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The activation of the PHO5 gene in Saccharomyces cerevisiae in response to phosphate starvation critically
depends on two transcriptional activators, the basic helix-loop-helix protein Pho4 and the homeodomain
protein Pho2. Pho4 acts through two essential binding sites corresponding to the regulatory elements UASp1
and UASp2. Mutation of either of them results in a 10-fold decrease in promoter activity, and mutation of both
sites renders the promoter totally uninducible. The role of Pho4 appears relatively straightforward, but the
mechanism of action of Pho2 had remained elusive. By in vitro footprinting, we have recently mapped multiple
Pho2 binding sites adjacent to the Pho4 sites, and by mutating them individually or in combination, we now
show that each of them contributes to PHOS5 promoter activity. Their function is not only to recruit Pho2 to the
promoter but to allow cooperative binding of Pho4 together with Pho2. Cooperativity requires DNA binding of
Pho2 to its target sites and Pho2-Pho4 interactions. A Pho4 derivative lacking the Pho2 interaction domain is
unable to activate the promoter, but testing of UASp1 and UASp2 individually in a minimal CYCI promoter
reveals a striking difference between the two UAS elements. UASp1 is fully inactive, presumably because the
Pho4 derivative is not recruited to its binding site. In contrast, UASp2 activates strongly in a Pho2-independent
manner. From in vivo footprinting experiments and activity measurements with a promoter variant containing
two UASp2 elements, we conclude that at UASp2, Pho2 is mainly required for the ability of Pho4 to transac-

tivate.

The expression of the PHO5 gene in Saccharomyces cerevi-
siae, which codes for a secreted acid phosphatase, is strongly
repressed in phosphate-containing media (17). Two transcrip-
tion factors, the basic helix-loop-helix protein Pho4 and the
homeodomain protein Pho2, are required for transcriptional
activation of the PHO5 promoter upon phosphate starvation
(20). The activity of Pho4 is regulated through phosphorylation
by a cyclin—cyclin-dependent kinase complex encoded by
PHOB80 and PHOB85, respectively (15). Under repressing con-
ditions, Pho4 is phosphorylated and located predominantly in
the cytoplasm (19). In addition, Pho80 appears to repress Pho4
activity by direct interaction (13).

Deletion analysis of the PHO5 promoter revealed two reg-
ulatory elements, UASp1 and UASp2 (22), to which Pho4 has
been shown to bind in vivo upon phosphate starvation, but not
under high-phosphate conditions (30). The repressed PHO5
promoter is packaged in a positioned array of nucleosomes
that is interrupted only by a short hypersensitive region con-
taining UASp1 (1). Upon induction of the gene, a 600-bp
region of the PHO5 promoter becomes hypersensitive to nucle-
ases, reflecting a profound alteration in the structure of four
nucleosomes (2). Binding of Pho4 to both UASp1 and UASp2
is required for this transition to occur, which appears to be a
prerequisite for transcriptional activation (27).
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In contrast, the role of Pho2 in PHOS5 regulation is much less
clear. Although Pho2 is strictly required for PHOS5 promoter
activation, no Pho?2 target sites relevant for promoter activa-
tion have been located so far. Deletion of the one Pho2 binding
site that was previously mapped in vitro (31) did not influence
PHOS5 promoter activity significantly (22). The finding that the
activation of a heterologous promoter by a 31-bp oligonucle-
otide containing UASp1 was fully Pho2 dependent led to the
suggestion that Pho2 acts as a trans-acting factor without bind-
ing to DNA (24).

Pho2 is a pleiotropic effector which is involved in the regu-
lation of a diverse array of other genes. Together with Swis, it
binds cooperatively to a regulatory element in the HO pro-
moter (7) and plays a complex role in its regulation (18). Also
named Bas2, Pho2 is involved in the regulation of HIS4 (3),
TRP4 (6), and certain ADE genes (8). It was recently reported
that at the ADES,7 promoter, Pho2 (Bas2) binds to a site
located immediately adjacent to the Basl site, and indirect
evidence suggests that these two proteins bind DNA coopera-
tively (21, 32).

In this paper, we have dissected the mechanism of Pho2
action at the PHO5 promoter and provide an answer to the
long-standing question of its requirement in PHO5 activation.
The strategy taken is based on our recent in vitro mapping
experiments, in which we demonstrated multiple Pho2 binding
sites in the PHOS promoter. We had also found that Pho2 can
bind cooperatively with Pho4 at each Pho4 binding site in vitro
(5), raising the possibility that cooperativity between Pho2 and
Pho4 might play a role in PHO5 activation in vivo. We now
show that Pho2 acts through multiple DNA binding sites and
binds to the PHO5 promoter in a cooperative manner with
Pho4. Remarkably, two critical functions for Pho2 have
emerged from our experiments, the first being to recruit Pho4
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FIG. 1. Mutation of Pho2 and Pho4 binding sites at the PHO5 promoter. The locations of the Pho4 and Pho2 binding sites as determined by in vitro footprinting
(5) are indicated by solid and open bars, respectively, the width of the bars corresponding to the relative affinities of the sites for the factor. Mutated regions within
the Pho2 binding sites are in boxes (M1 to MS5), and the changed nucleotides are shown above the wild-type sequence. Mutations within the Pho4 consensus sequence
are shown below the wild-type sequence and are referred to as UASp1-mut, UASp2-mut, and Pho4 Site3-mut.

to the DNA and the second being to enhance its activation
potential once bound to the DNA. At UASpl, recruitment of
Pho4 seems to be the crucial role of Pho2, while at UASp2, it
is mainly the second function of Pho2 which is required.

MATERIALS AND METHODS

Yeast strains and media. All S. cerevisiae strains used in this study are isogenic
with strain YS18 (MATa his3-11 his3-15 leu2-3 leu2-112 can" ura3A5). YS22
contains a disruption of the PHO4 gene, YS19 of the PHO2 gene, and YS27 of
PHO4 and PHO2. Yeast strains were grown in YNB medium (Difco, Detroit,
Mich.) supplemented with the required amino acids (high-phosphate conditions)
or in phosphate-free synthetic medium (29).

Plasmids. The PHO2-HIS and PHOA4-HIS expression plasmids were con-
structed as described previously (5). The PHO4Aint-HIS plasmid was created by
subcloning a PHO4Aint internal fragment into PHO4-HIS. YEp-Pho4 and Yep-
Pho4A2 have been described by Svaren et al. (28), and Pho2-VP16 and PHO4Aint
have been described by Hirst et al. (12). In that paper, PHO4Aint was referred
to as PHO4A200.

The construction of the PHO5-lacZ reporter plasmid was described previously
(26). In the PHO5-lacZ reporter containing 2X UASp2, UASp1 was replaced by
UASp2 as described for YS70 (30). The PHO5-UAS CYC1-lacZ reporters were
constructed as described previously (24) by using a 2um yeast vector containing
a CYC1-lacZ gene fusion (11). A 31-bp promoter fragment extending from —381
to —351 was used as the UASp1 element (24), and the UASp2 element was a
24-bp oligonucleotide ranging from position —262 to position —239, correspond-
ing to the Pho4 footprint at UASp2 (31). PHO5 DNA restriction fragments used
for DNase I footprinting were derived from PHO5-lacZ constructs containing the
wild-type or mutated PHO5 promoter. PHO5 DNA fragments used in gel shift
analyses were generated by PCR with the wild-type or mutated PHO5 promoter
as a template. Mutations of the Pho4 and Pho2 binding sites at the PHO5
promoter were introduced by PCR by the megaprimer technique (23). Expres-
sion and purification of the Pho4-HIS, Pho4Aint-HIS, and Pho2-HIS proteins
were carried out as described previously (5).

Functional assays. B-Galactosidase activity measurements (26), DNase I foot-
printing and gel shift assays (5), nuclease digestion of isolated nuclei, and di-
methyl sulfate (DMS) in vivo footprinting with primer 2 (5'-GCCTATTCAAT
TAACTC) (30) were performed as previously described (29).

RESULTS

Pho4 binding and UAS elements at the PHO5 promoter. In
a linker scanning analysis of the PHO5 upstream region, Ru-
dolph and Hinnen had previously detected two regions which
are essential for activation of the promoter by phosphate star-
vation (22). Each of these regions was later found to contain a
Pho4 binding site, and they were termed UASp1 and UASp2
(31). Our recent in vitro binding studies revealed that Pho2
binds cooperatively with Pho4 to several sites flanking both
UASpl and UASp2. In addition, we detected a new, low-
affinity Pho4 binding site located 60 bp downstream of UASp2,
and there was cooperativity between Pho4 and Pho2 at this site
as well (5).

Pho4 is bound to the low-affinity site in vivo under dere-
pressed but not under repressed conditions (data not shown),
as we have previously demonstrated to be true for binding of
Pho4 to UASp1 and UASp2 (30). To obtain quantitative in-
formation about the contribution of each of the three sites,
which we have shown to bind Pho4 in vivo, activity measure-
ments of PHO5 promoter variants containing mutations within
each Pho4 site (Fig. 1) were carried out, and the results are
presented in Table 1. Mutation of either of the Pho4 sites at
UASp1 or UASp2 leads to a dramatic decrease in promoter
activity (approximately 10-fold), showing cooperative action of
the two sites in the activation process, in agreement with the
previous deletion analysis of the PHO5 upstream region (10,
22). A mutation of the third Pho4 site, in contrast, has a much
smaller effect and brings down the activity to about 70% of the
wild-type level. Also, the 14% residual activity of a weakened
promoter variant driven by only UASp2 is not any more
strongly dependent on the third Pho4 binding site than the
wild-type promoter. A variant lacking a functional UASp1 as
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TABLE 1. Contribution of the individual Pho4 binding sites to
PHOS5 promoter activity

B-Galactosidase

Promoter? activity (% )b
WILd EYPE..eeiiiiiiiici e 100
UASpl-mut.... .. 14
UASp2-mut..... R

Pho4 Site3-mut..........ccc......
UASpl-mut + UASp2-mut......
UASpl-mut + Pho4 Site3-mut........cccccoeeueeiiiiiiciciccnnee 10

2 Pho4 binding sites at the PHO5 promoter were mutated as shown in Fig. 1.
b Activities of the mutated promoters are expressed relative to the activity of
the wild-type promoter.

well as UASp2, but retaining the third Pho4 site, was practi-
cally inactive (1% residual activity [Table 1]).

We have previously shown that Pho4 is absolutely required
for the transition of the promoter chromatin structure to an
open state as a prerequisite for transcriptional activation (9). It
was therefore conceivable that the third Pho4 site, being oc-
cupied in vivo upon promoter activation, might contribute to
nucleosome disruption and stabilize the open state. We there-
fore monitored the structure of nucleosome —2, which con-
tains the third Pho4 binding site, in a promoter construct in
which this site had been mutated by measuring the accessibility
of a Clal site to the nuclease (1). Under induced conditions,
accessibility to Clal was indistinguishable from that of the
wild-type promoter (not shown). We therefore conclude that
binding of Pho4 to this third Pho4 site plays no significant role
in the process of chromatin transition and that this site, unlike
the Pho4 sites corresponding to UASpl and UASp2, is not
essential for the activation of the PHO5 promoter.

DNA interaction of Pho2 at UASp1 is required for activity of
this element. We next turned to the newly discovered Pho2
binding sites and analyzed their functional role in vivo. To that
end, the Pho2 binding sites were mutated individually or in
combination (Fig. 1), and the effects on cooperative DNA
binding of Pho2 and Pho4 as well as on the activity of the
mutated promoter variants were determined.

We first tested the function of the strong Pho2 binding sites
mapped at UASp1 which partially overlap the Pho4 site. Two
mutations were introduced in this site, as shown in Fig. 1 and
the schematic of Fig. 2. In the shorter mutation (M1), 7 bases
are exchanged in the Pho2-protected region upstream of the
Pho4 footprint, while in the longer one (M2), an additional 5
bases extending into the Pho4 DNase I footprint are mutated.
Binding of Pho2 and Pho4 to the mutated promoter fragments
was then tested by DNase I footprinting in vitro. As shown in
Fig. 2, M1 results in the loss of protection in the upstream half
of the Pho2 binding region, while M2 brought about complete
loss of Pho2 protection, indicating that the previously mapped
Pho2-protected region from —385 to —358 (5) actually repre-
sents at least two adjacent Pho?2 sites. Neither of these muta-
tions affects the DNase I footprints of Pho4 (Fig. 2).

To see if partial or complete loss of Pho2 DNA binding
would result in the loss of cooperative DNA binding of Pho2
and Pho4, formation of a ternary complex at the promoter
variants was examined by gel shift experiments, and the results
were compared to those for the wild-type promoter. As shown
in Fig. 3, there was less binary Pho2-DNA complex and con-
comitant loss of the ternary complex with the promoter frag-
ment containing the smaller mutation (M1). Binding of Pho4
itself was not affected by this mutation. When the promoter
fragment was used with the larger mutation (M2), there was no
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FIG. 2. Effect of the mutations M1 and M2 on Pho2 and Pho4 binding in
vitro. DNase I footprinting was performed as described in Materials and Meth-
ods. The upper strand of an Sful (—206)-BamHI (—542) fragment, derived from
the wild-type or mutated promoter, was labeled at the Sful site. Pho4 or Pho2
was added as indicated at the top. The regions protected in the wild-type pro-
moter are indicated on the side. The locations of the M1 and M2 mutations (Fig.
1) within the Pho2 binding site are shown schematically underneath.

binary Pho2-DNA complex, and the ternary complex was
barely detectable. However, it should be noted that binding of
Pho4 itself to the M2 fragment was slightly impaired (1.5- to
2-times-higher Pho4 concentrations were required for the
same amount of binary complex).

The activities of the mutated promoter variants were mea-
sured with lacZ fusion constructs. As shown in Fig. 4, the
activity of the promoter containing M1 was reduced to about
35%, and that of the one containing M2 was reduced to about
15%. The residual activity of the M2 promoter corresponds to
the activity of a promoter with a mutated Pho4 site at UASp1
(Table 1). This result suggests that cooperative binding of Pho2
and Pho4 at UASp1 is crucial for the activity of this element.
However, since disruption of the PHO2 gene brings down
promoter activity to less than 1% (Fig. 8), it is clear that Pho2
does more than just facilitate binding of Pho4 at UASpl.

Pho2 binding sites adjacent to UASp2 are also required for
full activation of the PHOS5 promoter. In vitro binding studies
have revealed the existence of Pho2 binding sites closely adja-
cent to the Pho4 site at UASp2. Binding of Pho2 to either site
alone gives rise to cooperative DNA binding of the two pro-
teins (5). Therefore, it was important to check if mutations in
these Pho2 sites would also result in loss of cooperative DNA
binding and a concomitant decrease of promoter activity.

Cooperative DNA binding of Pho2 and Pho4 to the pro-
moter fragment containing UASp2 and the mutated Pho2 sites
upstream and downstream of the Pho4 site (see schematic in
Fig. 5) was examined by gel shift experiments. As shown in Fig.
5, no binding of Pho2 to the fragment carrying the M4 and M5
mutations (M4+MS5 variant) was observed, nor was any ter-
nary complex detected (compare lanes 8 to 10 to lanes 3 to 5),
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FIG. 3. Pho2 DNA binding is required for cooperativity between Pho2 and Pho4 at UASp1. The binding reaction and the gel shift assay were performed as described
in Materials and Methods. A labeled 81-bp PCR promoter fragment (—324 to —405) was used, containing either the wild-type promoter sequence or the M1 or M2
mutation (see Fig. 1), and is schematically shown at the bottom. The amounts of protein added to an assay mixture are indicated in arbitrary units. One unit of Pho4
and Pho2 corresponds to about 5 and 6 ng of protein, respectively, as determined by sodium dodecyl sulfate gel electrophoresis. The higher-mobility protein-DNA
complex observed with Pho4 added alone (marked by an arrow) represents proteolytically degraded Pho4 protein bound to DNA. The positions of the ternary
complexes containing either full-length or degraded Pho4 protein are indicated by asterisks. A lower-mobility complex with only Pho2 (lane 5) migrates at approximately
the same position as the ternary complex. However, the presence of a ternary complex with the proteolyzed Pho4 protein (lower band with asterisk) makes it possible

to unambiguously identify the ternary complex.

clearly showing that Pho2-DNA binding is a prerequisite for
cooperative binding of Pho2 and Pho4. Binding of Pho4 alone
is unaffected by the M4 and M5 mutations.

When the activities of the promoter construct containing
mutated Pho2 sites upstream and/or downstream of UASp2
were measured, a significant drop in activity to about 55% was
observed for each of the two single-site mutations (M4 and
MS5) and to a level of 45% if the two mutations were combined
(Fig. 4). This residual activity was still significantly higher than
the activity of a promoter with a mutated Pho4 site at UASp2
(7% [Table 1]). These results therefore demonstrate that Pho2
binding adjacent to UASp2, although contributing to promoter
strength, does not have the same critical importance as at
UASpl.

We have further constructed a promoter variant combining
mutated Pho2 sites at both UASpl and UASp2 (M1+M4+
MS). The activity of this promoter was drastically lowered to
less than 10% of that of the wild-type promoter (Fig. 4) and
was similar to the activity of a promoter containing mutated
Phod4 sites at either UASp1 or UASp2 (Table 1). These results
show definitively that binding of Pho2 to its target sites adja-
cent to UASp1 and UASp2 is required for activation of the
PHO5 promoter. However, one of the strongest Pho2 binding
sites is located between UASp1 and UASp2, and the mutations
analyzed so far had not addressed the contribution of this site
by itself to promoter activity in vivo. Mutation of 6 bp (M3 in

Fig. 1) abolishes interaction with Pho2 within this region, ex-
cept for a short Pho2-protected region that still persists imme-
diately upstream (not shown). The activity of PHO5 promoter
constructs containing this M3 mutation was reduced by about
30% (Fig. 4), showing that binding of Pho2 to this site also
makes some contribution to the activation of the PHO5 pro-
moter.

Role of the Pho2 cis elements in the chromatin transition at
the PHOS5 promoter. We have previously shown that the Pho2
binding sites adjacent to UASpl and UASp2 are required in
vitro for cooperative binding of Pho2 and Pho4 to DNA (5),
and we have now demonstrated that mutation of these Pho2
sites reduces the activity of the promoter in vivo significantly,
especially when the sites at UASp1 are mutated. The chroma-
tin transition at the promoter upon PHOS5 activation requires
binding of Pho4 to both UASp1 and UASp2 (27) and requires
the presence of the Pho2 protein (9). It was therefore impor-
tant to determine what consequences the mutations in the
Pho2 binding sites would have on the chromatin transition of
the promoter under activation conditions.

The chromatin structure of the different promoter variants
with mutated Pho2 binding sites was analyzed by measuring
the accessibility of restriction sites within nucleosome —2 un-
der inducing conditions. The results presented in Fig. 6 show a
clear difference in the chromatin structure between the M1 and
the M4+MS variants. By the restriction assay, nucleosome —2
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FIG. 4. Mutations in the Pho2 binding sites differentially affect PHO5 pro-
moter activity. The activities of the wild-type PHOS5 promoter fused to the lacZ
gene (26) and of promoter variants containing mutations in the Pho2 binding
sites were measured as described in Materials and Methods. The activities of the
mutated promoter variants are expressed relative to the activity of the wild-type
promoter (920 U). The mutations are schematically shown at the bottom.

was disrupted in M4+MS5 to almost the same extent as in the
wild-type promoter, while accessibility in the M1 variant
dropped to about 20%. Furthermore, chromatin of the pro-
moter variant containing the combined M1+M4+MS5 muta-
tions was closed and nearly indistinguishable by this assay from
the structure of the repressed wild-type promoter. These re-
sults therefore indicate that binding of Pho4 to UASp1 in vivo
must be strongly reduced by mutations of the adjacent Pho2
site (M1), while binding to UASp2 in the M4+MS5 promoter is
still productive, although impaired to a certain degree, as sug-
gested by the closed chromatin of the M1+M4+MS5 promoter
compared to the partially open M1 promoter.

Activation of the PHOS5 promoter by Pho2-VP16 requires
multiple Pho2 cis elements in addition to interaction with
Pho4. It was previously shown that Pho2-VP16 fusion could
activate transcription of the endogenous acid phosphatase only
when it was coexpressed with a DNA binding Pho4 derivative
which was inactive by itself since it lacked an activation domain

TABLE 2. Mutant Pho4 protein lacking the Pho2 interaction
domain (Pho4Aint) can activate UASp2 but not UASp1

B-Galactosidase activity (U)?

Reporter
Pho4Aint Wild-type Pho4
PHOS5-lacZ 55 920
UASpl1 CYCl-lacz <5 622
UASp2 CYCl-lacz 99 199

2 The activity of the PHO5 promoter and of heterologous promoter constructs
containing individual PHO5 UAS elements was measured in strains expressing
either wild-type Pho4 or Pho4Aint. Activity values with the parent vector CYC1-
lacZ were <5U.
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FIG. 5. Pho2-DNA binding is required for cooperativity between Pho2 and
Pho4 also at UASp2. The binding reaction and the gel shift assay were performed
as described in Materials and Methods. A labeled 109-bp PCR-generated pro-
moter fragment (—316 to —208) containing UASp2 and either the wild-type (wt)
sequence or the combined M4+MS5 mutation, shown schematically at the bot-
tom, were used. The amounts of protein added to the assay mixture are listed in
arbitrary units (for details, see the legend to Fig. 3). For the explanation of the
arrow and the asterisks, see the legend to Fig. 3.

(12). This finding demonstrated that Pho2-Pho4 interactions
are required for targeting Pho2-VP16 to DNA. However, it
was not clear from these results whether the Pho2-VP16 fusion
was directly bound to DNA or whether protein-protein inter-
actions with Pho4 were sufficient to recruit the hybrid Pho2
molecule to the promoter. To address this question, we have
measured the activity of Pho2-VP16 in the presence of
Pho4A2, a transcriptionally inactive derivative of Pho4 (28) in
a pho2 pho4 strain, by using PHO5 promoter constructs with
mutated Pho2 binding sites. In agreement with previous find-
ings, Pho2-VP16 and Pho4A2 together, but not individually,
activated the wild-type PHO5 promoter as shown in Fig. 7A.
Activation not only required the Pho4 protein derivative but
also required Pho4 binding sites. The level of activation was
significantly reduced after mutation of the Pho2 binding sites
adjacent either to UASp1 or to UASp2 (Fig. 7B) and closely
paralleled the results obtained when activation of the same
mutant promoters by Pho4 was tested (see Fig. 4). The most
dramatic effect was observed with multiple Pho2 binding site
mutations. These results further support the conclusion that
direct Pho2-DNA contacts are required in addition to Pho2-
Pho4 interactions to activate the PHO5 promoter and that the
multiple Pho2 binding sites mapped in vitro are functional in
vivo.
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FIG. 6. Chromatin opening at the PHO5 promoter depends on the Pho2 cis
elements adjacent to UASpl but not at UASp2. Strains carrying either the
wild-type (wt) PHO5-lacZ plasmid or plasmids with promoter variants were
grown in media containing P; (+P;) or not containing P; (—P;) as indicated, and
nuclei were prepared. They were digested for 60 min at 37°C in 200 pl of buffer
with 100 U of Clal or 200 U of HindIII or XhoI (the M4 mutation introduces an
Xhol site and a HindIII site, whereas the Clal site is destroyed). In order to
monitor cleavage by the restriction nuclease at the sites shown in the schematic
at the top, DNA was isolated, cleaved with Rsal, analyzed in a 1% agarose gel,
blotted, and hybridized with a pBR322 Rsal-BamHI fragment which hybridizes
to the region immediately upstream of the BamHI site. A 1.46-kb Rsal fragment
is generated if the restriction nuclease had been protected, and a fragment about
half that size is generated if the site had been accessible. Analysis of the wild-type
reporter and the M1 promoter is shown at the top. Accessibility values for the
wild-type reporter and M1 promoter as well as M4+MS5 and M1+M4+MS5 are
shown in the diagram below. Measurements for M4+MS5 and M1+M4+MS5 were
derived from XhoI and HindIII digests which gave values that were within 5% of
each other.

Overexpression of Pho4 relieves the requirement for the
Pho2 cis elements. We have previously shown that overexpres-
sion of Pho4 in a pho2 strain restores its ability to disrupt the
nucleosomes at the PHO5 promoter, indicative of productive
binding of Pho4 to the UAS elements. However, under such
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FIG. 7. Pho2 cis elements are required for activation of the PHOS5 promoter
by Pho2-VP16 and a transcriptionally inactive Pho4 derivative. (A) Activation of
the wild-type PHO5 promoter or a promoter variant with a mutated Pho4 site at
UASp2 (UASp2-M) by Pho4A2 and/or Pho2-VP16 as measured in YS22 (pho2)
or YS27 (pho4 pho2). (B) Activation of the PHO5 promoter variants containing
mutated Pho2 binding sites, shown schematically at the bottom, by Pho4A2 and
Pho2-VP16 expressed together in YS27 (pho4 pho2).

conditions, acid phosphatase activity in the mutant was much
lower than the level in the wild type (9). This finding raises the
question to what extent overexpression of Pho4 in a PHO2
strain would relieve the requirement of the Pho2 cis elements.
As shown in Fig. 8, overexpression of Pho4 increases the ac-
tivity of the promoter with the mutations in the Pho2 sites at
both UASp1 and UASp2 (M1+M4+M5) from 9% to 65 to
70% of the wild-type level. Furthermore, the activities of pro-
moter variants containing mutated Pho2 sites only at UASpl
or at UASp2 reached essentially wild-type levels in the pres-
ence of overexpressed Pho4. On the other hand, overexpres-
sion of Pho4 measured in parallel with a wild-type reporter in
a pho2 background gave less than 10% activity (Fig. 8). There-
fore, the requirement for Pho2 binding sites in cis can be
relieved by overexpression of Pho4 to a much greater extent
than the requirement of Pho2 as a trans-acting factor. This
finding suggests a more complex role of Pho2 in the activation
process at the PHO5 promoter than merely facilitating binding
of Pho4 to its target sites.

A mutant Pho4 protein lacking the Pho2 interaction domain
is defective in cooperative DNA binding with Pho2. By the use
of the two-hybrid system, Pho4-Pho2 interactions had been
demonstrated in vivo, and the Pho4 segment essential for this
interaction was mapped. A Pho4 protein lacking amino acids
200 to 247 (Pho4Aint) failed to interact with Pho2 (12). To test
the importance of specific Pho4-Pho2 interactions for cooper-
ative DNA binding of the two proteins, gel shift experiments
with Pho4Aint were performed. As shown in Fig. 9A, no sig-
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FIG. 8. Overexpression of Pho4 relieves the requirement for Pho2 cis-acting
elements. Activation of PHO5 promoter variants containing mutated Pho2 cis
elements, indicated schematically at the bottom, was measured in a wild-type
(wt) strain (YS18) and in the same strain expressing Pho4 from a multicopy
plasmid. The activation of a wild-type reporter in a pho2 strain (YS19) is shown
on the right. 2, 2pum plasmid.
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nificant cooperativity was observed with Pho4Aint and Pho2
when binding to a promoter fragment containing UASp1 was
tested. In contrast, strong cooperativity was observed with
wild-type Pho4 and Pho2 in the same experiment (Fig. 3). A
certain degree of cooperativity between Pho4Aint and Pho2
was retained when a promoter fragment containing UASp2
with the adjacent Pho2 binding sites was analyzed, but coop-
erativity was significantly reduced compared to that of wild-
type Pho4 (Fig. 9B). Similar results were obtained with UASp2
promoter fragments containing only the 5’ or the 3’ Pho2
binding site (not shown). These data show that specific protein-
protein interactions are important for cooperative binding of
the two proteins to the PHOS5 promoter.

The Pho4 derivative lacking the Pho2 interaction domain
can activate UASp2 but not UASp1. We next wanted to test the
ability of Pho4Aint to activate the PHO5 UAS elements in
order to see if loss of cooperative DNA binding of Pho4 and
Pho2 correlates with transcriptional activation. Our activity
measurements of the PHO5 promoter in vivo suffer, however,
from the fact that both UAS elements must synergize for
activity, and differential effects on just one of the elements
would be hard to detect. We therefore introduced each UAS
element into a lacZ reporter plasmid upstream of a CYC1
minimal promoter and measured the activity of these con-
structs with Pho4Aint and full-length Pho4. It turned out that
Pho4Aint was completely unable to activate UASp1, whereas
significant activation of UASp2 was measured, which ap-
proached the level obtained with full-length Pho4 (Table 2).

Pho2 —_—e— = 5 15 15 15 e—e—— 15 15 15 15
Pho2 - =— — — I5 15 15 15 15 Pho4 2 4 10 = 2 4 |0 = e— e e — — —
Pho4Aint 2 4 10 25 — 2 4 10 25 PhodAint=— == — =— — = = 2 4 10 — 2 4 10
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FIG. 9. Cooperative DNA binding with Pho2 is largely abolished with a Pho4 variant lacking the Pho2 interaction domain. The binding reaction and the gel shift
assay were performed as described in Materials and Methods. Proteins were added individually or in combination in the amounts indicated (arbitrary units as in Fig.
3, with 1 U of Pho4Aint corresponding to about 5 ng of protein) to a labeled 81-bp PCR-generated promoter fragment (—324 to —405) containing UASp1 and the
overlapping Pho2 sites (A), or to a labeled 109-bp PCR-generated fragment (—316 to —208) containing UASp2 and the adjacent Pho2 sites (B) (see schematics at the
bottom). The arrows mark binary complexes derived from proteolytically degraded Pho4 (solid arrow) and Pho4Aint (broken arrow). Ternary complexes with full-length
Pho4 and its degradation product are marked by asterisks and those for Pho4Aint are marked analogously by dots.
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TABLE 3. Activation of a PHOS5 promoter variant containing
2X UASp2

Reporter: /-\ /-\ m m
B-Galactosidase activity (U)*
Derivative
PHO2 pho2
Pho4 (wild type) 960 85
Pho4Aint 189 214

2 Activity of the PHO5 promoter variant containing 2X UASp2 (see Materials
and Methods) was measured with wild-type Pho4 and Pho4Aint in either YS22
(pho4) or YS27 (pho2 pho4).

Activation of UASp2 by Pho4Aint is not due to the residual
cooperativity with Pho2 observed in vitro (see above), since the
same level of activation was found in the absence of Pho2 (not
shown). These results demonstrate that there is a significant
difference between the two UAS elements: Pho4Aint can bind
to UASp2 and activate transcription, whereas it cannot bind to
UASpl, demonstrating that interaction with Pho2 at this UAS
element is stringently required for Pho4 binding. In the light of
these findings, the poor activation of the PHO5 promoter with
Pho4Aint (Table 2) can be explained by its inability to bind
(and activate) UASpl, since, as shown before (Table 1), a
UASp1 mutation cripples the promoter.

In order to examine activation of UASp2 by Pho4Aint and
full-length Pho4 in the context of the PHO5 promoter, we
decided to replace UASp1 in the PHO5 promoter and to con-
struct a variant containing 2X UASp2. As expected, this pro-
moter variant was activated significantly by Pho4Aint and again
was activated in a Pho2-independent manner (Table 3). How-
ever, activation of this reporter by full-length Pho4 is still
higher in a PHO2 background. This might due to an effect of
Pho2 on the ability of Pho4 either to bind DNA even better, to
transactivate, or both. To address this question, we used in vivo
footprinting to determine the occupancy of the newly intro-
duced UASp2 by using either full-length Pho4 or Pho4Aint.
Unlike the native UASp2 element, the new one is accessible in
the nucleus also under repressing conditions (28), since it re-
sides in a constitutively hypersensitive chromatin region of the
promoter (1). Binding of full-length Pho4 is indeed improved
in the presence of Pho2 (compare lanes 2 and 4 in Fig. 10).
However, even in the absence of Pho2, there was strong bind-
ing of Pho4 as well as Pho4Aint. As expected, binding of
Pho4Aint is not increased in the presence of Pho2 (not shown),
consistent with the activation results (Table 3).

Importantly, the footprints were practically identical for
Pho4 and Pho4Aint (lanes 2 and 3 in Fig. 10), indicating that
both molecules bound with similar efficiency to this UAS ele-
ment. Since much higher activity was measured under these
conditions with Pho4Aint compared to that with full-length
Pho4, this must mean that the ability of Pho4 to transactivate
can be positively modified. A possible explanation is the pres-
ence of a repressive domain in Pho4 that is at least partially
removed in Pho4Aint and that is counteracted by Pho2 under
physiological conditions. A similar role of Pho2 in enhancing
the activation potential of Pho4 was recently proposed by Shao
et al. (25) using a different approach.

In conclusion, we cannot unambiguously discriminate to
what extent the increased activation by wild-type Pho4 through
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FIG. 10. DMS footprint analysis of Pho4 binding to UASp2. Binding of
wild-type Pho4 and Pho4Aint to the upstream UASp2 element in the PHO5
promoter variant in which UASp1 was replaced by UASp2 (see schematic) was
examined in YS22 (pho4) or YS27 (pho2 pho4). For details of DMS footprinting
and the primer used (arrow in the schematic), see Materials and Methods.

UASp2 in the presence of Pho2 is due to improved DNA
binding as opposed to enhanced transcriptional activation.
However, our results with Pho4Aint show that Pho2 also has an
effect on the ability of Pho4 to transactivate. Furthermore,
there is a clear difference between the two UAS elements in
this respect which had previously not been recognized. At
UASpl, binding of Pho4 is the limiting step for which Pho2 is
stringently required, while at UASp2, Pho2 plays much less of
a role in affecting binding but instead exerts a novel effect by
improving the activation potential of Pho4.

DISCUSSION

The strict dependence of PHO5 promoter activation on
Pho2 has been known for over 25 years (20), but clues to the
underlying mechanism have emerged only recently. Our recent
in vitro studies revealed the existence of multiple Pho2 binding
sites at the PHO5 promoter in close vicinity to the Pho4 bind-
ing sites. In addition, highly cooperative DNA binding of Pho2
and Pho4 was demonstrated at UASp1 and UASp2 (5). In this
paper, we have examined the functional relevance of the newly
mapped Pho2 sites and have asked whether the cooperativity
between the two proteins plays a role in the activity of the
PHO5 promoter in vivo. To address these questions, we have
constructed a series of different promoter variants with single
or multiple mutations in the Pho2 sites.
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The requirement of UASp1 and UASp2 for chromatin dis-
ruption at the PHO5 promoter and subsequent transcriptional
activation had previously been demonstrated by deletion anal-
yses of the promoter (10, 22) and was confirmed here by
analyzing the effects of targeted mutations. In contrast to these
two elements, the recently mapped low-affinity Pho4 site (5)
does not play a crucial role in the activation process. Although
it is occupied in vivo under derepressed conditions, it is dis-
pensable for chromatin disruption (data not shown), and
makes only a small contribution to overall promoter activity
(Table 1). We have therefore focused our investigations on the
Pho?2 sites adjacent to UASpl and UASp2.

Pho2 is involved in the activation of the PHO5 promoter
through cooperative DNA binding with Pho4. Mutation of the
Pho2 binding sites adjacent to UASpl and UASp2 results in
the loss of cooperative DNA binding of Pho2 and Pho4 in vitro
(see Fig. 3 and 5). The finding that mutation of any individual
Pho2 binding site caused a moderate to strong reduction in
PHO5 promoter activity indicates that cooperative binding of
the two proteins is also essential for the activity of the PHO5
promoter in vivo. Furthermore, a dramatic effect was obtained
by the combined mutation of the Pho2 sites adjacent to both
UASp1 and UASp2, which was similar to the effect of mutating
UASp1 or UASp2 itself (Table 1 and Fig. 4). The functional
importance of the Pho2 binding sites in vivo was further con-
firmed in experiments in which the PHOS5 promoter was acti-
vated by a Pho2-VP16 hybrid in the presence of a transcrip-
tionally inactive Pho4 derivative that could still bind DNA.
Promoter variants with mutated Pho2 sites could not be effi-
ciently activated by Pho2-VP16 (Fig. 7B). Taken together,
these results provide the first direct evidence that Pho2 is
involved in the activation of the PHO5 promoter as a se-
quence-specific DNA-binding protein. At the same time, they
show that binding of Pho2 to DNA requires interactions with
Pho4, because in the absence of the Pho4 derivative or a Pho4
binding site, Pho2-VP16 is transcriptionally silent.

The properties of Pho2 are typical of the family of homeo-
domain proteins to which Pho2 belongs. In many cases, such
proteins bind DNA at multiple sites with relatively low se-
quence specificity in vitro and are thought to gain their selec-
tivity through protein-protein interactions with other factors
(16). The collected evidence therefore strongly indicates that
Pho?2 contributes to PHOS5 activation as a DNA-binding factor
which binds to specific sequences at the PHO5 promoter co-
operatively with Pho4 (5).

UASp1 and UASp2 differ in their dependence on Pho2 cis
elements. Prevention of Pho2 interactions with its target sites
results in the loss of cooperative DNA binding of the two
proteins and leads to the progressive weakening of the PHO5
promoter. However, interference with Pho2 binding around
UASp1 has a stronger effect than that around UASp2, as borne
out in decreased promoter activity on the one hand and in its
consequences on chromatin opening on the other. UASp1 is
stringently required for the disruption of the four nucleosomes
at the promoter (10). Similarly, the M1 mutation, in which part
of the Pho2 site next to UASpl is mutated, strongly impairs
chromatin opening, and accessibility of the Clal site in nucleo-
some —2 changes from around 90% to about 20% (Fig. 6). The
M2 mutation that eliminates Pho2 binding entirely has an even
stronger effect on activity and chromatin opening (not shown).
However, this mutation extends into the region at which the
Pho2 and the Pho4 sites overlap and leads to a slight decrease
in Pho4 binding in vitro even in the absence of Pho2 and was
therefore not further investigated.

In contrast, mutation of the two Pho2 sites adjacent to
UASp2 (M4+M5) affects promoter activity in vivo less, and
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nucleosome —2 is still almost completely disrupted. There is a
measurable effect of the M4+MS5 mutation in the chromatin
assay, however. When it is combined with the M1 mutation,
chromatin is almost fully closed in contrast to the partial open-
ing of the promoter with the M1 mutation. This indicates that
binding of Pho4 to UASp2 in the M4+MS5 promoter is not as
strong as that in the wild-type promoter but is still sufficient to
disrupt the nucleosome (Fig. 6). Therefore, it seems that in
contrast to UASp1, binding of Pho4 to UASp2 is improved by
cooperative interactions with Pho2 but is not absolutely de-
pendent on them.

The persistence of nucleosome —2 in a pho2 strain (9) pre-
cludes directly assaying the occupancy of UASp2 by Pho4,
since we have shown that the nucleosome prevents binding of
Pho4 to its target site (30). However, construction of a PHO5
promoter variant with two UASp2 elements, one replacing
UASp1, has made it possible to directly determine the binding
of Pho2 to UASp2 now located in a nucleosome-free region.
With this construct, we could demonstrate that Pho4 indeed
binds strongly to UASp2, even in the absence of Pho2 (Fig. 10),
in agreement with the chromatin data.

A Pho4 derivative lacking the Pho2 interaction domain
clearly distinguishes between UASp1 and UASp2. It was pre-
viously demonstrated that a Pho4 derivative lacking amino
acids 200 to 247, Pho4Aint, is unable to interact with Pho2 in
the two-hybrid system (12), and Pho4Aint is indeed defective in
cooperative DNA binding with Pho2 in vitro (Fig. 9). Further-
more, Pho4Aint can activate PHO5 transcription only very
poorly (about 6% of the level attained with full-length Pho4),
supporting the importance of cooperativity between Pho2 and
Pho4 in physiological activation. However, activity measure-
ments revealed a striking difference between the two UAS
elements when they were tested out of context. UASp2 was
significantly activated by Pho4Aint, while UASp1 was not ac-
tivated at all. Activation of UASp2 with Pho4Aint was com-
pletely Pho2 independent, showing that residual slight coop-
erative binding of Pho4Aint and Pho2 observed in vitro (Fig.
9B) plays no role in vivo. Consistent with this difference be-
tween UASpl and UASp2, the PHO5 promoter variant with
UASp1 replaced by UASp2 shows significant activation with
Pho4Aint in the absence of Pho2. Surprisingly, under these
conditions (i.e., in the absence of Pho2), wild-type Pho4 acti-
vates this construct very poorly, although in terms of binding to
UASp2 it is indistinguishable from Pho4Aint. This result
throws a new light on transactivation of Pho4 and makes it
likely that Pho4 is negatively regulated by an internal repres-
sive domain in its ability to transactivate. The simple deletion
of the Pho4 segment interacting with Pho2 is sufficient to at
least partially relieve this repression, something otherwise ac-
complished by interaction with Pho2.

The Pho2-independent activation of UASp2 resembles that
of the recently described Pho4 mutants containing deletions in
the basic region (amino acids 252 to 265), which is proposed to
mediate functional interactions with Pho2 (25). These dele-
tions result in Pho2-independent activation of the GAL1 pro-
moter by a Gal4(DBD [for DNA binding domain])-Pho4 hy-
brid protein, while full-length Pho4 fused to the Gal4 DNA
binding domain requires Pho2 for activation. Since a Gal4
DNA binding domain was used, a role of Pho2 in the ability of
Pho4 to bind DNA was not addressed. The authors propose a
model in which the Pho4 activation domain interacts with the
basic region and is thereby masked. The role of Pho2 would
then be to disrupt this internal interaction, expose the activa-
tion domain, and generate a transcriptionally competent mol-
ecule. In the framework of this model, the deletion of amino
acids 200 to 247 in our experiments, which results in the in-
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ability of Pho4 to interact with Pho2, would destroy the inter-
nal interaction in the Pho4 protein, thus exposing the activa-
tion domain and in effect bypassing the Pho2 requirement.

A second role for Pho2 can also explain our finding that the
loss of promoter activity due to mutation of Pho2 cis elements
can be almost fully compensated for by overexpression of Pho4
in a PHO?2 strain, while the same is not true for the loss of
promoter activity due to elimination of Pho2 itself. These re-
sults show that the presence of Pho2 in trans results in higher
transcriptional activity than that measured in a pho2 strain,
providing further support for the additional role of Pho2 in
transcriptional activation.

Pho2: a pleiotropic factor in yeast. Pho2 is involved in the
regulation of several genes, and the common principle in all
cases so far seems to be that it interacts with gene-specific
factors. At the HO promoter, a Pho2 binding site is located
next to a SwiS binding site, and it was shown that the two
proteins bind to their sites cooperatively in vitro (7). However,
recent in vivo data indicate that the role of Pho2 in HO regu-
lation is complex (18). In the case of the HIS4 promoter, a
Pho2 (Bas2)-protected region largely overlaps the Basl foot-
print. Although Bas2 and Basl can bind to this region simul-
taneously, no cooperative interactions between the two pro-
teins were detected (3). In contrast, at the TRP4 promoter, a
Pho2 binding site completely overlaps one of the two Gcen4
binding sites, and the two proteins were found to bind DNA in
a mutually exclusive manner (6). The role of Pho2 (Bas2) in
the activation of the ADE genes was recently investigated (21,
32). Transcriptional activation of these genes requires the con-
certed action of Basl and Bas2 and is down-regulated by ad-
enine. From their studies, the authors conclude that Pho2
(Bas2) stimulates both DNA binding and activation by Basl at
the ADES,7 promoter. Interestingly, when a mutant Pho2 pro-
tein lacking the DNA binding domain was tested together with
Basl, it was still partially functional in ADES5,7 activation. This
is in contrast to the mechanism of action of Pho2 at the PHO5
promoter, since our results show that DNA binding is critically
required for Pho2 function. This difference is also borne out in
a recent study by Justice et al. (14), who showed that mutations
in the Pho2 DNA binding domain almost entirely abolish ac-
tivation by PHO5 UASp1 and the UAS elements of the HIS4
as well as the HO promoter, while an ADE1-lacZ reporter
retained 30 to 40% activity.

Dual role of Pho2 in the activation of the PHOS5 promoter. It
is obvious that Pho2 is an exceptional protein when it comes to
the diverse effects it has on cellular metabolism and the means
employed to functionally complement the dedicated factor at
each promoter. Cooperative binding with a specific factor ap-
pears to be the primary mechanism, but with the same partner,
the requirements for cooperative binding can be different for
different promoters (e.g., PHOS5 versus PHO8, where Pho4
binding is largely Pho2 independent [unpublished observa-
tions; see also reference 4]), or even more remarkably, at
different sites of the same promoter, as shown here for PHO5
UASp1 and UASp2. Clearly, the additional role of Pho2 in
exposing the activation domain of the primary activator can be
effective only in a case in which binding of the activator protein
is at least to some extent Pho2 independent, as appears to be
the case for UASp2 at PHO5.
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