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The inducible G6PD activity was the product of the zwf
gene because strains containing a zwf::lacZ transcriptional
fusion (kindly supplied by R. E. Wolf, Jr.) exhibited PQ-
inducible B-galactosidase activity (data not shown). The
position of G6PD has not been determined on the two-
dimensional gels used in this study.

Inducible resistance to MD. The levels of most of the
oxidants used in this work did not cause any decrease in cell
growth or in the survival of CFUs, with the exception of
NEM and the higher level of H,O, (Fig. 3). Thus, the protein
inductions observed here occurred largely under conditions
compatible with cell viability, which was consistent with
their interpretation as adaptive responses against continued
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FIG. 1. Two-dimensional gel analysis of proteins induced in

Id-type E. coli by MD. (A) E. coli JTG100 (wild type (13]), no

:atment. (B) JTG100 labeled at 37°C for 20 min in the presence of
1.45 mM MD. (C) Cartoon tracing of induced proteins. Arrowheads
indicate proteins under oxyR control. Symbols: O, locations of
oxyR-independent proteins that are inducible by H,0, and redox-
cycling agents; <, proteins that are inducible by the redox-cycling
agents but not efficiently inducible by H,O,; (. proteins that are
reported to be under the control of the heat shock regulatory gene
rpoH (30). Arrows indicate proteins that are inducible by MD only.
M_s (in thousands) are located on the sides of panels A and C. The
pH gradient runs in the horizontal direction, with acidic pH on the
right and the letters at the top given in accordance with nomencla-
ture of Neidhardt and co-workers (31). Polypeptides 1 through 8 are
HPI subunits (13). Polypeptides 9, 10, and 14 are Ahp subunits (13).
Polypeptides 11, 12, and 13 may also be Ahp subunits, since mutants
that overproduce Ahp contain these same polypeptides (13; data not
shown). Polypeptide 57 is endonuclease 1V, as confirmed by using
purified endonuclease 1V (26) added to a labeled extract and by the
specific overproduction of this same species in bacteria containing
the nfo gene on a multicopy plasmid (8).

or still higher levels of stress. Indeed, the pretreatment of
bacteria with 1.45 mM MD conferred substantial resistance
to a transient challenge with up to 100 mM MD in the
presence of 50 uM CuCl, (Fig. 4). An adaptive effect has also
been reported for the redox-cycling agents plumbagin (11)
and PQ (29).

DISCUSSION

The responses to oxidative stress in E. coli are complex
and probably involve several intracellular inducing signals.
The induction of the oxyR regulon by MD and PQ is likely an
indirect result of superoxide radical formation. The O,~
formed by redox cycling can react with transition metals
or superoxide dismutase to form H,O, (and subsequently
- OH) by Fenton (and Haber-Weiss) chemistry (12, 18). It is
not known whether H,O, itself, rather than a product of its
action, is the direct activator of the OxyR regulatory protein.

PQ and MD are known to produce O,~ efficiently in E. coli
(15, 16). These agents induced a set of activities including
SodA. endonuclease 1V, and G6PD that were not elevated
by H,O, treatment of wild-type E. coli. The signal for the
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TABLE 1. Enzyme levels in extracts of JTG100 cells
treated with oxidants

Enzyme activities (U/mg)” of:

Agent”

G6PD Catalase
None 0.12 = 0.04 3.0+x1.5
H,0, 0.14 = 0.05 6.8 +1.3
MD 0.39 = 0.09 25 £ 7.4
PQ 0.22 + 0.07 7.4 +34

“ The treatments were with 60 uM H,0,, 1.45 mM MD, or 1.30 mM PQ.
» Each number represents the average of three experiments plus or minus
standard deviation.

induction of these proteins and probably others may depend
on the formation of intracellular superoxide rather than
H,0,. Thus, the inductions of SodA, endonuclease IV, and
G6PD by PQ and MD depend on O, (15; unpublished
observations), as do the PQ-inducible soi::lacZ gene fusions
(24). The SodA protein and the soi genes are also moderately
inducible by increased oxygen tensions in sod* E. coli (14,
24). In addition, bacteria lacking all superoxide dismutase
activity (sodA sodB) have elevated levels of a number of the
oxidative stress proteins only when cultured aerobically
(unpublished observations). These same superoxide dismu-
tase-deficient mutants also exhibit oxygen-inducible endonu-
clease IV activity (6). Taken together, these observations
point to a group of proteins whose synthesis is stimulated in
response to elevations of the intracellular O, concentra-
tion.

1
Symbols:
A no treatment

0.145mm MD
@ 1.45mM MD
V 0.13 mm ro
A13 mmrao
O 0.06 mM H0,
V 20 mm H0,
1.0 W 0.04mm NEM

4

2 3
time (hours)
FIG. 3. Growth of cells in the presence of different oxidants.
Exponentially growing bacteria were cultured at 37°C with shaking
at 200 rpm in supplemented M9 medium, and at time zero (arrow)
different oxidants were added. Cell growth was monitored by
measuring the optical densities of the cultures. Essentially the same
results were obtained by plating samples for colony-forming ability
(data not shown).
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FIG. 4. Induction of bacterial resistance to MD. Bacteria, either
naive or pretreated with 1.45 mM MD, were challenged as described
in Materials and Methods.

The level of SodA is sensitive to oxygen tension (14, 39)
and the addition to anaerobic cells of metal-chelating agents
(28, 34), NO;™ or NO;™ plus PQ (33), as well as a variety of
other compounds that change the cellular redox potential
(36). At present, it is not clear whether all these inductions
are controlled by the same regulatory mechanism. Other
proteins induced by redox-cycling agents such as endonu-
clease IV (6) may not be as sensitive to these treatments as
SodA. For example, the levels of catalases, endonuclease
IV, and G6PD were unaffected by NO,~ treatment of
anaerobic cells (unpublished observations). Furthermore,
the pattern of proteins induced by NO;~ under anaerobic
conditions (35) is different from the pattern induced by MD
or PQ (Fig. 2). Once genes that affect the regulation of sodA
and other oxidative stress proteins are identified, the regu-
latory mechanisms can be more fully explored.

Conditional resistances to oxidative stresses in E. coli
have been described previously, one elicited by H,0, (10)
and another activated by superoxide-generating agents (11,
15, 25). It is now clear that these responses are not entirely
separate; a partial model for how they are connected is
shown in Fig. 5. Both H,0, and redox-cycling agents (by
leading to H,O, formation) can activate the oxyR regulon to
provide cellular protection against both types of oxidants
(13). Both types of agent induce many of the same oxyR-
independent proteins. However, redox-cycling drugs induce
an additional global response in E. coli that is detectable as
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Responses to oxidative stress

Redox cyeling
* disproportionation
og- - 202
/ \ (SOD-Independent)
OXYR-INDEPENDENT
SUPEROXIDE RESPONSE HEAT SHOCK  OXYR REGULON PEROXIDE RESPONSE
« radical scavenging (SOD) « 3 proteins - m )oumolng « 26 proteins
« DNA repair (Endo IV) repair?

« 33 other proteins

« § other proteins

FIG. 5. Model for the cellular responses to oxidative stress. Superoxide produced by redox cycling can be converted to H,0,, inducing
the oxyR regulon and many oxyR-independent proteins that are also elevated by H,0, directly. Superoxide generation triggers the synthesis
of a variety of additional proteins, including those that confer increased cellular capacity to scavenge radicals (superoxide dismutase [SOD])
and repair oxidized DNA (endonuclease IV [Endo IV]). The arrows do not necessarily imply that O, or H,0, are the direct signals for the
induction of all the proteins. Some of the proteins induced by redox cycling could be triggered by effects such as NADPH depletion, but such
separate groups are not distinguished here. These global patterns of induction and the limited genetic studies performed thus far indicate the

existence of multiple regulators that respond to low-level oxidative stress to provide adaptive protection. Not all proteins observed in Fig.

2 are accounted for in this scheme. Only proteins that were induced at least threefold were included in the different categories. In a few cases
where proteins were seen to be induced weakly by H,0, but strongly by O, (e.g., oxidant spots 39, and 43 to 46), those proteins are

considered to be in the superoxide-induced category.

major changes in the production of many proteins. At least
some of these proteins are increased in response to intracel-
lular O, , as discussed above. Since the reduction of PQ
and MD may occur at the expense of cellular reducing
equivalents such as NADPH (17, 22), the induction of still
others of these proteins might be triggered, for example, by
the depletion of the NADPH pool.

The elevated production of the redox-inducible proteins
aids cells in overcoming the lethal effects of high superoxide
challenges, independent of the H,O, response. For example,
the sodA-encoded superoxide dismutase, which is inducible
by MD and PQ but not by H,0,, accounts for much of the
cellular resistance to MD (unpublished observations) or PQ
(4). This is also true for G6PD, since mutants lacking this
enzyme are hypersensitive to MD (unpublished observa-
tion). G6PD is probably responsible for providing NADPH
for enzymes such as Ahp (19) and glutathione reductase. We
have recently isolated E. coli mutants that express elevated
levels of SodA, endonuclease IV, and G6PD, along with
several other proteins that usually require redox-cycling
agents for their induction (J. T. Greenberg, P. Monach, and
B. Demple, manuscript in preparation). These mutants have
an increased resistance to MD and other agents that is only
partly dependent on the sodA and nfo genes. Characteriza-
tion of these new mutants will aid our dissection of the
complex of oxidation stress-inducible regulons of E. coli and
the different intracellular signals that activate them.

Inducible responses to oxidative stress may be general
protective mechanisms that are not restricted to bacteria.
Mn-superoxide dismutase is inducible in plants by a variety
of stresses (3). Mn-superoxide dismutase mRNA is inducible
by tumor necrosis factor alpha in human cells; thus, Mn-
superoxide dismutase may be responsible for resistance to
radiation induced by tumor necrosis factor alpha (42). Hu-
man skin fibroblasts induce heme oxygenase in response to
challenges with near-UV light, MD, or H,0, (23). This
induction could serve to protect cells against high levels of

oxidative stress by increasing the cellular levels of the
antioxidant metabolite of heme, bilirubin (23). Human lym-
phocytes possess an adaptive response to [*H]thymidine or
X rays which involves the induction of specific proteins (S.
Wolff, J. K. Wiencke, V. Afzal, J. Youngblom, and F.
Cortes, Proceedings of the 14th L. H. Gray Conference on
Low Dose Radiation Risk Assessment, in press). Most of the
proteins induced by these latter treatments have not yet been
identified. Whether these eucaryotic oxidation stress re-
sponses include proteins with functions analogous to those
seen in E. coli awaits further work.
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