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Epigenetic switches encode their state information either locally, often via covalent modification of DNA or histones, or
globally, usually in the level of a trans-regulatory factor. Here we examine how the regulation of cis-encoded epigenetic
switches controls the extent of heterogeneity in gene expression, which is ultimately tied to phenotypic diversity in a
population. We show that two copies of the FLOT1 locus in Saccharomyces cerevisiae switch between a silenced and
competent promoter state in a random and independent fashion, implying that the molecular event leading to the
transition occurs locally at the promoter, in cis. We further quantify the effect of trans regulators both on the slow
epigenetic transitions between a silenced and competent promoter state and on the fast promoter transitions associated
with conventional regulation of FLOT71. We find different classes of regulators affect epigenetic, conventional, or both forms
of regulation. Distributing kinetic control of epigenetic silencing and conventional gene activation offers cells flexibility in
shaping the distribution of gene expression and phenotype within a population.
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Introduction

Microbial cell populations employ a number of strategies to
rapidly generate phenotypic diversity on relatively short time
scales [1,2]. In some microbes, genes known as contingency loci
contain tandem repeats of DNA whose recombination results in
turning expression ON or OFF [3]. Other genetic strategies
include the directed recombination of silent alleles into a particular
active locus, as is the case for mating type switching in yeasts and
surface antigen expression in 7. brucei [4], the causative agent of
African sleeping sickness. Another widely used strategy that
generates phenotypic heterogeneity in clonal microbial cell
populations is epigenetic gene regulation. In contrast to genetic
strategies, this refers to the heritable change in a gene’s expression
that is not caused by changes in the underlying gene sequence. For
example, the parasite P. faletparum (malaria) and the model
organisms S. cerevisiae and E. coli use epigenetic mechanisms to
variably express antigenic cell-surface proteins [2] and possibly
escape immune surveillance and/or survive in an unpredictably
changing environment.

Many epigenetically regulated genes can be considered switches
as they have two heritable expression states, “ON” and “OFF.” A
stable epigenetic marker maintains each state and can be encoded
in ¢is or in #rans. 'The molecular basis of local, ¢is markers involve
covalent modifications of DNA or DNA-associated proteins. These
include DNA methylation [5] and histone modifications that
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define
cukaryotes [6]. Global, trans markers are often transcription factor
activity; the mechanism for stable, slow switching of these levels is
positive or double negative feedback loops that generate heritable
bistable gene expression states associated with high or low levels of
transcription factor activity [7-9]. Switches using either scheme
respond to environmental factors, but heterogeneity is observed
even with constant environmental conditions, suggesting that the
switch can rarely and randomly be toggled due to fluctuations in
the intracellular environment. The two schemes can be also

silenced heterochromatin or active euchromatin in

combined. For example, in uropathogenic . coli the expression of
pyelonephritis-associated pili is regulated by an epigenetic switch
that maintains its state through both DNA methylation and a
positive feedback loop [10].

The control of phenotypic heterogeneity is arguably as
important as its rapid generation. Heterogeneity, or noise, in
conventionally regulated gene expression has been well-studied in
recent years. Single cell and single molecule studies have revealed
that gene activation occurs in random, intermittent transcriptional
bursts [11-14] due to fast promoter fluctuations (>once per cell
cycle) between an inactive (but competent) and active promoter
state. Mechanistically, this is an oversimplification as the promoter
likely adopts a series of different states involving binding of various
gene-specific and general transcriptional machinery that lead to
productive transcription. Here, the active promoter state can be
thought of as one where rapid initiation and reinitiation is possible.
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Author Summary

In an uncertain and changing world, microbial populations
with a diverse range of phenotypes may outperform a
monolithic population. Over many generations, mutations
can lead to genetic diversity in a population. However,
microbes have strategies to generate such diversity
quickly. For example, if multiple genes switch ON and
OFF slowly, randomly, and independently of each other,
then a large combination of gene expression states, and
hence phenotypes, are possible. The different gene
expression states do not involve changes in DNA sequence
and are therefore epigenetically inherited. We show that
the two copies of the FLOT1 gene in S. cerevisiae can
switch ON and OFF slowly and independently. In addition,
we reveal a simple regulatory strategy by which cells can
control the proportion of cells in different gene expression
states. Because FLOT1 encodes a cell-wall protein respon-
sible for mediating cell-cell and cell-surface interactions,
this control might literally allow natural populations to
have a controllable fraction of cells “stick around” while
the other fraction is easily washed away.

For example, for regulable RNA Pol II-dependent promoters,
transcriptional initiation is often rate-limiting and hence the active
promoter state corresponds to pre-initiation complex formation.
Expression heterogeneity caused by even these fast fluctuations
can have consequences on phenotype and population-level fitness
[15].

Noise in gene expression can be partitioned depending on
whether its source is intrinsic or extrinsic to the process of gene
expression. Intrinsic noise is due to the random nature of chemical
transformations, including transcription and translation events.
However, the random bursts of transcription thought to be
associated with fast promoter fluctuations occurring in cis appear
to be the dominant source of intrinsic noise in eukaryotes [16,17].
Extrinsic noise is due to cell-to-cell variation in frans factors
affecting gene expression: for example, general and gene-specific
transcriptional machinery, ribosome number and tRNA availabil-
ity, or even cell morphology. The two sources can be
experimentally distinguished using a dual-reporter assay, where
two copies of the same promoter are used to drive distinguishable
fluorescent protein variants [18]. Extrinsic noise is variation in
protein levels between different cells; intrinsic noise is variation in
protein levels within the same cell.

How regulators control the kinetics of intrinsic promoter
fluctuations dictates the resulting expression heterogeneity.
Stochastic models can be used to directly quantify this relationship
[19]. Most transcriptional regulators appear to function by
modulating the frequency of these bursts [19,20], probably in
large part by increasing the rate of transcriptional initiation.
Therefore, regulators do not control expression heterogeneity
independently of expression level. In fact, heterogeneity is under
genetic control as noisy promoters tend to have particular
characteristics: strong TATA boxes, highly regulable, and
dependent on chromatin remodeling activities [19-21].

While conventional gene regulation involves fast fluctuations
between inactive (competent) and active promoter states, epige-
netic silencing of gene expression involves slow fluctuations
(<once per cell cycle) between a silenced and competent state.
The kinetics of these fluctuations in #ans-encoded switches
mvolving feedback loops and associated with bistable gene
expression have been studied in detail [7,22,23]. Both theory
and experiment suggest that extrinsic fluctuations in the trans
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factor that overcome the stability of the two epigenetic states lead
to switching [7]. However, much less is known of the precise role
of regulators in modulating fluctuations of cis-encoded switches
which must involve changes in the local promoter state. For
example, activators could increase population-averaged expression
by either stabilizing the competent state or destabilizing the
silenced state. The resulting heterogeneity in expression is dictated
by the specific kinetic role of the activator.

In a diploid organism, an epigenetically regulated gene might
exhibit four different expression states if each copy switches
independently. With global encoding, both copies respond to the
same global factor and must switch in a correlated manner.
However, with local encoding, each copy may respond indepen-
dently if the fluctuation that trips the switch is a molecular event
that occurs locally at one copy. In fact, a recent study
demonstrated the random and independent switching of two
copies of a reporter gene inserted within the canonically silenced
mating type loci, HMR and HML, in S. cerevisiae. Four distinct
expression states were observed in a sir/ background, where SIR-
protein dependent silencing of these loci is partially impaired [24].

Multiple ¢s-encoded epigenetic switches that toggle slowly and
randomly could lead a combinatorial explosion of expression states
and represent a powerful strategy to generate phenotypic diversity.
Is independent switching employed in nature and how are slow
fluctuations regulated? The S. cerevisiae Flo11p is a cell-wall adhesin
protein and member of the FLO gene family important in
mediating cell-to-cell and hydrophobic cell-surface interactions
[25]. In addition to traditional regulation via the MAPK and PKA
pathways [26,27], at least three mechanisms are known to
generate variation in cell-surface adhesins: ploidy regulation
[28], frequent recombination of tandem repeats within adhesin
genes [29] and epigenetic silencing [30]. Silencing at FLOII
occurs in a SIR-protein independent manner and is both promoter
and position-specific [30]. Given the importance of phenotypic
diversity in the adhesive phenotype and the epigenetic silencing at
FLO11, independent switching could represent a fourth mecha-
nism for generating variation.

At 3.5 kb, the FLOI1 promoter is one of the largest in S. cerevisiae
and regulated by many factors (Figure 1) whose kinetic roles are
unknown. Silencing of FLOII is thought to occur through the
recruitment of the histone deacetylase Hdalp via the repressor
Sfllp through a yet to be defined mechanism [30]. The Sfllp
repressor binding site overlaps the Flo8p activator binding site
[27]. Activation of FLOII through the protein kinase A (PKA)
pathway results in phosphorylation of both Sfllp and Flo8p. While
phosphorylation disables Sfllp binding, it enables Flo8p binding
[26,27]. Additional transcription factors bind directly to this
promoter [26,27,31] including the MAPK regulated Stel2p/
Teclp and Phdlp. These three activators require Flo8p for
activation and play a significant role in determining the overall
level of expression [32]. Two activators, Msnlp and Mssl1p, do
not require Flo8p for activation and operate through poorly
understood mechanisms that do not seem to require DNA binding
[33]. Msnlp acts at longer distances to destabilize chromatin [34];
Mss11p has glutamine rich activation domains and may associate
weakly with Flo8p [32]. All these activators modulate plasmid-
borne FLO11 expression, a context where silencing does not occur
[26,27]. However, their varied biochemical roles might imply
distinct kinetic and functional roles in epigenetic regulation of
FLOI1.

Here, we provide evidence that FLO/!1 is indeed a cis-encoded
epigenetic switch and identify the kinetic roles of #rans factors in the
epigenetic and conventional regulation of #L.0O/1. Within a diploid
yeast, each locus switches in a slow, random, and independent
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Figure 1. Signals from many trans factors converge at the complex FLO77 promoter. Regulators of FLO11 transcription. Nucleosomal
positions are based on a thermodynamic model for nucleosomal occupancy [37]. Binding sites are approximate and based on literature but most sites
have not been confirmed directly. The three locations where a tetO sequence was inserted are also shown. See main text, Text S1, and Figure S1 for

further details.
doi:10.1371/journal.pgen.1000673.g001

manner, with switching rates dependent on environmental
conditions. Using a stochastic kinetic model, we infer the kinetic
role that different regulators have on the slow promoter
fluctuations associated with epigenetic transitions between a
silenced and competent promoter state and the fast promoter
fluctuations associated with conventional gene activation. We find
three classes of FLOII regulators: those that affect the stability of
the competent state, affecting slow promoter fluctuations; those
that regulate the burst frequency of transcription due to fast
promoter fluctuations; and those that have both functions.
Moreover, a single synthetic activator can mimic each of these
three classes based on the location of its DNA binding site.
Because the kinetic role of each regulator defines its impact on
expression heterogeneity, this can be controlled by the choice of
regulator class. Finally, ethanol controls the extent of gene
silencing nearly independently of transcriptional activation
through Flo8p, thereby dictating whether FLOII expression
responds in a graded or heterogeneous manner to other signals.

Results

FLOT11 switches between silenced and competent states

independently at each locus

Under poor nutritional conditions, FLO11 is partially silenced in
haploid cells and heterogeneous in expression. Members of this
population are capable of reversibly transitioning between the
OFF (silenced) and ON (competent) state [30]. To determine
whether the transitions were due to a cis or frans fluctuation, we
employed the dual-reporter assay, replacing the two copies of a
FLO11 ORF in diploid yeast with a distinct fluorescent protein
variant (Venus YFP and Cerulean CFP) (Figure 2A). Importantly,
we verified the independence and equivalence of the two reporters
with respect to the presence of the other reporter (Figure S2 and
Figure S3). When grown in media with poor carbon sources,
including ethanol, glycerol, galactose, and raffinose, we observed
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all four possible expression states (Figure 2B, data not shown).
Because endogenous Ilollp is not present in the dual-reporter
strain, we verified that Flol1p did not affect expression at the
FLO11 promoter in two ways. First, we added a plasmid
constitutively expressing FLO/] and found no significant effect
on fluorescent protein expression (data not shown). Second, we
compared fluorescent protein expression in the dual-reporter
strain to strains where only one FLO!1 allele had been replaced
with a fluorescent protein. There was no difference in expression
levels (Figure S2 and Figure S3).

If each allele switches independently, then at steady-state the
proportion of cells in each expression state is given by 47 (both ON),
(1=p)? (both OFF), or 25(1—p) (mixed ON/OFF and OFF/ON),
where p is the proportion of cells with a particular allele ON. Note
that p is identical for both YFP and CFP expression because the alleles
are equivalent. We were able to verify the population’s expression
profile had reached steady-state (Figure 3A and Figure S4). However,
a naive classification of expression state based on comparing a cell’s
fluorescence level to background is incorrect because it does not
consider the long lifetime of the fluorescent proteins which obscures
the true expression state of the promoter. Therefore, we directly
measured the eight transition rates by real-time monitoring of FLO! ]
expression in single cells grown in a microfluidic chamber at constant
conditions (Text S1 for details). All four ON to OFF and OFF to ON
transition rates (Figure 2C—2E) were found to be indistinguishable,
demonstrating that each allele was switching independently.
Furthermore, the fraction of cells turning ON or OFF are well-fit
by a single exponential, confirming each transition is appropriately
lumped as a pseudo-first order reaction. Switching was uncorrelated
with cell-cycle stage (Figure S7).

Using a stochastic kinetic model, static distributions can
reveal kinetic information

Time lapse microscopy provides an accurate determination of the
slow epigenetic transition rates and proportion of each expression
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hypothesis that their distributions are identical (two-way KS test, p=0.47).

doi:10.1371/journal.pgen.1000673.g002

state, but it is experimentally challenging and low throughput.
Therefore, after determining that transition rates were accurately
described as first order, we devised a way to infer these rates directly
from static snapshots, accounting for the long lifetimes of the
fluorescent reporters. Two-state models have been widely employed
to model faster promoter fluctuations associated with conventional
gene regulation [16,21,35]. In such models, the promoter can
transition between an inactive but competent state and an active
state that leads to transcription. Many eukaryotic genes appear to
reside in the competent state, with rare transitions to the short-lived
active state that result in a “burst” of transcription.

The observed variation in the FLOI1 promoter can be divided
into an intrinsic and extrinsic component. The FLOII promoter is
subject to both fast intrinsic fluctuations and a slow epigenetic
transition, as depicted by the augmented three-state model in
Figure 3B. Extrinsic noise also contributes to cell-to-cell variation in
FLOI1 expression levels when the promoter is not silenced.
However, when the promoter is (partially) silenced, the predomi-
nant source of variation in FLO!I or reporter expression arises from
the slow epigenetic transition between silenced to competent states
because of (1) the smaller magnitude of the fast intrinsic and
extrinsic fluctuations and the fact that (2) the faster fluctuations (<1
cell generation) are more completely time-averaged by the long-
lived reporter compared to the slow transition (>1 cell generation).
Therefore, we can lump the fast transition rates (4', ', ¢’) into an
overall transcription rate y and ignore extrinsic fluctuations. Gene

expression can now be described using the commonly employed
x .
two-state model:— = uf (f) — x, where «x is the amount of reporter

protein, u is the (lumped) protein production rate, J is a protein
degradation rate (here the cell growth rate), and /%) is a “random
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telegraph process™ that takes values of 0 or 1 corresponding to a
silenced or active promoter state, with exponentially distributed
times between switching events (Figure 3C). This stochastic
equation has been solved analytically to yield a Beta distribution
for protein number x at steady-state [35]. The slow epigenetic
transition rates, 4 and y, correspond to those measured in the time
lapse experiment. To infer these rates we assume our measured
distribution of protein «x is steady (Figure S4) and fit it to the Beta
distribution using a value of u based on the expression level of the
ON population in a bimodal condition (the parameter 6, the cell
growth rate, is measured directly - see Text S1).

We tested this method in two different ways. First, we used the
steady-state protein distribution of the time lapse experiments to
estimate transition rates and found tight agreement between the
inferred rates and those directly measured in time lapse (Figure 3A
and 3C). Second, this model allows proper estimation of the
fraction of cells that appear ON 1n static distributions that are
actually OFF because of the long lifetime of the fluorescent
reporter (details in Text S1). We applied this correction to static
snapshots of cells grown in different conditions. Although the
fraction of cells in each expression state varied, the overall statistics
were always consistent with independent switching at each
promoter (Figure 3D). Therefore, the upstream signaling network
can map environmental inputs to a particular mixture of
expression states through the modulation of transition rates.

A strategy for determining how regulators affect
transition rates

Ultimately, environmental signals modulate epigenetic regula-
tion of FLOII through downstream regulators. The effect of these
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ON cells; error bars (y-axis) are due to errors in the estimation of threshold fluorescence value for autofluorescence (see Text S1).

doi:10.1371/journal.pgen.1000673.g003

regulators on both the mean level of expression and expression
heterogeneity is succinctly and quantitatively described by their
effect on the transition rates in the three-state model (Figure 3B).
Therefore, we decided to titrate trans factors and measure the
quantitative response of the FLO11 promoter at the single cell level
in hundreds of cells by fluorescence microscopy using the dual-
reporter assay. For each condition and strain, we always grew cells
for >10 doublings, serially diluting them as needed to maintain
low density and ensure a steady-state had been reached (further
details in Text S1).

To obtain transition rates, we fit the measured fluorescence
distributions arising from each titration to the Beta distribution,
the solution to the simplified two-state model. As described
previously, a two-state model which lumps the fast transitions is
only strictly applicable when slow epigenetic transitions related to
silencing dominate. The four quadrant plot in Figure 4A
summarizes the qualitative population-level response as given by
the Beta distribution for various combinations of A and . Each
quadrant corresponds to regimes where A and y are slower or
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faster than the division rate (d). Epigenctic regulation occurs by
definition in the lower left quadrant, when both 4 and y are slower
than the division rate (10 and $9<1). Expression can turn
completely OFF if the active state is destabilized () increases, shift
to lower right quadrant), or the silenced state is stabilized (4
decreases, bimodal expression with vanishingly smaller percentage
of cells ON). Opposite changes in 4 and 7y turn expression
completely ON (and can lead to a shift to the upper right
quadrant).

If epigenetic regulation is lost, expression levels can still change
due to faster promoter fluctuations. A two-state model accurately
describes intrinsic (but not extrinsic) fluctuations caused by
transitions between the competent and active promoter states.
For example, a conventionally regulated (but repressed) gene can
be OFF and lie in the lower right quadrant. Activation leads to an
increased burst frequency (A" increases) and the graded, unimodal
distribution of the upper right quadrant. Importantly, it is
impossible to distinguish between conventional repression and
epigenetic silencing in any population in the lower right quadrant
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doi:10.1371/journal.pgen.1000673.9g004

where expression is completely OFF. Furthermore, fitting
fluorescence expression distributions generated from a single
FLO11 promoter driven reporter that is conventionally regulated
does not yield the fast promoter transition rates A’ and )’ because
here extrinsic fluctuations are significant. The extrinsic noise is due
to cell-to-cell variation in factors like morphology, ribosome
number, and/or upstream components in the FLOII regulatory
pathway and affects both promoters within the same cell in a
correlated fashion. To properly measure the fast transition rates
associated with conventional regulation, the intrinsic noise should
be analyzed to determine the burst frequency (") and burst size
(u'/y") (see Text S1).

Three classes of regulators of FLO11 expression
To decouple complex upstream signaling events occurring at
the promoter (Figure 1), individual #ans factors were expressed

@ PLoS Genetics | www.plosgenetics.org

heterologously under the control of a doxycycline-inducible
promoter [36]. Because Sfllp and Flo8p are post-translationally
regulated, we needed a way to tune their relative strength. We
chose ethanol, since the addition of ethanol activates FLOII
expression in a Flo8p-dependent manner (see below). All the trans
factor titrations were performed in either SD ura- or SD ura- with
ethanol. Titrations of Sfllp, Flo8p, and Mssl1p were done in a
sflid, flo84 or mssl14 background, respectively.

For each titration point, we inferred the transition rates 4 and y
using the two-state model. To summarize the effect of various
activators and Sfl1p on the stability of the silenced and competent
states, we plot the series of (y,4) values determined on the four
quadrant plot of Figure 4A. In SD wra-, FLOIIl is OFF,
corresponding to the lower right quadrant. Based on the response
of the FLOI1 promoter (Figure 4B and 4C), we grouped the
activators into 3 classes. Addition of three Class I activators,
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Teclp, Stel2p, and Phdlp, appears to weakly stabilize the
competent state, but expression remains extremely low. The Class
II activators, Msnlp and Mssl 1p, stabilized the competent state by
decreasing y and entering the heterogeneous region where slow
promoter fluctuations dominate. At some critical y value, the
silenced state is rapidly destabilized and the entire population
turns ON. Flo8p constitutes a special class and was titrated in
ethanol conditions where presumably some fraction of Flo8p is
now phosphorylated and active. The population response is
intermediate between Class I and Class II activators, but closer to
Class II. Sfl1p has the exact opposite effect under the same ethanol
conditions, consistent with the antagonistic role Sfllp and Flo8p
have through their overlapping binding sites and as being
negatively and positively regulated by PKA, respectively.

To determine if activator class was correlated to binding site
position or accessibility, we applied both an i silico nucleosomal
occupancy model [37] and performed micrococcal nuclease
mapping (Figure 1 and Figure S8) of the FLO!I promoter. Both
techniques suggested the —1200 region containing overlapping
binding sites for Sfllp and Flo8p is nucleosome free. In contrast,
binding sites of Class I activators occur in nucleosomally occluded
regions. Class II activators are not known to bind DNA but are
potent activators, with Msnlp having a known ability to recruit
chromatin remodeling machinery [34].

A synthetic activator mimics each activator class
depending on its binding site position

Are binding site position, accessibility and/or competition with
Sfllp sufficient to determine activator class? If so, a synthetic
activator could have qualitatively different regulatory profiles
depending on binding site position. We engineered dual-reporter
yeast strains with the 19 bp tetO sequence inserted at 3 different
locations within the FLOI1 promoter. The first location was at
—350 in a nucleosomally occluded region close to the TATA box
and transcriptional start site. The second location was at —1470,
on the outer-edge of the nucleosome upstream of the Sfl1p binding
site and far from the core promoter. The third location was at
—1160, within a nucleosome-free region directly overlapping the
Sfl1p binding site. Sfl1p binds as a dimer at two sites [27,38], so we
replaced 19 bp of promoter sequence between the two sites with
the tetO sequence to preserve the distance spanned by the two
sites. The tetO is bound by rtTA, a synthetic activator that
contains a strong acidic activation domain, VP16 [36], known to
recruit the SAGA complex in yeast [39]. We titrated rtTA in these
three strains grown in SD ura- (all initially OFF). Each location
functionally mimics the response of the respective class of
activators (Figure 4B and 4D). Importantly, the silenced state
stability is reduced for the third tetO location compared to the
second tetO location. This occurred even in the absence of
ethanol, suggesting that the difference in silenced state stability
between Class II activators and Flo8p is not due to an alternative
ethanol-specific effect.

Two modes of Sfl1p repression correspond to a graded

or heterogeneous response

When performing the Sfllp titration above (Figure 4C and
Figure 5A), we did so in a sf1/4 background in ethanol. FLO!1 was
highly expressed (upper left quadrant) in the §f//4 background, as
has been shown previously [26]. Surprisingly, in the Sfllp titration
in SD ura- media without ethanol, both promoters turned off in a
graded fashion (Figure 5B). This was in contrast to the
heterogeneous population response observed for titrations of Class
II activators (Figure 4) including Sfllp titrations performed in
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ethanol (Figure 5A), a condition where Flo8p is presumably more
active. To explain this result, we hypothesized that a critical Sfllp
level is required to silence the promoter, and below this level Sfllp
still repressed transcription but in a conventional manner
associated with faster promoter fluctuations. The model requires
that Sfllp is able to repress the FLOI1 promoter as a silencer or as
a conventional repressor; evidence exists for both modes [38,40].

To test this model, we generated a dual-reporter strain in an
hdal4 background and added back Sfllp heterologously. When we
titrated Sfllp in this background in SD ura- media, we observed a
graded response (Figure 5C). This establishes that Sfllp is capable
of repressing expression in an Hdalp-independent manner. The
graded response suggests Sfllp is working as a conventional
repressor rather than affecting the slower fluctuations between the
epigenetically silenced and competent promoter states. To further
demonstrate that Hdalp is necessary to silence FLOII, we
measured the average H3 and H4 histone acetylation state at
the FLOII promoter by chromatin-IP in the dual-reporter strain
grown in SD ura- (Figure 5D). Only the wildtype FLO!I promoter
exhibited a hypoacetylated state, indicative of silenced chromatin
[41] and similar to a silenced telomeric region. In both the /idal4
and gfl/l4 backgrounds, the promoter was hyperacetylated, a
chromatin state associated with lack of silencing. Together, this
demonstrates that Sfllp silences the promoter in an Hdalp-
dependent manner and the silenced state at FLO!1 is correlated
with hypoacetylation in at least one region (~—1600 bp) of the
promoter.

If silencing is eliminated in an AidalA background, titration of
activators in the presence of high levels of Sfllp will result in a
graded response, since Sfllp is now functioning as a conventional
repressor. In addition, the threshold level of activator required to
turn on FFLO!1 will be lower. We performed these titrations (shown
for Teclp in Figure 5E and 5F and other activators in Figure S8)
and confirmed this prediction. In addition, the intrinsic noise of
these strains was proportional to the inverse square root of the
mean expression level (Figure 5F inset and Figure S8), indicating
that without slow promoter fluctuations, the activators regulate the
burst frequency, A’ [19].

Ethanol controls the importance of silencing in a Flo8p-
dependent manner

To further understand the role of ethanol in FLO!1 signaling,
we grew the dual-reporter strain in SD ura- media in a range of
ethanol concentrations. FLOII expression exhibited a graded
response to increasing ethanol levels, but the average expression
level remained low even at the highest (3%) ethanol concentrations
(Figure 6A). The graded response suggested a lack of silencing
possibly due to increased Flo8p activity. This led to the hypothesis
that at low levels of ethanol (<1%), Flo8p activity eliminates Sfl1p-
mediated silencing, but has little effect on expression. Therefore,
although FLOII expression is OFF (lower right quadrant), the
promoter is actually in the competent state. To test this idea, we
titrated Class I and II activators in 1% ethanol. Both classes were
capable of increasing FFLOI1 expression to high levels in a graded
manner (Figure 6B), implying that silencing no longer occurred in
these conditions. The corresponding synthetic activators had a
similar effect. In contrast, titration of the synthetic activator
mimicking Flo8p resulted in a response similar to ethanol
(Figure 6C). Finally, Class I and II activator titrations in a flo84
in SD ura- with 1% ethanol (Figure 6D) reverted to the behavior
seen in SD ura- conditions. Therefore, ethanol controls the extent
of silencing at FLOI1 in a Flo8p-dependent manner. Both Flo8p
and its synthetic analog affect slow promoter transitions, but
neither is a strong conventional activator.
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Figure 5. Hda1p is necessary for silencing and a heterogeneous response. (A) Sfl1p titrated in sfl14 background in SD ura- +1% ethanol
leads to a heterogeneous response. (B) Sfl1p titrated in sfl14 background in SD ura- leads to a graded response. (C) Sfl1p titrated in hdal4
background in SD ura- +0.5% ethanol reverts to a graded response. Expression is lower with no doxycycline because of endogenous Sfl1p expression.
(D) ChlP assay probing for acetylated H3 and H4 histones at FLO11 promoter (strains grown in SD complete or SD leu-). Probes amplified the —1.7 to
—1.5 kb region of the promoter. Signal (y-axis) represents anti-acetylated histone/anti-histone ratio, or an effective average acetylation per histone in
the region. Deletion of both sflT and hdal result in hyperacetylation of the FLO71 promoter which is associated with the abrogation of silencing.
Therefore SFL1-dependent silencing at FLOT11 requires HDAT. Error bars are standard error of triplicate quantitative PCR samples. (E) When the
activator Teclp is titrated in an hdal4 background, the response is also graded (SD ura-). (F) Mean levels of expression during Sfl1p and Teclp
titrations in wildtype (blue curve) and hda14 (pink curve) backgrounds. Elimination of silencing because of lack of Hda1p lowers the threshold level at
which activators function. Furthermore, the population response is graded (C and E, see Figure S8 for other activator titrations). Error bars represent 3
s.d. around mean calculated from bootstrap analysis. Inset: The square of intrinsic noise of Sfllp (left) and Teclp (right) titrated in hdal4 is
proportional to the reciprocal of protein abundance (here shown as the mean fluorescence level). This indicates that without silencing, regulators
modulate expression by controlling burst frequency (1)).

doi:10.1371/journal.pgen.1000673.g005

Discussion Our demonstration that two copies of the FL.OI 1 promoter switch
) ) slowly and independently builds on previous work demonstrating (1)
The main results of our work are perhaps best understood with the FLOI1 promoter is epigenetically regulated [30], and (2) two

reference to the 3-state model in Figure 7, a simple, but useful copies of a partially silenced URA3 promoter inserted at the mating
paradigm for describing the kinetics of epigenctic gene regula- type loci in S. cerevisiae switch independently in a sir/ background
tion. Regulators can affect cither the slow transition rates [24]. We now provide evidence that independent switching occurs
assocliated with epigenetic silencing or the fast transition rates in a natural gene whose epigenetic regulation is not SIR protein
associated with conventional gene activation. While a good deal dependent. Given the rich diversity of the FLOI1 gene pool [29]
is known about how regulators affect the fast transition rates, less independent switching may be an additional mechanism for
is known about how regulators affect the slow transition rates, generating variation in adhesive phenotype.

and whether effects on slow and fast transition rates are coupled. To understand how expression heterogeneity at FLOII is
Our work demonstrates that slow transitions at the two copies of controlled, we took a functional approach and determined the
the FLOII promoter in diploid yeast occur randomly and kinetic role of different regulators on both slow and fast promoter
independently. Furthermore, we identify the role of various #rans  fluctuations. Class I regulates fast promoter fluctuations exclusively.
regulators of FLOI1 in controlling both slow and fast transition Intrinsic noise measurements confirmed these regulators destabilize
rates; it appears that this control is distributed among various the competent state and increase the burst frequency, a common
“classes” of regulators. Importantly, distributed control enables theme for regulators in yeast [19,20]. Interestingly, we find that the
the cell to shape the diversity of FLOII expression within an Class II and Flo8p regulate slow promoter fluctuations primarily by
isogenic population by utilizing different combinations of stabilizing the competent state. The previous study at the mating
regulators. type loci found an activator, Pprlp, could challenge the silenced
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Figure 6. Ethanol modulates silencing at the promoter via Flo8p. (A) Wildtype grown in SD complete with ethanol added to final
concentration ranging between 0 and 3%. (B) Activators titrated in wildtype background in SD ura- +1% ethanol. All responses are graded,
suggesting loss of silencing at the promoter. (C) Synthetic activator (rtTA) titration in SD ura- +1% ethanol. As in (B), responses are also graded. (D)
Activators titrated in flo84 in SD ura- +1% ethanol. The response is closer to that in Figure 4A rather than Figure 6B, indicating that ethanol abolishes
silencing at the promoter through Flo8p. (E) Representative fluorescence histograms of titrations shown in (A, B, C, D). (Top) Wildtype titrated as in
panel A, Tec1p titrated as in (B), and as in (D). (Bottom) rtTA titrated in strain with tetO site at —1160 (occluding Sfl1p binding site), and at —350

(nucleosome occluded site) as in panel C; Msn1p titrated as in (D).
doi:10.1371/journal.pgen.1000673.g006

state and affected both slow transition rates [24], but this was only
measured at one level of Pprlp. It is only by titrating regulators that
we were able to clearly discern their functional roles. Whether
activators generally affect one or both of the transition rates of
silenced genes remains an open question, but likely depends on the
mechanism of silencing.

While the regulator titrations indicate that ethanol desilences the
promoter via Flo8p, the pathway(s) by which ethanol activates Flo8p
1s unknown. The simplest mechanism is that long term growth in
ethanol activates PKA (specifically Tpk2p), which then activates
Flo8p and deactivates Sfllp. In fact, glucose is not required as the
promoter response when Flo8p was titrated in synthetic media with
ethanol or glycerol as the sole carbon source was similar to that in
SD 1% ethanol (data not shown). However, activation of the PKA
pathway via ethanol has not been reported. It is also possible that
Flo8p is activated by ethanol via another pathway independent of
PKA, although to our knowledge, it is not known to be the target of
any other kinase. A third possibility is that ethanol may enable
synergistic interactions between Flo8p and other regulators that
leads to desilencing, although there is no evidence of Flo8p
interacting with any Class I activators. These possibilities could be
distinguished by monitoring cyclic AMP levels and the phosphor-
ylation status of Flo8p and Sfllp in ethanol.

Our results lend support to the idea that binding site position
within the FLO11 promoter can largely determine the kinetic role of
the transcriptional regulator. However, the mechanistic description
of how binding to particular sites affects slow epigenetic regulation
and fast conventional regulation and the molecular nature of the
silenced and competent promoter states is still unclear. A
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mechanistic explanation for the dual roles of Sfllp is likely the
clearest. Binding in the —1200 nucleosome-free region governs
epigenetic silencing, possibly by recruiting Hdalp via Tuplp/Ssn6p
corepressor [38]. Conventional regulation most likely occurs via
Sfllp binding to the —200 region which contains a putative Sfllp
binding site and has been shown to bind Sfllp i witro. Indeed,
preliminary ChIP experiments suggest Sfllp is bound to this region
in vivo (Octavio and Maheshri, unpublished results).

Among the activators, the role of Flo8p and its synthetic analog
is perhaps the clearest. Flo8p binding and Sfllp binding at the
—1200 region are likely mutually exclusive because of overlapping
binding sites, and so Flo8p can prevent the Sfllp-mediated
establishment of silencing but probably not directly affect
conventional Sfllp repression. This would explain the ability of
Flo8p and its corresponding synthetic analog to affect the slow
epigenetic transition independently of the conventional activation.
In fact, binding of tetR, which lacks the VP16 activation domain
of rtTA, to the —1160 tetO site is sufficient to abrograte silencing
(data not shown), implying steric hindrance is the major mode of
action. Furthermore, any weak activation via Flo8p might be
through its known role in binding to the promoters of other Class I
activators (including the ones tested here) and presumably
upregulating their expression. In this manner, Flo8p activation
can put the FLOI1 promoter in a competent, “poised” state whose
expression can be controlled by Class I —like regulators. There is
evidence, though, that Flo8p can bind to other regions of the
promoter [31].

Several possibilities exist for the inability of the Class I activators
to challenge the silenced state, yet still regulate the burst frequency
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doi:10.1371/journal.pgen.1000673.9g007

of the competent FLOII promoter. For example, binding site
proximity to the transcriptional start site could play a dominant
role. Canonical yeast promoters are typically 150-400 bp with
transcription factor binding sites are clustered 100-200 bp from
the transcriptional start site [42]; this proximity allows direct
interaction with general transcriptional machinery. Therefore, it
may be that Class I activators bind in the core region of the FLO1!
promoter, a region that may be inaccessible to transcription factors
and/or transcriptional machinery in the silenced state. However,
while the Class I synthetic analog binding site is at —350 in a
nucleosome occluded region, not all Class I activators have
binding sites in this region [31].

A second possibility not mutually exclusive with the first is that
Class I activators need not bind in the downstream region but can
influence transcription rates via long range (but fast) mechanisms
including DNA looping, cryptic transcription, or long range
chromatin remodeling. This would provide an explanation for the
presence of Class I activator binding sites in these regions that are
known to be bound & wiwo in activating conditions [31]. In
addition, it might explain why even at high levels of expression in
the absence of silencing the intrinsic noise at the FLO1I promoter
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is 10 times higher than that of a similarly highly expressed PHO84
promoter (data not shown). However, with either explanation, the
inability of Class I activators to challenge the silenced state is not
clear. Altered chromatin structure or reduced binding site
accessibility could be invoked as Class I activator sites tend to be
under nucleosomes. However, other than some nucleosome
depletion in the core promoter and the —1300 region, no gross
nucleosomal rearrangements seem to occur upon silencing (Figure
S9) although higher resolution mapping may reveal finer
differences.

While we do not know the biochemical intermediates during the
slow promoter transitions, the pseudo-first order rates suggest a
single slow step, rather than a distributed control mechanism. This
1s similar to both the partially silenced mating type loci [24] and
the epigenetically regulated agn43 gene in E. coli [43]. Possibilities
for the slow epigenetic step governing ON to OFF might include
Sfllp binding or Sfllp-mediated recruitment of silencing factors,
among others. Both Class II activators Msnlp and Mssllp are
capable of stabilizing the active state, but their localization and
activity with respect to the FLOII promoter remains unclear
[32,34]. The ability of the Class II synthetic analog to have a
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similar stabilizing effect on the ON state by binding to the —1470
region as well as the differential acetylation state of that region
strongly suggests chromatin remodeling in the upstream region
affects accessibility of Class I activators and the transition to the
competent state. High resolution mapping of the chromatin state
of the entire FLOI1 promoter under various conditions should
point toward the biochemical mechanism of the slow promoter
transition and will be the focus of future work.

Our findings have implications for the regulation of various
subtelomerically encoded gene families known to be epigenetically
regulated. This includes the FLO gene family [30] and other
closely related yeast adhesins [25] such as the £PA gene family in
the pathogenic yeast C. glabrata [44]. Phenotypic variability in £PA
gene expression might allow C. glabrata to rapidly colonize new
host tissues and evade immune surveillance. Do such genes turn
ON and OFYF independently, does it depend on the mechanisms of
their silencing (SIR-dependent, etc.), their relative chromosomal
locations, or the presence of boundary elements? What promoter
transitions do #rans factors regulate? This understanding will allow
the engineering of strains with well-defined levels of phenotypic
heterogeneity. Such strains are a prerequisite to quantify what role
if any phenotypic heterogeneity has on organismal fitness in
natural environments.

Materials and Methods

Yeast strains and media

To use the dual-reporter assay to study switching of the FLOI11
promoter, we replaced the FLOI1 ORF in a haploid 21278b from
the Heitman laboratory [45] with YFP-KanMX6 or CFP-KanMX6
cassettes by PCR integration, and then mated to create diploids.
All strains and plasmids used are provided in Table S1 and Table
S2.

SD is synthetic defined media with 2% glucose. SD ura- media
lacks uracil. SD ura- media with ethanol contains both 2% glucose
and a specified amount of ethanol.

Single cell measurements and analysis

Cells from overnight cultures grown in SD ura- or SD ura- +
ethanol were inoculated at an initial ODgg, between 0.005 and
0.01, and grown for 15-20 hours in the same media. For the
titration experiments, these cultures were treated with serial
dilutions of doxycyline (0 to 10000 ng/ml) at 30°C in well-agitated
deep well 96-well plates. Cells were harvested in mid-late log phase
(ODggo between 0.5 and 1.5), and placed on ice while other
samples were being processed. Expression was measured using a
Zeiss AxioObserver microscope with filters optimized for yECi-
trine, mCherry, and Cerulean (Chroma). Metamorph software
(Molecular Devices) was used to analyze images and quantify
single cell YFP and CFP fluorescence. Between 500 and 1500 cells
were imaged for each sample. Fluorescence levels in the RFP
channel was used to discard dead cells (usually <5% of
population). Details of data preprocessing and estimation of 4
and y are given in the Text S1.

In timelapse microscopy experiments, cells were loaded onto the
ONIX Microfluidic Platform (CellASIC) with initially ~10 cells
trapped in individual chambers. Media in the ~107° pl chambers
was constantly replenished at a rate of 10 ul/hr. YFP, CFP, RFP
fluorescence and bright field images were obtained every
15 minutes for 20 hours. An example is provided in Video SI.
Image stacks were segmented using custom Metamorph journals.
Single cell tracking and fluorescence was determined using custom
MATLAB routines.
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Chromatin immunoprecipitation assay

Chromatin IP’s were done based on the method of [46]. Briefly,
~40 ml of cells were grown at 30°C in cither SD complete or SD
leu- to an ODggp = 0.8. Lysates from the fixed cells were sonicated
to shear the chromatin to an average length of 500 bp, and
isolated chromatin was incubated with 2 ul antibodies (Upstate/
Millipore) against either histone H3 (Cat. No. 05-928), histone H4
(Cat. No. 05-858), acetylated histone H3 (Cat. No. 07-593) and
acetylated histone H4 (Cat. No. 06-866). A sample with no
antibodies was also prepared as a control. After reversal of cross-
links, DNA from immunoprecipated chromatin was purified and
analyzed using quantitative PCR (Applied Biosystems). Primers
amplifying the —1.7 to —1.5 kb region of the FLOII promoter
and primers amplifying a telomeric region in the right arm of
chromosome VI [47] as a control for hypoacetylated histone
signals were used. Applied Biosystems 7300 software was used to
obtain cycle threshold values. All signals from experimental
samples were quantified relative to signal from a known amount
of genomic DNA from an unmodified, cogenic X1287b strain
(MLY43, Table S1) that served as a positive control. The ratio of
anti-histone/anti-acetylated histone signals was used as a measure
of average H3 and H4 acetylation in the region.

Micrococcal nuclease assay
Micrococcal nuclease assays were performed as in [48]. All cells
were grown at 30°C in either SD complete or SD leu- to

ODGOO =0.5.

Supporting Information

Figure S1 Nucleosome occupancy data from Figure S9 is
plotted along with predicted nucleosome positions from studies
predicting nucleosome position genome-wide prediction. The
Kaplan et al [17] study provides a computational prediction of
nucleosome positioning on any sequence. Only a few nucleosome
poor regions bordered by well-defined nucleosomes are predicted,
including the —1200 region. The Mavrich et al [18] study used a
statistical model to analyze their experimental genome-wide
nucleosomal occupancy data. The x-error bars denote how fuzzy
the position is. The relative occupancy scale is arbitrary, and
absolute number cannot be compared between datasets. However,
some general trends in positioned and fuzzy nucleosomes are
apparent and this was the basis of Figure 1 in the main text.

Found at: doi:10.1371/journal.pgen.1000673.s001 (0.46 MB TTF)

Figure 82 FLOI] expression on solid media - single reporter
strains. 10 pL of a mid-log phase culture of various diploid strains
with single reporters were spotted on a fresh YPD plate. Labels on
the left indicate whether and at which locus the FLOI1 ORF was
replaced with a particular fluorescent protein variant. Plates were
left at room temperature. Cells from all regions of the spot were
sampled (see Text S1) and CFP and YFP expression of these
samples was monitored every 2 days by fluorescence microscopy.
Density plots for each sample are given, where the x-axis is log
CFP fluorescence levels and the y-axis is log YFP fluorescence
levels. Cellular autofluorescence can be estimated based on the
(first) control strain. Both fluorescence reporters respond equiva-
lently, whether integrated at the A or o locus.

Found at: do1:10.1371/journal.pgen.1000673.s002 (1.26 MB TIF)

Figure 83 FLOI! expression on solid media - dual reporter
strains. As in panel Figure S2. Four different dual reporter strains
were constructed, two with CFP at the o locus and YFP at the A
locus, and two in the opposite configuration. Their response is
similar, verifying that both reporters are equivalent. Furthermore,
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the expression distribution of each individual fluorescent reporter
is equivalent to the corresponding single reporter strain in Figure
S2, verifying independence and the fact that FLOI1 expression
doesn’t feedback and affect its own expression.

Found at: doi:10.1371/journal.pgen.1000673.s003 (1.28 MB TIF)

Figure S4 Static snapshots of Y45 cells in YP 1% Ethanol, 2%
Glycerol maintained in exponential phase by dilution. The null
hypothesis that distributions of YFP fluorescence at each time
point are equivalent cannot be rejected (two-way Kolmogorov-
Smirnov test, p=0.60, 0.25, 0.85 for day 1 vs. day 2, day 2 vs. day
3 and day 1 vs. day 3 respectively). Similarly, the null hypothesis
that CFP fluorescence distributions at each time point are
equivalent cannot be rejected (two-way Kolmogorov-Smirnov
test, p=0.66, 0.36, 0.88 for day 1 vs. day 2, day 2 vs. day 3 and
day 1 vs. day 3 respectively).

Found at: doi:10.1371/journal.pgen.1000673.s004 (0.45 MB TIF)

Figure S5 CFP expression distribution during timelapse. As in
Figure 3A, except for CFP rather than YFP.
Found at: do1:10.1371/journal.pgen.1000673.s005 (0.77 MB TIF)

Figure S6 Switching rates of CFP reporter. As in Figure 3A in
the main text, but for CFP rather than YFP. The fit yields
switching rates for CFP were /6 (OFF-ON)=0.25+0.03
generation” '(pink), /6 (ON-OFF)=0.90+0.17 generation '
(blue). Error bars correspond to 3 s.d. from the mean calculated
by a bootstrap analysis.

Found at: doi:10.1371/journal.pgen.1000673.s006 (0.64 MB TTF)

Figure S7 OFF(ON)-ON(OFF) switch at FLOI11 is not correlat-
ed with cell cycle stage. The time at which a cell born OFF
switches ON (A) or the time when a cell born ON switches OFF
(B) after its most recent division event occurred is shown for each
cell observed to switch during the timelapse experiment in
Figure 3A. Points at which the switch occurs do not appear to
cluster at any particular position during the cell cycle.

Found at: doi:10.1371/journal.pgen.1000673.s007 (1.23 MB TIF)

Figure S8 Loss of Hdalp converts the heterogeneous promoter
response to activators Mssl1p and Phdlp to a graded response. As
in Figure 4B and Figure 5E in the main text where Teclp was
titrated in a wildtype (Y45) and fhdalA background respectively,
the other activators Phdlp and Mssllp also exhibit a graded
response in an hdalA background (A and B). In the wildtype
background, Phdlp (C) like Teclp is unable to stabilize the ON
state enough to enter the bimodal regime, whereas Mssl1lp (D),
like Msnlp (shown in Figure 4B), is able to do so. As in Figure 5F,
elimination of silencing in the hdalA background lowers the
threshold level at which Mssl1p and Phdlp function (E and F).
Error bars represent 3 standard deviations around the mean from
bootstrap analysis. Like Teclp in &dal 4 in Figure 5F, both Mss11p

References

1. Rando QJ, Verstrepen KJ (2007) Timescales of genetic and epigenetic
inheritance. Cell 128(4): 655-668.

2. Avery SV (2006) Microbial cell individuality and the underlying sources of
heterogeneity. Nat Rev Microbiol 4(8): 577-587.

3. Barry JD, Ginger ML, Burton P, McCulloch R (2003) Why are parasite
contingency genes often associated with telomeres? Int J Parasitol 33(1): 29-45.

4. Pays E, Vanhamme L, Perez-Morga D (2004) Antigenic variation in
trypanosoma brucei: Facts, challenges and mysteries. Curr Opin Microbiol
7(4): 369-374.

5. Low DA, Weyand NJ, Mahan MJ (2001) Roles of DNA adenine methylation in
regulating bacterial gene expression and virulence. Infect Immun 69(12): 7197-7204.

6. Wu J, Grunstein M (2000) 25 years after the nucleosome model: Chromatin
modifications. Trends Biochem Sci 25(12): 619-623.

7. Kaufmann BB, Yang Q, Mettetal JT, van Oudenaarden A (2007) Heritable
stochastic switching revealed by single-cell genealogy. PLoS Biol 5(9): e239.
doi:10.1371/journal.pbio.0050239.

@ PLoS Genetics | www.plosgenetics.org

12

Strategy to Tune Heterogeneity in FLOT1 Expression

and Phdlp control burst frequency (") in the absence of silencing,
as the square of the intrinsic noise of Phdlp titrated in hdal4 (G)
and Mssllp titrated in hdalA (H) scale with the reciprocal of
protein abundance. All titrations were done in SD ura-.

Found at: doi:10.1371/journal.pgen.1000673.s008 (3.07 MB TTF)

Figure S9 Micrococcal nuclease mapping of FLOII was
performed on cells grown in conditions where the promoter was
completely silenced (growth of wildtype Y45 in SD complete) in
(A) or completely active (growth of an sfl/4 strain in SD complete
plus 2% glucose) in (B). The overall structure agrees well with the
in silico predictions in Figure 1. Although nucleosomal occupancy
in the —1300 bp region and the —150 bp region appears to be
further depleted in the active state, there is surprisingly no gross
rearrangement of nucleosomal structure between the silenced and
active state. LError bars are standard error from triplicate
quantitative PCR samples.

Found at: doi:10.1371/journal.pgen.1000673.s009 (0.55 MB TTF)

Table S1 Yeast strains used in study.
Found at: doi:10.1371/journal.pgen.1000673.s010 (0.05 MB
DOC)

Table 82 Plasmids used in study.
Found at: doi:10.1371/journal.pgen.1000673.s011
DOC)

(0.03 MB

Text S1 Supplemental discussion.
Found at: doi:10.1371/journal.pgen.1000673.s012 (0.11 MB
DOC)

Video S1 Movie of cell growth within the microfluidic device.
Red and green represent CFP and YFP expression respectively.
Both ON to OFF and OFF to ON transitions for each copy of the
FLOI11 promoter are readily seen in this video. Each frame
represents 15 minutes elapsed and the total movie represents
20 hours of growth.

Found at: doi:10.1371/journal.pgen.1000673.5013 (3.83 MB AVI)

Acknowledgments

We thank E. K. O’Shea and K. Verstrepen for valuable suggestions and
strains; B. Niesner and T. L. To for strains and plasmids; C. J. Zopf for
scripts used in timelapse analysis; K. Solomon and K. L. J. Prather for
technical assistance; and S. Bumgarner, G.Fink, A. Raj, S. Raghavan, and
M. L. Ong for critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: LO NM. Performed the
experiments: LO KG NM. Analyzed the data: LO NM. Contributed
reagents/materials/analysis tools: LO NM. Wrote the paper: LO NM.

8. Gardner TS, Cantor CR, Collins JJ (2000) Construction of a genetic toggle
switch in escherichia coli. Nature 403(6767): 339-342.

9. Xiong W, Ferrell JE, Jr.(2003) A positive-feedback-based bistable ‘memory
module’ that governs a cell fate decision. Nature 426(6965): 460-465.

. Hernday AD, Braaten BA, Broitman-Maduro G, Engelberts P, Low DA (2004)
Regulation of the pap epigenetic switch by CpxAR: Phosphorylated CpxR
inhibits transition to the phase ON state by competition with Irp. Molecular Cell
16(4): 537-547.

. Golding I, Paulsson J, Zawilski SM, Cox EC (2005) Real-time kinetics of gene
activity in individual bacteria. Cell 123(6): 1025-1036.

. Cai L, Friedman N, Xie XS (2006) Stochastic protein expression in individual
cells at the single molecule level. Nature 440(7082): 358-362.

. Chubb JR, Treek T, Shenoy SM, Singer RH (2006) Transcriptional pulsing of a
developmental gene. Current Biology 16(10): 1018-1025.

. Yu], Xiao J, Ren X, Lao K, Xie XS (2006) Probing gene expression in live cells,
one protein molecule at a time. Science 311(5767): 1600-1603.

October 2009 | Volume 5 | Issue 10 | 1000673



29.

30.

31.

. Blake W], Balazsi G, Kohanski MA, Isaacs FJ, Murphy KF, et al. (2006)

Phenotypic consequences of promoter-mediated transcriptional noise. Mol Cell
24(6): 853-865.

. Kaern M, Elston TC, Blake W], Collins JJ (2005) Stochasticity in gene

expression: From theories to phenotypes. Nat Rev Genet 6(6): 451-64.

. Maheshri N, O’Shea EK (2007) Living with noisy genes: How cells function

reliably with inherent variability in gene expression. Annu Rev Biophys Biomol
Struct 36: 413-434.

. Elowitz MB, Levine AJ, Siggia ED, Swain PS (2002) Stochastic gene expression

in a single cell. Science 297(5584): 1183.

. Bar-Even A, Paulsson J, Maheshri N, Carmi M, O’shea E, et al. (2006) Noise in

protein expression scales with natural protein abundance. Nat Genet 38(6):
636-643.

. Newman JR, Ghaemmaghami S, Thmels J, Breslow DK, Noble M, et al. (2006)

Single-cell proteomic analysis of S. cerevisiae reveals the architecture of
biological noise. Nature 441(7095): 840-846.

. Raser JM, O’Shea EK (2004) Control of stochasticity in eukaryotic gene

expression. Science 304(5678): 1811-1814.

. Mettetal JT, Muzzey D, Pedraza JM, Ozbudak EM, van Oudenaarden A (2006)

Predicting stochastic gene expression dynamics in single cells. PNAS 103(19):
7304-7309.

. Ingolia NT, Murray AW (2007) Positive-feedback loops as a flexible biological

module. Current Biology 17(8): 668-677.

. Xu EY, Zawadzki KA, Broach JR (2006) Single-cell observations reveal

intermediate transcriptional silencing states. Mol Cell 23(2): 219-229.

. Verstrepen KJ, Klis FM (2006) Flocculation, adhesion and biofilm formation in

yeasts. Mol Microbiol 60(1): 5-15.

. Rupp S, Summers E, Lo HJ, Madhani H, Fink G (1999) MAP kinase and cAMP

filamentation signaling pathways converge on the unusually large promoter of

the yeast FLO11 gene. EMBO J 18(5): 1257-1269.

. Pan X, Heitman J (2002) Protein kinase A operates a molecular switch that

governs yeast pseudohyphal differentiation. Mol Cell Biol 22(12): 3981-3993.

. Galitski T, Saldanha AJ, Styles CA, Lander ES, Fink GR (1999) Ploidy

regulation of gene expression. Science 285(5425): 251-254.

Verstrepen KJ, Jansen A, Lewitter I, Fink GR (2005) Intragenic tandem repeats
generate functional variability. Nat Genet 37(9): 986-990.

Halme A, Bumgarner S, Styles C, Fink GR (2004) Genetic and epigenetic
regulation of the FLO gene family generates cell-surface variation in yeast. Cell
116(3): 405—415.

Borneman AR, Leigh-Bell JA, Yu H, Bertone P, Gerstein M, et al. (2006) Target
hub proteins serve as master regulators of development in yeast. Genes Dev
20(4): 435-448.

. van Dyk D, Pretorius IS, Bauer FF (2005) Mss11p is a central element of the

regulatory network that controls FLOI11 expression and invasive growth in
saccharomyces cerevisiae. Genetics 169(1): 91-106.

@ PLoS Genetics | www.plosgenetics.org

13

33.

34.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

Strategy to Tune Heterogeneity in FLOT1 Expression

Gagiano M, van Dyk D, Bauer FF, Lambrechts MG, Pretorius IS (1999)
Msnlp/Mss10p, Mssl1p and Muclp/Flol1p are part of a signal transduction
pathway downstream of Mep2p regulating invasive growth and pseudohyphal
differentiation in saccharomyces cerevisiac. Mol Microbiol 31(1): 103-116.
Lorenz MC, Heitman J (1998) Regulators of pseudohyphal differentiation in
saccharomyces cerevisiae identified through multicopy suppressor analysis in
ammonium permease mutant strains. Genetics 150(4): 1443-1457.

. Raj A, Peskin CS, Tranchina D, Vargas DY, Tyagi S (2006) Stochastic

mRNA synthesis in mammalian cells. PLoS Biol 4: €309. doi:10.1371/
journal.pbio.0040309.

5. Belli G, Gari E, Piedrafita L, Aldea M, Herrero E (1998) An activator/repressor

dual system allows tight tetracycline-regulated gene expression in budding yeast.
Nucleic Acids Res 26(4): 942-947.

Kaplan N, Moore IK, Fondufe-Mittendorf Y, Gossett AJ, Tillo D, et al. (2008)
The DNA-encoded nucleosome organization of a eukaryotic genome. Nature
458(7236): 362-366.

Conlan RS, Tzamarias D (2001) Sfll functions via the co-repressor Ssn6-Tupl
and the cAMP-dependent protein kinase Tpk2. Journal of Molecular Biology
309(5): 1007-1015.

Berger SL, Pina B, Silverman N, Marcus GA, Agapite J, et al. (1992) Genetic
isolation of ADA2: A potential transcriptional adaptor required for function of
certain acidic activation domains. Cell 70(2): 251-265.

Song W, Carlson M (1998) Srb/mediator proteins interact functionally and
physically with transcriptional repressor Sfll. EMBO J 17(19): 5757-5765.
Suka N, Suka Y, Carmen AA, Wu J, Grunstein M (2001) Highly specific
antibodies determine histone acetylation site usage in yeast heterochromatin and
euchromatin. Mol Cell 8(2): 473-479.

Pelechano V, Garcia-Martinez ], Perez-Ortin JE (2006) A genomic study of the
inter-ORF distances in saccharomyces cerevisiae. Yeast 23(9): 689-699.

Lim HN, van Oudenaarden A (2007) A multistep epigenetic switch enables the
stable inheritance of DNA methylation states. Nat Genet 39(2): 269-275.

De Las Penas A, Pan SJ, Castano I, Alder J, Cregg R, et al. (2003) Virulence-
related surface glycoproteins in the yeast pathogen candida glabrata are encoded
in subtelomeric clusters and subject to RAP1- and SIR-dependent transcrip-
tional silencing. Genes Dev 17(18): 2245-2258.

. Lorenz MC, Heitman J (1997) Yeast pseudohyphal growth is regulated by

GPA2, a G protein alpha homolog. EMBO J 16(23): 7008-7018.

Aparicio O, Geisberg JV, Struhl K (2004) Chromatin immunoprecipitation for
determining the association of proteins with specific genomic sequences in vivo.
Curr Protoc Cell Biol Chapter 17: Unit 17.7.

Yang B, Kirchmaier AL (2006) Bypassing the catalytic activity of SIR2 for SIR
protein spreading in saccharomyces cerevisiae. Mol Biol Cell 17(12): 5287-5297.
Lam FH, Steger DJ, O’Shea EK (2008) Chromatin decouples promoter
threshold from dynamic range. Nature 453(7192): 246-250.

October 2009 | Volume 5 | Issue 10 | 1000673



