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Manipulating nucleosome distavoring sequences allows
fine-tune regulation of gene expression in yeast

Tali Raveh-Sadkal->%, Michal Levo!->4, Uri Shabi®, Boaz Shany'-2, Leeat Keren!-2, Maya Lotan-Pompan!>,
Danny Zeevi'%, Eilon Sharon!2, Adina Weinberger!-? & Eran Segal'-?

Understanding how precise control of gene expression is specified within regulatory DNA sequences is a key challenge with
far-reaching implications. Many studies have focused on the regulatory role of transcription factor-binding sites. Here,

we explore the transcriptional effects of different elements, nucleosome-disfavoring sequences and, specifically, poly(dA:dT)
tracts that are highly prevalent in eukaryotic promoters. By measuring promoter activity for a large-scale promoter library,
designed with systematic manipulations to the properties and spatial arrangement of poly(dA:dT) tracts, we show that these
tracts significantly and causally affect transcription. We show that manipulating these elements offers a general genetic
mechanism, applicable to promoters regulated by different transcription factors, for tuning expression in a predictable manner,
with resolution that can be even finer than that attained by altering transcription factor sites. Overall, our results advance the
understanding of the regulatory code and suggest a potential mechanism by which promoters yielding prespecified expression

patterns can be designed.

Precise regulation of expression is vital to most biological functions.
A key challenge is to unravel how this regulation is encoded within
genomes and to be able to understand, predict and design expres-
sion patterns from regulatory sequences. Addressing this challenge
requires knowledge of both the functional elements within regulatory
sequences and the ways in which such elements combine to specify
regulatory programs. Much of the research in the field has focused on
the role of transcription factors and their binding sites'. Despite much
progress, our ability to understand transcriptional regulation using
only transcription factors remains limited. Recent studies suggested
that nucleosome organization of regulatory regions is essential for
bridging this gap. Because transcription factor-binding sites that are
wrapped into nucleosomes are less accessible to binding by their cog-
nate factor compared to sites located in nucleosome-free regions>?3,
we expect that the transcriptional output directed by the same site
will depend on its surrounding nucleosome organization*~’.

A strong determinant of nucleosome organization is the presence of
homopolymeric stretches of deoxyadenosine nucleotides, referred to
as poly(dA:dT) tracts. These sequence elements disfavor nucleosome
formation®® and are strongly associated with nucleosome depletion
over the tract itself and its surrounding DNA in both in vivo!®!1
and in vitro'%12 genome-wide studies. Notably, these tracts are highly
abundant in eukaryotic genomes!3 and are particularly prevalent in
promoters!4. Consistent with these observations and with a role for
nucleosome organization in determining transcriptional output, a study
that altered the presence and length of a native poly(dA:dT) element

in one yeast promoter showed that this tract can indeed stimulate
expression, most likely by conferring increased accessibility to the
nearby transcription factor-binding site!®. Thus, sequences that
strongly disfavor nucleosome formation may also serve as important
promoter building blocks.

Despite this potentially important regulatory role of poly(dA:dT)
tracts, very little is known about the extent and nature of their tran-
scriptional effect. What is the magnitude of their effect compared to
that of other regulatory elements? How does their effect depend on
their own sequence properties and on properties of other regulatory
elements such as the affinity of nearby transcription factor sites? And
how does the overall arrangement of these tracts and other regulatory
elements determine the transcriptional output?

Here, we systematically address the above questions by measur-
ing the activities of 70 different promoter variants that we designed
with poly(dA:dT) tracts that differ in their length, composition and
distance from several distinct transcription factor sites. We further
characterize the transcriptional effect of poly(dA:dT) tracts by nucleo-
some occupancy and single-cell expression measurements. Notably,
we show that, by manipulating only poly(dA:dT) tracts, we can affect
nucleosome organization and predictably alter the resulting tran-
scriptional level to a significant extent, comparable to that attained
by altering transcription factor sites. In fact, compared to binding
site alterations, poly(dA:dT) manipulations can yield more gradual
changes and may thus offer a genetic mechanism by which expression
can be tuned with finer resolution.
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Figure 1 Schematic of library design, strain construction and promoter
activity measurements. (a) Schematic of the promoter variants designed

in this study. Shown are the transcription factor (TF)-binding sites and
poly(dA:dT) tracts that were used as promoter building blocks (top).

A total of 70 promoter variants were constructed in a sequence context
based on the yeast H/S3 promoter, in which a site for the transcriptional
activator Gen4p is flanked by two poly(dA:dT) tracts of 17 bp and 10 bp
(Online Methods). Also shown are illustrations of the systematic changes
that we made to these building blocks, which include changes to the
properties of transcription factor-binding sites (identity and affinity),
poly(dA:dT) tracts (length and composition) and to overall promoter
architecture (distance between poly(dA:dT) tracts and transcription

factor sites). Numbers by the arrows reflect distances in basepairs.

(b) Promoter variants were inserted into a constant locus in the yeast
genome immediately upstream of a YFP reporter (Supplementary Fig. 1).
In addition, to control for experimental variability, all strains contained

an mCherry reporter driven by a constant promoter. Measurements of
optical density (OD), YFP and mCherry were taken over several hours

using a robotically operated fluorometer. The low variation across strains

in OD and mCherry measurements indicates that all strains grew similarly,
that experimental variability was small and that the differences in YFP
measurements are indeed attributable to the different promoter sequences.
(c) Shown is the effect on promoter activity (computed from OD, YFP and
mCherry measurements; Supplementary Note) of an upstream poly(dA:dT)
tract in two sequence contexts (top, with a downstream poly(dA:dT) tract;
bottom, without a downstream poly(dA:dT) tract and with a different Genédp
site). For each promoter variant, the mean promoter activity + two standard
errors is shown from 6-12 independent experiments. Cells were grown and
measured under conditions of amino-acid depletion.

RESULTS

Promoter library design and experimental setup

To study the effect of various combinations of nucleosome-disfavoring
sequences and of transcription factor sites on transcription, we con-
structed 70 variants derived from the native yeast HIS3 promoter, which
contains two poly(dA:dT) tracts flanking a single site for the tran-
scriptional activator Gen4p'®!7 (Fig. 1a and Supplementary Fig. 1).
In our variants, we systematically manipulated the length and compo-
sition of poly(dA:dT) tracts, the affinity and identity of transcription
factor sites and the overall arrangement of these elements (Fig. 1a). To
accurately measure the promoter activity of these variants (Fig. 1b),
we employed an experimental system in yeast based on fusing pro-
moters to a fluorescent protein reporter'®. We integrated different
promoters into the same genomic location and upstream of the same
yellow fluorescent protein (YFP). To the same genomic location and
in all strains, we also integrated an mCherry fluorescent reporter
downstream of a constant promoter, allowing us to control for the
experimental variability of our system (Online Methods).

Using a robotically automated plate fluorometer, we accurately and
robustly measured the expression of the YFP and mCherry report-
ers over time in living cell populations grown under the activating
conditions of the regulating transcription factor in each designed pro-
moter (Online Methods). Qualitatively similar results were obtained
in synthetic complete medium (Supplementary Figs. 2-6). By also
measuring the optical density of the same cell culture, indicative of
population size, we could then calculate the average YFP produc-
tion rate per cell per second, averaged over the entire exponential
growth phase (Online Methods), which is hereafter referred to as
the promoter activity (Fig. 1b). Because all variants were integrated
into the same genomic location and the same mRNA transcript and
protein were produced from every strain, differences in the measured
YFP levels are attributable only to differences in the input promoter
sequences, making our system ideal for unraveling the effects of vari-
ous sequence elements on expression.
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Poly(dA:dT) tracts significantly affect transcriptional outcome

To establish a significant and causal role for poly(dA:dT) tracts in
determining transcriptional output, we first examined the effect of
their deletion. Consistent with a previous studyls, we found that, in
a sequence context derived from the native HIS3 promoter, deletion
of the 17-bp poly(dA:dT) tract upstream of the Gen4p-binding site
results in a significant reduction in promoter activity (Fig. 1c). To
test this effect in a simpler promoter architecture and with a different
site affinity, we generated additional variants in which we deleted the
poly(dA:dT) tract immediately downstream of the Gen4p-binding
site and altered the site affinity'°-2! (Supplementary Note). Notably,
in this context, deletion of the upstream poly(dA:dT) tract nearly
abolished promoter activity, even though a competent site for Gendp
is still present (Fig. 1c). These results show that, as predicted’,
poly(dA:dT) tracts have a causal effect on transcriptional output.

If the effect of poly(dA:dT) tracts on transcription is indeed medi-
ated by their nucleosome-disfavoring nature, then we expect a stronger
effect from tracts that disfavor nucleosome formation more strongly.
Recent genome-wide measurements of nucleosome occupancy
in vivo and in vitro showed that nucleosome depletion increases with
both the length and perfection of poly(dA:dT) tracts'®!1422. To test
whether these tracts’ properties indeed affect promoter activity, we
manipulated the length and composition of the poly(dA:dT) element
upstream of the Gen4p-binding site in both of the above sequence con-
texts (with and without the downstream tract), and measured the result-
ing promoter activities (Fig. 2a,b). In both contexts, we found similar
promoter activities for a variant without an upstream poly(dA:dT)
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element and for a variant containing a short and perfect 5-bp tract but
significantly higher activity for a variant with a longer, perfect 12-bp
tract. Notably, the activity of the variant with the perfect 12-bp tract
was larger than (or equal to, in the context where the downstream tract
was deleted) that of a variant containing a 17-bp tract with two mis-
matches but was significantly smaller than that of a variant containing
a 22-bp tract with the same two mismatches. Thus, as expected from
a nucleosome-mediated effect and consistent with the genome-wide
nucleosome occupancy studies, we show that the length and sequence
composition of poly(dA:dT) elements can be used interchangeably to
tune their effect on transcription, with longer and more perfect tracts
inducing higher transcriptional levels.

To further substantiate that these transcriptional changes were medi-
ated by the effect of poly(dA:dT) tracts on nucleosome organization,
we measured nucleosome occupancy along the promoter of all of the
variants presented in Figure 2a,b using quantitative PCR (qPCR)?>.
Indeed, we found that alterations to poly(dA:dT) tracts affected nucleo-
some occupancy, with the most pronounced change being reduced
occupancy near the tract (Fig. 2c—f). This reduction mainly affected the
nucleosome occupancy of the nearby Gen4p-binding site (Fig. 2¢,d)
and much less so the occupancy of more distant elements, such as the
TATA box and the transcriptional start site (Fig. 2e,f). These measured
occupancy differences are consistent with genome-wide correlations
observed between poly(dA:dT) tracts and nucleosome occupancy'®14,
as variants containing longer and more perfect tracts indeed showed
lower occupancy in their vicinity. Most notably, we found a general
trend in which promoter variants with lower nucleosome occupancy
over the nearby Gendp-binding site had higher promoter activity
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Figure 2 Poly(dA:dT) tracts significantly affect the transcriptional outcome,
likely by altering nucleosome organization. (a) Schematics and promoter
activity values of promoter variants that differ in the length and composition
of the poly(dA:dT) element upstream of the Gen4p site (12 bp upstream of
the site) (Supplementary Note). Numbers by the arrows reflect the distances
in basepairs between the poly(dA:dT) tract and the Gen4p site (edge to
edge). Shown are the mean promoter activity + two standard errors obtained
in 6-12 independent experiments. Cells were grown and measured under
conditions of amino-acid depletion. (b) Schematics and promoter activity
values are shown as in a for a different sequence context, with a different
Gen4p site and with a poly(dA:dT) element downstream of the site, as in

the native HIS3 promoter. (c) gPCR-based measurements of nucleosome
occupancy for the promoters from a in a region surrounding the Gen4p site
and its upstream poly(dA:dT) tract (primer pair 1; Supplementary Tables 3
and 4). Measurements were performed on cells grown under conditions of
amino-acid depletion. All values are normalized with respect to the measured
nucleosome occupancy over the —1 nucleosome region in the PHO5 promoter
and are shown as mean * two standard errors from 2-3 independent
experiments. (d) gPCR-based measurements of nucleosome occupancy are
shown as in ¢ for the promoters from b. (e) gPCR-based measurements of
nucleosome occupancy are shown as in ¢ with several additional primer pairs
that tile the promoter sequence. The x axis represents the distance from the
translational start site, and the x coordinate of each plotted point represents
the center of the primer pair used. The entire amplicon generated by each
primer pair is represented by the blue segments below each plotted point
(for primer pair sequences, see Supplementary Tables 3 and 4). Also shown
(bottom) is a schematic of the promoter with the locations of the poly(dA:dT)
elements, the Gendp site and the two known TATA boxes (T, and Tg)*©.

(f) gPCR-based measurements of nucleosome occupancy and an accompan-
ying schematic are shown as in e for the promoters from b.

(Fig. 2a-d). We also tested the effect of poly(dA:dT) elements on
nucleosome occupancy in an additional set of variants, again differing
in the length and composition of the tract, but in which we mutated
the Gen4p-binding site (Supplementary Fig. 7). Here, too, we found
a reduction in nucleosome occupancy upon addition of a nearby
tract, suggesting that binding of Gen4p is not required for this effect
(Supplementary Fig. 7c). In terms of the effect on promoter activity,
we observed a mild increase with longer and more perfect poly(dA:dT)
tracts, even with a mutated Gen4p-binding site, possibly indicating
an effect of these tracts on the accessibility of other elements, such
as the TATA box. However, the tract’s effect on promoter activity was
amplified in the presence of the intact site, in what can be referred to
as a cooperative relationship”->* (Supplementary Fig. 7a,b).
Together, these results strongly suggest that the effect of poly(dA:dT)
tracts on transcription is mediated, at least partially, by the reduced
nucleosome occupancy and thus increased accessibility that these tracts
confer on nearby promoter elements, such as transcription factor sites.

Poly(dA:dT) tracts offer general means to tune expression
Promoter elements that exert their transcriptional effect by modu-
lating the binding of general regulators, such as histones, have the
potential to regulate many target genes regardless of gene-specific
regulators. To test whether such broad effects apply to poly(dA:dT)
tracts, we replaced the Gen4p-binding site with either a Gal4p or
Pho4p site and measured the promoter activity of variants with and
without a poly(dA:dT) element upstream of these sites in the acti-
vating conditions of these transcription factors (Online Methods).
Indeed, in all cases, we found that the promoter activity of vari-
ants that contain a poly(dA:dT) element upstream of the regulatory
factor site was significantly higher than that of promoters lacking this
element (Fig. 3a), suggesting that poly(dA:dT) elements can serve as
general modulators of expression.

Although the poly(dA:dT) tract had a qualitatively similar stimula-
tory effect in all of the above cases, the magnitude of the effect differed
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Figure 3 The transcriptional effects of poly(dA:dT) tracts are evident in
promoters regulated by different transcription factors, and its magnitude
is inversely proportional to the affinity of the transcription factor site.

(a) Schematics and activity measurements for promoter variants with or
without a poly(dA:dT) tract upstream of either a Gal4p (top) or a Pho4p
(bottom) site (mean =+ two standard errors from 4 and 5 independent
experiments, respectively). Numbers above the arrows reflect the distance
in basepairs between the poly(dA:dT) tract and the Gen4p-binding site
(edge to edge). Cells were grown and measured under conditions known
to activate each regulator. (b) Schematics and activity measurements
for promoter variants with or without a poly(dA:dT) tract upstream of a
strong (top), medium (middle) or weak (bottom) binding site for Gen4p.
Measurements are shown as the mean promoter activity + two standard
errors from 6-12 independent experiments when cells were grown and
measured under conditions of amino-acid depletion. (c) For each pair of
promoter variants with the same Gcn4p site from b, the ratio of promoter
activity values between the variant containing the upstream poly(dA:dT)
element and the variant lacking this element is shown. The blue

arrow indicates that the magnitude of the transcriptional effect of the
poly(dA:dT) tract is inversely proportional to the affinity of the Gen4dp
site. Error bars show + two standard errors of the ratio as calculated
across 6-12 independent experiments.

for each factor. These differences likely depend on the effective con-
centration of the regulating factor in the measured condition, on the
affinity of the site and possibly also on the exact mechanism by which
different factors activate transcription. Intuitively, as the transcription
factor concentration or site affinity is higher, it can better compete
with nucleosomes for access to the DNA” and, thus, the added benefit
from a nearby poly(dA:dT) element is likely smaller. Indeed, when
examining the effect of poly(dA:dT) tracts in the vicinity of Gen4p-
binding sites with different affinities, we found that, although their
effect was always stimulatory, it was stronger near lower-affinity sites
(Fig. 3b,c). This result complements a related observation, according
to which the effect of poly(dA:dT) elements varies inversely with the
concentration of Gendp!.

Taken together, our results show that poly(dA:dT) elements can
serve as general modulators of expression, where the magnitude of
their effect depends on properties of their surrounding promoter
architecture.

Effect of poly(dA:dT) tracts on transcription is context specific
In addition to manipulating the properties of poly(dA:dT) tracts and
transcription factor sites, altering the relative arrangement of these
elements is another means by which the range of attainable tran-
scriptional outputs may be increased. This expectation stems from
the nonlocal, distance-dependent effect that nucleosome-disfavoring
elements likely confer on the surrounding nucleosome organization:
whereas the probability of being wrapped within a nucleosome is low
for basepairs in the immediate vicinity of poly(dA:dT) tracts, base-
pairs further away are also expected to be influenced by the presence
of such tracts, although to a smaller extent’”-1425. Thus, the location
of poly(dA:dT) tracts relative to other elements such as transcription
factor sites may differentially affect the accessibility of these elements
and, consequently, the transcriptional output.

To test this hypothesis, we constructed several sets of promoter
variants, on the basis of the two above sequence contexts, in which
we placed the same poly(dA:dT) tract at varying distances, ranging
from 6 bp to 250 bp, upstream of the Gen4p-binding site (Fig. 4
and Supplementary Fig. 8). Compared to promoters that lack the
upstream tract altogether, we found that in all sets, poly(dA:dT) tracts
significantly affected promoter activity, even when they were placed
200 bp from the Gen4p-binding site, with the magnitude of this effect
varying greatly across the different distances (Fig. 4a,b). As a general
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trend, we found that promoter activity decreases as the distance
between the poly(dA:dT) tract and the Gen4p-binding site increases.
This decrease is not entirely monotonic, as several variants deviated
from this trend. Some of these deviations may result from creation or
obstruction of transcription factor sites that may have occurred due
to specific changes in the location of the poly(dA:dT) tract.

According to theory, placing an element strongly disfavoring
nucleosomes at increasing distances from a binding site in a pro-
moter with an otherwise equal probability for forming nucleosomes
along its length is predicted to have a periodically decaying effect on
nucleosome occupancy over the site and, consequently, an anticor-
related periodic effect on the transcriptional output”-?>. Thus, the
observed trend of decay in promoter activity does not fully agree with
the naive theoretical expectation. Possible explanations for this gap
may be related to non-uniformity in the probability of nucleosome
formation along the promoter, cooperative interactions between
nearby nucleosomes or the effects of active chromatin remod-
eling, all of which are not accounted for in the simple theoretical
predictions described.

To gain further insights into the sources of the observed trend, we
measured nucleosome occupancy over the Gen4p-binding site for a sub-
set of the variants in Figure 4a. We found that varying the location of
poly(dA:dT) tracts resulted in differences in nucleosome occupancy over
the Gen4p-binding site (measurements of additional promoter regions
depicted in Fig. 2e show that more downstream regions were less variable
among the tested variants). Moreover, whereas promoter activity decreased
as the distance between the tract and the Gen4p-binding site increased,
nucleosome occupancy over the site generally increased (Fig. 4e).

Overall, our results show that altering the location of poly(dA:dT)
tracts relative to a transcription factor site can affect the site’s nucleo-
some occupancy and, correspondingly, promoter activity, yielding a
multitude of transcriptional outputs, as demonstrated by the gradual
trend of decay in promoter activity as the distance between these
elements increases.

Poly(dA:dT) tracts can tune expression levels with fine resolution
Our variants show that manipulations of poly(dA:dT) tracts can
affect transcription with magnitudes that are on par with those
attained by modifying transcription factor sites. For instance, adding
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Figure 4 The transcriptional effects of
poly(dA:dT) tracts depend on their distance
from other promoter elements. (a) Promoter
activity measurements for a set of promoter
variants differing in the location of an upstream
22-bp poly(dA:dT) tract relative to the Gen4dp
site (schematic defined in inset). Shown are
the mean promoter activity + two standard
errors from 6-12 independent experiments
when cells were grown under conditions of
amino-acid depletion. The horizontal line
represents the promoter activity of a variant
that lacks the upstream poly(dA:dT) tract.
(b) Promoter activity measurements as in a
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measured nucleosome occupancy over the —1 nucleosome region in the PHO5 promoter and are shown as the mean + two standard errors from
2 independent experiments (for distances of 125 bp and 240 bp, only one measurement was performed).

a tract upstream of a Gen4p-binding site increased promoter activity
to a comparable extent to that attained by strengthening the site
(Supplementary Fig. 6). Notably, it seems that beyond offering a
complementary mechanism by which significant transcriptional
changes can be achieved, poly(dA:dT) tracts may also offer additional
functionality. The gradual changes in transcription that we observed
when sampling only a small fraction of the possible alterations that
can be made to properties of poly(dA:dT) tracts suggests that these
tracts may provide a mechanism by which expression levels can be
tuned with very fine resolution, perhaps with greater resolution than
can be achieved by changes to transcription factor sites.

Examination of published Gendp binding data?® demonstrates this
concept. Of 57 mutations to the native Gen4p-binding site in the
HIS3 promoter, which include all but two of the possible point muta-
tions to the site, only one mutation (a single-basepair change that
converts the site into a consensus site?) increases Gendp binding
and HIS3 expression, and most other mutations abolish Gen4p bind-
ing??. When introducing the single-basepair mutation that changes
the native Gen4p-binding site into the consensus site, we observed
a substantial, ~3-fold increase in promoter activity (Fig. 5), which,
together with data from the above study?’, suggests that intermedi-
ate activity levels cannot be achieved by any of the tested mutations
to the Gen4p-binding site. Notably, we found that we could produce
such intermediate promoter activity levels by altering properties of
the poly(dA:dT) tract that is upstream of the Gen4p-binding site,
including changes to its length, composition and distance from the
Gcendp-binding site (Fig. 5).

As understanding of the transcriptional effect of various properties
of poly(dA:dT) tracts improves, additional manipulations to these
tracts, allowing for an even finer resolution, can be designed, thus
providing a promising means to obtain promoters with prespecified
transcriptional outputs. Aside from this beneficial use, such changes
to poly(dA:dT) tracts may have a significant role in the evolution of
gene expression, by offering an efficient genetic mechanism by which
genomes can evolve and fine tune transcriptional levels.

A simple model accounts for many effects of poly(dA:dT) tracts
Given that the transcriptional effect of many of the above changes
to poly(dA:dT) tracts could be qualitatively explained by their
nucleosome-disfavoring nature”-1423, we next asked whether these
changes can also be explained quantitatively using current models
of transcriptional control. Notably, most existing models for pre-
dicting expression from regulatory sequence are based solely on the
sequence preferences of transcription factors?®-?? and, as such, would
predict the same transcriptional output for promoter variants that
differ only in properties of poly(dA:dT) tracts. Thus, these models
cannot explain the significant differences in promoter activity that
we observed for such variants, underscoring the need to incorporate
the effect of nucleosomes and their differing sequence affinities into
models of transcriptional regulation.

A framework that models the binding competition between tran-
scription factors and histones was previously proposed”-3°. Here, we
applied this framework (Online Methods) to compute the probability
that Gendp is bound to its site in each promoter variant, as a proxy
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measure of the transcriptional output’ (Fig. 6a). As the binding
preferences of both Gen4p!%20:31:32 and histones!? are relatively well
characterized, only two free parameters, for the concentrations of
Gcendp and histones, need to be estimated (Supplementary Note).

Applying this framework to the variants in which manipulations
to poly(dA:dT) tracts resulted in qualitatively predicted effects on
promoter activity shows that we can also understand these effects
quantitatively. Notably, it is the incorporation of nucleosomes and,
specifically, poly(dA:dT) tracts (Supplementary Note) into the model
that accounts for the effects of manipulations to the presence, length
and composition of poly(dA:dT) tracts (explaining 46% of the remain-
ing variability in the data compared to a model lacking nucleosomes
and achieving a Pearson’s R? of 0.94; Fig. 6b).

However, some gaps still remain in our mechanistic understand-
ing of the effect of poly(dA:dT) tracts. Most notably, variants with
manipulations to the location of the upstream poly(dA:dT) element
show a clear trend both in measured nucleosome occupancy over the
site and in promoter activity values, and in this sense are predict-
able, yet this trend only partially matches the model predictions.
Nevertheless, if we assess our overall ability to explain the entire
data set with current models based on the binding of both transcrip-
tion factors and histones, we obtain fairly good results (employing

Figure 6 A mechanistic model for transcription a
accounts for many of the transcriptional
effects of poly(dA:dT) tracts. (a) Schematic

of the modeling framework that we employed, Sequences § g § §
allowing us to compute the probability that

Gcndp is bound to its known site in each

promoter variant, given as input the binding

preferences and concentrations of Gendp

nding
ffinity

TF binding affinities

Figure 5 Changes to poly(dA:dT) tracts may allow tuning of expression
levels with finer resolution than that allowed by changes to the
transcription factor site. Schematic and activity measurements for
promoter variants that contain either the consensus (strong) or the native
(medium) Gen4p site. Measurements are shown as the mean promoter
activity + two standard errors from 6-12 independent experiments when
cells were grown under conditions of amino-acid depletion. Addition of
various poly(dA:dT) tracts (four middle promoter variants with orange
highlight) to the promoter with the native Gen4p site resulted in
intermediate promoter activity levels that spanned the large change in
activity caused by the single-basepair mutation (T—A) that converts the
native Gen4p site to a consensus site.

the same parameters as those chosen for the smaller set provides a
lower bound of R? = 0.75) (Fig. 6c and Supplementary Note).This
result is significantly better than the performance of models learned
when permuting the association between promoter variants and pro-
moter activity values (in 1,000 permutations, average R? = 7% £ 5%;
maximum R? =28%; P <1 x 1073).

Taken together, although some aspects of the transcriptional effects
of poly(dA:dT) tracts remain unexplained, our results show that a rela-
tively simple mechanistic model can account for much of the variability
in the data and show the usefulness of incorporating nucleosomes and
their sequence preferences into models of transcriptional control.

Poly(dA:dT) tracts affect cell-to-cell expression variability

Next, we wished to go beyond the effects that poly(dA:dT) tracts
have on the mean promoter activity of a cell population and gain
some insight into the effects that these tracts have at the single-
cell level. Although several studies analyzed single-cell expression
measurements of native promoters3>34, the studied promoters dif-
fered by many properties, making it difficult to attribute the differ-
ent measured behaviors to specific promoter elements. Our designed
variants thus provide a unique opportunity to isolate the effect of
poly(dA:dT) tracts, which is particularly intriguing, given that these
tracts likely affect the promoter’s nucleosome organization, which in
turn has been linked to cell-to-cell expression variability!43>36,
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normalized mutual information = 0.39;
Supplementary Note) versus a model that
does (right; Pearson’s R2 = 0.94, Spearman
correlation = 0.99, normalized mutual
information = 0.83). (c) Scatter plot of
measured promoter activity and predicted
binding probability of Gen4p to its site
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Figure 7 Poly(dA:dT) tracts affect cell-to- a b c
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strength (defined as 2/u) versus the mean YFP

intensity (u) for each promoter. The value presented for each promoter is the mean of the statistic computed over three independent flow cytometry
experiments + two standard errors (Online Methods). The Pearson’s R? value was computed on the basis of log values. We observed similar results for

variants containing the downstream poly(dA:dT) (data not shown).

To study the transcriptional effect of poly(dA:dT) tracts at the
single-cell level, we conducted flow cytometry measurements for a
subset of strains that differed in the properties of their poly(dA:dT)
tracts. Reassuringly, the average YFP levels in the flow cytometer
were in excellent agreement with the promoter activity measurements
(Pearson’s R? = 0.97). Examining the single-cell distribution of YFP
intensities, we found that all variants showed a unimodal distribution
of YFP intensities, such that, for variants with a higher mean promoter
activity, the entire distribution and not a specific subpopulation of
cells shifted accordingly (Fig. 7a-c). As a further characterization,
we computed both the transcriptional noise (6%/u?, variance divided
by the square mean of YFP intensity) and noise strength (6%/4, vari-
ance divided by the mean of YFP intensity) of all promoter variants
(similar to a previous approach?”), and found a strong anticorrela-
tion between the mean and noise of the measured variants (Pearson’s
R2 = 0.75). Notably, in contrast to this strong anticorrelation, the
correlation between mean expression and noise strength was very
weak (Pearson’s R> = 0.1) (Fig. 7d). Under certain assumptions, noise
corresponds to the frequency of protein expression bursts, whereas
noise strength corresponds to the number of proteins produced at
each burst37-38. Notably, our results thus suggest that manipulations
to poly(dA:dT) tracts mainly affect the frequency of protein bursts
and, to a much lesser extent, the size of each burst.

Taken together, our results show that poly(dA:dT) tracts also have
predictable effects on expression at the single-cell level and provide
initial insights into the dynamics by which these effects are exerted.

DISCUSSION

In summary, our study advances the understanding of how transcrip-
tional regulation is encoded within genomic sequences by showing
the importance of poly(dA:dT) tracts and providing a comprehensive
characterization of their transcriptional effect. Our results strongly
suggest that poly(dA:dT) tracts exert their transcriptional effects
by altering nucleosome organization and, thus, the accessibility of
regulatory promoter elements. Thus, poly(dA:dT) tracts may offer a
general means to tune expression, applicable to promoters regulated
by different transcription factors. Moreover, due to the many ways
by which these tracts can be manipulated and combined with other

promoter elements, they enable a wide range of transcriptional outputs
and may allow fine tuning of expression with a higher resolution than
that allowed by solely relying on transcription factor sites. Notably, we
show various ways in which the transcriptional effects of poly(dA:dT)
tracts are predictable. The transcriptional effects of most manipula-
tions to poly(dA:dT) tracts are quantitatively explained by a simple
mechanistic model. Even variants with manipulations to the location
of poly(dA:dT) tracts, which still pose a challenge to our theoreti-
cal understanding, show a clear trend in both promoter activity and
nucleosome occupancy measurements.

Despite these advances, several interesting research avenues await
further exploration. First, as stated above, current mechanistic
models are still unable to explain all of the variability generated by
poly(dA:dT) tracts. Accumulation of promoter activity measure-
ments for additional variants, specifically designed to bridge these
gaps, will likely facilitate the formulation and estimation of more
complex models incorporating, for instance, components such as
TBP, chromatin remodelers and more complex interactions between
the molecules involved. Second, although our results are compatible
with the possibility that the transcriptional effect of poly(dA:dT) is
mediated by nucleosome occupancy changes over adjacent transcrip-
tion factor sites, they do not exclude the involvement of additional
promoter elements, such as the transcriptional start site and TATA
box. Decoupling such effects, if they exist, and uncovering the causal
chain of underlying events is an unresolved and challenging task.

Given our results, the known prevalence of poly(dA:dT) tracts in
eukaryotic promoters and their association with nucleosome depletion
genome-wide, it would also be interesting to characterize the effect
of these elements in additional promoter contexts (for several such
examples, see ref. 18 and Supplementary Fig. 9). Third, although we
showed initial results relating poly(dA:dT) manipulations to changes
in cell-to-cell variability, a more comprehensive characterization of
these effects on single-cell transcriptional dynamics, measured across
time and compared to the effects of other promoter elements, will
surely provide additional important insights. Finally, as histones are
highly conserved across eukaryotes, so are nucleosome sequence pref-
erences!43%, and, thus, it would be interesting to study the transcrip-
tional effect of poly(dA:dT) tracts in higher eukaryotes.
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Taken together, our results show an important role for sequences
that disfavor nucleosome formation in transcriptional regulation and
suggest that, by combining these elements with other promoter build-
ing blocks, directed design of promoter sequences with prespecified
expression patterns may be within reach.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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Promoter library construction. Construction of yeast master strain. A single
master strain containing all elements that are shared by all strains in our library
was constructed by genomically integrating a construct of ADHI terminator
-mCherry reporter gene -TEF2 promoter -HIS3 proximal promoter (100 bp
upstream of the transcriptional start site) -YFP reporter gene -ADHI terminator
-NAT]I (see the detailed sequence of master strain in the Supplementary Note)
into the Y8205 yeast strain (courtesy of C. Boone (University of Toronto)) at the
deleted HIS3 locus. This strain served as the basis for all of our strains.

Construction of promoter variants. The variable part of each promoter was con-
structed separately and inserted into the master strain by genomic integration,
using URA3 as a selection marker. Promoter variants were constructed either
by Biomatik or as described in refs. 41-43, using the 150 bp upstream of the
transcriptional start site in the native HIS3 promoter and a plasmid sequence
(F1 phage origin) of 361 bp in length taken from pRS426 (Supplementary
Fig. 1; see full sequences of variants in Supplementary Table 1).

Each variant was amplified and linked to a URA3 selection marker
(sequences for amplification primers are given in Supplementary Table 2)
using assembly PCR*!. The resulting PCR product was designed to have 50 bp
on its 5" end and 92 bp on its 3" end that are homologous to the genomic
integration site. Integration into the genome was performed by homologous
recombination, as described**. All steps were performed in 96-well plates,
using a robotic procedure for yeast transformation**. The promoter sequence
inserted into each strain was validated by sequencing.

Promoter building blocks. In the variable parts of the construct in each
strain, we used various transcription factor-binding sites (for Gen4p,
Gal4p and Pho4p) and poly(dA:dT) elements as promoter building blocks
(Supplementary Note).

Plate reader measurements. Strains containing the different promoters were
grown on synthetic complete medium in 96-well plates at 30 °C for a period
of 2 d, allowing them to reach stationary phase. We then transferred 5 ul of
cells into 96-well plates containing 150 pl of fresh medium. The following
types of medium were used: (i) synthetic complete medium (SCD), contain-
ing 2% glucose as a carbon source; (ii) amino-acid depletion medium, which
is based on yeast nitrogen base without amino acid supplementation, except
for leucine and histidine, and with 2% glucose as a carbon source; (iii) gal
medium, which is synthetic complete medium containing 2% galactose as a
carbon source; and (iv) pho medium, which is synthetic complete medium
lacking only phosphate.

The type of medium chosen for the measurements of each variant was the
one known to induce its expression (amino-acid depletion, gal and pho media
for variants containing Gen4p-, Galdp- and Pho4p-binding sites, respectively).
All variants were additionally measured in SCD (Supplementary Figs. 2-6
and Supplementary Note). Absorbance (ODgj,) and fluorescence (YFP and
mCherry) were then measured periodically (every 20 min) by a plate fluor-
ometer (Tecan F-500) using a robotic system (Fig. 1).

Nucleosome occupancy assay. Spheroplasts preparation and MNase diges-
tion. Strains containing different promoter variants (Fig. 2) were cultivated
at 30 °C in 300 ml of amino-acid depletion medium. Exponentially growing
cells were harvested, centrifuged (4,000 RPM for 5 min) and washed with
double-distilled water (ddH,O) twice. The pellet was re-suspended in 3 ml of
spheroplasting buffer (1 M sorbitol, 1 mM B-mercaptoethanol and 9 mg of lyti-
case (Sigma, L5263-200KU)) and incubated for 15 min at 30 °C. Spheroplasts
were centrifuged (3,000 RPM for 5 min) and washed twice with 1 M sorbitol.
The pellet was resuspended with 2.25 ml of MNase digestion buffer (1 M
sorbitol, 50 mM NaCl, 10 mM Tris, pH 7.5, 5 mM MgCl,, 1 mM CaCl,, 1 mM
B-mercaptoethanol and 0.5 mM spermidine (Sigma, S0266-1G) with 0.075%
Nonidet P-40 (Igepal; Sigma, CA-630)). Spheroplasts were divided into two
samples. One sample was further divided and digested with MNase by the
addition of 200 U (Worthington)/ml of MNase (Sigma, N5386-500UN) for
several minutes (5 min, 10 min, 12 min and 15 min were tested) at 30 °C, and
digestions were terminated with stop solution (1/10 sample volume of 250 mM

EDTA and 5% SDS). The other sample was used for extracting genomic DNA
and was transferred directly to the stop solution.

DNA purification. Both MNase-treated, and genomic DNA samples were incub-
ated with 0.25 mg/ml RNase (Sigma,R5500-100MG) for 1 h at 37 °C, and
DNA was purified with a MinElute PCR purification kit (Qiagen). MNase-
treated samples were electrophoretically separated on a 2% agarose gel, and
mononucleosome-sized (~147-bp) fragments were excised from the gel. The
fragments were inserted into dialysis tubes (Gene Bio Application, D012-100)
and electroeluted for 45 min at 120 V. DNA was ethanol precipitated and
suspended in ddH,O.

Quantitative PCR analysis. Primer pairs tiling the promoter region (~210 bp
upstream and ~60 bp downstream of the transcriptional start site) were
designed to yield an amplicon of 95-107 bp. Sequences of primers are provided
(Supplementary Tables 3 and 4). Quantitative PCR analysis was performed
by RT-PCR (StepOnePlus, Applied Biosystems) using a ready-mix kit (KAPA,
KK4605). Reactions were performed in 10 pl with final primer concentrations of
200 uM using the following program: 3 min at 95 °C and 40 cycles of 3 s at 95 °C,
20sat 59 °Cand 10 s at 72 °C. To account for as much experimental noise as
possible, the preparation of genomic DNA was coupled to the preparation of
mononucleosomes, and a dilution series of this genomic DNA was used to
establish standard curves specific for each primer, strain and mononucleo-
some preparation. In general, R? values from linear regression exceeded 0.995,
and the range was sufficiently large to avoid extrapolation. All primer pairs
used did not show heterogeneous PCR products (according to melting curve
analysis). Each PCR plate contained a primer pair amplifying the —1 nucleo-
some at the PHOS5 promoter. The nucleosome occupancy values obtained with
this primer pair were used as a normalization factor to control for plate-to-
plate variation and to allow the comparison of nucleosome occupancy across
different promoters.

Flow cytometry measurements. Strains containing the different promot-
ers were grown on synthetic complete medium in 96-well plates at 30 °C
for a period of 2 d, allowing them to reach stationary phase. We then trans-
ferred 5 l of cells into 96-well plates containing 150 ul of fresh amino-acid
depletion medium and grew them to mid-log phase. YFP fluorescence
intensity was measured by flow cytometry on the BD LSRII system (BD
Biosciences). The excitation wavelength was 350 nm for YFP and 740 nm for
mCherry. Approximately 150,000 cells were collected from each well at a flow
rate of 1 pl/s.

Analysis pipelines. Plate reader measurements. The raw data for each experi-
ment consist of OD (indicative of cell population size), YFP and mCherry reads
for each of the strains in the 96-well plate measured every 20 min. Analysis
of data is almost fully automated and consists of outlier removal, subtraction
of background levels, detection of exponential growth phase and calculation of
promoter activity (YFP production rate per cell per second averaged over the
entire exponential phase). Additional details on the data analysis pipeline
and calculation of promoter activity are provided (Supplementary Note and
Supplementary Fig. 10).

Flow cytometry measurements. FCS files were imported to Matlab using an
available script, outlier wells and cells were discarded and cells were gated on
the basis of forward scatter (FSC) and side scatter (SSC) values. For the deriva-
tion of statistical measures, YFP values were corrected to further account for
changes in cell size within the gated population using robust multiple linear
regression of YFP versus FSC-A and SSC-A. Additional details are provided
(Supplementary Note).

Model description. To quantitatively assess the ability to explain measured
promoter activity values, we applied a thermodynamic framework that models
the binding competition between transcription factors and histones for access
to DNA sequences’. Gendp and histone affinity models were constructed
on the basis of published data, and various values for their concentrations
were scanned (Supplementary Fig. 11; detailed model description in the
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Supplementary Note). Promoter sequences were extended by 2,000 bp in
each direction, on the basis of the genomic context in which they appear
in our strains, to avoid any boundary effects on nucleosome binding. The
promoter sequences of variants in which a Gen4p-binding site is located at a
fixed location from the upstream poly(dA:dT) tract (V1-V8, V13-V16, V18
and V38; Supplementary Table 1) were given as input for the model applica-
tion described in Figure 6b. All variants with a Gen4p-binding site (V1-V8
and V13-V60; Supplementary Table 1) were given as input to the model
application described in Figure 6c. In all model applications, we computed
(given the promoter sequences, the affinity models and concentration values
for Gen4p and histones) the binding probability of Gendp to its site. This prob-
ability served as a proxy for the measured promoter activity. We assessed the
prediction quality of various model parameterizations using several statistical

measures, namely Pearson’s R?, Spearman’s rank correlation coefficient and a
normalized mutual information score (details on the estimation of prediction
quality are given in the Supplementary Note). The specific contribution of the
poly(dA:dT) elements to the improvement in predictions is discussed in the
Supplementary Note and summarized in Supplementary Table 5.
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