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(Background: The enzymatic activities catalyzing disassembly of promoter nucleosomes in vivo are unknown.
Results: We show that nucleosomes are lost from activated PHOS8 gene and promoter circles, formed in vivo, in an SWI/SNE-

Conclusion: SWI/SNF plays a role in nucleosome disassembly in vivo.
Significance: Our findings are the first demonstration of nucleosome disassembly in vivo dependent on a known chromatin-
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Analysis of in vivo chromatin remodeling at the PHOS pro-
moter of yeast led to the conclusion that remodeling removes
nucleosomes from the promoter by disassembly rather than
sliding away from the promoter. The catalytic activities required
for nucleosome disassembly remain unknown. Transcriptional
activation of the yeast PHOS8 gene was found to depend on the
chromatin-remodeling complex SWI/SNF, whereas activation
of PHOS was not. Here, we show that PHOS gene circles formed
in vivo lose nucleosomes upon PHOS8 induction, indicative of
nucleosome removal by disassembly. Our quantitative analysis
of expression noise and chromatin-remodeling data indicates
that the dynamics of continual nucleosome removal and refor-
mation at the activated promoters of PHO5 and PHOS8 are
closely similar. In contrast to PHOS5, however, activator-stimu-
lated transcription of PHOS appears to be limited mostly to the
acceleration of promoter nucleosome disassembly with little or
no acceleration of promoter transitions following nucleosome
disassembly, accounting for the markedly lower expression level
of PHOS.

Nucleosomes occlude transcription factor binding sites and
inhibit the initiation of transcription in vitro and in vivo (1-5).
Transcription therefore requires changes in the structure of
nucleosomes that occupy essential promoter sequences. The
isolation of enzymes that can break and reform histone-DNA
interactions in an ATP-dependent manner provided a first
answer to the question of how cells overcome nucleosomal
inhibition (6).

In vitro experiments demonstrated the ability of chromatin
remodelers to couple ATP hydrolysis to the sliding of nucleo-

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table 1 and Fig. 1.
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somes along the DNA (7, 8), and evidence has been presented
for nucleosome sliding in vivo (9). Although the activity of some
remodelers appears to be limited to sliding, others, including
SWI/SNF and its close relative RSC, were also found to catalyze
the transition of mononucleosomes into a persistently altered
state with increased DNA accessibility but without loss of his-
tones (10-12), the transfer of histone octamers between DNA
molecules (13, 14), and nucleosome disassembly (15, 16).
Which of these activities are physiologically significant, rather
than owed to the biochemical assay conditions, is unclear.

Extensive structural analysis of in vivo chromatin remodeling
at the PHOS5 promoter of Saccharomyces cerevisiae, which
undergoes a major transition in chromatin structure upon
PHOS induction (17), suggested that remodeling results in loss
of promoter nucleosomes. Loss was inferred from complemen-
tary quantitative results of limiting nuclease digestion analysis
and topology measurements (18). Conforming with the loss
hypothesis, regions occupied by nucleosomes under repressing
conditions sedimented like naked DNA in a density gradient
after release from the activated promoter by restriction endo-
nuclease digestion, and chromatin immunoprecipitation
experiments suggested that fewer histones were bound to the
activated promoter than the repressed one (18, 19).

Chromatin circles formed in vivo were seen to lose nucleo-
somes under conditions that activate PHOS when encompass-
ing the PHOS5 promoter, demonstrating the ability of the cell to
catalyze nucleosome disassembly and suggesting that loss of
promoter nucleosomes at the chromosomal PHOS5 locus is due
to disassembly rather than sliding of nucleosomes away from
the promoter (20).

The SWI/SNF complex has been implicated in histone evic-
tion from promoter elements in vivo (21-23). Whether SW1/
SNEF-dependent eviction occurred by disassembly or sliding of
nucleosomes is unknown. Deletion of SNF2, which encodes the
catalytic subunit of the SWI/SNF complex, was found to affect
expression and promoter chromatin remodeling of PHOS5 only
marginally. Defects in PHOS5 expression have been reported in
the absence of other remodelers, but none of them alone proved
to be essential for PHOS activation (24 —26). The catalytic activ-
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ities that promote nucleosome disassembly in vivo remain to be
determined.

In contrast, activated expression of the PHOS8 gene of yeast,
although induced by the same signaling pathway and transcrip-
tional activator as PHOS, has been shown to be dependent on
SNF2 (27). The structural nature of remodeled chromatin at the
PHOS8 promoter and the question of whether nucleosome loss
occurs by disassembly rather than sliding are, therefore, of par-
ticular interest.

It has been argued previously that loss of nucleosomes from
the PHOS8 promoter was due to disassembly rather than sliding
because expression and chromatin remodeling of PHOS8 were
found to require the histone chaperone Asf1 (28), which earlier
had been implicated in replication-dependent nucleosome
assembly (29). This argument implicitly assumed that Asfl
facilitates nucleosome disassembly. However, independent evi-
dence to support this assumption has not been presented, and
subsequent biochemical tests failed to provide such evidence
(16).

Here, we addressed the question of whether nucleosomes are
removed from the induced PHOS8 promoter by disassembly
rather than sliding. Our findings are consistent with removal of
nucleosomes by disassembly, but not sliding. We observed that
Snf2 was essential for disassembly of promoter nucleosomes at
PHO8. Together with recent biochemical analyses, our findings
support the notion that SWI/SNF catalyzes nucleosome disas-
sembly in vivo.

EXPERIMENTAL PROCEDURES

Plasmids and Strains—For a complete list of strains used in
this study, see supplemental Table 1. The PHOS8 gene, including
1500 bp upstream of the start codon and 710 bp downstream of
the stop codon, was cloned by PCR and inserted into the NotI
site of pM47.1 (18), generating plasmid pM75.2. Introduction
of an Nrul site in place of the EcoRI site most proximal to the
5'-end of the PHOS8 open reading frame (ORF) yielded plasmid
pM77.2. Deletion of a 2.93-kb Nrul fragment from plasmid
pM77.2, encompassing the PHOS8 promoter and ORF, and its
replacement with a 1.1-kb fragment bearing the URA3 gene
generated plasmid pM78.5. The PHOS8 gene circle plasmid
pM79.44 was constructed in a way similar to that for the PHO5
gene circle plasmid (18). One recombination sequence (RS)*
element was inserted into the Nrul site upstream of the ORF,
and the other RS element and LexA cluster were inserted into
the downstream Nrul site on pM77.2. In pM79.44 the sequence
5-TAGTATATAAAGAAAGAAGTGTA-3" was replaced
with 5-TCATCGATCCCCCGGGGGACGAGT-3’, which
replaced the PHO8 TATA box and downstream promoter
sequences with cleavage sites for restriction endonucleases Clal
and Smal yielding the PHOS8 gene circle plasmid pM82.1. The
PHOS8 promoter circle plasmid pCM110.1 was derived from
pM75.2 and pM82.1 by inserting the downstream RS element
and LexA cluster into the Sacl site 56 bp downstream of the

“The abbreviations used are: RS, recombination sequence; CFP, cyan fluores-
cent protein; MNase, micrococcal nuclease; RSC, remodel the structure of
chromatin.
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start codon. Pho4 activation domain mutants were constructed
as described previously (30).

The PHOS8 gene was replaced with {JRA3 by homologous
recombination in strains YS18 and yM7.8 using plasmid
pM78.5, generating strains yM51.1 and yM52.2, respectively.
PHO8 gene circle strains yM53.78 and yM54.9 were generated
by replacing pho8::LIRA3 in strains yM51.1 and yM52.2 with the
TATA-less pho8 gene circle construct on plasmid pM82.1. The
pho4 deletion strain yM59.20 was generated by replacing PHO4
with URA3. Strain yM120.2 was generated from strain yM54.9
by replacing PHO4 with URA3 from plasmid pCM4.5. The
PHO#4 activation domain mutation strains were derived from
strain yM120.2 as described previously (30). The PHOS8 pro-
moter circle strain yC104.34 was derived from strain yM52.2 by
replacing pho8::LUIRA3 with a pho8 promoter circle from plas-
mid pCM110.1. Strain yC192.1 was generated from yC104.34
by replacing PHO4 with URA3 using plasmid pCM4.5. Strain
yE22.1 was generated by replacing the PHOSp:CFEP cassette in
strain yE2.1 with L/RA3. Exchanging LEU2 in the PHOS80 locus
of yE22.1 with HIS3 generated strain yC57.10. The PHOS gene
circle strain yC59.11 was then generated by replacing L/RA3 in
yC57.10 with the PHOS gene circle construct using plasmid
pM70.1 (18), and replacement of PHO4 with URA3 in yC59.11
gave strain yC87.2.

PHOS8 promoter and CFP ORF sequences were fused at the
PHOS start codon by overlapping PCR (31), using plasmids
pM75.2 (see above) and 14846 (Addgene) as templates. The
PHO8p:CEP fusion was used to replace a 2.3-kb EcoRV-Sall
fragment in pM75.2 bearing the PHOS8 gene, including its pro-
moter, except for the last 3'-terminal 238 bp of the ORF, gen-
erating plasmid pJL2.2. Plasmid pJL3.4, which bears the fusion
between the PHO8 promoter and YFP ORF, was constructed
analogously. YFP ORF sequences were amplified by PCR from
plasmid 14840 (Addgene). The wild-type PHOS gene was
restored in strains yC56.11 and yC57.10 (30) using plasmid
pM50.1 (18) to generate strains yJL5.7 and yJL4.4, respectively.
The PHOS8 gene in these two strains was then replaced with
URA3 using plasmid pM78.5 to generate strains yJL7.4 and
yJL6.4. Strains yJL8.1 and yJL9.1 were then derived from yJL6.4
and yJL7.4 by homologous recombination with plasmids pJL2.2
and pJL3.4, respectively, replacing pho8::URA3 with PHOS8p:
CFP and PHO8p:YFP. Strain yJL12.1 was generated from strain
yJL9.1 by knocking out PHO4 with URA3 using plasmid
pCM4.5. The diploid strain yJL10.1 was generated by mating
yJL8.1 and yJL9.1.

An asfl::KanMX knock-out cassette was amplified from a
heterozygous diploid (GSA-6 Heterodiploid Knock-out Collec-
tion, ATCC) using primers 5-AATGCTGTTTTATTC-
CGTTCTTACA-3" and 5 -GATTTTTATTCCAACAT-
GTTCGTTC-3'. The appropriate band was purified and used
to transform PHO8 and PHOS gene circle strains yM53.78,
yM54.9, and yC58.8, yC59.11, yC72.1, and yC87.2, respectively,
creating strains CBY11.4, CBY12.1, and yC117.1, yC118.1,
yC119.1, and yC120.1, respectively. A snf2::KanMX knock-out
cassette was amplified from a heterozygous diploid (GSA-6
Heterodiploid Knock-out Collection, ATCC) using primers
5-TTAATTCCAATACATTCGCCACTAT-3" and 5'-CAA-
GAACAAGTTCACTATGATGACG-3'. The appropriate
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band was purified and used to transform PHOS8 gene circle
strains yM53.78, yM54.9, and yM59.20, creating strains
CBY14.5, CBY15.5, and CBY16.1, respectively. The
snf2:KanMX knock-out cassette was also used to transform
PHOS gene circle strains yM63.19 and yM19.2 (30), creating
strains yC45.3 and yC44-1, respectively. A SNF2 expression
plasmid, pSR127 (kindly supplied by Fred Winston, Harvard
University), was used to transform strains CBY14.5, CBY15.5,
and CBY16.1, creating strains CBY14.5P, CBY15.5P, and
CBY16.1P, respectively. All yeast transformations were per-
formed using the lithium acetate method.

Limiting Digestion Analysis—Strains yM53.78 and yM54.9
were grown overnight in 500 ml of 2XSCR-L medium to a den-
sity of 3 X 107 cells/ml. Upon reaching this density, 50 ml of
each culture was removed and placed into a new flask, to which
5 ml of 20% galactose was added to induce PHOS gene circle
formation. These smaller cultures were allowed to incubate for
an extra 1.5 h in the presence of 2% galactose, after which topoi-
somers were isolated as described previously (18). Nuclei were
prepared from the remaining 450-ml cultures as described pre-
viously (18, 32). Frozen nuclei pellets were resuspended in
micrococcal nuclease (MNase; Sigma) buffer (15 mm Tris, pH 8,
50 mM NaCl, 1 mm CaCl,, 5 mMm B-mercaptoethanol) and
divided into 5 equal volumes to be digested with 0, 0.5, 1, 2, or 4
units of MNase for 20 min at 37 °C. Undigested (0 unit) samples
were subsequently digested with either Apall and Haelll
(yM53.78) or EcoRV and Xhol (yM53.78 and yM54.9) to cut out
a 941-bp or 930-bp fragment of the PHO5 or PHOS8 promoter,
respectively. MNase-digested samples and cut promoter frag-
ments were run on a 1% agarose gel and prepared for Southern
blotting. Blots were first probed with a 690-bp PHOS8 probe
spanning the four putative promoter nucleosome positions
(27). Primers used to generate the PHOS8 promoter probe were
P164 5'-TCAAGAATGGCACTATAAGTGTGG-3' and P165
5'-GCTAATGCGCGTTCAAATAATGTC-3'. Blots were
stripped and rehybridized with a 690-bp PHOS probe spanning
PHOS5 promoter nucleosomes N-1 to N-4 (33). Primers used to
generate the PHOS promoter probe were P232 5'-GGTC-
CGCTCCTTCTAATAATCG-3"and P155-TGGTAATCTC-
GAATTTGCTTG-3'. The signal from the EcoRV/Xhol-di-
gested PHOS8 promoter (yM53.78) probed with P164/P165 was
compared with the Apall/Haelll-digested PHOS promoter
(yM53.78) probed with P232/P15 to normalize the signal inten-
sity of the two different probes. MNase profiles for yM53.78
were used to generate a limiting value to compare the absolute
number of nucleosomes on the PHO8- and PHOS-repressed
promoters (PHOS probe signal/PHOS probe signal). To deter-
mine the number of nucleosomes remaining on the activated
PHOS8 promoter we first normalized the PHO8 promoter signal
from yM53.78 and yM54.9 (using the EcoRV/Xhol-digested
promoter samples from strains yM53.78 and yM54.9) prior to
taking the yM53.78/yM54.9 signal ratio.

Topoisomer Analysis—Analysis of topoisomer distributions
was performed as described previously (18, 34). PHOS8 and
PHOS5 gene and promoter circle strains all bore a mutated
TATA box.

Phosphatase Assay—Phosphatase assays were performed as
described previously (5).
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Northern Blot Analysis—Northern blot analysis was per-
formed as described previously (30).

Expression Analysis by FACS—PHOS and PHOS8 promoter-
controlled YFP expression was measured in live haploid cells by
flow cytometry (BD Influx, BD Biosciences). The YFP proteins
were excited by an air-cooled Solid State “Sapphire” (Coher-
ent), 200-mW, 488-nm laser. The level of expression for each
strain was referenced to strain PHO5” (yE1.1) (PHO4 pho80A),
which was always analyzed in parallel. The level of yE1.1 expres-
sion was set to 100%. Strain yE3.1 (pho4A pho80A) was
employed as a negative control to measure the level of autofluo-
rescence and set to 0% level of expression. The YFP fluores-
cence was collected in the 531/40-nm channel.

For the expression analysis, cells were grown in SCD
medium. Data from 100,000 cells were collected for each meas-
urement; each sample was remeasured at least four times. No
fewer than two independent cell cultures at two different cell
density levels were evaluated for each strain.

Data from flow cytometry measurements were exported into
FSC3.0 files, and data analysis was carried out by Flow]Jo soft-
ware (Tree Star). To ensure sufficient data quality, data were
analyzed in FSC and SSC channels, and scatters were rejected.
Outliers were identified visually in the YFP channel. These pro-
cedures reduced the number of cells by 20 —25%. Further reduc-
tion in cell number by imposing more stringent selection crite-
ria did not significantly change relative expression levels.

Fluorescence ~ Microscopy — and  Expression  Noise
Measurements—CFP and YFP expression under control of the
PHOS8 promoter were measured in single diploid cells by quan-
titative fluorescence microscopy (30). CFP and YFP fluores-
cence signals for individual cells were divided by the mean CFP
and YFP signal, respectively, and plotted in a scatter plot. The
intrinsic noise is given by the mean squared distance of points
from the diagonal of the plot (coefficient of variation squared).
The intrinsic noise was determined from four independent
measurements of at least 250 cells each. The variability in
intrinsic noise between samples was larger than observed pre-
viously for PHOS (30), consistent with larger variations in
expression and topology measurements, too (see below).

Computation and Modeling—Predictions of PHOS8 expres-
sion noise were made using the previously described stochastic
model of PHOS gene expression (30). Adjustments are outlined
under “Results.” Calculations were performed using Math-
ematica 7 (Wolfram Research).

RESULTS

Transcription of PHO8 and PHOS5 is activated upon
sequence-specific binding of the transcriptional activator Pho4
at specific promoter elements (35). Entry of Pho4 into the
nucleus is inhibited by the cyclin-cyclin-dependent kinase
complex Pho80/Pho85. Lack of inorganic phosphate in the
medium results in inhibition of the Pho80/Pho85 kinase and
translocation of Pho4 into the nucleus. Thus, cells that lack
Pho80 activate PHOS8 constitutively, whereas cells that lack
Pho4 fail to activate PHOS8 under inducing conditions. To
approach steady-state conditions as closely as possible, induced
PHOS8 promoter chromatin was analyzed, unless indicated oth-
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FIGURE 1. The repressed PHO8 promoter is occupied by three nucleo-
somes. A, schemes of the repressed PHO5 and PHO8 chromatin structures (32,
36). Chromatin of noninduced cells was digested with increasing concentra-
tions of MNase. The isolated DNA was fractionated by agarose gel electropho-
resis, blotted, and sequentially hybridized with *?P-labeled DNA probes span-
ning the PHO5 or the PHO8 promoter (bars). Positions of bands corresponding
to nucleosome trimers (7), dimers (D), and monomers (M) are indicated. B,
radioactivity signals integrated over the entire lane for each enzyme concen-
tration. The ratio of PHO8 and PHO5 promoter probe signals corrected for
differences in probe activity was plotted as a function of enzyme
concentration.

erwise, in pho80A cells cultured in phosphate-containing
media.

The Noninduced PHOS8 Promoter Is Occupied by Three
Nucleosomes Rather Than Four—The noninduced PHOS pro-
moter is believed to be occupied by four nucleosomes, three of
which were proposed to be partially unfolded to account for
elevated restriction enzyme accessibilities (36). To test this
hypothesis, we analyzed PHO8 and PHOS promoter chromatin
by limiting digestion analysis (18). To this end, we partially
digested nuclei from noninduced cells with increasing concen-
trations of MNase, which preferentially digests linker DNA.
The amount of undigested promoter DNA was measured by
hybridization with *?P-labeled PHOS5 and PHO8 promoter
DNA probes after gel electrophoresis and Southern blotting of
isolated DNA (Fig. 1A). Both probes spanned a four-nucleo-
some-wide domain (Fig. 1A). The same domains were released
from genomic DNA by restriction endonuclease digestion and
run on the same gel as the MNase-digested DNA (data not
shown). This allowed us to account for differences in probe
activity.

The ratio of undigested PHO8 and PHOS5 promoter DNA
reached a limiting value of 0.77 = 0.1 (two independent exper-
iments) at high enzyme concentrations (Fig. 1B). The low
restriction enzyme accessibilities of sequences occupied by
nucleosomes suggest that nucleosome positions are close to
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fully occupied at the repressed PHOS promoter (17). Thus, the
limiting value indicated that the noninduced PHOS8 promoter is
occupied, on average, by 0.77 X 4 = 3.1 nucleosomes that are
equally resistant to MNase attack as nucleosomes at the PHOS5
promoter. Notably, the length of DNA protected against
MNase attack was identical for the nucleosomes of both pro-
moters (Fig. 14). The paucity of distinct digestion products
shorter than the expected length of the nucleosome core parti-
cle argued against the existence of stable, partially unfolded
nucleosomes. Differences in the cleavage frequencies of restric-
tion endonucleases are likely to reflect differences in nucleo-
some occupancy rather than structure. The same conclusion
was reached for activated PHOS promoter chromatin (18).

Chromatin Remodeling Removes Nucleosomes from the
Induced PHOS8 Promoter—Loss of nucleosomes from the
induced PHOS8 promoter was previously inferred from nuclease
accessibility and chromatin immunoprecipitation assays (28,
36). However, the existence of stable partially unfolded nucleo-
somes may be, and has been (see above), invoked to explain
elevated nuclease accessibility, and nucleosome-bound remod-
elers that encapsulate the nucleosome upon binding, such as
RSC (37-39), may interfere with cross-linking of histones to
DNA or the recognition of histone epitopes by antibodies.

To clarify the structural nature of induced PHOS8 promoter
chromatin, we compared activated and repressed promoter
chromatin at steady state by limiting digestion and topology
analyses. For these experiments, we used strains in which the
PHO8 gene or promoter was flanked by the recognition
sequences for the site-specific R recombinase of Zygosaccharo-
myces rouxii, which was expressed under control of the induc-
ible GALI promoter (40). The position of the upstream RS is
indicated in Fig. 2A. The second RS element was inserted 250
bp downstream of the PHOS8 stop codon for gene circles or 56
bp downstream of the PHOS start codon for promoter circles.
Recombination results in removal of the PHOS8 gene in circular
form from its chromosomal locus. To exclude topological
effects due to transcription (18), strains furthermore bore a
mutation in the PHO8 TATA box.

The digestion of equal amounts of activated and repressed
promoter chromatin with increasing concentrations of MNase
showed that the ratio between activated and repressed pro-
moter DNA reached a limiting value of 0.41 * 0.1 (Fig. 24, two
independent experiments). Assuming that the repressed pro-
moter bears three nucleosomes, on average, this result suggests
that about 0.4 X 3 = 1.2 nucleosomes are retained at the acti-
vated promoter, equally resistant to MNase attack and protect-
ing the same length of DNA as repressed promoter nucleo-
somes (Fig. 24).

What was the fate of the 1.8 altered nucleosomes? To address
this question, we induced formation of PHOS8 gene circles in the
same cultures that were used for limiting digestion analysis and
isolated gene circle DNA topoisomers. If the altered nucleo-
somes unfolded completely, the linking difference between
activated and repressed circles should be similar to the number
of altered nucleosomes, given that nucleosome formation on a
closed DNA circle reduces the linking number of the DNA cir-
cle by about —1/nucleosome in relaxation equilibrium (41-43).
Topoisomer distributions were resolved by chloroquine-aga-
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FIGURE 2. Nucleosomes are removed from the induced PHO8 promoter. A
repressed (R) and activated (A) PHO8 promoter chromatin digested W|th
increasing concentrations of MNase. The isolated DNA was fractionated by
agarose gel electrophoresis, blotted, and hybridized with a *2P-labeled DNA
probe spanning the PHO8 promoter. The signal:ratio for DNA from activated
and repressed cells on corresponding lanes was plotted as a function of
enzyme concentration. The position of the upstream recombination
sequence, RS, is indicated on the PHO8 promoter diagram to the right. B,
topoisomer analysis of repressed and activated PHO8 gene circles (GC). DNA
topoisomers were resolved by gel electrophoresis in the presence of chloro-
quine (18), blotted, and hybridized with a *?P-labeled DNA probe spanning
the PHO8 gene. The linking number of topoisomers increases from top to
bottom. An asterisk indicates the position of nicked circles. Line profiles of the
topoisomer distributions are shown to the right of each blot. ALk refers to the
linking difference measured between the centers of the topoisomer distribu-
tions of activated and repressed PHO8 gene circles. C, topoisomer analysis of
repressed and activated PHO8 promoter circles (PC) spanning five nucleo-
some positions.

rose gel electrophoresis, blotted, and hybridized with a 3>
labeled DNA probe encompassing the PHOS8 gene. The average
linking difference between the topoisomers of the activated and
repressed gene circles was indeed closely similar to the number
of altered nucleosomes determined by limiting digestion anal-
ysis (Fig. 2B). For unknown reasons, linking differences
between PHOS gene circles varied more strongly than observed
previously for PHOS5 gene circles (18). However, the average
linking difference of 1.82 (S.D. = 0.33) from 20 measurements
of 10 independent preparations was in excellent agreement
with our expectation for complete unwrapping of DNA from
the altered nucleosomes.

Topology analysis of promoter circles that encompass pro-
moter nucleosome positions N-1 to N-4 (Fig. 2A4) plus
sequences for one additional upstream nucleosome led to a
similar result (Fig. 2C). We found an average linking difference
between activated and repressed circles of 1.61 (S.D. = 0.28),
suggesting that most if not the entire linking difference between
activated and repressed gene circles was due to changes in pro-
moter chromatin.

40560 JOURNAL OF BIOLOGICAL CHEMISTRY

A-Pj

A PHO8 GC PHO8 GC
+P;j -Pj
A wt A wt v
x - * 1

ALk® = 0.05 ALk® =1.91

Q o O O & O DN

v P PP PP P P>
/\% ,\Q /\Q ‘b" /\b cgl/ /\(’J /\Q Q\(\0

* e . —— —

—
e —
L e L e e — — —
S — o — — — —
- — o S w— Cu—
——

O

B

— i —

19 1.3 1.0 0.6 0.5 0.1 -0.1 0 O

Q b O O O O 0D
v 9 AN TN N
C /\Q’ /\Q /\Q (g) /\b %’L /\(’) /\Q $’\

PHO8 MRAS S - —

ACTT wen s wwn ot S S St S o

FIGURE 3. Nucleosomes continually disassemble and reassemble at the
activated PHO8 promoter. A, PHO8 gene circles (GC) formed in pho4A (A) or
PHO4 (wt) cells cultured in high phosphate media. Topoisomers were
obtained from cells either before (+Pi) or after (—Pi) transfer of cells into
phosphate-free medium, separated by gel electrophoresis, blotted, and
hybridized as described above (Fig. 2). The linking difference of 0.05 for
repressed circles is within the margin of measurement error and sample var-
iability, but may also be explained by the finding that Pho4 briefly enters the
nucleus during S phase under repressing conditions (50). ALk refers to the
linking difference measured between the centers of the topoisomer distribu-
tions of activated and repressed PHO8 gene circles. B, topoisomer distribu-
tions of PHO8 gene circles formed in strains bearing mutations in the activa-
tion domain of the Pho4 activator. Mutants are arranged, from left to right, in
order of decreasing activator strength (PHO8 expression level, see C). Linking
differences relative to repressed PHO8 (pho4A) gene circles are indicated at
the bottom of the image. C, Northern blot analysis of PHO8 expression in pho4
mutants. ACTT mRNA was used as a loading control.

Removal of PHO8 Promoter Nucleosomes Occurs by Disas-
sembly Rather Than Sliding—Promoter nucleosomes may be
removed either by sliding away from the promoter or by disas-
sembly. To distinguish between both possibilities, we formed
PHO8 gene circles in pho4A and PHO4 wild-type cells grown in
high phosphate medium and isolated topoisomers before and
after transfer of cells into phosphate-free medium. As expected,
topoisomer distributions from both cell types were virtually
identical prior to transfer of cells into phosphate-free medium
(Fig. 3A). However, after incubation of cells in phosphate-free
medium, the average linking number of PHOS circles in PHO4
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wild-type cells increased relative to circles from pho4A cells by
1.9 (Fig. 3A), suggesting the loss of about 2 nucleosomes from
induced PHOS circles. Removal of promoter nucleosomes by
sliding away from the promoter would have preserved the num-
ber of circle nucleosomes and the circle linking number.

Nucleosome Disassembly Is Counterbalanced by Reassembly—
On average, the activated PHOS8 promoter is not nucleosome-
free (Fig. 2A). What is the mechanism that retains promoter
nucleosomes? The simplest possibility, perhaps, is that disas-
sembly is counterbalanced by reformation of nucleosomes (18).
If nucleosomes reformed under activating conditions, muta-
tions in the Pho4 activation domain, which is essential for pro-
moter chromatin remodeling (44), were expected to shift the
equilibrium gradually between nucleosome removal and refor-
mation. If reassembly did not occur, the maximal number of
nucleosomes would always be removed, even in cells expressing
weak activators, albeit at a slower rate. We determined the
extent of nucleosome loss from the induced PHOS8 promoter by
topology analysis in eight pho80A strains that bore different
mutations in the Pho4 activation domain (30). Linking differ-
ences between activated and repressed gene circles gradually
decreased with decreasing activator strength (Figs. 3, B and C;
see also Fig. 7D), as predicted by the reformation hypothesis.
This result conformed to previous topology measurements of
PHOS3 promoter chromatin remodeling (30) and was consistent
with the observation of genome-wide histone exchange at pro-
moters (45).

Disassembly of PHO8 Promoter Nucleosomes Requires Swi2
but Not Asfl—Changes in nuclease accessibility of PHOS pro-
moter chromatin have previously been shown to require Snf2
(27). Thus, linking changes in gene circles due to PHOS8 induc-
tion should also depend on Snf2. To test this prediction, we
repeated our topology analysis of activated and repressed PHOS8
gene circles in snf2A cells. As predicted, deletion of SNF2 mark-
edly interfered with nucleosome removal in ph0o80A cells (Fig.
4A). The linking difference between activated and repressed
PHO8 gene circles decreased by 95% to 0.087 (with a S.D. * 0.25
in four independent experiments). In contrast, deletion of ASF1
had little effect on nucleosome disassembly in p/ho80A cells
(linking difference 1.68 * 0.11 in two independent experi-
ments, Fig. 4B), suggesting that the rate of nucleosome disas-
sembly at steady state was either hardly affected or that the
rates of disassembly and reassembly were equally altered.

Similarly, deletion of ASFI in PHOS5 gene circle strains had
little effect on the linking difference between activated and
repressed circles isolated from pho80A and PHOS80 cells,
respectively (linking difference 1.81 = 0.25 in four independent
measurements and two different strains; see supplemental Fig.
1).

Disassembly of PHOS Promoter Nucleosomes Can Be
Dependent upon SNF2—In pursuit of the possible cause for the
different coactivator dependences of PHOS and PHOS8, we
unexpectedly found, in the same strains as those used for PHOS8
gene circle formation, that constitutive PHOS5 expression in
pho80A cells was abolished upon deletion of SNF2 (Fig. 5A).
The activation defect could be fully suppressed by transforming
snf2A cells with a SNF2 expression plasmid, ruling out the pos-
sibility that other genes critical for PHOS5 expression had acci-
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FIGURE 4. Nucleosome removal from the PHO8 promoter requires Snf2
but not Asf1. A, topoisomer analysis of repressed (R) and activated (A) PHO8
gene circles (GC) in snf2A cells. B, topoisomer analysis of repressed and acti-
vated PHO8 gene circles isolated from asf1A cells. ALk refers to the linking
difference measured between the centers of the topoisomer distributions of
activated and repressed PHO8 gene circles.

dentally been damaged upon SNF2 deletion (Fig. 54). A similar
result was obtained in PHO80 wild-type cells, induced by trans-
fer into phosphate-free medium (Fig. 54). Only after long peri-
ods of phosphate starvation, and even then in only half of our
experiments (two of four replicates), did we observe a transient
Pho4-dependent increase in PHOS expression in snf2A cells
(Fig. 5A). In contrast, PHOS5 expression in SNF2 wild-type cells
decreased when cultured for long times in phosphate-free
medium, raising the possibility that Snf2, depending on the
physiological context, may function as a repressor as well as a
coactivator of PHOS expression.

The linking difference between activated and repressed
PHOS gene circles, isolated from pho80A and pho80A pho4A
cells, respectively, was 1.85 in the presence of Snf2, conforming
with earlier measurements, but only 0.18 in its absence (Fig. 5, B
and C), consistent with the observed expression defect of PHOS
in snf2A cells (Fig. 5A).

By deleting SNF2 in other strain backgrounds, we confirmed
earlier results of others that PHOS5 can be activated in the
absence of SNF2 (46), suggesting that the effect observed here
was strain-specific (data not shown).

Activated PHO8 Expression Is Caused Primarily by Acceler-
ated Promoter Nucleosome Disassembly—To compare pro-
moter strengths, we measured expression of yellow fluorescent
protein (YFP) from either the PHOS or the PHO8 promoter
using flow cytometry. Under repressing conditions, PHO8p:
YFP expression exceeded PHOSp:YFP expression 4-fold, con-
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FIGURE 5. SNF2is required for PHO5 expression and promoter nucleosome removal. A, PHO5 encodes a secreted acidic phosphatase and accounts for 90%
or more of the cellular acidic phosphatase activity upon induction (59). Phosphatase activity was measured in pho80A cells grown in high phosphate medium
and in PHO80 wild-type cells after incubation for different times in phosphate-free medium. B, topoisomer distributions of repressed (R) and activated (A) PHO5
gene circles (GC) isolated from pho80A pho4A SNF2 and pho80A SNF2 cells, respectively. C, topoisomer distributions of repressed and activated PHO5 gene
circles isolated from pho80A pho4A snf2A and pho80A snf2A cells, respectively. ALk refers to the linking difference measured between the centers of the

topoisomer distributions of activated and repressed PHO5 gene circles.

sistent with the assumption of partial derepression due to the
lower nucleosome occupancy of the noninduced PHOS pro-
moter (see above). In contrast, expression of PHO8p:YFP in
pho80A cells amounted to only 7.5% of PHOS promoter-con-
trolled expression (Fig. 6), although both promoters lose about
two nucleosomes upon induction. How can the difference
between expression levels be explained?

Because nucleosomes interfere with transcription factor
binding at promoter elements and transcriptional initiation,
fluctuations in promoter nucleosome occupancy contribute to
the fluctuation in gene expression (expression noise). The
quantitative relationship among PHOS promoter nucleosome
loss, expression level, and noise was explained on the basis of a
stochastic model of chromatin remodeling and gene expres-
sion, assuming that promoter nucleosome disassembly and
preinitiation complex formation (“promoter activation”) are
the rate-limiting, activator-controlled, steps of PHOS expres-
sion (30).

The PHOS and the PHOS8 promoters lose the same numbers
of nucleosomes upon induction, consistent with similar rates of
nucleosome disassembly. Given the markedly lower level of
PHOS8 expression, this suggested that promoter activation is
much less efficient at PHO8 than PHOS. We therefore specu-
lated that activated PHOS8 expression is due only to the accel-
eration of promoter nucleosome disassembly but not promoter
activation, in contrast to PHOS5 (30).

To test this hypothesis, we employed the PHO5 model, with
kinetic parameter values previously derived from PHOS noise
and chromatin structure analyses (30), to predict the noise of
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FIGURE 6. Flow cytometry analysis of relative YFP expression under con-
trol of the PHO8 or PHO5 promoter in pho80A pho4A (R) or pho80A (A)
cells. Mean values of expression distributions are indicated relative to PHO5
promoter-controlled expression in pho80A cells (PHO5", 100%). AU, arbitrary
units.

4

PHO8 expression, and then we compared predicted and meas-
ured noise. We took into account that replacement of the PHOS8
core promoter with the PHOS5 core promoter increased PHOS8
expression 1.7-fold (47), suggesting that general transcription
factors bind more tightly to the PHOS promoter. In the PHO5
model, we therefore increased the rate of transitions out of the
transcriptionally active state accordingly (Fig. 7A, parameter i)
before calculating noise values for PHOS8 expression. The tun-
ing of the kinetic parameter for promoter activation in the
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the squared mean, coefficient of variation) and the mean of expression calculated using a stochastic model of PHO5 promoter chromatin remodeling and
expression with kinetic parameter values derived from PHO5 noise and chromatin structure data (30). The model assumes three functional promoter states (see
scheme): OFF (core promoter occupied by a nucleosome, transcriptionally inactive), OFF* (no nucleosome at the core promoter, transcriptionally inactive), and
ON (no nucleosome at the core promoter, transcriptionally active). For details, see Ref. 30. For predicting PHO8 expression noise, we modified the PHO5 model
to account for the observation that exchange of the PHO8 core promoter for the PHO5 core promoter increased PHOS8 expression 1.7-fold (47). The reverse
exchange should therefore decrease PHO5 expression by a factor of 1.7. We interpreted the difference in core promoter strength in terms of the stability of
general transcription factor complexes and thus decreased the kinetic parameter for transition out of the ON state (i) to reduce the level of expression by a
factor of 1.7. Noise and expression were then calculated for values of the kinetic parameter for promoter activation (a) between zero and the PHO5 wild-type
value of a (30). The calculation predicted a noise value of 0.053 at 7.5% of PHO5 wild-type expression, the relative expression level of PHOS8 (Fig. 6). B, the intrinsic
noise of PHO8 expression determined by measuring abundances of YFP and CFP in single diploid cells, expressing both chromophores under control of the
PHO8 promoters. Single dots indicate YFP and CFP abundances in individual cells. Abundances were determined by quantitative fluorescence microscopy and
normalized to the mean abundance of each chromophore within the analyzed cell population. The average measured noise value was 0.054. C, the adjusted
PHO5 model (A) was used to calculate the quantitative relationship between promoter nucleosome loss and expression (relative to wild type) by either tuning
the kinetic parameter for nucleosome disassembly alone (curve d) or equally tuning the parameters for nucleosome disassembly and promoter activation
(curve daa). D, plot of expression (MRNA) and nucleosome loss data (linking differences) shown in Fig. 3.

PHOS35 model (Fig. 7A, parameter a) generated a noise profile
predicting a noise value of 0.053 at the PHOS8 expression level,
7.5% of PHOS5 expression (Fig. 74, 6).

To measure the intrinsic noise of PHOS8 expression (48), we
constructed a diploid pho80A strain that expresses YFP and
CFP under control of the PHO8 promoter. CFP and YFP
expression in single cells was analyzed by quantitative fluores-
cence microscopy. Plotting YFP against CFP expression gener-
ates a scatter plot for a population of cells (Fig. 7B). With fluo-
rescent signals normalized to a mean of 1, the intrinsic noise
equals the mean squared distance of points from the plot diag-
onal (49). We found a noise value of 0.054 (=0.018) for PHO8
expression (Fig. 7B), in excellent agreement with the theoretical
prediction of 0.053 (Fig. 7A).

If indeed Pho4 controlled the rate of nucleosome disassem-
bly, but not promoter activation, a linear relationship between
promoter nucleosome loss and expression was expected (Fig.
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7C, curve d). In contrast, if Pho4 controlled the rates of nucleo-
some disassembly and promoter activation, a nonlinear func-
tion was predicted (Fig. 7C, curve daa). Consistent with the
first assumption and our noise analysis, the data shown in Fig. 3,
B and C, were best approximated by a linear graph (Fig. 7D).
Only the data point for the gain-of-function mutation D78A
was poorly explained by this linear approximation.

DISCUSSION

By limiting digestion, topology, and expression noise analy-
ses, we provided evidence corroborating the following conclu-
sions. The noninduced PHO8 promoter is occupied by three
normally folded nucleosomes rather than four nucleosomes of
which some are partially unfolded. Chromatin remodeling
upon PHOS8 induction removes nucleosomes from the acti-
vated promoter. Removal occurs by disassembly in a Snf2-de-
pendent manner and is counterbalanced by continuous refor-
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mation of nucleosomes. Disassembly does not require the
histone chaperone Asfl. Activated expression of PHOS, in con-
trast to PHOS, is due primarily to accelerated promoter nucleo-
some disassembly.

The observed defect in nucleosome removal from the acti-
vated PHOS promoter in snf2A cells was surprising, given pre-
vious reports that PHOS expression can be induced in the
absence of Snf2 (46). However, SWI/SNF has been implicated
earlier in PHOS expression. PHOS was found to be weakly
expressed during S phase, in high phosphate media (50). This
expression required Pho4 as well as Snf2. The structural char-
acteristics of promoter chromatin during S phase expression
are unknown. Furthermore, deletion of SNF6, which encodes a
subunit of the SWI/SNF complex, reduced PHOS5 expression to
60% of wild-type expression (51).

The discrepancy between our results and those of others may
be due to differences in genetic background, implying that the
Pho4 activator recruits multiple factors that are each capable of
catalyzing nucleosome disassembly. The inefficiency of com-
peting activities would then have revealed SWI/SNF catalysis of
nucleosome disassembly at PHOS5 in our strain background.
This interpretation is consistent with a recent report that PHO5
expression was marginally compromised in the absence of
either Chd1 or Iswl, but abolished in the absence of both chro-
matin remodelers (25).

Delayed induction kinetics in mutant strains has frequently
been construed as evidence of the importance of the missing
factor for PHOS chromatin remodeling (24). However, such
kinetic effects may also be due to defects in the PHO signaling
pathway rather than nucleosome disassembly. This latter pos-
sibility was ruled out by the persistence of the disassembly
defect in pho80A snf2A cells, but the possibility of an indirect
effect of SNF2 deletion on nucleosome disassembly cannot, by
any means, be ruled out.

In vitro, SWI/SNF catalyzes the sliding of nucleosomes (8).
The situation is less clear in the case of nucleosome disassem-
bly. SWI/SNF has been seen to release histone H3 from chro-
matin templates that bore at least two nucleosomes (15), and
RSC was found to disassemble mononucleosomes in the pres-
ence of the histone chaperone Napl (16). The ability of SWI/
SNF and RSC to slide the histone octamer off the DNA end by
up to 50 bp (52), however, raises the possibility that DNA ends
may have played an important part in the mechanism of disas-
sembly. In vivo, disassembly must occur in the absence of DNA
ends. Optical tweezer experiments where DNA ends were
blocked by attachment to polystyrene beads did not provide
evidence for nucleosome disassembly by RSC or SWI/SNF (53).
However, nucleosome disassembly may require specific histone
modifications that are absent from in vitro reconstituted
nucleosomes. A recent study of isolated PHOS5 chromatin gene
circles showed that relaxation of repressed circles with topoi-
somerase after RSC treatment led to a linking change that
matched complementary results for limiting digestion analysis
of the circles, demonstrating that RSC removed nucleosomes
from an end-less substrate (54). Similar results were obtained
with promoter circles but not ORF circles, suggesting that dis-
assembly was limited to promoter nucleosomes, which had to
be marked specifically to allow for their removal. Indeed, treat-
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ment of circles with histone deacetylase diminished the
removal of promoter nucleosomes by RSC (54). Our in vivo
findings, together with the demonstration of promoter nucleo-
some disassembly by RSC in the absence of DNA ends, support
the notion that SWI/SNF catalyzes the disassembly of pro-
moter nucleosomes upon recruitment by activators in vivo.

How can this conclusion be reconciled with the conclusion
that SWI/SNF catalyzes nucleosome sliding? An answer to this
question is suggested by the notion that sliding of a nucleosome
within the chromatin fiber unspools the DNA from its neighbor
(55). Some evidence has been presented in support of this
notion (15, 56, 57). Only nucleosomes marked by specific his-
tone modifications may be conducive to this sliding-mediated
disassembly (54). Loss of the crucial modifications may then
limit the remodeler activity to sliding, which at PHOS is likely to
result in repression of transcription because nucleosomes pref-
erentially form over the transcription start sites rather than
other sequences of the promoter (18). This might explain how
SWI/SNF could function as a corepressor as well as coactivator
of transcription (58), depending on the molecular context (see
above).

The chromatin transitions at the PHO8 and PHOS5 promoter
are remarkably similar, pointing at the generality of our find-
ings (18, 30). In both instances, activated promoter chromatin
is generated by continual disassembly and reformation of
nucleosomes. Of three promoter nucleosomes about two, on
average, are removed upon Pho4 binding in each case, indicat-
ing that the ratio of the kinetic parameters for nucleosome dis-
assembly and reassembly are about the same. The parameter
values must be similar too, as we could correctly predict the
magnitude of intrinsic PHOS8 expression noise on the basis of a
stochastic model of chromatin remodeling and gene expression
with kinetic parameters derived from PHOS expression noise
and chromatin structure data (30). This only required adjust-
ments in the kinetic parameters for transitions into and out of
the transcriptionally active state to account for differences in
steady-state expression between the two promoters.

Thus, we found that a lower frequency of promoter activa-
tion accounts mostly for the much reduced expression level of
PHOS relative to PHOS (Fig. 6), suggesting that activated PHO8
expression is due primarily to the acceleration of promoter
nucleosome disassembly in contrast to PHOS5 where activator
binding also accelerates the rate of promoter activation (30). As
predicted by this assumption, we found a linear relationship
between promoter nucleosome loss and PHOS8 expression level
(Fig. 7D), whereas an exponential relationship was observed for
PHOS (30).

How can the failure of Pho4 to stimulate the rate of promoter
activation effectively at PHOS be explained? We note that the
distance between the TATA box and the proximal Pho4 bind-
ing site (UASp2) of the PHOS8 promoter measures 400 bp,
whereas Pho4 binding sites at the PHO5 promoter are located
150 and 250 bp upstream of the TATA box. The distance
between activator binding sites and the core promoter may be
too large at PHOS, such that recruitment by activators would
not increase the local concentration of recruited factors at the
core promoter. In contrast, the efficiency of nucleosome disas-
sembly at core promoter sequences may be relatively insensi-
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tive to the distance between activator binding site and core
promoter; disassembly of nucleosomes upon recruitment of
SWI/SNF may reduce the nucleosome occupancy at a distant
core promoter by subsequent sliding of nucleosomes toward
the site of disassembly.

Shortening of the distance between UASp2 and the PHOS8
TATA box increased the level of PHOS8 expression (47), con-
sistent with our expectation that the distance between UASp2
and the TATA box of PHOS is suboptimal for promoter activa-
tion. A suboptimal distance may be partially compensated for
by a stronger affinity between the activator and the recruited
factor, which would increase the dwell time of the factor at the
promoter and thus its chance to interact with core promoter
sequences. This might explain the deviation of the activator
gain-of-function mutant D78A from our theoretical expecta-
tions (Fig. 7D).
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