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Promoters often contain multiple binding sites for a single factor. The yeast HO gene contains nine highly conserved binding
sites for the SCB (Swi4/6-dependent cell cycle box) binding factor (SBF) complex (composed of Swi4 and Swi6) in the 700-bp
upstream regulatory sequence 2 (URS2) promoter region. Here, we show that the distal and proximal SBF sites in URS2 function
differently. Chromatin immunoprecipitation (ChIP) experiments show that SBF binds preferentially to the left side of URS2
(URS2-L), despite equivalent binding to the left-half and right-half SBF sites in vitro. SBF binding at URS2-L sites depends on
prior chromatin remodeling events at the upstream URS1 region. These signals from URS1 influence chromatin changes at URS2
but only at sites within a defined distance. SBF bound at URS2-L, however, is unable to activate transcription but instead facili-
tates SBF binding to sites in the right half (URS2-R), which are required for transcriptional activation. Factor binding at HO,
therefore, follows a temporal cascade, with SBF bound at URS2-L serving to relay a signal from URS1 to the SBF sites in URS2-R
that ultimately activate gene expression. Taken together, we describe a novel property of a transcription factor that can have two
distinct roles in gene activation, depending on its location within a promoter.

Transcription factor binding to a gene promoter is an essential
step in gene activation, making it a critical target of gene reg-

ulation. One mechanism of regulating transcription factor bind-
ing is by controlling binding site accessibility through alterations
of chromatin (1). At some promoters, nucleosomes can occlude
transcription factor binding sites, and nucleosomes must be re-
modeled or evicted by transcriptional coactivators to permit pro-
tein binding (2–5). Three transcriptional coactivators promote
chromatin changes at many promoters in yeast to facilitate gene
activation: SWI/SNF, SAGA, and Mediator. These three transcrip-
tional coactivators are conserved from yeast to humans and are
required for activation of many eukaryotic genes (6), including
the yeast HO gene (7).

The HO gene encodes an endonuclease that initiates yeast mat-
ing type switching by cleavage at the mating type locus followed by
gene conversion. HO regulation is extremely complex, and many
transcriptional regulators were first identified in studies of HO
regulation, including SWI/SNF and the Gcn5 histone acetyltrans-
ferase. The HO promoter is unusually long, with regulatory ele-
ments extending �1,900 bp upstream of the transcription start
site. HO expression is regulated by numerous DNA binding factor
binding sites in this long upstream regulatory sequence, which can
be subdivided into two regions, upstream regulatory sequence 1
(URS1) and URS2 (8). HO is expressed only in mother cells fol-
lowing mitotic division; this asymmetric mother-specific expres-
sion is achieved via daughter cell accumulation of the Ash1 tran-
scription factor, which binds URS1 and recruits the Rpd3(L)
histone deacetylase complex (9–11). HO activation is sequential,
with ordered recruitment of transcription factors and coactivators
first to URS1 and then to URS2 (12, 13). Concomitant with this
ordered recruitment, waves of nucleosome eviction follow tran-
scriptional coactivator binding along the HO promoter (14). Co-
activator recruitment to URS1 and URS2 is mediated by two cell
cycle-regulated transcription factors, Swi5 and SCB binding factor
(SBF; composed of Swi4 and Swi6), respectively. HO activation
starts with Swi5 binding to sites within nucleosome-depleted re-
gions at �1800 and �1300 and the recruitment of the SWI/SNF,

SAGA, and Mediator coactivators. SBF binding to URS2, how-
ever, is occluded by nucleosomes, and eviction of these nucleo-
somes depends upon Swi5-dependent events at URS1. The SBF
binding allows for coactivator recruitment to URS2, which ulti-
mately activates HO expression. Thus, SBF binding at URS2 ap-
pears to be the penultimate activator of HO expression.

SBF is a heterodimeric protein complex composed of two sub-
units, Swi4 and Swi6 (15). The SBF complex recognizes the SCB
(Swi4/6-dependent cell cycle box) CRCGAAA consensus se-
quence and activates transcription at numerous promoters to
control the G1/S transition, or START. SBF activity is negatively
regulated by two inhibitory factors, Stb1 and Whi5 (16–19). Stb1
and Whi5 stably associate with SBF and recruit the Rpd3(L) his-
tone deacetylase (20–22). Stb1 and Whi5 are hyperphosphory-
lated by cyclin-dependent kinases (CDKs) during late G1, causing
them to dissociate from the SBF-bound promoters, allowing acti-
vation of transcription.

HO URS2 contains nine sites that possess the SCB CRCGAAA
consensus sequence required for SBF binding and gene activation.
DNA fragments containing SBF sites from either the left, middle,
or right thirds of URS2 display equivalent SBF binding in vitro by
electrophoretic mobility shift assays (EMSAs) (11). However,
chromatin immunoprecipitation (ChIP) assays show that strong
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SBF binding in vivo occurs primarily on the left side of URS2 (11).
These results suggest that either SBF binding is influenced by
proximity to upstream remodeling events occurring at URS1 (the
left side of URS2 is a “good neighborhood” for binding) or that the
left-most sites share a currently unknown sequence feature that
make them preferred binding sites in vivo (these SBF sites have a
different “address” than those on the right side). Surprisingly,
despite the gradient of SBF binding from left to right, SBF sites
throughout URS2 display a high degree of conservation (23).
The driving force for this study was the enigma of nine binding
sites for a single factor conserved through a 700-bp promoter
region, contrasted with strong binding at only a subset of these
binding sites.

Our results show that SBF binding at HO URS2 is significantly
more complicated than previously modeled. ChIPs examining

SBF binding at various HO promoter mutants indicate that SBF
enrichment is dependent on proximity to URS1, supporting a
“neighborhood” model of SBF binding. Further supporting this
model, HO mutants containing only the left half (�R-URS2) or
right half (�L-URS2) of URS2 are fully capable of activating HO
expression. SBF enrichment, however, does not always correlate
with HO expression. Unexpectedly, mutation of URS2-R SBF sites
resulted in loss of HO expression despite near WT levels of SBF
binding at the remaining sites at URS2-L. Furthermore, SBF binding
at URS2-R was absolutely dependent on functional URS2-L SBF sites.
These results suggest a cascade model whereby SBF loading onto
URS2-L allows for limited, but essential, SBF binding at URS2-R. As
the right-half SBF sites are essential for HO expression, the cascade
SBF binding model at URS2 reconciles the paradoxical relationship
between SBF binding and site conservation at HO.

TABLE 1 Strain list

Figurea Strain Description

1 DY150 MATa ade2 can1 his3 leu2 trp1 ura3
DY15855 MATa HO(LX4 sbf)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY16483 MATa HO(LX5 sbf)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY16942 MATa SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3
DY17503 MATa SWI4-V5::His3MX HO(LX4 sbf)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17505 MATa SWI4-V5::His3MX HO(LX5 sbf)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY150 MATa ade2 can1 his3 leu2 trp1 ura3
DY16251 MATa HO(�948 to �629 deleted; replaced by 329 bp from CDC39)::KanMX ade2 can1 his3 leu2 trp1 ura3

3 DY150 MATa ade2 can1 his3 leu2 trp1 ura3
DY17307 MATa HO(URS2-R[�619 to �125 deleted])::KanMX ade2 can1 his3 leu2 lys2 trp1 ura3
DY17309 MATa HO(URS2-L[�948 to �610, �287 to �125 deleted])::KanMX ade2 can1 his3 leu2 lys2 trp1 ura3
DY6758 MATa swi6::TRP1 ade2 can1 his3 leu2 trp1 ura3
DY17311 MATa swi6::TRP1 HO(URS2-R[�619 to �125 deleted])::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17315 MATa swi6::TRP1 HO(URS2-L[�948 to �610, �287 to �125 deleted])::KanMX ade2 can1 his3 leu2 lys2 trp1 ura3

4 DY14674 MATa HO(MCS at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY15151 MATa HO(900 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY15152 MATa HO(700 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY15153 MATa HO(500 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY15154 MATa HO(300 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY15643 MATa HO(221 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY16942 MATa SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3
DY17901 MATa SWI4-V5::His3MX HO(700 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17903 MATa SWI4-V5::His3MX HO(300 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17905 MATa SWI4-V5::His3MX HO(170 bp from CDC39 at �1082)::KanMX ade2 can1 his3 leu2 trp1 ura3

5 DY150 MATa ade2 can1 his3 leu2 trp1 ura3
DY16679 MATa HO(�948 to �170 inverted)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY15112 MATa HO(�928 to �233 deleted; replaced by �530 to �229, �927 to �532)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY16680 MATa HO(�948 to �629 deleted; replaced by �610 to �291)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY16942 MATa SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3
DY17645 MATa SWI4-V5::His3MX HO(�948 to �170 inverted)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17648 MATa SWI4-V5::His3MX HO(�928 to �233 deleted; replaced by �530 to �229, �927 to �532)::KanMX ade2 can1 his3 leu2 trp1 ura3

6 DY150 MATa ade2 can1 his3 leu2 trp1 ura3
DY 17857 MATa HO(�610 to �170 deleted; replaced by 440 bp from CDC39)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17652 MATa HO(RX4 sbf)::KanMX SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3
DY17653 MATa HO(RX5 sbf)::KanMX SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3

7 DY16942 MATa SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3
DY17760 MATa SWI4-V5::His3MX HO(RX4 sbf)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17505 MATa SWI4-V5::His3MX HO(LX5 sbf)::KanMX ade2 can1 his3 leu2 trp1 ura3
DY17461 MATa GALp::CDC20::ADE2 SWI4-V5::His3MX ade2 can1 his3 leu2 trp1 ura3

a Figure in which the indicated strains were used.
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MATERIALS AND METHODS
All yeast strains used in this study are listed in Table 1 and are isogenic in
the W303 background (24). Standard genetic methods were used for
strain construction (25, 26). In general, promoter manipulations in the
study were constructed using the delitto perfetto method (27) with trans-
formation of the appropriate PCR products or linearized plasmids. Oli-
gonucleotides used in strain construction are available upon request. Plas-
mids used for strain construction are listed in Table 2, and details on
plasmid construction are available upon request. Plasmid pZC09, pro-
vided by Zaily Connell and Tim Formosa, was used to add a V5 epitope tag
to the C terminus of SWI4 using a PCR strategy (28).

Cell cycle synchronization was performed by galactose withdrawal and
readdition with a GALp::CDC20 strain grown at 25°C in yeast extract-
peptone (YP) medium containing 2% galactose and 2% raffinose (13). A
high degree of synchrony was demonstrated by examination of budding
indices and analysis of cycle-regulated mRNAs (data not shown). In all
other experiments, cells were grown at 30°C in yeast extract-peptone-
adenine-dextrose (YPAD) medium (26).

ChIPs were performed as described previously (13, 29) by using
mouse monoclonal antibody to the V5 epitope (SV5-Pk1; Abcam) or
anti-histone H3 (07-690; Upstate) and antibody-coated magnetic beads
(rabbit and pan mouse IgG beads; Life Technologies). Samples prepared
for ChIPs were cross-linked in 1% formaldehyde overnight on ice. ChIP
assays were analyzed by real-time qPCR as described previously (30).
ChIP qPCR primers are available upon request. For all logarithmically
grown strains, each ChIP sample was first normalized to the ChIP signal at
the CLN1 promoter and then to its respective input DNA sample. In the
cell synchrony experiment, the ChIP values were normalized only to input
DNA, and the ChIP signal at the URS2-L was compared to that at URS2-R.
Error bars in ChIP assays reflect the standard deviation from two biolog-
ical samples or two independent IPs.

MNase mapping of nucleosome positions was preformed as described
previously (31). Mononucleosomes were prepared as described for ChIPs,
with the exceptions that cells were formaldehyde cross-linked for only 5
min at room temperature and chromatin was only lightly sheared prior to
micrococcal nuclease digestion.

RNA was isolated from logarithmically growing cells, and HO mRNA
levels were measured by reverse transcription-quantitative PCR (RT-
qPCR) as described previously (29). RNA expression was normalized to
RPR1 expression and graphed relative to wild-type (WT) expression. Er-
ror bars reflect the standard deviations from two biological samples. RT-
qPCR primers are available upon request.

RESULTS
URS2-R SBF sites cannot compensate for left-half site mutants.
Binding of the SBF factor to URS2 is a required step in HO expres-
sion. We have previously shown that SBF binds predominantly to
URS2-L (11) despite the presence of multiple additional SBF sites
within URS2-R. Furthermore, we have demonstrated via an in
vitro EMSA that these sites bind SBF equally well (11). To further
investigate the role of SBF binding preferentially to URS2-L, we
mutated the first four (LX4 sbf) (Fig. 1A) or five (LX5 sbf) SBF
sites in URS2 to determine the effect of these mutations on HO
expression. HO expression in these SBF site mutant strains was
greatly reduced compared to that of the WT, nearly as much as the
decrease observed in a strain lacking the Swi5 activator that initi-
ates events at the HO promoter (data not shown). This result
demonstrates that the first several SBF sites of URS2 are required
for HO expression. The downstream SBF sites cannot compensate
for HO activation when the left-half binding sites are mutated,
despite the fact that all of the SBF sites show equal evolutionary
conservation (23). ChIP experiments were next performed to
measure SBF binding to WT, LX4 sbf, and LX5 sbf promoters,
using strains with a V5 epitope tag at the C terminus of the Swi4
subunit of SBF. Consistent with our previous SBF ChIP data (11),
mutation of the first four or five SBF sites of URS2 largely elimi-
nates SBF binding to URS2 (Fig. 1B).

It was possible that inhibitory sequences present in URS2-L
somehow prevented utilization of the downstream SBF sites. To
address this question, we replaced the left half of the URS2 se-
quence with a fragment of equivalent size from the CDC39 open
reading frame (ORF). Consistent with expression data from our
SBF site mutants, HO expression was again greatly diminished.
This result reinforces the critical importance of the first several
SBF sites in HO activation and furthermore demonstrates that
upstream inhibitory sequences were not responsible for the failure
of SBF to activate transcription from the right half of URS2. The
slightly elevated HO expression observed with the CDC39 replace-
ment relative to the SBF site mutants is likely due to the dual role
of SBF as both an activator (32) and a repressor of transcription
(11, 16, 17).

TABLE 2 Plasmid list

Plasmid Description

M1679 HO (nt �1902 to �929), in BSKS�
M2775 CDC39, in pRS316
M2817 HO (nt �3553 to �2584), in pUC18
M5488 HO (nt �1930 to �155), with MfeI/BsrG1/MluI/NheI/NotI polylinker at �1052, in pRS306
M5536 HO (nt �1948 to �2584), with �929 to �233 deleted and replaced by �530 to �229, �927 to �532), in pBR322
M5543 HO (nt �1930 to �155), with 900 bp from CDC39 inserted at �1052, in pRS306
M5544 HO (nt �1930 to �155), with 700 bp from CDC39 inserted at �1052, in pRS306
M5545 HO (nt �1930 to �155), with 500 bp from CDC39 inserted at �1052, in pRS306
M5546 HO (nt �1930 to �155), with 300 bp from CDC39 inserted at �1052, in pRS306
M5588 HO (nt �1930 to �155), with 221 bp from CDC39 inserted at �1052, in pRS306
M5543 HO (nt �1930 to �155), with 900 bp from CDC39 inserted at �1052, in pRS306
M5715 HO (nt �592 to �126), with four mutant Sbf sites, in pUC57-AMP
M5717 HO (nt �3553 to �2584), with first four Sbf sites mutated, in pUC18
M5718 HO (nt �3553 to �2584), with first five Sbf sites mutated, in pUC18
pCH341 HO (nt �1930 to �155), with NotI site at �1052, in pRS306 (provided by Pam Geyer)
pCORE-UH Kluvermyces lactis URA3 and HphMX4, in pFA6 (see reference 27)
pZC09 C-terminal V5 tagging vector with TEV site, Gly linker, and His3MX marker (provided by Zaily Connell and Tim Formosa)
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Two models: neighborhood versus address. We considered
two possible models to explain the selective binding of SBF to
URS2-L: a neighborhood model and an address model. The
neighborhood model predicts that SBF binding is dependent on
changes in chromatin, and additionally that chromatin changes
that occur first at URS1 (14) facilitate chromatin changes at URS2
but only at sites in close proximity; this results in chromatin
changes occurring at URS2-L in preference to the sites at URS2-R.
In contrast, the address model predicts that sequences surround-
ing the SBF sites play an important role in determining SBF bind-
ing in vivo that could not be revealed by the in vitro EMSA; for
example, there could be stimulatory sequence elements in URS2-L
or inhibitory elements in URS2-R. To differentiate between these
two models for SBF binding at HO URS2, we constructed multiple
HO promoter rearrangements, insertions, and deletions (Fig. 2).
Nucleosome dynamics are known to play a critical role in HO
activation (14), so we wanted to consider nucleosome positions
when making changes to the promoter. We therefore mapped
nucleosome positions along the HO promoter using primers
spaced every 30 bp along the promoter to amplify DNA prepared
from mononucleosomes isolated after MNase digestion (Fig. 2)
(31). We then used this nucleosome positioning data as a guide

when making deletions, insertions, or rearrangements to the pro-
moter.

Two constructs were of particular importance in distinguish-
ing between the neighborhood and address models: �L-URS2 and
URS1-insert-URS2 (Fig. 2C and F). Under the neighborhood
model, we expect deletion of URS2-L (�L-URS2) to now allow
equivalent chromatin changes to occur but now at URS2-R, mak-
ing it a viable target for SBF binding and subsequent HO activa-
tion. In contrast, the address model predicts that the left half of
URS2 is inherently more active than the right half, predicting that
this �L-URS2 deletion should exhibit sharply reduced HO expres-
sion. The neighborhood model also predicts that insertions be-
tween URS1 and URS2 (URS1-insert-URS2) should move URS2
too far from URS1 to be effective, resulting in a decrease in HO
expression that is proportional to the size of the insertion. In the
address model, the proximity of URS2 to URS1 is not relevant, so
insertions should not affect HO expression.

Each half of URS2 is capable of supporting HO expression.
To distinguish between the neighborhood and address models, we
first examined the two URS2 deletion halves (�R-URS2 and �L-
URS2) for HO expression. In agreement with the neighborhood
model, both �R-URS2 and �L-URS2 expressed HO at WT or

1 2 3 4 5 6 7 8 9
URS2

X XX X 5 6 7 8 9
URS2

X XX X X 6 7 8 9
URS2

WT

LX4 sbf

LX5 sbf

HO Expression Relative to WT

1.00

0.22

0.24

B. SBF-V5 ChIP
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LX4 sbf

LX5 sbf

1 2 3 4 5 6 7 8 9
URS2
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URS2

X XX X X 6 7 8 9
URS2

ChIP
Primers

ChIP
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0.15
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HO E i R l i WT

WT1 2 3 4 5 6 7 8 9
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5CDC39 6 7 8 9
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C. HO Expression of CDC39 Replacement 

1.00

0.41

FIG 1 Downstream SBF sites cannot compensate for left-half site mutants. Diagrams on the left represent the URS2 portion of the HO promoter, and numbers
within the rectangles indicate SBF site locations. Mutations in an SBF site are indicated by an X. CDC39 replacement is indicated by a gray block. (A) HO mRNA
levels were measured for strains with the wild-type, LX4 sbf, and LX5 sbf versions of the HO promoter. (B) Binding of the Swi4-V5 subunit of SBF to the wild-type,
LX4 sbf, and LX5 sbf versions of the HO promoter was determined by ChIP followed by qPCR. HO SBF ChIP enrichment was normalized to that of CLN1 and
graphed relative to wild-type enrichment. Location of ChIP primers is indicated on the diagram. (C) HO mRNA levels were measured for strains with the
wild-type HO promoter and CDC39 replacing URS2L.
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higher levels (Fig. 3A). Both URS2 halves are therefore capable of
supporting full HO expression. Previous work showed that ex-
pression of HO in the complete absence of URS2 is no longer
dependent on SBF (32), so it was important to test the necessity of
SBF in the HO expression observed in our constructs. We there-
fore tested the effect of deleting the Swi6 subunit of SBF on the
activity of the same promoter constructs. The swi6 mutation
markedly reduced expression of the �R-URS2 and �L-URS2 pro-
moters, demonstrating that these promoters are still largely depen-
dent upon SBF and that the shorter URS2 does not completely bypass
the normal requirements for activation seen at native HO (Fig. 3B).
Interestingly, the �R-URS2 and �L-URS2 promoter mutants dis-
played higher levels of HO expression than the native promoter in a
swi6 strain, suggesting that full-length URS2 is required to prevent
inappropriate gene activation by Swi5 bound at URS1.

Insertions between URS1 and URS2 reduce HO expression
and SBF binding. To directly investigate whether the proximity of
URS1 to URS2 affects HO expression, we inserted “neutral” se-
quences of various size between them. We initially chose exonic
sequences from metazoan genes for this purpose, but to our sur-
prise these inserts contained sequences capable of promoter acti-
vation independent of other HO activators (data not shown).
However, exonic sequences from yeast ORFs did not produce this
inappropriate activation, so these were used instead. For the stud-
ies shown here, we inserted fragments from the CDC39 gene,
ranging in size from 170 bp to 900 bp (Fig. 4), although we ob-
served similar results with inserts derived from a different gene
(data not shown).

In agreement with the neighborhood model, HO expression
decreased in all but one of our CDC39 insertions, and HO expres-
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FIG 2 Neighborhood and address models. Top, diagrams of the HO promoter, with rectangles indicating URS1 and URS2. Swi5 site locations in URS1 are
indicated, and numbers indicate SBF sites in URS2. Dashed lines present in panels B and C indicate deletions of either the right-half or the left-half URS2
sequence. The right-hand rectangle in panel D represents a URS2 sequence inversion. Reordered URS2 rectangles in panel E represent a URS2 rearrangement in
which the right half of URS2 was moved in front of what was originally the left half of URS2. Rectangle between URS1 and URS2 in panel F indicates the location
of insertions tested in this paper. Right, predicted HO expression for all tested constructs according to the neighborhood and address models, as described in the
text. Lower, H3 nucleosome enrichment over the HO promoter. Enrichment peaks indicate the midpoints of nucleosome positions, and determined nucleosome
locations are represented below by circles with two diagonal lines. Nine nucleosomes can be observed along the HO promoter, centered at the following positions:
bp �1628, �1478, �1208, �1058, �908, �698, �548, �358, and �198 with respect to the ATG.
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sion levels inversely correlated with the size of the insertion (Fig.
4A). Introducing an Swi4-V5 tag into a set of the same strains
produced comparable results (data not shown) and allowed anal-
ysis of SBF occupancy by ChIP in parallel with the HO analysis.
We found that SBF binding also inversely correlated with the size
of CDC39 insertion (Fig. 4B). These results suggest that the prox-
imity of URS1 is an important feature in the activation of URS2 by
binding of SBF, consistent with the idea that remodeling of the
chromatin structure initiated at URS1 has a limited range and
allows SBF to access sites only within a favorable window.

URS2 rearrangements support the neighborhood model of
URS1 interaction with URS2. The deletion constructs tested in
Fig. 3 altered the spatial context of URS1 with respect to the TATA
and potentially removed URS2 sequences required for the normal
regulation of HO activation. To investigate HO expression and
SBF binding to the two URS2 halves in a full-length URS2 setting,
two manipulations of full-length URS2 were constructed: URS2-
flip and URS2R¡L (Fig. 2D and E). Both the URS2-flip and
URS2R¡L constructs place the right-half of URS2 immediately
adjacent to URS1, either by inversion of the URS2 sequence or by
rearrangement of the two URS2 halves. RNA analysis of the URS2-
flip and URS2R¡L constructs revealed HO expression compara-
ble to that of the WT (Fig. 5A). Additionally, the URS2-flip result
indicated that the orientation of the SBF binding sequence CAC
GAAA does not affect HO activation. This result is somewhat sur-
prising given that all of the SBF binding sites in the HO promoter
are present in the same orientation (33). Expression of the
URS2R¡L promoter demonstrated that the positional arrange-
ment of the two URS2 halves has little effect on HO activation.

ChIP assays measuring SBF binding are quite informative con-
cerning the two models. Consistent with the neighborhood
model, we observe stronger SBF binding to sites closest to URS1,
regardless of their original position (Fig. 5B). In contrast, the ad-
dress model predicts that more SBF will bind to those sequences
that are present at the left half of URS2 in the native promoter,
which was not seen. This result demonstrates that SBF binding at
HO is critically regulated by proximity to the nucleosome remod-
eling events at URS1.

To completely rule out a requirement for sequences present in
URS2-L for HO expression, one additional full-length URS2 con-
struct was generated, URS2RR (Fig. 5A). The URS2RR construct
replaces the left half of URS2 with an equivalent piece of sequence
from the right half of URS2. This construct essentially duplicates
the right half of URS2 at the expense of the left half of URS2, while
maintaining the normal size of the entire URS2 region. HO ex-
pression from the URS2RR construct was at levels higher than the
WT (Fig. 5A), indicating that the left half of URS2 is indeed dis-
pensable for HO activation.

Conserved right-half SBF sites are required for normal ex-
pression of HO. Our results indicate that proximity to URS1 is key
for the nucleosome eviction that provides SBF access to its binding
sites (14). However, this fails to explain why the additional SBF
sites in URS2-R are present and are evolutionarily conserved (23).

To investigate this question, we replaced the URS2-R with an
equivalent piece of “neutral” CDC39 sequence. Surprisingly, HO
expression was greatly reduced in this construct (Fig. 6). This re-
sult suggests that SBF sites present in URS2-R are still required for
their activating role despite preferential enrichment of SBF to
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FIG 3 Left- and right-half deletions of HO URS2 are capable of HO expression. Diagrams on the left represent the URS2 portion of the HO promoter, and
numbers within the rectangles indicate SBF site locations. Dashed lines indicate deletions of either the right-half or the left-half URS2 sequence. (A) HO mRNA
levels were measured for SWI6 strains with the wild-type, �R-URS2, and �L-URS2 versions of the HO promoter. (B) HO mRNA levels were measured for swi6
strains with the wild-type, �R-URS2, and �L-URS2 versions of the HO promoter.
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URS2-L. As it was possible that the replacement of the right half of
CDC39 removed sequences involved in the normal regulation of
HO expression, we next made point mutations in the SBF sites in
the right half of an otherwise native URS2, creating the RX4 sbf
and RX5 sbf constructs (Fig. 6). These mutants demonstrated an
even greater reduction in HO expression levels. These results,
taken together with earlier results of SBF site mutations in URS2-L
(Fig. 1), indicate that functional SBF sites are required in both
halves of URS2 for HO promoter activation.

Left-half SBF sites are required for SBF binding at the right
half of URS2. We have previously shown that SBF binds predom-
inately to URS2-L (11). In this study, we have demonstrated that
functional SBF sites are required in both halves of URS2 for effec-
tive promoter activation. To reconcile these two results, as well as
better explain the mutual dependence of SBF sites in both halves
of URS2 for HO expression, we examined SBF binding to URS2
mutants lacking either left-half or right-half SBF sites (Fig. 7A). In

strains lacking the right-half SBF sites at URS2 (R4X sbf), ChIP
assays showed that SBF binding to URS2-L was largely unaffected
by the downstream site mutations. This result indicates that the
preferential loading of SBF onto URS2-L is not dependent on sites
present in URS2-R. However, as shown above, this promoter is
defective for HO expression, indicating that SBF binding to
URS2-L is not sufficient for promoter activation. SBF ChIP to the
URS2 mutant lacking left-half SBF sites (LX5 sbf), however, re-
vealed a large defect in SBF binding to URS2-R. This result dem-
onstrates that SBF binding to URS2-R is dependent on upstream
SBF binding to URS2-L. Taken together, these results suggest that
SBF is initially loaded onto URS2-L due to proximity to URS1 and
that this incipient binding is required for subsequent, albeit di-
minished or transient, downstream SBF binding and ultimate ac-
tivation of HO.

Early SBF enrichment occurs primarily at the left half of
URS2. The explanation proposed above predicts differences in the
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by qPCR. Location of ChIP primers is indicated on the diagram.
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timing of SBF binding to sites in URS2. To test this, we measured
SBF binding by ChIP using cells synchronized by GALp::CDC20
arrest and release, which typically results in peak HO expression at
40 min after release from G2/M (14). Samples were taken for ChIP
every 5 min from the synchronized cells, and enrichment at
URS2-L relative to that at URS2-R was determined. SBF binding at
URS2-L and URS2-R had similar kinetic profiles; rising, peaking,
and declining at approximately the same times (Fig. 7B). The two
profiles are not identical, however, with much more rapid binding
seen at the left half of URS2 than at the right half. This can be seen
most clearly in the purple curve showing the ratio of URS2-L/
URS2-R binding (Fig. 7B). This result supports a model of SBF
loading onto URS2-L as a prerequisite event to URS2-R SBF bind-
ing and HO expression.

DISCUSSION

The HO gene is under complex regulation and has an unusually
large promoter with two distinct regulatory regions, URS1 and
URS2. Two DNA-binding factors, Swi5 and SBF, bind sequen-

tially to URS1 and URS2, respectively, and successively recruit
coactivators to both promoter regions (12, 14, 33–35). SBF is the
ultimate activator of HO expression, and its ability to bind to
URS2 is the major determinant of promoter activation. Here, we
show that signals from the upstream URS1 region influence chro-
matin changes at URS2 but only at sites within a limited distance.
We also show that there is a spatiotemporal cascade of SBF bind-
ing at URS2, with SBF bound at URS2-L relaying a signal from
URS1 to the SBF sites in URS2-R, facilitating SBF binding here and
ultimately activating transcription (Fig. 8).

Our previous studies of HO revealed the puzzling conclusion
that the nine SBF-binding sites in URS2 appeared to bind SBF
equivalently in vitro and are all equally conserved, but only those
adjacent to URS1 were highly occupied. Here, we used a variety of
promoter manipulations to show that the major determinant of
SBF site binding is proximity to URS1 and not some unrecognized
feature of the distal sites (Fig. 4 and 5). Rather than having specific
sequence elements, our results are consistent with events at URS1
stimulating nucleosome eviction, making the adjacent sites in
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URS2 a better “neighborhood” for efficient SBF binding. Proxi-
mal sites that displayed weak SBF binding were equally able to take
advantage of URS1 to activate HO expression when placed in
proximity to it, and SBF binding was lost for all of URS2 when it
was placed farther away with DNA insertions.

These results explain the differential occupancy of SBF sites in
URS2 but not the conservation of all sites, and our results with
point mutations confirm that the SBF sites in URS2-R that are
poorly occupied are nonetheless required for HO activation. This
contradiction can be resolved by proposing that SBF binding at
URS2-L is dependent on URS1 but independent of URS2-R and
that binding to URS2-R is dependent on binding to URS2-L. Time
course experiments strongly support this model, revealing pro-
nounced enrichment of SBF during early promoter activation at
URS2-L relative to the amount at URS2-R (Fig. 7B, URS2-L/
URS2-R ratio). Taken together, these results suggest that URS1
creates a limited chromatin neighborhood conducive for SBF
binding in URS2-L, and this is a prerequisite for SBF binding to

URS2-R. This proximal binding is required for promoter activa-
tion but has lower occupancy and therefore produces lower signal
in ChIP experiments than binding at URS2-L.

The molecular mechanism by which SBF binding to URS2-L
stimulates binding to URS2-R remains an important area for fu-
ture study. During the cell cycle, nucleosomes are evicted from the
left half of URS1 before they are evicted from the right half (14).
We speculate that sequential chromatin dynamics allow for SBF to
be loaded onto left-half URS2 sites, and SBF at these left-half sites
serves to recruit coactivators necessary to derepress the remainder
of URS2 that allows the limited, but required, SBF binding at
proximal sites that ultimately activates HO expression.

We note that SBF appears to have a limited window of pro-
moter activation in other contexts as well, as most sites for genes
activated by SBF are within a few hundred bases of the transcrip-
tional start site (36). This is consistent with classic studies showing
that yeast activators work at relatively short distances from core
promoters (37, 38). It seems likely that SBF at the right-half sites
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recruits RNA Pol II for gene activation. We suggest that the left-
half sites are too far from the TATA to activate transcription and
instead function as recipients of the signal from URS1.

Regulation of the HO gene exhibits several unique features.
One is that HO is expressed only in mother cells (39). The second
distinctive feature is that two distinct DNA binding factors, Swi5
and SBF, are required for HO activation (7). The HO promoter
has evolved such that both factors are necessary for activation;
either one, alone, is inadequate. Swi5 and SBF are both cell cycle-
regulated factors, but they function as activators at different times
within the cell cycle. Swi5 activates in early M phase and SBF
activates in late G1. Importantly, Swi5 acts before cell separation,
while SBF acts after cells are separated. We suggest that this re-
quirement of HO activators that function both before and after
cell separation, along with the Ash1 repressive factor expressed in
M phase that localizes primarily to daughter cells, is required to
build a mother-specific promoter (7, 9–11).

Deleting the URS2 region completely results in a promoter that
is activated by Swi5 in anaphase but is independent of SBF (32,
40). However, this promoter is expressed in daughter cells (10),
and thus removing the dependence on both Swi5 and SBF elimi-
nates the mother cell specificity. The promoter constructs with
either the left half or the right half of URS2 deleted were still active
(Fig. 3). However, there was significant residual expression of
these promoters in an swi6 mutant lacking SBF. It is likely that this
residual promoter activity is due to Swi5. Although Swi5 activates
a downstream promoter element at HO, Swi5 functions as a tra-
ditional activator at other genes, where the Swi5 binding site is
closer to the TATA element (29). In the native HO promoter, the
closest Swi5 binding site is 1,200 bp from the TATA, but in these
URS2-L and URS-R deletion constructs, Swi5 is 500 bp closer. The
HO promoter shows strong evolutionary conservation, including
the conserved SBF sites scattered throughout URS2. We suggest
that evolution has selected a promoter with the URS2 region of
sufficient size so that Swi5 is too far away from the TATA site to
activate transcription.

To our knowledge, this is the first study to indicate that a single
transcription factor can have two distinct roles in gene activation,

depending on its location within a promoter. Significantly, it is the
poorly occupied SBF sites in URS2-R that ultimately activate tran-
scription, and thus factor enrichment does not always correlate
with functional importance. Additionally, it is likely that the less
occupied URS2-R sites would have been dismissed as inconse-
quential or background by current techniques such as ChIP-Seq.
As such, these data sets should be used carefully, as such experi-
ments may not always detect the relevant transcription factor
binding sites functionally required for gene activation. Further-
more, many regulatory regions in higher eukaryotes contain mul-
tiple binding sites for a single transcription factor, and studies
have suggested that this leads to cooperative DNA binding by the
factor (41, 42). However, cooperative interactions are not re-
quired for gene activation (43). It seems possible that, like at HO,
promoters in higher eukaryotes also contain multiple binding
sites for which a single transcription factor can serve distinct roles
in activation.
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