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This study examines certain membrane-related aspects of oxygen poisoning in
Escherichia coli K1060 (fabB fadE lacl) and its parent strain, K-12 Ymel. Cells
were grown to exponential or stationary phase in a minimal medium and exposed
to air plus 300 lb/in2 of 02 as a suspension in minimal salts. After an initial lag,
both strains lost viability with apparent first-order kinetics. Hyperbaric oxygen
was more toxic to cells harvested during the exponential phase of growth than to
cells harvested from the stationary phase of growth for both strains K-12 Ymel
and K1060. Control suspensions exposed to air plus 300 lb/in2 of N2 did not lose
viability during a 96-h exposure. The sensitivity of the unsaturated fatty acid
auxotroph, strain K1060, to hyperbaric oxygen increased as the degree of unsat-
uration of the fatty acid supplement increased. CelLs grown with a cyclopropane
fatty acid (9,10-methyleneoctadecanoate) were the most resistant; cells grown
with a monounsaturated fatty acid (oleate) were intermediate; and those grown
with polyunsaturated fatty acids (linoleate and linolenate) were most sensitive to
hyperbaric oxygen. The parent strain, K-12 Ymel, lost viability in hyperbaric
oxygen most similarly to strain K1060 supplemented with oleate. To determine
the relative effect of hyperbaric oxygen on the survival of E. coli with saturated
membranes, substrains of K1060 were selected for growth on 12-methyltetrade-
canoate or on 9 or 10-monobromostearate. Substrains grown with a saturated
fatty acid supplement were equally or more sensitive to hyperbaric oxygen than
when the same substrains were grown with a cyclopropane fatty acid supplement.
The lipid acyl chain composition was determined in E. coli K1060 before and
after exposure to hyperbaric oxygen or hyperbaric nitrogen. The proportion of
nonsaturated acyl chain lipid of either the oleate- or the 9,10-methyleneoctade-
canoate-supplemented K1060 remained unchanged after hyperbaric gas exposure.
In strain K1060 supplemented with linoleate and grown to stationary phase,
however, the relative unsaturated acyl chain content after hyperbaric exposure
decreased in both gases. This finding prompted an investigation of the role of
lipid oxidation in hyperbaric oxygen toxicity. Assays of potential lipid oxidation
products were performed with linoleate-grown cells. The lipid hydroperoxide and
peroxide content of the lipid extract increased by 6.9 times after 48 h of air plus
300 lb/in2 of 02; malondialdehyde and fluorescent complex lipid oxidation prod-
ucts showed much smaller or no changes. Lipid extracts from hyperbaric oxygen-
exposed cells were not toxic to viable E. coli K1060, nor did they increase the rate
of loss of viability in cells simultaneously exposed to hyperbaric oxygen. Linoleic
acid hydroperoxide at 1.0 mM had no effect on the viability of E. coli K-12 Ymel
and only marginally decreased the viability of E. coli K1060 supplemented with
linoleate. We conclude that the kinetics ofoxygen toxicity in E. coli are dependent
upon the particular unsaturated fatty acyl chain composition of the membrane,
that the membrane composition influences the rate-limiting step in hyperbaric
oxygen toxicity, but that a direct structural effect of hyperbaric oxygen on the
membrane lipid, such as oxidation of the unsaturated acyl chain moiety, is
unlikely in these cells.

Although hyperbaric oxygen is universally of oxygen poisoning remains undefined. The dis-
toxic to free-living organis (3), the mechanism covery of superoxide dismutase (28), however,
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diated by the free radical derivatives of oxygen
(17). On the other hand, the particular site(s)
and detailed mechanism(s) of oxygen toxicity
are more unclear. Since the discovery that hy-
peroxia oxidizes sulfhydryl groups ofsoluble pro-
teins, thereby lowering specific enzyme activities
in cell homogenates (6, 20), much work on oxy-
gen poisoning has been concerned with charac-
terizing the oxygen-induced inhibition of a
rather large number of sulfhydryl-containing en-
zymes from a variety of preparations (21). In
none of these cases has an enzyme inhibition
observed in cell homogenates been demon-
strated to account for the physiological altera-
tions observed in intact cells. In fact, in Esche-
richia coli extracts the sulfhydryl group concen-
tration falls rapidly under hyperoxia, but in in-
tact cells the intracellular sulflhydryl concentra-
tion does not change even after 6 h of a growth-
inhibitory level of oxygen (6.2 atm [35]).
On the other hand, some data suggest that

hyperbaric oxygen may act at the membrane or
other surface-associated site. In contrast to the
intracellular sulfhydryl concentration, the sur-
face-associated sulfhydryl groups in intact viable
E. coli decrease by 38% after 5 h of 6.2 atm of 02
(35). In yeast the uptake of glycine, leucine, and
uracil is inhibited, and intracellular potassium is
lost in cells exposed to hyperbaric oxygen (37,
43). Erythrocytes exposed to hyperoxia or other
oxidants in vitro hemolyze, and the extent of
hemolysis has been correlated with increases in
presumed lipid oxidation products (30, 42). Hy-
peroxia and lipid hydroperoxides both obliterate
the aldosterone-induced short-circuit response
of the toad bladder (1).
This study was designed to determined

whether the acyl component of the bacterial
envelope lipids is involved in the mechanism of
oxygen poisoning in E. coli. Various unsaturated
fatty acids or their structural analogs were pro-
vided to an unsaturated fatty acid auxotroph of
E. coli K-12. The consequent alterations in the
kinetics of oxygen-induced viability loss are
characterized and discussed in relation to the
membrane composition. The results show that
a membrane-associated process(es) must be an
important element of oxygen toxicity in this
experimental system. Additional experiments
demonstrate that a direct effect of hyperbaric
oxygen on the compositional integrity of mem-
brane lipid, particularly through lipid oxidation,
is unlikely.

MATERIALS AND METHODS
Bacterial strains and culture media. E. coli K-

12 Ymel, K19 (fadE), and K1060 (fabB fadE lacI)
were obtained from Peter Overath. These bacteria
were grown at 30°C in a reciprocal shaking water bath.
Growth was monitored with a Klett-Summerson col-

orimeter. The minimal medium used was salts E (44)
supplemented with 0.4% glucose and 1.0 mg of thia-
mine hydrochloride per liter. L broth or agar (26) was
used as the complex medium. For the fatty acid aux-
otrophs and the accompanying control experiments,
these media were supplemented with 0.04% polyethyl-
ene-23-lauryl ether (Brij 35) and 0.01% free fatty acid,
which was added from a 5% stock solution in 95%
ethanol. A Yellow Springs oxygen electrode was used
to determine that the aerobically grown cultures were
95 to 100% saturated with atmospheric oxygen
throughout growth. The phenotype of the fabB
marker was demonstrated in all relevant experiments
by showing that growth on L agar required an unsat-
urated fatty acid supplement. Inability to grow with
0.1% oleate as the carbon source in minimal agar was
the phenotypic test used for fadE.
Hyperbaric exposure and viability. Bacterial

cultures were grown to exponential phase (120 Klett
units, approximately 4 x 108 cells/ml) or stationary
phase (500 to 700 Klett units, approximately 2 x 109
cells/ml). The latter were incubated in stationary
phase for 9 to 12 h; the beginning of stationary phase
was taken as the intersection point of the extrapolated
mid-exponential- and stationary-phase growth plots.
Cultures were harvested by centrifugation (6,000 x g,
10 to 15 min) at room temperatures, washed twice,
and suspended in salts E containing 1.0 mg of thiamine
hydrochloride per liter at approximately 2.0 x 109
bacteria/ml. The cell suspensions were exposed to
ambient air plus 300 lb/in2 of 02 or N2 at 30°C and
eccentrically agitated in a Bethlehem Corp. hyperbaric
chamber (model 615-HPSP) or in a chamber designed
and constructed at the Institute for Environmental
Medicine of the University of Pennsylvania. With
these agitation conditions, the cell suspensions were
95% saturated with 300 lb/in2 of 02 within 15 s as
determined with the oxygen electrode.
The fractional survival was determined by diluting

the cellular suspensions in salts E and plating samples
of the various dilutions onto L agar (supplemented
with 0.01% oleate and 0.04% Brij 35 where necessary).
To determine that the apparent loss of viability was
not due to the formation of bacterial aggregates, the
number of cells per colony-forming unit was deter-
mined in a Petroff-Hausser bacterial counting cham-
ber for each strain and growth condition. In every case
the percentage of single-cell colony-forming units ex-
ceeded 85% and did not change after exposure to
hyperbaric oxygen or nitrogen.
Saturated fatty acid experiments. Colonies were

selected that could use 12-methyltetradecanoate or 9-
or 10-monobromostearate (13, 34) to satisfy the fatty
acid requirement of strain K1060 by plating bacteria
onto L agar supplemented with 0.04% Brij 35 and
0.01% fatty acid. The plating efficiency was 10-. Se-
lected colonies were grown in L broth supplemented
with 0.04% Brij 35 and 0.01% fatty acid at 37°C. A
sample of these cultures was also grown in a similar
medium supplemented with 0.01% 9,10-methyleneoc-
tadecanoate. Exponential- and stationary-phase cul-
tures were harvested, washed, suspended in salts E
plus 1.0 mg of thiamine hydrochloride per liter, and
exposed to ambient air plus 300 lb/in2 of 02 or N2 at
37°C. Unfortunately, these strains slowly reverted to
fab+ after continued subculturing with the saturated
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fatty acid supplements; therefore, reversion was tested
as described above and by fatty acid analysis of sam-
ples of the bacterial suspensions taken inunediately
before exposure to hyperbaric conditions.

Fatty acid analysis. Bacteria were harvested by
centrifugation at 6,000 x g for 10 min at room temper-
ature. Lipids were extracted separately from both the
supernatant and the cellular pellet by the method of
Bligh and Dyer (4) after titrating to pH 2.0 with HCI.
The cellular lipid was separated into neutral and polar
fractions on a 1.0-g silicic acid column (200/400 mesh,
Unisil; Clarkson Chemical Co., Williamaport, Pa.) by
elution with chloroform followed by methanol. Lipid
was generally transesterified in methanolic HCI as
adapted from Ferguson et al. (10). The resulting fatty
acid methyl esters were quantitated on a Perkin-Elmer
990 gas chromatograph equipped with a Columbia
Scientific Industries Infotronics model CRS-208 au-
tomatic digital integrator and a column of 10% EGSS-
X on Gas-Chrom P (% in. by 6 ft. [ca. 0.21 cm by 1.83
ml, 100/200 mesh; Applied Science Laboratories, State
College, Pa.) at 180°C. Heptadecanoate or its methyl
ester was used as an internal standard. Fatty acid
methyl esters were identified by comparison of reten-
tion times with those of known standards. Transester-
ification with methanolic HCI resulted in some deg-
radation of cyclopropane fatty acids. In the results
reported here, less than 2% was degraded; for these
cases the retention times of the degradation products
were characterized, and the 9,10-methyleneoctadeca-
noate values given are corrected for losses. Extended
incubations in methanolic HCI, however, resulted in
complete destruction of the cyclopropane methyl es-
ters. When degradation exceeded 2%, the analysis was
repeated by a different method. For these cases the
lipids were hydrolyzed in alkali (2-h reflux at 856C
in 50% methanol containing 10% KOH), and the re-
sulting fatty acids were extracted and methylated with
diazomethane.
The lipids from strains K1060-1128 and K1060-2B

were not separated into supernatant, cellular polar,
and cellular neutral fractions before analysis. The
retention times of the octadecenoates, oleate and cis-
vaccenate, were similar but not identical to that of 9-
or 10-monobromostearate. To improve the resolution,
the saturated and unsaturated methyl esters were
separated on 20% AgNO3-impregnated Silica Gel G
thin-layer chromatographic plates with hexane-chlo-
rofonn-methanol (30:68:2, vol/vol/vol) and separately
analyzed by gas chromatography.

Lipid oxidation products. Lipid oxidation prod-
ucts were directly determined by three assays. To
avoid further oxidative degradation during analysis,
samples were manipulated under N2, solvent was never
completely evaporated, and samples were stored at
-15°C in the presence of ethanol. The lipid peroxide
and hydroperoxide content was deternined in samples
of approximately 4 x 10" bacteria and their respective
supernatants (200 ml) with the iodometric procedure
of Swoboda and Lea (38). After extraction by the Bligh
and Dyer method (4), the lipid was dissolved in acetic
acid-chloroform (3:2, vol/vol) and purged with solvent-
saturated nitrogen for 15 min. An excess of saturated
aqueous KI was added, and the reaction mixture was
incubated for 1 h in the dark. Then 7.0 ml of 0.5%

cadmium acetate was added, and the absorbance of
the aqueous phase taken at 350 nm was compared
with that of K104 standards

Malondialydehyde was assayed by a procedure
based upon the thiobarbituric assay for ,B-formylpy-
ruvic acid (45). One part aqueous 1% thiobarbituric
acid in 0.06 N NaOH was added to 4 parts bacterial
suspension, and immediately the mixture was placed
in boiling water for 20 min. Sodium sulfate was then
added to a final concentration of 1.0 M. The chromo-
phore was extracted into cyclohexanone and centri-
fuged at 2,000 x g for 10 min to clear the cyclohexa-
none phase. Over 95% of the chromophore was ex-
tracted into cyclohexanone. The optical density differ-
ence of the cyclohexanone phase between 234 and 600
nm was used to monitor the malondialdehyde concen-
tration. Malondialdehyde standards were generated
by treating malonaldehyde bis-(dimethyl acetal) (Ald-
rich Chemical Co., Milwaukee, Wis.) with 0.1 N HCI.
The complex secondary products of lipid oxidation

were assayed by a fluorescence method (7). A portion
of the lipid extract was dissolved in chloroform-meth-
anol (2:1, vol/vol), and the relative magnitude of the
fluorescence emision maximum at 420 to 425 nm
(excitation at 350 to 365 nm) was determined in a
Perkin-Elmer double-beam fluorescence spectropho-
tometer (model 512).

iUpid dispersios. Strain K1060, which had been
grown to stationary phase on a linoleate supplement,
was prepared for hyperbaric oxygen exposure as de-
scribed above. The cellular lipid was extracted by the
Bligh and Dyer procedure (4) either imdiately be-
fore or after the bacterial suspension was exposd to
air plus 300 lb/in2 of 02 for 48 h. Lipid (7.0 mg/ml)
was sonically treated in E salts under nitrogen at 5°C
with three 1-min, 70-W bursts, using an Ultrasonic
Inc. Sonicator cell disrupter with the microtip. Dis-
persions were immediately warmed to 300C and added
to suspensions of stationary-phase cells of strain K-12
Ymel or K1060 that had previously been harvested,
twice washed, and suspended in salts E plus 1.0 mg of
thiamine per liter. The resulting cell suspensions were
then incubated either in air or in air plus 300 lb/in2 of
02- Viability was determined periodically as described
above. The final concentration of added lipid was 1,
10, or 100 times the amount of lipid per unit volume
recovered from a 2 x 109-cells/ml suspension.

Linoleic acid hydroperoxide preparation Lin-
oleic acid hydroperoxide was prepared from linoleic
acid with soybean lipoxygenase by a modification of
the method described by Egmond et al. (9). Linoleic
acid (1.0 to 5.0 mM) was incubated in 0.1 M sodium
borate at pH 9.0 with 1.0 to 20.0 mg of lipoxygenase
per ml (Sigma Chemical Co., St. Louis, Mo.) in an
oxygen-saturated atmosphere at 0°C. Accumulation of
the hydroperoxide was monitored at 234 nm and cal-
culated by using an absorption coefficient of 25,000
M' cm-', which was within 2% of the hydroperoxide
content as determined by the iodometric assay. When
either 100% or maximal conversion was reached, the
linoleic acid hydroperoxide was extracted into diethyl
ether and concentrated by flash evaporation at 30 to
35°C. Caution was exercised to avoid evaporating all
of the solvent at any purification step. When this
occurred, most of the hydroperoxide was lost. Over
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85% of the starting material was recovered as the
hydroperoxide derivative and could be stored for
months without significant decay in ethanolic solu-
tions at -156C.

Chemicals. cis-9-Octadecenoate (oleate), ci8,cis-
9,12-octadecadienoate (linoleate), and all cis-9,12,15-
octadecatrienoate (linolenate) were purchased from
Nu Check Prep, Inc. (Elygan, Minn.). 9,10-Methyl-
eneoctadecanoate and 12-methyltetradecanoate were
purchased from Analabs, Inc. (North Haven, Conn.).
Serdary Research Laboratories, Inc. (London, On-
tario), supplied 9- and l1-monobromostearate. Brij 35
was purchased from Sigma Chemical Co. (St. Louis,
Mo.). Difco Laboratories (Detroit, Mich.) supplied the
constituents of L agar. All other chemicals were re-
agent grade.

RESULTS
Manipulation of the fatty acid composi-

tion. When the unsaturated fatty acid auxo-
troph, E. coli K1060, was grown to exponential
or stationary phase with various 18-carbon fatty
acid supplements, the unsaturated fatty acyl
chains or their cyclopropane derivatives in the
cell lipids were essentially derived from the un-
saturated fatty acid supplied in the medium
(Tables 1-3). The generation times of strain
K1060 with four unsaturated or cyclopropane
fatty acid supplements were identical (2.0 h).

Viability of E cola K1060 in ambient air
plus 300 lb/in' of02 or N2. After incorporation
of 9,10-methyleneoctadecanoate (19:cyclopro-
pane), oleate, linoleate, or linolenate, the bacte-
ria were harvested, washed, and exposed to am-
bient air plus 300 lb/in2 of 02 or N2. Since the
potential interactions of free fatty acid in the
medium with oxygen would complicate the in-
terpretation of any survival data, the bacteria
were exposed to the hyperbaric gases as resting-
cell suspensions in minimal salts. Neither a car-
bon source nor a fatty acid supplement (plus
detergent) was present during hyperbaric oxy-
gen exposure. Samples were removed periodi-
cally, and viability was determined by plating
dilutions of the cell suspensions onto L agar
supplemented with oleate.
The kinetics of hyperbaric oxygen-induced vi-

ability loss in K1060 varied with the unsaturated
fatty acid lipid component in bacteria harvested
from both the exponential and stationary phases
of growth (Fig. 1 and 2). The bacteria in hyper-
baric nitrogen showed little or no loss of viability
over 96 h.
As the extent of unsaturation of the fatty acid

supplement increased, the duration of the lag
before bacteria began to lose viability shortened,
and the rate of viability loss in cells harvested
from the exponential phase increased in hyper-
baric oxygen (Fig. 1). The kinetics of viability
loss of stationary E. coli K1060 were somewhat

different (Fig. 2). For these cells the duration of
the lag before viability loss began in hyperbaric
oxygen was independent of the particular unsat-
urated fatty acid supplement with the exception
of the linolenate-supplemented cells, which had
a slightly shorter lag. The rate of viability loss
again increased as the extent of unsaturation of
the fatty acid supplement increased.

Exponential-phase E. coli K-12 and K1060
were generally more sensitive to 300 lb/in2 of 02
than were stationary-phase E. coli (Fig. 3). For
each fatty acid supplement in strain K1060, the
lag in exponential-phase cells was the same or
shorter and the rate of viability loss was consist-
ently greater.

Viability of wild-type E coli K-12 Ymel
in ambient air plus 300 lb/in' of 02. The
parent strain of K1060, strain K-12 Ymel, was
also sensitive to hyperbaric oxygen (Fig. 3). K-
12 Ymel from both phases of growth showed a
lag of about 24 h before beginning to perish in
air plus 300 lb/in2 of 02. Once begun, the bacteria
harvested from the exponential growth phase
lost viability more quickly (-0.082 logs/h) than
did the stationary-phase cells (-0.050 logs/h).
The kinetics of hyperbaric oxygen killing of the
exponential- and stationary-phase wild-type
bacteria were most similar to those seen with
oleate-supplemented strain K1060. As in strain
K1060, air plus 300 lb/in2 of N2 was not toxic to
K-12 Ymel harvested from either exponential or
stationary phase (data not shown).

In similar experiments, the survival kinetics of
two other wild-type K-12 strains and K19 (fadE,
a parent of K1060) in ambient air plus 300 lb/in2
Of 02 or N2 were essentially identical to those
presented in Fig. 3 for K-12 Ymel (unpublished
data). We have presented, therefore, the general
kinetics of air plus 300 lb/in2 of 02 or N2 survival
for salts E suspensions of wild-type E. coli K-12
strains grown aerobically in a minimal medium.
These data also lead to a second inference: nei-
ther unsaturated fatty acid synthesis (fabB) nor
fatty acid a8-oxidation (fadE) is an important
function for E. coli survival during, or recovery
after, hyperbaric oxygen exposure under these
experimental conditions.
The addition of detergent (0.04% Brij 35) or a

fatty acid supplement (0.01%) to the minimal
salts growth medium or to the L agar did not
alter the survival kinetics of K-12 Ymel in air
plus 300 lb/in2 of 02. In addition, changing the
L-agar fatty acid supplement from oleate to a
polyunsaturated fatty acid (linoleate or linolen-
ate) did not alter the survival kinetics of K1060
(data not presented). Therefore, neither the
presence of nonionic detergent and fatty acid in
the growth medium or recovery agar nor the
particular fatty acid used in the recovery agar
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added artifacts to the K-12 Ymel or K1060 sur-
vival kinetics in hyperbaric oxygen.
lipid acyl chain analyses. The lipid acyl

chain compositions of strain K1060 supple-
mented with 19-cyclopropane, oleate, or lino-
leate were determined immediately before and
after exposure to the hyperbaric gases (Tables

0

-t ~~~~~~Controls inN
a~~~~~~~~~~~
-2

- -3

0
~j-4

.0 K1060o-5
*9,10-METHYLENE
OCTADECANOATE

-6 o OLEATE
* LINOLEATE
^ LINOLENATE

0 24 48 72 96
HOURS

FIG. 1. Hyperbaric oxygen toxicity in E. coli K1060
after growth to exponential phase. Bacteria were
grown in minimal medium supplemented with var-
ious fatty acids and then exposed to air plus 300
Ib/in2 of 02 or N2 in minimal salts. Each data point
represents the logarithmic average (± standard error
of the mean) of 8 to 20 determinations of the viable
count.

c) -2

3 3 9,10-METHYLENE OLEATE
o2 _4 OCTADECANOATE
.E

o-g ~~~LINOLEATE
0-2
0

-3
1LL -14

-5

1-3). Certain observations can be made by using
this data. The unsaturated (plus cyclopropane)
acyl chain content of the cellular neutral lipid
increased in exponential-phase cells exposed to
hyperbaric oxygen or nitrogen, whereas it de-
creased in stationary-phase cells. On the other
hand, changes in the unsaturated-plus-cyclopro-
pane lipid acyl chain content of the polar and
supernatant fractions did not follow any obvious
pattern.
The polar cellular lipid contribution to the

total lipid decreased in both hyperbaric oxygen
and nitrogen (Tables 1-3), with corresponding

HOURS
FIG. 2. Hyperbaric oxygen toxicity in E. coli K1060

after growth to stationary phase. Refer to Fig. 1 and
the text for other details.

HOURS
FIG. 3. Comparison of the hyperbaric oxygen (300 Ib/in2 of 02) survival between exponential- (0) and

stationary- (0) phase E. coli K-12 Ymel and E. coli K1060 supplemented with four different fatty acids
(designated). Refer to Fig. 1 and the text for other details.
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increases in the supernatant lipid contribution
to the total. Only in the case of oleate-supple-
mented K1060 did the loss of polar lipids in
hyperbaric oxygen exceed the loss in hyperbaric
nitrogen. The changes in the neutral lipid con-

tribution to the total lipid were variable in hy-
perbaric nitrogen, whereas in hyperbaric oxygen
the neutral lipid increased in all cases except
in the oleate-supplemented stationary-phase
K1060 cells (Table 2). There was no consistent
change in the lipid composition that could be
correlated with sensitivity to hyperbaric oxygen.

Since K1060 can neither synthesize nor fl-ox-
idize unsaturated fatty acids, any alteration in
the unsaturated contribution to the total lipid is
of particular interest. The only example of such
a change was found in stationary-phase lino-
leate-supplemented cells (Table 3). The total
linoleate in the sample decreased after exposure
to hyperbaric oxygen, but an even greater de-
crease was seen after exposure to hyperbaric
nitrogen. The lipid acyl chains of three separate
sets of samples from K1060 were analyzed with
similar results. The median analysis is presented
in Table 3. There is no obvious explanation for
the mechanism of linoleate removal in hyper-
baric nitrogen; however, its decrease in hyper-
baric oxygen raises the possibility that lipid ox-

idation may be at least partially responsible.
This possibility is considered below.
Table 4 shows the lipid acyl chain composition

in exponential- and stationary-phase K-12 Ymel
cells and the effect of the nonionic detergent-
plus-fatty acid growth supplement on exponen-
tial-phase cells. The latter additions resulted in
a shift in the distribution of the total lipid 16-
carbon and 18-carbon unsaturated acyl chain
components; 16:1 plus 17:cyclopropane de-
creased by 7.0% and 18:1 plus 19:cyclopropane
increased by 5.4% after oleate and Brij 35 were
added to the medium. The unsaturated and
cyclopropane lipid acyl chains are considered
together, since the monounsaturated acyl chains

are the immediate precursors of the cyclopro-
pane acyl chains. These differences, however,
did not affect survival in hyperbaric oxygen

(data not presented). Indeed, even the rather
radical differences in the particular fatty acid
composition between the exponential-phase
K1060 supplemented with oleate and K-12 Ymel
had little effect on the kinetics of hyperbaric
oxygen survival (Fig. 3 and Tables 2 and 4).
Saturated fatty acid analogs of unsatu-

rated fatty acids. Colonies of K1060 were se-
lected that could utilize fatty acid analogs in
addition to unsaturated fatty acid supplements
for growth. Substrains that grew on 9- or 10-
monobromostearate or 12-methyltetradeca-
noate were selected, cultured in fatty acid-sup-
plemented L broth, and exposed to air plus 300
lb/in2 of 02 or N2 as cell suspensions in salts E.
The doubling time with the saturated fatty acid
supplements (0.9 h for K1060-2B on 12-methyl-
tetradecanoate and 1.1 h for K1060-112S on 9-
or 10-monobromostearate) was longer than
when these strains were grown on a
19:cyclopropane supplement (0.5 h).

Figure 4 shows the survival of representative
substrains of K1060 adapted to each saturated
fatty acid analog compared with a parallel sus-
pension of the same substraini that had been
supplemented with 19:cyclopropane. The
19:cyclopropane-supplemented cultures were

more resistant to 300 lb/in2 of 02 in all cases but
one (Fig. 4C), where resistance was approxi-
mately the same.

Table 5 presents the fatty acid analyses of
samples of these bacterial suspensions taken be-
fore exposure to hyperbaric gases. These data
show that the saturated fatty acids were indeed
incorporated into the membranes, though to
varying extents. The leakage of the fabB marker
in these strains was comparable to that of strain
K1060.
Lipid oxidation products. There has been

no previous measurement of the accumulation

TABLE 4. Lipid acyl chain compositions of E. coli K-12 Ymel before hyperbaric oxygen treatment"'

Composition

Strain (supplement) Un-
12:0" 14:0 15:0 16:0 16:1 17:cyc 18:0 18:1 19:cyc known

Exponential phase
K-12 Ymel (oleate) 4.2 0.7 37.1 11.6 17.6 0.8 24.6 3.5
K-12 Ymel (none) 2.1 0.3 35.9 20.8 15.4 0.6 20.7 2.0 2.1

Stationary phase
K-12 Ymel (none) 0.2 2.6 0.1 41.8 0.8 36.0 0.6 0.9 16.3 0.8
a Fatty acyl chain composition of K-12 Ymel before exposure to hyperbaric oxygen or nitrogen. Results are

reported as the weight percentage of the total fatty acids present in each case and represents duplicate
determinations from a single sample.

b As in Table 1.
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of lipid oxidation products or assessment of the

toxicity of lipid acyl chain hydroperoxides in

snlrexperimental circumstances; therefore, a

direct structural injury to the membrane by lipid
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FIG. 4. Hyperbaric oxygen toxicity in representa-

tive substrains of E. coli K1060 that are capable of
incorporating saturated analogs ofunsaturated fatty
acids. Viability after exposure to air plus 300 lb/in2
of 02 (02) or air plus 300 lb/in2 of n2 (N2). (A and B).
Substrain K1060-2B after growth to exponential (A)
or stationary (B) phase, supplemented with 12-meth-
yltetradecanoate (0, *) or 9,10-methyleneoctadeca-
noate (0, 0). (C and D) Substrain K1060-112S after
growth to exponential (C) or stationary (D) phase,

supplemented with 9- or 10-monobromostearate
(A, U) or 9,10-methyleneoctadecanoate (E, 0).

oxidation must be more carefully considered as

a possible mechanism of hyperbaric oxygen tox-
icity. The relative resistance of oleate-supple-
mented cells to hyperbaric oxygen when com-

pared with linoleate-supplemented cells and the
selective decrease in linoleate seen in stationary-
phase cells exposed to hyperbaric oxygen are

observations consistent with a lipid oxidation
mechanism of oxygen toxicity.
To assess the entire pathway of peroxidative

lipid degradation, three different assays of pos-

sible autoxidation products were performed. The
first recoverable autoxidation internediate is
the hydroperoxide, which was assayed by an

iodometric method (38). Since these hydroper-
oxides decompose and generate products reac-

tive with thiobarbituric acid, such as malondi-
aldehyde, thiobarbituric acid assays were done
to monitor these products. Malondialdehyde, as

well as other carbonyls and aldehydes that may
be generated, react with primary amines to form
conjugated Schiff-base products. The assay for
these fluorescent products should constitute a

relative measure of the total accumulation of
lipid oxidation products (39).
Tables 6 through 8 present assays for lipid

oxidation products in strain K1060 grown to
stationary phase on a linoleate supplement. The
iodide-reducible peroxide in the cellular lipid
extract increased by a factor of 6.9 during the
course of a 48-h exposure to air plus 300 lb/in2
of 02 and by a factor of 1.75 after 48 h of air plus
300 lb/in2 of N2. This change was not seen in the
supematant lipid fraction; the specific iodide-
reducible peroxide per milligam of lipid in this
fraction dropped during hyperbaric exposure to
either gas (Table 6). The thiobarbituric acid-
reactive products increased to almost the same

TABLE 5. Lipid acyl chain compo8ition before hyperbaric oxygen treatmenta
Composition

Strain
(supplement) 14:0 16: 15:0 16:0 16:1 17:0 17:cyc 18:0 18:br 18:1 l9:cyc Un-

methyl 19ccknown
E. coli K1060-2B

Exponential phase
(15:methyl) 1.0 17.0 52.8 0.7 1.7 15.3 5.3 3.5 2.7
(19:cyc) 0.6 0.2 15.1 15.7 3.2 5.3 64.2

Stationary phase
(15:methyl) 6.4 59.9 29.3 0.3 0.5 2.3 0.8 0.4
(19:cyc) 0.6 0.2 15.1 15.7 3.2 1.1 64.1

E. coli K1060-112S
Exponential phase

(18:Br) 2.6 15.5 7.5 21.1 53.4
(19:cyc) 0.2 0.3 29.3 24.7 5.6 1.9 35.6 2.3

Stationary phase
(18:Br) 9.9 32.5 5.2 8.2 3.0 33.3 3.4 4.4
(19:cyc) 3.5 0.2 29.8 0.4 23.7 0.4 39.2 2.4

aFatty acyl chain compositions of substrains of E. coli K1060 capable of growth with a saturated fatty acid
analog ofmonounsaturated fatty acids. 12-methyltetradecanoate and 9- or 10-monobromostearate are designated
by 15:methyl and 18:Br, respectively. Refer to Table 1 and text for other details.
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TABLE 6. Iodide-reducible hydroperoxides and
peroxides in l4pid extractse

Concn

Fraction nmol/100 nmol/mg
ml of sus- of acyl
pension chain

Cellular pellet
Oh 13.0 2.4
48 h of air + 3001b/in2 of N2 21.5 4.2
48 h of air + 300 lb/in2 of 02 76.6 17.0

Supernatant
Oh 4.6 21.8
48 h of air + 3001b/in2 of N2 5.1 16.1
48 h of air + 300Q b/in2 of 02 5.7 15.6

"lodometric determination of the hydroperoxide
and peroxide content ofthe lipid extract ofsuspensions
of E. coli K1060 that had been supplemented with
linoleate and grown to stationary phase.

TABLE 7. Thiobarbituric acid-reactive material in
cell suspensionse

Concn
Condition nmol/100 ml nmol/mg of

of suspension acyl chain

Oh 8.5 ± 0.08 1.5 ± 0.01
48 h of air + 300 lb/in2 12.6 ± 1.6 2.3 ± 0.03

of N2
48 h of air + 300Q b/in2 13.0 ± 0.9 2.7 ± 0.2

of 02
1Thiobarbituric acid assays of malondialdehyde

equivalents in linoleate-supplemented K1060 suspen-
sions that had previously been grown to stationary
phase (± standard deviation). Refer to text.

extent in both gases (Table 7). We also observed
that the fluorescent lipid oxidation products in
the cell pellet did not increase, whereas their
content in the supernatant fraction did rise
slightly (Table 8).

If E. coli K-12 strains are able to repair acyl
chain hydroperoxides, significant changes in the
lipid acyl chain composition may be observed
and no accumulations of the lipid oxidation
products beyond the hydroperoxide will occur.
We have been unable to demonstrate an enzy-
matic lipid hydroperoxide-reducing activity in
lysed cell preparations and in particular have
found no glutathione peroxidase activity in
strains K1060 and K-12 Ymel (C. Bello, G. San-
tangelo, and J. Harley, unpublished data).
Toxicity of the lipid extract The toxicity

of the lipid from cells that had perished in hy-
perbaric oxygen was determined. The lipid from
K1060 supplemented with linoleate and grown
to stationary phase was extracted after the bac-
terial suspension was exposed to air plus 300
lb/in2 of 02 for 48 h. Linoleate-supplemented
K1060 were then treated with dispersions pre-
pared from this lipid extract. Recent work has

shown that phospholipids prepared in a similar
manner are incorporated into the membrane
lipid (23). The lipid dispersions were not toxic to
resting K1060 that had been previously grown
to stationary phase with linoleate, even at levels
that were 10 times higher than the lipid-per-unit
volume found in the original bacterial suspen-
sions (data not presented).
To discover whether the lipid dispersions al-

tered the kinetics of hyperbaric oxygen toxicity,
the dispersions were added to bacterial suspen-
sions, and the mixture was exposed to air plus
300 lb/in2 of 02. Surprisingly, the lipid disper-
sions delayed the loss of bacterial viability in
hyperbaric oxygen. In addition, the degree of
protection increased with increasing additions of
exogenous lipid. Lipid dispersions both from hy-
perbaric oxygen-treated bacterial suspensions
and from suspensions that had not been exposed
to hyperbaric oxygen showed this protective ef-
fect (data not presented).
These results argue that the lipid extract, at

least in the presence of the entire lipid comple-
ment, does not contain concentrations of toxic
substances sufficient to affect bacterial viability.
On the other hand, the protective effect of ex-
ogenous lipid is another result consistent with a
membrane-related function influencing the sur-
vival of E. coli in hyperbaric oxygen.
Toxicity of linoleic acid hydroperoxide.

Linoleic acid hydroperoxide or other iodide-re-
ducible substance increased substantially in hy-
perbaric oxygen-exposed suspensions of E. coli
K1060 grown on linoleate (Table 6). The hydro-
peroxide, of course, represents the first recover-

TABLE 8. Complex fluorescent products of lipid
oxidation'

Fluorescent units

Fraction Per 100 ml of Per mg of
suspension acyl chain

Cellular pellet
O h 11.8 2.2
48 h of air + 300 lb/in2 of 6.9 1.4
N2

48 h of air + 300 lb/in2 of 10.2 2.4
02

Supernatant
Oh 11.9 56.5
48 h of air + 300 lb/in2 of 19.4 61.6
N2

48 h of air + 300 lb/in2 of 20.1 65.3
02

aRelative fluorescence (excitation at 350 to 365 nm
and emission at 420 to 425 nm) of the lipid extract
from a suspension of linoleate-supplemented K1060
grown to stationary phase. Fluorescent unit is defined
as 2% of the fluorescence of 1.0,g of quinine sulfate
per ml in 0.1 N sulfuric acid (excitation at 348 nm,
emission at 437 nm).
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able product in oxygen-mediated lipid oxidation.
The toxicity of linoleic acid hydroperoxide was
assessed to determine whether it mimicked the
effects of hyperbaric oxygen on E. coli viability.

Synthesis of linoleic acid hydroperoxide with
soybean lipoxygenase generates mainly the 13-
hydroperoxide (70 to 100%), with a smaller pro-
portion of the l1-hydroperoxide of linoleic acid
(O to 30%) (8). The effect of very high levels of
these hydroperoxides was evaluated in E. coli
K-12 Ymel and linoleate-supplemented strain
K1060, from both phases of growth. As much as
1.0mM linoleic acid hydroperoxide was not toxic
to E. coli K-12 Ymel. Linoleic acid hydroperox-
ide at 0.1 mM was without effect in resting
K1060 that had been grown with linoleate, and
1.0 mM 'was not significantly toxic relative to
controls after 96 h (P = 0.09). Linoleic acid
hydroperoxide at 0.1 mM was about 500 times
the concentration of iodide-reducible material
found in the cell suspension (Table 6). Since
approximately 25% of the added 1.0 mM linoleic
acid hydroperoxide was recovered in the washed
cellular pellet as determined by the iodide re-
duction method, a large fraction of the added
hydroperoxide was associated with the cell. In
addition, the concentration of linoleic acid hy-
dror ide in the bacterial .suspensions did not
change after 8 h and decreased only slightly after
a 24-h exposure to 1.0 mM linoleic acid hydro-
peroxide (G. Santangelo, C. Bello, and J. Harley,
unpublished data).

DISCUSSION
These experiments show that hyperbaric ox-

ygen is, in general, toxic to wild-type E. coli K-
12. After an initial lag, bacteria from both ex-
ponential and stationary phases of growth gen-
erally lose viability as an apparent first-order
process. Viability loss in E. coli after hyperbaric
exposure has been previously observed (18, 19,
22, 41, 48), but the kinetics of the process have
not been similarly characterized.
Manipulation of the unsaturated fatty acyl

chain component of the membrane changes the
kinetics of-E. coli K1060 viability loss in hyper-
baric oxygen. Since the rate of viability loss
increases with increasing unsaturation of the
fatty acid supplement, as does the propensity to
lipid oxidation, we examined the role that lipid
oxidation plays in oxygen toxicity in this system.

Lipid acyl chain analyses show that the rela-
tive unsaturated acyl chain composition is usu-
ally not changed when suspensions of K1060 are
exposed to hyperbaric oxygen (Tables 1-3).
K1060 supplemented with linoleate and grown
to stationary phase is an exception. Here there
are significant relative losses of the polyunsatu-
rated acyl chain species in either hyperbaric gas.

J. BACTERIOL.

We therefore examined linoleate-grown cells for
accumulation of products of lipid oxidation dur-
ing hyperbaric oxygen killing. Only the iodide-
reducible material increases in lipid extracts.
Neither lipid oxidation products reactive with
thiobarbituric acid nor the complex fluorescent
products of lipid peroxidation signifiantly in-
creases after hyperbaric oxygen exposure (Ta-
bles 7 and 8). If lipid oxidation is an iimportant
aspect of hyperbaric oxygen poisoning, these
data indicate that toxicity would be mediated by
linoleate hydroperoxide and its phospholipid or
glyceride derivatives.
We thprefore tested the toxicity of Iinmleic

acid hydroperoxides. They had little or no tox-
icity when added to bacterial suspensions at
concentrations that were more than 50 times
greater than that detected in the hJyperbaric
.oxygen-expose,d bapterial siVspensions. Althouigh
25% of the 1.0 mM linoleic acid hydroperoxidle
was recovered with the washed cellular pellet, it
is remotely possible that the exogenous linoleic
acid hydroperoxide was sequeptered in such a
way that a potential toxicity could not be ex-
presed.

Lipid hydroperoxides have been toxic in ngst
of the biological systems in which they have
been tested. Administered orally to.m s,
lipid hydroperoxides are toxic in some circum-
stances, but they are deadly poisons at low doses
given intravenously or intraperitoneally (5, 11).
The oxidation products of linoleate and pmethyl
linoleate cause a profound decrease in the res-
piration and viability of Ehrlich ascites tumor
cells at millimolar concentrations (33). These
hydroperoxides are also toxic to yeast, other
animal cells, and plats (14, 32, 46).

It has been claimed that hydroperoxides are
also toxic to E. coli. Latteriet investigated the
toxicity ofcumene hydroperoxide and found that
logarithmic-phase cells were much more sensi-
tive than stationary-phase cells (25). His cumene
hydroperoxide was only 40% pure, however, and
he did not assess the toxicity of cumene alope.
Gamage et al. have studied the toxicity of lino-
leic acid hydroperoxide in E. coli B (15, 16).
Contrary to the findings reported here in E. coli
K1060, they conclude that linoleic acid hydro-
peroxide causes viability loss. They determined
viability by monitoring optical density and.did
not directly assess the viability,as we have done.
We found that 1.0 mM linoleic acid hydroper-
oxide had no effect on the growth of E. coli K-
12 Ymel, but did partially inhibit -the growth of
an E. coli B strain. Linoleic acid hydroperoxide
at 0.1 mM had no effect on the growth of either
strain (G. M. Santangelo and J. B. Harley, un-
published data). The differences between these
studies can be attributed to the E. coli strain
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differences.
The data suggest that lipid oxidation is not

the mechanism of hyperbaric oxygen poisoning
in these experimental conditions. Nonsaturated
acyl chains are not consumed in hyperbaric ox-
ygen relative to hyperbaric nitrogen (Table 1-3).
Although lipid extracts show a substantial in-
crease in hydroperoxide content with hyperbaric
treatment (Table 6), neither these lipid extracts
nor synthesized linoleic acid hydroperoxide is
toxic to these bacteria. Last, the secondary prod-
ucts of lipid oxidation, thiobarbituric acid-reac-
tive material and the fluorescent complex prod-
ucts, do not accumulate in hyperbaric oxygen.
The difference in the survival kinetics of

K1060 supplemented with 19:cyclopropane com-
pared with those of K1060 supplemented with
oleate is especially intriguing. 19:Cyclopropane-
supplemented K1060 fare much better in hyper-
baric oxygen. This suggests that cyclopropane
acyl chains, which accumulate during stationary
phage in E. coli, do have survival value under
conditions that have not previously been tested
(40). In Streptococcus faecalis, cyclopropane
fatty acid-deficient, amethopterin-resistant mu-
tants have been found to be more sensitive to
low pH, high salt, and deoxycholate than their
parent strains (24).
The lipid composition of strain K1060 can be

altered to make the cells either more or less
sensitive to hyperbaric oxygen than the parental
strain, K-12 Ymel (Fig. 1-3). This strongly sug-
gests that K1060 and K-12 Ymel perish in hy-
perbaric oxygen by the same mechanism. We
conclude that the rate-limiting step in E. coli K-
12 oxygen poisoning is affected by a membrane-
associated process whose activity is altered by
lipid acyl chain manipulations. There is clear
precedence for this conclusion. The temperature
dependence of a variety of transport proteins
and membrane-bound enzymes, as well as their
specific activities at given temperatures, vary
when the unsaturated lipid composition of E.
coli is altered (2, 27, 29).i
Comparison of the survival kinetics of the

substrains supplemented with 19:cyclopropane
with those supplemented with 12-methyltetra-
decanoate or 9- or 10-monobromostearate in hy-
perbaric oxygen provides further evidence con-
sistent with a membrane-associated model of
oxygen toxicity. Manipulating the fatty acyl
composition again results in changes in the ki-
netics of survival in hyperbaric oxygen. The
particular mechanistic relevance of these sur-
vival differences in these particular substrains
(Fig. 4) must be interpreted with caution, since
changes in the growth rate indicate that a critical
membrane-associated function for growth is
hampered by forced growth on a saturated fatty

acid supplement.
In a recent study, Yatvin has shown that the

survival of E. coli K1060 subjected to -y-irradia-
tion is affected by the fatty acid supplement
when irradiation of oleate- and linolenate-grown
cells is done at 40C, but not at room temperature
(47). These results suggest that a membrane-
associated rate-limiting step is also involved in
-y-irradiation killing of E. coli.
There are many structural and metabolic dif-

ferences between stationary- and exponential-
phase E. coli that may enhance the relative
toxicity of oxygen for logarithmic-phase cells
(Fig. 3). For example, the greater proportion of
saturated acyl chain in the stationary-phase bac-
teria may alter the affected rate-determining
membrane-related activity. In addition, changes
in cellular defenses against reduced oxygen spe-
cies are undoubtedly important. Although we
have found no change in superoxide dismutase
activity as wild-type E. coli pass into stationary
phase (C. Bello, G. Santangelo, and J. B. Harley,
unpublished data), catalase activity increases by
fivefold in stationary-phase E. coli K-12 (12).
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