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Summary

The budding yeast Saccharomyces cerevisiaégs a  the transcription of the aerobic genes and as a negative
facultative aerobe that responds to changes in oxygen modulator for the transcription of the hypoxic genes.
availability (and carbon source) by initiating a  Consequently, cellular concentrations of heme, whose
biochemically complex program that ensures that energy biosynthesis is oxygen-dependent, are thought to provide a
demands are met under two different physiological states: gauge of oxygen availability and dictate which set of genes
aerobic growth, supported by oxidative and fermentative  will be transcribed. But the precise role of heme in oxygen
pathways, and anaerobic growth, supported solely by sensing and the transcriptional regulation of oxygen-
fermentative processes. This program includes the responsive genes is presently unclear. Here, we provide an
differential expression of a large number of genes, many of overview of the transcriptional regulation of oxygen-
which are involved in the direct utilization of oxygen. responsive genes, address the functional roles that heme
Research over the past decade has defined many of the and hemoproteins may play in this regulation, and discuss
sites andtrans-acting factors that control the transcription possible mechanisms of oxygen sensing in this simple
of these oxygen-responsive genes. However, the manner in eukaryotic organism.
which oxygen is sensed and the subsequent steps involved
in the transduction of this signal have not been precisely
determined. Heme is known to play a pivotal role in the Key words: oxygen sensing, hypoxia, heme, hemoproteins, gene
expression of these genes, acting as a positive modulator for expression, transcription, yeaSaccharomyces cerevisiae

Introduction

Baker’s yeastSaccharomyces cerevisjais a facultative are optimally expressed under normoxic conditions, and
aerobe that responds to changes in oxygen availability Bypoxic’ genes, which are optimally expressed under low-
differentially expressing a large number of genes (reviewed bgxygen or anoxic conditions. Not surprisingly, many of the
Zitomer and Lowry, 1992; Pinkham and Keng, 1994; Bunn andespiratory cytochromes and other proteins involved in strictly
Poyton, 1996). This response, in conjunction with theaerobic metabolism, including enzymes for controlling
regulation of gene expression by carbon substrates (e.gxidative damage, are encoded by aerobic genes. However,
repressing versus nonrepressing and fermentabhersus most of the genes that are induced (derepressed) by oxygen
nonfermentable sugars), is part of a biochemical and genetileprivation also encode proteins that function in oxygen-
program that regulates the efficiency of carbon-sourcatilizing pathways. These proteins include oxidases involved
utilization during aerobic growth, which is supported by bothin electron transport and reductases and desaturases involved
mitochondrial oxidative phosphorylation and glycolysis, andn the biosynthesis of heme, sterol and unsaturated fatty acids.
during anaerobic growth, which is supported exclusively byThus, the products of most hypoxic genes do not function in
fermentative processes. The transcriptional regulation of genesaerobic (fermentative) metaboligp@r seand can be referred
by carbon substrates is complex and has been reviewéain a functional sense as hypoxic genes rather than anaerobic
elsewhere (Trumbly, 1992; de Winde and Grivell, 1993,genes. Why is the transcription of many of the hypoxic genes
Thevelein, 1994). maximally upregulated (derepressed) during anaerobiosis, a

Genes that respond to changes in oxygen availability can lendition in which their products serve no apparent function?
placed into one of two broad categories: ‘aerobic’ genes, whicAlthough direct experimental evidence is lacking in many
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cases, the derepression of hypoxic genes probably serves to Po,
increase flux through these biosynthetic pathways during l
oxygen-limiting conditions- by increasing the efficiency of
oxygen usage (e.g. hypoxic isoenzymes) or simply by
increasing protein levels — because many of these genes encode
enzymes (or enzyme subunits) that are rate-limiting in their
respective pathways. The importance of maintaining flux
through these biosynthetic pathways is underscored by an
absolute nutritional requirement for sterols and unsaturated
fatty acids during anaerobic growth (Andreasen and Stier,
1953, 1954).

Fig. 1 conceptualizes oxygen-sensing pathways Sn
cerevisiae The transcriptional control of nuclear-encoded,
oxygen-responsive genes in this organism is mediated by
least threetransacting factors: Haplp héme activated
protein), which activates the transcription of many of the
aerobic and some hypoxic genes; Hap2/3/4/5p, which activates
the expression of several aerobic genes, typically in a carbon-
source-dependent manner; and RoxHglation byoxygen),
which represses the transcription of the hypoxic genes under
aerobic conditions (reviewed by Zitomer and Lowry, 1992;
Pinkham and Keng, 1994; Bunn and Poyton, 1996). Heme acts
as an intermediary in regulating the expression of oxygen-
responsive genes; it is required for the activation of the Hap
proteins and for the transcription of tR©X1gene (mediated _ ) )
by Haplp). Because the biosynthesis of heme requires oxygeF'g' 1. An overview of oxygen-sensing pathwaysSeccharomyces

it has been proposed that heme acts as a gauge of c)Xy(cer_eV|S|ae_The trans-acting factors that |nter_act with upstream
“activator sites (UASs) or upstream repressor sites (URSs) are shown.

avaglablllty %r.‘d dlc';]ates Whlc;h .Set of gedr?‘?s will be ”ar_‘s‘?”be‘HAP stands for Haplp and/or Hap2/3/4/5p. The heme-mediated
Under aerobic or heme-proficient conditions, transcription Otransacting factor(s) that represses the transcription of some aerobic

the aerobic genes is activated (mediated, in part, by the Higenes has not been identified (?). Hap1p activates the transcription of
proteins), and under anoxic or heme-deficient conditionssome hypoxic genes, as indicated by the parentheses.

transcription of the hypoxic genes is derepressed (owing to lo:
of repression by Rox1p).

Previous studies have focused primarily ontthas-acting
factors anctis-sites that regulate the transcription of oxygen-heme are not thought to vary appreciably in this range of
responsive genes, while upstream events have gone largelyygen concentration (Labbe-Bois and Labbe, 1990).
unstudied. Currently, the signals to which the cell responds a&milarly, transcripts of some of the hypoxic genes also
unclear. In addition to ©per se byproducts and endproducts respond (increase) over this range of oxygen concentration
of oxygen-dependent metabolism (e.g. cellular redox, reactivigK. E. Kwast, P. V. Burke and R. O. Poyton, in preparation).
oxygen species, heme) may act in signaling pathways that le&#cond, after cells are shifted from aerobic to anaerobic
to changes in the transcription of specific genes. Similarlygonditions, the time course for induction and transcript
little is known about the receptors (either their cellular locatiorprofiles differ markedly among the hypoxic genes (K. E.
or identity) that are responsive to changes in these signals. Algavast, P. V. Burke and R. O. Poyton, in preparation). These
unclear are how ‘oxygen sensors’ transduce this signal for ttdata are difficult to reconcile with models invoking the
activation or repression of oxygen-responsive genes and haderepression of hypoxic genes simply by the loss of common
many pathways exist. repressor (e.g. Rox1p) or effector (e.g. heme) elements.

Currently, it is assumed that heme plays a central role ifihird, clamping the redox state of hemoproteins under
oxygen-sensing and signal-transduction pathways by actindjfferent conditions of oxygen availability (e.g. carbon
as a redox-insensitive, metabolic cofactor or ligand fomonoxide + anoxia, transition metals + air) modulates the
transcription factors (e.g. Haplp) (reviewed by Zitomer aneéxpression of several hypoxic genes (K. E. Kwast, P. V.
Lowry, 1992). However, the following recent findings areBurke, B. Staahl, S. Fontaine and R. O. Poyton, in
difficult to reconcile with such a model. First, transcriptpreparation), suggesting that one of the signaling pathways
levels of many aerobic genes decrease with declining oxygenvolves changes in the redox state of a hemoprotein oxygen
concentration over a range (20Qshol 11 Oy) that is well  sensor. Taken together, these data suggest that multiple
above theKm for oxygen of the rate-limiting step in heme mechanisms/pathways regulate the expression of these genes;
biosynthesis (Burket al. 1997). Cellular concentrations of some probably involve control by tltencentrationof heme

Signal(s)?

t
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and others probably involve thedox stateof hemoproteins. been documented for some of these pairs, the products of the
In this paper, we provide an overview of the transcriptionagjene pairsCOX5dCOX5bandCYCICYC7have been shown
regulation of oxygen-responsive genes and discuss the rdie influence the maximal turnover number of holocytochrome
that both heme and hemoproteins play in oxygen-sensing oxidase, with the hypoxic isoforms increasing this rate
pathways. several-fold (Allenet al. 1995; Burke and Poyton, 1998).
Group Il (Table 1) includes several hypoxic genes whose
products are involved in the synthesis of heme, sterol and
Oxygen- and/or heme-responsive genes unsaturated fatty acids. These biosynthetic pathways require
In Saccharomyces cerevisjathe expression of a large molecular oxygen as an electron acceptor in redox reactions,
number of proteins is oxygen-responsive, many at the levaind most of these genes encode enzymes that utilize oxygen
of transcription. Table 1 is a compilation of genes whoselirectly. Unlike transcripts of the genes encoding hypoxic
transcription is oxygen and/or heme-regulated. All of thdsoforms, transcripts of these hypoxic genes are detectable
genes listed are nuclear-encoded. Genes are groupadder normoxic conditions, and levels increase further in
according to function, and knowirans-acting activators and response to declining oxygen concentration (K. E. Kwast, P.
repressors are indicated. As can be seen, the effects of oxygénBurke and R. O. Poyton, in preparation). Although it has
and heme act in parallel, i.e. those genes that are positivebeen reported thatMG1 andHMG2 represent an aerobic and
regulated by oxygen are also positively regulated by hemleypoxic (respectively) gene pair, whose transcription is
andvice versa regulated in opposite directions by oxygen/heme (Thorstess
The first group of genes (group 1) in Table 1 contains a largal. 1989), we have found that both of these genes are optimally
number that encode proteins involved in mitochondriakxpressed in a number of wild-type strains under low-oxygen
respiration and oxidative phosphorylation. It includes many obr anoxic conditions in both glucose-repressed and
the nuclear-encoded proteins that constitute the terminalonrepressed conditions (K. E. Kwast, P. V. Burke and R. O.
portion of the mitochondrial respiratory chain, including Poyton, in preparation). Moreover, aerobic transcript levels of
complex Il (ubiquinol cytochrome reductase), complex IV both HMG1 and HMG2 are derepressed ifirox1 and rox1
(cytochromec oxidase) and cytochron the mobile electron mutant strains, indicating that both of these genes are repressed
carrier acting between these complexes. In addition, this grodyy Rox1p (K. E. Kwast, P. V. Burke and R. O. Poyton, in
contains the gene encoding cytochroleeand three genes preparation). In support of this finding, a search of the
encoding isoforms of the mitochondrial adenine translocas@romoter region of these genes reveals putative Rox1p-binding
Given the roles that these proteins play in oxidativesequences (see Rox1 section below). Thus, it appears that both
metabolism, it is not surprising that all of their genes — wittHMG1 and HMG2 are hypoxic genes that are regulated by
the exceptions o€0OX5b, CYCAndAAC3(discussed below) Rox1p. There are striking differences in the post-translational
— are positively regulated by oxygen/heme. In addition taegulation of these isoforms that indicate different functional
affecting the expression of the nuclear-encoded subunits obles for these isoforms (Hamptehal. 1996).
cytochromec oxidase listed in Table 1, oxygen also positively Group Il (Table 1) includes a number of genes that encode
affects the expression of the mitochondrial ge@&X1and enzymes involved in the oxidative stress response. Not
COX2 encoding the catalytic core of cytochromexidase; surprisingly, their transcription is positively regulated by
this effect has been shown to be mediated posbxygen/heme as well as, for some, reactive oxygen species.
transcriptionally (Groot and Poyton, 1975). Thus, thelLastly, group IV (Table 1) contains an aerobic and hypoxic
availability of oxygen/heme regulates the expression of a larggene pair of the putative translational initiation factor elF-5
portion of the mitochondrial respiratory chain. encoded byTIF51aANB1. Functional differences between
COX5dC0OX5h CYCICYC7and AAC2AACS3 as well as these isoforms have not been documented. In addition, group
TIF51dANB1(see group IV genes below), are part of a familylV contains the aerobic gen®0OX1 which encodes a
of genetically unlinked but functionally paired genes in whichtranscriptional repressor of all of the hypoxic genes listed in
oxygen/heme activates the transcription of the aerobic isoforfable 1.
and represses the transcription of the hypoxic isoform. In all The transcription of most of the aerobic genes is activated
cases, the aerobic and hypoxic isoforms are functionallpy Haplp, the Hap2/3/4/5p complex, or both Haplp and
interchangeable. The primary sequence in the coding regiohtap2/3/4/5p. For some of the aerobic ger@®Xg COX7,
of these gene pairs is remarkably similar, for example 66 % faCOX9 COX8 CTALl and SODJ), the transacting factor(s)
COX5dCOX5b (Cumsky et al. 1987) and 79% for responsible for their upregulation in response to heme/oxygen
CYCICYC7(Montgomeryet al.1980). Given the high degree has not been identified. It makes intuitive sense that genes
of sequence homology, it is likely that these pairs arose by geeacoding enzymes that utilize oxygen are positively regulated
duplication and have subsequently diverged to function ity heme/oxygen and, in some cases, induced by growth on a
different oxygen environments. Indeed, both @¢CICYC7 nonfermentable carbon substrate (Hap2/3/4/5p activation) that
andTIF51aANB1gene pairs have been shown to be part of anust be oxidized in the mitochondrion. It is important to
large cluster of duplicated genes (Kastgal. 1992; Melnick  realize, however, that each of these genes (including the
and Sherman, 1993). Although functional differences have ndtypoxic genes) is independently regulated by these and
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Table 1.0xygen- and/or heme-regulated geneSatcharomyces cerevisiae

Heme Oxygen
Gene Protein Activator Repressor effect effect References
I. Mitochondrial respiration/oxidative phosphorylation
Cytochromec oxidase
COX4 Subunit IV Hap2/3/4/5p Induced Induced 1-3
COXba Subunit Va Hap2/3/4/5p Induced Induced 3-7
COX5b Subunit Vb Rox1p Repressed Repressed 3,5-9
COX6 Subunit VI Hap2/3/4/5p Induced Induced 3,10-14
COX7 Subunit VII Induced Induced 3,15
COX9 Subunit Vlla Induced Induced 3
COX8 Subunit VIII Induced 3,16
Cytochromec
CYC1 Iso-1-cytochrome Haplp, Hap2/3/4/5p Induced Induced 3, 17-26
CYC7(CYP3 Iso-2-cytochrome Haplp (Cyplp) Rox1p None/ Repressed 3,22, 24,
Repressed 27-32
Ubiquinol cytochrome reductase
COR1(QCR) Subunit | Haplp, Hap2/3/4/5p Induced Induced 4
COR2(QCR2 Subunit 11 Haplp, Hap2/3/4/5p Induced Induced 33
QCR8(CORH Subunit XIII Hap2/3/4/5p Induced 34-36
CYT1 Cytochromecy Haplp, Hap2/3/4/5p Induced Induced 26, 37, 38
L-Lactate cytochrome oxidoreductase
CYB2 Cytochromeb, Haplp, Hap2/3/4/5p Induced Induced 39, 40
Mitochondrial adenine translocase
AAC1 ADP/ATP translocator None Induced 41
AAC2 ADP/ATP translocator Hap2/3/4/5p Induced Induced 42,43
AAC3 ADP/ATP translocator Rox1p Repressed Repressed 44, 45
Il. Heme, sterol and unsaturated fatty acid synthesis
HEM13 Coproporphyrinogen Il oxidase Haplp Rox1p Repressed Repressed 46-53
HMG1 3-Hydroxy-3-methylglutaryl CoA reductase Haplp Rox1p Induced Induced 54-56
HMG2 3-Hydroxy-3-methylglutaryl CoA reductase Rox1p Repressed Repressed 54-56
ERG11(14DM) Cytochrome ksolanosterol 1d-demethylase Haplp Rox1p Repressed Repressed 48, 57
CPR1(NCP)) NADPH cytochrome Boreductase Rox1p Repressed Repressed 57
OLE1 A-9 fatty acid desaturase Rox1p Repressed Repressed 56, 58-60
IIl. Oxidative stress
CTT1 Catalase T (cytosolic) Haplp Induced Induced 17,61, 62
CTAl Catalase A (peroxisomal) Induced Induced 17, 63
SOD1 Cu,Zn-superoxide dismutase Induced Induced 64, 65
SOD2 Mn-superoxide dismutase Haplp, Hap2/3/4/5p Induced Induced 64-67
YHB1 Flavohemoglobin Haplp, Hap2/3/4/5p Induced Induced 68, 69
IV. Translation and transcription factors
TIF51A(tr-1) elF-5a Haplp Induced Induced 29, 70-73
ANBL1(TIF51B) elF-5b Rox1p Repressed Repressed 8, 29, 70,
71, 74-76
ROX1(REO)) DNA-binding transcriptional repressor Haplp Induced Induced 29, 52, 70,
76-81

1, Saltzgaber-Muller and Schatz, 1978; 2, Forsburg and Guarentdy, BO&urkeet al. 1997; 4, Myerset al. 1987; 5, Trueblooet al. 1988; 6,
Poytonet al. 1988; 7, Hodgeet al. 1989; 8, Trueblood and Poyton, 1988; 9, Hodgal. 1990; 10, Trawiclet al. 1989a; 11, Trawiclet al. 1989b; 12,
Trawick et al. 1992; 13, Wrightet al. 1995a; 14, Wrighet al. 1995b; 15, Gollub and Dayan, 1985; 16, Patterson, 1990; 17, Hettaérl982; 18,
Guarente and Mason, 1983; 19, Guaretta. 1984; 20, Arcangioli and Lescure, 1985; 21, Pfesteal. 1987a; 22, Pfeiferet al. 198; 23, Oleseret al.
1987; 24, Cerdan and Zitomer, 1988; 25, Forsburg and Guarente, 1988; 26, Cetchish®92; 27, Wright and Zitomer, 1984; 28, Wright and Zitomer,
1985; 29, Lowry and Zitomer, 1988; 30, Verdieteal. 1985; 31, Prezardt al. 1987; 32, Zitomeet al. 1987; 33, Dorsman and Grivell, 1990; 34, de

Winde and Grivell, 1993; 35, de Windeal.1993; 36, de Winde and Grivell, 1995; 37, Schneider and Guarente, 1991; 38, Oechsner and Bandlow, 1996;

39, Guiard, 1985; 40, Lodi and Guiard, 1991; 41, Gavurnileia. 1996; 42, Betinat al. 1995; 43, Nebohacowet al. 1996; 44, Kolarowet al. 1990;
45, Sabovat al. 1993; 46, Zagorec and Labbe-Bois, 1986; 47, Zagetred. 1988; 48, Verdieret al. 1991; 49, Keng, 1992; 50, Ushinsky and Keng,
1994; 51, Amilletet al. 1995; 52, Di Flumeret al. 1996; 53, Amilletet al. 1996; 54, Thorsnes al. 1989; 55, Hamptost al. 1996; 56, Kwaskt al, in
preparation; 57, Turi and Loper, 1992; 58, McDonoegal. 1992; 59, Choet al. 1996; 60, C. Martin, personal communication; 61, Spetai. 1986;
62, Winkleret al. 1988; 63, Cohert al. 1985; 64, Gralla and Kosman, 1992; 65, Galiazzo and Labbe-Bois, 1993; 66, Peildlat®97; 67, Flattery-
O'Brien et al. 1997; 68, Crawforet al. 1995; 69, Zhaet al. 1996; 70, Lowry and Zitomer, 1984; 71, Lowry and Lieber, 1986; 72, Sobinr1991;
73, Kanget al. 1992; 74, Mehta and Smith, 1989; 75, Me#ital. 1990; 76, Lowryet al.1990; 77, Zitomer and Lowry, 1992; 78, Balasubramaeiaai.
1993; 79, Deckert al. 1995; 80, Deckeret al. 199%; 81, Zitomeret al. 1997.
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possibly othetrans-acting factors. Thus, as a set, the aerobi44 and 444, and the other between residues 1192 and 1197
(and hypoxic) genes do not constitute a coordinately expressé@feiferet al. 1989; Zhang and Guarente, 1995). Both of these
regulon or operon. regions contain a Lys/Arg-Cys-Pro-Val/lle-Asp-His motif that
The negative effect of heme/oxygen on the transcription dfias been implicated as a metal- or heme-binding site (Creusot
the hypoxic genes has been shown to be mediated by tkeal. 1988; Zhang and Guarente, 1996). This sequence motif
transcriptional repressor Rox1p. For a subset of these hypoxaccurs six times in the first regulatory domain and once in the
genes CYC7 HEM13 HMG1 andERG1), heme can act in second domain of Haplp, and it is found in a number of heme-
both a positive (mediated by Haplp) and a negative (mediatelpendent regulatory proteins (Lathrop and Timko, 1993).
by Rox1p) manner. This combinatorial regulation by heme The upstream activator sites (UASSs) in the promoter region
may allow for the fine-tuning of transcript levels of these genesf Haplp-regulated genes have been studied extensively. The
in response to heme/oxygen. However, the overall effect dlaplp homodimer binds to two different classes of sequences:
heme/oxygen proficiency on the transcription of hypoxic genesne represented by the UAS1 &YC1 and the other
is negative. As stated above, given that most of the hypoxiepresented by the UAS @YC7 (Pfeifer et al. 198h). The
genes encode products that are involved in the direct use séquences within these UASs are divergent,hapd mutants
oxygen, their high levels of expression under strict anoxia areave been identified that bind to the UASGfC7but not to
puzzling unless this upregulation (derepression) represents ire UAS1 of CYC1(Kim and Guarente, 1989; Turcotte and
adaptive response to make better use of a limiting substratuarente, 1992; Verdieret al. 1988). The DNA target for
(oxygen). Haplp binding has been further delineated through mutational
analyses and DNAase | footprinting. The sequence consists of
a direct repeat of a CGG triplet separated by a specific number
Trans-acting factors andcis-promoter sites in oxygen- of nucleotides (Zhang and Guarente, 1996); the consensus
regulated genes sequence has been determined to be CGG N3 TAN CGG N3
As discussed above, the expression of most of the oxygeiA (Haet al.1996). This sequence motif is somewhat different
responsive genes is regulated by three transcription factofsom that recognized by other yeast regulatory proteins that
Haplp, Hap2/3/4/5p and Rox1p. In this section, we provide eontain the C6 zinc-cluster domain because most of these
more detailed review of transcriptional regulation by thesgroteins recognize an inverted repeat rather than a direct repeat,
factors. A discussion of earlier work on these components cas is the case for Haplp. Recently, the three-dimensional
be found in prior reviews (Forsburg and Guarente, 988  structure of Haplp bound to DNA has been examined using
Winde and Grivell, 1993; Zitomer and Lowry, 1992; Pinkham!H,15N resonance spectroscopy (Timmermeainal. 1996).

and Keng, 1994; Bunn and Poyton, 1996). Interestingly, the specificity of DNA binding is attributable, in
part, to a fine tuning between the structure of the Haplp linker
Haplp (Cyplp) peptide and/or dimerization helix and the number of bases

The CYP1lgene was first identified as an activator of theseparating the two CGGs (Timmermetnal. 1996).
hypoxic geneCYC7(Clavilier et al. 1969) and later found to ~ The role of heme in Haplp activation has been the focus of
be the same gene H&P1 (Verdiereet al. 1986), an activator considerable research. Although it was originally thought that
of CYC1(Guarenteet al. 1984). For simplicity, we shall use heme was required for Haplp to bind to its DNA target
the HAP1 designation here. Since the discovenfH#P1, the  sequence vfa a heme-dependent unmasking of the DNA-
number of genes it has been found to regulate has steadbinding domain; Pfeiferet al. 1989), this model has been
increased (Table 1). ThElAP1 gene has been cloned and recently modified and refined (Fytloviehal.1993; Zhang and
sequenced (Creuset al. 1988; Verdiereet al. 1988; Pfeifer Guarente, 1994, 1995, 1996). Usiirg vitro DNA-binding
et al. 1989) and found to encode a 1483-amino-acid proteiassays with crude cellular extracts, it has been shown that
with at least three functional domains. The first is a zinc-clustadaplp binds to its target DNA in a heme-independent manner,
DNA-binding domain in the amino terminus, between residuealbeit probably more weakly, and forms a large complex with
1 and 148. This domain is responsible for sequence-specifither, as yet unidentified, cellular protein(s) (Fytlovéthal.
DNA binding and the formation of the Haplp homodimerl993; Zhang and Guarente, 1996). Residues 244-444,
(Verdiereet al. 1988; Pfeiferet al. 1989; Timmermaret al.  containing the heme regulatory motifs (HRMs) 1-6, are
1996), which is the transcriptionally active form. This C6 zinc-required for the formation of this larger complex (Fytlovith
cluster motif (Zn[l]2Cys6 binuclear cluster) has a high levelal. 1993; Zhang and Guarente, 1996; Letlal 1996). When
of structural identity with other yeast regulatory proteinshemin (oxidized heme) is added, a smaller complex is formed.
including Gal4p, Pprlp, Leu3p, Put3p and Chadp (Schjerling These observations have led to the following model of
and Holmberg, 1996). A second domain is found in thédieme-regulated Haplp activity. In the absence of heme, Haplp
carboxy terminus, between residues 1309 and 1483. This acid& weakly bound to its target DNA and is transcriptionally
activation domain is required for the transcriptional activatiorinactive because of the binding of repressor proteins(s) to the
of Haplp (Pfeiferet al. 1989) and is similar to other region between residues 244 and 444. When heme is present,
transcriptional activation domains such as that in Gal4pa smaller, presumably transcriptionally active, complex is
Lastly, there are two regulatory domains: one between residuémed because of heme binding to HRM1-6; the binding of
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heme to this region may mask the binding site for théen UASs containing the consensus sequence TNATTGTT
transcriptional repressor(s) (Zhang and Guarente, 1995). Henfleorsburg and Guarente, 1988). This heteromer activates the
also plays a role in Haplp activation through its interactiotranscription of genes primarily in response to heme/oxygen
with the second regulatory domain (residues 1192-1197and/or growth on nonfermentable substrates (e.g. lactate,
which probably indirectly influences the acidic activationglycerol). Hap2/3/4/5p consists of four polypeptides: Hap2p, a
domain of Haplp (Zhang and Guarente, 1995). Thus, hen®65-residue protein that contains a DNA-binding site
may regulate the activity of Haplp by (1) masking the bindingonsisting of 22 essential residues (Olesgnal. 1987;
sites for repressor protein(s), and possibly regulating DNAPinkhamet al. 1987; Forsburg and Guarente, 188®lesen
binding affinity, via residues 244-444, and (2) regulating theand Guarente, 1990; Xingt al. 1993); Hap3p, a 144-residue
activation domain through binding of heme to the secongrotein that is also required for DNA-binding (Xireg al.
regulatory domain (residues 1192-1197). 1993); Hap4p, a 554-residue protein that contains an acidic
Despite considerable progress in our understanding of thectivation domain (Forsburg and Guarente, H9&lesen and
regulation of Haplp activity by heme, a number of question&uarente, 1990); and Hap5p, a 216-residue protein that is
remain. Although recent studies have shown that a synthetiequired for both assembly and DNA-binding activity of the
peptide of the HRM (Ala-Lys-Arg-Cys-Pro-Val-Asp-His-Thr- complex (McNabbet al. 1995). Hap2p and Hap3p are
Met) reversibly binds heme with an affinity in the micromolarhomologous to the mammalian transcription factors CPI-A and
range (Zhang and Guarente, 1995), it is still not known whethéPI-B (human) and CBF-A and CBF-B (rat) (Chodestal.
Haplp is a hemoprotein vivo. Also unclear is whether Haplp 1988; Maityet al. 1990).
binds redox-active metals (e.g. Fe). Although current models The Hap2/3/5p heterotrimer functions in DNA-binding,
of Haplp activation regard heme as a metabolic cofactor, it ishereas Hap4p is a regulatory subunit required for the
possible that heme might function as a redox-sensitive grougctivation of the complex (McNal# al. 1995). Transcription
that either directly or indirectly controls the activity of Hap1p.of bothHAP2andHAP4is induced by nonfermentable carbon
The binding of heme to the HRM is qualitatively different from substrates, which may account for the increase in expression
that in hemoproteins such as globins and cytochromes (Zhawd Hap2/3/4/5p-regulated genes in response to these carbon
and Guarente, 1995; Boakt al. 1978; Chomeet al. 1994).  substrates (Forsburg and Guarente, &98%here is some
Whereas the axial iron ligands in cytochromes are typically avidence that other regulatory proteins may substitute for
histidine/methionine pair or bis-histidine, both of which bindHap4p, suggesting that the Hap2/3/5p heterotrimer may be a
heme tightly and shift the spectral Soret peak to a longageneral transcription factor whose activity is modulated by
wavelength, the sulfhydryl group of the cysteine residue in thether regulatory proteins besides Hap4p (Forsburg and
HRM is thought to bind heme iron and shift the Soret peak tGuarente, 1989 Olesen and Guarente, 1990; reviewed by
a shorter wavelength (Zhang and Guarente, 1995). It has begitomer and Lowry, 1992). Moreover, additional cellular
suggested that this difference allows heme to bind reversibkactors (e.g. Gen5p) may be involved in the transcriptional
to the HRM (Zhang and Guarente, 1995), but it is not knowmctivation of the Hap2/3/4/5p complex (Georgakopoulos and
whether this difference in binding precludes the possibility thaThireos, 1992).
this heme is redox-active. In the absence of heme, Haplp mayThe function of heme in regulating the activity of
actually repressthe transcription of genes (e.§0D2and Hap2/3/4/5p is unclear. Whereas the DNA-binding activity of
ROX) that are activated in the presence of heme (Pinldtam Hap2/3/4/5p appears to be heme-independent, it is not known
al. 1997; Deckeret al. 1995). It is not yet known how the whether heme affects the overall abundance of the complex or
larger, transcriptionally inactive complex that forms in theits transcriptional activity. Forsburg and Guarente (3989
absence of heme may repress the transcription of these asupgested that heme could affect Hap4p post-translationally,
possibly other Haplp-regulated genes. Finally, it is interestingut how this could influence the activity of the heteromeric
to note that the general transcription factors/mediators Tuplgomplex is not known. Interestingly, the transcription of some
and Ssn6p (Cyc8p), which are typically involved in repressionof the Hap2/3/4/5p-regulated genes appears to be heme- and/or
play a role in theactivation of Haplp (Zhang and Guarente, carbon-source-independent. These genes, which were not
1994); however, the mechanism for this activation is noincluded in Table 1, fall into two classes: those regulated in a
known (seeRoxlpsection for a discussion of Tuplp/Ssn6pheme-independent, carbon-source-dependent manner
function). Undoubtedly, as additional cellular components ofincluding ACOJ1, CIT1, KGD1, KGD2 and LPD1, which
the Haplp—DNA complex are identified, we will gain newencode tricarboxylic acid cycle enzymes), and those regulated
insight into how the activity of this complex is regulated andn a heme-independent, carbon-source-independent manner
how heme functions in the formation and activation of thigincluding HEM1 and HEM3, which encode enzymes in the
transcription complex. heme biosynthetic pathway) (reviewed by Pinkham and Keng,
1994). The differences in the regulation of these classes of
Hap2/3/4/5p genes by Hap2/3/4/5p are not understood, and they are
The other main transcriptional activator of oxygen-mentioned here only for completeness. Finally, there are a
responsive genes in yeast is Hap2/3/4/5p. It is a highlgumber of Hap2/3/4/5p-regulated genes whose expression in
conserved heteromeric complex that binds to CCAAT boxesesponse to oxygen, heme and carbon source is not fully
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known. These genes encode a diverse array of proteiTable 2.Defined and putative Rox1p-binding sequences in the
involved in cellular respirationSPH1, SDH3 and SDH4 upstream repressor sites of hypoxic genesaacharomyces
Daignan-Fornieret al. 1994), glycolysis EBP1 and PCKZ; cerevisiae

Mercado and Gancedo, 1992), glutamate synth&i3H(;

: Gene Sequence

Danget al.1996), sporulation§PR3 Ozsaraet al. 1995) and
vacuolar functionAPEZ; Bordalloet al. 1995). COXsb -228 TYTATTGTTCga *

Given the diverse array of genes regulated by Hap2/3/4/5| -63 TCTATTGTTtaa *
as well as the number of environmental and physiologice CYcC7 -126 agaATaGTTCTC ©
factor; that apparently modulatg- Hap2/3/_4/'_5p activity, it i.s HEM13 -475 TCaATTGTTtag 2
tempting to speculate that this transcription complex it 229 TgCtTTGTTCaa 2+
modular and that additional elements (possibly subunits oth: -186 CCCATTGTTCTQ
than Hap4p) may regulate its activity. Further dissection o
Hap?2/3/4/5p should improve our understanding of the ways i HMG1 622 CCOATTGTTCt
which environmental and physiological factors, including HMG2 -282 CgCATTGTTtTg
heme and oxygen, regulate the activity of this complex. ERG11 -358 CCTATTGTgCat 4

Rox1p CPR1 -211 gCtATTGTTCTC

The Rox1 protein represses the transcription of nearly a OLEL -130 TTTATTGTTCTa
of the hypoxic genes. Its gen®OX1 was originally -260 ggCATTGTTaTC *
identified by the characterization of mutations that resulted i -272 CCTATTGTTacg
the aerobic derepression of the oxygen- and heme-repress ANB1 -316 TCCATTGTTCqgt 3
gene ANB1 (Lowry and Zitomer, 1984). Two classes of -285 CCTATTGTTCTC?
mutants were identified. One class, represented byottie -218 TCCATTGTTCTC?
al allele, is semidominant and pleiotropic, affecting both -197 CTCATTGTTgct
heme-repressedABJ1) and heme-inducedC{YC1, TIF51A AAC3 -197 TTCATTGTTtgg °

andSOD3J genes. The second class, represented byoiie
b3 allele, is recessive and affects the expression of onl
heme-repressed genes (AYIB1I). Therox1-b3mutant strain Sequences are presentedt® 3 except those followed by an
was later shown to have the same phenotyperaglanull  asterisk, which are oriented ® 5. Numbers indicate the position
strain (Balasubramaniaet al. 1993), which suggests that the relative to the first nucleotide of the initiation codon (+1). Small
roxl-al strain may contain a second, as yet unidentifiedletters indicate nucleotides that differ from the consensus sequence.
mutation. 1-Deletions or mutations in these sequences result in aerobic
TheROX1gene encodes a 368-amino-acid protein whose Nderepression of the geneé'Hodge et al. (1990); “T. Keng,
terminal region shows homology to other high-mobility groupunPublished observations (see Pinkham and Keng, 1994y et
(HMG) classes of nonhistone chromatin proteinsgl' é1990); lMehta and Smith (1989fTuri and Loper (1992);
(Balasubramaniaet al. 1993). The region that accounts for the S?Sg;/a;tsgqi?ogn?’i)h Lowrst al. (1990)
DNA-binding specificity is found within the HMG domain, i i
which lies between residues 9 and 93 (Balasubramaiah
1993; Di Flumeriet al. 1996).In vitro, Rox1p synthesized in this consensus sequence (Di Flumeti al. 1996). This
Escherichia colior with anin vitro wheat-germ translation sequence is typically found within 500 base pair®fSthe
system forms oligomers that are dependent upon an intatATA box and has been identified in all known Rox1p-
HMG domain (Di Flumeriet al. 1996; Zitomeret al. 1997). regulated genes (Table 2). Several genes contain multiple
The C-terminal domain is required for transcriptionalcopies of the consensus sequence, but one copy is apparently
repression and is presumed to interact with the Ssn6p/Tupbpfficient for repression. From a comparison of these
complex (see below) (Balasubramangdral. 1993; Zitomert  sequences, as well as mutational studies, it appears that
al. 1997). The function of a third region, containing a run ofsubstitutions in the first three pyrimidines and the last three
glutamines (residues 103-123), is unclear (Zitoreeral.  nucleotides do not severely inhibit Rox1p binding. There is
1997). some evidence that, in addition to the consensus sequence, a
The DNA sequence to which Rox1p binds has beeflanking T-rich region may also be important for Rox1p
determined through a series of mutational analyses of thHginding or activity (Sabovat al. 1993).
promoter regions of several Rox1p-regulated genes. It is found Although the precise mechanism of repression by Rox1p is
within the upstream repressor site (URS) and consists of thenclear, a heme-dependent cofactor is not required: when
consensus sequence YYYATTGTTCTC (Y=pyrimidine) transformed with a plasmid carrying tR&®X1gene fused to
(Lowry et al. 1990; Balasubramaniaet al. 1993).In vitro  the GAL1promoter,hemlnull mutants grown on galactose in
binding studies using partially purified Rox1p with syntheticthe absence of heme repress the transcription of hypoxic genes
oligonucleotides have verified that Rox1p binds specifically tgkeng, 1992). However, heme is required for the transcription

Consensus YYYATTGTTCTE
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of theROX1gene, which is mediated, in part, by Haplp (KengROX1are the same or different genes (Trueblood and Poyton,
1992). As stated above, in the absence of heme, Haplp ma988; Lambertet al. 1994). To resolve this confusion, we
repress the transcription BOX1(Deckertet al.1995). There  recently characterized phenotypic differences betweedi

is also some evidence that Hap1p is not the only transcriptionahd rox1 mutants, performed additional complementation
activator ofROX1expression. IndeedROX1transcript levels studies, and sequenced R®X1gene inreol strains (Kwast

are only moderately depressedAhapl mutants (Deckeret et al.1997). These studies revealed a similar degree of aerobic
al. 199%). derepression for all of the hypoxic genes examinefirarx1,

Two general transcription factors/mediators, Ssnép (Cyc8pkeol and the resulting diploid strain. Sequence analyses of
and Tuplp, are required for Rox1p-mediated repression. Wh&OX1in reolstrains revealed a frame-shift mutation in the 5
either protein is absent, Rox1p-regulated genes are expressadl of theROXZEcoding region. This mutation results in a
constitutively (Balasubramaniagt al. 1993; Deckertet al.  nonsense codon in the sixth position of the coding region
199%). Both Tuplp and Ssn6p are required for the activity ofKwast et al. 1997). Thus, it appears thegolis, in fact, an
other DNA-binding transcriptional repressors that function tallele of ROX1
regulate a diverse array of cellular activities, including cell- In addition toROX1(REQJ), there are several other genes
type recognition and catabolite repression (Kelehat.1992; whose products are thought to repress the transcription of
Schultz and Carlson, 1987; Trumbly, 1988; Williams andhypoxic genes. These includBOX3 ROX5 and ROX6
Trumbly, 1990). Although these factors do not bind DNA(Rosenblum-Vos, 1988; Rosenblum-Vesal. 1991). These
directly, they are thought to be recruited to form a complexyenes were identified in mutant hunts for factors regulating the
with the DNA-binding repressors (Keleheat al. 1992; expression ofCYC1 CYC7or ANB1 Although mutations in
Varanasket al. 1996; Tzamarias and Struhl, 1994, 1995). It hagox3 result in the aerobic derepression 6I¥C7 ROX3
been proposed that Ssn6 provides the link to a pathway-speciffanscript levels increase during anaerobiosis in a heme-
DNA-binding protein (e.g. Rox1p), while Tuplp mediatesindependent manner, and deletion of its product is lethal. These
repression (Tzamarias and Struhl, 1994, 1995). Indeedesults suggest that Rox3p is probably a general transcription
Zitomer et al. (1997) recently collected evidence for a directfactor (Rosenblum-Vogt al. 1991). Indeed, recent studies
interaction between Ssn6 and Rox1p, and they suggest th@ve shown that Rox3p (synonymous with Ssn7p and Rmrlp)
Ssn6 may be involved in stabilizing the protein~DNAis a mediator and component of the RNA polymerase Il
complex. The precise role of Tupl in the formation of thisholoenzyme (Gustafssoet al. 1997). Thus, through its
complex and in repression is unclear. involvement in the transcriptional regulation@YC7 Rox3p

The transcriptional regulation of genes by Rox1p can beontributes to the global stress responseSincerevisiae
summarized by the following model. In the presence of hem@Sustafssoret al. 1997). The functional roles th&OX5and
(e.g. aerobiosis), thROX1gene is transcribed, mediated in ROX6play in the repression of hypoxic genes are unclear and
part by Haplp activation, and translated. Cellular levels ofieither gene has been cloned.

Roxlp are regulatedvia autorepression, in that Roxlp Finally, recent studies have identified several genes,
represses the expression of its own gene (Deekaft199%).  includingDAN1, GPD2andSRP1 that are repressed by heme
Once translated, Rox1p enters the nucleus, binds to consensuoxygen in an apparently Rox1p-independent manner (Sertil
sequences in the URS(s) of hypoxic genes, and forms et al. 1997; Ansellet al. 1997; Donzeatet al. 1996). The
complex with Ssn6p/Tuplp, resulting in the transcriptionakxpression oDAN1is similar to that of other hypoxic genes
repression of these genes. There is some evidence that Rox@phe following respects: its transcription is induced by anoxia,
may bind to URSs with different affinities, which may, in part,blocked by the addition of heme to anoxic cells and
account for differences in the transcript levels of a number afonstitutive in heme mutants (Serét al. 1997). Because
hypoxic genes under identical conditions of heme and oxygeRox1p does not influence its expression, these results suggest
availability (see discussions in Zitomet al. 1997). In the the existence of a parallel heme-dependent regulatory system.
absence of heme (e.g. anaerobiosis), the transcriptR@XfL.  Similarly, the expression @PD2 encoding an isoenzyme of

is repressed, caused in part by Haplp-mediated repressi?vdD*-dependent glycerol-3-phosphate dehydrogenase, is
Rox1p levels subsequently decline, repression is released, ainduced under anoxia in a Rox1p-independent manner (Ansell
the hypoxic genes are transcribed. A recent report suggests tieait al. 1997). However, its transcription appears to be
Roxlp may be ‘rapidly’ degraded in the absence ofnodulated by the redox state of the cell, suggesting a
heme/oxygen, although the mechanism responsible for this isgulatory pathway that is different from that of other

not known (Zitomeeet al. 1997). hypoxically expressed genes (Anseflal. 1997).
- _ In addition toDAN1andGPD2 SRP1(Donzeatet al.1996)
Additional repressors of hypoxic genes and other genes, such @88 T1(Bourot and Karst, 1995) and

In addition toROX1, REOl1was identified as an aerobic TIP1 (Donzeauet al. 1996), are hypoxic genes that are
repressor of the heme-mediated, hypoxic gegb@X5band expressed under anaerobic conditions, but tthasacting
ANB1 (Trueblood and Poyton, 1988). However, factor(s) that mediates their expression is not known. Finally,
complementation studies betweex1 andreol strains have the URSs in a number of hypoxic genes also contain the core
yielded conflicting results concerning whethREO1 and  sequence AAACGA (Sabovat al. 1993; Turi and Loper,



Oxygen sensing in yeadt185

1992), but a transcriptional repressor that may interact with thisnd Labbe, 1990; Pinkham and Keng, 1994). However, under
sequence has not been identified. Thus, at present, Rox1p'ngar-anoxic’ (trace oxygen) conditions, coproporphyrinogen
the only known transcriptional repressor of hypoxic genedll oxidase, an oxygen-utilizing enzyme, is probably rate-
However, as suggested by these studies and others discusbetting (reviewed by Labbe-Bois and Labbe, 1990; Pinkham
below, additionatrans-acting factors and regulatory pathwaysand Keng, 1994). Moreover, the activity of
are probably involved in modulating the expression of some afoproporphyrinogen il oxidase increases in response to near-
the hypoxic genes. anoxic conditions (Miyake and Sugimura, 1968) and in strains
with a defect in heme biosynthesis, regardless of the position
of the block in the pathway (Labbe-Bas al. 1980; Urban-
Regulation of cellular heme levels Grimal and Labbe-Bois, 1981; Rytka al. 1984). In addition,
From the preceding discussion, it is clear that heme workshereas other genes encoding enzymes in the heme
together with a variety dffans-acting factors to regulate the biosynthetic pathway are thought to be expressed
transcription of oxygen-responsive genes in yeast. Furtheonstitutively with respect to oxygen, the transcription of
evidence for the central role of heme in the transcriptiondHEM13 which encodes coproporphyrinogen Il oxidase, is
regulation of these genes is provided by the followingepressed by heme/oxygen (mediated by Haplp and Rox1p;
experimental observations. First, heme-deficient mutantgerdiereet al. 1991; Keng, 1992). This oxidase has a high
derepress the transcription of hypoxic genes and repress thfinity for oxygen, with an estimate<h, of below 0.Jumol 172
transcription of aerobic genes, irrespective of oxygerD; (see discussion by Labbe-Bois and Labbe, 1990),
concentration (Hodget al. 1989; Lowry and Lieber, 1986). suggesting that heme levels would not reflect oxygen
Second, the addition of hemin to anoxic cells increasesoncentration until near-anoxic conditions. Supporting this
transcription of aerobic genes and decreases transcription wiew is the lack of evidence that cellular heme concentrations
hypoxic genes (Hodget al. 1989; Lowry and Lieber, 1986). vary appreciably at higher oxygen concentrations (Labbe-Bois
Thus, heme can act either in a positive manner, activatingnd Labbe, 1990). Therefore, if cellular concentrations of heme
transcription of primarily the aerobic genes, or in a negativare controlling the expression of oxygen-responsive genes,
manner, repressing the transcription of primarily the hypoxitieme probably acts as an on—off switch only at extremely low
genes. As a product of the mitochondrion and as a prosthetixygen levels. Because of the difficulty in measuring free
group of respiratory cytochromes, heme may be ideally suiteldeme levels in cells, this hypothesis has not yet been tested.
to coordinate the expression of the mitochondrial and nuclear
genes involved in the biogenesis of the mitochondrial Heme degradation and distribution
respiratory chain (Forsburg and Guarente, b98a&dmanaban In addition to its effects on transcription, heme affects a
et al. 1989). Indeed, heme is intimately entwined with energyarge number of other cellular processes, including protein
production via its link as a prosthetic group in the translation, transport, assembly and degradation (reviewed by
mitochondrial cytochromes and other proteins directlyPadmanabaat al. 1989). Because of the multitude of cellular
involved in oxygen use and redox reactions. In the followingactivities that are influenced by heme, its synthesis,
sections, we provide an overview of the regulation of celluladegradation and distribution are thought to be tightly regulated
levels of heme and discuss the functional roles of heme ifPadmanabaat al. 1989). Although its synthesis is subject to

transcription and oxygen-sensing pathways. feedback regulation that ensures adequate production, virtually
_ _ nothing is known about the fate of heme in yeast once it is
Heme biosynthesis made in the mitochondrion (Labbe-Bois and Labbe, 1990).

The heme biosynthetic pathway in yeast has been fairly weleast apparently lack heme oxygenase (Labbe-Bois and
characterized and reviewed elsewhere (Labbe-Bois and Labldegbbe, 1990), which catalyzes the first step in heme
1990; Pinkham and Keng, 1994). Two steps in its biosynthesegradation in higher eukaryotes. Moreover, heme degradation
require molecular oxygen as an electron acceptor: thproducts (e.g. biliverdin, bilirubin) have not been found in
formation of protoporphyrinogen, catalyzed by yeast. Thus, there is no evidence that heme is degraded in yeast
coproporphyrinogen 1ll oxidase, and the formation ofcells; under anoxic conditions, heme may simply be diluted as
protoporphyrin by protoporphyrinogen IX oxidase. Because ofell mass increases during anaerobiosis.
the requirement for oxygen in heme synthesis, it has been Similarly, little is known about the intracellular trafficking
argued that cellular concentrations of heme reflect oxygeof heme. Once it is synthesized in the mitochondrion, heme
concentration (reviewed by Zitomer and Lowry, 1992). For thisnust be distributed to other cellular compartments, including
to be true, the rate-limiting step in heme synthesis must bmicrosomes, peroxisomes, the nucleus and the cytosol. Given
oxygen-dependent. Except at very low oxygen concentrationthe high affinity of heme for proteins and lipids, it is likely that
this does not appear to be the case. In aerobically growing celtbjs distribution is carrier-mediated. There is some evidence in
o-aminolevulinate (ALA) accumulates as a result of low levelssupport of this view, at least in higher eukaryotes (Metiexl.
of ALA dehydratase (porphobilinogen synthase) and its 1owl978). Thus, it is unlikely that pools of free heme accumulate
substrate affinity, suggesting that ALA dehydratase is ratein these different cellular compartments. All of the steps in the
limiting under aerobic conditions (reviewed by Labbe-Boissynthesis, distribution and degradation or dilution of heme
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could be important regulatory checkpoints. A thorough Effect of oxygen concentration on the expression of

understanding of the role of heme in regulating cellular oxygen-responsive genes
function, including transcription, awaits  further Recently, we completed a number of experiments addressing
characterization of these processes. the role of heme and hemoproteins in regulating the

transcription of oxygen-responsive genes in yeast. Previous
experiments examining the transcription of these genes have
Functional roles of heme in oxygen-sensing and the been performed primarily using cells grown either aerobically
transcriptional regulation of oxygen-responsive genes  or anaerobically, or witthem1mutants in the presence or
There are at least three feasible pathways in which henabsence of-aminolevulinate, which bypasses tremldefect.
could be involved in the transcriptional regulation of genesyhile these approaches have identified genes that are oxygen-
one involves control by theoncentrationof heme, and the and/or heme-sensitive and have helped to define many of the
other two invoke control by theedox state of hemoproteins trans-acting factors andis-sites that control the expression of
(reviewed by Poyton and Burke, 1992; Bunn and Poytorthese genes, they do not address how oxygen is sensed or the
1996). These different regulatory pathways are not mutuallfunctional role of heme in regulating their transcription. For
exclusive. example, one question raised by these studies is whether these
In the first type of pathway, heme would serve simply as genes respond in a graded fashion to oxygen concentration or
metabolic cofactor or ligand that binds to transcriptionain an all-or-none fashion to the presence or absence of oxygen.
components and regulates their activity, as has been propodddreover, measurement of their transcript levels as a function
for the heme-dependent activation of Haplp (Fytlowtlal. of oxygen concentration could provide insight into the
1993; Zhang and Guarente, 1995). In this type of pathway, ttfanctional role of heme in controlling their expression. For
concentration of heme, and not its redox state, would modulatxample, if cellular concentrations of heme were controlling
the activity of transcriptional component(s). At very lowthe expression of both the aerobic and hypoxic genes, we
oxygen concentrations, i.e. near tl&, of oxygen for would predict that their transcript levels would not vary with
coproporphyrinogen Il oxidase, cellular heme concentrationdeclining oxygen level until its concentration approached the
could provide an effective on—off switch for the transcriptionKm of coproporphyrinogen Il oxidase. Below this oxygen
of both the hypoxic and aerobic genes. concentration, transcript levels of the aerobic genes would
In the second type of pathway, heme would function as decline, while those of the hypoxic genes would increase.
redox-sensitive component of either a transcription factor or Fig. 2 illustrates the effect of oxygen concentration on
effector element that regulates the activity of transcriptionaranscript levels of an aerobic gene (Fig. 2A), an aerobic and
components (reviewed by Poyton and Burke, 1992; Bunn artaypoxic gene pair (Fig. 2B), and a hypoxic gene (Fig. 2C). Fig.
Poyton, 1996). For example, the redox state of heme bound 2& shows the relative mRNA levels of the aerobic ge@X4
Haplp or other heme-mediated transcription factors coulih cells grown at different oxygen concentrations (Buekal.
conceivably control their activity. Although Haplp has beerl997) COX4transcript levels decline gradually between 200
shown to bind hemia vitro, it is not known whether this heme and Ilumolll O, and then decline sharply below this
is redox-active. Measurements of Haplp activity in differentoncentration. Transcripts of a number of other subunits of
redox environments would help clarify the role of heme incytochromec oxidase, includingCOXg COX7, COX8 and
Haplp activation. COX9 show a similar trend with respect to oxygen
In the third type of pathway, the redox (or spin) state of theoncentration (Burket al. 1997). Under nominally oxygen-
iron in a hemoprotein oxygen sensor would modulate th&ee conditions (anoxia), mMRNAs of all of these genes are
activity of transcriptional components either directly ordetectable, varying from 8 to 40% of their normoxic levels
indirectly. For example, for mammalian cells, considerabléBurke et al. 1997).
evidence suggests that the redox state of a hemoprotein oxygerrig. 2B shows the dose—response curve of transcripts of the
sensor controls the expression of a large number of hypoxaerobic and hypoxic gene p&OX5dCOX5bas a function of
genes, acting through a transcriptional activator, hypoxiaexygen concentrationUnlike the other aerobi€OX genes
inducible factor 1 (HIF-1) (reviewed by Bunn and Poyton,examined COX5atranscript levels (solid line) vary little as a
1996; Ratcliffe, 1998; Huangt al. 1998). Perhaps the best- function of oxygen concentration between 200 andri6l I~
characterized hemoprotein oxygen sensor is FixL in nitroger®y, but decline sharply below approximately $dol 171 O
fixing bacteriaRhizobiumsp.; the spin state of Fe in the heme(Burkeet al.1997; K. E. Kwast, P. V. Burke and R. O. Poyton,
moiety of FixL regulates its kinase activity, which controls thein preparation). In contrast, transcript levels of the hypoxic
activity of a transcriptional component, FixJ (Gilles-Gonzalezgene COX5b (dashed line) are undetectable, or nearly so,
et al. 1991, 1994; Gilles-Gonzalez and Gonzalez, 1993between 200 and 0.26noll"2 Oy, and then they increase
reviewed by Bunn and Poyton, 1996). It is not known whethesharply below this concentration. Similar oxygen-dependent
any of the oxygen-responsive transcription factors in yeast ateanscript profiles were found for the aerobic and hypoxic gene
differentially phosphorylated in response to oxygen or whethgpairs CYCICYC7 TIF51AANB1 and AAC2AAC3 (K. E.
hemoproteinger seare involved in oxygen-sensing pathwaysKwast, P. V. Burke and R. O. Poyton, in preparation). In all
in yeast. cases, a sharp break in their transcript levels occurs between
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approximately 1 and OjfmolI~1 Oy, with the aerobic isoform
1004 A being optimally expressed above this concentration and the
hypoxic isoform expressed below it.
0.75- Fig. 2C shows the dose-response curve of the hypoxic gene
: CPR1(NCPJ). Unlike the hypoxic genes that encode isoforms,
0.6 CPR1transcripts are detectable between 200 angrad |1
0.50 1 ( 05 Oz (at approximately 30% of their anoxic levels), but their
' levels also increase sharply below @oll1 O.. Similar
0.25 0.4 transcript profiles were found for the hypoxic ger#EEM13
03 HMG1, HMG2, ERG11land OLEZ; transcript levels of all of
— these genes also show sharp changes, typically below
Oﬂ ———————r 0 9'4, 0.8 ,1'% 1umoll1 Oz (K. E. Kwast, P. V. Burke and R. O. Poyton, in
B preparation).
1004 Another way to investigate how oxygen affects the
| transcription of these genes is to shift cells from anoxic to
1] 100 aerobic conditions andsice versa We used such shift
s 075 el experiments to examine the kinetics of induction of aerobic
E 0.75) | genes and decline in transcript levels of hypoxic genes (Fig. 3)
2 050+ 0.50 / as well as the kinetics of induction of hypoxic genes and
% 0.25 decline in transcript levels of aerobic genes (Fig. 4). The large
£ 0254 0 | change in oxygen concentration that occurs during the first
.% | 0 04 08 12 10 min after the shift is shown in the insets in Figs 3A and 4A.
T 0AI ______________ Under the experimental conditions used, the mass-doubling
L S time of S. cerevisiastrain JIM43 was approximately 4 h under
C anoxic conditions and approximately 2.4h under aerobic
1.00 4 1.0 conditions.
0.8 Fig. 3 shows the effect of shifting cells from steady-state
0.75 06 anoxic conditions to aerobic conditions on transcript levels of
' COX4 (Fig. 3A), COX5a and COX5b (Fig. 3B) and the
0.4 hypoxic genesCPR1 CYC7andHEM13 (Fig. 3C) (Burkeet
0.50 4 0O 04 08 12 al. 1997; K. E. Kwast, P. V. Burke and R. O. Poyton, in
preparation). In general, transcript levels of aerobic genes, as
0.25 - illustrated byCOX4 respond rapidly to reoxygenation and then
increase slowly, reaching half of their aerobic steady-state
04 levels €1/2) typically in less than 1h (Burket al. 1997).
6 T '5‘0 T '160' T '15‘0' T '260 Transcript levels of aerobic isoforms, suctCasX5a(Fig. 3B,
[O3] (umol 1-2) solid line), typically increase more rapidly, withy, values

ranging from 5min TIF51A) to 45min AAC2 (K. E. Kwast,
Fig. 2. Effect of oxygen concentration on transcript levels of arp, v, Burke and R. O. Poyton, in preparation). Finally,
aerobic gene GOX4 (A), an aerobic and hypoxic gene pair yranscript levels of most hypoxic genes, as illustrated by
(COX5dCOXsh (B) and a hypoxic gene CPR) (C).  coxsp(dashed line, Fig. 3B) andEM13 (dashed line) and
Saccharomyces cerevisiggtrain JM43) was grown for at least six CPR1(solid line) in Fig. 3C, decline rapidly, with» decay

generations in semi-synthetic galactose medium containing Tween . . .
80, ergosterol and antifoam (SSG-TEA) at oxygen concentrations gf”llues ranging from 5mirHEM13 COX5h AAC3 to 70 min

200, 100, 50, 10, 5, 1, 0.50, 0.25 and @I and under anoxic (OLED (K. E. Kwast, P. V. Burke and R. O. Poyton, in
conditions (Q-free No+ 2.5% CQ) (see Burkest al. 1997, 1998; K. Preparation). Currently, it is not known whether the decline in
E. Kwast, P. V. Burke and R. O. Poyton, in preparation). Total RNAranscript levels of these hypoxic genes is due to the effect of
was isolated and subjected to northern-blot analyses. Transcripkygen on transcript synthesis, transcript stability or both.
levels were normalized to the level &CT1 mRNA and are  Surprisingly, upon reoxygenationCYC7 transcript levels
presented relative to their levels under normoxic conditions (for th¢dash-dotted line, Fig. 3C) increase, reaching nearly five times
aerobic genes) or anoxic conditions (for the hypoxic genes). Thgheir levels under anoxia, before declining (Buekel. 1997;
inset in each panel shows the change in the tr.an§cript levels of the g Kwast, P. V. Burke and R. O. Poyton, in preparation).
genes between 0 and fuol "% Oz. In B, the solid line represents £y 4 shows the effect of shifting cells from steady-state
t?;éiﬁ;{?:\fgg?t levels and the dashed line repres@@x5b aerobic conditions to anoxic condition; on transcript Ie\{els of
these same genes. In general, transcript levels of aerobic genes
(e.g. COX4 Fig. 4A), as well as the aerobic isoforms (e.g.
COX53 solid line in Fig. 4B), decline rapidly, with/> decay
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Fig. 3. Kinetics of induction of aerobic genes and decline irFig' 4. Kinetics of induction of hypoxic genes and decline in
trzgr.]sc.ri t levels of hvpoxic aenes after a shi?t from anoxic to ae‘robitranscript levels of aerobic genes after a shift from aerobic to anoxic
crp yp 9 - .~ conditions. Saccharomyces cerevisiagas grown for at least six

conditions. Saccharomyces cerevisiagas grown for at least six . d . diti - h
enerations under anoxic conditions. At time zero, the sparge ggeneratlons under normoxic conditions. At time zero, the sparge gas
9 ) ! was changed from air toxree No. Cells were harvested for RNA at

Y(vazsc;hz;ng\e/d I_I,rorrl]:e% rnedeé\ng a;; (foene iurl(rfta?;t'lc?r%nCKelllf erdifferent times after the shift, and the RNA was subjected to
wast, V. V. bBu - ©. Foyton, In preparation). Wer  orthern-blot analyses (see Bur&eal. 1997; K. E. Kwast, P. V.

harvested for RNA at different times after the shift, and the RN,tBurke and R. O. Poyton, in preparation). Transcript levels were

was Sl.ijeCted to r_10rth_ern-b|ot analyse;. Transcr_lpt Ie_vels W€ ormalized as described in the legend to Fig. 2. The inset in A shows
normalized as described in the legend to Fig. 2. The inset in A sho - . : -
the change in oxygen concentration that occurs during the first

the change in oxygen concentration that occurs during the flr10 min after the shift. (ALOX4transcript levels. In B, the solid line

Il'r?em”r]ea];tgstet:tes Cs:lg)lf)(tsg)tr;rr\i,rzzsrqtlptl(leefeis 2?3(4u|1r; Ba;r;iesc(j)"?'ne representsCOX5atranscript levels, and the dashed line represents
' P P v N coxsb transcript levels. In C, the solid line represe@PR1

Eg;fft?n;i:(zxtslb t/ralnsiqulpt dlevﬁlsd Ilirrlm Cr’ tk;e solid i'gfr rr‘?prﬁsfmstranscript levels, the dashed line represétiEdi13 transcript levels
anscript leves, the dasne € repres o ranscrip and the dashed-dotted line repres@X€<7transcript levels
levels and the dashed-dotted line represéNS 7transcript levels.

rapid induction of aerobic genes (Fig. 3), there is a remarkable
values ranging from 5 to 60 min (K. E. Kwast, P. V. Burke andrariation in both the time course for induction of the hypoxic
R. O. Poyton, in preparation). In contrast to the comparativelgenes as well as their transcript profiles (Fig. 4B,C). Whereas
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some hypoxic genes are induced fairly rapidly (elgM13 hypoxic conditions, CO markedly reduces the transcription of
dashed line in Fig. 4C), others are induced much more slowly number of hypoxically induced genes in mammalian cells
not reaching fully anoxic levels until nearly 20h (e)C7  (Goldberget al. 1988; Kietzmanret al. 1993; Goldberg and
dashed-dotted line in Fig. 4C). Moreover, many of the hypoxi&chneider, 1994; reviewed by Bunn and Poyton, 1996) and
genes exhibit large overshoots (HEM13 andCPR1,solid  inhibits the expression of several proteins in turtle hepatocytes
line in Fig. 4C) above their steady-state anoxic levels, whilé¢reviewed by Hochachkat al. 1996). Although the precise
others simply plateau (e.§OX5h dashed line in Fig. 4B, and target of CO in these cells has not been determined, these
CYC?) (K. E. Kwast, P. V. Burke and R. O. Poyton, in results are consistent with CO binding to a ferrous hemoprotein
preparation). oxygen sensor and preventing a redox change in the heme
Taken together, these findings provide insight concerning moiety that is required for the induction of these genes at low
number of aspects of the transcriptional regulation of thesexygen tension (Goldbergt al. 1988; reviewed by Bunn and
genes. First, transcript levels of both the aerobic and hypoxioyton, 1996). In mammalian cells, this hemoprotein oxygen
genes are determined by tkencentrationof oxygen, not sensor is proposed to function as an oxidase that reduces
merely by its presence or absence. Second, compared with tiveygen to superoxide, which acts as a second messenger.
aerobic genes, the hypoxic genes are regulated much moreTo determine whether the redox state of hemoprotein(s) may
tightly in terms of the oxygen concentrations over which thewlso control the expression of oxygen-responsive genes in
are optimally expressed. Third, the induction of the aerobigeast, we recently examined the effects of CO on the induction
genes is much more rapid than that of the hypoxic genesf a number of hypoxic gene€QX5h CYC7 ANB1, AAC3
Fourth, there is a marked variation in both the time course faHEM13 HMG1, HMG2, ERG11 CPR1andOLE]) and on the
induction and transcript profiles of the hypoxic genes. Andlecline in transcription of several aerobic gen€©X53
fifth, for nearly all of these oxygen-responsive genes, a shapOXg CYC] TIF51A AAC2and ROXY) after shifting cells
break occurs in their transcript levels at approximatelffrom aerobic to anoxic conditions (K. E. Kwast, P. V. Burke,
1umoll=1 O, with transcript levels of the aerobic genesB. Staahl, S. Fontaine and R. O. Poyton, in preparation). This
declining sharply and those of most hypoxic genes increasirget includes genes whose transcription is regulated by Haplp,
sharply below this concentration. It is interesting that this sharplap2/3/4/5p and/or Rox1p. Interestingly, CO affected only a
change occurs near the estimatekln for O of  small subset of the hypoxic genes: CO totally blocked the
coproporphyrinogen 1l oxidase (approximately @moll=2  anoxic induction oCYC7andOLE1and partially blocked the
0O2). Although we have not directly measured levels of freenduction of COX5b(K. E. Kwast, P. V. Burke, B. Staahl, S.
heme at these different oxygen concentrations, these data &w®ntaine and R. O. Poyton, in preparation). The transcription
consistent with models that invoke regulation by cellularof the other hypoxic genes and of all the aerobic genes
concentrations of heme. However, the gradual decline iexamined was not affected appreciably by CO. These results
MRNA levels of a number of aerobic genes — and the increaskefine two classes of hypoxic genes: CO-sensitive and CO-
in mMRNA levels of some of the hypoxic genes (see K. Einsensitive. They also suggest that CO is not acting through
Kwast, P. V. Burke and R. O. Poyton, in preparation) — oveany of the known heme-activated transcription factors or
a range of oxygen concentration (1-2@@oll~1) in which  through Roxlp. Rather, these findings point to additional
heme levels are thought not to vary (Labbe-Bois and Labb@athways (and probabtyans-acting factors) that mediate the
1990) is difficult to reconcile with such a model. Instead, thesexpression of these hypoxic genes.
data suggest that other regulatory mechanisms (e.g. the redoxAnother experimental approach that has been widely used
state of heme, hemoproteins or other metalloproteins) ate address the involvement of hemoproteins in oxygen-sensing
controlling the expression of these genes at higher oxygegmathways is to examine whether transition metals induce the
concentrations. transcription of hypoxic genes under normoxic conditions.
When added to cells, transition metals (e.g. Co, Ni) are thought
to be incorporated into hemoproteins in place of Fe. Indeed, it

Evidence for the involvement of a redox-sensitive - has been shown that these metals can serve as substrates for
hemoprotein in the induction of a subset of the hypoxic  ferrochelatase, and Co has been shown to be incorporated into
genes heme bothn vivo (Sinclair et al. 1979) and in cultured cells

One way to test the hypothesis that the redox state ¢Sinclair et al. 1982). Unlike Fe, these metals either cannot
hemoprotein(s) is involved in regulating the transcription ofbind G (Ni) or have an exceedingly low affinity for.QCo).
oxygen-responsive genes is to clamp the redox state undermammalian cells, these metals typically induce the same set
different conditions of oxygen availability. An experimental of hypoxic genes whose expression is blocked by CO under
approach that has been widely used to study the involvemehypoxic conditions (reviewed by Bunn and Poyton, 1996).
of hemoproteins in oxygen-sensing pathways in higher In yeast, we find that Co and Ni induce the expression
eukaryotes is to use carbon monoxide (CO). CO is an inert gapecifically of the CO-sensitive gen€lE1 and, in some
that has a remarkably high specificity for ferrous (Fell) hemexperimental conditionsZYC7under normoxic conditions in
groups in hemoglobin, myoglobin, certain cytochromes an@d concentration-dependent manner (K. E. Kwast, P. V. Burke,
other hemoproteins that bind oxygen reversibly. UndeB. Staahl, S. Fontaine and R. O. Poyton, in preparation). Our
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findings with both CO and transition metals suggest that thesensitive prosthetic group of a sensor, heme has been viewed
hypoxic genes are inducedia a pathway involving an primarily as a redox-insensitive, metabolic cofactor required
oxidoreduction state change in a hemoprotein oxygen sensdor the function of transcription factors. However, our studies
Although we have not definitively identified the hemoproteinsuggest that heme may act in both capacities in yeast.
involved in this oxygen-sensing pathway, a large body of This review provides testimony to the pivotal role that heme
evidence suggests that the mitochondrial respiratory chaiplays in the oxygen-dependent transcription of genes. Given
probably cytochrome oxidase, is involved in this signaling that cellular levels of heme appear to control the transcription
pathway (K. E. Kwast, P. V. Burke, B. Staahl, S. Fontaine andf a large set of both aerobic and hypoxic genes, it is possible
R. O. Poyton, in preparation); the anoxic inductiorO&fE1  that coproporphyrinogen Il oxidase acts, in many respects, as
and CYCY7 is specifically blocked by inhibiting electron an oxygen sensor. Our studies of the transcription of these
transport either with metabolic poisons (e.g."Chintimycin  genes as a function of oxygen concentration lend support to the
A) or with mutations in the respiratory chaioof or cob-  view that heme may act as a redox-insensitive cofactor for
strains). The nature of the cross-talk between théranscription factors but, at the same time, the results suggest
mitochondrion and nucleus that is required for the transductiotihat additional regulatory mechanisms — possibly involving
of this signal is being studied. redox-sensitive sensors — are involved at higher oxygen
concentrations. Furthermore, work with CO and transition
metals indicates that multiple pathways are involved in the
Multiple pathways/mechanisms regulate the transcription  regulation of a subset of the hypoxic genes and points to the
of hypoxic genes involvement of redox-sensitive hemoprotein(s). Indeed, these
Overall, our experiments examining oxygen thresholds, thstudies suggest that oxygen-sensing mechanisms involving
induction/decline in transcript levels following a shift in hemoproteins may be universal in prokaryotes and both lower
oxygen concentration and the effects of CO and transitioand higher eukaryotes. Further studies with yeast should define
metals on the transcription of oxygen-responsive genes suggéisése pathways and identify oxygen sensor(s) in this simple
that there are multiple pathways and mechanisms involved iukaryotic organism and may provide insight into an area of
regulating the oxygen-dependent expression of genes in yeastsearch that has presented a considerable challenge to
With regard to the functional roles of heme, we have collectethvestigators working with higher eukaryotic cells.
indirect evidence that cellular concentrations of heme regulate
the transcription of these genes, which is probably mediated by We thank theCompany of Biologistior the opportunity to
the Hap proteins. However, the oxygen-dependent change fmesent our work and for bringing together a diverse array of
transcript levels of a subset of both the aerobic and hypoxiesearchers studying many aspects of oxygen metabolism, as
genes over a range of oxygen concentration in which henshown by the breadth of work in this volume. In addition, we
concentration is thought not to vary suggests that othéhank the community of yeast researchers for providing
regulatory mechanisms are involved, possibly ones involvingreprints and reprints of recent work. The preparation of this
redox changes. Finally, of all of the oxygen-responsive genesticle was supported, in part, by an American Heart
examined, only a small subset of the Rox1lp-dependenfssociation Fellowship to K.E.K., and National Institutes of
hypoxic genes was affected by CO and transition metals. Thidealth Grants GM-30228 and GM-39324 and Tobacco
suggests that these effects are exerted through pathways tRa&tsearch Council Grant 4557 to R.O.P.
are independent of Rox1p and Haplp regulation. Moreover, it
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