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Eukaryotes have the ability to respond to changes in oxygen tension by alterations in gene expression. For
example, OLEI expression in Saccharomyces cerevisiae is upregulated under hypoxic conditions. Previous
studies have suggested that the pathway regulating OLE1 expression by unsaturated fatty acids may involve
Mga2p and Spt23p, two structurally and functionally related proteins. To define the possible roles of each of
these genes on hypoxia-induced OLE1 expression, we examined OLE] expression under normoxia, hypoxia,
and cobalt treatment conditions in Amga2 or Aspt23 deletion strains. The results of OLEI promoter-lacZ
reporter gene and Northern blot analyses showed that hypoxia- and cobalt-induced OLEI expression was
dramatically decreased in a Amga2 strain but not in a Aspt23 strain. Further analyses using low-oxygen
response element (LORE)-CYC1-lacZ fusion reporter assays and electrophoretic mobility shift assays (EMSAs)
demonstrated that MGA2 significantly affects the LORE-dependent hypoxic induction pathway of gene expres-
sion. When MGA?2 was supplied by a plasmid, the LORE-dependent hypoxia-inducible reporter expression was
recovered, as was the hypoxia-inducible complex in EMSAs in the S. cerevisiae Amga2 strain. Supershift
analysis of EMSAs using crude extracts containing mycMga2p indicated that Mga2p is a component of the
LORE-binding complex. Another LORE-dependent, hypoxia-inducible gene, ATF1, was similarly affected in the
Amga?2 strain. These results indicate that MGA2 is required for the LORE-dependent hypoxic gene induction

in S. cerevisiae.

Humans and other eukaryotes have developed sophisticated
mechanisms to respond to decreased oxygen tension. These
mechanisms are fundamentally important for developmental,
physiological, and pathophysiological processes. Because of
the importance of the response to hypoxic conditions, many
mammalian cell types share a common mechanism of oxygen
sensing and signal transduction (reviewed in references 3 and
22). One of the best-studied signal transduction pathways in-
volved in the response to decreased oxygen tension contains
the transcription factor, hypoxia-inducible factor 1 (HIF-1).
Many hypoxia-inducible genes, such as erythropoietin and vas-
cular endothelial growth factor, are upregulated by hypoxia via
the activation of HIF-1 (reviewed in references 2 and 27).
HIF-1 is a heterodimer consisting of an « subunit and a
subunit, two basic helix-loop-helix proteins in the PAS family
of transcription factors. The B subunit is also known as the aryl
hydrocarbon receptor nuclear translocator ARNT. ARNT
mRNA and protein levels are not significantly affected by am-
bient oxygen tension. In contrast, though HIF-1a mRNA levels
are not appreciably affected by oxygen tension, HIF-1a protein
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is rapidly degraded by the ubiquitin-proteosome pathway in
normoxia (15, 26). However, HIF-1a protein accumulates in
response to hypoxia, certain transition metals (e.g., cobalt and
nickel), and iron chelators such as desferrioxamine. Once the
heterodimer is formed under these conditions, it can interact
with other DNA-binding proteins which function in part to
provide tissue and developmental specificity (reviewed in ref-
erences 3 and 7). HIF-1a has also been shown to associate with
the coactivator protein p300 (also called CBP) (1), which in-
teracts with the basal transcription machinery (19, 32).

The yeast Saccharomyces cerevisiae is a facultative anaerobic
eukaryote, which differentially expresses a large number of
genes in response to changes in oxygen availability (reviewed in
references 3, 17, and 35). The oxygen-sensing and signal trans-
duction pathways involved in the regulation of these genes
have been the focus of several studies. Many yeast genes, such
as ANBI, have been shown to be upregulated by complete
anaerobiosis and are mediated in large part through the Rox1p
protein, a DNA-binding protein which functions as a repressor
(reviewed in reference 35). Recently, it has been shown that
some genes in S. cerevisiae exhibit increased expression in
response to hypoxia, cobalt, and iron chelation, mimicking
hypoxia-regulated genes in higher organisms (18, 30). We have
studied one such gene, OLE], which encodes a A9 fatty acid
desaturase gene in S. cerevisiae. A cis transactivation element,
the low-oxygen response element (LORE), was identified and
characterized in the promoter region of OLEI. The LORE
sequence is also found in a family of yeast genes which may
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TABLE 1. S. cerevisiae strains and plasmids used in this study

Strain or plasmid

Strain genotype or plasmid description

Source and/or reference

Strains
BY4741 MATa his3AI leu2A0 met15A0 ura3A0 RG*
Aspt23 MATa his3A1 leu2A01 met15A0 ura3A0 ASPT23 RG
Amga2 MATa his3AI leu2A0 met15A0 ura3A0 AMGA2 RG
Plasmids
p62::934 The OLEI promoter-lacZ fusion 5
pTBA30 Basal CYCI promoter-lacZ fusion A. K. Vershon
pAM6 A tandem repeat LORE-basal CYCI promoter-lacZ fusion 30
pANBI-lacZ The ANBI promoter-lacZ fusion R. Zitomer
pAM23 A centromeric plasmid containing a 5.1-kb fragment which contains MGA2 This study
pRS315 A parental centromeric plasmid of pAM23 This lab
YEplac181-"™*MGA2 A 2pm plasmid containing triple myc-tagged MGA2 14

“ RG, Research Genetics, Inc. (31).

also be regulated via LORE (30). A similar but longer element
has also been reported by Nakagawa et al. (23). The results of
these studies strongly indicate that there is another hypoxia
signal transduction pathway in yeast, in addition to the Rox1p-
dependent repression mechanism.

MGA?2 and SPT23 are two functionally and genetically re-
lated genes. MGAZ2 was identified as a multicopy suppressor of
a transcription defect caused by a null mutation in the SNF2
gene in S. cerevisiae (33). SPT23 is also functionally related to
SNF2 (4, 33). It has been shown that Snf2p is a key component
of the SWI-SNF nucleosome remodeling complex, which plays
an important role in activating the transcription of many genes
(16, 28). Sequence analysis shows that MGA2 and SPT23 have
considerable homology, with 43% of the amino acids overall
being identical and 60% being similar (33). Deletion of either
one of these genes has only a modest effect on cell growth.
However, cells with a MGA2 SPT23 double mutation are not
viable (33). Studies have also shown that both MGA2 and
SPT23 can activate transcription when fused to a Gal4 DNA-
binding domain (33). A subsequent search for genes which are
functionally related to or controlled by MGA2 and SPT23 led
to the identification of OLEI as a gene which is positively
influenced by MGA2 and SPT23 at the transcription level (34).
It is possible that MGA2 and SPT23 control cell viability by
stimulating OLE] transcription (34).

In eukaryotes, regulated intracellular turnover of many pro-
teins, such as the « subunit of HIF-1, is primarily mediated by
the ubiquitin/proteasome pathway, which normally results in
the complete proteolysis of a targeted protein (12). In a few
cases, however, this pathway is involved in partial, rather than
complete, proteolysis. Examples include the proteasome-de-
pendent processing of the p105 precursor of the transcription
factor NF-kB from mammalian cells and the processing of the
precursors of certain yeast transcription factors (20). Recently,
Hoppe et al. (14) identified a novel processing pathway in S.
cerevisiae involving SPT23 and MGA2, which they have termed
regulated ubiquitin/proteasome-dependent processing. Spt23p
and Mga2p are initially made as dormant precursors that are
firmly anchored in the endoplasmic reticulum or nuclear en-
velope membranes by their C-terminal tails. The shortage of
unsaturated fatty acid leads to the RSP5-mediated ubiquitina-
tion of Spt23p and Mga2p, which leads to the release of the
N-terminal transcription factor domain into the cytosol and

finally to the enhanced expression of OLE] mRNA. Addition
of unsaturated fatty acids that contain more than one double
bond almost completely blocks Spt23p precursor processing.
Data suggest that this pathway controls the level of unsatur-
ated fatty acids in S. cerevisiae by regulating OLE] expression

(14).

Previously, OLEI expression has also been shown to be
increased by oxygen deprivation (18, 23, 30). Oxygen is critical
for Olelp function. Given the critical need for unsaturated
fatty acid production in S. cerevisiae to maintain membrane
integrity, we hypothesized that MGA2 and/or SPT2 may also
mediate OLE] expression by hypoxia. Here, we demonstrate
that MGA2, but not SPT23, is required for LORE-dependent
hypoxic induction of gene expression in S. cerevisiae.

MATERIALS AND METHODS

Media, chemicals, and enzymes. Yeast strains were grown in YPD (1% yeast
extract, 2% peptone, 2% dextrose) medium (Bio 101, Inc., Carlsbad, Calif.) or
synthetic complete (SC) dropout medium, depending on the plasmid selectable
markers. Luria broth (LB) was used to grow bacteria. Ampicillin (U.S. Biochem-
ical Corp., Cleveland, Ohio) was used at a dose of 50 wg/ml unless indicated
otherwise. o-Nitrophenyl-B-galactopyranoside (ONPG) was obtained from
Sigma Chemical Co. (St. Louis, Mo.). Radiolabeled compounds were purchased
from Perkin-Elmer (Boston, Mass.). Formamide was obtained from American
Bioanalytical (Natick, Mass.). Ultrahyb Hybridization Solution Acrylamide was
obtained from Ambion Inc. (Austin, Tex.). Bisacrylamide, N,N,N',N'-tetrameth-
ylethylenediamine (TEMED), and protein molecular mass markers were from
Bio-Rad (Richmond, Calif.). Ammonium sulfate, phenylmethylsulfonyl fluoride
(PMSF), CoCl,, NiCl,, 1,10-phenanthroline, and Nonidet P-40 were obtained
from Sigma Chemical Co. SeaKem ME agarose was obtained from FMC Bio-
products (Port Clyde, Maine). T4 polynucleotide kinase and deoxynucleoside
triphosphates were purchased from Promega Corporation (Madison, Wis.).
Shrimp alkaline phosphatase and Taq polymerase were purchased from Roche
Molecular Biochemicals (Indianapolis, Ind.); other restriction enzymes were
obtained from New England BioLabs (Beverly, Mass.). All enzymes were used
according to the manufacturer’s instructions.

Plasmid and plasmid construction. The construction of several of the OLE]
promoter-lacZ fusion deletion series was described previously (5, 30). One of
these plasmids is p62::934, in which the number following the two colons indi-
cates the position of the nucleotide at the 5" end of the OLET promoter fragment
with respect to the start codon (A of ATG is +1). The reporter plasmid pAM6
contains a tandem repeat of the OLEI LORE (sequences —347 to —328 relative
to the ATG translational start codon with the A of the codon designated +1) in
front of the CYCI basal promoter-lacZ fusion in vector pTBA30. A centromeric
plasmid with a LEU2 selection marker, pAM23, was constructed by subcloning a
5.1-kb HindIII fragment that contains MGA2 from pYK2 (gift of D. J. Garfinkel,
Gene Regulation and Chromosome Biology Laboratory, National Cancer Insti-
tute, Frederick, Md.) into pRS315. A 2pum plasmid with a LEU2 selection
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marker, YEplac181-"Y*MGAZ2, contains a triple repeat of a myc epitope in front
of MGA?2. This was a gift from S. Jentsch, Department of Molecular Cell Biology,
Max Planck Institute for Biochemistry, Martinsried, Germany (14).

Strains and growth conditions. Table 1 contains the yeast strains used in these
studies. The MGA2 and SPT23 deletion strains and their parental strain BY4741
(MATa his3AI leu2A0 met15A0 ura3A0) were purchased from Research Genet-
ics, Inc. (Huntsville, Ala.). Yeast cells containing lacZ fusion reporter plasmids
were grown at 30°C on uracil dropout medium containing dextrose (or uracil and
leucine double dropout medium) (29). Plasmid amplifications and bacterial
transformations were performed using Escherichia coli strain DHS5 (Invitrogen
Corp., Carlsbad, Calif.). Yeast transformations were performed by the method of
Elble (8). Preparative cultures were grown aerobically in a shaker at 200 rpm
(Innova 4000 incubator shaker; New Brunswick Scientific., Edison, N.J.) at 30°C
to mid-logarithmic phase. For experiments under hypoxic and cobalt-treated
conditions, the procedure was as described previously (30). All experiments were
performed with yeast in logarithmic growth phase in a shaker (200 rpm) at 30°C.
Growth was monitored by measuring the yeast optical density at 600 nm (ODg)
at the completion of each experiment.

B-Galactosidase Assays. Assays of cells containing plasmids derived from the
OLEI promoter-lacZ fusion p62 constructs were performed as described previ-
ously (25). Cell densities for these assays were determined by measurement at
ODy. B-Galactosidase activities reported here are the results of at least two
independent experiments. Each experimental assay was performed in quadru-
plicate.

DNA sequencing. Plasmid templates for sequencing were isolated using a
QIAprep spin purification kit (Qiagen, Santa Clarita, Calif.). The finol DNA
sequencing system (Promega Corp.) was used for sequencing according to its
technical manual. Reactions were run on 6% acrylamide sequencing gels, which
were dried and exposed to X-OMAT AR film (Kodak, N.Y.) to visualize the
sequence.

Yeast extract preparation. Haploid yeast cells were cultured in 1-liter flasks
containing 200 ml of YPD medium either under normoxic or hypoxic conditions,
harvested at mid-log phase (ODg of 0.8), and lysed by vortexing with glass
beads according to published protocols (24). Following addition of ammonium
sulfate to 40% and incubation on a rocker table at 4°C for 30 min, the precipitate
was collected by centrifugation at 14,000 rpm in a microcentrifuge at 4°C for 10
min. The pellet was resuspended in storage buffer (20 mM HEPES [pH 8.0], 5
mM EDTA, 20% [vol/vol] glycerol, 1 mM phenylmethylsulfonyl fluoride, 7 mM
B-mercaptoethanol) and stored frozen at —80°C. The soluble protein concen-
tration was determined using a Bradford dye binding assay (Bio-Rad).

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed essen-
tially as described previously (30) utilizing synthetic paired oligonucleotides
(LORE, 5'-GAACACTCAACAAACCTTAT-3', or mutated LORE, 5'-GAAC
ACTCAAaAAACCTTAT-3' [lowercase indicates a mutation]) as a probe. Oli-
gonucleotides were synthesized by Integrated DNA Inc. (Coralville, Iowa). and
end labeled using polynucleotide kinase and purified using a Sephadex G-25 spin
column (Roche Molecular Biochemicals) to remove unincorporated nucleotide.
In each reaction mixture, 10 to 20 ng of probe was used. Binding reactions were
in 40 pl of buffer H [25 mM HEPES (pH 7.5) at room temperature, 0.5 mM
EDTA, 0.5 mM dithiothreitol, 0.5 mM MgCl,, 1 mM CaCl,, 50 mM NaCl, 7%
glycerol, 1% Nonidet P-40, 15 ng of poly(dA-dT) per pl] for 20 min at room
temperature. Proteins were diluted into binding buffer on ice immediately before
use. Reaction mixtures were loaded on 5% acrylamide gels (29:1, acrylamide-
bis), electrophoresed in 0.5X Tris-borate-EDTA (TBE), and run for 3 h at 4°C
at 15 V/em. Gels were dried and exposed to X-OMAT AR film to visualize the
shifted bands.

Antibody supershift analyses were performed with a monoclonal anti-c-myc
antibody (clone 9E10; Sigma). The monoclonal anti-His tag antibody was ob-
tained from Qiagen. The EMSA binding buffer was used to prepare the working
dilution. Crude extracts, antibody, and probe were incubated at 25°C for 45 min
before this reaction mixture was loaded on 5% acrylamide gels.

RNA isolation and Northern blot analysis. Total yeast RNA was isolated as
described previously (6). Equal amounts (15 pg) of total RNA were analyzed by
Northern blotting according to standard procedures for separation of RNA using
1% formaldehyde gels (6). RNA from the gels was transferred to Nytran Plus
membranes (Schleicher & Schuell Inc., Keene, N.H.) in 10X SSC (1X SSC is
0.15 M NacCl plus 0.015 M sodium citrate) overnight. Prehybridization, hybrid-
ization, and washing of membranes were performed as described previously (2).
Northern blots were quantified using a PhosphorImager (Molecular Dynamics),
and autoradiographs were also prepared on X-OMAT AR film (Kodak).

To make radiolabeled cDNA probes for other genes of interest (including ACT1
as a control), yeast genomic DNA prepared by the rapid isolation of yeast chromo-
somal DNA protocol (13) was subjected to PCR with appropriate pairs of primers

MGA2 INVOLVED IN LORE-DEPENDENT HYPOXIC GENE INDUCTION 6163

A 200
o 151
5
2 11
8
H
8
[
v
27
5 2 7
. . . —-— -
N H C N H ¢

0 g
v@g

&

NHCNHCNHC

" | - OLE1

- ATF1

 emntetastuinty

FIG. 1. Effects of SPT23 and MGA2 on OLEI gene expression
under normoxia, hypoxia, and cobalt treatment conditions. In both
panels, N, H, and C represent normoxia, hypoxia, and cobalt treatment
conditions, respectively, as described in Materials and Methods. (A)
Histogram of B-galactosidase activity of the p62::934 reporter in dif-
ferent strain backgrounds. The Aspt23 and Amga2 strains and the
wild-type(WT) strain BY4741, all containing the plasmid p62::934,
were exposed to normoxia, hypoxia, and cobalt treatment conditions as
described in Materials and Methods. The absolute units of activity
indicated are averages of at least three independent experiments that
were performed in quadruplicate. (B) Northern blot assay of OLE!
gene expression in different strain backgrounds. OLE1 and ATFI were
tested for normoxia-, hypoxia-, and cobalt-induced gene expression by
Northern blot analysis. Cells were grown to mid-logarithmic phase, and
total RNAs were extracted as described in Materials and Methods.
The RNA blot was first probed with one specific probe, and after the
blot was stripped, it was reprobed with another probe. The ACTI
cDNA probe was prepared using PCR. The positions of OLEI, ATF1
and ACTI mRNAs are shown to the right. Phosphorimages of the
resulting blots are shown in the figure.

- ACT1

for the particular genes of interest. The PCR products were first purified using a
QIAquick spin PCR purification kit (Qiagen), separated by agarose gel electro-
phoresis in 1X Tris-acetic acid-EDTA (TAE), and then purified by a Qiagen gel
extraction kit according to the manufacturer’s recommendations.

For the detection of OLEI mRNA, a radiolabeled DNA probe was made using
a 0.5-kb EcoRI fragment from the OLE] coding sequence. All DNA fragments
were separated by agarose gel electrophoresis in 1X TAE and purified using a
Qiagen gel extraction kit according to the manufacturer’s recommendations. The
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FIG. 2. Effects of MGA2 on LORE-dependent hypoxic gene ex-
pression. In all panels, N, H, and C represent normoxia, hypoxia, and
cobalt treatment conditions, respectively, as described in Materials and
Methods. (A) Histogram of B-galactosidase activity of pAM6 and
pTBA30 reporter gene assays under various conditions. The Amga2
deletion strain and the wild-type (WT) strain, BY4741, both containing
PAMS6, were exposed to normoxic and hypoxic conditions as described
in Materials and Methods. The absolute units of activity indicated are
averages of two independent experiments that were performed in
quadruplicate. (B) Histogram of B-galactosidase activity of reporter
pANBI1-lacZ under various conditions. The Amga2 strain and the
wild-type strain, BY4741, containing pANB1-lacZ were exposed to
normoxia and hypoxia conditions as described in Materials and Meth-
ods. The absolute units of activity indicated are averages of two inde-
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purified DNA fragments were labeled to high specific activity with [*?P]dCTP
(DuPont NEN) by the random primer extension method using Ready to Go
DNA labeling beads (Amersham Pharmacia Biotech, Piscataway, N.J.) reaction
kit. Unincorporated nucleotides were removed from the sample using a Seph-
adex G-50 spin column (Roche Molecular Biochemicals). The specific activities
of the labeled probes were determined by liquid scintillation counting.

RESULTS

MGA?2 affects OLE1 expression under normoxic, hypoxic,
and cobalt treatment conditions. To investigate the roles of
MGA2 and SPT23 in regulating OLE!I expression, we per-
formed reporter gene assays with a series of plasmids contain-
ing OLE] promoter elements fused to lacZ in Amga2 and
Aspt23 deletion mutants and their parental strain BY4741. As
shown in Fig. 1A, in vivo B-galactosidase activity using reporter
p62::934 was essentially the same in the Aspt23 deletion mutant
as in its parent under normoxic, hypoxic, and cobalt treatment
conditions. Expression of the p62::934 reporter gene construct
in the Amga2 deletion strain, however, was dramatically re-
duced under all conditions. Of note is that the hypoxic induc-
tion was completely abolished. These results suggested that
MGA2, not SPT23, is the primary activator of OLE] transcrip-
tion under conditions of oxygen starvation and that Mga2p is
involved in the basal expression of OLE] under normoxic
conditions. To confirm this, Northern blot analysis was per-
formed. As shown in Fig. 1B, OLEI mRNA levels in the Aspt23
deletion mutant were comparable to those in the wild type
under normoxic, hypoxic, and cobalt treatment conditions.
Consistent with the reporter gene activity results, the relative
mRNA levels of hypoxic and cobalt-treated Amga?2 cells were
also dramatically reduced. Although OLEI mRNA levels in
normoxic Amga2 cells also appeared to be lower than that of
the wild type, they were higher than would be predicted on the
basis of reporter gene activity, suggesting that other mecha-
nisms of regulation, such as posttranscriptional controls, may
contribute to the overall levels of expression under those con-
ditions. This observation is consistent with the results in this
and previous studies (14, 34) which reported that the Amga2
strain is viable and that, in the absence of MGA2, the activation
of OLE]I expression by Spt23p sustains unsaturated fatty acid
biosynthesis at levels necessary for normal growth. However,
the reduced OLEI mRNA levels in normoxic cells, taken to-
gether with the results from the reporter gene assays, imply
that Mga2p is a major contributor to the basal expression of
OLE].

MGA2 affects LORE-dependent OLEI expression under
normoxic, hypoxic, and cobalt treatment conditions. To test
whether MGA2 affects the LORE-dependent hypoxic induc-
tion of gene expression, we transformed pAMS6, a plasmid

pendent experiments that were performed in quadruplicate. (C)
EMSA for crude extracts from the Amga2 strain and BY4741 grown
under different conditions. Increasing amounts of crude extract (CE)
(5, 10, and 50 pg [the amount of CE is indicated by the height of the
black triangle over the lanes]) from normoxia- and hypoxia-treated
yeast cells were incubated for 20 min at 25°C with **P-labeled paired
LORE oligonucleotides and then subjected to electrophoresis at 4°C
for ~3 h. Free probe (F) and bound complexes (B1 and B2) were
detected by autoradiography. Lane —, no CE was added. P, DNA
probe.
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carrying two copies of the LORE in tandem fused to the basal
CYCI promoter-lacZ, into a Amga?2 strain. pTBA30, a plasmid
which contains only the basal CYCI promoter-lacZ, served as
a control in both the wild-type and Amga?2 strains. As shown in
Fig. 2A, the LORE-dependent reporter expression was mark-
edly reduced under hypoxic conditions in the Amga2 strain.
The basal expression under normoxic conditions was also de-
creased from that of the wild type. The expression of the
ROX]I-dependent anoxia-inducible gene, ANBI, was tested as
a control in a Amga2 strain. An ANBI promoter-lacZ fusion
plasmid was transformed into a Amga2 strain to measure its
B-galactosidase activity under different conditions. As shown in
Fig. 2B, there was an 11-fold hypoxic induction of reporter
expression observed in the Amga2 strain. However, the abso-
lute value of hypoxia-induced B-galactosidase activity in the
Amga?2 strain was about half of that in its parental wild-type
strain; basal expression levels were virtually the same. As pre-
viously reported (30), incubation in CoCl, did not affect ANBI
expression at all. These data suggest that MGA2 does not
appear to dramatically affect ROX1-dependent hypoxic or an-
oxic gene expression; however, the fact that absolute B-galac-
tosidase activity in the Amga2 strain was decreased implies that
MGA?2 influences ANBI gene expression, either directly or
indirectly.

EMSAs were performed using an end-labeled LORE se-
quence as a probe. Figure 2C demonstrates that the hypoxia-
inducible complex (B1) formation using the crude extract from
the Amga?2 strain was abolished and the basal B1 complex
formed in normoxia was dramatically decreased as well. These
results are consistent with the data from reporter assays in Fig.
2A in which the basal reporter expression was also reduced
under normoxic conditions. Together, these data further sup-
port the previous conclusion that LORE is involved in OLE]
expression not only under hypoxic but also under normoxic
conditions.

MGA?2 is required for LORE-dependent hypoxia-induced
gene expression. To confirm that MGA?2 is required for LORE-
dependent hypoxia-induced gene expression, we transformed
PAM23, a plasmid carrying an intact MGA2 gene, into a
Amga?2 strain already containing either pAM6, the LORE-
CYCI basal promoter-lacZ fusion, or the control plasmid,
pTBA30, the CYC! basal promoter-lacZ fusion. As shown in
Fig. 3A, pAMB6 reporter gene expression was significantly in-
duced under hypoxic conditions only in the presence of
PpAM23. The absolute B-galactosidase units are very similar to
that from the Amga2 parental wild-type strain BY4741 (Fig.
2A). As expected, the Amga2 strain carrying pAM23 and
pTBA30 did not show any induction of reporter expression
under the same hypoxic conditions. Additionally, the Amga2
strain containing the LORE-CYC1 basal promoter-lacZ fusion
reporter pAM6 and the backbone centromeric plasmid
pRS315 did not exhibit increased reporter expression under
hypoxic conditions (data not shown). These results clearly
demonstrate that MGA?2 is required for LORE-dependent hy-
poxic induction of gene expression in yeast. To further confirm
this result, we performed an EMSA using LORE as a probe
and crude extracts from the Amga2 strain transformed with
either pAM23 or pRS315 grown under normoxic and hypoxic
conditions. As shown in Fig. 3B, there was a hypoxia-inducible
complex Bl in the Amga2 strain transformed with plasmid
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FIG. 3. MGA2 is required for LORE-dependent hypoxic gene ex-
pression. In both panels, N and H represent normoxic and hypoxic
conditions, respectively, as described in Materials and Methods. (A)
B-Galactosidase assays. Plasmid pAM23 carrying intact MGA2 was
transformed into the Amga2 deletion strain, which was transformed
with either a LORE-CYCI basal promoter-lacZ fusion (pAM6) or its
backbone plasmid without LORE (pTBA30). Yeast cells were exposed
to normoxic and hypoxic conditions as described in Materials and
Methods. The absolute units of activity indicated are averages of two
independent experiments that were performed in quadruplicate. (B)
EMSA. Fifteen micrograms of crude extract (CE) from normoxia- and
hypoxia-treated yeast cells was incubated for 20 min at 25°C with
32P-labeled paired LORE oligonucleotides and then subjected to elec-
trophoresis at 4°C for ~3 h. Free probe (F) and bound complexes (B1
and B2) were detected by autoradiography. Symbols: +, CE was add-
ed; —, no CE was added. Abbreviations: P, DNA probe; WT, wild type.

PAM23 but not in the Amga?2 strain transformed with pRS315.
The intensity of the B1 band in the Amga?2 strain transformed
with pAM23 was similar to that seen in the wild-type strain.
The Northern blot analysis in Fig. 4 demonstrated that OLE]
mRNA levels were completely restored in the Amga2 strain
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FIG. 4. Northern blot analysis. OLE! was tested for normoxic and
hypoxic gene expression by Northern blot analysis in the wild-type
(WT) and Amga?2 strains. The Amga?2 strain carrying plasmid pAM23
(containing intact MGA2) or the backbone vector pRS315 are indi-
cated. Cells were grown to mid-logarithmic phase, and total RNA was
extracted as described in Materials and Methods. The RNA blot was
first probed with one specific probe, and then the blot was stripped and
reprobed with another probe. The ACTI cDNA probe was prepared
using PCR. The positions of OLET and ACTI mRNAs are indicated to
the right. Phosphorimages of the resulting blots are shown in the
figure.

transformed with a centromeric plasmid (pAM23) containing
MGA?2, consistent with the results from the reporter and
EMSA assays. Taken together, these data provide evidence
that MGA2 is required for LORE-dependent hypoxic induc-
tion of OLEI.

Mga2p is a component of the LORE-binding complex. The
results of the above studies clearly demonstrate that MGA?2 is
involved in LORE-dependent hypoxic induction of OLEI.
Thus, we studied whether Mga2p is, in fact, a component of a
LORE binding complex which is induced under hypoxic con-
ditions. A 2pum-based myc-tagged MGA?2 plasmid, YEplac181-
WMGA?2 (14), was transformed into a Amga2 strain. As ex-
pected, myc-MGA?2 fully restored OLEI expression as shown
by in vivo reporter and Northern blot analyses in Fig. 5. As
shown in Fig. 5A, the LORE-CYC! basal promoter-lacZ fusion
PAMG6 reporter gene expression was significantly induced un-
der hypoxic conditions. The absolute B-galactosidase units un-
der both normoxic and hypoxic conditions were increased
more than twofold compared to that of the wild-type strain.
Consistent with the in vivo reporter analysis, OLEI] mRNA
levels were also significantly increased under hypoxic condi-
tions following transformation of the Amga2 strain with the
myc-MGA2 construct (Fig. 5B). Protein crude extracts were
prepared for EMSA. As shown in Fig. 6A, the complex B3
from myc-MGA2 crude extracts and the hypoxia-inducible
complex B1 from wild-type crude extracts disappeared when a
mutated LORE sequence was used as a probe, suggesting that
B1 and B3 are equivalent specific LORE-binding complexes.
Mga2p participation in the hypoxia-induced LORE-binding
complex might explain the slower migration of B3, as the
mycMga2p has 30 additional amino acids at the N terminus of
Mga2p. The B3 band was enhanced in hypoxic crude extract;
however, due to the relatively high intensity of B3 under nor-
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FIG. 5. myc-MGA?2 confers functional LORE-dependent hypoxic
gene expression. In both panels, N and H represent normoxic and
hypoxic conditions, respectively, as described in Materials and Meth-
ods. (A) B-Galactosidase assays. Plasmid YEplac181-™*MGA?2 carry-
ing the myc-tagged MGA2 was transformed into the Amga2 strain
which was transformed with either a LORE-CYCI basal promoter-
lacZ fusion plasmid (pAM6) or its backbone plasmid without the
LORE (pTBA30). The MGA2 row under the graph indicates the yeast
strain used as follows: +, the wild-type strain BY4741; —, the Amga2
strain; myc+, the Amga2 strain transformed with YEplac181-™<
MGAZ2. The pAM6 row indicates whether the yeast strain contains
LORE-CYCI basal promoter-lacZ fusion (pAM6). The pTBA30 row
indicates whether the yeast strain contains backbone plasmid without
LORE (pTBA30). The absolute units of activity indicated are averages
of two independent experiments that were performed in quadruplicate.
(B) Northern blot analysis. OLE] was tested for normoxia- and hy-
poxia-induced gene expression by Northern blot analysis in the wild-
type (WT) or Amga2 strain. The Amga?2 strain transformed with plas-
mid YEplacl181-™*MGA2 containing myc-tagged MGA2 is indicated
(myc-MGA?2). Cells were grown to mid-logarithmic phase, and total
RNAs were extracted as described in Materials and Methods. The
RNA blot was first probed with one specific probe, and then after the
blot was stripped, it was reprobed with another probe. The ACTI
cDNA probe was prepared using PCR. The positions of OLE] and
ACTI mRNAs are indicated to the right. Phosphorimages of the re-
sulting blots are shown in the figure.

moxic conditions, the degree of B3 induction appeared to be
less than that in wild-type crude extracts. Again, this may be
due to the high copy number of myc-MGA2 which was ex-
pressed from the 2pm plasmid.

To determine whether Mga2p is a component of the LORE-
binding complex, we performed a supershift assay using an
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FIG. 6. Mga2p is a component of the LORE-binding complex. In both panels, N and H represent normoxic and hypoxic conditions,
respectively, as described in Materials and Methods. (A) EMSA. Ten micrograms of crude extracts (CE) from normoxia- and hypoxia-treated
wild-type yeast (WT) or the Amga2 strain containing plasmid YEplac181-™*MGA2 (myc-MGA2) were incubated for 20 min at 25°C with
32P-labeled paired LORE oligonucleotides or mutated LORE (C337A) (30) and then subjected to electrophoresis at 4°C for ~3 h. Free probe (F)
and bound complexes (B1, B2, and B3) were detected by autoradiography. Symbols: +, CE was added; —, no CE was added. P, DNA probe. (B)
Supershift analysis. Ten micrograms of crude extracts (CE) from normoxia- and hypoxia-treated wild-type yeast (WT) or the Amga2 strain
containing plasmid YEplac181-"*MGA2 (myc-MGAZ2) were incubated for 45 min at 25°C with increasing amounts of anti-c-myc antibody (1:2,000,
1:1,600, and 1:1,000) and **P-labeled paired LORE oligonucleotides and then subjected to electrophoresis at 4°C for ~3 h. Free probe (F) and

bound complexes (B1, B2, B3, and B4) were detected by autoradiography.

Symbols: +, CE was added or 1:1,000 anti-c-myc antibody was added;

—, no CE or no antibody was added. Abbreviations: P, DNA probe; Ab-his, a control antibody, anti-His tag, was used at a 1:40 dilution to the

reaction mixture. The additional band observed between B1 and B2 after

anti-myc antibody. As shown in Fig. 6B, a clear supershifted
band, B4, was observed when myc-MGA?2 crude extracts were
examined, and B3 disappeared. The anti-myc antibody had no
effect on the band shift using crude extract from the wild-type
strain (data not shown). Upon addition of antibody, an addi-
tional band between B1 and B2 was observed in Fig. 6B. Both
this and the supershifted band could be competed out by add-
ing cold LORE sequence (data not shown). The nature of this
additional band is unknown. It could be an artifact that is
related to the 2um-based plasmid. When a cen-based myc-
tagged MGA2 plasmid was transformed into a Amga?2 strain, a
similar supershift assay was performed and a supershifted band
equivalent to B4 in Fig. 6B was observed, but the additional
band was eliminated (data not shown).

MGA?2 is also involved in ATF1 expression. Studies have
shown that ATFI, encoding an alcohol acetyltransferase, is
regulated by hypoxia and unsaturated fatty acid in a manner
similar to OLET (9, 10). We previously demonstrated that a

the addition of the antibody is indicated by an asterisk.

LORE sequence exists in the promoter region of ATFI which
is critical for hypoxic induction and hypothesized that the
LORE-dependent hypoxia induction pathway plays an impor-
tant role in the regulation of ATFI expression (30). To deter-
mine whether MGA2 is also involved in ATF1 expression, we
performed a Northern blot assay. As shown in Fig. 1B, similar
to OLE] expression, the ATFI mRNA levels were significantly
decreased in the Amga?2 strain. This result is consistent with the
hypothesis that MGA2 plays a key role in the LORE-depen-
dent hypoxia induction pathway in S. cerevisiae.

DISCUSSION

OLE], which encodes the A-9 fatty acid desaturase, is critical
for unsaturated fatty acid biosynthesis and thus, cell viability in
S. cerevisiae. This enzyme introduces a double bond between
carbons 9 and 10 of its substrates, palmitoyl (16:0) or stearoyl
(18:0)—coenzyme A, with molecular O, serving as an electron
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acceptor to form palmitoleic (16:1) or oleic (18:1) acid, respec-
tively. Previous studies have demonstrated that OLE] is up-
regulated under hypoxic conditions via a LORE-dependent
pathway (23, 30). While the transactivation factors involved in
the hypoxic induction of OLEI were unknown, multicopy sup-
pressor assays supported the hypothesis that MGA2 or SPT23
is required for the transcription of OLEI (34).

The experiments presented here show that OLET expression
is dramatically reduced in the Amga2 strain. The hypoxia- and
cobalt-induced OLEI promoter-lacZ reporter expression is
abolished in the Amga2 strain but not in the Asps23 strain (Fig.
1). Given that the basal expression of OLE] in normoxic con-
ditions is also decreased (Fig. 1), LORE may also be involved
in the basal expression of OLE]. This hypothesis is supported
by the decreased OLE] reporter expression when mutations
are introduced in the LORE sequence of the OLE] promoter
in both RZ53-6 (30) and BY4741(data not shown). Whether
MGA2 may also be necessary for full OLET basal expression
via elements outside the LORE remains to be explored.

Although MGA2 and SPT23 are two functionally and genet-
ically related genes, they appear to have specific roles involving
OLE]1 expression. Recent studies reveal that Mga2p and
Spt23p are membrane-bound transcription factors that can be
activated by regulated ubiquitin/proteasome-dependent pro-
cessing (14). Results from Hoppe et al. suggested that although
structurally and functionally very similar to Spt23p, Mga2p
appears to be regulated in a different manner (14). Specifically,
unsaturated fatty acids had only a moderate influence on the
processing reaction of Mga2p compared to that of Spt23p. In
the case of cell viability, deletion of either of these genes had
only modest effects on cell growth. However, cells with MGA2
SPT23 double mutations are nonviable (33). Multicopy sup-
pressor analysis indicates that either MGA2 or SPT23 is re-
quired for transcription of OLE! in normoxia (34). It is, there-
fore, quite surprising that the deletion of SPT23 has almost no
effect on OLE1 expression under normoxic, hypoxic, and co-
balt treatment conditions.

Our results here indicate that MGA2, not SPT23, is the
dominant gene involved in OLE] expression under the nor-
moxic, hypoxic, and cobalt treatment conditions used in this
study. Although it is possible that the drastically reduced OLE1
expression in Amga2 Aspt23 strain is caused in large part by the
deletion of the MGA?2 locus, these results do not exclude the
possibility that SPT23 is also involved in OLE] expression. In
fact, in other studies (34), Amga?2 ts-spt23 was found to exhibit
fatty acyl compositions that are comparable to those of the wild
type, indicating that Spt23p can independently activate basal
OLE] expression to levels sufficient for growth. Spt23p may be
the major effector in response to certain nutritional or envi-
ronmental signals, but not in response to others. Previous
studies, for example, demonstrated that Spt23p proteolytic
processing can be strongly regulated by unsaturated fatty acids
(14), which are known to repress OLE] expression (5, 11). The
results of this study lend strong support to the idea that SPT23
and MGA2 have evolved distinct, but overlapping functions to
maximize cellular responses to a range of stimuli that govern
OLE] expression.

Supershift analyses of EMSAs indicate that Mga2p is a com-
ponent of the LORE-binding complex. It is not known whether
Mga2p is a classical transcriptional activator. Mga2p could
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bind to LORE either directly or indirectly through an interac-
tion with other proteins. Previous studies suggested that MGA2
encodes a protein which does not contain any recognized
DNA-binding motifs (33). Therefore, if Mga2p binds to the
LORE directly, it may possess a novel DNA-binding motif.
Alternatively, Mga2p may bind to another as yet unidentified
LORE-binding factor and form the LORE-binding complex
which is normally observed.

We performed a coiled-coil structure analysis (21) to exam-
ine whether there is a potential coiled-coil protein interaction
motif in Mga2p. The results predicted that amino acids 93 to
120 near the C terminus exhibit a high possibility of possessing
a coiled-coil motif. We believe that this potential coiled-coil
motif may play a role in protein-protein interactions if MGA2
binds to LORE through another protein. It may also be in-
volved in homodimer (oligomer) formation.

Understanding how hypoxia affects the processing and
mechanism of LORE-dependent hypoxic gene induction via
MGA?2 will likely provide significant insights into the cellular
response to hypoxic stress in both lower and higher eukaryotic
species.
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