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Saccharomyces cerevisiae was grown in batch culture over a wide range of
oxygen concentrations, varying from the anaerobic condition to a maximal
dissolved oxygen concentration of 3.5 ,M. The development of cells was assayed
by measuring amounts of the aerobic cytochrormes aa3, b, c, and cl, the cellular
content of unsaturated fatty acids and ergosterol, and the activity of respiratory
enzyme complexes. The half-maximal levels of membrane-bound cytochromes
aa,, b, and cl, were reached in cells grown in 02 concentrations around 0.1 MM;
this was similar to the oxygen concentration required for half-maximal levels of
unsaturated fatty acid and sterol. However, the synthesis of ubiquinone and
cytochrome c and the increase in fumarase activity were essentially linear func-
tions of the dissolved oxygen concentration up to 3.5 AM oxygen. The synthesis
of the succinate dehydrogenase, succinate cytochrome c reductase, and cyto-
chrome c oxidase complexes showed different responses to changes in 02 concen-

tration in the growth medium. Cyanide-insensitive respiration and P450 cyto-
chrome content were maximal at 0.25 AM oxygen and declined in both more

anaerobic and aerobic conditions. Cytochrome c peroxidase and catalase
activities in cell-free homogenates were high in all but the most strictly anaerobic
cells.

The genus Saccharomyces has been used
extensively to study the effects of anaerobiosis
and catabolite repression on mitochondrial de-
velopment. Organisms from this genus provide
some of the few systems available among eu-
karyotes in which gene expression is clearly
regulated by these environmental factors. There
is, however, a great deal of uncertainty as to the
precise role of oxygen or the energy source in
determining the morphological and biochemical
changes consequent on change of these environ-
mental variables. It is well known, for instance,
that the synthesis of unsaturated fatty acids,
sterol, ubiquinone, and a number of hemo-
proteins is inhibited when oxygen is excluded
from the culture medium. This is a consequence
of the direct involvement of molecular oxygen in
the biosynthetic pathways for these substances
in the cell (6). However, other changes occur in
these yeasts as a consequence of the absence of
oxygen, for example, those involving enzymes of
the tricarboxylate and glyoxylate cycles (5, 20).
Whether oxygen is involved as a regulator of

development by acting at the gene level, or
whether it acts indirectly as a reactant in the

synthesis of particular components of the types
mentioned above, which in turn act as regula-
tors, is a question about which little is known at
present. One approach to this question is to
consider which developmental changes induced
by oxygen in yeast are most sensitive to oxygen.
From this might come some indication of the
sequence of developmental events initiated by
oxygen. In this investigation we report experi-
ments in which Saccharomyces cerevisiae has
been grown at different dissolved oxygen con-
centrations. Respiratory development in cells
equilibrated with a range of oxygen concentra-
tions up to 4 ,um has been assessed by measure-
ment of enzymes, cytochromes, and lipids
whose synthesis and function in this yeast are
dependent on molecular oxygen.

MATERIALS AND METHODS

Organism and culture conditions. The organism
used and composition of the growth medium have
been described previously (7).
Measurement and control of dissolved oxygen

concentration. The dissolved oxygen in the culture
medium was measured with a Clarke-type oxygen
electrode (YSI, Yellow Springs, Ohio) when the oxy-
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gen concentration was above 1.5 gM oxygen. Below
this value, a MacKereath oxygen electrode, con-
structed basically according to Johnston (1967), was
used. The MacKereath electrode's silver cathode was
made from 22-gauge silver wire in the shape of a
spiral, 1.5 cm in diameter, and the thickness of the
Teflon membrane was 0.012 mm. A block diagram of
the overall control system is shown in Fig. 1. The
signal from the electrode was amplified with a Copen-
hagen radiometer (PM26) pH meter connected to a
Servogor Recorder (1-mV scale) using the external
meter connection (0-10 mV). After each specified
time interval, the oxygen controller compared the
signal from the oxygen-sensing electrode with a refer-
ence voltage which could be set to any value. For our
apparatus, a time delay of 4 s was chosen since the
oxygen electrode required 3 s to register approxi-
mately 80% of the increase in oxygen concentration
after a pulse of air was admitted to the carrier gas
stream. If the oxygen concentration was lower than
the reference value, either (i) a solenoid valve was
opened to admit air to a constant nitrogen gas stream
(300 ml per min), or (ii) a peristaltic pump was
switched on to pump air into the carrier gas when low
oxygen concentrations were maintained. The duration
of the air pulse was proportional to the difference
between the reference voltage and the signal from the
oxygen electrode. As the sensing electrode's signal
approached the reference value, the duration of the
pulse similarly decreased. The system of control was
highly reliable and avoided excessive fluctuation
about the set reference even when the oxygen demand
of the culture was high. Two modifications enhanced
the stability of the controller. Firstly, the length of
tubing between the culture vessel and the point of air
admission was as short as practicable, and secondly
the gas space above the culture was very small. The
volume of the culture vessel was 2.8 liters and this was
filled to 2.6 liters with medium. Agitation was pro-
vided by a magnetic bar (6-by 1-cm diameter) rotating
at 200 to 300 rpm. Nitrogen (from Commonwealth
Industrial Gases, Sydney, Australia) was "oxygen
free" grade but contained 1 to 7 ,uliters of oxygen per
liter. This nitrogen was successively passed through a
packed glass-fiber filter, through 0.5 M potassium
hydroxide and finally passed through a vanadyl
sulfate-zinc amalgam trap (15). Air-saturated
growth medium was assumed to contain 230 uM
oxygen (11, 16). The electrodes were calibrated with
gas mixtures supplied from Commonwealth Industrial
Gases, 1% air in nitrogen and 5% air in nitrogen, and
also with lower partial pressures of oxygen, by mixture
of these standard gas compositions with nitrogen. Gas
flow rates were measured with calibrated flow meters
(Roger Gilmont Instruments, Ne*v York).

After calibration of the oxygen electrode, the me-
dium was inoculated with cells to an initial cell
density of 0.02 to 0.04 mg (dry wt) per ml, and the
medium was flushed with nitrogen to reduce oxygen
tension near to that required for a particular experi-
ment.

Preparation of sub-cellular fractions. Cells were
collected, then disrupted by using the mechanical
method described by Gordon and Stewart (7).

A large particle fraction was prepared from the
cell-free homogenate by centrifuging for 20 min at
25,000 x g. A small particle fraction was obtained
from the supernatant fluid by centrifuging for 90 min
at 100,000 x g. These two fractions correspond
approximately to mitochondria and microsomes.
Enzyme assays. Enzymatic assay of cytochrome c

peroxidase (ferrocytochrome c: H202 oxidoreductase;
EC 1.11.1.5) was carried out essentially by the method
of Yonetani and Ray (24), except that sodium acetate
buffer (pH 6.0) was used instead of potassium phos-
phate.

Succinate dehydrogenase (succinate: cytochrome
c oxidoreductase; EC 1.3.99.1) was measured as fol-
lows. The reaction mixture consisted of 1.0 ml of
200 mM potassium phosphate (pH 7.2); 0.5 ml of wa-
ter; 0.1 ml of 0.6 M sodium succinate; 0.2 ml of 3
mM sodium ethylenediaminetetraacetic acid
(EDTA) (pH 7.2); 0.1 ml of 20 mM potassium cya-
nide; and 0.1 ml of oxidized cytochrome c (10 mg/
ml). The reaction was started by adding enzyme.

Cytochrome c oxidase (ferrocytochrome c: 02 ox-
idoreductase; EC 1.9.3.1) was assayed by the method
of Smith (19). Activities of these three enzymes are
given as initial velocity of cytochrome c oxidation or
reduction, as appropriate.

Other enzymes were assayed by standard proce-
dures: succinate dehydrogenase by the method of
Arrigoni and Singer (1); fumarate hydratase (L-mal-
ate hydro-lyase; EC 4.2.1.2) according to Vary et al.
(20); catalase (H202: H202 oxidoreductase; EC
1.11.1.6) as described by Bonnichsen et al. (3). Pro-
tein was determined by the method of Lowry et al.
(14). The measurement of cell respiration has been
described previously (7).
Measurement of cytochromes. Cytochromes were

determined using a Cary 14R spectrophotometer
fitted with a scattered-light transmission accessory.
Spectra were measured at room temperature and
at -196 C.
The concentration of cytochrome aa, was estimated

from the difference in absorbance at room tempera-
ture between reduced and oxidized pigment at 605
minus 630 nm using an millimolar absorbancy coeffi-
cient of 16 cm- Cytochromes b, c, and cl were then
determined by using the resolved spectra obtained at
low temperature and referring to the aa, peak (4).
Millimolar specific absorbancies and wave-length

CoYwCm'.1ol
S....d'-S.I---I-Solllt,o"PPl R,e,C-- xDol____ __ _ __ _

FIG. 1. Block diagram of the apparatus used to
measure and control oxygen concentration in the
culture medium.

VOL. 115, 1973 89



ROGERS AND STEWART

pairs used were: b, 17.9 cm- , 559-575 nm; c, 19.0
cm-', 547-540 nm; c.. 19.0 cm-'. 553-540 nm.

Extraction of ubiquinone, lipids, and cyto-
chrome c. The cellular ubiquinone, fatty acid, and
sterol contents were determined by methods previ-
ously described (7). Cytochrome c was extracted from
whole cells according to the method of Sels et al. (17).
Cytochrome P4.. content of celis. Cytochrome

P450 was estimated from the carbon monoxide plus
dithionite-reduced versus dithionite-reduced spectra
of whole cell suspensions at room temperature. The
concentration of P45,, was calculated from the differ-
ence in absorbancy at 450 minus 490 nm using the
specific absorbancy coefficient quoted by Ishidate et
al. (10).
Measurement of oxidation-reduction potential.

The redox potential of the culture medium was
monitored during growth with a platinum electrode
and a calomel electrode as reference connected to a
radiometer (Copenhagen) pH meter.

RESULTS
Growth characteristics. In Fig. 2, growth

curves for cultures grown under anaerobic con-
ditions (i.e., without air added to the nitrogen
stream) and at an oxygen concentration of 2.8
,uM are shown. Growth under anaerobic condi-
tions proceeds until a cell density of approxi-
mately 1 mg (dry wt) per ml is reached (Fig. 2
a). Thereafter, the cells cease growing and,
subsequently, viability decreased as reported
previously (7). Small amounts of respiration are
detected even in these cells, and this is maximal
at about mid-exponential phase and decreases
slightly by the beginning of stationary phase.
The oxidation-reduction potential of the me-
dium during cell growth follows the respiration
curve closely, reaching a maximum at about the
same time.
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FIG. 2. Cell respiration and oxidation redox poten-

tial in aerobic and anaerobic cult.ures. Cell density
(0); cell respiration (A); Eh (V).

Cells grown in 2.8 MM oxygen also show a
maximum in cell respiration in late exponential
phase, with a maximum potential developed in
the medium at the same time (Fig. 2b). Increas-
ing the oxygen concentration to approximately
9 MM did not affect the respiratory activities
developed. Respiration in these cells is similar
to that found in shaking cultures of this orga-
nism. Changes in cell respiration appears to
develop over a narrow range of oxygen tension.
The two examples described above represent
the region in which the effect of oxygen tension
on cellular growth and development was ex-
amined. When cells were grown at intermediate
oxygen concentrations, similar shaped curves
relating respiration, potential, and growth
were obtained. For a particular dissolved oxy-
gen concentration, the maximum value of res-
piration developed is quoted throughout the
text and in diagrams. This was also the point at
which redox potentials were measured, and
when cultures were harvested for assay of the
enzymes, cytochromes, and lipids.

In Fig. 3 the effect of dissolved oxygen con-
centration on the maximal respiration devel-
oped, and on growth rate, are shown. Under
anaerobic conditions, generation times are of
the order of 5 h, and the respiration developed is
about 5% of the maximum rate achieved in the
most aerobic condition. At 3.5 MAM oxygen,
respiration is 180 to 200 ng atoms of oxygen per
mg per min and the doubling time is a little over
1 h. There is almost a linear relationship be-
tween redox potential and oxygen tension in the
cultures, and, considering the stable nature of
the potential measurement, it is a useful alter-
native to the measurement of oxygen tension as
conditions of anaerobiosis are approached. As a
consequence of this near linear relationship, re-
sults expressed below as a function of oxygen
concentration would show essentially the same
pattem if plotted in terms of the oxidation-re-
duction potential of the medium.
Respiratory components in cells grown at

low oxygen concentrations. (i) Cyanide-in-
sensitive respiration, P.,0 and cytochrome c.
A maximum activity of cyanide-insensitive res-
piration occurs in cells grown in 0.2 to 0.5 IM
oxygen (Fig. 4). The synthesis of P430, a pigment
that may be associated with non-mitochondrial
respiration (9) is also maximal in this region of
oxygen concentration. Cytochrome c synthesis
shows approximately an opposite relationship
and, above 0.4 MM oxygen, the amount of
cytochrome c increases almost linearly with
oxygen concentration.

(ii) Unsaturated fatty acids and ergosterol.
One of the more sensitive responses to low

J. BACTERIOL.90



S. CEREVISIAE RESPIRATORY DEVELOPMENT

CB,O V/V{; 15-l3

E
3300@

a) 0~~~~~~~~~~~~~

aa) - 5

o _07 350

FIG 3. Efetfisleoygnocnrtoo

-salo show (V-
20- 20.--.

X,~E ,3 * ., 10003 U

50'-'° 0 01 0201

a) '- 150 0

~ A o

Xio 05 10 15 3.5

Dissolved oxygen concentration(EM)

a)5a) (a

0>5~~~~~~~~~~~~

0.5 /-5 v -.

aDfnctonolveoxygen concentration in(hegrwtFIgen.tect oissolvedioxy en in on

thesaxiumae resirtyaion adestelope (A)onten on the

0)07
.2 ~ ~ 0

cells -i050)A

mtlyo 90 of t \f 001

0 -

unatraeE at acid (plioec n li).

aci 05nen1smclwr(0 15g 3ermg5 r
wt),adin ddissolve oxyen roncenrationof usM)u

FhaG 40. Chellular content ofctohroe cel(0) Plso

(0)an 0.03 ,ug-ensitive r afcells,c asdwt

abfuntio ofoxyprgein conentsratownaeoinalythArot

tedsovdoxygentensnraionintemdu isse incrthed

unsatourtel fatty acid and sthe cottent ofatyE

cls(Fig 5) eoi el cnanapoi

mately90creMg of toasmlafatthaidnpheremg(dr wt);o
abouth80eostisisgintacco,unthed focreasemono-

in anaerobicall c reels the ta ftyg

wt),adinDditionve thyenpropoenrationof nstu

than 20. Theluasoterlcntenct ofhroe cel is) also
lo: .3to0.an gandepnersmgiofreprtofcells,om areswt
abountio3 ogperygein conellsagrown aeoically.Aswt

tedsovdoxygen concninthentaionissenincreaed
theatortal fatty acid and stherounsaturate ofatty

macidyincreas in toasmlafashaion whereas(dr stero
synuthes otislasiiisally,outnthen increase rapo-

idly asdoxygeitintenio priss.Aoveian oxygentu

concentration of 0.75 MM, the cellular content of
these lipids increases more gradually.

(iii) Enzyme content of cells grown at low
oxygen tension. The activity of a number of
enzymes associated with mitochondrial and
extramitochondrial respiratory processes was
measured in cells grown at various oxygen
concentrations to determine differences in the
extent of synthesis of different parts of the
respiratory chain in response to oxygen (Fig. 6).
Succinate dehydrogenase was measured as a
representative flavoprotein of the mitochondrial
respiratory chain; succinate-cytochrome c re-
ductase and cytochrome c oxidase as cyto-
chrome-containing complexes of the respiratory
chain; and fumarase as a representative soluble
enzyme of the tricarboxylate cycle. Cytochrome
c peroxidase and catalase were also measured in
these experiments; the former may also be a
mitochondrial enzyme (2, 23), and the latter is
probably peroxisomal in origin (9). In our prep-
arations, however, these two hemoproteins were
recovered predominantly in the cytosol fraction
described below.
Of the mitochondrial respiratory chain com-

ponents measured, the synthesis of succinate-
cytochrome c reductase was most sensitive to
environmental oxygen. Development of activity
was maximal at 0.35 MM oxygen. Cytochrome
oxidase and succinate dehydrogenase were
somewhat less sensitive, there being little fur-
ther increase above 1 MM oxygen.
The synthesis of both cytochrome c peroxi-

dase and catalase are particularly sensitive to
oxygen. In the case of the former, activity is
fully developed in cells grown at 0.23 MM oxygen
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FIG. 6. Enzyme activities in cell-free homogenates

of cells grown at different oxygen concentrations.
Succinate dehydrogenase (-); succinate-cytochrome
c reductase (0); cytochrome oxidase (0); fumarase
(0); cytochrome c peroxidase (A); and catalase (V).
Enzyme activities have been expressed as percentage
of the activity measured in cells grown in 3.5 1.M
oxygen. The activities (micromoles per minute per

milligram of protein) in these cells were: succinate
dehydrogenase, 0.12; succinate-cytochrome c reduc-
tase, 0.016; cytochrome oxidase, 0.065; fumarase,
0.275; cytochrome c peroxidase, 0.24; catalase, 4.0.

and above. The synthesis of catalase showed a
biphasic response, being very sensitive at low
concentrations of oxygen then showing a further
increase at the higher concentrations of oxygen
used. The synthesis of fumarase, on the other
hand, was almost linear in its response to
dissolved oxygen, and in this respect is similar
to cytochrome c (Fig. 4) and ubiquinone as
described below.

Subcellular distribution of respiratory
enzymes. In all cell types examined, more than
60% of the total cytochrome c oxidase was
recovered in the 25,000 x g fraction, the remain-
der being associated with the 100,000 x g
particles. In the more aerobic cells, approxi-
mately 80% of the total succinate-cytochrome c

reductase activity occurred in the 25,000 x g
fraction. A smaller proportion of this enzyme
was recovered in this fraction from the more
anaerobic cells.
Cytochrome c peroxidase and catalase oc-

curred almost exclusively in the 100,000 x g
supernatant fraction, with one exception. In

anaerobic cells (respiration rates of 10-15 ng
atoms of oxygen per min per mg) the small
amount of catalase in the cell was predomi-
nantly associated with the microsomal fraction.
Of the fumarase activity in cell homogenates, 10
to 20% was recovered in particles, mostly the
25,000 x g fraction.
The changes in distribution of enzymes be-

tween the two particulate fractions and the
supernatant fraction in response to altered oxy-
gen tension may reflect real differences in
distribution existing in the cell, or changes in
the tightness of binding to sub-cellular struc-
tures, or both. The mechanical method of cell
disruption used in these experiments is not the
best means of measuring changes in compart-
mentation of enzymes. However, less disruptive
techniques of cell fractionation, using prelimi-
nary formation of spheroplasts, were not satis-
factory because enzyme levels change during
the long incubation periods involved.

Spectra of cell homogenates and of cell-
free particle fractions. The results described
above suggest that the synthesis of the succi-
nate-cytochrome c reductase complex is signfi-
cantly more sensitive to oxygen than is cyto-
chrome oxidase. However, since catalytic activ-
ity rather than total enzyme protein was mea-
sured, this could be a consequence of a more
effective integration of cytochromes b and cl
into the catalytic complex, rather than being
due to a greater synthesis of these cytochromes
at low oxygen tension. The total amount and
distribution of individual cytochromes was
therefore measured from difference spectra of
cell-free homogenates and particle fractions.
Examples of the dithionite-reduced minus

ferricyanide-oxidized difference spectra of cell-
free homogenates from cells grown at several
different oxygen tensions are shown in Fig. 7.
Cells grown at 3.5 ,uM oxygen have a spectrum
typical of aerobically grown cells and contain
cytochromes aa3, b, cl, and c (low-temperature
a-absorption maxima at 601, 559, 553, and 547
nm, respectively, and ,-bands at 528 [b] and
520 nm [c + cl ], respectively). When the oxygen
tension is decreased to 0.7 AM, the cytochrome
c content falls relative to b and cl . As the oxy-
gen tension is lowered still further, the 547-nm
band decreases until it is no longer visible in the
anaerobic cell. In the range of oxygen concentra-
tion below about 0.5 ,M, the 559-nm band is
progressively shifted to a lower wavelength and
is located at 557..5 nm in anaerobically grown
cells; simultaneously, the 553-nm peak de-
creases to 551.5 nm. These trends are also
apparent in the a-region; the absorption bands
of cytochromes b and c + cl also decrease,
whereas bands at 526 and 531 nm become more
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FIG. 7. Difference spectra, (dithionite-reduced

minus ferricyanide-oxidized, -196 C) of cell-free
homogenates, from cells grown at different oxygen
tensions.

prominent. Thus, the anaerobic cell is charac-
terised by two a-bands of almost equal intensity
(557.5 and 551.5 nm), and these may represent
the split absorption band of a b type cyto-
chrome, possibly cytochrome b, (12). When
endogenous reductants were allowed to reduce
the cytochromes, the results were essentially the
same as those seen with dithionite.

Figure 8 shows spectra of low-speed fractions
from cells grown in 0.4 ,uM oxygen (respiration
rate: 65 ng atoms of oxygen per min per mg of

cells). When reduced with succinate in the
presence of cyanide, cytochromes a (601 nm), b
(559 nm), cl (553 nm), and c (547 nm) can be
seen. By adding antimycin A (final concentra-
tion 5 ,ug/ml) to oxidized particles prior to
reduction with succinate, absorption bands due
to cytochrome b (559 nm with ,B-band at 528
nm) are seen. Addition of ascorbate under these
conditions results in cytochrome cl (553 and 520
nm) becoming reduced. Cytochromes c and a
are also reduced. When the particles were
reduced with dithionite, there was an increase
in the intensity but no change in the position of
the absorption bands.
When the same treatments were applied to

the 100,000 x g fraction the same results were
obtained if reduction was carried out with
succinate and ascorbate, though the intensity of
the absorption bands was lower. With dithionite
as reductant, a slight shift in the position of the
a-bands occurred, and the 559-nm band was
depressed to 558 nm and the 553-nm peak was
depressed to 552.5. This would suggest that the
anaerobic b-type cytochrome (a bands at 557.5
and 551.5 nm) is present in this fraction and
although not reduced by succinate, it becomes
apparent when dithionite is used.
The same approach was used to examine

particles from cells grown at 0.17 AM dissolved
oxygen (respiration rate: 30 ng atoms of oxygen
per min per mg of protein). The amount of
cytochrome c in comparison to cytochromes b
and cl is particularly low in both the 25,000 x g
and 100,000 x g particle fractions, as is the case
in the cell homogenates; the anaerobic b-type
cytochrome appears to be concentrated in the
100,000 x g fraction as judged by a shift to lower
wavelengths of the maxima when dithionite is
used (Fig. 9).

Spectra of homogenates from anaerobic cells
(respiration rate, 10-15 ng atoms of oxygen per
min per mg) suggest that these cells contain
only the anaerobic cytochrome b1 (Fig. 7). Yet a
25,000 x g fraction from these cells, when
reduced with succinate plus cyanide, does con-
tain small amounts of cytochromes aa3, b, and
c. The 100,000 x g microsomal fraction contains
virtually only anaerobic b-type cytochrome as
shown by the split a-band (557.5 and 551.5 nm)
and a Soret band at 424 nm.
A quantitative assessment of the relative

amounts of the aerobic cytochromes formed in
response to altered oxygen tension is shown in
Fig. 10. Values given are for cell-free homoge-
nates except for cells grown at 0.17 and 0.35 ,uM
oxygen, in which case the cytochrome content of
the two particulate fractions has been summed.
There appears to be little difference in synthesis
of cytochromes aa, compared with b and cl in
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FIG. 8. Difference spectra (-196 C) of the 25,000
x g fraction from cells grown in 0.4 AuM oxygen (res-
piration rate: 65 ng atoms of oxygen per min per mg
of cells). A, Particles reduced with succinate in the
presence of cyanide. B, Particles reduced with succi-
nate in the presence of antimycin A. C, Particles

WAVELENGTH mp

FIG. 9. Difference spectra (-196 C) of particles
from cells grown in 0.17 qM oxygen. A, Particles
(25,000 x g) reduced with succinate with cyanide
present. B, Microsomal fraction (100,000 x g) re-

duced with succinate with cyanide present. C, Mi-
crosomal fraction reduced with dithionite.

reduced with ascorbate in the presence of antimycin
A. D, Particles reduced with dithionite.
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response to increasing oxygen tension.
The synthesis of cytochrome c, as measured

in these spectroscopic experiments, was less
sensitive to oxygen and approximately propor-
tional to the external oxygen tension. In this
respect the results are similar to those shown in
Fig. 4. The results obtained by the spectroscopic
method, however, are somewhat lower than
those found by extraction. Ubiquinone, ex-
tracted from the cells, showed a linear response
to oxygen concentration similar to that of cyto-
chrome c.

DISCUSSION
In this study of the relationship between

environmental oxygen tension and the develop-
ment of respiratory pathways (mitochondrial
and extra-mitochondrial) in S. cerevisiae, two
questions have been asked: firstly, how sensitive
quantitatively is the development of respiratory
pathways in this organism to external oxygen;
secondly, among the cellular developmental
events considered, is there a particular sequence
that might provide evidence as to the action of
molecular oxygen as an initiator and regulator
of development?
The synthesis of enzymes such as cytochrome

c peroxidase and succinate-cytochrome c reduc-
tase is particularly sensitive to oxygen in that
the activities of these enzymes are near those
found in aerobic cells at oxygen concentrations
of about 0.02 ,uM (equivalent to one-thousandth
part of air saturation of the medium). This
degree of sensitivity explains the observation of
Sels and Cocriamont (18) that cytochrome c
peroxidase synthesis is not repressed in S.
cerevisiae at oxygen tensions down to one-hun-
dredth that of air saturation. It may also
account for the high levels of this enzyme found
in "anaerobic" cells by others (2, 13). The
recovery of the peroxidase almost entirely in the
cytosol fraction in the present experiments may
be a consequence of the mechanical method of
cell breakage used, since there is good evidence
that the enzyme is localized in mitochondria in
this yeast (2, 24).
The synthesis of membrane lipids in the cells

and membrane-bound mitochondrial cyto-
chromes shows a half-maximal response to oxy-
gen concentrations of 0.1 to 1 gM oxygen. This
is significantly lower than the corresponding
value for growth rate (>2 ,uM oxygen); these
values will be referred to as "apparent Km's" for
oxygen. The latter value is similar to the Km for
respiratory oxygen consumption by S. cerevisiae
of (2.8 ,M) reported by Winzler (22) which
suggests that the growth rate of this organism at
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FIG. 10. Cytochrome and ubiquinone content of
cell-free homogenates prepared from cells grown at
different oxygen concentrations. Symbols: 0, Cyto-
chrome c extracted from whole cells; 0, cvtochrome
c determined spectrophotometrically; U, ubiauinone;
A, cytochrome aa,; 0, cytochrome b; V, cytochrome
cl. Cytochrome levels are expressed as percentage of
cytochrome content found in cells grown at 3.5 uM
oxygen concentration. The cytochrome content (nano-
moles per milligram of protein) of these cells was: aa8,
0.065; b, 0.13; c, 0.12; c,, 0.08. The ubiquinone
content of these cells was 0.18 mg per g (dry wt) of
cells.

low oxygen tension is determined by the rate of
respiratory energy production in the cell, rather
than by the synthesis of specific cell compo-
nents. The obligately aerobic yeast Candida
utilis, on the other hand, has an apparent Km
for oxygen related to growth of 0.5MgM (11). This
may indicate that in this organism, oxygen for
biosynthetic reactions may be the rate-limiting
factor for growth at low oxygen tension.
The developmental pattern of mitochondrial

components seen in this organism suggests that
there- is a differential rather than a co-ordinate
response to environmental oxygen with respect
to the particulate lipids and cytochromes on the
one hand, and the mobile electron carriers and
accessory enzymes on the other. The half-maxi-
mal levels of membrane-bound cytochromes
aa3, b, and cl were observed in cells grown in
oxygen concentrations around 0.4 jAM, and the
apparent Km of 0.5 ,uM oxygen for the synthesis
of ergosterol and unsaturated fatty acids is not
significantly different, suggesting a co-ordinate
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synthesis of the particulate elements of the
inner mitochondrial membrane. Some small,
but reproducible differences in oxygen sensitiv-
ity were evident between some of these compo-

nents. The synthesis of cytochrome b and cl was
more sensitive to oxygen in the culture medium
compared to cytochromes aa3, and this may
reflect the assembly sequence during membrane
development. Similar considerations may apply
to the observation that unsaturated fatty acid
synthesis is more sensitive to oxygen than is
ergosterol synthesis.
The results obtained from assays of the re-

spiratory enzyme complexes which contain the
particulate cytochromes showed a less than
co-ordinated synthesis of cytochrome oxidase,
succinate cytochrome c reductase, and succi-
nate dehydrogenase, and needs to be explained
in terms other than a differential synthesis of
the component cytochromes. The results in Fig.
6 showed that the synthesis of succinate cyto-
chrome c reductase very nearly paralleled the
development of the particulate cytochromes b
and c, whereas the greatest discrepancy oc-

curred between cytochrome aa, synthesis and
the development of cytochrome c oxidase activ-
ity. It is probably not surprising that respiratory
enzyme activity does not exactly parallel varia-
tion in the component cytochromes since other
components are also part of the complete en-

zyme systems. The synthesis of these additional
components may be uncoupled from cyto-
chrome synthesis. In the case of cytochrome c

oxidase, the synthesis of the catalytically active
system may be imagined in three separate
steps: firstly, the synthesis of the apoprotein
components; secondly, the association of the
specific prosthetic group with these apo-
proteins; and lastly, the production of struc-
tural building blocks to enable the integration
of the holoenzyme into the mitochondria. It has
been reported that some constituent proteins of
cytochrome c oxidase in yeast are made on the
mitochondrial ribosomes (8). When cells are

grown at low oxygen concentrations, the synthe-
sis of essential structural proteins or protein
constituents of cytochrome c oxidase may
subsequently limit the development of the cat-
alytically active system.
The plot of cellular respiration rate versus

oxygen concentration in the medium (Fig. 3)
shows an almost linear relationship, and is quite
similar to the curve relating the cellular levels of
ubiquinone and cytochrome c to the oxygen
concentration used for growth. The synthesis of
these two constituents of the electron chain,
therefore, reflects the functional condition of
the electron transport chain, and does not follow

the same response pattern to environmental
oxygen as the particulate cytochromes b, cl, and
aa,. The dissociation of ubiquinone synthesis
from that of other components of the respiratory
chain has also been shown by using inhibitors of
protein synthesis in nongrowing systems (7).
Ubiquinone synthesis and incorporation into
mitochondria could occur even in the absence of
particulate cytochrome synthesis and the syn-
thesis of both cytochrome c oxidase and succi-
nate dehydrogenase. It appears from the results
presented that there is an apparent priority for
oxygen for the synthesis of the particulate
elements of the inner membrane of mito-
chondria, compared to the synthesis of ubiqui-
none, cytochrome c, and fumarase.

It is not possible from the experiments de-
scribed to determine the relative importance of
oxygen tension and oxidation-reduction poten-
tial as regulators of development in this yeast,
since change in oxygen tension resulted approx-
imately in a proportional change in redox poten-
tial. This appears to be in contrast to the
situation that exists in chemostat cultures of
Escherichia coli and Klebsiella aerogenes,
where at low oxygen tension redox potential
may increase very considerably without equiva-
lent change in oxygen tension of the culture
(21).
These experiments have defined the range of

oxygen concentration over which the synthesis
of mitochondrial components occurs. Further
experiments to relate mitochondrial biosynthe-
sis with the development of peroxisomes in
continuous culture are in progress.
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