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The Saccharomyces cerevisiae gene PHOS is an excellent system with which to study regulated changes in chro-
matin structure. The PHOS5 promoter is packaged into four positioned nucleosomes under repressing condi-
tions; upon induction, the structure of these nucleosomes is altered such that the promoter DNA becomes ac-
cessible to nucleases. We report here the development and characterization of an in vitro system in which
partially purified PHO5 minichromosomes undergo promoter chromatin remodeling. Several hallmarks of the
PHOS5 chromatin transition in vivo were reproduced in this system. Chromatin remodeling of PHO5 minichro-
mosomes required the transcription factors Pho4 and Pho2, was localized to the promoter region of PHO5, and
was independent of the chromatin-remodeling complex Swi-Snf. In vitro chromatin remodeling also required
the addition of fractionated nuclear extract and hydrolyzable ATP. This in vitro system should serve as a useful
tool for identifying the components required for this reaction and for elucidating the mechanism by which the

PHOS5 promoter chromatin structure is changed.

The packaging of eukaryotic DNA into nucleosomes pre-
sents a barrier to cellular processes that require specific con-
tacts with DNA. During transcription, sequence-specific DNA
binding proteins and the basal transcription apparatus must
recognize and bind to appropriate promoter elements. Bio-
chemical and genetic analyses demonstrate that the packaging
of DNA into nucleosomes inhibits its stable association with
transcription factors (2, 29, 37, 57). A number of cellular ac-
tivities capable of facilitating factor binding to chromatin have
been identified (3). These activities are thought to function by
directly modifying chromatin structure.

The Saccharomyces cerevisiae gene PHOS is a well-charac-
terized system with which to study regulated gene expression.
PHO5 encodes a secreted acid phosphatase whose transcrip-
tion is regulated in response to environmental phosphate levels
(for a review, see reference 32). When phosphate is plentiful,
PHOS expression is repressed; when phosphate is limiting,
PHOS expression is induced. Activation of PHOS transcription
requires two transcription factors: Pho4, a basic helix-loop-
helix protein, and Pho2, a homeodomain protein (58). In vitro,
Pho2 enhances the binding of Pho4 to two regulatory se-
quences in the PHOS5 promoter, UASpl and UASp2 (4, 5).

When transcription of PHOS is activated, its promoter un-
dergoes a dramatic change in chromatin structure (for a re-
view, see reference 51). When yeast cells are grown in high-
phosphate medium, two pairs of positioned nucleosomes flank
a DNase I-hypersensitive site, which contains UASp1 (Fig. 1,
+P;). UASp2 and the TATA box are packaged into nucleo-
somes —2 and —1, respectively. In vivo footprinting experi-
ments indicate that Pho4 does not bind the PHOS5 promoter
under repressing conditions (57). When environmental phos-
phate is limiting, the positioned nucleosomes no longer protect
the PHOS promoter, and Pho4 binds to UASpl and UASp2
(Fig. 1, —P;). In vivo footprinting of Pho2 at the PHOS pro-
moter has not been performed, but in vitro experiments indi-
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cate that Pho2 binds to this region in coordination with Pho4
(4, 5). The process by which the four positioned nucleosomes
become undetectable and the PHOS5 promoter is rendered
sensitive to nucleases is termed the chromatin transition.

The mechanism by which PHO5 chromatin structure is
changed during induction is unknown. However, a number of
in vivo studies have provided some clues. The PHOS5 chromatin
transition is independent of transcription and DNA replica-
tion, as the loss of nucleosome positioning is unaffected by
deletion of the PHOS5 TATA box (18) and occurs when cell
division is prevented (44). The Pho4 transcriptional activation
domain is required for the PHOS5 chromatin transition (52) but
is not required for binding to naked DNA (19). If the activa-
tion domain is dispensable for binding to chromatin as well as
to naked DNA, it may be required for interaction with a chro-
matin-remodeling activity or may be capable of changing chro-
matin structure itself.

It remains to be determined if factors besides Pho4 and
Pho2 are required for PHOS5 chromatin rearrangement. Sev-
eral activities known to modify chromatin structure have been
identified in yeast, and a few have been tested for a role in
PHOS5 induction. Loss-of-function mutations in several com-
ponents of the ATP-dependent chromatin-remodeling com-
plex Swi-Snf do not affect induction of acid phosphatase activ-
ity (10, 20, 45) or changes in PHOS chromatin structure (20).
PHOS5 mRNA levels in high- and low-phosphate media are
unaffected by mutations in the histone acetylase gene GCN5
(40), although gen5 mutants have an unusual PHOS5 promoter
chromatin structure under partially inducing conditions (21).
The PHOS5 chromatin transition may involve the RNA poly-
merase holoenzyme, as artificial recruitment of the holoen-
zyme to PHOS results in a promoter that is constitutively nu-
clease sensitive (20).

The reconstitution of chromatin rearrangement in vitro has
allowed the isolation of several chromatin-remodeling activi-
ties from Drosophila embryo (22, 54, 56) and HeLa cell (35)
extracts. It has been difficult, however, to obtain genetic evi-
dence that these activities are involved in the transcriptional
regulation of specific genes in vivo. In contrast, studies employ-
ing S. cerevisiae have a singular advantage in that this organism
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FIG. 1. Chromatin structure of the PHOS5 promoter from yeast grown in
high- and low-phosphate media. Open circles, positioned nucleosomes; dark
ovals, identified upstream activating sequences (UASs); T, location of the TATA
box.

is easily manipulated in both biochemical and genetic experi-
ments. This allows any result obtained in vitro to be rapidly
tested for relevance in vivo. We describe here the reconstitu-
tion of the S. cerevisiae PHOS5 chromatin transition in vitro. We
propose to use this biochemical system to identify the compo-
nents required for the chromatin rearrangement at the PHOS
promoter and to elucidate the mechanism by which it occurs.

MATERIALS AND METHODS

Plasmid construction. pTA-PHOS was constructed in two steps. First, a BamHI-
to-Spel fragment from pACDS (62), containing PHOS sequence from nucleotide
—542 to 1466, was inserted into pBluescript II KS to create pPBSPHOS. Next, a
1.5-kb EcoRI fragment consisting of the TRPI/ARSI locus was released from
pTA-R (41) and inserted into the EcoRI site of pBSPHOS such that PHOS5 and
TRPI are transcribed in opposite directions, creating plasmid pTA-PHOS. To
obtain pTA-plp2, the hexanucleotide Pho4 binding sites at UASpl (CACGTT)
and UASp2 (CACGTG) in pTA-PHOS were replaced precisely with a Spel site
(ACTAGT) and a BamHI site (GGATCC), respectively. In pTA-PHOS5-ATGA,
the sequence AATGTT containing the translational start site was replaced with
the sequence AGATCT, creating a Bg/II restriction site. Bacterial replication and
selection sequences were removed from all minichromosome constructs by di-
gestion with Norl, and the minichromosome circles were self-ligated before in-
troduction into yeast. pPRSPHO4 was constructed by inserting a BamHI-to-
HindIII fragment of pACD4 (62) containing the PHO4 promoter and open
reading frame into pRS426.

Strains. S. cerevisiae YS18 (47) was used in all experiments. Northern analysis
was performed with strains EY0244 (wild type), EY0168 (pho3A pho5A), and
EYO0168 harboring pTA-PHOS. For indirect end labeling, EY0255 (pho2A pho4A
pho80A) harboring pTA-PHOS was used. For analysis of chromatin remodel-
ing of episomal PHOS in vivo, we used strains EY0246 (pho3A pho5A pho4A
pho80A) and EY0243 (pho3A pho5SA pho80A), harboring either pTA-PHOS-
ATGA or both pTA-PHO5-ATGA and pRSPHO4. For minichromosome puri-
fication and nuclear extract preparation, either EY0255 or EY0579 (pho2A
pho4A pho80A snf6A) was used. To make EY0579, SNF6 was disrupted in a
diploid by two-step gene replacement with pEY110 (16). After sporulation, snf6A
haploid strains were identified by Southern blotting.

Northern blotting. Cell cultures were grown in medium lacking inorganic
phosphate for 6 h as described previously (25), and total RNA was prepared as
described previously (12). RNA was quantitated, and 20 pg of each sample was
loaded on 6.7% formaldehyde-1.5% agarose gels and run in 1X E buffer (20 mM
MOPS [morpholinepropanesulfonic acid] [pH 7.0], 5 mM Na acetate, 0.5 mM
EDTA). The RNA was blotted to nylon and probed as described for Southern
blotting below.

Preparation of PHO5 minichromosomes. PHO5 minichromosomes were pre-
pared by the first steps of the procedure described by Simpson and colleagues
(13, 42), with some modification. EY0255 or EY0579 cells harboring pTA-PHOS
or pTA-p1p2 were grown in 9 liters of synthetic medium to an A, of 1.0. Cells
were pelleted, washed with water, and incubated at 30°C for 30 min in a freshly
prepared solution of 0.7 M B-mercaptoethanol-20 mM EDTA. The cells were
washed once with 1 M sorbitol and resuspended in 500 ml of lyticase buffer
(1.2 M sorbitol, 50 mM Tris-Cl [pH 8.0], 5 mM B-mercaptoethanol). Sphero-
plasting was performed with 1 ml of crude recombinant lyticase (46) per g (wet
weight) of cells for 30 min at 30°C. All subsequent manipulations were at 0 to
4°C. A swinging-bucket rotor (Sorvall HB-6) was used in all centrifugation steps
unless otherwise noted. The spheroplast pellet was washed two times with 1 M
sorbitol and then thoroughly resuspended in 240 ml of Ficoll buffer (18% Ficoll,
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20 mM MOPS-NaOH [pH 6.8], 1 mM MgCl,, 1 mM phenylmethylsulfonyl
fluoride [PMSF]) and Dounce homogenized by hand (Wheaton 40-ml Dounce
homogenizer), 10 times with the loose pestle and 5 times with the tight pestle.
The lysate was layered over an equal volume of glycerol-Ficoll buffer (20%
glycerol, 7% Ficoll, 20 mM MOPS-NaOH [pH 6.8], 1 mM MgCl,, 1 mM PMSF)
and spun at 11.5 krpm for 30 min. The pellet was resuspended in 20 ml of Ficoll
buffer and centrifuged at 4.5 krpm for 15 min. The supernatant was transferred
to a fresh chilled tube, and nuclei were collected by centrifugation at 11.5 krpm
for 25 min. Pelleted nuclei were flash frozen at —80°C, thawed on ice, and
incubated for 1 to 2 h in 9 ml of elution buffer {200 mM NaCl, 5 mM MgCl,, 10
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)]-NaOH [pH 7.3], 0.5
mM EGTA, 5 mM B-mercaptoethanol, 1 mM PMSF}. Nuclei were pelleted by
centrifugation at 11.5 krpm for 10 min, and the eluate was split between two
35-ml 0.4 to 1 M sucrose gradients made in elution buffer supplemented to a final
NaCl concentration of 250 mM. The gradients were spun at 45 krpm for 80 min
in a VTi50 rotor, braked to 10 krpm, and then allowed to coast to a stop. DNA
was purified from 50 pl of each 1-ml fraction and assayed on ethidium bromide-
stained agarose gels. Minichromosome-containing fractions were pooled, con-
centrated 10-fold on Centri-Prep concentrators that had been preblocked with
insulin, and stored at —80°C in aliquots.

The average yield from this procedure was approximately 40%. The greatest
loss occurred at the nuclear elution step, where 50 to 80% of the PHOS5 mini-
chromosomes were recovered in the eluate. The final PHOS5 minichromosome
fraction contained approximately 1 pg of minichromosomal DNA per ml in a
final volume of approximately 0.75 ml. This fraction contained a significant
amount of cellular RNA but was free of genomic DNA.

Southern blotting. Samples were loaded on 1.2% agarose gels and run in 0.5X
Tris-borate-EDTA at 4 V per cm for 4 h. Gels were prepared as described
previously (43) and blotted to nylon membranes (Amersham) overnight in 20X
SSC (1x SSC s 0.15 M NaCl plus 0.015 M sodium citrate). Prehybridization and
hybridization with random-prime-labeled probes were performed in Rapid Hyb
Buffer (Amersham). Typically, restriction fragments of 100 to 300 bp embedded
in low-melting-point agarose were random prime labeled overnight at room
temperature.

Micrococcal nuclease digestion and indirect end labeling of chromosomal or
episomal PHOS in vivo. Cells collected from 500 ml of cell culture grown to an
Agoo of 1.0 were spheroplasted as in the minichromosome preparation, washed
three times with 1 M sorbitol, and resuspended in 2 ml of digestion buffer A (1M
sorbitol, 50 mM NaCl, 10 mM Tris-Cl [pH 7.5], 5 mM MgCl,, 1 mM CaCl,, 1 mM
B-mercaptoethanol). Aliquots of 200 nl were placed in tubes containing 0.1 to
100 U of micrococcal nuclease (Worthington). Two hundred microliters of buffer
B (buffer A plus 0.15% Nonidet P-40) was added to each tube, and the reaction
mixtures were incubated at 37°C for 5 min. Reactions were stopped with 1/10
volume of 5% sodium dodecyl sulfate (SDS)-250 mM EDTA. DNA was purified
by digestion with 200 pg of proteinase K per ml at 37°C for 2 h, followed by
phenol-chloroform extraction, RNase treatment, and ethanol precipitation. For
indirect end labeling of minichromosomes, 1/10 of each sample was digested with
NgoMI or XmnlI; genomic PHO5 DNA was digested with StuI. The Southern blot
probes for analysis of episomal PHO5 and TRPI nucleosome positioning were
derived from an NgoMI-to-Bg/II fragment of the TRPI gene and an XmnlI-to-
Scal fragment of PHOS, respectively. As pTA-PHOS is maintained in high copy,
hybridization of this probe to the chromosomal TRPI or PHOS locus did not
interfere with analyses of minichromosomal chromatin structure. For analysis of
chromosomal PHOS, the probe was derived from a Stul-to-Apal fragment of the
PHOS upstream region.

Chromatin remodeling in vivo. EY0246 and EY0243, harboring either pTA-
PHOS5-ATGA or both pTA-PHOS5-ATGA and pRSPHO4, were cultured, sphero-
plasted, treated with micrococcal nuclease, and Southern blotted as described
above. Probes for analysis of nucleosome —2 and nucleosome +1 correspond to
Clal-to-BstEII (probe A in Fig. 2) and Dral-to-Sall (probe B in Fig. 2) fragments
of pBSPHOS, respectively. Southern blots were analyzed by phosphor screen
autoradiography, and quantitative area analysis was performed with ImageQuant
software.

Preparation of recombinant Pho4. Escherichia coli BL21 harboring a T7-
PHOA4 expression vector (24) was grown in 3 liters of L broth supplemented with
50 pg of carbenicillin per ml to an Ag, of 0.4. IPTG (isopropyl-B-p-thiogalac-
topyranoside) was added to 0.4 mM, and the culture was grown for 2 h at 37°C.
Cells were harvested, washed with B(0.1) (10% glycerol, 20 mM PIPES-NaOH
[pH 7.3], 1 mM dithiothreitol, 1 mM PMSF, 1 pg of pepstatin A per ml, 0.1 M
NaCl), and resuspended in 40 ml of B(0.1). Cells were lysed on ice by sonication
and centrifuged at 16 krpm for 20 min in a Sorvall SS-34 rotor at 4°C. The lysate
was treated with 10 U of DNase I, clarified through a 0.22-um-pore-size filter,
and loaded onto a 10-ml SP-Sepharose High Performance (Pharmacia) column.
Pho4 was eluted with a linear gradient from 100 to 1,000 mM NaCl. Fractions
containing Pho4 were pooled, adjusted to the conductivity of B(0.1) by dilution
with B(0) [equivalent to B(0.1) except containing 0 M NaCl], loaded onto a
BioScale S5 column (Bio-Rad), and eluted as before. This procedure yielded
approximately 15 mg of Pho4, which appeared as a single band in SDS-poly-
acrylamide gel electrophoresis with Coomassie blue staining.

Preparation of S(0.3) extract. Nuclear extract was prepared from EY0255 or
EY0579 as described previously (33), with the following modifications. Recom-
binant lyticase was used for spheroplasting, and lysis was performed with a
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FIG. 2. Map of pTA-PHOS. Bacterial selection and replication sequences
were removed, and a 3.5-kb circle containing PHOS and the TRPI/ARSI locus
were religated to form pTA-PHOS. Black arrows, directions of transcription of

PHO5 and TRPI; open circles, locations of three positioned nucleosomes on the
PHO5 promoter; bars, sequences from which probes A and B were derived.

hand-held glass Dounce homogenizer, as described above. The final protein
pellet was resuspended in S(0.1) (20 mM HEPES-KOH [pH 7.9], 10% glycerol,
1 mM EDTA, 0.1 M K acetate, 1 pg of pepstatin A per ml, 1 mM PMSF). For
fractionation, 5 mg of nuclear extract was applied to a 1-ml SP-Sepharose Fast
Flow (Pharmacia) column, washed with S(0.1), and step eluted with S(0.3).
[S(0.3) is equivalent to S(0.1) except that it contains 0.3 M K acetate.] Fractions
containing protein were pooled and concentrated 10-fold with Centricon con-
centrators.

In vitro chromatin remodeling. Ten microliters of minichromosomes (approx-
imately 10 ng of DNA in 250 mM NaCl-5 mM MgCl,~10 mM PIPES-NaOH [pH
7.3]-0.5 mM EGTA) was incubated in 50-pl reaction mixtures containing 12 mM
HEPES-NaOH (pH 7.5), 6 mM MgCl,, 1 mM dithiothreitol, 5% glycerol, and
0.5 mM CaCl,; 2 pg of poly(dC)-poly(dG) per ml and 0.1 mg of bovine serum
albumin per ml were also added as nonspecific competitors. After addition of
Pho4 (90 nM), Pho2 (approximately 20 nM), and 1 pg of S(0.3), the reaction
mixtures were incubated at room temperature for 15 min. An ATP regeneration
mix (final concentrations of 0.2 wg of creatine kinase per ml in 10 mM glycine
[pH 8], 30 mM creatine phosphate, and 0.5 mM ATP or adenylyl imidi-diphos-
phate [AMP-PMP] was added, and reaction mixtures were incubated at 30°C for
30 min. The reaction mixtures were split and digested with either 0.1 or 0.05 U
of micrococcal nuclease for 5 min at 37°C. Digestion was stopped with 1/10
volume of 5% SDS-250 mM EDTA. DNA was purified by overnight treatment
with 200 pg of proteinase K per ml at 37°C, two phenol extractions, chloroform
extraction, and ethanol precipitation. Samples were analyzed by Southern blot-
ting as described above and probed as described for in vivo chromatin remod-
eling.

RESULTS

Episomal PHOS is transcribed in response to phosphate
starvation. Minichromosomes, or circular plasmids packaged
into chromatin, have been purified from S. cerevisiae for the
analyses of transcription (48), retroviral integration (41), cen-
tromere function (27), and chromatin structure (7, 53). We
modified a 1.5-kb TRP1/ARSI circle by inserting the PHOS5
promoter and open reading frame to form pTA-PHOS (Fig. 2).
The PHOS promoter fragment that we inserted includes se-
quence that is packaged into nucleosomes —1 through —3.
This sequence is sufficient for phosphate-regulated transcrip-
tion of PHOS from a plasmid and for appropriate positioning
of the three promoter nucleosomes (6, 18).

When yeast cells are grown in medium lacking inorganic
phosphate, transcription of PHOS is induced (36). We there-
fore tested if phosphate starvation induces transcription of
episomal PHOS. A wild-type strain, a phoSA strain, and a
pho35A strain carrying pTA-PHOS were grown in medium lack-
ing inorganic phosphate for 6 h. Total RNA was isolated from
these cultures, and Northern analysis was performed (Fig. 3).
PHOS transcript levels were quantified and normalized to ac-
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FIG. 3. Northern analysis of chromosomal and episomal PHOS5 expression in
response to phosphate starvation. A PHO5™ strain, a pho5A strain, and a pho5A
strain harboring pTA-PHOS were grown for 6 h in medium either containing (+)
or lacking (—) inorganic phosphate (P;). PHOS transcript levels were quantified
and normalized to the actin signal.

oA

tin transcript levels. Transcription of chromosomal PHOS in-
creased approximately 20-fold upon starvation for phosphate,
whereas transcription from episomal PHOS5 was induced ap-
proximately 10-fold. Therefore, chromosomal PHOS and epi-
somal PHOS5 were regulated by environmental phosphate lev-
els to approximately the same degree.

pTA-PHOS was maintained at approximately 20 copies per
cell (data not shown). If starvation for phosphate causes in-
duction of every copy of pTA-PHOS to the same extent as the
chromosomal copy, a strain harboring pTA-PHOS should ex-
press 20 times as much transcript as a wild-type strain. How-
ever, induced levels of PHOS transcript from pTA-PHOS were
3.4-fold higher than those measured for the chromosomal copy
of PHOS. A three- to fourfold difference was reproducibly ob-
served, as early as 3 h and as late as 12 h after transfer to
medium lacking phosphate. These data suggest that some fac-
tor necessary for PHOS transcription is limiting under these
conditions, and expression of all 20 copies of pTA-PHOS in
each cell is prevented. The limiting factor could be Pho4, Pho2,
a putative chromatin-remodeling activity, or components of
the general transcription machinery.

Episomal PHOS5 has correctly positioned nucleosomes un-
der repressing conditions. Micrococcal nuclease digestion fol-
lowed by indirect end labeling is used as an assay for positioned
nucleosomes in vivo (34, 61). We used this technique to com-
pare the chromatin structure of chromosomal PHOS5 with that
of episomal PHOS (Fig. 4). Spheroplasts with an intact chromo-
somal PHOS locus harboring pTA-PHOS were treated with
micrococcal nuclease, and indirect end labeling was per-
formed. Analysis of chromosomal PHOS revealed four po-
sitioned nucleosomes (Fig. 4A, lane 3), which correspond to
those mapped previously (1). Three similarly positioned nu-
cleosomes were detected on the PHOS promoter on pTA-
PHOS in vivo (compare lanes 3 and 7). The sequence upstream
of nucleosome —3 on pTA-PHOS (starting at the BamHI site)
is the start of the TRPI gene, which had a noticeably different
pattern than the corresponding region of the chromosomal
PHOS gene.

There is a detectable difference between the chromatin
structures of chromosomal and episomal copies of PHOS5. The
nuclease-hypersensitive site (HS2), visible on the chromosomal
copy of PHO5, is not apparent on pTA-PHOS (Fig. 4A). This
may be explained by the observation that nucleosome —3 ap-
peared to be slightly shifted in position towards nucleosome
—2. However, nucleosomes —1 and —2 (incorporating the
TATA box and UASp2) appeared to be correctly positioned,
thereby reproducing the appropriate repressed state. Micro-
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FIG. 4. Nucleosomes on the PHOS5 promoter have similar positions on the
chromosome and on pTA-PHOS and are not changed upon PHOS5 minichromo-
some preparation. (A) Spheroplasts were treated with micrococcal nuclease
(MNase), and the DNA was purified. For size standards, untreated DNA was
digested with BarmHI (lanes 1 and 5) or Dral (lanes 2 and 6). For analysis of
chromosomal PHOS, samples were digested with Stul, Southern blotted, and
hybridized to a probe derived from a Stul-to-Apal fragment of the PHOS up-
stream region. For analysis of episomal PHOS, samples were digested with
NgoMI, and the probe used was derived from an NgoMI-to-Bg/II fragment from
TRP1. (B) Partially purified PHOS5 minichromosomes were treated with MNase,
and the DNA was purified. Samples digested with NgoMI were probed with an
NgoMI-to-BglII fragment from TRPI; samples digested with XmnI were probed
with an Xmnl-to-Scal fragment from PHOS. The schematics show inferred lo-
cations of nucleosomes (open circles) on PHOS5 and pTA-PHOS. The grey and
black arrows represent PHOS5 and TRPI sequences, respectively. The location of
the hypersensitive site HS2 on chromosomal PHO5 is indicated with an arrow.

coccal nuclease digestion followed by indirect end labeling thus
indicates that the PHOS promoter on pTA-PHOS is incorpo-
rated into positioned nucleosomes with positioning that is very
similar to that observed on chromosomal PHOS.

pTA-PHOS is remodeled in vivo. To test if the promoter
chromatin of episomal PHOS could be remodeled in vivo, we
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analyzed changes in chromatin structure by digestion with mi-
crococcal nuclease followed by Southern blotting. This assay
has been previously employed for analysis of the PHOS chro-
matin transition (1, 44, 50). To analyze changes in chromatin
structure at the PHOS5 promoter, we used a probe derived from
the PHOS5 sequence packaged into nucleosome —2 (Fig. 2,
probe A). A pattern of nucleosomal bands implies that PHOS
promoter sequence complementary to probe A is packaged
into nucleosome —2 and is thereby protected from digestion.
The disappearance of these bands implies that nucleosome —2
no longer protects the underlying DNA.

For this experiment, we compared the chromatin structures
of the PHOS promoter on pTA-PHOS5-ATGA in a pho4A strain,
a PHO4" strain, and a PHO4" strain carrying a high-copy-
number plasmid expressing Pho4 (pRSPHO4). pTA-PHOS-
ATGA is a derivative of pTA-PHOS in which the PHO5 ATG
was replaced with a restriction site. This derivative was used to
prevent production of PhoS5, a secreted acid phosphatase, as
high-level PHOS expression inhibits cell growth by disrupting
the normal function of the secretory pathway (28). All strains
lacked chromosomal PHOS, and all were also pho80A, which
causes constitutive expression of PHOS (36).

In a strain lacking Pho4, the sequence underlying nucleo-
some —2 produced a pattern of bands, indicating that it is
protected from micrococcal nuclease digestion (Fig. SA, sam-
ple 1). Ina PHO4™ strain, minimal remodeling of the episomal
PHOS promoter was observed (sample 2). This is consistent
with the results of Northern analysis (Fig. 3) and supports the
hypothesis that a factor required for PHOS expression is lim-
iting in the cell, allowing only a subset of the pTA-PHOS
templates to be transcribed. To test if a limiting factor was
Pho4, we assayed in vivo remodeling of pTA-PHOS5-ATGA
in a PHO4™ strain carrying the high-copy-number plasmid
pRSPHO4. As shown in Fig. 5A, sample 3, remodeling of
nucleosome —2 was observed under these conditions. This
suggests that the concentration of Pho4 in the nucleus under
inducing conditions is insufficient to support chromatin remod-
eling and activation of transcription of the majority of the
copies of episomal PHOS. It should be noted that in the strain
carrying pRSPHO4, the pTA-PHOS5-ATGA copy number
drops to approximately five. Thus, the drop in template num-
ber may also allow remodeling of a higher proportion of the
templates in each cell.

To test if this remodeling was localized to the promoter re-
gion of episomal PHOS, the blot was stripped and reprobed
with a probe derived from nucleosome +1 (Fig. 2, probe B).
This sequence is mostly nucleosomal, even under conditions that
allowed remodeling of nucleosome —2 (compare Fig. SA and
B). The small amount of in vivo remodeling that is apparent at
nucleosome +1 was also observed at another nucleosome in
the PHOS open reading frame, as well as at a nucleosome in
the TRPI gene (data not shown). Thus, episomal PHOS chro-
matin is remodeled in vivo, when high enough levels of Pho4
are present, and this remodeling is predominantly restricted to
the promoter region. For the purposes of this report, an in-
crease in micrococcal nuclease sensitivity at nucleosome —2
defines chromatin remodeling in our in vitro system (see Dis-
cussion).

Preparation of PHO5 minichromosomes with intact chroma-
tin structure. With evidence that the PHOS5 promoter on pTA-
PHOS has correctly positioned nucleosomes, that its transcrip-
tion is regulated by environmental phosphate levels, and that it
can be remodeled in vivo, we developed a procedure to pre-
pare PHO5 minichromosomes for in vitro study. Our protocol
was based on the first steps of a purification procedure devel-
oped by Simpson and colleagues (13, 42). Our goals were to re-
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FIG. 5. In vivo chromatin remodeling of episomal PHOS. Spheroplasts from
the indicated strains were treated with micrococcal nuclease (MNase), and the
DNA was purified and Southern blotted. (A) The blot was probed with probe A
(Fig. 2). Data from each sample were quantified, and the distance from the top
of the gel was graphed against the signal density. (B) The blot shown in panel A
was stripped and reprobed with probe B (Fig. 2).

move genomic DNA and cellular debris in a manner gentle
enough to leave minichromosomal chromatin intact.

PHOS5 minichromosomes were prepared from a pho2A
pho4A strain to prevent contamination of the chromatin tem-
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plate with the Pho4 and Pho2 transcription factors. Cells har-
boring pTA-PHOS were spheroplasted with lyticase (46), and
lysis was performed with a hand-held Dounce homogenizer. Nu-
clei were purified away from cell debris and other organelles by
spinning through a glycerol cushion, and unlysed spheroplasts
and whole cells were removed by differential centrifugation.
Minichromosomes were eluted from the purified nuclei, pre-
sumably by diffusing through fissures in the nuclear envelope
created by flash freezing. The resulting eluate was further pu-
rified on a linear sucrose gradient, and fractions containing
minichromosomes were pooled and concentrated.

We tested if the chromatin structure of PHOS5 minichromo-
somes changed during their preparation by digesting PHOS5
minichromosomes with micrococcal nuclease in vitro and then
analyzing nucleosome positioning by indirect end labeling. As
shown in Fig. 4B, lane 3, the digestion pattern observed with
PHOS5 minichromosomes was unchanged from that observed
on pTA-PHOS in vivo.

Three positioned nucleosomes (named I, II, and III) are
positioned on the TRP1/ARS1 circle, both in vivo (63) and after
purification (53). We therefore tested if positioned nucleo-
somes are present at these positions on purified PHOS5 mini-
chromosomes. As shown in Fig. 4B, lane 6, three appropriately
positioned nucleosomes were detected on the TRP1/ARS1 se-
quence. These data indicate that partially purified PHOS5 mini-
chromosomes contain correctly positioned nucleosomes, both
over the PHOS5 promoter and on the TRP1/ARSI sequence,
and are therefore appropriate chromatin templates for bio-
chemical analysis of PHOS chromatin remodeling.

In vitro remodeling of PHO5 minichromosomes requires
Pho4 and Pho2, hydrolyzable ATP, and a fraction of nuclear
extract. The scheme of our in vitro chromatin-remodeling ex-
periments is outlined in Fig. 6A. PHOS5 minichromosomes
were mixed with transcription factors and nuclear extract in a
reaction mixture. A source of energy was then added, and the
remodeling reaction was allowed to proceed. Reaction mix-
tures were split, digested with micrococcal nuclease, trans-
ferred to nylon, and probed with sequence corresponding to
nucleosome —2 as for analysis of in vivo remodeling.

The chromatin transition and transcriptional activation of
PHOS in vivo require the transcription factors Pho4 and Pho2
(17). We therefore tested if these transcription factors are suf-
ficient to support in vitro chromatin remodeling of PHOS5 mini-
chromosomes. As shown in Fig. 6B, sample 1, recombinant
Pho4 and Pho2 were not sufficient for remodeling of nucleo-
some —2 in vitro.

The inability of Pho2 and Pho4 to remodel chromatin in
vitro suggested that remodeling of PHOS promoter chromatin
requires an additional activity. We therefore tested if a fraction
of S. cerevisiae nuclear extract, termed S(0.3), could provide a
chromatin-remodeling activity. Addition of S(0.3) had no effect
in our assay (Fig. 6B, sample 2). By analogy with previously
identified chromatin-modifying complexes, such an activity
might require either ATP or acetyl coenzyme A. When we test-
ed this possibility by incubating Pho4 and Pho2, S(0.3), and an
ATP regeneration system with PHOS5 minichromosomes, chro-
matin remodeling was observed (sample 4). Under these con-
ditions, chromatin remodeling was also observed when a probe
derived from nucleosome —3 or a probe derived from all three
positioned nucleosomes (—1 through —3) was used (data not
shown). These data indicate that the PHOS promoter nucleo-
somes are remodeled in our in vitro system.

To test if ATP hydrolysis is required for S(0.3)- and Pho4-
dependent remodeling of PHOS5 minichromosome promoter
chromatin, a nonhydrolyzable ATP analog was included in the
regeneration system in place of ATP (Fig. 7). Whereas remod-
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FIG. 6. In vitro chromatin remodeling of PHOS5 minichromosomes requires Pho2, Pho4, S(0.3), and ATP and is localized predominantly to the PHOS promoter.
(A) Schematic of the in vitro remodeling reaction. MC, minichromosome; MNase, micrococcal nuclease. (B) Reaction mixtures were assembled and incubated as shown
in panel A and then split and digested with micrococcal nuclease. Samples were purified, electrophoresed, and transferred to nylon. Southern blotting was performed
with probe A, and data were graphed as in Fig. 5. (C) The blot shown in panel B was stripped and reprobed with probe B.

eling is observed when ATP is added (sample 2), there is no
change in the PHOS5 promoter chromatin structure when ATP
is omitted (sample 1) or when an equivalent amount of AMP-
PMP is substituted (sample 3). Samples containing acetyl co-
enzyme A as an energy source showed no remodeling under
these conditions (data not shown).

Thus, the transcription factors Pho2 and Pho4, S(0.3), and
ATP hydrolysis were all necessary for in vitro chromatin re-
modeling of nucleosome —2. No remodeling was observed if
any of these three components were withheld. These data

imply that Pho2, Pho4, and an ATP-dependent activity can
remodel PHOS promoter chromatin.

S(0.3)-, ATP-, and Pho4-dependent chromatin remodeling is
restricted to the PHOS5 promoter region. In vivo, the loss of
positioned nucleosomes in response to phosphate starvation is
restricted to the four positioned nucleosomes on the PHOS
promoter (1). We tested if this was true of the remodeling
observed in vitro by stripping and reprobing the Southern blot
shown in Fig. 6B with a sequence underlying nucleosome +1.
When analyzed with this probe, all samples produced a largely
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FIG. 7. Hydrolyzable ATP is required for in vitro chromatin remodeling of PHOS5 minichromosomes. Either buffer (sample 1), ATP (sample 2), or AMP-PMP
(sample 3) was included in chromatin-remodeling reactions with PHOS5 minichromosomes, Pho4 and Pho2, and S(0.3). Samples were analyzed as described for Fig. 6.

MNase, micrococcal nuclease.

nucleosomal pattern (Fig. 6C). Thus, the dramatic change in
chromatin structure observed in the presence of Pho4 and
Pho2, S(0.3), and ATP at the PHO5 promoter does not extend
significantly into the PHOS open reading frame.

Pho4 can partially remodel PHOS5 chromatin in the absence
of Pho2. Overexpression of Pho4 can partially suppress the
PHOS expression defect of a pho2A strain (17). We therefore
tested if Pho4 was capable of supporting chromatin remodeling
of PHOS5 minichromosomes in vitro without Pho2. As indicat-
ed in Fig. 8, Pho4 is capable of supporting partial remodeling
of PHOS5 minichromosomes in the presence of S(0.3) and ATP
without Pho2 (sample 2). However, when Pho?2 is included in
the remodeling reaction mixture and Pho4 is left out, no re-
modeling is observed (sample 1). These results demonstrate
that the transcription factor Pho4 is required for S(0.3)- and
ATP-dependent chromatin remodeling of PHOS5 minichromo-
somes.

Pho4-dependent chromatin remodeling without Pho2 is in-
complete, and a nucleosomal pattern is visible (Fig. 8, sample
1). When Pho2 is included in the reaction with Pho4, S(0.3),
and ATP, remodeling is more complete (Fig. 6, sample 4).
Analyses of the DNA binding and in vivo transcriptional acti-
vation properties of a version of Pho4 unable to interact with
Pho2 suggest that Pho2 may affect the function of Pho4 in two
ways: by modulating its ability to bind DNA and by enhancing
its ability to activate transcription (4). By analogy, Pho2 may

WT plp2

cpm (arbitrary units)

facilitate chromatin remodeling in our in vitro system by en-
hancing the binding of Pho4 to PHOS5 minichromosomes or by
enhancing the ability of Pho4 to support chromatin remodeling
in a manner independent of DNA binding. When higher con-
centrations of Pho4 were used, remodeling was complete in the
absence of Pho2 (data not shown); however, the relevance of
remodeling at these concentrations is not clear. Importantly, at
the Pho4 concentrations used in this study, Pho2 is required for
complete remodeling of PHOS5 minichromosomes in vitro, con-
sistent with its role in vivo.

Pho4-dependent chromatin remodeling requires UASp1 and
UASp2. Deletion of a 26-bp region encompassing the Pho4
binding site in UASp1 has no effect on the assembly of repres-
sive PHOS chromatin structure, but it prevents Pho4 binding
(57) and the chromatin transition (18) in vivo. These observa-
tions indicate that binding of Pho4 to the hypersensitive region
is not required for nucleosome positioning yet is required for
changes in chromatin structure upon induction. We wished to
test if the Pho4-dependent remodeling observed in the absence
of Pho2 requires specific binding by Pho4 to UASp1 and
UASp2. A version of pTA-PHOS, pTA-plp2, in which the
two Pho4 binding sites in UASp1 and UASp2 were replaced
precisely with restriction sites, was constructed. Wild-type and
plp2 minichromosomes were prepared in parallel and tested
for remodeling in the in vitro system. Whereas the PHOS pro-
moter of wild-type minichromosomes was partially remodeled
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FIG. 8. In vitro chromatin remodeling of PHOS5 minichromosomes in the absence of Pho2 requires Pho4, UASp1, and UASp2. Wild-type (WT) PHO5 minichro-
mosomes were tested for chromatin remodeling in the presence of either Pho2 (sample 1) or Pho4 (sample 2). Minichromosomes lacking the Pho4 binding sites at
UASp1 and UASp2 (p1p2) were purified and tested in parallel (samples 3 and 4). S(0.3) and ATP were included in all reaction mixtures. MNase, micrococcal nuclease.
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FIG. 9. Swi-Snf is not required for in vitro chromatin remodeling of PHOS5 minichromosomes. S$(0.3) extract and minichromosomes were purified from a SNF6™
(samples 1 and 2) or snf6A (samples 3 and 4) strain and assayed for chromatin remodeling in the presence and absence of Pho2 and Pho4. An ATP regeneration mix

was added to all samples. MNase, micrococcal nuclease.

in the presence of Pho4 (Fig. 8, sample 2), no Pho4-dependent
remodeling of plp2 minichromosomes was observed (Fig. 8,
sample 4). This result demonstrates that one or both of the
Pho4 binding sites in UASpl and UASp2 are required for
Pho4-dependent chromatin remodeling of PHOS5 minichromo-
somes in vitro.

Unexpectedly, plp2 minichromosomes were remodeled
when Pho2 was included in the remodeling reaction with Pho4,
5(0.3), and ATP (data not shown). Yeast strains harboring pTA-
p1p2 express low levels of acid phosphatase activity upon phos-
phate starvation (data not shown), suggesting that the deletion
of UASp1 and UASp2 is not sufficient to prevent transcription
of episomal PHOS. It is possible that binding of Pho2 to its site
in UASp1 (which is intact in the p1p2 minichromosomes) can
stabilize Pho4 DNA binding. In contrast, the 26-bp deletion
analyzed in previous studies partially destroys this Pho2 bind-
ing site, which may account for the completely unremodeled
state of this mutant promoter in vivo.

PHOS5 chromatin remodeling in vitro does not require the
Swi-Snf complex. We reasoned that the factor(s) supplied by
the S(0.3) extract might have ATPase activity, since ATP is re-
quired for in vitro remodeling. The yeast remodeling factor
Swi-Snf contains an ATPase, which is required for its function
(30). It was therefore possible that the putative ATP-depen-
dent activity in S(0.3) was the Swi-Snf complex. As Swi-Snf is
not required for PHOS5 chromatin remodeling in vivo (10, 20,
45), it was of interest to determine if PHO5 minichromosome
remodeling required this complex in vitro.

The Snf6 protein is a component of the Swi-Snf complex
(9, 38). We tested the requirement for Swi-Snf in our in vitro
system by preparing in parallel S(0.3) extract and PHOS mini-
chromosomes from SNF6™" and snf6A strains. In vitro remod-
eling with components derived from a snf6A strain occurred to
the same extent as with those derived from SNF6™ cells (Fig.
9, compare samples 2 and 4), demonstrating that SNF6 is not
required for remodeling in vitro. We can therefore infer that
the 2-MDa Swi-Snf complex, which requires Snf6 for its struc-
tural integrity (38), is not required for PHOS5 chromatin re-
modeling in vitro.

DISCUSSION

We have developed an in vitro system in which PHOS mini-
chromosomes undergo promoter chromatin remodeling. To ob-
tain chromatin templates with positioned nucleosomes, an im-

portant feature of the repressed PHOS promoter in vivo, we
purified minichromosomes carrying the PHOS gene from yeast.
Chromatin remodeling in our system required the presence
of the transcriptional activators Pho2 and Pho4, a fraction of
S. cerevisiae nuclear extract, and hydrolyzable ATP.

In vitro chromatin remodeling of PHO5 minichromosomes
was localized to the PHOS promoter and did not require the
Swi-Snf complex. Specific binding by Pho4 to UASp1 and
UASp2 was required for Pho4-dependent chromatin remodel-
ing. As these are also characteristics of the PHOS chromatin
transition in vivo, we believe that this system will allow the
identification of physiologically relevant chromatin-remodel-
ing activities.

Choice of chromatin template. The chromatin structures of
the PHOS promoter under repressing and inducing conditions
have been characterized (51). In high-phosphate medium, four
nucleosomes are positioned on the PHOS5 promoter such that
UASpl1 is in a hypersensitive region between nucleosomes —2
and —3, UASp2 is packaged into nucleosome —2, and the
TATA box is packaged into nucleosome —1. These four nu-
cleosomes lose their positioning upon PHOS induction and no
longer protect the promoter from nuclease digestion (Fig. 1).

Many studies suggest that the stability and placement of
positioned nucleosomes on the PHOS5 promoter are important
for regulation of PHOS expression. In vivo depletion of histone
H4 causes the disappearance of positioned nucleosomes from
the PHOS promoter and weak expression under repressing
conditions (26). UASpl and UASp2 are not required for this
effect. These data suggest that the presence of nucleosome —1,
which packages promoter sequence including the TATA box, is
required for appropriate repression of basal PHOS expression.
Another experiment demonstrated that a Pho4 mutant lacking
the activation domain binds UASp2 when it is in the hyper-
sensitive site but not when it is packaged into nucleosome —2
(52). This implies that nucleosome —2 presents a barrier to
Pho4 binding to UASp2 under repressing conditions. Both of
these experiments suggest that the packaging of UASp2 and
the TATA box into nucleosomes is an important characteristic
of the repressed PHOS promoter.

For the reasons described above, we sought templates that
have appropriately positioned nucleosomes for our in vitro
study of PHO5 remodeling. Reconstitution of PHOS5 promoter
chromatin with purified histones and Drosophila embryo ex-
tracts did not produce templates with positioned nucleosomes
(data not shown). We therefore chose to purify chromatin
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templates from yeast cells. By using this strategy, we ensured
that PHOS5 promoter chromatin would be assembled with na-
tive histones, appropriately acetylated or otherwise modified.
Additionally, any nonhistone proteins required for nucleosome
positioning would be present during chromatin assembly.

Definition of chromatin remodeling. To describe and char-
acterize our in vitro system, we have defined chromatin remod-
eling of PHOS5 minichromosomes as an increase in micrococcal
nuclease sensitivity at the DNA sequence packaged into nu-
cleosome —2. Samples probed with sequence from nucleosome
—2 (Fig. 6B) showed the same loss of nucleosomal bands as
when they were probed with sequence from nucleosome —3 or
sequence from all three nucleosomes (data not shown). In
contrast, samples probed with sequence from nucleosome +1
(Fig. 6C) or +5 (data not shown) were mostly nucleosomal.
Remodeling as defined here thus extends from nucleosome —1
to nucleosome —3, but it does not extend into the PHOS5 open
reading frame.

We used two other assays to analyze the change in chroma-
tin structure on PHOS5 minichromosomes after in vitro remod-
eling: restriction enzyme accessibility and micrococcal nuclease
digestion followed by indirect end labeling. The Clal restric-
tion site, located near UASp2 in the PHOS promoter, became
more accessible in the presence of ATP and S(0.3) but was
unaffected by the presence of Pho2 or Pho4. Loss of nucleo-
some positioning, as detected by the indirect end-labeling tech-
nique, was also observed in the presence of ATP and S(0.3) but
did not require Pho2 or Pho4. Thus, the changes in chromatin
structure that are detected by these assays occur in the absence
of sequence-specific DNA binding proteins and may therefore
be ascribed to nonspecific remodeling activities provided by
the S(0.3). Thus, restriction enzyme accessibility and indirect
end labeling were not useful assays for the identification of a
PHOS5-specific chromatin-remodeling activity.

The nature of the alteration in histone-DNA contacts that
produces an increase in micrococcal nuclease sensitivity is not
known. One interpretation is that the nucleosomes are re-
moved from the promoter upon induction, and as a result the
entire promoter becomes accessible to nuclease digestion. Pro-
posed mechanisms for histone removal include nucleosome
sliding, transfer of nucleosomes to an acceptor molecule, and
disassembly of the histone octamer (49). Alternatively, the
PHOS5 promoter may still be packaged into chromatin under
inducing conditions but in such a way that the DNA is no
longer protected from interaction with nucleases.

Role of Pho4 in PHOS5 chromatin remodeling. The activation
domain of Pho4 is required for the PHOS5 chromatin transition
in vivo. A version of Pho4 that lacks the activation domain is
capable of binding to UASp1, but not to UASp2, under induc-
ing conditions in vivo (52). When this Pho4 mutant is ex-
pressed in place of full-length Pho4, the PHOS5 promoter re-
mains packaged into positioned nucleosomes, and there is no
expression of PHOS under inducing conditions.

One explanation for these observations is that Pho4 directly
remodels PHOS5 chromatin, and its activation domain is re-
quired for this activity. To date, however, no transcription
factor has been shown to be sufficient for chromatin rearrange-
ment in vitro. Furthermore, Pho4 and Pho2 cannot by them-
selves remodel PHOS5 minichromosomes in our in vitro remod-
eling system (Fig. 6B, sample 1). It is therefore likely that an
activity in addition to these transcription factors is required to
change the PHOS promoter chromatin structure in vivo.

If Pho4 itself does not remodel chromatin, it may recruit a
remodeling factor to the PHO5 promoter through its activation
domain. Artificial recruitment of the RNA polymerase holoen-
zyme to the PHOS5 promoter causes constitutive PHOS5 expres-
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sion and prevents the assembly of positioned nucleosomes
(20), a tantalizing result given recent evidence that the holoen-
zyme may associate with Swi-Snf (59) (but see reference 11).
Although the PHOS5 chromatin transition does not require
Swi-Snf (20), another ATP-dependent chromatin-remodeling
complex may be associated with the holoenzyme, or chromatin
remodeling may be an function intrinsic to the holoenzyme it-
self. It is also possible that the activation domain of Pho4 in-
teracts directly with a chromatin-remodeling activity. Substan-
tial evidence supports a model whereby yeast transcriptional
regulators recruit histone-acetylating (14, 55) and -deacetylat-
ing (23) complexes to the promoters they regulate. Similarly,
an ATP-dependent chromatin-remodeling complex may be re-
cruited to the PHOS promoter through interaction with the ac-
tivation domain of Pho4.

In the models described above, Pho4 first binds DNA and
then mediates chromatin remodeling in a second step. In
contrast, it is possible that chromatin remodeling must occur
before Pho4 can bind to its recognition sites in the PHOS
promoter. According to this model, a nonspecific chromatin-
remodeling activity acts constitutively, in an ATP-dependent
manner, to make chromatin more accessible. Subsequently,
binding of Pho4 and Pho2 to the PHOS5 promoter prevents nu-
cleosome positioning and stabilizes a nuclease-sensitive state.
A requirement for the Pho4 activation domain may be ex-
plained if it is necessary for stable association with PHOS
promoter chromatin.

Identity of the remodeling activity in the S(0.3) extract. The
activity contained in the S(0.3) extract may be a member of the
rapidly growing family of ATP-dependent chromatin-remodel-
ing machines, each of which contains a member of the Snf2
family of helicase-like ATPases (15). These complexes are
capable of altering the DNase I digestion pattern of a mono-
nucleosome, facilitating factor binding to sites within nucleo-
somes, and potentiating activation of transcription from chro-
matin templates (8). Members of this family thus appear to
have in common the ability to modify histone-DNA contacts in
an ATP-dependent manner.

Two remodeling complexes in this family have been defined
in yeast: Swi-Snf and RSC (remodels the structure of chro-
matin). Components of Swi-Snf are required for transcription
of a small number of regulated genes, and none identified to
date are essential (39, 60). It has been established that Swi-Snf
is not required for the PHOS chromatin transition in vivo (10,
20, 45), and we show here that it is not required for chromatin
remodeling in vitro. RSC was identified on the basis of its
homology to Swi-Snf and contains several essential subunits
(11, 31). It is not known if RSC is required for PHOS expres-
sion.

Thus, the activity contained in the S(0.3) extract could be
RSC or a subcomplex of either Swi-Snf or RSC. In addition to
those that are contained in Swi-Snf and RSC, there are several
other members of the Snf2 family in yeast, and these may be
components of novel chromatin-remodeling machines that
function in a similar manner. The S(0.3) extract might contain
one of these putative activities or a completely novel type of
ATP-dependent chromatin-remodeling activity, unrelated to
Swi-Snf or RSC. Identification of this activity through conven-
tional fractionation and reconstitution experiments is under
way.

Reconstitution of the PHO5 chromatin transition. We de-
scribe here the reconstitution of PHOS5 chromatin remodeling
in vitro. The PHOS chromatin transition was studied in S. cer-
evisiae, a model organism that is amenable to both genetic and
biochemical experiments. This allowed us to compare the in
vivo PHO5 chromatin transition with our in vitro remodeling
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reaction, and it provides a way to confirm the physiological
relevance of future in vitro results.

We used reagents that resembled their in vivo counterparts
to assemble our in vitro chromatin-remodeling system. The
template contained relevant sequences for PHOS5 expression
and had appropriately positioned nucleosomes, the transcrip-
tion factors used were those required in vivo for PHOS expres-
sion, and the source of remodeling activity was an S. cerevisiae
extract. We used an in vitro assay to detect changes in mini-
chromosomal chromatin structure that occur in vivo at the
PHOS locus upon induction.

In vitro chromatin remodeling of PHOS5 minichromosomes
recapitulates many hallmarks of the PHOS5 chromatin transi-
tion in vivo. In addition, we show that the transcription factors
Pho2 and Pho4 are not sufficient to change the PHOS5 chro-
matin structure and that an additional ATP-dependent activity
is required. This extends our knowledge of the PHOS chroma-
tin transition and illustrates the power of our in vitro approach.
We anticipate that our system will prove to be a useful tool to
provide insight into the mechanism of the PHOS5 chromatin
transition. We hope to use our in vitro system to identify the
components required for PHOS5 chromatin remodeling and to
characterize the alteration of histone-DNA contacts that oc-
curs during the PHOS5 chromatin transition.
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