 uM) 29.8 = 3.8 (4) 340 £ 1.0(2) 24.5 = 11.5(2)
Ergothioneine (100 uM) + SOD (10 pg/ml) 8.0x1.4() 53+0.1Q) 2.8+0.1(2)
Urate (10 pM) 7.8 £1.2(Q) 10.3 = 0.4 (3) 6.1 =0.8(2)
Urate (10 pM) + SOD (10 pg/ml) 1.3 £0.3(2) 1.2 £0.1(2) 1.2 = 0.8(2)
Urate (100 nM) 22.5+4.5(2) 23.0 = 5.0(2) 8.2 +2.8(Q2)
Urate (100 pM) + SOD (10 pg/ml) 54 *0.6(Q) 55+09(Q2) 2.8 0.6 (2)

¢ Values in parentheses are the number of repeated assays.
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FIG. 2. Reduction of NBT by illuminated altertoxins in the presence of 100 wM ergothioneine, with and without 10 pg of SOD per ml.

from that used here (10), was reexamined under conditions
identical to those used for the altertoxins. In duplicate
experiments, illuminated 10 wM cercosporin alone engen-
dered an average rate [(dy/df) X 10™%] of NBT reduction of
20.5, and this was essentially eliminated by the addition of 10
g of SOD per ml. In the presence of 100 wM ergothioneine,
illuminated 10 pM cercosporin reduced NBT at an average
rate of 155.5 in the absence of SOD and 33.0 in the presence
of SOD. Thus, cercosporin appeared to be more effective
than any of the altertoxins in releasing photo-mediated
superoxide.

DISCUSSION

Our data provide evidence that illuminated altertoxins I,
I1, and III behave analogously to illuminated cercosporin (7,
10). Namely, there is a photo-facilitated production of su-
peroxide that is strongly enhanced in the presence of reduc-
ing agents. This enhancement by electron donors is marginal
in the presence of 10 uM ascorbate, 10 nM urate, and, in the
case of altertoxin III, the presence of 100 M urate (Table 3).
By ‘‘marginal’ we mean that the changes in OD observed
could, in these cases, be due to a combination of superoxide
production elicited by the illuminated reducing agent itself
and simultaneous quenching by the reducing agent of alter-
toxin photobleaching. However, in the cases of 10 and 100
pM ergothioneine and 100 wM urate (the latter for alter-
toxins I and II), there was a strikingly high rate of NBT
reduction that was essentially eliminated by the addition of
SOD (Table 3). For example, by subtracting the effect of

0.20
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100

Time (minutes)

FIG. 3. Reduction of NBT by illuminated altertoxin II (10 uM) in
the absence of added reducing agents ((J) and in the presence of
10 uM ergothioneine (K), urate (<), and ascorbate (®).

reducing agent alone (Table 2) and by assuming that the
reducing agent completely prevents altertoxin photobleach-
ing (Table 1), there were still rates of 28.3, 29.8, and 22.5 for
altertoxins I, II, and III, respectively, in the presence of 100
pM ergothioneine. This high rate of NBT reduction was light
dependent. We conclude that the three altertoxins can
generate superoxide and that this generation is strongly
enhanced by illumination in the presence of an appropriate
reducing agent.

It seems logical to assume that the production of super-
oxide anion is at least predominantly generated by the
reduction of the fungal quinones to semiquinones (or to
hydroquinones) which then, in a photo-facilitated process,
react with dioxygen to produce superoxide anion (redox
cycling; for a review, see reference 24). A second possibility
is the generation of singlet oxygen, (see below), with the
subsequent one-electron transfer to the singlet oxygen,
forming superoxide (cf. reference 20). Finally, a more in-
volved sequence of reactions may occur involving radicals
formed from the reducing agents themselves (the reactions
are summarized in reference 18).

Some superoxide-generating quinones (e.g., 1,4- and 1,2-
naphthoquinones) inhibit SOD activity (23), but we found no
evidence that such an inactivation occurs during superoxide
formation mediated by the altertoxins. SOD remained active
throughout the period of our experiments (Fig. 2). Redox
cycling by the dihydroxyperylene quinones would be ex-
pected to occur in the dark as well under the appropriate
reducing conditions; this may account for the residual dark
toxicity of cercosporin noted by Macri and Vianello (17),
although activation to a toxic arene oxide is also possible
(25).

Besides producing superoxide in the presence of reducing
agents (7, 10), illuminated cercosporin generates singlet
oxygen with a high quantum yield in the absence of reducing
agents (5, 8). Singlet oxygen production may be generated by
the formation and spontaneous decay of an anthracene
endoperoxide within the perylenequinone structure; photo-
mediated formation of such an endoperoxide has been
documented for the related fungal pigment hypocrellin (4).
While so far untested, it would be surprising if the altertoxins
did not also form endoperoxides and release singlet oxygen
photodynamically. We propose that the generation of singlet
oxygen and superoxide in fluctuating amounts may over-
come plant host defenses against oxidative damage, defenses
that are individually focused on particular oxidative species
(e.g., see references 9 and 22).

It also seems likely that plants use chemical arsenals in
their defense that mimic those applied by pathogenic fungi.
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Many plants contain a-hydroxy quinones at high concentra-
tions in particular tissues (27, 28). For example, the plant
and fungal naphthoquinone juglone produces superoxide in
susceptible cells (12). One extended quinone of plant origin,
hypericin, is photodynamic, produces singlet oxygen when
illuminated, and, in the presence of methionine, generates
superoxide (15). Photodynamic a-hydroxy quinones may
constitute one predominant class of pesticides produced by
nature.

Finally, the fungal production of photodynamic toxic
secondary products is, to a great extent, environmentally
controlled. It is striking that cercosporin production by at
least some strains of Cercospora cultured in vitro is stimu-
lated by light, oxygen, and ascorbate (2, 16). This suggests
that generation of superoxide may feed back in some manner
and lead to increased toxin production in an optimal envi-
ronment containing appropriate reducing agents (10).
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