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Eukaryotes utilize fatty acids by -oxidation, which occurs in
the mitochondria and peroxisomes in higher organisms and in
the peroxisomes in yeast. The AMP-activated protein kinase
regulates this process in mammalian cells, and its homolog Snf1,
together with the transcription factors Adrl, Oafl, and Pip2,
regulates peroxisome proliferation and -oxidation in yeast. A
constitutive allele of Adrl (Adrl®) lacking the glucose- and
Snfl-regulated phosphorylation substrate Ser-230 was found to
be Snfl-independent for regulation of peroxisomal genes. In
addition, it could compensate for and even suppress the require-
ment for Oafl or Pip2 for gene induction. Peroxisomal genes
were found to be regulated by oleate in the presence of glucose,
as long as Adr1° was expressed, suggesting that the Oafl/Pip2
heterodimer is Snfl-independent. Consistent with this observa-
tion, Oafl binding to promoters in the presence of oleate was
not reduced in a sufIA strain. Exploring the mechanism by
which Adrl¢ permits Snfl-independent peroxisomal gene
induction, we found that strength of promoter binding did not
correlate with transcription, suggesting that stable binding
is not a prerequisite for enhanced transcription. Instead,
enhanced transcriptional activation and suppression of Oafl,
Pip2, and Snfl by Adr1° may be related to the ability of Adr1©to
suppress the requirement for and enhance the recruitment of
transcriptional coactivatorsin a promoter- and growth medium-
dependent manner.

B-Oxidation of fatty acids is an important metabolic pathway
in eukaryotes, from yeast to humans. In mammalian cells, this
process occurs primarily in the mitochondria, but in yeast it is
carried out in specialized organelles, the peroxisomes (1). Yeast
preferentially undergo fermentative metabolism in the pres-
ence of glucose, and most genes not essential for fermentation
are turned off in its presence, a process known as glucose
repression. Upon glucose exhaustion, yeast change their
metabolism to aerobic respiration leading to the derepression
of numerous genes involved in respiration and stress responses.
This process involves the Snfl protein kinase and its dependent
transcription factors, Adrl and Cat8 (2). The newly induced
genes include those responsible for peroxisome proliferation
and B-oxidation.
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In the presence of fatty acids, these genes are further induced
leading to active metabolism of exogenous fatty acids and per-
oxisome biogenesis (3—5). The mammalian AMP-activated
protein kinase and its yeast homolog, Snfl protein kinase, are
important for both peroxisome proliferation in the presence of
fatty acids, as well as B-oxidation (6). In yeast, the pathway
further requires the coordinate action of three transcription
factors, Adrl, Oafl, and Pip2 (6 —8). The Oaf1/Pip2-dependent
response is analogous to the response of the superfamily of
nuclear hormone receptors in higher eukaryotes that regulate
transcription in response to a high fat diet or exposure to other
peroxisome proliferators (9 —11). Oafl binding to oleate poten-
tiates the binding to the Galll component of Mediator, a tail
subunit that is essential for growth on oleate (12). A fourth
transcription factor, Oaf3, has been identified as a transcrip-
tional repressor in the presence of oleate (13). How these
transcription factors interact with each other and with the
upstream signaling pathways for peroxisome proliferation is
unknown.

The AMP-activated protein kinase/Snf1 kinase is considered
the “energy sensor of the cell” because it responds to low cellu-
lar energy stores, often manifest as reduced AMP levels, by acti-
vating transcription factors and metabolic enzymes required
for metabolism of alternative sugars and nonfermentable sub-
strates (14). Snfl is required for promoter binding of Adr1 (15),
a process regulated by phosphorylation of Ser-98 in the DNA
binding domain (16) and by acetylation of promoter nucleo-
somes (17, 18).

Rare semi-dominant alleles of ADRI, known as ADRI-con-
stitutive (ADRI), that constitutively express ADH2 on glucose
and lead to higher levels of derepression (19, 20) in the absence
of glucose, have been identified. Cloning and molecular analysis
of these alleles showed they were in the open reading frame
between amino acids 226 and 239 with the serine at position
230 being especially important (21, 22).

Adrl is phosphorylated at Ser-230 by an unknown protein
kinase under repressing conditions, when it is inactive (23).
Activation of Adrl in derepressing conditions is accompanied
by Snfl-dependent dephosphorylation of Ser-230, consistent
with Ser-230 phosphorylation contributing to inactivation of
Adr1 (23). Thus, Snfl is clearly not the Ser-230 kinase because
phosphorylation of Ser-230 increases when Snfl is absent.
Moreover, the phenotype of a sufl mutant is opposite to muta-
tion of Ser-230 to a nonphosphorylatable allele. snfl mutants
are non-derepressible, i.e. inactive, whereas a S230A mutant is
constitutively active and hyper-derepressible.

How Snfl contributes to Ser-230 dephosphorylation is
unknown (23). It could activate a protein phosphatase that
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TABLE 1
Saccharomyces cerevisiae strains used in the study
Strain Genotype Source

CKY19 W303-1A MATa ade2 camI-100 his3-11,15 leu2-13, 112 trpl-1 ura3-1 Yeast stock center
EAY14 W303-1a adrilA:kanMX adalA:hygMX This study
EAY12 W303-1A adriA:kanMX genSA:: hygMX This study
EAY15 W303-1A adr1A:kanMX snf2A:: hygMX This study
KKTY04 W303-1A snf5A:natMX This study
TYY540 W303-1A adr1Al:LEU2 ADH2:YIpADH2/lacZ(trp1::HIS3) galll:natMX This study
TYY541 W303-1A adriAl:LEU2 ADH2::YIpADH2/lacZ(trp1::HIS3) med2A:: kanMX This study
TYY542 W303-1A adriA1:LEU2 ADH2::YIpADH2/lacZ(trp1::HIS3) pgd1A:: kanMX This study
TYY543 W303-1A adr1Al:LEU2 ADH2:YIpADH2/lacZ(trp1::HIS3) sindA:: kanMX This study
CKY13 W303-1A adriA:kanMX This study
CKY26 W303-1A adriA:natMX snflA:kanMX This study
CKY7 W303-1A snflA:kanMX This study
SRY1 W303-1A oaflA:kanMX This study
SRY3 W303-1A pip2A::kanMX This study
SRY2 W303-1A adriA:kanMX oaflA:natMX This study
SRY5 W303-1A adriA:kanMX pip2A:natMX This study
SRY67 W303-1A adriA:hygMX ADA1-myc-TRP1 This study
RBY34 W303-1A adr1A:LEU2 CATS8-TAP-HA:kanMX GCN5-myc-TRP1 43

RBY36 W303-1A adr1A=LEU2 CATS8-TAP-HA:kanMX SNF2-myc-TRPI1 43

71603 W303-1A OAFI-myc-TRPI 57

dephosphorylates Ser-230 in derepressing conditions. Alterna-
tively, it could inactivate a protein kinase or cause some other
alteration that indirectly influenced the level of Ser-230
phosphorylation.

At least 14 genes involved in peroxisome proliferation and
B-oxidation, including PEX11, CTA1, FOX2, SPS19, and POX1,
have two consensus binding sequences in their promoters: the
upstream activating sequence 1 (UAS1) for Adrl binding (24,
25) and the oleate-response element (ORE)? (26 —28) for Oaf1/
Pip2 binding (29, 30). UAS1 and ORE are typically found in
close proximity or even overlapping in promoters. Pip2 itself
has both UAS1 and ORE in its promoter, and thus Adrl and
Oafl regulate expression in the presence of fatty acids (31).
Oafl and Pip2 form heterodimers that bind OREs, and this
binding was shown recently to depend on Adrl1 (32, 33). Oafl
appears to be more important than Pip2 because overexpres-
sion of Oafl leads to gene expression in a pip2A strain but not
vice versa (34). It has been shown, similar to the ligand binding
domains of nuclear hormone receptors, that fatty acids, such as
oleate, bind to the ligand binding domain of Oafl but not of
Pip2, leading to its activation (12, 35). Interestingly, Oafl has
been reported to also repress some genes independently of
Pip2 upon activation by oleate (13). Because genes with ORE
in their promoters are not expressed in sufIA or snf4A
strains, and the transcriptional activity of Oafl/Pip2 is
repressed by glucose, it has been suggested that Oafl and/or
Pip2 might be phosphorylated by Snfl (36). However, phos-
phorylation of Oafl at multiple sites was demonstrated upon
oleate addition, even in the absence of SNFI, eliminating
Snfl as the Oafl kinase (33). Therefore, regulation of Oafl
and Pip2 by Snfl is not understood.

Understanding how Snfl regulates peroxisome proliferation
and -oxidation would reveal an important function of this
AMP-activated protein kinase homolog. Using the constitutive
alleles of Adrl, we have determined the differences in Snfl

2 The abbreviations used are: ORE, oleate-response element; pol Il, RNA poly-
merase II; ChIP, chromatin immunoprecipitation; gPCR, quantitative PCR;
WT, wild type; HA, hemagglutinin; SAGA, Spt-Ada-Gcn5-acetyltransferase
complex.
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dependence between Adrl and Oafl/Pip2 and elucidated some
of the reasons for Adrl® potency. We show that Adrl® can
induce peroxisomal genes in a snfIA mutant and compensate
for the lack of OAF1I or PIP2 for gene expression, implying that
Snfl does not activate Oafl/Pip2 directly. This property of
Adr1“isanalogous to its ability to activate genes in derepressing
conditions in the absence of Snfl and Cat8 (23). We found that,
in the presence of Adr1€, peroxisomal genes are expressed upon
oleate addition, even in the presence of glucose, when Snfl is
not fully phosphorylated. Finally, we show that Oaf1 binds pro-
moters even in the absence of SNFI or an active Adrl. We
found that Adr1€is capable of binding promoters and overcom-
ing the requirement for some transcriptional coactivators as
well as recruiting some coactivators in the presence of glucose.
In contrast, Adrl phosphorylated on Ser-230 showed lower
promoter occupancy and lower recruitment of pol II compared
with WT Adrl.

MATERIALS AND METHODS

Yeast Strains, Plasmids, and Culture Conditions—Strains
used in the study are listed in Table 1. Yeast strains were grown
in complete or synthetic media as described by Sherman (37).
Repressing medium contained 5% glucose; derepressing
medium contained 0.05% glucose with or without 3% glyc-
erol; and oleate-inducing medium was made by adding 0.5%
Tween 40 and 0.1% oleate to the derepressing medium.
Epitope tagging, marker swapping and gene deletion were
according to Knop et al. (38), Guldener et al. (39), and Cross
(40), respectively.

The ADRI and ADRI¢ expression plasmids used (15) were
modified in some cases by introducing an epitope tag at the C
terminus of Adr1 as described below. For gene expression stud-
ies, CEN-TRPI plasmids with the native ADRI promoter con-
trolling expression of either wild type ADRI (pKD16) or ADR1
alleles S230A (pKD14), R228K (pKD27), or A3, a deletion that
removes Adrl amino acids 226 -233 (pKD26), were used. The
plasmids pKD14H and pKD16H, where TRPI was replaced by
HIS3, were used in strains with myc-TRP1-tagged coactivators.
For chromatin immunoprecipitation, plasmids expressing wild
type ADRI (pKD16-HA::kanMX (TRP1)) and the ADRI-S230A
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TABLE 2
Constitutive gene expression and higher oleate induction with Adr1¢and Adr1 overexpression
Values are average and standard deviation of two biological replicates expressed as fold overexpression with wtAdr1.

Adr1“/condition” ADH?2 CTAI1 FAA2 FOX2 POTI POX1 SPS19
Adr1°R 110 = 1.8 1973 17 = 0.66 21*51 28 +1.2 53 4.7 26+73
Adr1° DRI 4.8 =045 6.6 =49 3.0* 16 35*19 2.0 = 0.69 6.7 = 1.8 32+19
2-pwm Adrl R 390 *+ 37 8.6 X34 6.0 = 0.23 46 =15 6.0 = 0.59 32+82 81*24
2-uwm Adrl DRI 33+39 16 £ 94 84 *16 9.0 £29 45*+14 16 = 8.8 13+ 3.6

“ CEN plasmids expressing Adr1 (pKD16), Adr1€ (pKD14), or 2-um plasmid expressing Adrl (pKD17) were transformed in CKY13.
? Repression (R) was in 5% glucose for 18 h; oleate induction (derepressed-induced, DRI) was for 1 h in 0.1% oleate + 3% glycerol.

allele (pKD14-HA::kanMX (TRP1I)) tagged with an HA epitope
were employed.

Real Time Quantitative PCR (qPCR)—For expression analy-
sis, RNA was isolated by hot phenol extraction (41) and con-
verted to cDNA with a SuperScript I1I reverse transcriptase kit
(Invitrogen) according to the manufacturer’s directions. cDONA
were quantified by real time qPCR (18) with an MJ Research
Chromo4 system, using Quantace SYBR-Green Master Mix,
according to the manufacturers’ instructions. Primer
sequences are available on request. The mRNA level of ACT1
was used as reference for normalization. Experiments were
done in biological triplicates with two technical replicates per
sample. The average values with standard deviations of the bio-
logical replicates are shown.

Chromatin Immunoprecipitation (ChIP)—ChIP was carried
out using ethylene glycol-bis(succinimidylsuccinate) (Pierce)
and formaldehyde as cross-linking agents as described previ-
ously (42). For immunoprecipitation, monoclonal antibodies
against c-Myc (9E10) and HA (F7) epitopes and anti-pol Il anti-
body against RNA polymerase II (8WG16) and Ser-5 C-termi-
nal domain-specific antisera were purchased from Santa Cruz
Biotechnology. Quantitation was done by real time qPCR as
described above using primers designed to cover the promoter
regions of specific genes. Primer sequences are available on
request. Binding or recruitment was calculated as the ratio of
the ChIP qPCR value, calculated from a standard curve, to the
input value at a specific locus, relative to the same ratio for a
negative control telomeric region (43). Sequential ChIP was
performed as described by Tachibana et al. (18). Experiments
were done in biological duplicates or triplicates with two tech-
nical replicates per sample, and results depict the average values
with standard deviations.

RESULTS

Adri° and Adrl Overexpression Overcome the Lack of OAF1
or PIP2 and SNF1I to Induce Gene Expression on Oleate—Adr1°¢
and overexpression of WT Adrl led to the expression of Adr1-,
Cat8-co-dependent genes on glucose (constitutive expression),
as well as increased induction upon derepression, compared
with WT Adrl (15, 21-23, 43). To determine whether this was
the case for peroxisomal genes, we used an adrIA strain
(CKY13) transformed with CEN plasmids expressing Adr1€ or
Adrl from a native promoter or WT Adr1 on a high copy 2-um
plasmid under the ADHI promoter. We found that both Adr1°¢
and WT Adrl overexpression led to constitutive expression of
peroxisomal genes (Table 2). Adr1® more efficiently activated
peroxisomal genes than overexpressed Adrl, in contrast to
expression of nonperoxisomal genes, such as ADH2, where the
reverse was true. After 1 h of oleate induction, gene expression

APRIL 2, 2010-VOLUME 285+-NUMBER 14

was significantly higher with Adrl® or overexpressed Adrl as
activator compared with single copy Adr1, but overexpressed
Adr1 was able to activate most genes about 2-fold higher than
Adrl€ in the presence of oleate. The highly efficient activation
by Adrl€ is not because of increased stability, because Adr1©
protein levels are much lower than those of WT Adrl for
unknown reasons (15, 44).

We have reported previously that expression of Adrl® or
overexpression of WT Adrl leads to the normal induction of
genes that are co-dependent on Adrl and Cat8 in a cat8A strain
(23, 43). Because many peroxisomal genes are under the regu-
lation of Adrl and Oafl/Pip2, we tested gene expression in
adrlAoaflA and adriApip2A mutants carrying the plasmids
expressing Adrl or Adr1€ from a CEN plasmid or Adrl from a
2-pm plasmid. Both Adr1©and Adrl overexpression were able
to fully overcome the absence of Oafl or Pip2 for oleate induc-
tion of peroxisomal genes (Fig. 1, A and B). When Adr1€was the
activator, the genes were expressed fully in oaflIA and were
highly induced in pip2A. This is likely to be because Pip2 is
known to have a smaller role than Oafl in gene regulation, and
Oafl can form homodimers in the absence of Pip2 to regulate
genes (33, 45). In addition, Oaf1 is involved in the regulation of
Pip2, so an oafIA strain is doubly impaired in peroxisomal gene
induction (31). In case of Adrl overexpression, most genes
tested were induced a few-fold higher than with Adr1°. This is
similar to the behavior seen in the OAFI PIP2 strain in Table 2.

We showed previously that Adrl, specifically the S230A
allele, is not Snfl-dependent for gene regulation because it lacks
a phosphorylatable residue at position 230 (23). Hence, we
asked whether Adr1© was Snfl-independent for the expression
of peroxisomal genes on oleate. The adriAsnfIA mutant was
transformed with CEN plasmids expressing three different
Adr1€ alleles, S230A, A3(226-233), and R228K, or with WT
Adrl, and transcription of peroxisomal genes was assayed after
1 h of incubation in glycerol-oleate. Although WT Adrl was
unable to induce the expression of peroxisomal genes in the
absence of Snfl, all three Adr1° alleles were able to overcome
the Snf1 deficiency (Fig. 1C). Similar to previous results of Snfl
independence upon derepression (23), the S230A allele and the
partial deletion allele restored WT levels of peroxisomal gene
expression. The R228K allele was not as efficient, possibly
because it still carries a phosphorylatable Ser-230. Thus, Adr1°©
can overcome the requirement for its activating kinase Snfl and
the co-regulators of peroxisomal gene expression, Oafl and
Pip2.

We also tested whether Adr1© could suppress the require-
ment for Oafl for growth on oleate. A strain with deletions of
OAF1 and ADRI was transformed with plasmids expressing
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FIGURE 1. Adr1¢ and Adr1 overexpression can regulate peroxisomal genes upon oleate induction in oaf1A, pip2A, or snf1A. A and B, gene expression
was measured by qPCR in adr1Aoaf1A or adr1Apip2A carrying plasmids for Adr1 (pKD16), Adr1< (S230A, pKD14) or Adr1 overexpression (pKD17) after
subjecting to glucose-derepressing, oleate-inducing conditions (0.1% oleate + 3% glycerol (derepressing-inducing, DRI)) for 1 h. C, adr1Asnf1A strain carrying
plasmids for either WT Adr1 (pKD16) or one of three Adr1€ alleles (S230A, pKD14; A226-233, pKD26; and R228K, pKD27) was assayed for gene expression by
gPCR after subjecting to glucose-derepressing, oleate-inducing conditions (0.1% oleate + 3% glycerol (DRI)) for 1 h. Values are expressed as percent wild type
expression; error bars indicate standard deviation of three biological samples assayed in duplicate.

either WT Adrl or Adrl€, and transformants were tested for
their ability to grow with various carbon sources in the medium.
Both WT and Adr1° transformants grew equally well with glu-
cose in the medium, but neither WT Adr1 nor Adr1° transfor-
mants could grow with oleate as the sole carbon source. Thus,
Adr1° cannot suppress the requirement for Oaf1 for growth in
oleate-inducing conditions.

Oafl-dependent Transcription and Its Promoter Binding Are
Independent of Sufl—The phosphorylation of Oafl upon oleate
addition is Snfl-independent (33), and we showed that Adr1¢
can overcome Snfl dependence (23). Thus, we tested if the
transcriptional regulation of peroxisomal genes by Oafl
depends on Snf1 in strains carrying Adr1°. For this purpose, we
measured gene expression in glucose-repressed cultures, in
which Snfl is inactive, grown for 7-8 h in the presence of
oleate. We found that 8 h after oleate addition, in cultures that
still had repressing levels of glucose, Adr1© was able to induce
expression of peroxisomal genes as effectively as after 1 h of
growth in glucose-derepressing, oleate-inducing conditions.
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The control strain with WT Adrl did not show significant per-
oxisomal gene expression (Table 3A).

The Snfl independence of peroxisomal gene expression in
the presence of Adr1® was confirmed by analyzing peroxisomal
gene expression in the snfIA mutant in repressing-inducing
(glucose-oleate) conditions. In the absence of Snfl, Adrl®
allowed levels of expression close to the WT SNFI strain for
three of the four tested genes (FOX2, POT1, and POX1I) (Table
3B). Thus, the induction of peroxisomal genes, which depends
on active Snfl, Adrl, and Oaf1/Pip2, appeared to be Snfl-de-
pendent only because of Snfl regulation of Adr1 and not Snfl
regulation of Oafl/Pip2.

Because Adrl® allowed oleate induction of peroxisomal
genes in the absence of Oafl or Pip2, we asked if it could simi-
larly overcome the deficiency of either of these transcription
factors on glucose-oleate. However, we found that Adr1° still
required Oafl and Pip2 for the induction of most peroxisomal
genes on glucose-oleate; FOX2 was an exception. It was
expressed as well in the oaf1 and pip2 mutants as in strains with
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TABLE 3

Oleate induction of peroxisomal genes occurs in glucose in the
presence of Adr1¢

A. Oleate induction occurs in repressing conditions in the presence of Adr1°¢

Adr1” CTA1l FOX2 POT1 POX1
Wild type 8.0 = 0.09 7.0=0.2 2.0 = 0.02 8.0 £ 0.03
Adr1¢ 99 = 15 100 * 43 82+ 6 61 =27

B. Adrl°-dependent oleate induction in repressing conditions occurs in the
absence of Snfl but is dependent on Oaf1/Pip2

Genotype® CTA1 FOX2 POT1 POX1
snfIA 38004 71+ 14 79+008  66*7
oafIA 26 + 5.0 52+ 7.0 5+08 5+02
Ppip2A 37 +0.03 6890 9006 10=2

“ CEN-TRP1 plasmids expressing wild type Adr1 (pKD16) or Adr1¢ (pKD14; S230A)
were transformed in CKY13 (adr1A). Gene expression was measured by qPCR 8 h
after addition of 0.1% oleate to glucose-repressed cultures. The data are presented
as the percent of expression with Adr1€ in glucose-derepressing, oleate-inducing
conditions; errors indicate standard deviation (as percent) of three biological
samples.

? The adrIA strains employed are listed in Table 1. Gene expression in strains car-
rying Adr1€ on pKD14 with deletion of SNFI, OAF1, or PIP2 was assayed by qPCR
in glucose-repressed cultures 8 h after 0.1% oleate induction (repressing). Values
are expressed as percent of expression in the same conditions, but with WT SNF1,
OAF1, and PIP2; errors indicate standard deviation (as percent) of three biological
samples.

WT OAFI and PIP2 (Table 3B). In summary, Adr1€ suppressed
the Snfl, Oafl, and Pip2 requirement of peroxisomal gene
expression for derepression and induction, but not in the
unusual condition of oleate induction in the presence of
glucose.

Having shown that Snfl-dependent peroxisomal gene
expression is not mediated by Oaf1, we predicted that promoter
binding of Oafl would be independent of Snfl. We employed
WT and suflA strains in which Oafl was tagged with a Myc
epitope to measure Oafl promoter binding by ChIP. Almost no
Oafl binding was observed in glucose-repressed cells (data not
shown). After 1 h of induction in glycerol-oleate, we found that
Oafl bound to the promoters of all peroxisomal genes tested,
irrespective of the presence or absence of Snfl (Table 4).
Because we have observed a decrease in ADH2 expression in
oafIA strains (data not shown), we tested and demonstrated
Oafl binding to the ADH2 promoter (Table 4).

Peroxisomal gene expression is very low in the snfIA strain
with WT Adrl despite the presence of Oafl at the promoter
(Fig. 1C). To test whether Oafl had recruited a preinitiation
complex in these conditions, we assayed for the recruitment of
RNA polymerase in the same extracts. As expected, whereas pol
II was found at promoters in the strain with WT SNF1, it was
significantly reduced in snfIA cells (Table 4), explaining the
reduced transcription in a snfIA mutant with WT Adrl. Thus,
Oafl binding is independent of Snfl activity, but its binding is
insufficient for pol II recruitment. pol II recruitment and
induced transcription of peroxisomal genes requires the activ-
ity of Snfl because Snfl is required for Adr1 binding and coac-
tivator and pol II recruitment (15, 17, 18).

Adri° Binds Promoters of Some Genes More Efficiently than
WT Adri—Having found that Adrl€ could induce Snfl-inde-
pendent expression at a variety of genes, we investigated why
Adrl€ is a better activator than WT Adrl by measuring the
binding efficiencies of the two activators by ChIP, using HA-
tagged proteins. Under repressing conditions, where WT Adrl
is not detected at promoters (18, 43), Adr1° was detected at the
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TABLE 4
Oaf1 binding but not pol Il recruitment is Snf1-independent
Genotype” ADH2 CTA1l FOX2 POT1 POX1

Oafl binding
Wild type 3.1 £0.047 29*+0.16 3.7*0.9 4.0+ 0.082 2.8 =*0.061

snflA 34*+03 29+0.1 4.1%*0.17 3.0*0.2 3.6 = 0.079
pol II recruitment”

Wild type 4.3 +0.08 40*08 54=*10 50=*1.0 3.3*0.6

snflA 1.4 *0.1 1.5£03 35%£07 10x02 22+ 04

“ Oaf1 binding to promoters was detected by ChIP-qPCR as described under “Mate-
rials and Methods” in WT and sufIA strains with Myc-tagged Oafl after 1 h of
oleate induction in glycerol medium (derepressed-induced). Values are the ratio
of binding upon oleate induction over binding on glucose and represent the aver-
age and standard deviations of two biological samples.

? RNA polymerase recruitment upon oleate induction was determined at specific
promoters by ChIP with anti-pol IT antibody in WT and snfIA. Values are the ratio
of binding after 1 h of oleate induction over binding on glucose; errors depict the
standard deviations of two biological samples.

promoters of JENI, POT1, and POX1 (Fig. 2A). Surprisingly,
Adr1° did not bind the ADH2 promoter better than WT Adrl,
even though it causes constitutive expression of ADH2. Possi-
bly, binding at the ADH2 promoter was too weak to be detected
by ChIP, or Adr1€ levels were transiently low at 4 h when the
samples were collected, because the constitutive regulation of
ADH?2 is unlikely to be driven without promoter binding. Sim-
ilarly, although better binding of Adr1°at POT1 and POXI pro-
moters might explain their constitutive expression (Table 2),
JENI is not constitutively expressed (data not shown) despite
Adr1© binding. Therefore, it appears that promoter binding
alone is not sufficient to explain constitutive gene expression. It
should be noted that Adr1° promoter binding on glucose is still
far lower than that under derepressing conditions (Fig. 2B). On
glycerol, Adr1¢ was found to bind ADH2, ADY2, JENI, and
POX1 promoters consistently better than WT Adrl. However,
its binding was only 1.2-1.5-fold higher than WT binding,
although its transcription activation was 2—6.7-fold higher
(Table 2). Thus, it seems unlikely that the higher gene expres-
sion driven by Adr1€is due solely to its better promoter binding.

Although most of Adrl is phosphorylated at Ser-230 on glu-
cose, a significant proportion is dephosphorylated upon dere-
pression (23). This and the constitutive activity of Adr1€, which
cannot be phosphorylated at Ser-230 (46), led to the hypothesis
that phosphorylation at Ser-230 is inhibitory to Adrl activity
(23, 46). Therefore, we asked whether phosphorylated Adrl
could bind promoters using an antibody specific for phosphor-
ylated Ser-230 of Adrl.

Ser-230-phosphorylated Adrl was detected at all Adrl-de-
pendent promoters tested in derepressing conditions, although
its binding appeared to be lower than nonphosphorylated Adrl
(Fig. 2C). Adr1®, which cannot be phosphorylated at Ser-230
and is not recognized by the anti-phospho-Ser-230 antisera
(47), was used as control, and the ChIP with anti-phospho-Ser-
230 antibody did not detect binding above background (data
not shown). In related experiments, we showed that promoter
occupancy by Ser-230-phosphorylated Adrl increased at a
slower rate than for total Adrl after removal of glucose, an
observation that is consistent with a lower binding efficiency.?
In summary, nonphosphorylatable Adrl (Adrl) appears to
have enhanced activity primarily due to a post-promoter bind-

3 N. Kacherovsky, unpublished data.
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FIGURE 2. Adr1€ binds some gene promoters better than WT Adr1 under repressing conditions, and Ser-230-phosphorylated Adr1 binds less well in
derepressing conditions. Adr1 binding at promoters was detected by ChIP under repressing (A, 5% glucose) and derepressing (B, 3% glycerol) conditions
using adr1A transformed with plasmids pKD14HA (Adr1<-HA) or pKD16HA (wtAdr1-HA). C, binding of total Adr1 and Adr1 phosphorylated at Ser-230 was
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Values were normalized to input and binding at telomere (TEL); error bars represent standard deviations of two biological samples. IP, immunoprecipitation.

ing function of the activator. In contrast, Ser-230-phosphory-
lated Adrl is competent to bind DNA but appears to do so less
well than nonphosphorylated Adr1.

AdrI° Overcomes the Requirement for Some Transcriptional
Coactivators for Gene Expression—To investigate the possibil-
ity that phosphorylation of Ser-230 inhibited coactivator
recruitment, we asked whether Adr1® might enable transcrip-
tion without the recruitment of all coactivators required by WT
Adrl (43, 48). To test this, we measured gene expression in
mutants lacking one of the coactivators required by, and
recruited to, Adrl-dependent genes (43, 48). The coactivator
mutants tested included mutants in the tail genes for the medi-
ator complex (MEDIS, MED2, MED3, and MEDI16), in two
genes encoding components of the SAGA complex (GCN5 and
ADA1I), and in two subunits of the Swi/Snf chromatin remod-
eling complex (SNF2 and SNFS5). CoactivatorA adrIA strains
were transformed with CEN plasmids expressing either WT
Adrl or Adrl¢, and mRNA levels of several Adrl-dependent
genes were measured after growth in glucose, glycerol, or
oleate.

Under glucose-repressing conditions, deletion of compo-
nents of Mediator or Swi/Snf did not affect constitutive expres-
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sion with Adr1® (Table 5). The data are shown for two genes,
ADH?2 and POX1, that display high constitutive expression in
the presence of Adr1°. In the snf5A strain, ADH2 was expressed
constitutively even by WT Adrl. However, the deletion of
either the histone acetyltransferase (Gcn5) or the structural
scaffold (Adal) of the SAGA complex greatly reduced the con-
stitutive activity with Adr1°. Thus, on glucose, gene activation
by Adrl® appears to be independent of the Mediator complex
and Swi/Snf but is dependent on SAGA for constitutive gene
expression.

In derepressing conditions, Adr1¢ was a stronger activator
than WT Adrl in all of the coactivator mutants (Fig. 3). A strik-
ing effect was observed in a mutant lacking Gen5, the histone
acetyltransferase component of the SAGA complex. WT Adrl
showed the expected strong dependence on Gen5 (Fig. 3D),
whereas Adr1€activated expression of most genes to nearly WT
levels. In contrast, deleting ADAI, a scaffold component of
SAGA, severely reduced gene activation by Adrl¢, although it
was still significantly higher than activation by WT Adrl. Thus,
an intact SAGA complex is required for efficient activation by
the Adr1€ activator, but its histone acetyltransferase activity is
dispensable. The suppression of the coactivator defects by
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Adr1© for the ADH2 gene was confirmed by in-gel staining of
alcohol dehydrogenase activity and reporter gene assays
(supplemental Fig. 1 and data not shown).

Upon oleate induction, coactivator dependence was
decreased for Adrl® relative to WT Adrl as in repressing and
derepressing conditions with some differences (Fig. 4). Media-
tor components were more dispensable than in derepressing

TABLE 5

Adr1° compensates for the loss of some transcriptional coactivators
in repressed gene expression
mRNA levels are average and standard deviation of two biological replicates

expressed relative to fold overexpression in a WT coactivator strain (CKY13) car-
rying pKD16 (wtAdrl) after overnight growth in 5% glucose.

Coactivator mutation® Adr1? ADH?2 POX1
None Adri1¢ 96 + 13 60 *+ 13
Adrl 1.0+ 1.0 1.0 =£0.20
MediatorA Adri1¢ 53+7.6 85+ 15
Adrl 3.6 1.1 1.5+ 0.30
snf2A Adrlc 50 £ 2.4 11.5 = 0.85
Adrl 8.6 = 0.40 1.0 £0.10
snf5A Adri1¢ 165 3.1 13 = 0.10
Adrl 35 £ 0.055 1.5+ 0.15
genSA Adric 7.6 = 0.38 0.50 = 0.05
Adrl 0.2 = 0.014 0.50 = 0.15
adalA Adrlc 5.2 =048 0.50 £ 0.10
Adrl 1.2 = 0.06 0.50 = 0.010

“None of the strains possess chromosomal ADRI. The strains used are listed in
Table 1. MediatorA is the average expression from individual mutants of the
Mediator complex (med2A, med3A, med1SA, and med16A).

? pKD14 and pKD16 expressing Adr1° and Adrl, respectively, were transformed
into the relevant strains.

Snf1 Dependence of Oleate Induction

conditions, and gene expression was restored fully by Adrl®
(Fig. 4). The Swi/Snf complex was important for gene expres-
sion induced by WT Adrl, but Adr1€ could overcome its loss
and induce full expression for all genes except FOX2 and POT1
in the snf2A mutant. In mutants of the SAGA complex, expres-
sion of peroxisomal genes was very low when either WT Adrl
or Adr1€was the activator. However, Adr1°€ restored expression
of ADH2to WT levels in the SAGA mutants. This may be due to
the fact that ADH?2 is regulated mainly by glucose repression
rather than by oleate induction. The inability of Adr1° to acti-
vate the peroxisomal genes in oleate-inducing conditions in the
absence of an active SAGA complex suggests that SAGA
recruitment by Adr1® may have an important role in its sup-
pression of an oaf1A defect in peroxisomal gene expression. In
summary, Adrl® suppresses loss of coactivators in a complex
manner that is affected by both the specific promoter examined
and the growth conditions.

Differential Recruitment of Transcriptional Coactivators and
pol 1I by Adr1° and Ser-230-phosphorylated Adrl—Because
Adr1€ could overcome the loss of some coactivators for gene
expression, we tested whether Adr1€ could recruit coactivators
differently than WT Adrl. Strains deleted for ADRI and con-
taining Myc-tagged coactivators were transformed with the
Adrl or Adrl® CEN plasmids. We focused on Swi/Snf and
SAGA because Adrl°€ suppressed these defects most effectively
under derepressing or oleate-inducing conditions. We had
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FIGURE 3. Adr1¢ partially suppresses coactivator defects in derepressing conditions. mRNA levels were measured after 4 h of incubation in 3% glycerol by
gPCRin strains deleted for specific coactivator components and ADR1, carrying either plasmid pKD14 for Adr1<or pKD16 for Adr1.A, data for individual mutants
of the Mediator complex (med2A, med3A, med15A, and med16A) were combined and averaged; B, snf2A; and C, snf5A; D and E, SAGA mutants gcn5A and
adalA. Values are expressed as percentage of WT expression; error bars indicate standard deviations of three biological samples. DR, derepressing.
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observed that SAGA was important for gene expression acti-
vated by WT Adrl under all three growth conditions, and
Adr1°€ compensated for the loss of Gen5, but not Adal, under
glucose-derepressing conditions (Table 5; Figs. 3 and 4; and
supplemental Fig. 1).

The recruitment of these coactivators was studied by quan-
titative ChIP analysis (Fig. 5). Under glucose-repressing condi-
tions, Adrl® recruited Gen5-myc better than Adrl at all pro-
moters tested, except ADH2 (Fig. 5A). The relatively better
recruitment of SAGA components by Adrl1® at POX1, but not
POT1I, under repressing conditions suggests that recruiting
SAGA may overcome its Swi/Snf dependence (Fig. 3) by
recruiting an alternative chromatin remodeling complex,
SAGA. Adal was recruited more effectively by Adr1® at some
promoters (Fig. 54). However, under glucose-derepressing
conditions, there was no significant difference in the recruit-
ment of either SAGA component by Adr1€ or Adr1 (Fig. 5B).

Because Gen5 was dispensable for transcription by Adrl®
under derepressing conditions, we asked whether Adr1€ could
recruit other histone acetyltransferases, such as Tafl of the
TFIID complex, or Esal of the NuA4 complex. However, ChIP
for Tafl or the NuA4 components, Esal and Epl1, showed very
low recruitment and no difference between Adrl and Adrl®
(data not shown). This confirms previous results indicating that
these coactivators are not recruited to ADH2 by WT Adr1 (43)
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and suggests that Adr1° does not compensate for loss of Gen5
by recruiting either of these histone acetyltransferase activities.

The recruitment of Snf2 was tested because, under glucose-
repressing conditions, Adrl® partially overcame the loss of
either Swi/Snf component at several promoters (Table 5). How-
ever, Snf2 was not found at the promoter of any gene tested
under repressing conditions (Fig. 5, Cand D). This could be due
to the relatively low level of gene expression in repressing con-
ditions or because the dependence on Snf2 is indirect.

In derepressing conditions, Snf2 was recruited similarly by
both Adr1l and Adr1° to the nonperoxisomal genes but was not
recruited by either to peroxisomal genes. Snf2 was previously
found to be more important for the expression of nonperoxiso-
mal than peroxisomal genes (Fig. 3), and its absence was sup-
pressed by Adr1€. The ChIP analysis thus provides an explana-
tion for these observations because Swi/Snf does not appear to
be recruited to the peroxisomal genes.

Under oleate-inducing conditions, gene expression in the
snf2A strain partly corresponded to Snf2 recruitment, in that
Adr1° restored ADH2 and FOX2 expression (Fig. 4B), but nei-
ther Adrl nor Adrl® recruited Snf2 to these promoters (Fig.
5D). Both activators recruited Snf2 equally to the POTI pro-
moter, in agreement with its expression in the snf2A strain.
However, although Adr1°€ restored POXI expression in a snf2A
mutant, both Adrl and Adr1° recruited Snf2 similarly. Thus,
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FIGURE 5. Adr1€ recruits some coactivator components better than WT Adr1. Recruitment of coactivator components was measured by ChIP-qPCR in
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respectively, compared with repressed conditions. Error bars indicate standard deviations of two biological samples. IP,immunoprecipitation.

enhanced recruitment by Adr1° of the coactivators tested does
not appear to explain the ability of Adr1€ to suppress defective
transcription in individual coactivator mutants.

We studied the recruitment of coactivators and RNA pol II
by Ser-230-phosphorylated Adrl and total Adrl (both phos-
phorylated and nonphosphorylated) in derepressing conditions
using sequential ChIP. Sequential ChIP was performed with
either anti-Adr1-Ser(P)-230 or anti-HA antibody (for total
Adr1-HA) for the primary ChIP. This first step would pull
down promoters bound by either phosphorylated or total Adr1.
Anti-Myc antibody was used in the second ChIP to determine
the subpopulation of promoters that was also bound by Myc-
tagged coactivators. Anti-pol II antibody and anti-pol
I1-Ser(P)-5 antibody were used to identify promoters occupied
by pol II and Ser-5(P)-pol II, respectively, and the activators,
and anti-Tbp antibody was used to identify Tbp.

The coactivators recruited by Ser-230-phospho-Adrl and
total Adr1 by sequential ChIP included TATA-binding protein,
SAGA (Gcenb and Adal), Swi/Snf (Snf2), and Mediator (Galll),
total pol 11, and Ser-5-phosphorylated pol II. All of these, with
the possible exception of Ser-5-phosphorylated pol II, were
found at levels equivalent to promoter binding by the respective
forms of Adrl (supplemental Fig. 2). This result suggests that
Ser-230-phosphorylated Adr1 recruits these complexes as well

asEve
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as nonphosphorylated Adrl. However, the relative enrichment
of Ser-230-phosphorylated Adr1 at promoters was low (Fig. 2),
making the signal-to-noise ratio weak in the first ChIP. In addi-
tion, most promoters have multiple Adr1-binding sites, and the
promoters could be occupied by both Ser(P)-230 and nonphos-
phorylated Adrl. As a consequence, the coactivators present at
promoters containing Ser(P)-230-Adr1 could also be occupied
by nonphosphorylated Adrl.

In conclusion, the results suggest that Ser-230-phosphoryla-
ted Adrl is able to recruit coactivators and pol IL. If this conclu-
sion is confirmed by future studies, it would indicate that phos-
phorylation blocks a post-recruitment step in activation by
Adrl. This would be consistent with the observation that the
strong Adrl€ activator is not significantly better at coactivator
recruitment than WT Adrl in derepressing conditions but acti-
vates transcription to significantly higher levels.

DISCUSSION

We have shown that when Adrl is constitutively active
because of mutation of Ser-230 (Adr1€), Snfl is not necessary
for peroxisomal gene expression. This conclusion is derived
from the observation that oleate induction of peroxisomal
genes occurs in the absence of Snfl if Adr1€is the activator but
not if WT Adrl is the activator. These results were obtained
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both in the presence of glucose, when Snfl is inactive, and
under derepressing conditions in a snfIA strain. Because non-
phosphorylated Snfl may retain some activity on glucose, the
results obtained in the snfIA strain provide the most compel-
ling evidence that Adrl® suppresses Snfl dependence. The
observations that Oafl promoter binding is Snfl-independent
and that peroxisomal gene induction in oleate-inducing condi-
tions can occur in a sufIA strain are convincing evidence that
Snfl regulates peroxisomal gene expression primarily through
activation of Adr1. This conclusion pertains only to the perox-
isomal genes we analyzed, which are primarily in the 8-oxida-
tion pathway. Other peroxisomal genes, particularly the PEX
genes that are involved in peroxisome biogenesis, may be reg-
ulated differently. We suspect this may be the case because
Adr1°€ could not suppress the Oafl requirement for growth on
oleate.

These studies confirm that Ser-230 in the regulatory domain
is an important target through which Snf1 regulates the activity
of Adr1 (23). Snfl is not the Ser-230 kinase because the pheno-
type of suflA is opposite to that of an S230A mutation in Adrl.
Loss of Snfl inactivates Adrl, whereas the S230A mutation
activates Adrl. More importantly, loss of Snfl causes an
increased level of Ser-230 (and Ser-98) phosphorylation rather
than a decreased level, as would be expected if Snfl were the
S230 (or Ser-98) kinase (16, 23). Thus, it appears that Snfl
inhibits the activity of a Ser-230 kinase or activates a phospho-
Ser-230 protein phosphatase. We emphasize this point because
recent reports assume that Snfl activates Adrl by phosphor-
ylating it, whereas the opposite is true. Snfl is important for
dephosphorylating both Ser-98 in the DNA binding domain
and Ser-230 in the regulatory domain (33, 36).

Although the Snfl dependence of peroxisomal gene expres-
sion was found to be primarily through Adr1, snfIA is known to
lack peroxisomal structures, whereas adr1A develops small sin-
gle peroxisomes (6). If Snfl acts solely through Adrl, the same
phenotype should be observed in both mutants. This apparent
discrepancy could be because another target of Snfl is neces-
sary for full peroxisome biogenesis, such as the numerous PEX
genes, or post-transcriptional modifications that are important
for structural changes of peroxisomes (49). This interpretation
is consistent with our observation that Adrl® could suppress
the Oafl requirement for expression of genes encoding
enzymes of the B-oxidation pathway (Fig. 1) and a few other
peroxisomal genes such as CTAI and PEX11,* but it could not
suppress the requirement for Oafl for growth on oleate.

How Adrl and Oafl/Pip2 interact to promote peroxisomal
gene expression is unknown. A promoter containing both
UASI1 and ORE is better regulated than a promoter with either
element alone on oleate addition (50), indicating synergistic
transcriptional activation.

Mutual stabilization at promoters may be another way that
Adrl and Oafl/Pip2 interact to induce peroxisomal genes.
Adrl, Oafl, and Pip2 have been reported to be at least partially
dependent on each other for promoter binding (33, 34). This
could explain the Snfl dependence of peroxisomal genes, where

4S. Ratnakumar and E. T. Young, unpublished data.
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promoter binding by Adrl is Snfl-dependent (51), but Oafl
phosphorylation (33) and promoter binding are not (Table 4).
This also suggests that a Snfl-activated Adr1 is not required for
Oafl binding. Baumgartner et al. (34) used constitutively
expressed Oafl and Pip2 to study the oleate response on glu-
cose and found that Oafl responds to oleate only in the absence
of glucose. We interpret this result as due to Snfl inactivity on
glucose that keeps Adrl inactive (23). When Adrl® was the
activator, we observed Oafl-dependent gene expression in glu-
cose-oleate (Table 3). Similarly, none of the nonessential kinase
or phosphatase deletions led to oleate induction of genes in the
presence of glucose (52). This could be because the Glc7 phos-
phatase that regulates Snfl kinase is an essential gene, whereas
the deletion of its regulatory subunit, Regl, is known to activate
Adrl (15).

Thus, our findings agree with a model in which Adr1 is con-
stitutively expressed but requires Snfl-dependent activation (in
part by indirectly dephosphorylating Ser-230 and Ser-98 (23)),
and Oaf1 is constitutively expressed but requires activation by
binding to fatty acids (Fig. 6). Activation of both Adr1 and Oafl
leads to Pip2 expression and its dimerization with Oafl. When
oleate is taken up by cells it binds to and activates Oafl (35).
Active Adrl and Oaf1 bind to the PIP2 promoter leading to its
transcription (31). Oafl and Pip2 form heterodimers (32) and,
together with Adrl, activate genes involved in 3-oxidation and
peroxisomal proliferation (5, 8, 13, 25, 28, 29, 53). The Oafl/
Pip2 heterodimer binds promoters upon glucose derepression,
and binding only moderately increases upon oleate induction,
suggesting that ligand binding by fatty acids probably activates
transcription but not binding (33). Adr1¢ short-circuits this
process in an unknown manner because it activates the perox-
isomal genes in the absence of either Snfl or Oafl. The inde-
pendence of Adr1€ activation from some coactivators suggests
that altered PIC formation or activity may be involved in allow-
ing Adr1° to activate transcription in the absence of Snfl and
Oafl.

Although ADH?2 does not encode a component of the 3-ox-
idation pathway, it is the gene that was most highly expressed in
a global analysis of oleate induction (5). We confirmed that
ADH?2 expression is oleate-induced and that it decreased dur-
ing oleate induction of oafIA and pip2A mutants (data not
shown). The requirements for OAFI and PIP2 may have been
missed in the global transcriptome experiments because of the
homology between ADHI and ADH2. The ChIP data indicating
that Oaf1 binds to the ADH2 promoter during oleate induction
(Table 4) suggests that Oafl binding may be a direct effect of
Oafl/Pip2 activation. Oafl and Pip2 are known to transcribe
some nonperoxisomal genes, such as CIT1 (28). Although the
ADH?2 promoter is not known to contain a consensus ORE, it
appears to possess at least two putative ORE half-sites with
CGGN,TN(A/R)Ng_,,CCG consensus sequence (54) at posi-
tion —298 and at —386. OREs in other promoters such as CTA 1
and POX1 overlap with or are adjacent to Adrl-binding sites
(30). Adrl and Cat8 interact at UAS1-UAS2/carbon source
response element to synergistically activate ADH2 expression
in derepressing conditions (42, 55, 56). The binding of Oafl in
the ADH2 promoter might allow an analogous interaction
between Adrl and Oafl during oleate induction. However, fur-
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ther work will be required to identify the Oafl-binding site in
the ADH2 promoter, as some Oafl/Pip2-regulated genes such
as PXA1 do not possess a consensus ORE (4, 28, 33).

What is the mechanism that enhances transcription by
Adrl1€and allows it to suppress loss of upstream signaling by
Snf1? Although Adr1° does not have enhanced DNA binding
activity in vitro (44), a significant increase in binding was
detectable by ChIP at some, but not all, promoters (Fig. 2).
However, the increase in binding was not always associated
with increased transcription. The lack of correlation
between binding and activation by Adr1°suggests that muta-
tion of the regulatory domain primarily affects a post-DNA
binding step. A post-DNA binding role for the regulatory
domain is also suggested by the observation that Adr1€ par-
tially suppressed, in a promoter- and condition-dependent
manner, loss of several coactivators. It strongly suppressed
the effects of loss of Mediator tail components (Table 5; Fig.
3A, and Fig. 44, and supplemental Fig. 1), which are partic-
ularly important for oleate induction (52). In addition, Adr1®
recruited Genb and Adal more efficiently than WT Adrl at
some promoters but only in repressing growth conditions.
Suppression of the requirement for Gen5 did not appear to
be due to recruitment of the histone acetyltransferase activ-
ity of Tafl or NuA4.

Thus, enhanced recruitment of coactivators does not seem
sufficient to explain the enhanced and Snfl- and Oafl-indepen-
dent activation by Adr1°©. Additional possibilities include direct
recruitment of RNA pol IT or an effect on a post-binding step in
initiation.

APRIL 2, 2010-VOLUME 285+-NUMBER 14

tivators or more efficient coactiva-
tor recruitment may play a general
role in Snfl-independent activation
of Adrl target genes. At Adrl- and
Cat8-dependent promoters, the two
transcription factors act both inde-
pendently and cooperatively to
recruit coactivators and form a
preinitiation complex (42, 43). Adrl
and Oafl may act in a similar manner, and Adrl® might sup-
press the loss of Oaf1 by enhancing recruitment of Oafl-depen-
dent coactivators.
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