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ABSTRACT Oxygen availability affects the transcription
of a number of genes in nearly all organisms. Although the
molecular mechanisms for sensing oxygen are not precisely
known, heme is thought to play a pivotal role. Here, we address
the possibility that oxygen sensing in yeast, as in mammals,
involves a redox-sensitive hemoprotein. We have found that
carbon monoxide (CO) completely blocks the anoxia-induced
expression of two hypoxic genes, OLEI and CYC7, partially
blocks the induction of a third gene, COX5b, and has no effect
on the expression of other hypoxic or aerobic genes. In
addition, transition metals (Co and Ni) induce the expression
of OLEI and CYC7 in a concentration-dependent manner
under aerobic conditions. These findings suggest that the
redox state of an oxygen-binding hemoprotein is involved in
controlling the expression of at least two hypoxic yeast genes.
By using mutants deficient in each of the two major yeast
CO-binding hemoproteins (cytochrome c oxidase and flavohe-
moglobin), respiratory inhibitors, and cobl and p° mutants,
we have found that the respiratory chain is involved in the
anoxic induction of these two genes and that cytochrome ¢
oxidase is likely the hemoprotein “sensor.” Our findings also
indicate that there are at least two classes of hypoxic genes in
yeast (CO sensitive and CO insensitive) and imply that
multiple pathways/mechanisms are involved in modulating
the expression of hypoxic yeast genes.

With the exception of strict anaerobes, all organisms depend
on oxygen and have had to evolve sensory systems to gauge
oxygen availability and mechanisms for enduring periods of
hypoxia or anoxia. The hypoxic response for most organisms
comprises a complex biochemical and genetic program that
includes the differential expression of a large number of genes
(1, 2). Thus, oxygen availability affects the intracellular levels,
and often activities, of a large number of proteins in most
organisms. Currently, the sensory mechanisms for gauging
oxygen availability have not been precisely defined, nor is it
known whether similar oxygen-sensing mechanisms are found
among different taxonomic groups. However, one component
that appears to be involved in most, if not all, organisms is
heme (2).

In vertebrates, heme likely functions as a redox-sensitive
component of a hemoprotein oxygen sensor. This conclusion
is supported by two findings (1-5): (i) carbon monoxide (CO)
blocks the induction of hypoxic genes in many cells and cell
lines at low oxygen concentrations; and (ii) transition metals,
which compromise the ability of hemoproteins to bind O,
induce these same genes under normoxic conditions. So far,
two possible hemoprotein oxygen sensors have been impli-
cated. The first is a multisubunit plasma-membrane-bound
cytochrome b NAD(P)H oxidase that is thought to reduce
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oxygen to superoxide (6-—10). Superoxide and subsequently
generated reactive oxygen species (ROS) may act as second
messengers, controlling the activity of the trans-acting factor(s)
that regulate the transcription of hypoxic genes (2, 10, 11). The
second is cytochrome a3 of the mitochondrial respiratory chain
(12-17). Although the signaling pathway from cytochrome c
oxidase is not yet clearly defined, a recent report (18), which
appeared during the revision of this manuscript, suggests that
ROS may be involved here too.

Heme is also involved in regulating the transcription of
oxygen-responsive genes in the yeast Saccharomyces cerevisiae
(2, 19, 20). The effects of heme have been shown to be
mediated, in part, by several transcription factors. These
include Haplp and the Hap2/3/4/5p complex, which activate
the transcription of many aerobic and some hypoxic genes, and
Rox1p, which represses the transcription of most hypoxic genes
(19-22). Previously, it was noted that there are at least two
ways that heme might function in regulating the transcription
of oxygen-responsive genes (2, 23). In the first, heme would
serve as a ligand that binds to a transcription factor and thus
heme concentration would be important. In the second path-
way, heme would function as a redox-sensitive component of
a hemoprotein, and thus heme redox state would be important,
as has been proposed for vertebrate cells. Current models for
oxygen sensing in yeast favor the first type of pathway (19, 22).
These models propose that oxygen availability affects cellular
heme levels, and that this, in turn, affects the intracellular
levels and/or activities of these transcription factors (see
discussions in refs. 19, 22, 24).

Recent studies have revealed that oxygen concentration
affects the expression of several S. cerevisiae genes over a range
of oxygen concentrations in which heme concentration is not
expected to vary (20, 25). Therefore, it is likely that other
mechanisms besides those that affect heme concentration are
involved in oxygen sensing in this organism. In this study, we
have sought to determine whether redox-sensitive hemopro-
tein(s), similar to those proposed for mammalian cells, func-
tion in oxygen sensing in this yeast.

MATERIALS AND METHODS

Yeast Strains and Media. The following S. cerevisiae strains
were used: JM43 (MATa his4-580 trpl-289 leu2-3, 112
ura3-52 [p*]) (26); IM43 p° (MAT o his4-580 trp1-289 leu2-3
112ura3-52[p°] (27); IM43-GD5ab (MAT a his4-580 trp1-289
leu2-3, 112 ura3-52 cox5b::LEU2 cox5a::URA3 [p*](28);
DR11 (MAT« his4-580 trp1-289 leu2-3, 112 ura3-52 yhbl::
URA3 [p™] (29); and aM7-40-5b (MAT a adel [omega™ cobl™
p™]), a cytb™ mutant (30). Strains were grown in SSG-TEA, a
semisynthetic galactose medium supplemented with Tween 80,

Abbreviation: ROS, reactive oxygen species.
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ergosterol, silicon antifoam, and containing amino acids and
uracil, as needed (31).

Growth Conditions. Precultures were grown aerobically in a
shaker (200 rpm) at 28°C to midlogarithmic phase. For exper-
iments using gas mixtures, midlogarithmic phase precultures
were used to inoculate a New Brunswick Scientific BioFlollc
fermentor containing 3.5 1 of SSG-TEA media. Temperature,
pH, agitation, and sparge rate were maintained at 28°C, 5.0,
300 rpm, and 4 1/min, respectively. The dissolved oxygen
concentration in the fermentor was monitored with an Ingold
(Wilmington, MA) polarographic oxygen electrode (12 mm).
Anoxic cultures were grown in the dark (cf. ref. 30), and the
gas mixture was passed through an OxyClear O, scrubber
(LabClear, Oakland, CA) to prevent trace oxygen from en-
tering the fermentor. Aerobic cultures were grown in the
fermentor, by using air as the sparge gas, or in Delong flasks
containing a volume of medium of =1/4 the flask volume on
a shaker (200 rpm) at 28°C. Cell growth was followed by
measuring turbidity with a Klett—-Summerson colorimeter fit-
ted with a no. 54 green filter. Cultures were harvested during
midlogarithmic phase at a density of 60 to 100 Klett units (1
to 2.5 X 107 cells/ml). For some studies, cells were harvested
in stationary phase (=300 Klett units), as indicated. To harvest
cells, cultures were quick-chilled to —4°C, pelleted by centrif-
ugation (4°C), washed once with ice-cold diethylpyrocarbon-
ate-treated distilled water, and flash-frozen in liquid No.

RNA Isolation and Hybridization. Total RNA was isolated
as described previously (32). RNA samples (—30 ug) were
denatured and separated on 1.5% agarose gels containing
Mops—formaldehyde buffer (33). The RNA was transferred to
Nytran Plus membranes (Schleicher & Schuell) and hybridized
as described previously (34). DNA probes were prepared by
random-primer labeling of double-stranded DNA fragments
by using a-3?P-dCTP (DuPont NEN; cf. ref. 35). The following
probes were used: a 520-bp Styl fragment of ACTI, the gene
encoding actin; a 370-bp Accl/BglIl fragment of COX5b, the
gene encoding subunit Vb of cytochrome ¢ oxidase; a 400-bp
Kpul/Xhol fragment of CYC7, the gene encoding iso-2-
cytochrome c; and a 400- and 420-bp EcoRI fragment of
OLE], the gene encoding A-9 fatty acid desaturase. Hybrid-
ization and stringency washes were performed as described
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previously (36). Signal intensity was quantitated with an
AMBIS Radioanalytical Imaging System or a Molecular Dy-
namics STORM 860 Phosphorimager. To quantify transcript
levels, signal intensity was normalized to that for ACTI
mRNA. For most experiments, two or more independent RNA
blot analyses were performed for each growth condition and
transcript examined. The variance in transcript level was
typically within 15%.

Other. All gases (except air) were Matheson-certified stan-
dards obtained from U.S. Welding (Denver, CO). The follow-
ing gas mixtures were used: 2.5% CO; in Oz-free Ny, 12.5%
CO; in Os-free N», and 100% CO. For incubations with 80%
CO, 100% CO was mixed with 12.5% CO; in Os-free N, by
using a solenoid valve running a duty cycle of 80/20, respec-
tively.

RESULTS

Effect of CO on the Expression of Oxygen-Regulated Genes
After a Shift from Normoxia to Anoxia. CO has remarkable
specificity in biological systems, binding noncovalently to
ferrous heme groups in a small number of hemoproteins. CO
markedly reduces or blocks the induction of hypoxic genes in
mammalian cells, a finding that is consistent with the involve-
ment of the redox or spin state of a hemoprotein in the
oxygen-sensing pathway for these genes (2, 3, 37, 38). To
address whether similar hemoprotein-dependent oxygen-
sensing mechanisms are found in yeast, we examined the
effects of CO on the transcription of ten hypoxic genes and
four aerobic genes when cells are shifted from aerobic to
anoxic conditions (Table 1). CO affected the expression of only
three of these genes. All three (COX5b, CYC7, and OLEI) are
hypoxic genes. It should be noted that the expression of OLE]
was examined under fatty acid-repressing conditions (39)
because Tween 80, which is required for anaerobic growth, was
present in the growth medium. CO had no effect on the
induction of the other seven hypoxic genes examined (HEM13,
HMGI1, HMG2, ERG11, CPRI [NCP1], ANBI1, and AAC3) or
on the anoxia-induced decline in transcript levels (ref. 25;
K.E.K,, P.V.B,, and R.O.P., unpublished observations) from

Table 1. Effect of CO on expression of oxygen-regulated yeast genes after a shift from normoxic to anoxic conditions
Gene Protein Activator* Repressor* O; effect* Co effectt
Oxidative
phosphorylation
COX5a Cytochrome ¢ oxidase subunit Va Hap2/3/4/5 Induced None
COX5b Cytochrome ¢ oxidase subunit Vb Rox1 Repressed Partial inhibition
cYycrs iso-2-cytochrome ¢ Hapl Rox1 None/repressed Total inhibition
Heme, sterol, and
fatty acid synthesis
HEM13 Coproporphyrinogen III oxidase Hapl Rox1 Repressed None
HMGI 3-hydroxy-3-methylglutaryl CoA reductase Hapl Rox1 Induced None
HMG?2 3-hydroxy-3-methylglutaryl CoA reductase Rox1 Repressed None
ERGII Cytochrome P450 lanosterol 14a-demethylase Hapl Rox1 Repressed None
CPRI (NCP1) NADPH cytochrome P450 reductase Rox1 Repressed None
OLEI A-9 fatty acid desaturase Rox1 Repressed Total inhibition
Translation factors
TIF51a elF-5a Hapl Induced None
ANBI1 elF-5b Rox1 Repressed None
Mitochondrial
adenine translocases
AAC2 ADP/ATP translocator Hap2/3/4/5 Induced None
AAC3 ADP/ATP translocator Rox1 Repressed None
Transcriptional
regulators
ROXI (REO1) DNA-binding transcriptional repressor Hapl Induced None

“Hypoxic genes are repressed by Rox 1 p in air; aerobic genes and some hypoxic genes are activated (induced) by either Hap1 or Hap2/3/4/5p (20).
TDetermined by quantitating the effect of CO on transcript levels every 2 or 4 h over a 24 h period.
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Fic. 1. Effect of CO on the anoxic induction of OLEI, CYC7, and
COX5b. S. cerevisiae strain JM43 was grown aerobically and then
inoculated into a fermentor that was preequilibrated with 2.5% CO;
in O-free N2 (N2, open symbols) or 80% CO with 2.5% CO; in O,-free
N, (CO + Ny, filled symbols). At the indicated times, cells were
harvested and total RNA was isolated, fractionated, and hybridized as
described in Materials and Methods. The level of each transcript was
normalized to ACTI mRNA, and this ratio is expressed relative to the
same ratio in steady state anoxic cells. Data are expressed as means =
error ranges (n = 2).

the four aerobic genes (COXb5a, TIF51A, AAC2, or ROXI)
(data not shown).

Fig. 1 shows the change in mRNA levels of OLEI, CYC7,
and COX5D after shifting cells from air to anoxic conditions in
the presence or absence of CO. Each gene is induced with
different kinetics in the absence of CO. The level of OLE!
transcript increases gradually to a level that is >2-fold higher
than its anoxic level at 10 h and then declines to it anoxic level
by 16 h. The level of CYC7 transcript remains low for 12 h and
then increases rapidly to its anoxic level at about 20 h, and
COX5b mRNA increases continuously from the time of the
shift, reaching its anoxic level at about 24 h. In the presence of
CO, the anoxic induction of both OLEI and CYC7 is com-
pletely blocked, while the anoxic induction of COX5b is
partially blocked. No further increase in the levels of these
transcripts was observed at 30 h, and incubations with CO did
not affect anoxic growth rates (data not shown). Together,
these findings clearly show that CO inhibits the anoxic induc-
tion of a subset of yeast hypoxic genes and suggest that an O,-
and CO-binding hemoprotein is involved in regulating their
expression.

Effects of Transition Metals on the Expression of Hypoxic
Genes. Another way to assess the involvement of hemoproteins
in the transcription of these genes is to examine the effects of
cobalt and nickel on their expression under normoxic condi-
tions. In mammalian cells, these transition metals induce a

-
N
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Fic. 2. Effect of transition metals on the expression of OLEI and
CYC7 under normoxic conditions. Cells were grown aerobically to
midlogarithmic phase for OLEI or stationary phase for CYC7 in
SSG-TEA media on a shaker at 28°C. They were incubated for 2 h with
CoCl; or NiCl3, in either low- (1 uM, shaded bars) or high- (20 puM,
filled bars) iron media. Total RNA was isolated, fractionated, and
hybridized as described in Materials and Methods. Transcript levels
were normalized to the level of ACTI mRNA and are presented as a
decimal percent of their steady-state aerobic levels in the absence of
transition metals. Data are presented as means * error ranges for two
independent experiments, except for CYC7 (n = 1).

number of hypoxic genes under normoxic conditions (2, 3, 40,
41). They have been shown to serve as substrates for ferro-
chelatease and to be incorporated into protoporphyrin IX in
place of Fe, both in vivo and in cultured cells (42, 43).
Nickel-substituted hemoproteins do not bind O, (44), while
cobalt-substituted hemoproteins have an exceedingly low af-
finity for O; (45). To determine whether these metals have a
similar effect in yeast, we examined the two hypoxic genes
(OLEI and CYC7) whose induction was completely inhibited
by CO. Fig. 2 shows that both CoCls; and NiCl; give a
concentration-dependent increase in OLE] transcript levels.
In contrast to its anoxic induction, OLE] was maximally
induced by these transition metals within 2 h. Over this short
incubation period, neither cobalt nor nickel affects growth
rate, and no further increase in transcripts was observed by
increasing the concentration of either metal. The level of
OLE] induction achieved with NiCl; was, in general, similar to
that achieved with the same concentration of CoCls. In nearly
all cases, the level of OLEI induction was higher in media
containing 1 uM Fe than in media containing 20 uM Fe. This
finding is similar to results obtained with the erythropoietin
gene in cultured Hep3B cells (41); it has been interpreted to
mean that Fe suppresses the normoxic induction of hypoxic
genes by competing with Co or Ni as substrates for ferroche-
latase. However, in yeast cells, higher concentrations of these
metals are required for maximal induction of hypoxic genes
than in mammalian cells (4, 41). It is not known whether this
difference between yeast and mammalian cells is caused by
differences in rates of cellular uptake, intracellular chelation,
or incorporation into protoporphyrin IX.

Cobalt chloride also induced the expression of CYC7 under
aerobic conditions (Fig. 2 Left Inset), but the level of induction
was modest compared with that observed for OLE]. Interest-
ingly, this induction was observed only with cultures grown to
high cell density (i.e., stationary phase) and not with cells
grown to midlogarithmic phase (data not shown) as was the
case with OLE]. At present, it is unclear why growth phase
would affect the ability of cobalt to induce CYC7 but not
OLE]I. Nickel had little, if any, effect on CYC7 expression.

Expression of OLE1 and CYC7 in Cytochrome ¢ Oxidase- or
Flavohemoglobin-Deficient Strains. The above findings sup-
port the hypothesis that a CO-binding hemoprotein is involved
in mediating the oxygen-sensitive expression of OLE1, CYC7,
and possibly COX5b. As a first step toward identifying this
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Fic. 3. Effect of null mutations in cytochrome ¢ oxidase and
flavohemoglobin on the expression of OLEI and CYC7 under aerobic
and anoxic conditions. Cells were grown for at least six generations
under aerobic or anoxic conditions and harvested in midlogarithmic
phase. Total RNA was isolated, fractionated, and hybridized as
described in Materials and Methods. All transcript levels were normal-
ized to ACTI mRNA and are presented as a decimal percent relative
to that found in strain JM43 under steady-state anoxic conditions (lane
2), as indicated below each lane. Lane 1, JM43 (wild type) in air; lane
2,JM43 in N;, lane 3, DR11 (Ayhb! p*) in air; lane 4, DR11 in N»; lane
5, IM43-GD5ab (Acox5aAcox5b p™) in air; and lane 6, IM43-GD5ab
in No.

hemoprotein, we examined the expression of OLE! and CYC7
in strains that lack cytochrome ¢ oxidase or flavohemoglobin,
proteins that have been implicated in O,-sensing pathways in
other organisms (2), and the most abundant CO-binding
hemoproteins expressed in aerobic yeast cells (27, 29, 46, 47).
From the results shown in Fig. 3, it is clear that transcripts of
both OLEI and CYC?7 are induced under anoxic conditions in
DR11, a strain that carries a null mutation in YHBI and that
lacks any detectable flavohemoglobin (29), just as they are in
the wild-type strain JM43. In contrast, neither gene is induced
under anoxic conditions in JM43-GD5ab, a strain with null
mutations in both COX5a and COX5b and that lacks assembled
cytochrome ¢ oxidase (36). These findings indicate that cyto-
chrome ¢ oxidase, but not flavohemoglobin, is required for the
anoxic induction of OLE] and CYC?7. Interestingly, aerobic
transcript levels from OLE] were elevated 2-fold in JM43-
GD5ab, suggesting that the expression of this gene may be
partially repressed by cytochrome ¢ oxidase in aerobic cells.
A Functional Respiratory Chain Is Required for the Anoxic
Induction of OLEI and CYC7. To further explore how cyto-
chrome ¢ oxidase might function in the anoxic induction of
OLE]I and CYC7, we asked whether mitochondrial respiration

5 6 75 8
- e
Ll

ACT1

1 2 3 4
e
OLE1 *‘

OLE1/ACT1 06 02 12 01 02 02 08 0.1
CcYCc7
CYC7/ACT1 0 0 0 0 0 <001 0 02

FiG. 4. Effect of respiratory inhibitors and mutations in the
respiratory chain on the expression of OLE] and CYC7 under aerobic
and anoxic conditions. Total RNA was isolated from cells grown for
six generations, under aerobic or anoxic conditions, and quantitated as
in the legend to Fig. 3. All transcript levels were normalized to ACT1
mRNA and are presented as a decimal percent relative to that found
in strain JM43 grown under anoxic conditions, as indicated below each
lane. Lane 1, JM43 (wild type) grown in air with 1 uM antimycin A;
lane 2, JIM43 grown in N, with 1 uM antimycin A; lane 3, aM7-40-5B
(cobl™) in air; lane 4, aM7-40-5B in N»; lane 5, JM43 grown in air with
1 mM KCN; lane 6, JM43 grown in N, with 1 mM KCN; lane 7, IM43p°
in air; and lane 8, JM43p? in N,.
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per se is also involved. Fig. 4 shows that the respiratory
inhibitors antimycin A and cyanide block the anoxic induction
of CYC7. Although there was a slight increase in CYC7
transcript level under anoxia, with cyanide the level of induc-
tion was several-fold lower (>100-fold) than that observed in
the wild-type strain (Fig. 3, lanes 1 and 2). These inhibitors also
block the anoxic induction of OLE1. Compared with untreated
JMA43 cells (Fig. 3, lane 2) the anoxic expression of OLEI was
reduced 5-fold by both antimycin A and cyanide. The anoxic
induction of these genes is also dramatically reduced in a
cytochrome b-deficient mutant, aM7-40-5B, and in JM43p°,
which lacks a mitochondrial genome and a functional respi-
ratory chain. Neither these inhibitors nor mutations blocked
the anoxic induction of those hypoxic genes that are unaffected
by CO (i.e., HEM13, HMG1, HMG2, ERG11, CPRI [NCPI],
ANBI, and AAC3). Although aerobic transcript levels of CYC7
were similar to those in the wild-type strain with all treatments,
aerobic transcript levels of OLEI were elevated slightly in
IM43 cells treated with antimycin A, JM43p°, and in aM7-
40-5B, compared with untreated JM43 (Fig. 3, lane 1). In
contrast, aerobic transcripts of OLE] were reduced in the
presence of cyanide. These data, together with those shown in
Fig. 3, indicate that the mitochondrial respiratory chain is
involved in the anoxic induction of both OLE] and CYC7 and
support the hypothesis that the CO-binding hemoprotein
involved is cytochrome ¢ oxidase.

Effects of Transition Metals on OLEI Expression in Res-
piration-Deficient Yeast Strains. To determine whether the
effect of transition metals on the expression of OLE] (Fig. 2)
are mediated by the respiratory chain, we examined the ability
of cobalt to induce OLE] transcripts in respiration-deficient
strains. From Table 2 it is clear that although cobalt induces the
normoxic expression of OLEI in both JM43-GDS5ab and
IM43p0, the level of induction is substantially lower than that
observed in the respiration-proficient parent JM43. These
results suggest that a substantial fraction of OLET induction by
cobalt is mediated by the mitochondrial respiratory chain, but
that nonmitochondrial mechanisms also contribute. These
results are in contrast to results from a recent study with Hep3b
cells (18), in which investigators found no attenuation in the
level of induction of EPO or HIF-1 transcripts by cobalt in p®
cells. These findings point to uncertainty as to the precise
mechanism(s) by which transition metals induce the expression
of hypoxic genes in different cell types but suggest that the
effect of these metals is mediated largely by the mitochondrion
in yeast cells.

Does the Respiratory Chain Produce a Signal During the
Transition to Anoxia? The requirement of a functional respi-
ratory chain and cytochrome ¢ oxidase for the anoxic induction
of OLEI and CYC?7 is puzzling, because yeast cells grown
under anaerobic conditions lack both cytochrome n oxidase
and a functional mitochondrial respiratory chain (48). Thus,
this requirement may be transient and may occur during the
shift from aerobic to anaerobic conditions. During this shift,
oxygen concentration in the fermentor drops to zero within 1 h
(25, 40). To ask whether Oy is required for the generation of
the signal involved in the induction of OLE] and CYC7, we
shifted cells from aerobic to anoxic conditions, added an

Table 2. Induction of OLE] transcripts by cobalt in
respiratory-deficient strains

Yeast strain OLE] induction

JM43 73+ 1.7*
JM43-GD5ab 23+02
TM43p0 21+02

*After a 2-h aerobic incubation with 3 mM CoCl3 OLE], transcripts
were measured and normalized to ACT1 mRNA. Data are presented
as a decimal percent relative to no added cobalt (mean * error range,
n=2).
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F1G.5. Effect of cyanide on the induction of OLET and CYC7 after
a shift to anoxic conditions. Strain JM43 was grown aerobically for at
least six generations to early log-phase; the sparge gas was then
switched from air to 2.5% CO; in Oj-free No. After achieving
anaerobiosis (1 h), an anoxic solution of KCN (1 mM final concen-
tration) was added. Cells were harvested at the indicated times, and
total RNA was isolated and subjected to Northern blot analyses as
described in Materials and Methods. Transcript levels were normalized
to the level of ACTI mRNA and are presented as a decimal percent
of their steady-state levels under anoxic conditions (lane 9). Lane 1,
aerobic cells before the shift; lane 2, 1 h after the shift, just before KCN
addition; Lanes 3-8, 5 h, 9 h, 13 h, 17 h, 21 h, and 25 h, respectively,
after the shift.

anoxic solution of cyanide after anaerobiosis was achieved, and
followed their expression over a 24-h period. From Fig. 5 it is
clear that OLE] transcript levels decrease after the addition of
cyanide to anoxic cells, just as they did in the presence of CO
(Fig. 1). Cyanide also severely inhibited the induction of CYC7
in anoxic cells, although there was a slight increase in its
transcript levels toward the end of the 24-h incubation. These
findings suggest that the “signal” produced by the respiratory
chain can be generated in the absence of oxygen.

DISCUSSION

The results presented here show that CO blocks the anoxic
induction of at least two hypoxic genes (OLEI, CYC7) and
partially inhibits the induction of a third (COX5b) in S.
cerevisiae. Given the specificity of CO for ferrous hemopro-
teins that reversibly bind oxygen, these findings support the
hypothesis that an O,-binding hemoprotein is involved in the
induction of these hypoxic genes. Further support for this
conclusion comes from the finding that transition metals
induce the expression of OLEI and CYC7 under normoxic
conditions. Finally, our studies with respiratory inhibitors and
mutants indicate that the respiratory chain is involved in the
signaling pathway, and that cytochrome ¢ oxidase may act as
an oxygen sensor for the induction of these hypoxic genes.

Two Classes of Hypoxic Genes in Yeast. The finding that CO
inhibits the induction of some, but not all, hypoxic genes
indicates that there are at least two classes of hypoxic genes in
yeast: CO sensitive and CO insensitive. This finding implies
that there are multiple mechanisms/pathways involved in
modulating the expression of hypoxic genes in yeast, as in
mammals (2, 9), and that one of these involves cytochrome ¢
oxidase and the respiratory chain. This latter pathway appears
to be independent of the hypoxic transcription factor Rox1p
because it affects three genes (OLE1, CYC7, and COX5b) that
are under its control but has no effect on the expression of
seven other hypoxic genes (HEM13, HMGI1, HMG2, ERGI1,
CPRI [NCP1], ANBI, and AAC3) that are also regulated by
this factor.

Oxygen Sensing by Mitochondria and Cytochrome ¢ Oxi-
dase. Three findings support the conclusion that cytochrome
¢ oxidase is the CO-binding hemoprotein involved in the
anoxic induction of OLEI and CYC?7. First, their induction is
absent in strains (e.g., JM43-GD5ab and JM43p°) that lack
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holocytochrome ¢ oxidase. Second, cyanide, which forms a
complex with cytochrome a33*, blocks the anoxic induction of
these genes. Third, respiratory inhibitors and mutations that
block the respiratory chain upstream of cytochrome ¢ oxidase
also inhibit this induction. What all of these treatments have in
common is blockage of electron transport through cytochrome
¢ oxidase. Cytochrome ¢ oxidase also has been implicated as
a probable oxygen sensor and in the regulation of hypoxic
genes in a number of mammalian cells, including carotid body
cells (12-14, 49), hepatocytes (17, 18, 50), and cardiomyocytes
(51).

The mitochondrial respiratory chain and cytochrome c¢
oxidase are well suited for a role in oxygen sensing, because
they are consumers of most of the oxygen that is used by
eucaryotic cells and because the flux of electrons through both
the respiratory chain and cytochrome ¢ oxidase is affected by
oxygen concentration in several cell types, including yeast (31)
and mammalian cells (50, 52-54). Moreover, both the apparent
K, for oxygen binding to cytochrome ¢ oxidase and the rate of
electron transfer from heme a to as are affected by oxygen
concentration (53). Currently, it is not clear how cytochrome
¢ oxidase may “sense” oxygen as cells are shifted into hypoxic
or anoxic conditions, what signal is released from the mito-
chondrion during this process, and what pathway is involved in
transducing this signal into an effect on nuclear gene expres-
sion. There are several possibilities. First, as noted by Wilson
(51), mitochondrial oxidative phosphorylation depends on
oxygen concentration; hence, mitochondria can convert infor-
mation concerning cytosolic oxygen concentration into a met-
abolic signal [e.g., [ATP]/[ADP] [Pi], NAD(P)H/NAD(P)].
This type of signal, in turn, can affect virtually every aspect of
cell function, including the phosphorylation of transcription
factors or other members of a signal transduction pathway.
This model is intriguing because the threshold for expression
of hypoxic yeast genes is low, 0.25 uM O, (refs. 25 and 31;
K.EK,, P.V.B, and R.O.P., unpublished observations), and
approximates the apparent K, for oxygen binding to yeast
cytochrome ¢ oxidase (R.O.P., C. E. Trueblood, and D. F.
Wilson, unpublished observations). However, respiratory in-
hibitors and mutations affect expression of OLE] and CYC7
under strictly anoxic conditions in which the respiratory chain
is already inhibited by oxygen deprivation. These findings
argue against a signaling pathway that involves global changes
in cellular energy charge or redox but do not preclude a
pathway linked to the respiratory chain itself. A second
possibility, proposed for mammalian cells (18, 55), is that there
is a decrease in the Viax of cytochrome ¢ oxidase in response
to hypoxia (56), and that this decrease in Vp,y increases the
reduction state of mitochondrial electron carriers that are
upstream of cytochrome ¢ oxidase and the generation of ROS
(55). These ROS, which have been implicated in the crosstalk
between the mitochondrion and nucleus (57), would then
function to activate members of signal transduction pathways,
(e.g., stress kinases, nuclear transcriptions factors, etc.). Al-
though we cannot rule out a role for ROS in oxygen sensing
in yeast, it seems unlikely that this type of signaling is involved
in the anoxic induction of OLE] and CYC7, because cyanide
blocks their induction when added to anaerobic cells, in which
ROS should be absent (58). Moreover, the hypoxic isoform,
Vb, of yeast cytochrome ¢ oxidase subunit V functions to
increase, not decrease, the Vmax of yeast holocytochrome ¢
oxidase (59, 60). A third possibility is that a protein involved
in a signal-transduction pathway serves as an electron acceptor
or donor for cytochrome ¢ oxidase, and that this protein is
released under hypoxic or anoxic conditions directly into the
cytosol, where it activates or inactivates transcription factors
that regulate the expression of hypoxic genes. Precedent for
this sort of pathway comes from the fact that mitochondria
export proteins and peptides (61), and that cytochrome c,
which is immediately upstream of cytochrome ¢ oxidase in the
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respiratory chain, is easily released from mitochondria under
certain conditions (e.g., apoptosis) (62, 63). A fourth possi-
bility is that the functional integrity of cytochrome ¢ oxidase
or other components of the respiratory chain is compromised
as cells are shifted from aerobic into anaerobic conditions, and
that respiratory chain subunits or subcomplexes are released
from the mitochondrion and serve directly as “signals” of
hypoxia. It is well known that there is a coordinate loss of
cytochromes after cells are shifted from aerobic to anoxic
conditions (64), but it is not known how fast this loss occurs,
and whether it is fast enough to explain the kinetics of
induction observed here. Clearly, more experimental work is
required to decide among these possibilities.
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