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Wild-type Escherichia coli cells grow normally in 95% 0,/5% COs,.
In contrast, cells that cannot make polyamines because of muta-
tions in the biosynthetic pathway are rapidly killed by incubation
in 95% 0,/5% CO,. Addition of polyamines prevents the toxic
effect of oxygen, permitting cell survival and optimal growth.
Oxygen toxicity can also be prevented if the growth medium
contains an amino acid mixture or if the polyamine-deficient cells
contain a manganese-superoxide dismutase (Mn-SOD) plasmid.
Partial protection is afforded by the addition of 0.4 M sucrose or 0.4
M sorbitol to the growth medium. We also report that concentra-
tions of H,0; that are nontoxic to wild-type cells or to mutant cells
pretreated with polyamines kill polyamine-deficient cells. These
results show that polyamines are important in protecting cells from
the toxic effects of oxygen.

It is well known from the classic studies of Fridovich and his
group (1-5) and others (6—8) that Escherichia coli cells, grown
in air, have mechanisms for the protection of the cells from the
toxic effects of superoxide and of oxygen radicals. Of particular
importance is the protective effect exerted by the superoxide
dismutase that is present in these cells. It has also been observed
that E. coli cells can grow at a normal rate in an atmosphere of
increased oxygen, presumably by operation of these protective
mechanisms (7).

Polyamines, the ubiquitous polycationic compounds, are as-
sociated with a variety of biological processes, such as nucleic
acid biosynthesis, cell growth, and differentiation (9, 10). In this
paper, we present data showing that another important factor in
the protection of E. coli cells from the toxic effects of oxygen is
the intracellular level of polyamines. We have found that poly-
amine-deficient cells are rapidly killed by incubation in oxygen,
even though, as we previously reported, when incubated in air,
these same cells are not killed and grow indefinitely (albeit at a
somewhat reduced growth rate; ref. 11).

Materials and Methods

The strains used are listed in Table 1. All strains were maintained
on LB plates. All incubations were at 37°C with vigorous shaking.
The various mutants were grown on a purified polyamine-free
Vogel-Bonner (VB) medium (Figs. 1-4; ref. 16) or M63 medium
(Fig. 5; ref. 7) [supplemented with glucose and the auxotrophic
requirements for EWH319 and HT306 (thiamin, pantothenate,
proline, and threonine)] for at least 20-25 generations to deplete
any polyamines remaining from the original LB medium. The
cultures then were grown overnight in limiting glucose (0.025%)
to an ODgy of 0.1-0.2. Additional glucose (0.4%) was then
added, plus polyamines where indicated, and the cultures were
incubated for another 2 h. The cultures were then diluted to an
ODygoo of 0.001 into the same medium with and without poly-
amines.” In some of the experiments an amino acid mixture (Fig.
3A4), sucrose or sorbitol (Fig. 3B) was added at this point. For
experiments presented in Fig. 5 (with pDT1.5, sodA plasmid),
the cultures were grown in M63 medium containing 100 pg/ml
ampicillin. The diluted cultures were then incubated in an
atmosphere of air or 95% 0,/5% CO,, as indicated. Periodically,
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aliquots were diluted into VB medium and spread on LB plates
for viable cell counts.

For the experiments studying the toxicity of hydrogen perox-
ide, the deprived cells were incubated overnight in limiting
glucose with and without the addition of putrescine (10~* M) and
spermidine (107> M) to an ODggp of 0.15-0.2. Additional glucose
(0.4%) was then added to each culture, and after a further
incubation for 2 h, the cells were harvested by centrifugation and
washed twice with 100 mM potassium phosphate (pH 7) to
remove extracellular amines that might react directly with the
hydrogen peroxide. The cells were resuspended in the same
phosphate buffer. Different concentrations of hydrogen perox-
ide were added, and the mixtures were incubated in air with
shaking at 37°C. At 20-min intervals, aliquots were diluted into
50 mM phosphate buffer (pH 7) and plated on LB plates for
determination of survival rates. Results are presented as percent
cell survival based on the cell count at zero time.

The amino acid mix used in Fig. 34 contained the 12 amino
acids at the concentrations present in the standard MEM amino
acid mix (17). The amino acid mix as well as the sorbitol and
sucrose solutions used in Fig. 3B contained no measurable
polyamine contamination, as measured by HPLC chromatogra-
phy and by bioassays with polyamine-requiring mutants of
Saccharomyces cerevisiae (18).

Results

Polyamine Deficiency Results in Oxygen Toxicity. E. coli strain
HT306 contains deletion mutations in the genes required for
polyamine biosynthesis [A (spedAspeB) A speC A (speDspeL)
cadA] and, therefore, lacks putrescine and spermidine when
grown in purified medium (11). As previously described, despite
this lack of intracellular polyamines, cultures of this organism
grow indefinitely in air (Fig. 1A4), although the growth rate is
30-50% of the rate found in amine-supplemented media. In
contrast, when these cultures were incubated in 95% O,/5%
COy,, marked inhibition of growth and cell death occurred (Fig.
1A). Viable cell counts showed 40-50% cell death within 7-8 h;
after 22 h of incubation under oxygen, only 0.1-0.5% cells
survived. Comparable results were obtained with EWH319,
which is similar to HT306, except for a normal cadA gene.
Wild-type cells showed very little, if any, oxygen toxicity and
grew at a nearly normal growth rate under similar conditions
(Fig. 1B). Addition of putrescine or spermidine to the culture
medium was completely effective in preventing the toxic effects
of oxygen (Fig. 2 A and B). Considerable protection (but not
complete) was obtained by the addition of higher (10~* to 1073
M) concentrations of cadaverine (Fig. 2C).

Because these data showed that either putrescine or spermi-
dine would protect the cells from oxygen, we next tested whether

Abbreviations: SOD, superoxide dismutase; VB, Vogel-Bonner.
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tThese experiments were carried out at a low optical density (initial ODggo = 0.001) to

permit better oxygenation of the culture. In other experiments (data not shown), we used
cultures that were more dense (initial ODgoo = 0.03), but we found that these cultures
required intensive aeration with a sparger to obtain comparable results.
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Table 1. Strain list and polyamine content

Amine content,
umol/g wet weight?

Strain References Mutations in polyamine

designation or sources biosynthetic pathway* Putrescine Spermidine

71-18 12 None 7 1.2

EWH319 13 A(speAspeB) AspeC 0* 0*
A(speDspeE)

HT306 1 A(speAspeB) AspeC o* 0*
A(speDspeE)cadA

EWH319/pDT1.5 This study$ A(speAspeB) AspeC 1 1
A(speDspeE)

HT551 14 A(speDspeE) 12 0%

*speA, arginine decarboxylase; speB, agmatine ureohydrolase; speC, ornithine decarboxylase; speD, S-adenosyl-
methionine decarboxylase; speE, spermidine synthase (putrescine aminopropyltransferase).

"The cells used for these assays were grown in polyamine-deficient VB medium to an ODgqo of 0.4-0.5, collected
by centrifugation, and extracted with 5% trichloroacetic acid. The supernatant was assayed for putrescine and

spermidine by HPLC chromatography (14).
*Not detected by HPLC analysis.

8J1171, an E. coli strain containing pDT1.5 overexpressing E. coli Mn-SOD (sodA) (6), was kindly provided by J. Imlay
(University of lllinois, Urbana). Plasmid DNA was isolated and used to transform EWH319 with standard

procedures.
INot determined.

incubation in oxygen was toxic to HT551, a strain that can
synthesize putrescine but lacked spermidine. This strain did not
show any oxygen toxicity (data not shown).

Oxygen Toxicity to Polyamine-Deficient E. coli Cells Is Partially Pre-
vented by Added Amino Acids or Sucrose. Fridovich and others (7,
19-22) have shown that superoxide toxicity in E. coli results in
a number of phenotypes, including amino acid auxotrophy and
damage to the cell membrane. Their experiments were carried
out in air with E. coli cells that had normal polyamine levels but
that lacked superoxide dismutase. In the following experiments,
we tested whether a similar phenotype occurs in the polyamine-
deficient cells that are incubated in oxygen.

In the experiment presented in Fig. 34, we showed that, if the
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Fig. 1.

medium contained a mixture of 12 amino acids (arginine,
cystine, histidine, isoleucine, leucine, lysine, methionine, threo-
nine, valine, phenylalanine, tyrosine, and tryptophane), essen-
tially no toxicity of oxygen was observed. Thus, such cultures
showed no cell death and grew at essentially the same rate in
oxygen as in air. If the three aromatic amino acids were not
included, the protective effect was less; the growth rate was only
40% of that seen with the 12-amino acid mix (data not shown).
Combinations of leucine and valine, or leucine and isoleucine, or
phenylalanine, tyrosine and tryptophane, or cystine and methi-
onine did not protect the polyamine-deficient E. coli cells from
oxygen toxicity (data not shown). Note that the addition of
amino acids to the polyamine-deficient culture did not result in
as high of a growth rate as was found when polyamines were
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(A) Oxygen toxicity and cell death of polyamine-deprived E. coli cells. E. coli HT306 was grown on polyamine-free VB medium for 20-25 generations

and diluted to an ODggo of 0.001, as described in Materials and Methods. Replicate cultures were incubated in either air or 95% 0,/5% CO, and assayed
periodically for viable cell counts. (B) Wild-type E. coli are resistant to oxygen-induced cell death. Wild-type E. coli (71-18) cells were grown in amine-free VB
medium as described above, diluted to an ODgoo of 0.001, and incubated in either air or 95% 0,/5% CO..
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Fig. 2. Addition of exogenous putrescine (A), spermidine (B), or cadaverine

(C) protects cells from oxygen toxicity. HT306 E. coli cells were grown in VB
medium to deplete intracellular polyamines. The cultures were then incu-
bated for 2 h with different concentrations of putrescine (A), spermidine (B),
or cadaverine (C). These were then diluted to ODggo = 0.001 and incubated
with or without the indicated concentrations of putrescine, spermidine, or
cadaverine in 95% 0,/5% CO; and periodically assayed for viable cells.

added to the medium (Fig. 34 compared with Fig. 2 4 and B);
i.e., the addition of amino acids did not completely correct the
need for polyamines for optimal growth. Similarly, in other
experiments (data not shown), we have found that the addition
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of this amino acid mix to polyamine-deficient cells incubated in
air did not result in any increase in growth rate.

To test whether the death of the polyamine-deficient cells in
oxygen was caused by membrane damage and cell lysis, we
incubated the polyamine-deficient cells in oxygen in the presence
of either 0.4 M sucrose or 0.4 M sorbitol. As shown in Fig. 3B,
under these conditions, the cells were not killed. However, even
though the cells were not killed, the cultures did not show any
growth, indicating that damage to the cell membrane was not the
only deleterious effect of oxygen to polyamine-deficient cells. In
other experiments (data not shown), we found that the addition
of sorbitol or sucrose did not affect the growth rate of polyamine-
deficient cells grown in air; i.e., these cultures still grew at
30-50% of the growth rate obtained when polyamines were
added to the growth medium, indicating that cell lysis did
not account for the decreased growth rate found in air with
polyamine-deficient cells.

Overexpression of sodA Protects Cells from Oxygen Toxicity During
Amine Deficiency. To test whether superoxide was involved in the
toxicity, we studied whether overexpression of a sod-containing
plasmid (Mn-SOD, pDT1.5) would protect the polyamine-
deficient cells from the toxic effects of oxygen. As shown in Fig.
5, overexpression of the sodA gene in polyamine-deficient cells
prevented the toxic effects of oxygen; the polyamine-deficient
cells containing the sod plasmid grew as well in oxygen as in air.
Note that both the plasmid-containing cells and the control cells
had intact sod genes in their chromosomes; i.e., the normal
amount of superoxide dismutase was not sufficient to protect the
polyamine-deficient cells from oxygen toxicity.

It is noteworthy that the presence of the sodA-containing
plasmid did not affect the growth rate of the polyamine-deficient
cells in air; i.e., the growth rate was still 30-50% of that seen with
polyamine supplementation (data not shown), indicating that
superoxide is not responsible for the decreased growth rate that
we had observed in polyamine-deficient cells grown in air.

Al-Maghrebi ez al. (23) have shown that the addition of Mn**
diminished the oxygen-dependent phenotypic deficits exhibited
by sodA sodB E. coli; i.e., Mn™" mimics SOD activity. In our
experimental condition, we found that the addition of 50 uM
Mn™** reduced the lethal effect of oxygen, but did not permit any
growth (data not shown). However, these experiments are hard
to interpret because we have recently found that the addition of
Mn™** (even at 25 uM) is particularly inhibitory to the growth
of polyamine-deficient culture in air (data not shown).

Polyamine-Deficient Cells Are Hypersensitive to H,0,. As shown in
Fig. 4, polyamine-deficient cells were much more sensitive to
H,0,; than polyamine-supplemented cells. Thus, a challenge with
0.5 or 1 mM of H,O, resulted in the death of >96% of the
amine-deficient E. coli cells within 40 min.

Discussion

The experiments reported in this paper clearly indicate that
polyamines are important in protecting E. coli cells from the
toxic effects of oxygen, superoxide, and hydrogen peroxide.
These results are consistent with our earlier work (24) showing
that paraquat, a known source of superoxide (1), is more toxic
to polyamine-deficient cells than to cells containing polyamines.
The present results are more definitive, however, because our
results with paraquat might have been complicated by differ-
ences in the intracellular distribution of the paraquat in normal
vs. polyamine-deficient cells or in the uptake of paraquat. In
addition, some details of the protective action of polyamines
against oxygen toxicity reported in this paper are different from
those found in the paraquat experiments (24). Thus, in the
current work, either putrescine, spermidine, or cadaverine pro-
tected the cells from oxygen toxicity, whereas in our experiments
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Addition of amino acids (A) or of sucrose or sorbitol (B) prevents oxygen-induced cell death of polyamine-deficient cells. In each experiment, HT306 was

grown in polyamine-free VB medium and diluted to an ODggo = 0.001, as described in the legend to Fig. 1A. (A) A portion of the culture contained a 12-amino
acid mixture, as described in Materials and Methods. (B) Either sorbitol or sucrose (final concentration = 0.4 M) was added to portions of the culture. The cultures
were incubated in a 95% 0,/5% CO, atmosphere; periodically, aliquots were taken for viable cell counts.

with paraquat, spermidine was much more protective than
putrescine. In the current experiments, HT551, which was only
defective in the biosynthesis of spermidine, showed no increase
in oxygen toxicity (data not shown), whereas cultures of this
strain did show increased toxicity of paraquat in our previous
study (24).
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Fig. 4. Polyamine deficiency results in H,O, hypersensitivity. HT306 cells
were grown in amine-deficient VB medium to deplete cellular amines. The
cultures were diluted 1:50 and divided into two parts. To one part of the
culture, a mixture of 107> M of spermidine and 104 M of putrescine was
added; to another part, no amines were added. The cultures were grown
overnight to an ODg of 0.15-0.20, the cells were washed twice and resus-
pended in K-PO4 buffer (pH 7), and different concentrations of hydrogen
peroxide were added. Periodically, aliquots were taken for viable cell counts.
The data are plotted as the percent survival after the H,0, treatment; the
initial cell count was 1.1 X 108 cells per ml.
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There have been many studies on the effect of oxygen stress
in a variety of species and on the formation of O,~, H,O,, OH™,
and singlet oxygen ('O,) in organisms growing in air (4, 7, 25, 26).
These active species of oxygen can react with many cellular
components, including DNA, RNA, proteins, and lipids, and
can result in mutagenesis, decreased growth rates, and even
cell death. Therefore, it is relevant to note that the protective
effect of polyamines against oxygen toxicity is not restricted to
polyamine-deficient E. coli. In earlier work, we reported that
polyamine-deficient S. cerevisiae cells showed increased oxygen
toxicity (27), but these results were somewhat different from the
present results with E. coli, because in S. cerevisiae, only sper-
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Fig. 5. Overexpression of Mn-SOD prevents oxygen toxicity of polyamine-
deprived cells. EWH319 and EWH319/pDT1-5 were grown in M63 medium
to deplete intracellular amines, as described in the previous figure legends.
The plasmid-containing cells were grown in 100 ng/ml ampicillin. The amine-
depleted cultures were diluted to an ODggo of 0.001 and incubated in an
atmosphere of 95% 0,/5% CO,; periodically, aliquots were taken for viable
cell counts.
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midine had a protective effect, and no protection was afforded
by putrescine. E. coli is more convenient for these studies
because cells completely deprived of polyamines can still grow
and, thus, one can study the effect of oxygen in a steady-state
situation, whereas with S. cerevisiae, the cells stop growing when
completely polyamine-deficient. The results with S. cerevisiae
were further complicated by the fact that S. cerevisiae lose
mitochondria during amine deprivation (27).

The current experiments were designed to test the protective
effects of polyamines in vivo. There have been several in vitro
studies showing that polyamines can protect certain cell com-
ponents such as DNA from the toxic effects of hydrogen
peroxide or of singlet oxygen (28-31), or that the polyamines can
directly react with oxygen radicals as scavengers in vitro (28, 32).
However, it is somewhat difficult to evaluate whether these
studies are applicable in vivo, especially because some of the
studies used rather high concentrations of polyamines that might
have reacted directly with the nascent oxygen species that was
added or might have complexed with the copper used to generate
the oxygen species (28, 29). A possible effect of polyamines
in vivo was reported by Tkachenko er al. (33), who found that a
large amount of polyamines added to wild-type E. coli cells
up-regulated expression levels of oxyR/katG genes and in-
creased cell survival after exposure to hydrogen peroxide. One
might also speculate that putrescine might stimulate the activity
of SOD. However, we have found that there was no difference
in the SOD content of polyamine-deficient and wild-type cells.
We also have added putrescine to the standard in vitro assay (34)
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for SOD (E. coli, Mn-SOD, Sigma) and have found that the
addition of putrescine did not stimulate the activity of the
enzyme (data not shown).

Itis attractive to speculate that the polyamines protect the cells
from the lethal effects of oxygen by protecting various cell
moieties from being damaged by the reactive oxygen species.
Such protection would be consistent with the various in vitro
studies mentioned above, and would be comparable to previous
reports from this and other laboratories on the protective effects
of polyamines against DNA shearing or heat denaturation,
ribosome dissociation, protoplast lysis, etc. (9, 10). The experi-
ments showing the protective effect of amino acids or of
sorbitol/sucrose (Fig. 3) are consistent with the findings of the
Fridovich group (19, 20) on the protective effect of these agents
in sodA sodB mutants, and indicate that, in the absence of
polyamines, incubation in oxygen causes damage to some en-
zymes involved in amino acid biosynthesis, as well as damage to
cell membranes (20). It is also possible, however, that the
polyamines might react directly with the reactive oxygen species
in vivo. However, our experiments do not permit us to distinguish
between these alternatives.

Although the experiments in this paper with oxygen and with
hydrogen peroxide clearly show that polyamines are important
for protecting cells from oxidative stress, it should be emphasized
that polyamines do have other functions, because the presence
of SOD-containing plasmid or additions of amino acids or of
sorbitol/sucrose did not affect the growth rate of polyamine-
deficient cells in air.
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