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The studied the expression of the genes encoding group | alcohol dehydrogenases (PSADH1 and PSADH?2) in
the xylose-fermenting yeast Pichia stipitis CBS 6054. The cells expressed PSADH1 approximately 10 times
higher under oxygen-limited conditions than under fully aerobic conditions when cultivated on xylose. Tran-
scripts of PSADH2 were not detectable under either aeration condition. We used a PsADH1:lacZ fusion to
monitor PSADH1 expression and found that expression increased as oxygen decreased. The level of PSADH1
transcript was repressed about lo-fold in cells grown in the presence of heme under oxygen-limited conditions.
Concomitantly with the induction of PSADH1, PSCYC1 expression was repressed. These results indicate that
oxygen availability regulates PSADH 1 expression and that regulation maybe mediated by heme. The regulation
of PSADH2 expression was also examined in other genetic backgrounds. Disruption of PSADH1 dramatically
increased PSADH?2 expression on nonfermentable carbon sources under fully aerobic conditions, indicating
that the expression of PSADH?2 is subject to feedback regulation under these conditions.

The fundamental mechanisms by which fermentation is reg-
ulated appear to differ profoundly in the glucose-fermenting
yeast Saccharomyces cerevisiae and the xylose-fermenting yeast
Pichia stipitis (22, 44). Even though the P. stipitis structural
genes encoding alcohol dehydrogenase (ADH) and pyruvate
decarboxylase (PDC) show significant sequence conservation
with those of S. cerevisiae (9, 28, 32), their regulatory patterns
differ. Oxygen availability is largely irrelevant to fermentative
metabolism when S. cerevisiaeis provided with excess glucose
(24). Glucose induces high levels of fermentative S. cerevisiae
ADH (ADH1) and represses oxidative ADH (ADH2), leading
to ethanol production (3). In contrast, glucose does not induce
fermentation in the Crabtree-negative yeast P. sripits (6, 38).
Efficient conversion of xylose to ethanol requires a limited
amount of oxygen (12, 40), but ethanol accumulation does not
occur when oxygen is freely available (15, 26, 39). As oxygen
becomes limiting, P. stipitisPDC and ADH activities increase
(16, 31), and maate dehydrogenase activity decreases (39).

Theinduction of fermentative enzymes by oxygen limitation
also is observed in plants. Transcriptional regulation is impli-
cated in the hypoxic synthesis of arabidopsis, barley, and maize
ADH (1, 2, 8, 41). Similarly, in the filamentous fungus Aspergil-
lus nidulans, ADH3 is specifically induced in response to pe-
riods of anaerobic stress, and its expression is regulated largely
at the posttranscriptiona level (23). Similar mechanisms may
function in P. stipitis, because its primary phenomenological
response to a lowered aeration rate is to increase fermentative
enzymes. The mechanism and extent of this regulation, how-
ever, remain obscure, and the means by which its fermentation
is regulated by oxygen have not been characterized in detail at
the molecular level.

In a previous paper, (9) we described the isolation of two
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cytoplasmic ADH (PsADH) genes from P. gtipitis. The results
from gene disruption studies suggested that PSADH1 had both
fermentative and respirative functions. However, the simulta-
neous presence of ethanol-producing and ethanol-oxidizing
activities in the cytoplasm could result in a futile cycle. We
hypothesized that oxygen-dependent regulation of PSADH ex-
pression could avoid futile cycling if respirative enzyme activ-
ities were repressed and fermentative enzyme activities were
induced under oxygen-limited conditions.

Our objective in the present research was to elucidate the
physiological signals regulating the expression of the PSADH
gene(s). Transcription of PSADH1 appeared to involve regula-
tion by oxygen. If P. dtipitis requires oxygen for heme synthesis,
as in other yeasts (48), the oxygen effect on transcription could
be transduced through heme-dependent transcription factors
(49). Because heme acts as a regulatory coeffector in the in-
duction and repression of aerobic and hypoxic genes in S.
cerevisiae (50), we hypothesized that it could be responsible for
the repression of the fermentative gene, PSADH1. The results
reported here show that heme represses expression of PSADH1
under fermentative conditions. Previous studies had shown
that disruption of PSADH1 increased xylitol production on
xylose, so we wanted to know how its disruption affected the
levels of PSADH2 mRNA. Our results showed that PSADH2
transcription increases significantly in the Psadhl disruptant.
While posttranscriptional mechanisms possibly affect PSADH2
expression, feedback regulation of PSADH2 at the transcrip-
tional level ismost likely.

MATERIALS AND METHODS

Strains. P. stipitis CBS 6054 was the ultimate origin of all yeast strains. P.
stipitis PLU20 (ura3-3/ura3-3 Pdeu2D-1 /Psleu2D-1) was used as a recipient strain
for transformations. Escherichia coli DH5a (Gibco BRL Gaithersburg, Md.) [F
recAl endAl hsdR17 (r, m,’) supE44 thi-1 gvrA relAl was used for all rceom-
binant DNA experiments that required a bacterial host.

Media and culture conditions. Y easts were routinely grown in yeast-peptone-
dextrose (YPD) medium consisting of yeast extract (10 g/liter), peptone (20
glliter), and glucose (20 g/liter). For cultivation of ura3 and leu2 auxotrophs.
media’were supplemented with 100 mg of uridine and 100 mg of leucine per liter,
respectively. Induction studies were carried out in 1.7 g of yeast nitrogen base per
liter without ammonium sulfate or amino acids (Y NB: Difco, Detroit, Mich.),
which was supplemented with Bacto Peptone (6.6 g/liter) plus urea (2.3 g/liter)
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(2x nitrogen) and 80 g of p-xylose or glucose per liter, plus leucine, as needed.
P. stipitis CBS 6054 was grown in fermentative medium containing either 8%
xylose or glucose under fully aerobic conditions (200 rpm in a bafflrd flask) until
the cells reached an optical density at 600 nm (OD,,,) of between 0.8 and 1.0.
Oxygen was then limited by centrifuging the cells and inoculating them at a
density of 2.4 mg (dry wt)/ml in 50 ml of medium in a 125-ml Erlenmeyer flask
shaken at 100 rpm. Cultures were incubated at 25°C. After the shift to oxygen-
limited conditions, samples were hasvested at various times to monitor the
activity of ADH and the level of its mMRNA. Comparisons made between samples
by Northern blotting, zymogram analysis, and ADH activity were performed with
samples prepared at the same time. Y east transformants were selected on YBN
plus 20 g of glucose per liter, without uracil or leucine, when URA3 or LEU2 was
used as the selectable marker, respectively. For solid media, 20 g of agar per liter
was added. E. coli cells were grown in Luria-Bertani medium (35) with 50 pg of
ampicillin per ml in liquid media or 100 pg of ampicillin per ml in solid media.

Northern analyses. Total RNA was extracted by lysing cells with glass beadsin
the presence of phenol and sodium dodecyl sulfate. Comparisons between sam-
ples by Northern analyses were performed with RNA samples prepared at the
same time. Approximately 20 g of total RNA from each sample was loaded in
triplicate onto a 2.2 M formaldehyde-1.2% agarose gel and electrophoresed.
After blotting to the positively charged nylon membrane, the blot was cut into
two identical pieces and hybridized with radiolabeled PSADH1-, PSADH2-, and
PsCYC1 - specific oligonucleotides as probes PSADH1. 5'-CTCGTCGGAGTGC
TGGCAGAAT-3": PSADH2, 5'-TTCGTGAGCAGTGACACAGTAC-3'; and
PsCYC1, 5'-CITGACCGGACTTTCTGCCCATG-3'. Oligonuclectide probes
were ¢ P-end-labeled with T4 polynucleotide kinase (New England Biolabs.,
Beverly, Mass.) and purified with a Microspin G-25 column (Pharmacia Bitech,
Piscataway, N.J.) to remove unincorporated radionucleotides. RNA concentra-
tions were measured by OD,,,. Hybridizations were performed with excess
probes. We normalized the amount of total RNA loaded into each lane by
measuring the relative abundance of rRNA. rRNA levels were analyzed with a
Maciotosh One scanner with the public domain NIH image program V 1.61 (42).
The mRNA levelsin cells grown under different growth conditions were mea-
sured with a Phosphorlmager system (Molecular Dynamics, Sunnyvale, Calif.)
relative to those of the rRNAs.

Zymogram analysis. Enzyme activity was visualized essentialy as described by
Dewey and Conklin (14). Cell extracts were prepared by vortexing cells with glass
beads. Protein concentrations were determined by the method of Bradford (5)
with the Bio-Rad protein assay as specified by the manufacturer. Proteins were
separated on a 5% stacking gel and 10% separating gel by using Tris-HCI buffer
(pH 8.3) in the gel and Tris-glycine buffer (pH 8.8) in the electrophoresis vessels,
with an applied current of 20 mA/gel at 4°C overnight. Following electrophoresis,
ADH enzyme activity was visualized by staining the gel for enzyme activity with
a solution of 4.0 mg of phenazine methosulfate, 10.0 mg of nitroblue tetrazolium,
50 mg of NAD', and 0.05 ml of ethanol dissolved in 50 ml of 0.1 M Tris-HCI
buffer (pH 8.5). Controls were run in which ethanol or protein was omitted from
the aforementioned procedure to test for nonspecific reduction of the tetrazo-
lium dye.

Enzyme assays. ADH activity was assayed according to the method of Berg-
meyer (4). The reaction mixture contained 100 mM Tris-HCI buffer (pH 8.3),
2 mM NAD', cell extract (100 to 200 g of protein), and 0.8 M ethanol, in a total
volume of 1 ml. The reaction was started by ethanol addition, and reduction of
NADwas monitored by measuring the increase in OD,,,. The specific activity
was expressed as micromoles of NADH produced per minute per milligram of
protein at 25°C.

Plasmids and plasmid constructions. Plasmids pBluescript KSII + (Strat-
agene, La Jolla, Calif.) and pUC19 were used for cloning DNA fragments. Asa
reporter genein P. stipitis, we used the lacZ gene of E. coli from pFusionator
(43). The PsADH1 promoter-lacZ fusion gene was constructed as follows. The
Kpnl site in pUC19 was destroyed by treatment with T4 DNA polymerase and
ligation reactions to form pUC19-kpn. A 3.0-kbp BamHI-BamHI fragment con-
taining thelacZ gene was excised from pFusionator and cloned into the BamHlI
site of pUC19-kpn to form pGAL. The 598-bp PSADH1 promoter region and 10
codons of the PsSADH1coding region were amplified with restriction enzyme-
tailed primers (top. Pstl, 5' -AAAACTGCAGAACCGATCCGAGGGAAAAA
CCGGG-3'; bottom. Kpnl, 5-CGGGGTACCCCGACAACAGCCTTTTGAGT
GG-3') and cut with Pstl and Kpnl to be cloned into the corresponding sites of
pGAL to form pAB. In the resulting construct, the BamHI site in front of the
lacZ gene was destroyed. As aresult, the PSADH1 promoter and 10 codons of
PsADH1 coding region are fused in frame with the lacZ ceding sequence. The
desired fusion was verified by restriction enzyme digests and sequenced by using
a specific oligonucleotide primer from the lacZ coding region. A 750-bp Bg/l1-
Xbal fragment containing the 3' end of the PSADH2 gene was excised from
pJY 158 (9) and cloned into the unique BamHI sire of pAB to form pABA. A
4.35-kbp Pstl-Xbal (blunt) fragment containing the PSADH1 promoter-lacZ-
PsADH2 transcription terminator fusion gene was isolated from pABA con-
structs and cloned into the Xbal (blunt) site of pJM6 (46), an autonomously
replicating plasmid, to form pFUS. The resulting plasmid wax digested with
Smal, and the linker (5-TGCTCTAGAGCA-3") containing an Xbal site was
inserted to create an appropriate 5' -overhang restriction site in front of the
PsADH1 promoter sequences for the nested deletions with exonuclease Il (New
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FIG. 1, Zymogram analysis of ADH isozymes from P. stipitis CBS 6054

grown on 8% xylose under fully aerobic conditions (0 h) and after shifting to
oxygen-limited conditions (12 to 72 h).

England Biolabs). Oligonucleotides were synthesized by Genosys Biotechnolo-
gies, Inc. (The Woodlands, Tex.).

Y east transfor mation. Lithium acetate transformation of P. stipitisPLU20
(ura3-3/ura3-3 leu2D-Vleu2D-1) (29) were performed according to the method
described by Ito et al. (21).

b-Galaetosidaae assays. Expression of the PSADH1.::lacZ fusion gene was
monitored with an o-nitrophenyl-b-p-galactopyranoside (ONPG) assay of b-ga
lactosidase activity. Transformed yeast strains were grown in the appropriate
selective medium with 8% xylose under fully aerobic condidtions and harvest at
an OD,, of 1.0. One-half of the culture was collected and stored frozen at
-70°C. The remaining half was washed once in water and suspended in 50 ml of
minimal medium lacking uracil and containing 8% xylose with a starting OD,,,
of 10 (»2.4 g of cells [dry wt]/Iliter). These cultures were grown for another 4 h
at 25°C under oxygen-limited conditions and then collected and frozen at —70°C.
Cells grown under aerobic and oxygen-limited conditions were thawed, sus-
pended its 300 W of Z buffer (60 mM NaHPO,,40 mM NaH,PO,, 10 mM KCI.
1 mM MgSO,, 50 mM b-mercaptoethanol), and disrupted with glass beads (10).
A 50-pl aliquot of extract was assayed with a reaction mixture containing 1 ml of
Z buffer and 100 pl of ONPG (4 mg/ml; Sima, St. Louis, Mo). Assays were
performed at 25°C. One b-galactosidase unit is defined as the amount of enzyme
necessary to cause a change of [1.0 OD,,,min “mg of total protein®] x 1.000
(27). The total protein concentration was determined as described above. A
minimum of four independent transformants were assayed for the fusion con-
struct, and the values are the means of independent determinations from three
different assays. The copy number of plasmids in transformants was determined
by measuring the relative intensities of plasmid-borne and genomic DNA frag-
ments in southern blots withLacZ gene- or PSADH2 gene-specific oligonucle-
otides as probes respectively. Radioactive signals weree measured with the Phos-
phorlmager system. The plasmid copy number in transformants was found to be
constant under the different growth conditions employed in this study (standard
errors were <20% [data not shown]).

RESULTS

PsADH expression. We analyzed the expression of the PSsADH
gene(s) in CBS 6054 following growth of the cells under fully
aerobic and oxygen-limited conditions. A crude extract of cells
grown on xylose under aerobic conditions and shifted to oxy-
gen limitation showed a single major ADH activity in a zymo-
gram analysis. Only one isozyme band was detectable in cells
grown on xylose under oxygen-limited conditions (Fig. 1), even
after xylose was exhausted from the medium and ethanol had
begun to be utilized (72 h). Surprisingly, PSADH activity was
not detectable when cells were grown on xylose under aerobic
conditions, suggesting a negative effect of aerobiosis on the
expression of the PSADH gene(s).

Regulation of PSADH1 expression and dependence on oxy-
gen limitation. Total RNA was isolated from cells grown on
xylose or glucose at various times following a shift from aerobic
to oxygen-limited conditions. The levels of PSADH1 or PSADH?2
mRNA relative to rRNAs were measured by quantitative North-
ern analyses with PSADH1 - or PSADH2- specific oligonucleo-
tides as probes. PSADH1 mRNA was induced following a shift
to oxygen limitation (Fig. 2), which induced the ADH activity.
No corresponding signals were detectable with the PSADH2
probe (data not shown). This difference is evidence that the
induced ADH activity is PSADH1. No (or very low) PSADH
activity was induced when we maintained cultures under fully
aerobic conditions with either xylose or glucose as the carbon
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FIG. 2. Induction of PSADH1 mRNA following a shift to oxygen-limited
conditions. CBS 6054 cells were grown in either xyloae (A) or glucose (B) under
fully aerobic conditions and shifted to oxygen-limited conditions. Aliquots of
cells were harvested at the indicated times, and total RNA was prepared for
Northern analysis. Blots were probed with PSADH1. The positions of rRNA and
PsADH1 mRNA are indicated. ADH activity (C) was also measured on samples
prepared a the sametime, asindicated. m, xylose; [, glucose.
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source. To maintain fully aerobic conditions, we kept cell den-
sitieslow (less than 0.5 g/liter) and agitated the cellsin baffled
flasks at high speed (200 rpm). Even under such conditions,
oxygen became limiting as cell densities increased, and ADH
activity was induced. Small, but statistically significant, differ-
ences were noted in the titers of ADH activity in cells induced
under oxygen limitation on xylose and glucose. Slightly higher
levels of ADH activity were observed in cells grown on glucose
(Fig. 2C). No statisticaly significant difference in the transcript
levels could be observed with cells grown on these two car-
bon sources, but under both conditions, the transcript level
of PSADH1 declined while ADH activity remained high. In a
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separate experiment, we studied the time course of induction
of PSADH1 mRNA on xylose after shifting to oxygen limitat-
ion. The level of PSADH1 mRNA increased significantly
within 30 min after shifting to oxygen limitation and continued
to increase steadily up to 4 h (Fig. 3).

Asisthe case with PSADH1 mRNA ADH-specific activities
relative to cells grown on xylose or glucose under aerobic
conditions were approximately 9- to lo-fold higher under oxy-
gen-limited conditions than under fully aerobic conditions.
However, the ADH-specific activity remained at induced lev-
els, even after the PSADH1 mRNA level decreased (cf. Fig. 1
and 2).

We determined the level of b-galactosidase expressed from
aPsADH1::lacZ fusion gene in order to compare the level of
bona fide PSADH1 mRNA with the level of PMDH1 gene
expression in cells grown on xylose following a shift from aer-
obic to oxygen-limited conditions. A fusion was constructed
between the 598-bp PSADH1 promoter plus the coding region
for the first 10 amino acids of PSADH1 and the coding region
of the lacZ gene. The b-galactosidase activity reflects the tran-
scriptional activity of the 598-bp PSADH1 promoter. The b-ga
lactosidase activity was 2.5 + 0.15 U under aerobic conditions
and 25 + 0.84 U under oxygen-limited conditions. Activity in-
creased when the level of PSADH1 mRNA increased. suggest-
ing that the oxygen-dependent regulation of PSADH1 involves
control at the level of transcription. Because b-galactosidase is
equally stable under aerobic and anaerobic conditions (18), the
increased level of b-galactosidase following a shift to oxygen
limitation reflects the transcriptional regulation of PSADH1.

Effect of heme addition on ADH1 expression in oxygen-
limited cells. The regulation of PSADH1 transcription by oxy-
gen could be direct or indirect. To determine whether heme
affected the level of PSADHL1 transcript, P. stipitis CBS 6054
was grown on xylose under fully aerobic conditions. Because
the level of PSADH1 mRNA reached its maximum within 4 h
after the shift to oxygen-limited conditions, we carried out a
Northern blot analysis of the PSADH1 gene 4 h after adding
heme and shifting the culture to oxygen-limited conditions.
The transcription of PSADH1 was induced in untreated, oxy-
gen-limited cells (Fig. 4, lane 2), but significantly less PSADH1
MRNA accumulated in oxygen-limited cells grown in the pres-
ence of heme (Fig. 4, lane 4). This result suggests that heme
could be a negative coeffector of PSADH1 transcription. How-
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FIG. 3. Kinetics of induction of PSADH1 mRNA level upon shift to oxygen-
limited conditions. Cells were grown on xylose under aerobic conditions (re-
pressed state) until they reached an OD,, of 1.0, collected by centrifugation.
and shifted to oxygen-limited conditions by suspension in the same medium.
Aliquots of cells were taken at the indicated times, and total RNA was prepared
for Northern analysis. Blots were probed with PSADH1.
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FIG. 4. Effect of heme addition on PSADH1 and PSCYC1 expression in an-
aeobic cells. Cells were grown aerobically on xylose until they reached an OD,,
of 1.0, collected by centrifugation, and shifted to oxygen-limited conditions by
suspension in the same medium. After the cells had been shifted to oxygen
limitation, heme (50 pg/ml) or protoporphyrin IX (p.p. IX [50 pg/ml]) was added
as indicated, and growth was continued under oxygen-limited conditions for 4 h.
The RNA blot was hybridized with PSADH1- or PSCYC1- specific oligonucleo-
tides as probes.

ever, it is possible that heme depressed general MRNA syn-
thesis. Therefore, as a control, we also analyzed the tran-
scriptional level of PSCYC1, the P. stipitis gene that encodes
cytochrome c, in the expectation that it would be induced
under aerobic conditions (7, 17, 18, 20). The PsCYCL1 tran-
script, which was repressed after the shift to the oxygen-limited
conditions, was clearly present 4 h after the addition of heme
(Fig. 4). This result showed that the addition of heme could
maintain the transcription of PSCYC1 during this period and
that heme was not toxic to the cells.

A possible effect of heme precursors (protoporphyrin 1X)
was also tested because heme synthesis requires oxygen only at
the penultimate step in the pathway (33), and several porphy-
rin precursors may occur in oxygen-limited cells and function
as activators. Heme precursors (protoporphyrin 1X) did not
appear to function either as inhibitor or as activator. There-
fore, it appears that heme is sufficient to inhibit transcription of
PSADH1 under aerobic conditions.

Effect of PSADH1 disruption on PSADH2 expression. The
PsADH2 gene was not, or at best was only poorly, expressed in
the wild-type strain when it was grown under either fermenta-
tive or respirative conditions. To determine if a PSADH1 dis-
ruption affected the expression of PSADH2, we performed
Northern analysis of PSU218, a strain in which Psadhl is dis-
rupted and in which xylose fermentation is impaired (9). The
cells were grown on nonfermentable carbon sources under
fully aerobic conditions to the early stationary phase and har-
vested for RNA preparation.

Disruption of PsADH1 caused a dramatic increase in PSADH2
expression in cells grown on a nonfermentable carbon source
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under aerobic conditions. PSADH2 was poorly expressed in
wild-type yeast grown on either 2% ethanol or 3% glycerol
(Fig. 5), but was expressed at high levelsin PSU218 (psadhl/
psadhl), suggesting that the expression of PSADH2 compen-
sates-at least in part-for the missing PSADH1 activity under
these conditions. PSU218 showed no apparent differences in
its growth rate on nonfermentable carbon sources when com-
pared with the parental strain (9).

DISCUSSION

ADH activity isinduced in P. stipitisunder oxygen-limited
conditions, and this activity corresponds to the product of
PsADH1. The PsADH1 gene encodes a functional ADH pro-
tein and is inducible by oxygen limitation on xylose or glucose,
and this induction is prevented by the addition of heme. This
behavior markedly contrasts with that of the corresponding
genesin S. cerevisiae (13) and Kluyveromyces lactis (30, 34, 37),
but isitself not surprising levels of various fermentative en-
zymesin P. gtipitis were induced by growth on a fermentable
carbon source under oxygen-limited conditions (31, 32, 38).
Conditions that induce ADH activity a so induce the transcrip-
tion of PSADH1. Like the PSADH1 mRN.% ADH-specific ac-
tivity relative to cells grown under aerobic conditions was ap-
proximately 10-fold higher under oxygen-limited conditions.
These results are consistent with the hypothesis that the ex-
pression of PSADH1 isregulated at the transcriptional level.
The ADH assay does not distinguish between PSADH1 and
PSADH2, but because PSADH2 mRNA is not observed in the
cells grown on xylose under oxygen-limited conditions, enzyme
activity largely represents the tranglation product of PSADH1.

Regulation of PSADH1 transcript levels and of PSADH en-
zyme titers during oxygen-limited conditions is likely to be
complex and there is no a priori reason to expect them to
change in parallel. As expected, the PSADH1 transcript levels
rose initially, leading to enhanced synthesis of PSADH1 pro-
tein, which did not decline as rapidly as the corresponding
transcript level. Presumably, this is because of its longer half-

WT PSU218 Strain
Gly E Gly E Carbonsource
PsADH 1
N PaDH:?

SSEER

FIG. 5. Effect of PSADH1 dlsruptlon on expression of the PSADH2 gene
during batch growth on nonfermentable carbon sources under fully aerobic
conditions. Wild-type (WT) cells (lanes 1 and 2) and cells from PSU218 (lanes 3
and 4) carrying two disrupted Psadhl alleles were grown in either glycerol (Gly
[lanes 1 and 3]) or ethanol (E [lanes 2 and 4]) medium un er aerobic
conditions. Total RNA was extracted from these cultures for Northern anal-
ysiswith PSADH1- or PSADH2 - specific oligonucleotides as probes.
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life or because of a delay between mRNA release and accu-
mulation of active enzyme following protein synthesis. Note,
however, that the existence of multiple, differentially expressed
PSADH loci could account for the lack of an exact correlation
between the PSADH1 nRNA level and ADH activities under
the conditions employed. In our previously published studies,
Southern blot analysis of P. stipitisgenomic DNA revealed at
least three loci with homology to S cerevisiae ADH2 (9). Fur-
thermore, the PSADH double disruptant, PLU1209, produces
residual amount of ethanol from xylose under oxygen-limited
conditions, raising the possibility that a third PSADH gene is
expressed under these conditions.

The results observed through Northern analysis of PSADH1
expression agreed with the findings with the gene fusion con-
struct. This similarity suggests that transcription plays an im-
portant role in regulating the expression of PSADH1. There-
fore, PSADH1 expression appears to be responding to oxygen
limitation, and it is regulated at the transcriptional level. How-
ever, it is not possible to rule out posttranscriptional mecha
nisms. It is not surprising to see the presence of PSADH1
mRNA in cells grown on glycerol under fully aerobic condi-
tions, because the transcript level strongly increased in the
presence of ethanol (Fig. 5). and PSADH1 has both fermen-
tative and respirative functions (9).

Heme serves as the prosthetic group in oxygen-binding pro-
teins such as catalases and cytochromes. Its function isinti-
mately entwined with molecular oxygen. and its biosynthesis
requires oxygen (49). Heme plays a regulatory role in many
different processes in a wide variety of organisms, so it is not
surprising that it serves as an intermediate in the signaling
mechanism for oxygen levels in yeast cells. Because heme acts
as aregulatory coeffector in the induction and repression of
aerobic genes (45, 47), it islikely responsilbe for the simulta-
neous repression of the hypoxic gene PSADH1. A role for heme
in transcriptional regulation of PSADH1 can be inferred from
the observation that there were opposite concomitant changes
inthe level of PSCYC1 and PSADH1 transcripts when heme was
added to the culture under oxygen-limited conditions.

Transcripts of PSADH2 were undetectable in cells grown on
xylose under oxygen-limited conditions. Unexpectedly, the dis-
ruption of PSADH1 resulted in elevated expression of PSADH2
in mutant cells grown on either ethanol or glycerol. On the
other hand, such an activation of PSADH2 expression did not
seem to occur in cells grown on xylose under oxygen-limited
conditions because the Psadhl disruptant strain was not able to
utilize xylose to produce ethanol or to contribute significantly
to growth (9). Rather, the mutant produced large amounts of
xylitol. At present, the role of PSADH2 and the basis for the
physiological response of the cells are not completely under-
stood. However, the mutationa effect of Psadhl on PSADH2
expression is reminiscent of feedback regulation of PDC ex-
pression in S cerevisiae (19, 25, 36). In that instance, a signal
for aPDC5 mRNA is only detectable in the pdcl deletion mu-
tant but not in the wild-type cells. Thus, in addition to oxygen-
dependent regulation of PSADH1, expression of PSADH2 is sub-
ject to feedback regulation. The sharp increase of the PSADH2
transcript levelsin the Psadhl disruption mutant suggests that
such regulation may occur at the transcriptiona level. Alter-
natively, a posttranscriptional regulation similar to the mech-
anism described for the autoregulation of tublin synthesis
(11) may function.

Passoth et a. (32) recently reported cloning two genes for
ADH from P. dtipitis CBS 5774 by complementation of an
S. cerevisiae Adh “‘mutant. The two genes that they described
arevirtually identical to the ones we reported earlier (9). How-
ever. Passoth et al. numbered them in the opposite order.
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PsADH1 in our nomenclature system codes for the principal
ADH of P. dtipitis. It is responsible for ethanol production
under oxygen limitation. In this sense, it corresponds to the
ADH1 of S cerevisiae. Passoth et al. (32) also reported prelim-
inary results showing that expression of only one of the two
ADH genes could be detected under fermentative conditions.
They detected expression of the gene corresponding to our
PSADH?2 only under aerobic conditions, and then only at avery
low level. Our earlier investigations (9) showed that deletion
of PSADH1 results in xylitol production under oxygen-limited
conditions. Our present report shows that expression of PADH2
increases signifiantly in the Dadhl strain. We infer that PSADH1
has a higher affinity for NADH than PSADH2, but this hypoth-
esis needs to be tested by assessing the biochemical properties
of the native proteins.

Further investigations of the promoter region of PSADH1,
along with site-specific base substitution and promoter recon-
struction experiments, will help elucidate the mechanism of
transcriptional regulation seen in P. stipitis. Because the phys-
iological response of P. gtipitisto oxygen has been well char-
acterized in fermentation studies, the discovery that it has a
system for regulating gene expression in response to oxygen
will allow comparative studies of glycolytic regulation between
P. dtipitisand S. cerevisiae.
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