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In Saccharomyces cerevisiae, a-cell-specific genes are repressed in MATa cells by «2/Mcml, acting in concert
with the Ssn6-Tupl corepressors and the Isw2 chromatin remodeling complex, and nucleosome positioning has
been proposed as one mechanism of repression. However, prior studies showed that nucleosome positioning is
not essential for repression by «2/Mcml1 in artificial reporter plasmids, and the importance of the nucleosome
positioning remains questionable. We have tested the function of positioned nucleosomes through alteration of
genomic chromatin at the a-cell-specific gene BARI. We report here that a positioned nucleosome in the BARI
promoter is disrupted in cis by the insertion of diverse DNA sequences such as poly(dA) - poly(dT) and
poly(dC-dG) - poly(dC-dG), leading to inappropriate partial derepression of BARI. Also, we show that isw2
mutation causes loss of nucleosome positioning in BARI in MATa cells as well as partial disruption of
repression. Thus, nucleosome positioning is required for full repression, but loss of nucleosome positioning is
not sufficient to relieve repression completely. Even though disruption of nucleosome positioning by the cis- and
trans-acting modulators of chromatin has a modest effect on the level of transcription, it causes significant
degradation of the a-mating pheromone in MAT« cells, thereby affecting its cell type identity. Our results

illustrate a useful paradigm for analysis of chromatin structural effects at genomic loci.

In Saccharomyces cerevisiae, a-cell-specific genes are re-
pressed in MATa cells by the a2/Mcml1 repressor, in concert
with the corepressors Tup1-Ssn6, and several models for re-
pression mechanisms have been proposed (46). Tupl-Ssn6
may interact with the general transcriptional machinery to
inhibit transcription directly, or it may interfere with transcrip-
tional activator function (12, 18, 20, 21, 29, 34). Nucleosomes
are precisely positioned in the promoters of a-cell-specific
genes in the repressed state in MATa cells but are not posi-
tioned in the activated state in MATa cells (9, 14, 37, 42), and
the presence and absence of nucleosome positioning is not a
consequence of transcription (9). Tupl interacts with histones
and histone deacetylases (5, 10, 11, 51, 52), and a tupl muta-
tion causes both disruption of nucleosome positioning and
repression (9, 57). Also, the Isw2-Itcl chromatin remodeling
complex (17) is involved in regulation of Tupl-Ssn6-repressed
genes (56), including a-cell-specific genes (16, 38). Thus, it has
been proposed that positioned nucleosomes may modulate the
accessibility of promoters to transcription factors to repress the
genes (44).

However, some studies suggest that nucleosome positioning
is not essential for repression by a2/Mcml1. When the a-cell-
specific STE6 TATA box is placed at different locations in a
positioned nucleosome and in the internucleosomal linker in
STE6-lacZ reporter plasmids, no expression is detectable, even
with the TATA box located in a linker region (31). Nucleo-
somes are not positioned in a test CYCI promoter containing
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the a2 operator and Gal4 binding site and Gal4 can occupy its
site, even though the test promoter is repressed by a2/Mcml
(35). «2/Mcml-dependent repression occurs in a naked DNA
template in vitro (18). Also, the role of nucleosome positioning
in repression of a-cell-specific genes has been examined by
introducing mutations in histones and in other factors, such as
Tupl, Ssn6, and histone deacetylases (37, 51). However, inter-
pretation of these mutations is complicated by the fact that
they have highly pleiotropic effects. Thus, although positioned
nucleosomes have been observed in a number of promoters in
yeast and mammalian cells, the importance of the positioning
has remained questionable.

DNA can adopt several types of conformations as dictated
by its sequence (45), and genomic analyses show that alterna-
tive DNA structure-forming sequences are represented in eu-
karyotic genomes (7, 39). Among such sequences, poly(dA) -
poly(dT) and poly(dG) - poly(dC) as well as Z-DNA-forming
sequences do not form nucleosomes reconstituted from puri-
fied histone octamer (2, 6, 15, 43), whereas CTG repeats pref-
erentially bind to histone octamers in vitro (50). We have
shown that the unusual B’ conformation, adopted by longer
poly(dA) - poly(dT) sequences, disrupts an array of positioned
nucleosomes in yeast cells (41). Poly(dA) - poly(dT) sequences
in the yeast HIS3 promoter (19) and the Candida glabrata
AMTI gene (58) stimulate transcription by improving accessi-
bility to the promoter in vivo. The nucleosome-free sequences
were evolutionarily conserved and are enriched in poly(dA) -
poly(dT) sequences as revealed by genome-scale analysis of
yeast chromosome III (55). Poly(dA) - poly(dT) as well as
(CCGNN),,, both of which do not favor nucleosome formation,
can act as efficient boundaries of silent chromatin (4, 54).
Z-DNA is required for the activation of the human CSF1
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promoter by the SWI/SNF-like BAF complex, and it is thought
that Z-DNA formation promoted by the BAF complex stabi-
lizes the open chromatin structure at the promoter (23, 24).
Thus, DNA structural properties may be used to modulate the
positioning of nucleosomes in vivo to alter gene expression.

In this report, we have developed a systematic strategy to
test critically the role of nucleosome positioning in repression
of a-cell-specific gene BARI using nucleosome-disrupting se-
quences. We show here that longer poly(dA) - poly(dT) and
poly(dC-dG) - poly(dC-dG) inserts block formation of a posi-
tioned nucleosome in the promoter to cause partial derepres-
sion of BARI, while shorter inserts, CTG and GAGCTC re-
peats, are incorporated into a positioned nucleosome to
maintain the repressed BARI state. These results indicate that
nucleosome positioning contributes to full repression by a2/
Mcml, but it is solely responsible for repression.

MATERIALS AND METHODS

Yeast strains and plasmids. Yeast strains used were FY23 (MATa ura3-52
trpl1A63 leu2ATl) and FY24 (isogenic to FY23 except for MATa), which were
obtained from the Yeast Genetics course at Cold Spring Harbor Laboratory. To
construct strains with a modified BARI promoter, we cloned the —500 to +51
region of BARI into pRS306AKI, a pRS306 derivative in which the KpnlI site in
PRS306 was filled in, forming pYY1-2. Then, mutations in the sequence AATGT
at a region —158 to —154 to GTACC were introduced to create a Kpnl site in
the BARI promoter by PCR, forming pAS1-8. A pair of oligonucleotides syn-
thesized chemically was annealed and cloned into the KpnlI site of pAS1-8. The
portions of the BARI promoter sequence were replaced with (CTG),, or (CG),
by two-step PCR, and the modified promoter fragments were recombined with
PpAS1-8 in vivo in yeast. All the modified promoters were verified by DNA
sequencing. Plasmids containing the modified BARI promoters were digested
with Xbal and were integrated into the genomic BARI locus in FY23 and FY24,
and the plasmid portions were looped out by two-step gene replacement. isw2A
strains, MHS303 and MHS314, were constructed from wxy292 and wxy293,
respectively, by one-step gene replacement using pFA6aMXHIS3 (53). Strains
constructed in this study are listed in Table 1.

Halo assay. To assay for the generation of a-factor halo (27), MATa sstl cells
were grown for 24 h. Aliquots were then diluted to an optical density at 600 nm
(ODgqp) of 0.5, and 100 pl of the diluted culture (~10° cells) was spread on a
YEPD (1% yeast extract, 2% peptone, 2% glucose) plate and allowed to dry.
Spots of strains of interest were grown on YEPD plates overnight, the plates
were replica plated to the sst/ spread plates, and the replica plates were incu-
bated for 2 days.

Northern blot analysis. Cells were grown to an ODg of 0.5 to 1.0, harvested,
and snap-frozen in a dry ice-ethanol bath. RNA was prepared by a hot phenol
method (47). Northern blot analysis was performed as described previously (3).
A BARI fragment (+1 to +500) was prepared by PCR using 5'-ATG TCT GCA
ATT AAT CAT CTT TGT TTG AAA-3' and 5'-ACG GGT GTC GTA GCA
TACTTG GCA ACT CCG-3' as 5'-forward and 3'-reverse primers, respectively.
A Northern probe for BARI was prepared by a random priming reaction with the
BARI fragment or an ENOI fragment as described elsewhere (3).

Analysis of chromatin structure. Yeast cells were cultured in YEPD medium
until the ODg, reached ~1.0. Nuclei were isolated, and micrococcal nuclease
(MNase) digestion proceeded as described previously (41, 42). Cleavage sites for
MNase were analyzed by primer extension mapping using a primer with the
BARI —391 to —357 sequence as described elsewhere (42).

RESULTS

Experimental design. Previous studies indicate that the yeast
a2/Mcml repressor positions nucleosomes adjacent to the a2
operator in a-cell-specific genes, such as BARI, STE2, and
STEG6, in the genome (9, 14, 37, 42), as well as in yeast
minichromosomes containing an a2 operator (36, 42). Here,
we have implemented a strategy to test the functional signifi-
cance of the positioned nucleosomes by introducing short, di-
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TABLE 1. Strains used in this study
Strain Genotype

MATa ura3-52 trpl A63 leu2Al
MATo ura3-52 trpl A63 leu2Al
MATo ura3-52 trpl A63 leu2Al BARI-Kpnl
MATo ura3-52 trpl A63 leu2Al BARI-(CTG),,
MATw ura3-52 trpl A63 leu2Al BARI-A,,
MATo ura3-52 trpl A63 leu2Al BARI-A s
MATw ura3-52 trpl A63 leu2Al BARI-Aj,
MATo ura3-52 trpl A63 leu2Al BARI-Aj3,
MATw ura3-52 trpl A63 leu2Al BARI-2xA;,
MATo ura3-52 trpl A63 leu2Al BARI-T,,
MATa ura3-52 trpl A63 leu2Al BARI-T,s
MATa ura3-52 trpl A63 leu2Al BARI-(CG),
MATo ura3-52 trpl A63 leu2Al BARI-(CG)s
MATo ura3-52 trpl A63 leu2Al BARI-(CG),
MATao ura3-52 trpl A63 leu2Al BARI-(CG),
MATo ura3-52 trpl A63 leu2Al BARI-
(CG),TATA(CG),

MHS530.

MHS751 MATo ura3-52 trpl A63 leu2Al BARI-Sacs
MHS752. MATo ura3-52 trpl A63 leu2Al BARI-Sac,
MHS772 MATo ura3-52 trpl A63 leu2Al BARI-(CTG),,SB
MHS747 MATo ura3-52 trpl A63 leu2Al BARI-(CG),SB
MHS109. .MATa ura3-52 trpl A63 leu2Al BARI-Kpnl
MHS713. MATa ura3-52 trpl A63 leu2Al BARI-(CTG),,
MHS714. .MATa ura3-52 trpI1 A63 leu2Al BARI-A,,
MHS715. MATa ura3-52 trpl A63 leu2Al BARI-A,s
MHS716. MATa ura3-52 trpl A63 leu2Al BARI-Aj,
MHS112 MATa ura3-52 trpl A63 leu2Al BARI-A;,
MHS159 MATa ura3-52 trpl A63 leu2Al BARI-2xA3,
MHS717. MATa ura3-52 trpl A63 leu2Al BARI-T,,
MHS718 MATa ura3-52 trpl A63 leu2Al BARI-T,s
MHS719 MATa ura3-52 trpl A63 leu2Al BARI-(CG),
MHS720. .MATa ura3-52 trpl A63 leu2Al BARI-(CG)5
MHS721. MATa ura3-52 trpl A63 leu2Al BARI-(CG),
MHS722. .MATa ura3-52 trpI1 A63 leu2Al1 BARI-(CG),
MHS723 MATa ura3-52 trpl A63 leu2Al BARI-
(CG),TATA(CG),
MHS749 MATa ura3-52 trpl1 A63 leu2Al BARI-Sacs
MHS750 MATa ura3-52 trpl A63 leu2Al BARI-Sac,
MHS768. MATa ura3-52 trpl A63 leu2Al BARI-(CTG),»SB
MHS745. .MATa ura3-52 trpl A63 leu2Al1 BARI-(CG),SB
MHS303. .MATa ura3 trpl leu2 his3 lys2 ho::LYS2 isw2::HIS3
MHS314 MATo ura3 trpl leu2 his3 lys2 ho::LYS2 isw2::HIS3

verse nucleosome-disrupting sequences into the BARI
genomic locus. The BARI promoter was modified by the in-
sertion of poly(dA) - poly(dT), poly(dC-dG) - poly(dC-dG), CTG,
or GAGCTC repeat sequences (Fig. 1; Table 1) as follows. We
cloned the —500 to +51 region of BARI in an integrative
plasmid and introduced modification into the genomic BAR!
locus by two-step gene replacement. In strains constructed in
this study, a Kpnl site was created at —158 in the BARI pro-
moter and A, (n = 20, 25, 30, 34), A;,GGTACCA;, (denoted
as 2xA;,), (CG),, (n = 4 to 7), (CG),TATA(CG),[denoted as
(CG)14), (TGC),,T [denoted as (CTG),,, since this insert be-
comes (CTG),,, including the neighboring Kpnl sequence],
AC(GAGCTC)sGA (denoted as Sacs), or AC(GAGCTC),GT
(denoted as Sac,) were inserted into the KpnlI site in the BAR!
promoter. Also, portions of the promoter sequence upstream
of the Kpnl site were replaced with (CTG),, or (CG), [de-
noted as (CTG),,SB and (CG),SB, respectively| to maintain
the native distance in the BARI promoter. We predicted that
longer poly(dA) - poly(dT) and poly(dC-dG) - poly(dC-dG)
sequences would act as nucleosome-disrupting sequences (2, 6,
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FIG. 1. Experimental design for this study. Nucleosomes (gray el-
lipses) are positioned at the BARI promoter in MATa cells from the a2
operator (a2 op) to the coding region, and the TATA box (T) is
incorporated into the positioned nucleosome (42). The genomic BARI
promoter was modified to examine the effect of nucleosome destabi-
lization. The nucleosome-disrupting sequences [poly(dA) - poly(dT) or
poly(dC-dG) - poly(dC-dG)], a nucleosome-incorporating sequence,
(TGC),,T [denoted as (CTG),,; see text], or mixed sequences CA
(GAGCTC)sGA and CA(GAGCTC),GT (denoted as Sacs and Sacg,
respectively) were inserted into the Kpnl site (—158) in the BARI
promoter in the genome. Portions of the BARI promoter sequence
upstream of the Kpnl site were replaced with (CTG),, or (CG),
[denoted as (CTG),,SB and (CG),SB, respectively, as indicated by a
box with SB] to maintain the native distance in the BARI promoter.

15, 41, 43, 48), whereas (CTG),, and mixed sequences Sacs
and Sac, would serve as control inserts, since CTG and GA
GCTC repeats were shown previously to be incorporated into
nucleosomes (41, 50).

Effect of introduced sequences on BARI expression. We
examined the effect of nucleosome-disrupting sequences, such
as poly(dA) - poly(dT) and poly(dC-dG) - poly(dC-dG), on
repression of BARI in MAT« cells through a halo assay (27),
which reflects degradation of the a mating pheromone (a-
factor) by the BARI product, a protease. In this assay, strains
to be tested for a-factor production were replica plated onto a
lawn of the tester strain (MATa sst1), which is supersensitive to
a-factor (8); a zone of growth inhibition (halo) in the sst/ cells
surrounding a tested colony indicates that the colony secretes
a-factor. If BARI were derepressed in MAT« cells, a-factor
would degraded and the size of the halo would be diminished.

A halo was observed around control wild-type MATa cells (a
WT) but not wild-type MATa cells (a WT), as expected (Fig.
2A, upper portion). Halo size was unaffected by introduction
of the Kpnl site into the BARI promoter (data not shown) or
the insertion of control sequences (CTG);,, Sacs, or Sac, (Fig.
2B and 3). Insertion of A, also had no effect on halo forma-
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tion, but increased length of A, (n = 25) decreased the halo
size (Fig. 2C to E), indicating that these longer A, tract inser-
tions caused derepression. In addition to length, the orienta-
tion of poly(dA) - poly(dT) also affected derepression. Inter-
estingly, T, tracts (i.e., the T tract on the top strand of BARI)
were more effective than A, tracts of identical length in caus-
ing BARI derepression (Fig. 2C and F, compare a T,, and
a T,s with a A, and a A,5). Thus, in both orientations, poly
(dA) - poly(dT) increased expression of BARI. (CG), also
derepressed BARI, as shown in Fig. 2G and H. The mating
factor halo was undetectable after insertion of (CG), or (CG),,
and halo size was noticeably diminished by insertion of (CG),
or (CG)s. Thus, (CG),, acts as a more powerful disruptor than
A,; the insertion of only ~10 to 14 bp leads to derepression of
BARI.

We evaluated the effect of spacing between the a2 operator
and the TATA box that is altered by the insertions. First, three
control inserts, (CTG),, (34 bp), Sacs (34 bp), and Sac, (40
bp), did not affect repression, as revealed by the halo assay
(Fig. 3). This result indicates that spacing alone does not re-
lieve repression. Second, we replaced a portion of the pro-
moter sequence with (CTG),, or (CG), to maintain native
distance between the a2 operator and the coding region (Fig.
1, bottom). Halo size was unaffected by the (CTG),, substitu-
tion, whereas it was severely diminished by the (CG), substi-
tution (Fig. 3), which agreed with the results for the insertion
of (CTG),, and (CG),. Thus, the substitutions of these se-
quences caused the same effect as the insertions (Fig. 2B and
H), indicating that changes in promoter distance of the a2
operator from the TATA box are not required to cause
changes in repression. Furthermore, it should be noted that the
derepression level of BARI increased as the length of (CG),
(insertions of 8, 10, 12, 14, and 32 bp) increased, as shown by
Northern analysis (see Fig. 4, below). Thus, changes in the
helical orientation of the a2 operator and TATA box do not
affect repression. Therefore, derepression must result from the
nature of the inserted sequences, rather than their effects on
overall promoter length.

We examined BARI expression by Northern blot analysis to
confirm our interpretation of the halo assays (Fig. 4). There
was strong expression of BARI mRNA in the control MATa
WT strain, whereas no signal was detected in MATa WT,
MATo Kpn, MATo (CTG),,, MATa ALy, MATo A,s, MATa
T,, and MATa (CG), strains. BARI mRNA was detectable to
some extent (1 to 15% of full expression in MATa WT) in
MATo Ayy, MATo Asy, MAT o 2xA5,, MATa T,s, and MATao
(CG),, (n = 5) strains. Even though mRNA levels are low in
these strains, BARI expression is sufficient to cause substantial
a-factor degradation. Thus, the halo assay seems more sensi-
tive than Northern analysis for monitoring changes in BARI
expression. Importantly, in keeping with the halo assays in Fig.
2, the derepressed mRNA levels showed length dependence
for poly(dA) - poly(dT) and poly(dC-dG) - poly(dC-dG), and
(CQG),, affected BARI expression more than A, or T,,.. We also
examined expression from the modified BARI promoters in a
set of MATa strains in order to determine whether the inserted
sequences cause adventitious promoter activation (Fig. 4). The
level of BARI mRNA in this series of MATa strains varied
from 1.0- to 1.6-fold above the level in the MATa WT strain.
Given that BAR! mRNA is undetectable in the MATa WT
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FIG. 2. Chromatin alteration by alternative DNA structure-forming sequences disrupts repression of the a-specific gene BARI in the yeast
genome. Expression of BARI, as analyzed by halo assay, is shown in photographs of plates. Increased expression of BARI in MATa cells reduces
the halo size, as explained in the text. a WT and o WT are wild-type strains. The designations (CTG),, A, T,,, and (CG),, refer to the top-strand
sequences inserted into the BARI promoter. MATa isw2 and MATw isw2 are isogenic isw2A mutant strains with a wild-type BAR! promoter
sequence. Autoradiograms of primer extension mapping of MNase cleavage sites in the genomic BARI gene are shown under the halo assay plates.
MNase cleavage sites downstream of the o2 operator were mapped. In each set of data, lanes labeled C indicate MNase digestion of isolated nuclei
(chromatin) at two nuclease levels, and lanes labeled D indicate MNase digestion of the naked DNA as a control. Locations of the a2 operator
(a2 op; gray shaded box), TATA box (marked with T), inserts (hatched box), the coding region of BARI (arrows), and positioned nucleosomes
(gray ellipses) are shown on the left side of each gel. An ellipse with a dotted line indicates a nucleosome whose positioning is uncertain in the
MATao 2xA,, strain (E). Black circles on the left side of the gels indicate characteristic cleavage sites between the a2 operator and TATA box in

wild-type MATa cells.

strain, we infer that the derepression caused by active inser-
tions is much greater than 1.6-fold. These results indicate that
the insertion of nucleosome-disrupting sequences partially de-
represses BARI in its native genomic context in MA T« cells.
Chromatin alteration in the BARI promoter by introduced
sequences. We analyzed the chromatin structure of the
genomic BARI promoter region by limited digestion of nuclei
with MNase and subsequent high-resolution primer extension
mapping (Fig. 2, lower portions). The BARI promoter region
was cut with MNase in WT MATa cells, in which BARI is
expressed, whereas a region of about 140 bp adjacent to the a2
operator was protected from MNase digestion in WT MAT«
cells, as indicated by a comparison of digested purified DNA
(lanes marked “D”) and digested chromatin (lanes marked
“C”) (Fig. 2A). These results indicate that nucleosomes are
positioned adjacent to the a2 operator in MATa cells but are
not positioned in MATa cells, in good agreement with previous

studies (9, 14, 37, 42, 44). The effects of promoter insertions on
chromatin structure were monitored by the patterns of MNase
cleavage between the a2 operator and TATA box (Fig. 2), the
region in which the sequences were inserted. Insertion of con-
trol (CTG),, or shorter inserts, A,, and (CG),, did not signif-
icantly affect formation of positioned nucleosomes (Fig. 2B, C,
and G). However, insertion of longer A, - T, (n = 25) se-
quences in MATa cells led to increasing the MNase cleavage
sites characteristic of MATa cell chromatin (Fig. 2C to F).
Similarly, the MNase cleavage sites became stronger as the
length of (CG),, (n = 5) tracts increased (Fig. 2G and H).
The nucleosome positioning adjacent to the a2 operator
was destabilized to roughly the same extent by these longer
A,, T,, and (CG), sequences, although (CG),, inserts caused
greater derepression of BARI than A,, or T,,. At present, it
is uncertain why the magnitude of derepression caused by
poly(dA) - poly(dT) and poly(dC-dG) - poly(dC-dG) is dif-
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a (CG),SB

FIG. 3. Lack of effect of the distance of the a2 operator from the TATA box and of the helical orientation of the a2 operator with respect to
the TATA box, as revealed by the halo assay. The designations Sacs and Sac, refer to CA(GAGCTC)sGA and CA(GAGCTC)GT insertion,
respectively, into the Kpnl site (—158) in the BARI promoter. The designations (CTG),,SB and (CG),SB refer to the replacement of existing
promoter sequence upstream of the Kpnl site with (CTG),, and (CG),, respectively, to maintain the native distance between the a2 operator and

the TATA box. a and « indicate the mating types of the strains.

ferent. It is possible that the types of alternative structures
(B' conformation or Z-DNA) or intrinsic structural proper-
ties (local distortion and stiffness) may cause this effect. Our
studies indicate that loss of nucleosome positioning is usu-
ally accompanied by partial relief of cell-type-specific re-
pression of BARI, as shown by halo assay and Northern
analysis, although there is no simple relationship between
the magnitudes of the two effects.

Chromatin alteration and derepression of BARI in an isw2
mutant. The Isw2 chromatin remodeling complex is required
for nucleosome positioning by Crtl and Tupl at the DNA
damage-inducible gene RNR3 (12, 16, 57) and for normal
chromatin structure of the a-cell-specific gene STE6 in
MATo cells (12, 16, 57). In addition, repression of a-cell-
specific genes requires Itcl (38), a subunit of the Isw2 com-
plex (17). These prior studies suggest that an isw2A muta-
tion might have an effect similar to nucleosome-disrupting
sequences at BARI.

Figure 2I shows the halo assay and mapping of MNase
cleavage sites at BARI in isw2A isogenic strains. The halo assay
indicates that BARI is derepressed in a MAT« isw2A strain, in
keeping with the report by Ruiz et al. (38) that an itc/ mutation

causes derepression of a-cell-specific genes ASG7, BARI, and
STE?2. Decrease in the halo size in the MAT« isw2 strain (Fig.
2I) was similar to that in MATo Az, MATa T,s, and MATo
(CG)s strains (Fig. 2D, F, and G). In addition, BAR! mRNA in
the MATa isw2A strain was detectable to the same extent
(2.3% of tull expression in MATa WT) as in these strains (Fig.
4). As seen in Fig. 2I, the MNase cleavage pattern is nearly
identical in MATa and MAT« isw2A strains. These results
reveal that the Isw2 chromatin remodeling complex is required
for nucleosome positioning at the genomic BARI locus in
MATo cells and that an isw2 mutation does not have a signif-
icant effect on the BARI transcription level. This result is
consistent with a report by Zhang and Reese (57) that nucleo-
some positioning in the DNA damage-inducible gene RNR3 is
disrupted by isw2 mutation, but the level of RNR3 mRNA was
only slightly increased.

DISCUSSION

We have shown here that both the integrity of the positioned
nucleosomes and MATa cell-type-dependent repression of
BARI respond to the same cis- and frans-acting modulators of
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FIG. 4. Northern blot analysis of BARI. Strains analyzed are indicated above each lane. The designations of strains are described in the legend
of Fig. 2, except for (CG),,4, which refers to (CG),TATA(CG), inserted into the BARI promoter. Northern blots were probed with the BARI probe
and then stripped and reprobed with the ENOI probe as a loading control, which is not regulated by mating type. The BAR! mRNA levels, which
are shown under the BARI blot, were determined as the BARI/ENOI ratio by using a phosphorimager and were normalized to the intensity of
the MATa WT strain, set as 100. These normalized ratios are shown at the bottom of the BARI blot.

chromatin structure. The sequences we have used are diverse,
yet both poly(dA) - poly(dT) and poly(dC-dG) - poly(dC-dG)
share the ability to disrupt a positioned nucleosome and to
cause inappropriate activation of BARI. Even though chroma-
tin alteration shows a modest effect on the level of BARI
mRNA, it has a significant biological consequence, that is, it
causes substantial degradation of the a-mating pheromone in
MATo cells, thereby affecting its cell type identity. Thus, the
most economical model to explain our data is that nucleosome
positioning directly contributes to complete repression of the
genomic BARI locus by a2/Mcml.

However, loss of nucleosome positioning is not sufficient to
relieve repression of BARI completely. One reason for this
could be explained by the absence of activator function of
Mcml in MATa cells; Mcem1 acts as an activator for a-cell-
specific genes in MATa cells, whereas it acts as a repressor with
a2 in MATa cells. Since Tupl has high affinity for underacety-
lated histones and histone deacetylases (5, 10, 11, 52), com-
plete relief of chromatin-mediated repression may require not
only loss of nucleosome positioning but also other activities,
such as action of a histone acetyltransferase.

The residual repression that persists despite the disruption

of nucleosome positioning is also likely to be achieved by
chromatin-independent mechanisms of Tup1-Ssn6 action (29,
56). Two additional mechanisms have been proposed for re-
pression by a2/Mcml: activator interference (20), in which
Ssn6-Tupl exerts repression while the activator still occupies
its target DNA site (35), and general transcription machinery
interference, in which Ssn6-Tupl inhibits the transcription
machinery directly and independently of chromatin or acti-
vators (18, 29). Our findings here do not rule out any re-
pression mechanism. Rather, our results provide support for
the contribution of nucleosome positioning to a-specific
gene repression.

We note that insertions of longer A, T,, or (CG), se-
quences primarily disrupt one nucleosome in the promoter,
while nucleosome positioning is preserved in the coding re-
gion. Interestingly, the coding region is separated from the a2
operator by the disrupted nucleosome. This may be explained
by the fact that the Isw2 complex is associated with the entire
region of the RNR3 gene (57) and that the Isw2 complex slides
nucleosomes to remodel chromatin structure (12, 13). Thus, it
is likely that the insertions disrupt only one nucleosome prox-
imal to the site, and the preserved nucleosome positioning in
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the BARI coding region may be mediated by the Isw2 complex.
This explanation is consistent with our results showing that the
chromatin structure of BARI is nearly identical between MATa
WT, MATa isw2, and MATa isw2 (no positioned nucleosomes).

It may seem possible that proteins that bind to poly(dA) -
poly(dT) or poly(dC-dG) - poly(dC-dG) compete with binding
of histone octamer; hence, the effects of these sequences might
not be a consequence of intrinsic DNA structural properties.
Alternatively, the absence of nucleosome positioning might be
a consequence of affecting the ability of the «2/Mcm1 complex
to recruit Ssn6/Tupl. However, the idea that DNA structural
properties alter nucleosome positioning is founded on several
lines of evidence. We and others previously demonstrated that
longer A, tracts exist as an unusual B’ conformation to create
a nucleosome-free region in yeast cells (41, 48). Consistent
with these reports, we found here that disruption of nucleo-
some positioning and derepression of BARI showed a length
dependent of the A, tract, indicating that the B’ conformation
excludes histone octamers from the promoter. Interestingly, T,
disrupts BARI repression more effectively than A,,, as moni-
tored in the halo assay. This difference in orientation can be
explained by the fact that the unusual conformation of
poly(dA) - poly(dT) is asymmetric; that is, the minor groove
narrows asymmetrically from the 3’ end towards the 5’ end of
a T, stretch (1, 25, 28). Also, BARI expression was not affected
by the datlA mutation (data not shown), which lacks the only
known poly(dA) - poly(dT) binding protein in S. cerevisiae (33).
As for poly(dC-dG) - poly(dC-dG), its effects may be explained
by the fact that (CG),, in the Z-form is not incorporated into
nucleosomes in vitro (2, 6, 15). The length of (CG),, is critical
for Z-DNA formation and stability in vivo (32), and the B-Z
transition occurs from (CG), to (CG)s at natural superhelical
densities (22). Also, CG repeats longer than (CG)4 can form
Z-DNA stably in vivo in yeast cells (30). These studies argue
that it is the Z-DNA conformation of (CG),, (n = 5) that
disrupts nucleosome positioning at the genomic BARI pro-
moter, though the existence of Z-DNA formation in the BARI
promoter was uncertain in the present study. We cannot rule
out a contribution of sequence-dependent general properties
of the inserted DNA that may alter nucleosome organization
(26, 40, 49). Whatever the structure of (CG), in the BARI
locus is, the key feature is that poly(dC-dG) - poly(dC-dG) as
well as poly(dA) - poly(dT) sequences disrupt nucleosome po-
sitioning in a genomic context to alter gene expression. The
intrinsic properties of these sequences make them useful tools
for inquiring into local chromatin function in diverse cells and
organisms as well as for artificial alteration of gene expression
in vivo.
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