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Addition of oxygen to a culture of anaerobically growing Staphylococcus aureus
results in the formation of a membrane-bound, functional electron transport system.
With the shift to aerobic growth, there is at least a 15-fold increase in cytochrome
a and at least a 55-fold increase in cytochrome oxidase o. At the completion of the
shift to aerobic growth, the cytochrome levels equal those found in bacteria grown
with aeration throughout the entire growth cycle. Cytochromes b, and o are formed
first. Their synthesis slows when cytochrome a becomes detectable. Concentrations
of cytochromes b, and sometimes cytochrome a increase late in the adaptive period.
Concomitant with this is a decrease in the oxygen tension at which the rate of oxygen
utilization becomes dependent on the oxygen concentration. During the shift to
aerobic growth, the protoheme content increases ninefold, and all the protoheme
can be accounted for in enzymatically reducible cytochrome b, and cytochrome oxi-
dase o. Protoheme, but not a functional cytochrome system, is synthesized by anaero-
bically growing S. aureus. Heme a appears only after a period of aerobic growth.
During the shift to aerobic growth, there is a 1.6-fold increase in the vitamin K, con-
tent, with an alteration in the ratios of the 35 and 45 carbon side chain isopreno-
logues. A twofold increase in phosphatidyl glycerol and a 1.6-fold increase in cardioli-
pin occur with the shift to aerobic growth. Lysyl-phosphtidyl glycerol remains es-
sentially constant in this period. Concentrations of mono- and diglucosyl diglycerides
increase coordinately 1.3-fold during the shift to aerobic growth at a 2.5 to 1 M ratio.

Changes in oxygen tension in the growth
environment of bacteria result in variations in the
synthesis and composition of the membrane-
bound respiratory chain (5, 11, 16, 19, 25, 26).
Staphylococcus aureus derives its energy by glycol-
ysis, when grown anaerobically, and contains no
detectable respiratory system (4, 20). Oxygen
induces the formation of a membrane-bound
electron transport system (22) composed of flavo-
proteins, cytochrome b,, cytochrome a, and cyto-
chrome oxidase o (21, 31). The lipids of S. aureus
have been characterized (2, 14, 15, 17, 18, 31),
and are localized in the membrane containing the
electron transport system (31), and the methods
for their quantitative extraction and assay have
been developed (31).

Coordinate lipid and membrane-bound pig-
ment biosynthesis have been described in two
systems. Haemophilus parainfluenzae synthesized
demethyl vitamin K. and cytochrome b; co-
ordinately (29). Rhodopseudomonas spheroides
increases membrane phospholipid and photo-
synthetic pigments coordinately (12).

In this study, the shift of a culture of S. aureus
from anaerobic to aerobic growth was used to
examine the events in the formation of both the
membrane-bound electron transport system and
the lipids that are a part of this membrane.
Oxygen induces the formation of the respiratory
pigments. The synthesis of these pigments results
in a progressively more effective electron trans-
port system as measured by the ability to utilize
oxygen at low oxygen concentrations. Concurrent
with the formation of a progressively more
effective electron transport system, changes in
the membrane lipids occur: (i) doubling of the
phosphatidyl glycerol (PG) and a 1.6-fold in-
crease in the cardiolipin; (ii) a coordinate 1.3-fold
increase in glucolipid with a molar ratio of
diglucosyldiglyceride (DGDG) to monoglucosyl-
diglyceride (MGDG) of 2.5 to 1; and (iii) a 1.6-
fold increase in vitamin K, with an increase in the
proportions of the 45 carbon side chain iso-
prenologue.

The anaerobic synthesis of protoheme and of
vitamin K, were unexpected findings. Jacobs (9-
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11) reported that S. epidermidis cannot make
protoheme anaerobically and Bishop et al. (1)
reported that anaerobically grown S. albus con-
tained no detectable vitamin Ko.

MATERIALS AND METHODS

Growth of bacteria. S. aureus U-T1 (31) was used
in these experiments. The medium was as described
(31). Purity of the culture was determined after each
experiment by phase contrast microscopy and co-
lonial morphology on nutrient agar plates.

The bacteria were grown in 22-liter bottles at
37 C. The culture was stirred with a Teflon-covered
magnetic bar. Gases were added to the culture through
a glass sparger, which was inserted through a rubber
cork and extended 18 inches below the surface of the
medium. Nitrogen was deoxygenated as described
(28) and bubbled through the medium as it cooled
after autoclaving. Copper tubing was used for con-
veying the nitrogen between the deoxygenating column
and the culture bottle to minimize diffusion of oxy-
gen. The medium was inoculated with 500 ml of S.
aureus that was grown anaerobically as described
(28). During the inoculation, the medium was bubbled
vigorously with deoxygenated nitrogen. Over a 15-hr
period of anaerobic growth, the culture reached a
density of about 107 cells/ml. Nitrogen was bubbled
through the medium during the period of anaerobic
growth at a rate of 50 ml/min per 18 liters. No oxygen
could be detected in the effluent nitrogen by passing
it through a reduced solution of 0.01%, (w/v) resazu-
rin at pH 7.6 for 17 hr. After the anaerobic samples
had been withdrawn, aeration was begun at a rate of
10 liters/min per 15 liters of growth medium. Foam-
ing was controlled with Antifoam B (Dow-Corning
Corp., Midland, Mich.). When the bacterial density
reached an absorbancy of 1.5, the aeration was in-
creased to 20 liters/min. Samples (500 to 1,000 ml)
were removed under pressure into a beaker containing
one-half the volume of ice. The bacteria were har-
vested by centrifugation, washed twice, and re-
suspended in 0.05 M phosphate buffer, pH 7.6 (31).

Assay of the protoheme. Protoheme content of
the bacteria was determined as the pyridine hemo-
chrome, as described by Falk (5).

Assay of the cytochromes. Cytochromes were as-
sayed by difference spectroscopy (25, 29). Cyto-
chrome a was estimated from the absorbance incre-
ment between the maximum, at 605 myu, and a line
connecting 630 mu and 595 my, in the oxidized minus
reduced difference spectra. Cytochrome b, was esti-
mated as the absorbance increment between the
maximum, at 560 mu, and a line connecting 540 and
580 my, in the reduced minus oxidized difference
spectra. This estimation is complicated by the ab-
sorbance of cytochrome oxidase o. Cytochrome
oxidase o has a maximum at 557 mg (21) in this type
of difference spectrum. The absorbance increment is
consequently given as cytochrome b, plus cytochrome
oxidase o in this paper. Cytochrome oxidase o was
measured as the absorbancy increment between the
maximum, at 416 mg, and the minimum, at 430 my,
- in the carbon monoxide (saturated) reduced minus
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reduced difference spectrum. Since neither cytochrome
by nor cytochrome a reacts with carbon monoxide
(21), the measurement of cytochrome oxidase o
from the carbon monoxide reduced minus reduced
difference spectrum is unequivocal. The suspension
of bacteria with the respiratory pigments oxidized
was kept at 0 C and was vigorously aerated by shaking
in the air before each measurement. The reduced
minus oxidized difference spectrum was also compared
with an absolute spectrum of the reduced pigments
compared to- frosted glass (29). The cytochromes
were reduced in the presence of 20 mM L-lactate.
Reduction of the respiratory system in the praence
of this substrate is complete (Table 1).

Assay of oxygen utilization. Oxygen utilization was
measured with an oxygen electrode (26) using 20
mM L-lactate as substrate. L-Lactate was used because
it gave the highest rate of oxygen uptake of the sub-
strates tested (Table 2). These experiments indicated
that the endogenous respiration of the washed bac-
terial suspensions was not sufficient to influence the
difference spectroscopy. To determine the inhibition
of respiration by 2-n-nonyl-4-hydroxyquinoline’
N-oxide (NOQNO), 0.03 ml of a 3.4 um NOQNO
solution in ethyl alcohol was added to 3.0 ml of a
bacterial suspension, after the rate of oxygen utili-
zation in the presence of L-lactate could be estimated
accurately, but before the oxygen tension had dropped
below 150 uM. The critical oxygen concentration was
measured as described previously (27).

Bacterial dry weight and protein. Dry weight of the
bacteria was determined as described (31). Bacterial
density was measured as absorbancy at 750 mpu as
described previously (31).

Lipid extraction. Lipids were extracted by the
methods described previously (31).

Assay of vitamin K, Vitamin K, isoprenologues
were purified by silicic acid chromatography followed
by preparative thin-layer chromatography (31).
They were identified by co-chromatography with
authentic standards as described previously (31).
The proportions of each isoprenologue were deter-
mined after descending chromatography in the system
utilizing Dow-Corning silicone 200 impregnated paper
as described by Lester, White, and Smith (13). The
quinones were located by observing quenching areas
with a long wavelength ultraviolet lamp; they were

TABLE 1. Reduction of cytochromes of
Staphylococcus aureus with r-lactate

and Na;S:0,
Absorbancy increment®
Substrate
Cytochrome a Cy;?c_ihirgme ngt%cinsr:?e
L-Lactate. 0.019 0.013 0.160
Na;S.0;... 0.019 0.013 0.160

e Cytochromes measured by difference spectra
as described in Materials and Methods with bac-
terial suspensions containing 46.4 mg (dry weight)
per ml.
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TABLE 2. Rate of oxygen utilization by
Staphylococcus aureus with various
substrates

Rate of oxygen utilization

(mumoles per sec
per mg of protein)

Substrate

L-Lactate. . ............ 0.200s
Glucose. .............. 0.133
Succinate.............. 0.014

¢ Concentration of substrates was 0.02 M in the
suspensions tested. Further substrate additions
caused no increase in the rate of oxygen utiliza-
tion.

quickly circled with a pencil, cut out, and eluted with
chloroform-isooctane (2:1, v/v). The extracts were
then evaporated to dryness in a stream of nitrogen,
redissolved in isooctane, and the absorption spectra
were measured with the Cary 15 spectrophotometer.

Assay of lipids. Phospholipids and glucolipids were
separated by thin-layer chromatography, recovered,
and assayed as described previously (31).

Reagents. All chemicals were of the best grade
commercially available and were essentially as de-
scribed previously (28, 31).

RESULTS

Change in growth rate. Introduction of oxygen
to a culture of S. aureus, grown anaerobically to a
bacterial density of about 0.18 mg (dry weight)
per ml, resulted in a shift to a more rapid growth
rate (Fig. 1A). The bacteria continued to grow at
the anaerobic growth rate until 1 to 2 hr after the
introduction of air. Doubling time during the
adaptation was dependent on the stage of anaer-
obic growth at the time the bacteria were shifted
to aerobic growth. The newly established growth
rate was maintained for at least another 10 hr.
During the period of adaptation to aerobic
growth, the bacteria can reach a density of 0.35
mg (dry weight) per ml. Doubling time for S.
aureus in this medium, when grown with high
aeration for the whole growth cycle, was about
50 min. During this growth period, the pH of
medium decreased from 7.6 to 7.2.

Formation of the electron transport system.
About the time that there was a noticeable in-
crease in the growth rate after the shift to aerobic
growth, enzymatically reducible cytochrome b,
and cytochrome oxidase o were detectable (Fig.
1C). Under these growth conditions, the cyto-
chrome pigments are completely reduced in the
presence of L-lactate whenever they are detectable
by reduction with Na:S;04. The rapid formation
of cytochrome b; and cytochrome oxidase o
continued for about 4 hr. At this time, the synthe-
sis of these cytochromes slowed and cytochrome a
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FiG. 1. Comparison of the patterns of growth (A),
respiratory oxygen utilization (B), respiratory pigment
formation (C), and protoheme concentration (D) during
induction of the electron transport system in Staphylo-
coccus aureus by the shift from anaerobic to aerobic
growth. Estimation of each parameter was performed as
outlined in Materials and Methods and the time at
which the oxygen was added is indicated by the large
arrow. In part C, symbols are: Absorbancy increment
(O) per Mg of bacterial dry weight, with the maximum
at 560 mu in the difference spectra; contains the ab-
sorbance of both cytochrome b, and cytochrome o.
Right hand ordinate (@) refers to cytochrome oxidase
0. In part D, symbols are: (O) protoheme concentration
in the bacteria estimated by pyridine hemochrome; and
(A) protoheme content of cytochromes b, plus o cal-
culated from the a maximum in the difference spectrum
with €560 = 19.1 X 103 (7).

became detectable. After cytochrome a had in-
creased somewhat, the concentration of cyto-
chrome oxidase o decreased. Concentration of
cytochrome oxidase o decreased as the rate of
synthesis of cytochromes b, and a increased. This
indicated that cytochrome b, was being formed.
Concentration of cytochrome a remained fairly
constant after the initial period of synthesis
(Fig. 1C). In experiments where the bacteria were
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shifted to aerobic growth at lower bacterial
densities, after the initial lag, the concentration of
cytochrome a increased throughout the period of
aerobic growth (Fig. 2D).

Total content of cytochromes in the bacteria,
after the shift to aerobic growth had been com-
pleted, approximated the cytochrome content of
bacteria grown with aeration throughout the
entire growth cycle. Bacteria grown with vigorous
aeration for the entire growth cycle (Table 1)
contained 859, of the cytochrome a, 549, of the
cytochromes b, and o, and 709, of the cytochrome
oxidase o formed during the shift to aerobic
growth (Fig. 1).

Formation of the respiratory system. Formation
of the membrane-bound electron transport sys-
tem was followed by the measurement of oxygen
utilization in the presence of L-lactate. A rapid
rate of oxygen utilization, together with reduction
of the electron transport system, was found with
L-lactate (Table 1 and 2). The capacity to utilize
oxygen in the presence of L-lactate increased
about 30-fold during the shift to aerobic growth
(Fig. 1B).

Change in critical oxygen concentration.
Maximal rate of oxygen utilization is a relatively
poor measure of the changes in the composition
of the electron transport system. In many experi-
ments, the maximal rate of oxygen utilization
increased much more rapidly than the formation
of the cytochrome pigments. Changes in the
composition of the electron transport system,
after the appearance of cytochrome a, were not
reflected in changes in the maximal rate of oxygen
utilization. Maximal rate of oxygen utilization
was assayed at high oxygen tensions (above
100 uM oxygen); bacteria actually grew at much
lower oxygen tensions (1 to 10 uM oxygen). See
reference 30. Composition of the electron trans-
port system was in closer agreement with changes
in the critical oxygen concentration. The critical
oxygen concentration is that concentration at
which the rate of oxygen utilization becomes first
order with respect to the oxygen tension. The
critical oxygen concentration provides a measure
of the affinity of the intact electron transport
system for oxygen (27). Affinity of the electron
transport system for oxygen is a measure of the
proportion of cytochrome oxidase that can be
maintained reduced at low oxygen tension (3).
The proportion of oxidase that is reduced is, in
turn, dependent on the electron flux to the oxi-
dases (3, 27). The critical oxygen concentration
decreased 100-fold during the formation of the
electron transport system (Fig. 2B). Kinetics of
the fall of the critical oxygen concentration closely
followed changes in the composition of the elec-
tron transport system. Decrease in critical oxygen
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F1G. 2. Changes in concentration of membrane com-
ponents and bacterial growth of Staphylococcus aureus
during the shift from anaerobic to aerobic growth. Be-
ginning of aeration is indicated by arrows in (A) bac-
terial growth; (B) vitamin K, content; (C) total gluco-
lipid, diglucocyldiglyceride (DGDG) and monoglucosyl-
Isiglyceride (MGDG) content; (D) cytochrome content;
and (E) total phospholipid, phosphatidyl glycerol (PG),
cardiolipin, and lysyl-phosphatidyl glycerol (LPG)
content. Components were isolated and separated as
described in Materials and Methods and are plotted per
gram (dry weight).

concentration was triphasic. The first period of
rapid fall paralleled the rapid appearance of cyto-
chrome b, and cytochrome oxidase o. The second
period of fall occurred concomitantly with the
synthesis of cytochrome a. The final reduction in
the critical oxygen content occurred with the
second increase of cytochrome b;.

Change in sensitivity to NOQNO during adapta-
tion to aerobic growth. During the period of in-
duction of the electron transport system, there
was a change in the type of respiratory system.
This was detected by the response in the rate of
oxygen utilization to NOQNO. This inhibitor
blocks electron transport in S. aureus between
cytochrome b; and cytochrome oxidase (21). In
anaerobically grown S. aureus, the rate of oxygen
utilization in the presence of L-lactate was not
inhibited by 34 uM NOQNO. This suggested a
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transition from a flavoprotein-mediated respira-
tory system to a cytochrome-linked respiratory
system with a terminal cytochrome oxidase (21).
After the shift to aerobic growth, the ability of
the bacteria to utilize oxygen became increasingly
sensitive to inhibition by NOQNO. At 45, 90,
and 135 min after the shift to aerobic conditions,
the respiratory system was inhibited 47, 81, and
1009, respectively, in the presence of 34 um
NOQNO.

Synthesis of protoheme. Protoheme was detected
(Fig. 1D) in anaerobically grown S. aureus at a
level of 7 uumoles/mg (dry weight). The lack of
inhibition of respiration by NOQNO indicated
that no functional cytochrome system exists in
anaerobically grown S. aureus. With the shift to
aerobic growth, the protoheme content of each
cell was increased ninefold. Protoheme content of
cytochrome b; and cytochrome oxidase o ap-
proximated the total protoheme in the bacteria
(Fig. 1D). Apparently, the protoheme associated
with catalase activity that is induced by aeration
(22) did not significantly affect these calculations.

Vitamin K,. Vitamin K, increased 1.6-fold
during the shift to aerobic growth (Fig. 2B).
Rapid cytochrome oxidase o and cytochrome a
synthesis continued until the molar ratios of
vitamin K. to cytochrome oxidase o approached
16 to 1 and the vitmain K. to cytochrome a
approached 50 to 1 (Fig. 3).

White and Frerman (31) have reported three
major isoprenologues of vitamin K in S. aureus.
The isoprenologues can be separated as described
in Materials and Methods. Recoveries of the
three major isoprenologues from the paper
chromatograms were 929,. Four additional com-
ponents were observed, which reacted imme-
diately with neotetrazolium after reduction with
NaBH, . These spots were observed in vitamin
K preparations from both aerobically and anaer-
obically grown bacteria. From their chromato-
graphic properties, these minor quinone com-
ponents have shorter side chains than the three
major isoprenologues. These components repre-
sent less than 89, of the total vitamin K, . The
proportions of the K. [45] increased and the
K2 [35] decreased during the 1.6-fold increase in
total quinone content associated with the shift
to aerobic metabolism (Table 3).

Glucolipids. Concentration of total glucolipid
increased 1.3-fold during the shift to aerobic
growth (Fig. 2C). During this increase, the
DGDG to MGDG ratio remained near 2.5:1
(Fig. 3).

Phospholipids. When S. aureus was shifted to
aerobic growth conditions, the amount of total
phospholipid increased twofold (Fig. 2E). The
PG increased twofold, and cardiolipin increased
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FiG. 3. Variation in molar ratios of membrane com-
ponents in the membrane-bound electron transport
osytem of Staphylococcus aureus during the shift from
anaerobic to aerobic growth. Molar ratios were calcu-
lated with extinction coefficients of 13 X 10° (23),
cytochrome a; 90 X 10° (24), cytochrome oxidase o;
and 19.28 X 10? (8), vitamin K, . Solid symbols refer
to the right-hand axis. Ratio of cytochrome o to a
taken from data in Fig. 1; remaining data from Fig. 2.
Abbreviations are as in Fig. 2.

1.6-fold. The LPG content remained relatively
constant during the shift to aerobic growth. The
molar ratio between PG and LPG varied between
4.1:1 and 8.9:1 (Fig. 3).

During the period of the shift from anaerobic
to aerobic growth, the highest levels of cyto-
chromes, phospholipids, glucolipids, and vitamin
K. achieved were approximately equal to levels
of these components found in S. aureus grown
with vigorous aeration throughout the entire
growth cycle.

DiscussioN

Addition of oxygen to anaerobically growing
S. aureus results in the formation of the mem-
brane-bound electron transport system. Forma-
tion of the electron transport system involves
synthesis of protoheme, cytochromes, cytochrome
oxidase, phospholipids, glucolipids, and vitamin
K. isoprenologues. These components are in-
corporated into a membrane-bound electron
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TABLE 3. Proportions of the major isoprenologues
of Vitamin K; in anaerobically and aerobically
grown Staphylococcus aureuse®

Vitamin

Condition of growth

Kal3s] | Kil40] | Kals]
Anaerobic............ 26.0* | 66.0 8.0
Aerobic............... 18.9 62.5 18.6

o Isoprenologues (K.[35]:vitamin K, with a 35 car-
bon side chain) were separated by reversed phase
paper chromatography as described in Materials
and Methods, then eluted and assayed spectro-
photometrically. The extinction coefficients, from
synthetic vitamin K, isoprenologues (6), were
€145my = 18.96 X 103, K2[35]; €245muy = 19.28 X 108,
K:[40]; esms = 19.37 X 103, K,[45].

b Results are given in per cent of total vitamin
K,. .

transport system that shows progressively
increasing affinity for oxygen, as well as increasing
sensitivity to the inhibitor NOQNO. Both of these
features are characteristic of the shift to respira-
tion involving cytochromes and cytochrome
oxidases (21).

One of the most striking characteristics of the
adaptation to aerobic growth is that the com-
ponents of the electron transport system can be
formed into a functional complex at widely
varying proportions. In functional systems, molar
ratios of cytochrome oxidase o to cytochrome a
can vary between >200:1 and 2:1 (Fig. 3).
Vitamin K: to cytochrome oxidase o can function
within molar ratios between >800:1 and 16:1
(>120:1 and 45:1 for vitamin K, to cytochrome
a). Phospholipid composition can change and
the membrane be functional when the molar
ratios of PG to LPG are between 4:1 and 9:1.

It has been proposed that the membrane-bound
electron transport system must be formed by the
stochiometric agglomeration of large subunits of
constant composition. This hypothesis has been
developed from degradation studies of beef heart
mitochondria (7). During the shift to aerobic
growth in S. aureus, widely different molar pro-
portions of the various components of this mem-
brane-bound system are functional. This ob-
servation, which has been made by monitoring
the actual formation of the membrane-bound
system in a living organism, clearly indicates that
any such subunits added to the membrane cannot
be of constant composition. The electron trans-
port system in S. aureus could be formed either
by the addition of subunits of differing composi-
tion or by the extensive modification of a basic
membrane. The prediction from this study, that
the membrane of S. aureus exists as a mosaic of
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domains with differing composition, is presently
under investigation.
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