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The mechanism by which gene regulatory proteins gain access to their DNA target sites is not known. In
vitro, binding is inherently cooperative between arbitrary DNA binding proteins whose target sites are located
within the same nucleosome. We refer to such competition-based cooperativity as collaborative competition.
Here we show that arbitrarily chosen foreign DNA binding proteins, LexA and Tet repressor, cooperate with
an adjacently binding endogenous activator protein, Gend, to coactivate expression of chromosomal reporter
genes in Saccharomyces cerevisiae. Coactivation requires that the cooperating target sites be within a nucleo-
some-length distance; it leads to increased occupancy by Gen4 at its binding site; and it requires both Gen5 and
Swi/Snf which, at an endogenous Gcen4-dependent promoter, act subsequent to Gen4 binding. These results
imply that collaborative competition contributes to gene regulation in vivo. They further imply that, even in the
presence of the cell’s full wild-type complement of chromatin remodeling factors, competition of regulatory
proteins with histone octamer for access to regulatory target sites remains a quantitative determinant of gene
expression levels. We speculate that initial target site recognition and binding may occur via spontaneous
nucleosomal site exposure, with remodeling factor action required downstream to lock in higher levels of

regulatory protein occupancy.

Eukaryotic gene regulatory regions typically encompass mul-
tiple DNA target sites for one or more regulatory proteins
within a space of a few hundred base pairs or less. The proteins
that bind to these sites may act cooperatively (synergistically),
thereby enhancing the level of binding of the regulatory pro-
teins over that which they could achieve acting individually,
while also conferring combinatorial control over the genes.

When a pair of such regulatory proteins does function co-
operatively in vivo, the simplest mechanism is that the two
proteins directly contact each other, with some favorable free
energy of contact (Fig. 1A). A hallmark of this mechanism is
that the cooperativity can be detected as the mutually cooper-
ative binding of the two proteins to DNA in a purified in vitro
system consisting only of those proteins and a DNA fragment
encompassing their binding sites.

In other cases, studies of purified systems reveal that a pair
of regulatory proteins that act cooperatively in vivo neverthe-
less do not bind cooperatively to naked DNA. We shall refer to
such a pair of proteins as X and Y; these may be two different
proteins or two molecules of the same protein. It is customary
in such cases to invoke the existence of a specific additional
protein, Z. If Z has the property of binding specifically to both
X and Y, then the mere presence of Z in the cell automatically
confers cooperativity on the binding of X and Y (Fig. 1B). (In
a variant of this idea, Z may be a protein that specifically binds
to and bends the intervening DNA instead, bringing the bind-
ing sites of X and Y into closer proximity, allowing favorable
contacts to be made between X and Y that were inaccessible to
the system with a linear DNA fragment in vitro.) In certain
cases, such Z proteins have in fact been identified (e.g., refer-
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ences 25 and 34 to 36). In other cases (e.g., references 30, 45,
and 55), no such specific Z has yet been found; many investi-
gators simply assume that one exists and ultimately will be
identified. A hallmark of this mechanism is that X and Y fail to
exhibit cooperative binding to naked DNA on their own, in a
purified in vitro system, but cooperativity appears once the
specific Z is included in the reactions.

There appears, however, to be a third class of cooperative
interactions in gene regulation in vivo which cannot be under-
stood as either direct cooperativity (Fig. 1A) or indirect coop-
erativity (Fig. 1B). A customary finding is that, when construct-
ing artificial gene activation regions, multiple binding sites
placed close together along the DNA provide far higher levels
of activation than do individual protein binding sites, and these
effects appear to be greater than additive. The exact spacing of
the binding sites, however, appears to be relatively uncon-
strained. These effects were investigated in detail in two studies
(30, 45) which revealed that cooperativity in gene activation
was due in part to cooperative interactions arising from the
minimal DNA binding domains alone. Direct cooperative pro-
tein-protein interactions (Fig. 1A) were definitively ruled out,
yet the available data also argued against the indirect mecha-
nism (Fig. 1B): the diversity of origins and structures of the
DNA binding domains used and the lack of constraint on their
spacing along the DNA both argue against a requirement for
specific protein-protein interactions with unknown protein Z.
Thus, these data suggested that some other mode of cooper-
ativity may be operative in vivo, but the data could not define
what the origin or mechanism of this cooperativity might be.

Note that indirect cooperativity (Fig. 1B) can never be for-
mally excluded, because it is impossible to prove the nonexist-
ence of such a protein Z. However, the principle of Occam’s
razor asserts that, if no evidence specifically requires the pos-
tulated existence of such a protein Z and if an alternative
mechanism exists that need not invoke the additional compo-
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FIG. 1. Types of protein-protein cooperativity. (A) Conventional
cooperativity. Proteins X and Y touch each other with some favorable
free energy. (B) Indirect cooperativity. Proteins X and Y both bind
protein Z; thus, the presence of Z confers cooperativity on the binding
of X and Y. Examples of such bridging occur for multiple transcription
factors in the preinitiation complex (36). Alternatively, a specific Z
could bend the DNA between X and Y, enabling conventional coop-
erative contacts (see text). The HMGI(Y) proteins in the beta inter-
feron enhanceosome illustrate both of these (panels A and B), engag-
ing in direct protein-protein interactions and favorably altering the
DNA conformation (25). (C) Competitive cooperativity. Proteins X
and Y collaborate in their competition against a common rival, Z. Z
may dissociate or change conformation upon binding of X and Y. As
an aside, we note that collaborative competition need not be restricted
to DNA binding proteins. For example, two proteins could compete
with another protein for binding sites on a fourth protein.

nent, this alternative mechanism is to be preferred as the
default explanation.

In the present study, we will show that there does exist a
distinct mechanism of cooperativity, operative in eukaryotic
cells in vivo, that does not require the existence of any specific
interacting protein Z. Instead, a ubiquitously occurring Z con-
fers cooperativity on arbitrary X and Y through a mechanism
based on collaborative competition (Fig. 1C). X and Y bind
cooperatively to DNA target sites that are otherwise occluded
by the same arbitrary Z, simply as a consequence of fighting
against their common competitor. Because multiple regulatory
DNA target sites often occur within a nucleosome-length dis-
tance, this cooperativity is to be expected, with the ubiquitous
histone octamer playing the role of Z.

Such a mechanism was suggested first from studies on puri-
fied systems in vitro (1, 32). These studies revealed that binding
of arbitrary proteins to sites contained within a single nucleo-
some was inherently cooperative, and they provided a mecha-
nistic framework through which this behavior could be quan-
titatively understood. The explanation involves a dynamic
behavior intrinsic to nucleosomes which we have termed site
exposure (31). Briefly, nucleosomes in vitro are in a dynamic
equilibrium with transient states that have altered conforma-
tions in which the DNA has partially unwrapped (3), most
likely starting from one end, such that stretches of DNA that in
the time average are buried inside nucleosomes are neverthe-
less transiently, yet constantly, accessible even to proteins that,
when bound, occlude the entire circumference of their DNA
target sites. A consequence of this behavior is to confer coop-
erativity on the binding of arbitrarily chosen DNA binding
proteins to target sites contained within the same nucleosome.
Provided only that two or more proteins individually require
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site exposure to allow their binding to the nucleosomal DNA,
then a powerful cooperativity develops between the proteins
because the binding of the first protein prevents the recapture
of DNA in its proximity, thereby reducing the free energy cost
for the second protein to bind. We term this kind of cooper-
ative interaction collaborative competition. Any conventional
cooperativity (Fig. 1A and B) would add to this unconventional
cooperativity; however, for positioned nucleosomes in vitro,
the magnitude of this novel nucleosome-dependent cooperat-
ivity alone is large in comparison to most conventional coop-
erativities.

Subsequent studies provided evidence in support of this
nucleosome-dependent cooperativity functioning in vivo (50,
51). These studies utilized plasmid-based reporter assays and
investigated the effects of placing a binding site for the LexA
protein (a prokaryotic repressor protein) near the binding site
for an endogenous yeast activator protein in cells that consti-
tutively expressed the LexA protein. The collaborative compe-
tition model predicts that the LexA protein in these circum-
stances should function as a coactivator, enhancing the activity
of the endogenous gene-activating protein. In accord with this
prediction, such cooperativity was observed in vivo yet was not
seen on naked DNA, and in vivo the cooperativity was found to
dissipate as the distance between the sites was increased over
a nucleosome length.

Our new study complements and extends this work. We test
the collaborative competition mechanism in vivo by using di-
rect assays on chromosomal reporter constructs, with multiple
binding partners, on both pools of cells and single cells. We
vary the concentration and affinity of the binding partners. We
test the key prediction that collaborative competition acts
through regulatory protein binding site occupancy, and we
investigate the additional effects of chromatin remodeling fac-
tors. Finally, we also extend the theoretical analysis to account
for the possibility of nucleosome mobility in vivo. The previous
in vivo studies are interpreted in terms of the uncoiling model
of site exposure (33, 52), which presupposes that nucleosomes
remain fixed in space. But in vivo, there exists the likelihood of
nucleosome mobility catalyzed by protein machines containing
the ISWI class of motor domains (13, 16, 20, 47, 49). In the
presence of such activity, the model developed for the in vitro
situation would not apply. We show below that collaborative
competition will nevertheless be expected even with mobile
nucleosomes, and we explain the origin of this behavior.

Our results imply that collaborative competition against nu-
cleosomes is operative in vivo and that it provides a generally
applicable mechanism for cooperativity in gene regulation.
The results further provide mechanistic insight on how any
protein can access its DNA binding site in vivo, and they argue
against a commonly assumed role for ATP-dependent chro-
matin remodeling factors.

MATERIALS AND METHODS

DNA constructs and yeast manipulations. The HIS3-derived DNA constructs
(Fig. 2) were PCR amplified, gel purified, and cloned by standard techniques (24)
into BamHI/Xhol sites of pRS304 (40). Modified PCR primers were used to
incorporate the desired binding site and an optimized Gcn4 response element
(GRE). EcoRV-linearized plasmids were integrated by one-step transformation
(12) in the trpI locus of strain W303 (a his3-11,15 trpI-1 ura3-1 leu2-112 ade2-1
canl-100; gift from Richard Gaber), strain J848 (trpl his3 ura3 YOR290c:
KanMX4), strain J3576 (trpl his3 ura3 YGR252w::KanMX4), strain W303.1A
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FIG. 2. DNA constructs. Wild type indicates the natural HIS3 upstream region which contains two major transcription start sites (+1 and +13),
two TATA boxes (T and Ty), a GRE, and a poly(dA-dT) element. In the LexA°P construct, the poly(dA-dT) tract from the HIS3 upstream
element has been replaced with the LexA operator (TACTGTATGAGCATACAGTA). The mtGRE construct is identical to LexA°P except that
the GRE has been mutated (ATCACTCGT; mutations shown in bold). The mtLexA°P construct has two point mutations in LexA°? (TACCGT
ATGAGCATACGGTA). In the GFP construct, the HIS3 coding sequence is replaced by that for GFP. The TetO construct replaces the
poly(dA-dT) element from HIS3 with an operator for the tetracycline repressor protein (ACTCTATCAATGATAGAGT). The 154-bp spacer

construct has 154 bp of nonyeast DNA between the GRE and LexA°P.

(a W303 converted to HIS3; gift from Kevin Struhl; unpublished reagent), and
strain W303.1A Gcen4-3xMyc (W303.1A with three Myc tags on the Gend C
terminus; gift from Kevin Struhl; unpublished reagent). J848 was created by
crossing LHY298 (o trpl his3 ura3 leu2 barl; gift from Linda Hicke) with
YOR290c (swi2A; EUROSCAREF). J3576 was made by crossing LHY298 and
YGR252w (gen5A; EUROSCAREF). The 154-bp spacer was constructed from
two copies of a pPGEM3Z polylinker and one copy each of T7 and SP6 promoters.
The green fluorescent protein (GFP) gene was amplified from pEGFP-N1 (Clon-
tech) and precisely replaced the HIS3 coding sequence. Expression plasmids for
LexA (from pJWL228; gift from John Little) (39) and TetR (from pCM148; gift
from Enrique Herrero) (10) were derived from pYES2 (Invitrogen). All restric-
tion and DNA modifying enzymes were purchased from New England Biolabs
and used in the recommended buffers. Strains were grown in synthetic complete
media with 2% glucose or galactose, lacking uracil if needed to maintain plasmid
selection. When indicated, 10 mM aminotriazole (Sigma) was added to induce
histidine starvation. When designated, the inducible TetR strain was grown
overnight in the presence of 10 ug of doxycycline (50% ethanol stock; Sigma)/ml.

High-resolution mapping. Nuclei were prepared from 0.5- to 1.0-liter yeast
cultures growing logarithmically (1.5 X 107 to 3 X 107 cells/ml) as described
elsewhere (22) (except that buffer A was used in place of buffer B). Micrococcal
nuclease (MNase; Sigma) reactions were performed at 0.013 U/g of nuclei at
30°C for 30 to 90 min. DNA was obtained by proteinase K (1 mg/ml) treatment,
phenol-chloroform extraction, and ethanol precipitation followed by RNase A
treatment. Samples were extracted and precipitated again. DNA was also puri-
fied from nuclei without MNase digestion to obtain control naked DNA. Naked
DNA was digested in vitro as follows: 25 pg of naked DNA in 2.5 mM CaCl, in
a 50-pl reaction volume was treated with 0.0004 U of MNase at 30°C for 25 min.
Multiple-cycle primer extension assays were performed on HindIII-digested
DNA. Reaction mixtures contained 1X Taq buffer, 8 pg of digested DNA, a 0.2
mM concentration of deoxynucleoside triphosphates, 0.9 pmol of y->*P-end-
labeled primer (pRSPE; 5'GGAAACAGCTATGACCATGATTACGCCAA
G), and 1 U of Tag polymerase in a 25-pl final volume. Reactions were incubated
for 5 min at 94°C before initiation of 30 cycles at 94°C for 1 min, 65°C for 6 min,
and 72°C for 2 min. Reactions were then incubated for 5 min at 72°C. Samples

were precipitated, washed, and analyzed by 7.5% denaturing sequencing poly-
acrylamide gel electrophoresis (PAGE). Equivalent results were obtained using
Pyull-digested DNA and a primer downstream of the area of interest (data not
shown).

Indirect end labeling. Chromatin and naked DNA were prepared from 0.5- to
1.0-liter yeast cultures grown in glucose or galactose as described above. Two
micrograms of Pvull-digested DNA along with radiolabeled 100-bp and kilobase
ladders (Amersham BioSciences) were run on a 1.4% agarose gel in 1X Tris-
acetate-EDTA. Neutral transfer to Nytran N 0.2-pm membrane was accom-
plished using the Turboblotter Rapid Downward Transfer system (Schleicher &
Schuell, Inc.). The DNSN probe, a Pvull-BamHI fragment from pRS304, was
internally labeled (Rediprime IT random labeling kit; Amersham Biosciences),
purified (Nucleotide Removal Kit; Qiagen), and hybridized with UV-irradiated
blots in Church & Gilbert’s hybridization solution (8) at 58°C for a minimum of
6 h. Blots assayed with a probe upstream of our construct gave similar results
(data not shown).

RNA protection assays. RNA was prepared from 2 X 10® cells by using an
RNeasy Midi kit (Qiagen). A,4, readings were used to quantify RNA concen-
tration. S1 nuclease assays were performed as described previously (4). No-RNA
controls contained single-stranded calf thymus DNA (Sigma) in place of the
RNA. Samples were hybridized with a 20- to 50-fold excess of single-stranded
DEDI and HIS3 oligonucleotides (sequences in reference 7). Samples were
digested with 120 U of S1 nuclease (Promega) at 37°C for 8 min. After ethanol
precipitation, the products were analyzed by 8% denaturing PAGE. RNA levels
were quantified using either PhosphorImager analysis (Molecular Dynamics) or
Instant Imager software (ImageQuant; Molecular Dynamics), as results were
determined to be equivalent (data not shown). After background correction,
total HIS3 transcription levels were normalized to the DEDI control. DEDI
mRNA levels are unaffected by galactose or amino acid starvation conditions
(42). To correct for variations in probe labeling, we considered the values relative
to those for the strain grown in glucose without aminotriazole, which should be
similar for each of the isogenic strains. HIS3 mRNA levels were measured for the
parental strain, W303, and were found to be negligible with the probes used (data
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not shown). Results shown are the average values and standard errors obtained
from at least three assays.

Chromatin immunoprecipitation and quantitative PCR. Two yeast strains
were created with the integrated LexA°P-containing reporter (Fig. 2): one with
W303.1A (Gen4 no tag) and one with W303.1A Gen4-3XMyc (Gend Myc tag).
Both were transformed with the LexA expression plasmid and used in chromatin
immunoprecipitation assays similar to those described previously (19, 41), with
modifications noted. Forty milliliters of logarithmically growing yeast cells (1.2 X
107 to 2 % 107 cells/ml) were cross-linked with 1% formaldehyde for 20 min at
room temperature before quenching with 360 mM glycine. Samples were incu-
bated for 5 min and then harvested and washed twice with cold 1X TBS (20 mM
Tris-HCI [pH 7.5], 150 mM NaCl). Cells were resuspended in 400 .l of FA lysis
buffer (50 mM HEPES-KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1%Triton
X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM
phenylmethylsulfonyl fluoride). A 400-ul aliquot of zirconium beads (0.5-mm
diameter) was added, and cell breakage was accomplished with 10 cycles of
vortexing for 30 s followed by placing on ice for 60 s. Beads were allowed to
settle, and supernatant was transferred to a new tube. A total 400 pl of FA lysis
buffer was used to wash beads; the wash was combined with earlier lysate.
Samples were sonicated to 200- to 800-bp fragments, with an average of 400 bp.
Whole-cell extract was clarified for 20 min in a microcentrifuge. Twenty or 40%
of the extract was immunoprecipitated for 3 to 4 h at room temperature with 5
ng of anti-Myc tag (06-549; Upstate) coupled to protein A-Sepharose CL-4B
(Amersham Biosciences). Beads were washed for 5 min with 1 ml of FA lysis
buffer twice, 1 ml of FA lysis buffer with 0.5 M NaCl twice, 1 ml of TLEND (10
mM Tris-HCI [pH 8.0], 0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium
deoxycholate) once, and 1 ml of TE (10 mM Tris-HCI, 1 mM EDTA) once.
Immunoprecipitants were eluted in 50 mM Tris-HCI [pH 7.5], 10 mM EDTA,
1% SDS at 65°C for 20 min. Beads were removed by centrifugation before
cross-linking was reversed by incubating at 65°C overnight in the presence of 0.8
mg of proteinase K/ml. DNA, in the presence of 0.4 M LiCl and 36.4 wg of
glycogen/ml, was phenol-chloroform extracted, ethanol precipitated, resus-
pended in TE, and RNase A treated.

Quantitative PCR analysis was performed in a 50-pl volume using Pfic poly-
merase (Stratagene) in the presence of [«->?P]dCTP, a 1 mM concentration of
primers, 0.1 mM concentration of deoxynucleoside triphosphates, and 1/50 to
1/200 immunoprecipitated DNA or 1/25,000 to 1/35,000 of total DNA. The
primers used for HIS3 reactions were ChIPUP2 (5'CCAAGCTCGGAATTAA
CCCTCACT) and ChIPDN2 (5'GAAGATCGAGTGCTCTATCGCTAG); for
reference, primers ChIPRF2 (5’AATTCGACCATTCCGACACAGACG) and
ChIPRF3 (5'GATTTTATCGCTAGGTCTCCTGGC) were used; and for HIS4,
ChIPHS4-3 (5'CCATCACAATCCTGACAACCAGCA) and ChIPHS4-4 (5'G
CCATCCAAAAGTACCTGACCAAC) were used. The HIS3 primers used de-
tect only the LexA°P construct (Fig. 2) and not the wild-type HIS3 present (data
not shown). Cycle parameters were 94°C for 4 min before 27 cycles (28 for HIS4
reactions) of 94°C for 30 s, 58°C for 30 s, 72°C for 30 s, and then 72°C for 5 min.
Reactions were determined to be within linear range. Products were analyzed on
7% native PAGE. After background correction, the cross-linking efficiency was
determined by taking the ratio of PCR product obtained from immunoprecipi-
tated material over total material at a specific locus and subtracting the ratio
obtained from immunoprecipitated material over total material of PCR product
in the reference reactions. Immunoprecipitations were repeated twice for each
strain, and PCR was performed in duplicate or in triplicate for each immuno-
precipitated sample.

Flow cytometry. GFP reporter strains with (inducible LexA) and without
(LexA ™) the LexA expression plasmid were switched from glucose- to galactose-
containing media and allowed to grow at 30°C for 18 to 22 h (late log/early
stationary). Just prior to analysis, cells were pelleted, washed, and resuspended
at 2 X 10° cells/ml of water. The green fluorescence of 500,000 cells was mea-
sured using a FACSCalibur flow cytometer (Becton Dickinson) with a 530/30
band-pass filter and analyzed using CELLQuest3.1 software.

RESULTS

To test for collaborative competition in gene activation in
vivo, we asked whether arbitrarily chosen DNA binding pro-
teins would function as inducible coactivators for chromosomal
reporter genes. We chose two unrelated, simple DNA binding
proteins from a foreign kingdom of life (eubacteria)—LexA
protein and tetracycline repressor protein from Escherichia
coli—to provide a stringent test for the idea that mere occu-
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pancy of a nearby site on the DNA, not the presence of a
specific gene activation domain or specific protein-protein con-
tacts, is sufficient to enhance site occupancy of a neighboring
protein. We incorporated the target sites for these DNA bind-
ing proteins in the upstream element of the Saccharomyces
cerevisiae HIS3 gene near the binding site for the natural ac-
tivator protein, Gend (Fig. 2). Earlier studies of HIS3 gene
regulation showed that binding and transcriptional activation
by Gend is suppressed by organization of its target site in
chromatin and enhanced in the presence of a DNA element,
poly(dA-dT), that can destabilize nucleosomes (14). Collabo-
rative competition of the foreign protein and Gen4 with his-
tone octamer (or with higher levels of chromatin structure)
should allow the foreign DNA binding protein to serve as a
coactivator for HIS3 gene expression by enhancing the ability
of Gen4 to bind and to stimulate transcription.

The natural yeast HIS3 locus is nucleosomal, yet the nucleo-
somes are not specifically positioned in the promoter region
(14). Because our reporter constructs place HIS3 derivatives in
a new chromosomal location, we analyzed their nucleosomal
organization. High-resolution mapping of MNase accessibility
by using primer extension revealed neither a single nucleosome
length (147 bp) region of protection nor a single pair of strong
bands representing unique nucleosome end points (Fig. 3A).
Instead, differences between the native chromatin and naked
DNA samples were detected along the entire length of the
region probed, consistent with organization of the region in
nucleosomes that are not biased to specific positions. Low-
resolution mapping using indirect end labeling confirmed that
the promoter region is broadly protected in chromatin, yet
lacks significantly biased nucleosome positions (Fig. 3B),
closely similar to results obtained for the natural HIS3 locus
(14). Despite nonpositioned nucleosomes, collaborative com-
petition could be expected when the binding sites are incorpo-
rated into the same nucleosome; the overall response of the
system would represent a weighted average over many nucleo-
some positions, which may be equilibrating or frozen in place
in each cell (see Discussion).

We first examined a modified HIS3 gene that incorporated a
binding site for LexA (LexA°P). Two yeast strains were created
with the integrated LexA°P-containing reporter (Fig. 2): one
with a galactose-inducible source of LexA (inducible LexA)
and one without (LexA ™). Strains were grown in glucose (re-
pressing condition) or galactose (inducing condition), with or
without aminotriazole (a reagent that causes histidine starva-
tion and results in elevated Gen4 protein levels [2]). HIS3
mRNA levels were measured using an S1 nuclease protection
assay.

Figure 4A shows representative results for the inducible
LexA strain. A LexA-dependent increase in H1S3 mRNA lev-
els is evident in the raw data. Figure 4B summarizes the quan-
titative results. When no LexA expression plasmid was present
(LexA™ strain), no significant increase occurred in HIS3
mRNA levels under any of the conditions tested. Similar re-
sults were obtained if the LexA gene was present but repressed
(inducible LexA strain; glucose). However, when the LexA
gene was present and induced (inducible LexA strain; galac-
tose), the HIS3 mRNA level increased 1.4-fold. Expression was
further enhanced to 1.8-fold in the presence of aminotriazole,
close to the threefold activation of the natural HIS3 locus (43)
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FIG. 3. Nonpositioned nucleosomes on the HIS3 upstream elements. (A) Primer extension analysis of nucleosome positioning using a primer
upstream of the HIS3 start site. Naked DNA, DNA treated with MNase in vitro (MNase Naked), and chromatin prepared from the LexA™ strain
grown in glucose (Chm: Glu) were assayed. Similar results were obtained for chromatin obtained from the inducible LexA strain grown in galactose
(data not shown). The schematic indicates the positions of the binding sites for LexA (black) and Gen4 (white). (B) An indirect end-labeling assay
of nucleosome positioning was performed with a probe downstream of HIS3 gene, DNSN, on samples from the analysis shown in panel A as well
as on chromatin prepared from the inducible LexA strain grown in galactose (Chm: Gal). The gray box indicates the location of the LexA and Gen4

binding sites.

and the twofold Gen4-dependent activation of ILVI (26), and
comparable in magnitude to physiologically important phe-
nomena, such as dosage compensation and haploinsufficiency
diseases (6, 9).

These results are consistent with the simple foreign DNA
binding protein acting as either a direct activator or as a co-
activator of HIS3 transcription in vivo. In either case, binding
of LexA to its operator would be a necessary step. The
mtLexA°P strain, which has point mutations in the binding site
for LexA that hinder the ability of LexA to bind specifically
(21), suppressed the LexA-dependent activation of HIS3 (Fig.
4B). This indicates that not only must LexA protein be present
in the cells, but also that LexA must be able to bind to that
particular site in order to enhance transcription.

The increase in LexA-dependent expression for the induc-
ible LexA strain in the presence of aminotriazole suggests that
the response is Gen4 dependent. In a strain carrying two point
mutations in the Gen4 binding site (mtGRE) that suppress
Gcen4 binding (27), basal levels decrease in glucose with ami-
notriazole, as expected (38); more importantly, no LexA-de-
pendent activation was observed (Fig. 4B). Thus, LexA acts not
as a direct activator, but only as a coactivator of HIS3 expres-
sion.

A critical prediction of the collaborative competition mech-
anism is that coactivation of the reporter by LexA should
directly result in an increased occupancy by Gcen4 at its own
binding site. Chromatin immunoprecipitated with a Myc anti-
body from an inducible LexA strain with a Myc-tagged Gen4
demonstrated a 2.0- to 18-fold increase, with a geometric mean
of 5.4-fold, in Gen4 occupancy at HIS3 when LexA is expressed
(Fig. 5, compare galactose versus glucose). A sister strain lack-
ing the epitope tag (Gen4 no tag) gave much weaker signals,
consistent with background levels (Fig. 5, middle panel refer-
ence bands) and had equivalent or less immunoprecipitated
material in galactose as in glucose. Furthermore, at the HIS4
locus, which has a Gen4 binding site but no LexA binding site,
cross-linking efficiency was not increased in the presence of
LexA (galactose) but, rather, a slight decrease in occupancy
was observed (a 0.7-fold increase for the experiment shown in
Fig. 5, bottom panel). Taken together, these data confirm the
prediction of the collaborative competition model that LexA
binding leads to increased occupancy of the endogenous acti-
vator, Gen4, at a closely linked binding site but has no influ-
ence on the ability of Gen4 to bind at other loci.

Normal transcriptional activation by Gen4 requires the ac-
tivities of both the GenS histone acetyltransferase and the
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FIG. 4. LexA coactivates gene expression in yeast. (A) Shown is an S1 assay for the inducible LexA strain grown in glucose (Glu) or galactose
(Gal) with 0 or 10 mM aminotriazole (AT). The control sample is a parallel reaction lacking RNA. Total HIS3 mRNA levels from +1 and +13
initiation sites are quantified and normalized to DEDI levels. (B) The average HIS3 mRNA levels and standard errors from quantitative S1 assays
are presented normalized to the glucose without aminotriazole condition for the following strains: LexA ™, inducible LexA, mtGRE, mtLexA°P, and
154-bp spacer. (C) Flow cytometric analysis was performed on GFP reporter strains grown in galactose. The histogram depicts the number of cells
and their fluorescence intensity (log scale) for a representative run. The medians for LexA™ and inducible LexA strains are 4.7 and 8.2 fluorescence

units.

Swi/Snf ATP-dependent chromatin remodeling complex (11,
28, 44), which function subsequent to (downstream of) site-
specific binding by Gen4 (15, 18, 28). Thus, if LexA is coacti-
vating via natural Gen4 function, GenS and Swi/Snf should still
be required for HIS3 transcriptional activation. Consistent
with this prediction, inducible LexA strains that carry either
gen5 or swi2 (the ATPase domain of Swi/Snf) deletions are
unable to induce HIS3 expression under any condition (Fig. 6).

The lack of strongly positioned nucleosomes raised the pos-
sibility that the population of cells might include a mixture of
strong responders and nonresponders. To address this ques-
tion, we created variants of our LexA°P-containing constructs
that replaced HIS3 with a GFP reporter (Fig. 2). Quantitative
measures of GFP expression in individual cells were obtained
using flow cytometry for the LexA™ and inducible LexA vari-
ant strains grown in galactose (Fig. 4C). We noted that com-
paring a strain grown in different carbohydrates was difficult

because of the variations in cell physiology and GFP expres-
sion, even for the LexA™ strain with the GFP reporter. We
therefore compared GFP reporter strains, with or without a
LexA expression plasmid, grown in galactose to minimize
LexA-independent variations. Expression of LexA in this sys-
tem led to a single distribution of fluorescence intensities that
was shifted to higher GFP expression compared to that of the
strain lacking LexA. The observed single distribution rules out
the possibility that a minority of strong responder cells within
the population is responsible for the entirety of the LexA-
dependent gene activation, and it is consistent with the entire
population of cells responding to a modest extent.

We investigated if coactivation was unique to LexA by re-
placing the LexA binding site with that for an unrelated pro-
tein, tetracycline repressor (TetR). The strains with the inte-
grated TetO-containing reporter (Fig. 2) behaved similarly in
glucose media, with or without aminotriazole (Fig. 7). When
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FIG. 5. LexA increases occupancy at the neighboring Gen4 binding
site. Chromatin immunoprecipitation assays were performed with anti-
Myc on inducible LexA strains containing either Myc epitope-tagged
Gen4 (Gend Myc tag) or wild type Gen4 (no tag). Strains were grown
in glucose or galactose. Twenty or 40% of the whole-cell extract was
used in the immunoprecipitation. PCR was performed with primers to
the upstream element of our modified HIS3 construct (HIS3), of HIS4,
and to a reference gene (Ref.), using total DNA (T) and precipitated
DNA (20 and 40). A control reaction with no template DNA was also
performed.
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the strains were grown in galactose, the inducible TetR strain
expressed significantly more HIS3 mRNA than the TetR™
strain. Addition of aminotriazole to the galactose cultures fur-
ther increased the HIS3 transcription levels for the inducible
TetR strain. If the inducible TetR strain is grown in the pres-
ence of doxycycline, a tetracycline derivative that inhibits the
ability of TetR to bind to TetO (10), there is no activation of
HIS3 transcription in the presence of TetR. Overall, the results
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FIG. 6. GenS and Swi/Snf are required for HIS3 coactivation. De-
picted are S1 assay results for the inducible LexA strain with wild-type
Gen5 and Swi/Snf (from the analysis shown in Fig. 4B), for the strain
with GenS deleted and for the strain with Swi2 deleted. Relative HIS3
mRNA levels were calculated as described in the legend for Fig. 4.
Average values and standard errors are presented.
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FIG. 7. The tetracycline repressor coactivates gene expression in
yeast. S1 assay results for the TetR™ strain, the inducible TetR strain
with or without doxycycline (dox), and the inducible LexA strain (from
the analysis shown in Fig. 4B) are shown. Relative HIS3 mRNA levels
were calculated as described in the legend for Fig. 4. Average values
and standard errors are shown.

from the inducible TetR strain were quantitatively comparable
to those from the inducible LexA strain (Fig. 7). LexA and
TetR appear to affect HIS3 mRNA levels in an analogous
manner.

Our observations that both LexA and TetR coactivate Gen4-
dependent gene expression, and that coactivation results in
increased occupancy by Gend, are best explained by a model in
which LexA or TetR are helping Gcen4 compete against a
common rival. The most likely candidate for the competitor is
a single histone octamer, although this need not be the case.
The competitor must be large, because the foreign protein and
Gcen4 binding sites are separated by 11 bp (~40 A) and span 40
bp (~140 A). Consistent with the possibility that the compet-
itor is a histone octamer, increasing the separation of the
binding sites to greater than a nucleosome length of DNA
(154-bp spacer [Fig. 2]) abolished the cooperativity (Fig. 4B).

DISCUSSION

Cooperativity in gene regulation from collaborative compe-
tition with histone octamer in vivo. The results of this study
demonstrate that arbitrarily chosen foreign DNA binding pro-
teins are able to function as coactivators of gene expression for
chromosomally located eukaryotic genes in vivo. Together with
the studies of Vashee et al. (50, 51), our new results establish
the following. (i) Multiple arbitrarily chosen foreign DNA
binding proteins coactivate, but do not directly activate, re-
porter gene expression. (ii) Multiple endogenous activator pro-
teins can respond in this way. (iii) Binding of the coactivator
causes increased occupancy by the endogenous activator at its
own binding site. And (iv) the cooperativity decreases with
increasing separation between the coactivator and activator
binding sites and is eliminated when the binding sites are
separated by a nucleosome length of DNA. Conventional di-
rect or indirect cooperativities cannot plausibly account for
these results, given the arbitrary and foreign nature of the
coactivators. We conclude that coactivation occurs through a
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mechanism based on collaborative competition, with a histone
octamer serving as the common competitor.

Furthermore, our laboratory showed earlier that cooperat-
ivity arising from collaborative competition with histone oc-
tamer is an inherent property of nucleosomes in vitro (32); we
show below that such cooperativity is to be expected even if
nucleosomes are mobile, as may occur in vivo.

We conclude from these data that there exists a mode of
cooperativity that is operative in gene regulation in vivo that is
distinct from both conventional direct and indirect cooperat-
ivity but acts instead through collaborative competition of di-
verse gene regulatory proteins against a histone octamer. This
mechanism likely accounts for aspects of the behavior of arti-
ficially constructed regulatory regions (30, 45); it provides a
concrete mechanism for other cases of natural promoters in
which conventional direct and indirect cooperativities are con-
sidered unlikely (55); and it provides a plausible (and simpler)
alternative mechanism for cases in which specific regulatory
partners have been proposed yet direct evidence for the exis-
tence of such partners is lacking.

Our results are to be distinguished from studies of effects of
histone loss (53), because the effects observed here are due
directly to protein binding at a given regulatory locus and are
operative in cells that continue living, in contrast to the artifi-
cial situation during global histone depletion.

Cooperativity arising from collaborative competition does
not preclude other mechanisms of cooperativity. Collaborative
competition may be superimposed upon, and additive with,
conventional direct or indirect cooperativity and, thus, may
contribute significantly to net regulatory behavior, even when
conventional direct or indirect cooperativities are also opera-
tive.

A particularly interesting feature of the cooperativity arising
from collaborative competition with nucleosomes, which dis-
tinguishes it from these other conventional modes of cooper-
ativity, is that it arises automatically from the close juxtaposi-
tion of binding sites for arbitrarily chosen DNA binding
proteins. This suggests a possible role for collaborative com-
petition in the evolution of gene regulatory modules because it
means that combinatorially regulated modules are easily as-
sembled from randomly chosen components, with no initial
requirement for coevolution. Subsequent coevolution of the
chosen partners can then increase the cooperativity through
conventional protein-protein contacts or bridging proteins, in-
creasing the magnitude of the combinatorial control.

Collaborative competition with imprecisely positioned or
mobile nucleosomes. Distinct molecular mechanisms may ac-
count for collaborative competition with a histone octamer as
the competitor. Our laboratory’s earlier analysis applied to the
case of binding of arbitrary pairs of proteins to target sites
buried within the same nucleosome, with the nucleosome re-
stricted to particular positions (32). If nucleosomes occupy a
single position, this will result in a fixed amount of cooperat-
ivity which would pertain to that nucleosome in every cell in
the population. Alternatively, if nucleosomes are immobile but
are distributed with some probability function over many po-
sitions (in a population of cells, for example, or with nonposi-
tioned nucleosomes in vitro), each position will result in a
different cooperativity, with some positions likely resulting in
no cooperativity. (For example, certain nucleosome positions
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may place pairs of binding sites on two different nucleosomes,
or may place one or both sites in linker DNA.)

In vivo nucleosomes may be mobile, with protein binding
accompanied by translocation of a competing nucleosome.
Would collaborative competition still occur? The following
analysis reveals that it can, with two distinct molecular origins
for the resulting cooperativity.

Suppose first that a competing nucleosome is “positioned”—
that is, it is energetically biased to one or more particular
preferred sequence regions along the DNA—and that binding
of a first regulatory protein to a target site in that nucleosome
requires and is accompanied by translocation of the nucleo-
some off of the favored position(s) onto one or a set of less-
favored positions, with a corresponding free energy cost. For
simplicity, we shall take the set of less-favored positions to be
equivalent and neutral, i.e., equal to random sequence DNA (a
straightforward extension of these ideas relieves this assump-
tion). The free energy diagram that describes this model is
identical to that analyzed earlier (32), with the free energy cost
of nucleosome translocation replacing the free energy cost of
partial DNA unwrapping. Thus, it follows that this system of
preferentially positioned, but mobile, nucleosomes will still
allow for collaborative competition, with the magnitude of the
cooperativity given by the free energy of translocating the
nucleosome off the favored position(s). This free energy of
translocation is equal to the difference in free energy of
histone-DNA interactions, as measured in competitive nu-
cleosome reconstitution experiments (23). Such free ener-
gies can be quite large for natural nucleosome positioning
sequences—on the order of ~2 kcal mol ™' (46), corresponding
to cooperative effects on binding affinities of up to ~30-fold.

Alternatively, even if nucleosomes (mobile or immobile) are
not positioned by preferences for particular DNA sequence
regions, constraints arising from the statistical positioning of
nucleosomes between boundary elements with changing occu-
pancies (17) or from higher-order chromatin structure (54) can
provide comparable or even larger free energy costs for nu-
cleosome translocation. Thus, collaborative competition would
again be expected to occur.

The observed ~2-fold increases in mRNA and protein ex-
pression levels may or may not represent the maximum that is
possible with this mechanism. The absence of strongly biased
nucleosome positions should reduce the cooperativity signifi-
cantly below what could be obtained with a single strongly
biased nucleosome position. In addition, the activation on our
reporter gene constructs, which are derivatives of the natural
HIS3 gene, is likely limited by other steps in the activation
mechanism, since the maximal induction for the wild-type
HIS3 gene is threefold (43). We chose the HIS3 gene for our
initial investigations because the available evidence (14)
pointed to this regulatory region as one that was poised to
respond positively to collaborative competition. It will be of
interest in the future to carry out analogous studies on deriv-
atives of promoters that exhibit higher levels of inducibility and
that have strongly positioned nucleosomes.

Cooperative invasion of nucleosomes by site-specific regu-
latory factors. If, as appears to be the case, the common com-
petitor in the present studies is indeed a histone octamer, this
would have two important ramifications. First, it would imply
that in living cells, with their full complement of chromatin
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remodeling factors, competition for binding by site-specific
regulatory proteins with histone octamer is a quantitatively
important determinant of gene expression. Second, it would
mean that remodeling factors in vivo do not automatically
render all chromatin sites competent for site-specific protein
binding: evidently, the cell’s wild-type complement of chroma-
tin remodeling factors does not render nucleosomes “transpar-
ent” for regulatory protein binding in vivo.

What, then, would be the roles of the remodeling factors?
The fact that coactivation is dependent on both GenS and
Swi/Snf suggests that collaborative competition and chromatin
remodeling are on the same pathway for gene activation. It is
possible that the initial site-specific DNA recognition and bind-
ing events themselves are under Gen5 and/or Swi/Snf control.
However, an attractive alternative possibility is that invasion of
nucleosomes by gene regulatory factors may occur in stages,
with initial DNA target site recognition and binding occurring
independently of the remodeling factors, perhaps facilitated by
dynamic properties inherent to the nucleosomes themselves.
Global acetylation and deacetylation could also influence the
site exposure of the binding site (15). In this initial “establish-
ment” stage, regulatory protein binding would be sensitive to
competition with histone octamer, and the cooperativity de-
scribed here would be operative. Consistent with this view,
Gend and other transcription factors can in fact bind, site
specifically, prior to targeted recruitment of the chromatin
remodeling factors Gen5 and Swi/Snf (5, 18, 28, 29, 37, 44, 48).
Thus, regulatory protein binding could be followed by the
recruitment and subsequent action of remodeling factors that
may move the nucleosome or otherwise change its properties
so as to prevent it from further competition, thereby allowing
and “locking in” a higher level of occupancy of the regulatory
factors.
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