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Coordinate regulation of ribosomal protein (RP) genes is key for controlling cell growth. In yeast, it is unclear how this
regulation achieves the required equimolar amounts of the different RP components, given that some RP genes exist in
duplicate copies, while others have only one copy. Here, we tested whether the solution to this challenge is partly encoded
within the DNA sequence of the RP promoters, by fusing 110 different RP promoters to a fluorescent gene reporter,
allowing us to robustly detect differences in their promoter activities that are as small as ~10%. We found that single-copy
RP promoters have significantly higher activities, suggesting that proper RP stoichiometry is indeed partly encoded within
the RP promoters. Notably, we also partially uncovered how this regulation is encoded by finding that RP promoters with
higher activity have more nucleosome-disfavoring sequences and characteristic spatial organizations of these sequences
and of binding sites for key RP regulators. Mutations in these elements result in a significant decrease of RP promoter
activity. Thus, our results suggest that intrinsic (DNA-dependent) nucleosome organization may be a key mechanism by
which genomes encode biologically meaningful promoter activities. Our approach can readily be applied to uncover how
transcriptional programs of other promoters are encoded.

[Supplemental material is available for this article.]

The yeast genome contains 137 genes that encode for ribosomal
proteins (RP), of which 19 encode a unique RP, and 118 (59 pairs)
each encode a duplicated RP that exists in two copies. Together, RP
transcription accounts for ~50% of the transcripts produced by
RNA polymerase II (Warner 1999). Transcription of RP genes is
coordinately regulated in response to different growth stimuli and
environmental conditions, and this coordinate regulation is a key
mechanism by which cells adjust their protein synthesis capacity
to physiological needs (Ju and Warner 1994; Gasch et al. 2000;
Causton et al. 2001). The mRNA levels of RP genes are also under
tight regulation, since abnormal levels of RP transcription lead to
reduced fitness (Li et al. 1996; Deutschbauer et al. 2005). Several
transcriptional regulators of RP genes were identified and shown to
associate directly or indirectly with many RP promoters, including
Rap1 (Shore 1994; Lieb et al. 2001; Lee et al. 2002), Fhll (Lee et al.
2002; Schawalder et al. 2004; Wade et al. 2004), Ifh1 (Schawalder
et al. 2004; Wade et al. 2004), Sfp1 (Marion et al. 2004), Crfl
(Martin et al. 2004), and Hmo1 (Hall et al. 2006), and binding sites
for Rapl are required for proper RP transcription (Woudt et al.
1986; Moehle and Hinnebusch 1991; Shore 1994). However, a key
unresolved question regarding RP regulation concerns the ability
of yeast cells to achieve the required equimolar amounts of the
different RP components of the ribosome (Spahn et al. 2001), given
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the copy-number differences that exist among the single-copy and
duplicated RP genes (Warner 1999).

Measurements of mRNA abundance of the RPs using DNA
microarrays (Holstege et al. 1998) or RNA-seq (Nagalakshmi et al.
2008) can reveal whether equimolar amounts of RP genes are
achieved at the transcript level. However, since they measure the
combined effect on mRNA levels of transcription, genomic context,
degradation, and other post-transcriptional effects, these tech-
nologies cannot determine the relative contribution of each reg-
ulatory mechanism. In addition, since RNA-seq and microarrays
are based on sequencing or hybridization of sequences specific to
each measured gene, respectively, the resulting measurements may
have gene-specific systematic biases (Oshlack and Wakefield 2009).
This is particularly problematic in the case of RP genes, since tran-
scripts of duplicated RPs are highly similar to each other at the se-
quence level, which makes determining their expression levels by
sequence-based methods problematic. The same limitations apply
to measurements based on quantitative real-time PCR.

Approaches based on fusion of promoters to fluorescent re-
porters can be used to determine the relative contribution of
transcription to the resulting mRNA levels, since they provide direct
real-time measurements of promoter activity with a high accuracy
of ~10%, in a way that is independent of the sequence of the
measured gene (Kalir et al. 2001). Variants of this approach were
successfully applied to reveal ordered activation of genes in various
pathways in bacteria (Kalir et al. 2001; Zaslaver et al. 2004) and to
generate libraries of synthetic promoters in bacteria (Cox et al. 2007)
and yeast (Ligr et al. 2006; Murphy et al. 2007; Gertz et al. 2009),
which provided much insight into the rules that underlie com-
binatorial cis-regulation. However, since they require genetic
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engineering of one strain for each tested promoter, these ap-
proaches are harder to implement. To date, there is no large-
scale library of fluorescent fusions of natural promoters for any
eukaryote.

Here, we fused 110 of the 137 RP promoters in yeast to a yellow
fluorescent protein reporter (YFP), allowing us to measure promoter
activities for most RP genes in living cells and with high accuracy
and temporal resolution. Each promoter was directly fused to YFP
and genomically integrated into a different strain at a fixed genomic
location, thereby controlling for both post-translational and geno-
mic context effects. Thus, since all 110 strains are isogenic except for
the specific RP promoter integrated into each of them, differences
between their measured YFP fluorescence are attributable only to
differences in the sequences of the integrated RP promoter. This
property makes our system highly suitable for studying how tran-
scriptional control of RP genes is encoded within their promoters.
We note, however, that since locations of transcription start sites are
only partially known, we extended each promoter up to the trans-
lation start site of its corresponding RP gene, and thus, some of the
differences in the YFP of the various RP promoters may also be due
to the differential effects that their 5" untranslated regions have on
the stability and translation of the YFP mRNA. Nevertheless, our
analyses and subsequent mutational experiments unravel some of
the sequence rules by which RP promoters encode their measured
promoter activities. Our findings suggest that DNA-encoded nu-
cleosome organization of promoters is an
important determinant of this encoding,
and that the yeast genome utilizes this
encoding in part to compensate for the A P<5™10%
copy-number differences that exist be-
tween its duplicated and single-copy RP
genes.

Results

Single-copy RP genes have higher
mRNA levels than duplicated RPs

We first tested whether already at the
transcript level, yeast cells compensate
for the gene copy differences that exist
between its duplicated and single-copy
RP genes. Since RPs are needed in equi-
molar within the ribosome (Spahn et al.
2001), and since pairs of duplicated RP
genes encode nearly identical proteins
and are thus functionally redundant
within the ribosome (Lucioli et al. 1988;

RPs (ranked by activity in each study)

duplicated RP genes (Fig. 1, P-values range from P < 1077 to P <
0.02). Although all of these data sets are publicly available, we are
not aware of studies that reported such a finding. This result
suggests that yeast compensates for the copy-number differences
that exist among its RP genes at the transcript level in order to
achieve the required stoichiometry of the RPs.

Obtaining accurate measurements of RP promoter activities

Next, we sought to test whether these higher expression levels of
the single-copy RP genes are encoded within their promoter re-
gions, and if so, how is it achieved at the sequence level. To this
end, we devised an experimental system for accurately measuring
RP promoter activities based on fusing promoters to fluorescent
reporters. We designed a single master strain and separately in-
tegrated into it different RP promoters, generating one strain for
every RP promoter (Fig. 2A). To eliminate variability due to geno-
mic context, all of the promoters were integrated into the same
genomic location. At this same location, we also integrated into
the master strain the promoter for TEF2, a translation elongation
factor, followed by a red fluorescent protein (mCherry). Thus, the
activity of mCherry should be the same across all RP promoter
strains, allowing us to use the mCherry measurements to estimate
the experimental error of our system, and to identify mutant
strains with general deficiencies in their transcriptional activity.
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Rotenberg et al. 1988), we may expect their
transcripts to have lower expression levels
than transcripts of RP genes that have only
one copy in the yeast genome. To test this

hypothesis, we obtained mRNA abun-
dance measurements from three different
DNA microarray technologies (Holstege
et al. 1998; David et al. 2006; Lipson et al.
2009) and three different RNA-seq tech-
niques (Nagalakshmi et al. 2008; Lipson
et al. 2009; Yassour et al. 2009). Indeed,
in all six data sets, transcripts of single-
copy RP genes are expressed at signifi-
cantly higher levels than transcripts of

Promoter
fusion library

DNA Microarrays RNA sequencing

Figure 1. Single-copy RP genes have higher mRNA levels than duplicated RPs. For several data sets,
a ranking of their measured RP activities is shown, with single-copy RPs marked as orange bars and
duplicated RPs marked as blue bars. RPs for which a measurement was missing in a given data set
appear as gray bars and are sorted to the bottom of the list. The ranking is shown for our library of RP
promoter fusions (leftmost column), for transcription rate measurements using DNA microarrays
(Holstege et al. 1998) (second column), and for mRNA abundance measurements using DNA micro-
arrays (David et al. 2006; Lipson et al. 2009) or RNA-seq (Nagalakshmi et al. 2008; Lipson et al. 2009;
Yassour et al. 2009). For each data set, the rank-sum test P-value that tests whether the ranking of single-
copy RPs is higher than that of duplicated RPs is shown.
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To efficiently generate large-scale li-
braries of native promoters, we devised an
automated, bacteria-free robotic procedure
for cloning promoters into our master
strain, which is capable of constructing
alibrary of 96 different native promoters
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needed for clone validation (Supplemental
Fig. 2). We applied this procedure to all 137
RP promoters, and successfully generated
promoter strains for 110 of them, which
we subsequently validated by sequencing
the inserted promoter.

We measured the activity of these
different RP promoter strains in multiwell
plates by transferring a small number of
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tinuously tracking the growth (measured
as optical density [OD]), mCherry, and YFP
fluorescence of the growing cell popula-
tion at high temporal resolution, using a
robotically automated plate fluorometer
(Fig. 2B,C,D). To extract promoter activi-
ties from the resulting measurements, we
developed a data processing pipeline that
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Figure 2. Overview of our experimental system. (A) lllustration of the master strain into which we
integrated all RP promoters. At a fixed chromosomal location, the master strain contains a gene that
encodes for a red fluorescent protein (mCherry), followed by the promoter for TEF2, and a gene that
encodes for a yellow fluorescent protein (YFP). Every RP promoter is integrated into this strain, together
with a selection marker, between the TEF2 promoter and the YFP gene. (B) Strains with different RP
promoters have highly similar growth rates. Shown is the growth of 71 different RP promoter strains,
measured as optical density (OD). Measurements were obtained from a single 96-well plate, with
glucose-rich media and a small number of cells from each strain inserted into each well at time zero. The
exponential growth phase is indicated (vertical dashed gray lines). (C) Same as in B, but where the
measurements correspond to mCherry intensity. Note the small variability in the intensity of mCherry,
which is driven by the same control promoter across the different strains. (D) Same as in C, but where the
measurements correspond to YFP intensity. Note the large variability in the intensity of YFP, which is
driven by a different RP promoter in each strain. (E) Same as in C, but where the mCherry production
rate of each strain is shown, measured as the difference between the mCherry levels of different time-
points, divided by the integral of the OD during the same time period (see Methods). (F) Same as in E,

but where the YFP production rate of each strain is shown.

We integrated each promoter directly upstream of a yellow
fluorescent protein (YFP). We chose YFP over GFP, since yeast cells
autofluoresce much less at this wavelength, thereby increasing our
measurement sensitivity (Supplemental Fig. 1). The direct fusion of
promoters to YFP results in the exact same protein being produced
from every promoter, thereby eliminating post-translational regu-
lation as a source of variability in YFP levels. In addition, the YFP is
stable and long-lived, such that the difference in YFP levels across
time provides a direct measure of the amount of YFP produced (Fig.
2). As the promoter sequence of each RP gene, we took the genomic
region located between its translation start site (TrSS) and the end of
its upstream neighboring gene (for all promoter sequences see
Supplemental Datal). We used translation start sites, because tran-
scription start sites are not accurately defined in yeast. Thus, aside
from a short 5’ untranslated region that may affect the stability and
translation of the YFP mRNA, all promoters should produce the
same transcript. This design removes post-transcriptional regulation
that stems from the coding region and 3’ untranslated region of the
transcripts as a source of variability between strains.

yeast cells and the growth medium, aver-
ages replicate measurements, and iden-
tifies the different growth phases of the
cell population (Supplemental Fig. 3). As
a single measure of promoter activity, we
then take the amount of YFP fluorescence
produced during the exponential growth
phase, divided by the integral of the OD
during the same time period. This results
in a measure, termed “promoter activity,”
which represents the average rate of YFP
production from each promoter, per cell
per second, during the exponential phase
(Fig. 2E,F). (For all promoter activities see
Supplemental Datal).

We performed several tests to gauge the accuracy and sensi-
tivity of our system. First, as expected, we found that the growth
curves of all strains are nearly identical (Fig. 2B). Second, we found
that the YFP levels of independent clones of the same promoter
sequence are indistinguishable from those of replicate measure-
ments of the same clone, indicating that our library construction
procedure does not introduce mutations that have global effects
on transcription or translation (Supplemental Fig. 4). Third, we
validated that signals measured in the YFP wavelength are not af-
fected by the presence of the mCherry protein by showing that the
YFP level of a strain that has mCherry is the same as that of a strain
that does not have mCherry (Supplemental Fig. 5). Fourth, since
the mCherry and YFP promoters are separated by 1317 bp of the
selection marker, we asked whether higher promoter activities
from the YFP promoter result in increased mCherry transcription
through long-range interactions, but found essentially no corre-
lation between the YFP and mCherry promoter activities across the
different RP promoter strains (R = 0.05, Supplemental Fig. 6). Fifth,
we confirmed that protein levels of the YFP are an accurate proxy

2116 Genome Research
www.genome.org



Yeast promoters encode gene dosage compensation

for the corresponding mRNA levels by comparing the measured
fluorescence of YFP to quantitative real-time PCR (qPCR) mea-
surements of its mRNA, and finding good agreement between the
two measurements (R = 0.96, Supplemental Fig. 7). This high cor-
respondence between the protein and mRNA levels of YFP further
suggests that at least within our promoter set, the different 5’
untranslated regions of each promoter have minor effects on YFP
translation rates.

Finally, we used two measures to assess the experimental error
of our system. First, we examined the promoter activity of mCherry,
which should be the same across all promoter strains, and found
that the average difference between any two strains was ~5% (Fig.
2E; Supplemental Fig. 6). Second, using replicate measurements, we
found that on average, the relative error in the estimated YFP pro-
moter activity of an RP promoter is ~2%, indicating that at a 95%
confidence interval around the mean promoter activity we can
distinguish between any two promoters whose activities differ by as
little as ~8% (Supplemental Fig. 8). Indeed, most RP promoters have
significantly different promoter activities (Supplemental Fig. 9).

Taken together, our system provides measurements of promoter
activity for most RP genes in living cells and with high accuracy,
sensitivity, and temporal resolution, while controlling for genomic
context, post-transcriptional, and post-translational effects, such that
differences in the measured YFP activity of different RP promoters
likely reflect true differences in their promoter activities.

Promoters of single-copy RP genes encode higher
promoter activities

To compare the activities of promoters of single-copy RPs with those
of duplicated RPs, we grew the different RP promoter strains in rich
media with glucose, as well as in seven other growth conditions that
span various carbon sources and environmental stresses. The cor-
relations between the RP promoter activities across all growth con-
ditions were high (R=0.94-0.99, Supplemental Fig. 10), and we thus
used the activities measured in glucose in all of our subsequent
analyses. Notably, we found that promoters of single-copy RPs have
significantly higher activities than promoters of duplicated RPs
(2.22 = 0.59 vs. 1.48 = 0.5, P < 10~°) (Fig. 3A), and 13 of the 16
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measured single-copy RP promoters are among the 24 (of 110) RP
promoters with the highest activities.

To ask whether the lower promoter activities of the duplicated
RPs may help to achieve equimolar amounts of RPs, we compared
the promoter activity variability of RP promoters with the variability
achieved when treating every pair of duplicated RPs as a single
promoter, whose promoter activity is the sum of the activity of its
two corresponding promoters. Notably, summing the promoter
activities of duplicated RPs reduces the promoter activity vari-
ability of RP promoters by ~30% (coefficient of variation 0.27 vs.
0.38, P < 107°) (Fig. 3B), suggesting that RP promoter sequences
have evolved in part to achieve the proper stoichiometry of RPs
required within the ribosome. Note, however, that even after
summing duplicate RPs, there still remains considerable vari-
ability (0.27). This remaining variability may be small enough to
be tolerated by yeast cells. Alternatively, this variability may be
further reduced at the post-transcriptional or post-translational
level, although we find no such evidence, at least at the post-
transcriptional level, since applying the above computation to
RNA-seq data (Yassour et al. 2009) results in an mRNA level
variability similar to the promoter activity variability obtained
with our data (0.24 vs. 0.27).

If the duplicated RP promoters indeed have lower promoter
activities, in part to achieve proper RP stoichiometry, then we may
expect the combined promoter activity of a pair of duplicated RP
promoters to be more important than the way in which the two
activities are distributed between the two promoters. In this view,
we may further expect that duplicated promoter pairs can diverge
in their promoter activities and promoter sequences, as long as
their combined activity is maintained. Indeed, we find that the
promoter activities and, separately, the promoter sequences, of
pairs of duplicated RP promoters are as similar to each other as are
random pairings of RP promoters, and there is no correlation be-
tween the sequence similarity and promoter activity of duplicated
RP promoters (Supplemental Fig. 11).

Together, these results suggest that the compensation that we
observed at the transcript levels between duplicated and single-copy
RPsis achieved in part by the DNA sequence of RP promoters through
their encoding of higher activities for promoters of single-copy RPs.
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Promoters of duplicated RP genes encode lower promoter activities. (A) Shown is a histogram of promoter activities of the promoters whose

corresponding RP gene exists in two duplicate copies in the yeast genome (blue) and another histogram for the activities of promoters whose cor-
responding gene exists in one copy (orange). Also shown is the T-test P-value of the difference between the two histograms (top left). (B) The promoter
activity variability of RP promoters is significantly reduced when summing pairs of duplicated RP promoters. For each of the 41 pairs of duplicate RP
genes for which we have measurements for the two corresponding promoters, we added the promoter activities of the two promoters and computed
the coefficient of variation (CV) of promoter activities of the promoter set that consists of these combined promoters and of RP promoters that have
a single copy in the yeast genome (red arrow, CV = 0.27). For comparison, we computed the same coefficient of variation of activities when the pair
of promoters whose activities are added were chosen at random. A histogram of 107 such permutations is shown (blue), and the P-value of the real RP

promoter pairing is indicated (top left).
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Strong RP promoters have distinct organizations
of transcription-factor binding sites

Since differences in RP promoter activity measured in our system
are attributable only to differences in the sequence of the integrated
RP promoters, we next sought to identify the sequence features that
account for the measured activity differences. Thus, our goal was
to explain, as best as possible and from DNA sequence alone, the
measured RP promoter activities.

As a first step, we examined one possible partitioning of the
RP promoters into three groups of promoters with either high
(topmost 25%), intermediate (middle 50%), or low (bottommost
25%) promoter activities, with the boundary between the groups
adjusted by one to two promoters based on the ability to experi-
mentally distinguish promoter activities (Supplemental Fig. 9).
Notably, although this partitioning was based solely on promoter
activity, the resulting promoter groups differed from each other in
the number and/or spatial organization of TATA boxes (Basehoar
et al. 2004) and of binding sites for Rap1, Fhll, and Sfp1, the key
known transcriptional regulators of RP genes (Figs. 4, 5; Badis et al.
2008; Zhu et al. 2009). This suggests that the contribution of
a factor to the overall promoter activity depends on the specific
organization of its sites within the promoter.

Regarding Fhll, ChIP-chip experiments revealed that it asso-
ciates almost exclusively with RP promoters, suggesting that it is
a key regulator of RP genes (Harbison et al. 2004; Schawalder et al.
2004; Wade et al. 2004). However, since the association of Fhll to
some RP promoters depends on Rap1 (Wade et al. 2004), and since
a computational analysis of Fhll-associated promoters identified
the Rap1 binding site motif instead of the motif for Fhll (Harbison
et al. 2004), it is unclear how many RP promoters are directly
bound by Fhll. Two independent studies have recently identified
novel binding specificities for Fhll using an in vitro approach that
measures binding to all possible 8-mers (Badis et al. 2008; Zhu et al.
2009). Using these new binding specificities, we found relatively
few Fhl1 binding sites across the RP promoters, but these sites were
strongly enriched in RP promoters with high promoter activities,
in one of the two possible orientations of the site, and in a specific
location within the promoters (Figs. 4, SA). For example, at some
threshold of Fhl1 binding strength, 27% of the RP promoters with
high promoter activity have Fhll sites at specific locations (175 *
47 bp upstream of the TrSS) compared with only 3.5% occurrences
in the promoters with intermediate or low activities, where the
sites are also more dispersed (224 = 190 bp, P < 10~%; results are not
sensitive to threshold selection) (Supplemental Fig. 12). These re-
sults suggest that Fhll binds relatively few RP promoters directly,
but that direct binding of Fhl1 strongly increases transcription, in
a manner that likely depends on the orientation of the Fhll site
and on its distance from the transcription start site.

Stp1 has also been shown to regulate RP transcription (Marion
etal. 2004), but like Fhl1, a computational analysis of Sfp1-associated
promoters identified the Rapl motif instead of the Sfp1l motif
(Harbison et al. 2004; Maclsaac et al. 2006), leaving open the
question of which RP promoters are bound directly by Sfp1. Notably,
using the Sfp1 motif determined in vitro (Badis et al. 2008; Zhu et al.
2009), we found that similar to Fhll, RP promoters with high
promoter activities are strongly enriched with Sfp1 sites at specific
locations within the promoters, though in this case Sfp1 appears to
directly bind more promoters than Fhll and the enrichment does
not depend on the orientation of the site (Figs. 4, 5B). For example,
at some Sfp1 binding threshold, we find localized sites (180 + 120
bp upstream of the TtSS) for Sfp1 at 73% of the RP promoters with

high promoter activities, compared with fewer (35% at 200 + 200
bp) at RP promoters with intermediate and low-transcription activ-
ities, respectively (results are not sensitive to threshold selection;
Supplemental Fig. 13). These results suggest that Sfp1 may be a direct
and relatively prevalent transcriptional activator of many RP genes.

Unlike Fhll and Sfp1, which are strongly enriched in promoters
with high promoter activities, we found that most RP promoters,
including those with intermediate and low activities, have binding
sites for Rap1, and these are strongly enriched in one orientation,
consistent with previous studies (Lieb et al. 2001; Harbison et al.
2004). However, although the number of promoters with Rap1 sites
does not differ between RP promoters with different promoter ac-
tivities, the spatial organization of Rap1 sites does differ, such that
Rap1 sites in promoters with high activities are significantly closer to
the TrSS compared with promoters from the other groups, especially
the one with intermediate promoter activities (P < 1074 (Figs. 4, 5C).
For example, at some threshold of the Rapl motif, Rapl sites in
promoters with high promoter activities are located, on average,
220 = 80 bp from the TrSS, compared with a spatial distribution of
310 + 73 bp in promoters with intermediate activities (P < 1077;
results are not sensitive to threshold selection; Supplemental Fig.
14). The association of different promoter activities with distinct
architectures of Rap1 sites suggests that the contribution of Rap1 to
transcription depends on the precise location and organization
of its sites. However, unlike Fhl1 and Sfp1, whose enrichment in
the strong promoters suggests a simple mechanism by which their
contribution increases with their number of sites, no analogous
simple mechanism can explain the contribution of Rap1 to the
overall promoter activity.

Finally, since TATA boxes are important for assembling the
transcription machinery at promoters, we examined their distri-
bution within RP promoters. Notably, although ~20% of the pro-
moters in yeast have TATA boxes in the 200 bp upstream of the
TrSS (Basehoar et al. 2004), only nine (8%) RP promoters have
TATA boxes, but these are strongly enriched in the high-activity
promoters, with TATA boxes appearing in five of the eight (63%)
strongest RP promoters (Figs. 4, 5D) (P < 10~%; results are not
sensitive to threshold selection; Supplemental Fig. 15). These re-
sults suggest that the appearance of a TATA box within an RP
promoter increases its promoter activity, presumably through en-
hanced recruitment of TBP to the promoter.

Taken together, the distinct organizations of transcription-
factor binding sites that we find, solely from sequence analysis,
between promoters with high and low promoter activities may
partly explain how the measured activities of RP promoters are
encoded in their DNA sequence and provide insights into the way
by which each of these factors contributes to transcription. The
mechanism by which Fhl1, Sfp1, and TATA boxes contribute appears
to be relatively simple, such that, in general, more sites for these
factors in proximity to the TrSS likely result in higher promoter ac-
tivities. In contrast, although we find significant differences in the
distribution of Rap1 sites between promoters with high and low
promoter activities, the mechanism by which these differences con-
tribute differentially to transcription is unclear.

Stronger RP promoters are less favorable
for nucleosome formation

As another type of sequence element that may influence promoter
activity, we examined the intrinsic (DNA-encoded) nucleosome
organization of RP promoters. Since nucleosomes occlude their
wrapped DNA from access to most transcription factors (Kornberg
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and Lorch 1999), we asked whether RP promoters that are more
energetically favorable for nucleosome wrapping may be less ac-
cessible to binding by transcription factors and by the transcrip-
tion initiation machinery, and thus have lower promoter activity.
In vitro (Polach and Widom 1995), and for two yeast genes in vivo
(Svaren et al. 1994; lyer and Struhl 1995; Lam et al. 2008), it was
indeed shown that transcription factors have reduced access to
sites that are wrapped within a nucleosome prior to production of
that factor. However, we are not aware of a large set of genes for
which part of the differences between their promoter activities
within the same species were suggested to be linked to the intrinsic
nucleosome affinity of their promoter sequences.

To test whether there is a correspondence between promoter
activity and intrinsic nucleosome organization across RP promoters,
we used a computational model of nucleosome sequence preferences
(Kaplan et al. 2009) to predict the DNA-encoded nucleosome orga-
nization of every RP promoter. Indeed, we found a relatively high
anticorrelation between the activity of the promoter and the average
nucleosome occupancy predicted within the 200 bp upstream of the
TiSS (R = —0.46, P < 10~5) (Figs. 4, 6A). In addition, we found distinct
nucleosome organizations across the three different promoter
groups defined above, such that promoters in the low and especially
the intermediate promoter activity groups are predicted to have
a strongly positioned nucleosome centered ~200 bp upstream of
the TrSS, whereas this nucleosome does not appear in the pre-
dictions of the high-activity promoters (Figs. 4, 6B). Examining the
predicted nucleosome occupancy over binding sites for the tran-
scriptional regulators of RP genes, we also found stronger nucleo-
some depletion over binding sites for Fhll and Rap1, and to a lesser
extent, Sfp1 in the high-activity promoters, compared with the two
other groups (Supplemental Fig. 16). Notably, we found experi-
mental validation for all of these nucleosome model predictions, as
they are recapitulated when examining the nucleosome occupancy
of RP promoters both in a genome-wide reconstitution of nucleo-
somes in vitro (Kaplan et al. 2009), where nucleosome occupancy is
governed only by the intrinsic sequence preferences of nucleo-
somes, as well as in a genome-wide map of nucleosome occupancy
in vivo (Fig. 6C,D; Kaplan et al. 2009; Supplemental Fig. 16).

The finding that transcription-factor binding sites are located
in regions of low nucleosome occupancy in vivo leaves open the
question of whether the low occupancy is a consequence of factor
binding or whether the sequences in these regions have low in-
trinsic affinity for nucleosomes. However, the low occupancy that
these regions exhibit in vitro, in the absence of the transcription
factors, suggests that the low occupancy is largely due to sequences
in these regions being less favorable for nucleosome formation.
To further examine this point, we asked whether homopolymeric
stretches of A nucleotides, referred to as poly(dA:dT) tracts, may
underlie the enhanced nucleosome depletion of the high-activity
promoters, since these tracts are a key component of the above

nucleosome model and are known to strongly disfavor nucleosome
formation (Segal and Widom 2009). Indeed, we found significantly
more poly(dA:dT) elements in the high-activity promoters (P< 1073,
Supplemental Figs. 17, 18). For example, 38% of the high-activity
promoters contain perfect poly(dA:dT) tracts of alength of 10 bp or
more within the 300 bp upstream of their TrSS, compared with
only 11% and 13% of the intermediate or low-activity promoters,
respectively (P < 0.006 and P < 0.03). Consistent with the sugges-
tion that these elements, through the enhanced accessibility cre-
ated by their nucleosome exclusion effect, increase transcriptional
activity of the promoters in which they appear, two earlier studies
(Rotenberg and Woolford 1986; Goncalves etal. 1995) showed that
for two RP genes, deletion of a T-rich element from their promoter
resulted in a significant reduction in transcription.

Together, these results suggest that the DNA-encoded nucleo-
some organization of RP promoters may be important for their
transcription, and a key genetic mechanism by which their differ-
ential promoter activities may be achieved.

A computational model of cis-regulation of RP promoters

Finally, we asked what fraction of the variability in RP promoter
activities can be explained by the above binding sites and nucle-
osome positioning signals. To this end, we first plotted the distri-
bution of these sequence features across the different RP promoter
groups (Fig. 7). These combined plots revealed different architec-
tures in each promoter group. Promoters with high activities have,
on average, Rap1 sites, followed by sites for Fhll and Sfp1, and in
some promoters, the Fhll and Sfp1 sites are followed by TATA
boxes (Fig. 7A). All of these sites tend to reside in the ~300 bp
upstream of the TrSS, and this region also has low nucleosome
affinity. RP promoters with intermediate activities are characterized
by Rapl sites, followed by a region with a strong affinity for nu-
cleosomes (Fig. 7B). These promoters have very few TATA boxes and
sites for Fhl1 and Sfp1, and the Rap1 sites are located further up-
stream compared with their average location in the high-activity
promoters. Finally, RP promoters with low activities exhibit, on
average, a less coherent organization of the above sequence features,
with a more diffuse distribution of Rap1 sites, and with very few
TATA boxes, Fhll, and Sfp1 sites (Fig. 7C). We note, however, that
despite these differences in promoter architecture, any one of these
groups contains some individual promoters whose organization is
more similar to that of another group, suggesting that these differ-
ences alone are not sufficient to explain the promoter activity dif-
ferences between these groups.

To obtain a quantitative measure of the degree to which these
distinct promoter architectures can explain the measured promoter
activities, we devised a simple and mechanistically motivated
computational model that predicts promoter activities from the
combination of sequence features for Fhll, Sfp1, Rap1, TATA, and

Figure 4. Detailed view of RP promoters and their associated sequence features. RP promoters are sorted according to their measured promoter
activities (right bar graph), and for every promoter, shown are the locations of TATA boxes (pink circles), and of binding sites for Rap1 (red), Fhi1 (green),
and Sfp1 (blue). Sites for TATA are taken as defined in Basehoar et al. (2004). Sites for the three other factors were computed using their experimentally
derived binding specificities (Badis et al. 2008; Zhu et al. 2009), and are shown above the binding site threshold determined by our computational model
(see Methods, thresholds are Rap1 = 4.4, Fhl1 = 7.6, Sfp1 = 7.1). For Rap1 and Fhl1, sites are only shown in one of the two possible site orientations. In
addition, shown is the per-basepair nucleosome occupancy of every promoter (occupancy is shown in a white to black scale, with white corresponding to
no occupancy and black to full occupancy), predicted using a computational model of nucleosome sequence preferences (Kaplan et al. 2009). Also shown
is a matrix (left) summary of the number of factor sites that appear in every RP promoter (counts for Rap1 are only shown for the 400 bp upstream of the
TrSS; for Fhi1 and Sfp1, 300 bp; and for TATA, 200 bp), along with a column representing whether the corresponding RP gene exists in a single-copy in the
yeast genome (first column, black), and whether it is an essential gene (second column, gray). Two horizontal dashed red lines indicate a partitioning of RP
promoters into three groups of promoters with either high, intermediate, or low promoter activities. The length of each native promoter is indicated (cyan
vertical line) if it is shorter than 600 bp. For locations of transcription start sites, see Supplemental Figure 18.
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RP promoters with high promoter activities have distinct organizations of transcription-factor binding sites. (A) For each group of RP promoters

with high (red), intermediate (green), and low (blue) promoter activities, defined as in Figure 4, the average number of Fhi1 binding sites per promoter as
a function of the distance from the translation start site is shown. The plots show a moving average using a window of 50 bp. Fhl1 sites are shown in only one
of the two possible orientations and using the binding strength threshold from Figure 4 (see Supplemental Fig. 12 for plots using many possible thresholds).
(B) Same as in A, for Sfp1 binding sites, but where sites are counted in both orientations (see Supplemental Fig. 13 for many site thresholds). (C) Same asin A,
for Rap1 sites (see Supplemental Fig. 14 for many thresholds). (D) Same as in A, for TATA boxes (see Supplemental Fig. 15 for many thresholds).

nucleosomes. We made a simplifying assumption, whereby the
predicted activity of a promoter is equal to the sum of the contri-
bution to transcription of each TATA box and each site for Fhll,
Stp1, and Rap1 that appears in the promoter, using a factor-specific
threshold to determine binding sites. Motivated by the spatial lo-
calization of sites for these factors (Fig. 5), we consider potential
binding sites for these factors only within specific regions (for Rap1,
400 bp upstream of the TrSS; for Fhl1 and Sfp1, 300 bp upstream;
and for TATA, 200 bp upstream). To integrate the effect of nucleo-
somes into our model, the contribution of each binding site was
proportional to its binding probability, which we computed using
a thermodynamic approach that models the competition between
transcription factors and nucleosomes (Raveh-Sadka et al. 2009). In
addition, we also modeled the effect of the DNA-encoded nucleo-
some organization on binding of the general transcription initiation
machinery, independent of any binding site. Overall, our model has
three parameters for each factor and one parameter for the factor-
independent effect of nucleosomes, for a total of 13 parameters (see
Methods section).

To assess the predictive power of our model, we compared its
predicted promoter activities with those measured, using a cross-
validation scheme in which we randomly partitioned the RP pro-
moters into five equally sized sets, and the activity of every promoter
was predicted using a model whose parameters were learned using
the RP promoters of the four sets (i.e., using 80% of the data) that do
not include that promoter and its paralog, if it exists. Notably, the
promoter activities predicted by the model on held-out pro-
moters were highly correlated to those measured (R = 0.64) and

explained a large fraction (40%, compared with a maximum
explained fraction of 3.5% in 1000 promoter activity permuta-
tions, P < 0.001) of the variability in the measured activities (Fig.
8A,B,C). We obtained equivalent results using a leave-one-out
cross-validation scheme.

To assess the relative contribution of each type of sequence
feature, we constructed separate models that each used only one
type of feature. As expected from their enrichment in RP promoters
with high promoter activities (Fig. 5), models that used only TATA
boxes, Sfp1 sites, or Fhl1 sites each explained a significant fraction of
the variability in the measured promoter activities (Fig. 8D,E,F).
However, the total number of RP promoters explained by Fhll-only
and TATA-only models is very small (<8%), since these sites appear
in very few RP promoters (Figs. 4, 8D,E). In notable contrast, a model
that only uses the DNA-encoded nucleosome organization also ex-
plains a significant fraction of the overall variability, but its pre-
dictive power is not dominated by a small number of promoters,
suggesting that intrinsic nucleosome affinity may be an impor-
tant determinant of the activity of many RP promoters (Fig. 8G).
Finally, using our simple modeling assumptions, a model that only
uses Rap1 sites has no predictive power, consistent with our inability
to explain how the distinct organizations of Rapl sites that we
found between promoters with high and low activities contribute
differentially to transcription (Fig. 8H).

We emphasize that our model is not aimed at providing an
accurate mechanistic description of RP transcriptional regulation.
Rather, it is aimed at providing one estimate for the fraction of the
measured variability in promoter activity that can be explained by
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Figure 6. RP promoters with high promoter activities have a lower intrinsic affinity to nucleosomes. (A) For each RP promoter, shown is the lowest
average nucleosome occupancy, predicted by a computational model of nucleosome sequence preferences (Kaplan et al. 2009), across any 10-bp region
within 200 bp upstream of the translation start site (y-axis). RP promoters are plotted by their measured promoter activity (x-axis). Also shown is a moving
average of consecutive RP promoters using a window of 11 promoters (red line). (B) For each group of RP promoters with high (red), intermediate (green),
and low (blue) promoter activities, defined as in Figure 4, the average model-predicted (Kaplan et al. 2009) nucleosome occupancy across the group
promoters is shown as a function of the distance from the translation start site. (C) Same as in B, but using measurements of nucleosome occupancy in vitro
(Kaplan et al. 2009), in which nucleosome positions are dominated by nucleosome sequence preferences. (D) Same as in B, but using measurements of
nucleosome occupancy in vivo (Kaplan et al. 2009) during growth in glucose-rich media.

a simple integration of the above sequence features, and at high-
lighting gaps in our understanding of their contribution. In this
respect, our results suggest that a large fraction, but certainly not all,
of the activity variability can be explained by a simple combination
of the DNA-encoded nucleosome organization, and of TATA boxes
and sites for Fhll and Sfpl, with the DNA-encoded nucleosome
organization likely being important for many RP promoters. In
addition, our model highlights the gap that currently exists in our
understanding of how Rap1 contributes to transcription.

Experimental validation of RP promoter elements

Our above analyses provide strong evidence for the role of several
types of promoter elements, including novel elements, in de-
termining RP expression. However, as they were derived compu-
tationally, these insights are correlative. To validate their role, we
carried out experiments in which we separately tested the contri-
bution of each of the implicated elements to RP promoter activity
(Fig. 9). To this end, we designed mutations to each of the impli-
cated elements in several different promoters, constructed the
corresponding promoter variants, integrated them into the same
yeast strain into which the natural RP promoters were integrated,
and measured the activity of the mutated promoters (Supple-
mental Figs. 20, 21; Supplemental Data2). In all cases, we took care
to permute, but not delete base pairs, since deletions would also
change the distance of the tested regulatory element from the gene
start. Furthermore, aside from nucleosome disfavoring sequences,
whose deletion requires more sequence changes, we always mu-
tated elements with a minimal number (two or three) of base-pair
changes and selected changes that preserved the original G/C content.
As a measure of the effect expected from arbitrary mutations in RP

promoters, we generated random mutations in eight RP promoters,
and found detectable effects in only two of these cases, and even in
these two cases, the effects were small (10% and 12%) (Fig. 9A).

Notably, we found significant changes in promoter activity
for all types of regulatory elements that we tested. In the case of
Fhl1, for which our experiments provide the first in vivo test of its
newly reported binding specificities (Badis et al. 2008; Zhu et al.
2009), three of five site deletions that we tested resulted in signif-
icant reductions of over 20% in promoter activity (Fig. 9B). For
Stp1, for which we also provide the first in vivo test of new binding
specificities reported for it (Badis et al. 2008; Zhu et al. 2009), all
three site deletions resulted in significant and large reductions in
promoter activity (36%-68%) (Fig. 9C). Similarly, all four mutations
that we performed in TATA boxes resulted in significant and large
reductions (39%—-64%) (Fig. 9D). Finally, seven of nine mutations to
nucleosome disfavoring sequences that we performed resulted in
significant reductions in promoter activity, with a magnitude that
spanned a large dynamic range (11%-86%) (Fig. 9E). We did not
mutate Rap1 binding sites, as their role was previously established
with similar mutagenesis experiments (Woudt et al. 1986; Moehle
and Hinnebusch 1991). Together, these results demonstrate that
each type of element implicated by our computational analyses is
indeed important for RP promoter activity.

Conclusions and Discussion

In summary, we devised an experimental system for accurately
measuring promoter activities that is based on direct fusion of
promoter sequences to fluorescent reporters, which can detect
activity differences that are as small as ~10%. We used our system
to generate promoter fusions for most of the ribosomal protein
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For Rap1, we found significant dif-
ferences between its organization in pro-
moters of high and low activities, but
here, a simple mechanism cannot explain
the contribution of Rap1 to transcription.
Thus, for Rap1, our results highlight a gap
in our understanding of the mapping be-
tween DNA sequence and transcription.
We found that, on average, high-activity
promoters tend to have Rapl sites, fol-
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Figure 7. RP promoters with high and low promoter activities have different promoter architectures.
(A) For the group of RP promoters with high promoter activities, defined as in Figure 4, shown are the
average (per promoter) number of binding sites for Fhi1 (green), Sfp1 (blue), and Rap1 (red), TATA boxes
(light blue), and model-predicted nucleosome occupancy (Kaplan et al. 2009) (purple), as a function of
the distance from the translation start site. Sites for Fhi1, Sfp1, and Rap1, and TATA boxes are shown using
the same binding strength threshold used in Figure 4. Sites for Fhl1 and Rap1 and for TATA boxes are only
counted in one of the two possible site orientations. To allow a comparison of all data types to each other,
every data type was normalized to its maximum value across A-C. The plots are shown as moving averages
using a window of 50 bp. (B) Same as in A, but for the group of RP promoters with intermediate promoter
activities. (C) Same as in A, but for RP promoters with low promoter activities.

(RP) genes in yeast, resulting in the largest library of natural pro-
moter fusions in any eukaryote to date.

Despite the importance of their coordinate regulation for
controlling cell growth, little is known about how regulation of RP
genes is encoded within their promoters, and our results provide
insights into both the logic and potential role of this encoding.
Notably, we found that most of the RP promoters whose corre-
sponding gene exists in a single copy in the yeast genome are
among the promoters with the highest activities. This suggests that
proper RP stoichiometry is encoded, in part, within RP promoters,
thereby providing insight into the longstanding conundrum of
how proper RP stoichiometry in yeast is achieved in light of the
copy-number differences that exist between its single-copy and
duplicated RP genes.

On a broader scale, the high sensitivity of our experimental
system makes it suitable for studying the mapping between DNA
sequence and transcriptional output, and our analyses provide
several insights into this mapping in the case of RP promoters. For
two RP transcriptional activators, Fhll and Sfpl, the mapping
appears to be simple, because we found that, on average, promoters
with binding sites for these factors have higher promoter activities,

lowed by a region with low nucleosome
affinity. In contrast, promoters with lower
activities have, on average, Rap1 sites that
are located ~60 bp further upstream com-
pared with their location in the high-
activity promoters, and are followed by
a region with high nucleosome affinity.
Rapl is clearly critical for RP transcrip-
tion, since deleting its sites (Woudt et al.
1986; Mencia et al. 2002; Zhao et al. 2006),
and even changing the orientation of its
sites (Woudt et al. 1986) in RP promoters
significantly reduces RP transcription. Our finding of different
organizations of Rap1 sites between promoters with high and low
activities further suggests that its contribution to transcription
depends on its exact organization within the promoter, but it is
unclear whether the effect depends on the exact location of the
Rap1 site and/or on the presence of the nucleosome between the
Rap1 site and the transcription start site. Regardless of which fea-
ture of the organization contributes most, the mechanism by
which it contributes differentially is not clear. Since both Fhl1 and
Sfp1 are bound in ChIP experiments to many more promoters
(Harbison et al. 2004; Marion et al. 2004; Wade et al. 2004) than
those in which we find their sites, Rap1 is also likely to be impor-
tant for recruiting these factors to RP promoters, but here too, no
simple mechanism can explain how differences between this re-
cruitment in the high- and low-activity promoters may lead to
differential promoter activities.

Our results also suggest that the intrinsic (DNA-encoded)
nucleosome organization of RP promoters is a key contributor to
their differential promoter activities. The contribution of the in-
trinsic nucleosome organization is likely mediated by the effect
that it has on the accessibility of DNA to binding by both the
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Figure 8. A large fraction of the promoter activity variability of RP promoters can be predicted from their DNA sequence. (A) Fraction of the variance of
RP promoter activities that is explained by model-predicted promoter activities, for six different models. The full model (leftmost column) combines sites
for Rap1, Fhi1, and Sfp1, as well as TATA boxes and computational predictions of nucleosome occupancy (Kaplan et al. 2009). The models in columns two
to six represent models that used only Rap1 sites (column two), Fhi1 sites (column three), Sfp1 sites (column four), TATA boxes (column five), or
nucleosome occupancy predictions (column six). The predictions of each model were computed in a fivefold cross-validation scheme, whereby the RP
promoters were randomly partitioned into five equally sized sets, and the activities of RP promoters in each set were predicted using a model whose
parameters were learned using the RP promoters of the other four sets (i.e., using 80% of the data). When randomly partitioning the promoters into five
sets, promoter pairs of duplicated RP genes were always assigned to the same set. (B) Histogram of the fraction of variance explained by 1000 models in
which the RP promoter activities were permuted. The fraction of variance explained by the full model from Ais indicated (red arrow). (C) Detailed view of
the predictions of the full model from A, showing the measured (x-axis) and model-predicted (y-axis) promoter activity of every RP promoter. The fraction
of the variance of RP promoter activities explained by the model is indicated in the top left corner. (D) Same as in C, for a model that only used Fhl1 binding
sites. (E) Same as in C, for a model that only used TATA boxes. (F) Same as in C, for a model that only used Sfp1 binding sites. (G) Same as in C, for a model
that only used predictions of intrinsic nucleosome occupancy. (H) Same as in C, for a model that only used Rap1 binding sites.

transcriptional machinery and transcription factors, since RP pro-
moters with higher activities have, on average, significantly re-
duced affinity to nucleosomes in the ~300 bp upstream of the
TrSS. Although several studies demonstrated that the intrinsic
nucleosome organization determines many aspects of the nucle-
osome organization in vivo (Kaplan et al. 2009; Zhang et al. 2009),
much less is known about the effect of the intrinsic organization
on transcription. Our results thus suggest that intrinsic nucleo-
some organization may be an important component of the map-
ping between DNA sequence and transcription, and that changes
in the DNA-encoded nucleosome organization of promoters may
be a key genetic mechanism by which promoter activity changes
are tuned during evolution (Field et al. 2009).

Despite the distinct distributions of sequence features that
we found between the high- and low-activity promoters, some RP
promoters with low activities contain sequence features that ap-
pear predominantly in promoters with high activities, suggesting
that we still have gaps in our quantitative understanding of how
these sequence features affect transcription. Conversely, some RP

promoters have high activities, but lack the sequence features
that we find in many of the high-activity promoters, suggesting
that we may still be missing sequence features or proteins that
regulate RP transcription. In a search for one such potential regu-
lator, we examined high-resolution ChIP measurements (Lavoie
et al. 2010) of the high-mobility group protein Hmo1 across the RP
promoters. Notably, we found that Hmo1 binding is significantly
higher in RP promoters with intermediate activities (P < 10~%), and
its binding within these promoters is preferentially localized just
downstream from the Rap1 sites to the location of the strongly
positioned nucleosome that exists in these promoters (Supple-
mental Fig. 19). Although Hmol was shown to bind most RP
promoters in a Rap1-dependent manner (Hall et al. 2006), to our
knowledge our results provide the first association between
Hmol binding and promoter activities, suggesting that Hmol
may affect RP promoter activities, although the mechanism by
which it may do so is unclear. Aside from unidentified promoter
elements, since we included the 5’ untranslated region of each RP
gene in the promoter sequence that we fused to the YFP reporter,
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Figure 9. Experimental validation of regulatory elements in RP promoters. (A) The effect of random mutations on RP promoter activity for eight RP
promoters. For each promoter, shown is the activity of the natural promoter and a promoter in which a random mutation (1-8 bp sequence changes) was
generated. Error bars represent two standard errors computed from 24 replicates. The magnitude of the effect of the mutation on promoter activity is
indicated above the activity bars of each promoter pair, where two stars mark promoter activity differences that are statistically significant. (B) Same as in A,
for five different mutations of Fhi1 binding sites in five different RP promoters. Mutations of Fhi1 sites were done by 2-bp changes that preserved the G/C
content. (C) Same as in A, for three different mutations of Sfp1 sites in three different promoters. Mutations of Sfp1 sites were done by 2-bp changes that
preserved the G/C content. (D) Same as in A, for four different mutations of TATA boxes in four different RP promoters. Mutations of TATA boxes were done
by 2-3 bp changes that preserved the G/C content. (E) Same as in A, for nine different mutations of nucleosome disfavoring sequences in nine different RP
promoters. Mutations to these A/T-rich nucleosome disfavoring sequences were done by replacing 16 A/T base pairs with G/C base pairs in a region of 31
base pairs within the promoter that had the lowest predicted nucleosome occupancy (Kaplan et al. 2009). (F) Summary and comparison of the effect of the
mutations according to the type of element mutated. For each type of mutation from A to E, the average and standard deviation of the effect on promoter
activity of all of the different mutations done to these elements are shown, where the effect is taken from the numbers above the various bars in A-E, such
that the wild-type promoter (WT, leftmost bar) is defined to have a promoter activity of 1.
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it is also possible that some of the unexplained variability in YFP
expression results from differential post-transcriptional effects
that these 5’ UTRs may have.

Overall, our results provide new insights into the transcrip-
tional regulation of RP genes in yeast, and suggest that RP promoters
have evolved in part to ensure proper RP stoichiometry. We unravel
some of the mechanisms and sequence features by which RP pro-
moters achieve their differential activities, and suggest that these
activities are encoded by combinations and spatial distributions of
a rich set of sequence elements that direct both transcription-factor
binding and nucleosome organization. These results advance our
general understanding of the mapping between DNA sequence and
transcription, and also identify concrete examples where we still have
gaps in this understanding. We propose that further progress in filling
these gaps can be achieved by applying similar approaches to other
native promoters and to large-scale promoter libraries with designed
mutations, ultimately leading to a quantitative understanding of how
transcriptional regulation is encoded by DNA sequence.

Methods

Constructing promoter strains

A construct of ADH1 terminator-mCherry-TEF2 promoter-YFP-
ADHI1 terminator-NAT1 (see sequence in Supplemental Data3) was
inserted into the SGA compatible strain Y8205 at the his3 deletion
location (the construct replaced chromosome 15, at base pairs
721987-722506). The resulting strain served as a master strain for
the entire library. Desired promoters were lifted by PCR from the
BY4741 yeast strain. Primers contained one part matching the
ends of the lifted promoters, and a constant part at their 5’ end
matching the first 25 bases of the YFP gene (for reverse primers) or
a linker sequence (for forward primers; see all primer sequences in
Supplemental Data3). Each promoter was linked to a URA3 selection
marker (Linshiz et al. 2008) and then amplified such that its geno-
mic integration sites increased to 45/50 bp. Integration into the
genome was performed by homologous recombination as described
in Gietz and Schiestl (2007). All steps were performed on 96 well
plates, except for growing the final clones, which was performed
on 6 well plates (2% Agar, SCD-URA). To validate the inserted
promoter sequences, the insertions were lifted from each target
strain by PCR and sequenced.

Constructing promoter strains with targeted mutations

To create a mutated promoter, we amplified it in two parts, which
flank the desired mutation area. The left part was amplified using
a reverse primer with a 35-bp tail at its 5’ end that contains the
desired mutation, while the right part was amplified using a for-
ward primer that also had a similar tail. The two new parts, both
containing the desired mutation in an overlapping region of 35 bp
were then connected, similar to the way in which we connected
promoters to the URA selection marker. See Supplemental Figures
20 and 21 for a detailed description of the mutations performed.

Library measurements

Cells were inoculated from stocks of —80°C into SCD (180 uL, 96
well plate) and left to grow at 30°C for 48 h, reaching complete
saturation. Next, 8 uL were passed into fresh medium (180 ulL)
according to the desired condition (e.g., SCD, Ethanol, heat shock).
Measurements were carried out every ~20 min using a robotic
system (Tecan Freedom EVO) with a plate reader (Tecan Infinite
F500). Each measurement included optical density (filter wave-
lengths 600 nm, bandwidth 10 nm), YFP fluorescence (excitation

500 nm, emission 540 nm, bandwidths 25/25 nm, accordingly)
and mCherry fluorescence (excitation 570 nm, emission 630 nm,
bandwidths 25/35 nm, accordingly). Measurements were carried
out using a total of eight different conditions. In all experiments,
yeast cells were grown on SC (6.9 g/L YNB, 1.6 g/L amino acids
complete). Four conditions used different 2% sugar growth media:
SC-Glucose, SC-Galactose, SC-Ethanol, and SC-Glycerol. The other
four conditions used SC-Glucose with an additional stress factor:
Rapamycin (40 ug/mL), amino acid starvation (no amino acids
except Histidine and Leucine), heat shock (39°C), and osmotic
stress (750 mM KCI). Every strain was measured in three biological
replicates for each condition. Most of the data analysis was per-
formed on data from growth on SC-Glucose (without stress),
which was measured in five replicates.

Exponential growth phase detection

We developed an automated procedure that detects the exponen-
tial growth phase of a yeast culture growing in 96-well plates. To
this end, we found that our OD measurements have four main
growth phases and devised a procedure to detect them. In the first
phase, known as the lag phase, the OD is relatively steady. In the
second, the exponential phase, the cells grow at a constant rate
and, hence, the OD increases exponentially. In the third phase, the
growth rate decreases, possibly due to exhaustion of nutrients or to
physical density, and the OD grows linearly (we refer to this stage
as the linear phase). In the final stationary phase, the cells stop
growing and the OD is relatively constant. Based on these obser-
vations, we devised a simple estimate OD’, for the OD curve:

OD()7 t<Texp
oD - ODO*ztEZZ", Texp = t<Tiiy
= Tlin—Texp
ODg* 27" 4 (t = Tjin)'LGF,  Tiiy = t<Tstar

Thin~Texp

ODy*2™ i +(Tstat - T],‘,,)*LGF, Tstat =t

where ODy is the initial OD value, T.yp, Tiin, and Ty, are the
timepoints at which the culture enters the exponential, linear, and
stationary growth phase, respectively, ECCL is the cell cycle length
of the exponential phase, and LGF is the slope of the OD curve
during the linear phase. We fit the above model parameters using
the optimization toolbox of Matlab, and verified that the quality of
the fit for each plate was satisfactory. To avoid errors due to small
inaccuracies in detecting the start and end time of the exponential
growth phase, we ignored in all of our computations the first 10%
and last 10% of the phase time period.

Estimating promoter activities from promoter
strain measurements

The measurements were done in 96-well plates with a different
promoter strain in each well, and consist of OD (optical density,
indicative of cell population size), YFP, and mCherry measurements
collected every 20 min. Every measured plate is subjected to several
quality control steps. First, since all strains should have the same
growth curves, strains with an abnormal growth curve are removed
from further analysis. To identify such outlier strains we compute, at
each timepoint, the Z-score of the OD measurement of every strain
relative to the OD measurement of all other strains in that timepoint.
We then sum the Z-scores of every strain across all timepoints and
compute the mean and standard deviation of these summed Z-scores
across all strains. Strains whose summed Z-score is more than three
standard deviations above the mean of all strains are then removed.
Next, to remove background levels from each YFP and mCherry
measurement at every timepoint, we subtract the YFP and mCherry
measurement of a strain that has no YFP gene (for YFP measure-
ments) and no mCherry gene (for mCherry measurements). Simi-
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larly, from the OD measurement at each timepoint, we subtract the
OD of a well that only contains the growth media. Finally, we discard
individual OD, mCherry, and YFP measurements that deviate con-
siderably (more than two standard deviations) from the average
value of their neighboring timepoints. We note, however, that <2%
of the individual timepoint measurements are removed this way.

Next, we identify the exponential growth phase (see above)
and compute the average YFP (mCherry) promoter activity of every
strain per cell per second over the exponential phase, by dividing
the total amount of YFP (mCherry) produced during the expo-
nential phase by the integral of the OD levels during this time
interval. Since both the YFP and mCherry proteins are stable and
long-lived, the difference in YFP (mCherry) level between the end
and the beginning of the exponential phase corresponds to the
amount of YFP (mCherry) produced during that time interval. Fi-
nally, to obtain a promoter activity estimate from multiple replicates
(measurement plates), we first scale the values of each plate to
equalize, across all plates, the average value of four technical repli-
cates of the same promoter strain (RPL3) in each plate. For each
strain, we then take its promoter activity to be the average rate of
that strain across all measurement plates.

Computational model of cis-regulation

We developed a mechanistically motivated model that predicts
promoter activities (TR) from DNA sequence and factor concen-
tration alone. Our model defines the promoter activity of a pro-
moter sequence to be the probability of polymerase binding in the
region proximal to the TrSS (200 bp upstream of the TrSS), multi-
plied by the sum of interactions between polymerase and each
potential bound transcription-factor binding site:

p(t)
TR(S) = P(P = b | §[—200,0]) (1 + Y ) th(t=b|S[i})>,
teTFsi=1

where S represents the promoter sequence, P(P=b|S[-200,0]) is the
probability of polymerase binding to the 200 bp upstream of the
TrSS, p(t) is the set of potential binding sites for transcription factor
t, w,is a weight representing the interaction between transcription
factor t and polymerase, and P(t=b|S[i]) is the probability that
transcription-factor t binds its potential site at position i in the
promoter sequence S. As the potential sites for each factor, p(t), we
take all sites whose binding-site strength exceeds a site threshold
score of Thr,, where Thr,is a free parameter and transcription-factor
scores are computed based on their known sequence specificities
(Basehoar et al. 2004; Badis et al. 2008; Zhu et al. 2009). In esti-
mating the probability of transcription-factor binding, we model
the competition between factor binding and nucleosome binding,
such that the probability of factor binding is equal to the weight of
the configuration in which the factor is bound, divided by the sum
of the weight of that configuration, the weight of the configura-
tion in which the DNA is unbound, and the weight of the con-
figuration in which a nucleosome is bound, covering the site:

P(t=b|S[i)= [£1A4:(S11) [t1A:

where 1 represents the weight of the empty configuration, [t] and
[nuc] are the concentrations of transcription factor t and of nu-
cleosomes, respectively, and A«S[i]) and A,,.(S[i]) represent the
affinity of factor t and of nucleosomes to the binding site at posi-
tion i, respectively. The transcription factor concentration, [f], is
a free parameter estimated during the model training procedure.
Our model assumes that all potential binding sites of a given factor
have the same affinity, A«(S[i])=A,, and thus, in this formulation, A;

1+ [t]A¢(S[i]) + [nuc] Apuc (STH]) 1+ [tJA; + [nuclApuc (S[i])

is redundant with [f] and is set to Thr,. The nucleosome concen-
tration, [nuc], is taken from Kaplan et al. (2009). For A,,,,(S[i]), we
use an existing sequence-based nucleosome affinity model (Kaplan
et al. 2009) and compute the average nucleosome occupancy of
a DNA sequence, deriving A,,,(S[i]) as follows:

P(nuc=b|S[i]) = [114c) Apuc (S[i])

)= - Plue=b1SH)
- m *)Anuc(S[l])_ 1

— P(nuc=b|SJi])’

where P(nuc=b|S|i]) is the average nucleosome occupancy over the
binding site that starts at position i, computed by the model of
Kaplan et al. (2009).

Finally, in computing the probability of polymerase binding
to the 200 bp upstream of the TrSS, P(P=b|S[-200,0]), we have a free
polymerase concentration parameter, [pol]. We also take nucleo-
some binding into account, as for transcription factors, by defining
the binding location of polymerase as the 10 bp with the lowest
nucleosome occupancy within the 200-bp region. This makes the
assumption that polymerase can bind with equal probability within
the 200-bp upstream of the TrSS, and thus, under this assumption its
most likely binding location is at the region of lowest nucleosome
occupancy.

In instantiating our model for RPs, we have four transcription
factors (Rapl, Fhll, and Sfp1, as well as TATA boxes that we con-
sider as another factor [TBP]). Motivated by the spatial localization
of sites for these factors (Fig. 5), we consider potential binding sites
for these factors only within specific regions (for Rap1, 400 bp
upstream of the TrSS; for Fhll and Sfp1, 300 bp upstream; and for
TATA, 200 bp upstream). Thus, overall, our model has 13 free pa-
rameters: three for each of four factors (a concentration, [t], binding
site threshold, Thr;, and polymerase interaction term, w;), and one
for the polymerase concentration, [ pol].
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