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Abstract

Despite much research, our understanding of the rules by which cis-regulatory sequences are
translated into expression levels is still lacking. We devised a method for obtaining parallel and
highly accurate expression measurements of thousands of fully designed promoters, and applied it
to measure the effect of systematic changes to location, number, orientation, affinity and
organization of transcription factor (TF) binding sites and of nucleosome disfavoring sequences.
Our analyses reveal a clear relationship between expression and binding site number, and TF-
specific dependencies of expression on the distance between sites and gene starts including a
striking ~10bp periodic relationship. We also demonstrate the utility of our approach for
measuring TF sequence specificities and sensitivity of TF sites to surrounding sequence context,
and for profiling the activity of most yeast transcription factors. Our method is readily applicable
for studying both the cis and trans effects of genotype on transcriptional, post-transcriptional, and
translational control.

Introduction

Deciphering the mapping between DNA sequence and expression levels is key for
understanding transcriptional regulation. However, despite many studies, the quantitative
effect on expression of even the most basic organizational features of promoters are still
poorly understood. For example, even for a single transcription factor (TF) binding site, we
know little about the quantitative effects on expression levels of its location, orientation, and
affinity; whether these effects are general, factor-specific, and/or promoter-dependent; and
how they depend on the underlying nucleosome organization.
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In principle, such questions can be answered through accurate expression measurements of
promoters in which the above elements are systematically varied. Indeed, several medium-
scalel=3 and large-scale?5 libraries were created in bacteria and yeast, in which regulatory
elements were randomly ligated or mutagenized and the expression of the resulting
promoters was measured. These studies provided much insight, but due to their random
nature, they are not ideal for addressing the above questions. For example, studying the
effect of binding site location on expression requires measurements of promoters that differ
only in the location of the site and sampling many such locations. Clearly, many of the
desired promoters would be missing from randomly ligated libraries. Indeed, controlled
design of such promoter variants’~10 led to profound insights, but since the variants were
constructed one by one, time and cost considerations have limited the scale of previous
studies to at most dozens of variants.

A recent study demonstrated the benefit of using thousands of designed sequences for
analyzing the effect of systematic mutations to six promoters!l. However, this method
assays promoter strength using in vitro transcription and thus has limited utility for
understanding promoter activity in vivo. While our paper was in review, two other methods
were devised for parallel measurement of promoter activity in vivol213, One method
assayed the effect of an impressive library of >100,000 random mutations in three
mammalian enhancers!2, but the random nature of the libraries limits this method’s utility
for systematic dissection of regulatory logic. The other method!3 used programmable
microarrays!4 to measure the effect of systematically designed mutations in two mammalian
enhancers.

Here, we devised a high-throughput fluorescence-based method for obtaining parallel and
highly accurate expression level measurements of thousands of fully designed promoters.
Our approach differs from and has several advantages over previous methods. First, our
parallel expression measurements are in excellent agreement with those of isolated strains
(R2=0.99), considerably better than the agreement reported by Melnikov et al.13 (R?=0.45—
0.75). Highly accurate expression measurements are critical for a quantitative understanding
of transcriptional regulation. Second, in contrast to both recent methods12-12 that require a
barcode within the RNA reporter, our method can avoid barcodes by fully sequencing each
promoter, although our present study incorporated a barcode upstream of the designed
promoter. Barcodes within the RNA affect reporter expression and thus limit accuracy?3.
Third, while both published methods measure mean expression level over a cell population,
our method obtains cell-to-cell (noise) expression variability measurements for each
promoter, which also agree well with isolated strain measurements (R2=0.43, Fig. S1).
Finally, by using protein fluorescence and not RNA as the readout, we can also study
translational control, e.g., with libraries that alter the 5° UTR or the codons of the
fluorescent reporter. In addition, the need to physically couple a proximal barcode to the
examined variable region limits both previous methods213 to studying cis-effects, whereas
our method can be used to examine the effects of sequence variation on fluorescent protein
expression in trans.

We applied our approach to design a library of 6500 promoters that directly measures
several grammatical rules of transcriptional regulation such as the effect on expression of
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binding site location, number, orientation, and affinity. Our results provide insights into
principles of transcriptional regulation, including a clear logistic function relationship
between expression and site number; a dominance of TF identity over site number in
determining high expression levels; a surprisingly large effect on expression of even small
1-7bp changes in site location; and for one TF, a striking ~10bp periodic relationship
between expression and site location. Our approach can be adapted to other genomic regions
and organisms to unravel diverse types of both cis and trans mappings between sequence
and phenotype.

Parallel expression measurements of thousands of designed promoters

We designed a library of 6500 different promoters that address diverse questions in
transcriptional regulation, and devised a method for accurately measuring their expression
within a single experiment (Fig. 1A). Briefly, we obtain a mixed barcoded oligonucleotide
pool synthesized on Agilent programmable microarrays'1-14.15 that represents our promoter
library, and fuse it upstream of a ~100bp TATA containing core promoter followed by a
yellow fluorescent reporter (YFP) and into a low-copy plasmid. We then amplify the library
in E. coli and transform it into yeast. Finally, we sort the resulting pool of transformed cells
grown in a desired condition based on YFP intensity, and use deep-sequencing to obtain a
measure of the expression of each promoter based on the distribution of its sequencing reads
across the sorted expression bins.

We designed a significant fraction of our library using sites for the two well studied
transcriptional activators Gal4 and Gend. Accordingly, we grew the cells in galactose
medium while starving for amino acids, since this condition activates both TFs. To test the
generality of our conclusions, we performed all of the systematic changes to regulatory
elements in two different promoter backgrounds.

We used several tests to gauge the accuracy of our approach. First, all of the designed
promoters were represented in the final sequencing reads, and 94% had at least 100 reads.
Second, we found that our method is highly reproducible, since independent replicates
employing two different sorting strategies are highly correlated (R2=0.95, Fig. 1B). Third,
we verified that the barcode has little effect, by designing 22 promoters each with 2—-20
different barcodes, and finding good agreement between the expression of these promoters
that differ only in their barcode (Fig. 1C-D, Fig. S2). Most critically, we isolated 92
individual clones from the mixed pool of transformed yeast cells, sequenced each of them to
identify the integrated promoter, and measured the expression of each isolated clone
individually using flow cytometry. Notably, we found excellent agreement (R2=0.99, Fig.
1E) between these expression measurements and those obtained using our method. Finally,
since our promoters are on plasmids, we compared their expression to measurements of
individual strains of 29 different genomically integrated promoters, and again found
excellent agreement (R2=0.97, Fig. S3).
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Together, these results demonstrate that our method can measure the expression of
thousands of fully designed promoters within a single experiment and with similar accuracy
to that obtained when promoters are constructed and measured individually.

Identifying functional elements in promoters using scanning mutagenesis

We first examined the utility of our method for comprehensively mapping functional
elements. We selected 103bp regions from three native yeast promoters and designed
separate systematic mutations across all of their non-overlapping 4bp-long segments. Such
scanning mutagenesis can identify regulatory elements!! 16 and indeed, we found a
significant reduction in expression when mutating putative TF sites (Fig. S4). Notably, we
found similarly strong expression reductions when mutating a poly(dA:dT) tract, which
disfavors nucleosome formation1’-19 (Fig. S4C), suggesting a novel regulatory role for this
region. In contrast, mutations of two putative TF sites in another promoter had little effect
(Fig. S4B), suggesting that these sites are not functional in our tested condition. Since we
can measure thousands of promoters at once, these results show that by devoting the entire
library design towards mutations in native promoters, our method can systematically map
functional regulatory elements.

Profiling the activity of most yeast TFs

Next, we used our method to compare the activity level of 75 different yeast TFs, by
separately planting their published consensus sites2? within the same promoter and in the
two possible orientations. Such a set compares TF activity by the expression that their sites
induce in the same promoter context and growth condition, and provides an alternative to
comparisons based on protein abundance?! and cellular localization?? that do not capture the
dependence of TF activity on parameters such as post-translational modification state and
co-factor activity.

Of the tested TF sites, 53% had expression level comparable to a null promoter with no site,
suggesting that at least in our setting, these sites have little ability to affect expression on
their own (Fig. 2A). Of the remaining sites, 24% and 23% had higher and lower expression
than the null promoter, respectively, and their cognate TFs correspond to known activators
(e.g., Rap123, Aft224) and repressors (e.g., Rim10125, Cin528), respectively, validating our
assay for profiling TF activity. Notably, for some of these sites, our results provide the first
direct test of their in vivo activity, thereby suggesting novel regulatory roles for their
cognate TFs. For example, Ecm23, whose site we identified as repressing, was reported as a
repressor of pseudohyphal growth?” and deletion of YER184C, whose site we identified as
activating, prevents growth on glycerol or lactate?® but the activity of these TFs’ sites was
not experimentally tested (Fig. 2A). Finally, by comparing the expression of the two tested
orientations of each TF site, we obtained a measure of site orientation effect, and found
significant such effects for only 6 (8%) TFs (P<0.05, 1.9-2.3 fold, Fig. S5). Among these 6
TFs was Rap1, consistent with mutational analysis2® and with an orientation bias for its sites
in Rap1 target promoters30,
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Taken together, although these results may depend on the tested promoter context or growth
condition, they directly compare the activity of many TF sites, suggest novel regulatory
roles for several TFs, and quantify the transcriptional effect of site orientation.

The effect of binding site affinity

Despite its importance, systematic assays of the effect of TF site affinity on expression are
not available. We suggest that our method can perform such assays, by comparing the
expression of promoters in which only the TF site is systematically varied. To demonstrate
this, we separately planted the consensus site of three different TFs within the same
promoter background, along with all possible single basepair mutations from that consensus,
and many mutations to combinations of two and three basepairs. For Gend, the expression of
both the consensus and its reverse complement were >3-fold than all other site variants,
which themselves generated a continuous range of expression levels (Fig. S6A). Notably, we
found good agreement (R2=0.93, Fig. S6B) between these expression levels and those
predicted by the in vitro Gen4 site affinities®L, which persisted even at the lower expression
and affinity levels, suggesting that even for weak sites, affinity differences are manifested in
vivo. Sites for the two other TFs, Fhl1 and Leu3, had overall lower expression levels than
Gcend and their measurements were thus noisier. Nevertheless, their data also exhibited
significant correlation to in vitro measurements (R=0.21-0.28), and for Fhl1, our
measurements provide the first comprehensive in vivo validation of its in vitro binding
specificities?0 (Fig. S7). These results support the use of our method for assaying the effect
of site affinity in vivo, and suggest that in vitro site affinity assays31-33 provide a reliable
measure of this effect across a broad range of affinities.

The effect of surrounding sequence on the activity of regulatory elements

As the converse of varying a TF site within a fixed promoter background, we next tested the
effect of varying the promoter background on the expression induced by two blocks of
regulatory elements, one consisting of two Gal4 sites and another of a single Gen4 site
flanked by two poly(dA:dT) tracts. We separately embedded each block at a fixed position
within 80 different surrounding sequences, selected randomly from yeast protein coding
regions (20 sequences), yeast promoters (20), and non-promoter intergenic yeast regions
(20), and 20 sequences were generated randomly using the ~40% G/C content of native
yeast promoters. The expression variability of each set of 20 promoters (coefficient of
variation, CVV=0.2-0.38) was greater than the variability obtained when placing these same
regulatory blocks in 20 promoters that differ only by their barcode (CV=0.06-0.09, Fig. 2B).
However, although significant, these context effects were smaller than the effect of single
basepair mutations in the TF site and nearly all of the 80 promoters with two Gal4 sites were
markedly higher than all 80 promoters with a single Gend4 site (Fig. 2B). Notably, for both
regulatory blocks, the distribution of expression levels was similar between the four
different types of contexts. Together, these results suggest that sequences that surround
regulatory elements can have significant effects on expression, but the identity of the TF
sites may be a stronger determinant of the resulting expression levels.
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The effect of binding site location

Next, we utilized our ability to fully design and accurately measure promoters to
systematically test the effect of binding site location on expression. We selected 3 TFs and
separately inserted their consensus sites in 16 different promoter contexts while varying the
site location in each context at 1-4bp increments. For 14 additional TFs, we designed
similar constructs but at 7bp increments. Notably, for most TFs and contexts, expression
level and site location were related by a jagged function specific to the combination of the
TF site and context, such that even small 1-7bp changes in site location had major effects
(Fig. 3Fig. S8-9). These effects are only partly explained by noise in our experiment (Fig.
S10), promoter barcodes (Fig. S11), removal of sequences in the original promoter that are
replaced when TF sites are inserted (Fig. S12), or the basepairs flanking the inserted sites.

Beyond these jagged relationships, we found an overall trend of lower expression, on
average, as activator sites are further away from the gene start, and an opposite trend for
repressor sites (Fig. 3 C,D, S9). We did not find a clear trend in the effect of the repressor
site when its location was held fixed and the location of an activator site was changed (Fig.
S13). Strikingly, for Gen4, one of the three TFs whose sites we varied at 1-4bp increments,
expression level and site location were related by a periodic function that persisted over 6
consecutive peaks and whose period is ~10bp, roughly matching the DNA helical repeat
(Fig. 3E). This periodicity was significant in only one of the two promoter backgrounds in
which we varied Gen4 site locations but in this background, we observed it in seven
different variants of this background (Fig. 3F, S14). To test whether this finding can
improve our ability to predict expression from sequence, we extended a thermodynamic
model for transcriptional regulation to include an interaction energy term between Gen4 and
polymerase that depends on the helical phase, and found that this model indeed improves
expression predictions of held-out promoters (Fig. S15).

We note that even if similar periodicities exist for the other 14 tested TFs, the 7bp site
location increments that we designed for these TFs prohibit their detection.

Taken together, our results demonstrate a surprising dependency of expression on TF site
location, such that even small 1-7bp changes can have major effects. Although expression
and site location are related by a jagged function specific to the TF and promoter
background combination, we found an overall trend of decay of the effect of TF sites as their
distance from the gene start increases, even within the ~100bp region that could be
examined using our approach. However, this trend is relatively weak and does not explain
most of the effect of site location on expression.

The effect of nucleosome disfavoring sequences

Previous studies showed that placing nucleosome disfavoring sequences, specifically
poly(dA:dT) tracts, next to TF sites significantly affects expression, in a manner that
depends on the length, composition, and location of the tract and is mostly positive
regardless of TF identity8 34. However, since these findings were derived from dozens of
variants of the same promoter background, we sought to test whether they generalize more
broadly using the larger scale of promoters that can be examined with our method. Notably,
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using 777 promoters in which we separately inserted consensus sites for 14 TFs in two
different promoter backgrounds while varying either the site location or the location, length,
and orientation of the poly(dA:dT) tract, we found effects that were consistent with, and thus
considerably generalize, previous findings® 34 (Fig. 4A—C, S16).

We also explored a novel aspect of poly(dA:dT) tracts by comparing the magnitude of their
effect on expression to that of Rebl and Abf1 sites, since the high nucleosome depletion of
these sites in vivo was suggested to result from the own action of these TFs°. Notably,
although adding Reb1 and Abf1 sites results in significantly higher expression, the effect is
comparable to that of adding a 10bp poly(dA:dT) tract and significantly less than that of a
15bp tract (P<1078, Fig. 4D). These results suggest that the yeast genome can enhance
promoter expression to similar levels by depleting nucleosomes with either the cis-
regulatory mechanism of poly(dA:dT) tracts or the trans-regulatory mechanism of sites for
general TFs such as Reb1 and Abfl.

The effect of binding site number

Next, we utilized our ability to design promoters with many combinations of TF sites to
systematically test the dependence of expression on the number of sites. We selected two
promoter contexts and in each, separately inserted the consensus site for Gen4 and Gal4 in
all 27=128 and 2°=32 possible combinations of sites at seven and five predefined locations,
respectively. Notably, we found a clear relationship between the number of sites and the
average expression of promoters with that number of sites for both TFs in both contexts,
which accurately fits a logistic function (R2=0.99, Fig. 5A,B). In all cases, expression
increases with each of the first 3—4 sites but then mostly saturates.

Despite this close fit of the average expression of a given number of sites to a logistic
function, individual promoters with specific combinations of site locations deviate from the
expression predicted for them by this logistic model. Part of this deviation likely stems from
the different effects that sites have at different promoter locations, while another likely
results from non-additive interactions between pairs of sites, predominantly from
interactions between adjacent sites (Fig. S17, S18). Notably, our results suggest that two
Gal4 molecules sterically occlude each other in binding to two sites whose ends are one
basepair apart, and that Gend may exhibit similar albeit weaker behavior when its site ends
are 5bp apart (Fig. S19).

We extended the above set to 13 additional TFs but at lower resolution, whereby for each
TF, we generated promoters with zero, one, and up to five (1 TFs) or seven (12 TFs) sites in
increments of one site and in two different contexts. At this lower resolution, the results are
more sensitive to location-specific site contributions, since there is only one promoter for
each TF in every context and site number combination. Nevertheless, clear trends were
apparent, whereby for most TFs, expression largely increases with more sites, mostly
saturating ~3—4 sites (Fig. 5C, S20). One notable exception is Rgtl, for which expression is
a non-monotonic function of site number, typically increasing with the first three sites but
then dramatically decreasing at 4 or more sites (Fig. 5C, S21A). This suggests that Rgtl is a
potent repressor only with >4 sites, consistent with a study of one native Rgt1 target3°. For
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the Mata2p-Mcm1p repressor, we also found stronger repression with more sites, although
here repression is already evident with one site (Fig. S21B).

Thus, we found a clear relationship between expression and the number of activator sites
that accurately fits a logistic function, whereby expression increases monotonically with
more sites and mostly saturates ~3—4 sites. Notably, the expression level at saturation differs
greatly among TFs, and with one exception (Met31/2), all of the promoters for the 13 TFs
tested, including those with 7 sites, have much lower expression than that of a promoter with
a single Gal4 site or 1-2 Gen4 sites (Fig. 5C). This suggests that in our growth condition and
promoter backgrounds, the TF identity is more important for achieving high expression
levels than site number.

Comparing the effect of different types of sequence changes

Finally, to obtain a high-level view of our library, we partitioned the 6500 promoters into
sets, such that each represents changes to the same type of regulatory element. Within Gal4
and Gcn4 regulated promoters, we found coherent and expected behavior, whereby in most
cases, adding sites for these TFs or adding poly(dA:dT) tracts increased expression, whereas
lowering site affinity or adding repressor sites decreased expression (Fig. 6A). In contrast,
increasing the distance of Gal4 or Gen4 sites had stimulatory effects in some cases and
inhibitory effects in others. The different types of sequence changes also exhibited a fairly
robust ranking in the magnitude of their effect, with the largest effect coming from addition
of the first 1-2 Gal4/Gcn4 sites or of a proximal poly(dA:dT) tract to a promoter that
contains at least one Gal4/Gcn4 site (Fig. 6A). To test the applicability of one of these rules
in endogenous promoters, we generated fluorescent reporter strains for 26 yeast promoters
with a consensus Gcen4 site, and indeed found a significant enrichment of poly(dA:dT) tracts
in the more highly expressed promoters (P<0.003, Fig. 6B)

Notably, the expression of all 836 promoters in which we manipulated sites for 75 TFs other
than Gal4 and Gen4 was dramatically lower than the vast majority of 602 promoters that
contain just a single Gal4 or Gen4 site (Fig. 6A,C). These 836 promoters represent a variety
of changes to the location and orientation of TF sites and for 11 TFs, they include promoters
with one, two, and even seven sites. Although Gal4 and Gcn4 are activated in our chosen
growth condition (galactose medium starved for amino acids), the magnitude of the
expression difference is surprising. The reason for this finding is unclear. Possible
explanations include higher amounts of active Gal4 and Gen4 molecules, stronger activation
domains, or that the tested promoter contexts are less suitable for the other TFs. Regardless
of the reason, our results suggest that at least in our tested condition and contexts, TF
identity is the most important factor in achieving high expression levels.

Discussion

In summary, we presented a high-throughput method for measuring the expression of
thousands of fully designed promoters within a single experiment and with accuracy
comparable to that obtained when promoters are constructed and measured individually. We
applied our method to study how expression depends on various parameters such as the
identity, number, affinity, and location of TF binding sites, representing the first large-scale
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systematic testing of the effects of these parameters. For several types of sequence
manipulations, our data reinforce previous results or support hypotheses that have arisen
from smaller scale studies (Supp. Note 1). In other cases, the effects are more surprising and
their mechanistic basis is unclear, raising interesting open questions for further research. For
example, we found that changing a TF site location by even a few basepairs typically exerts
large effects. As another example, we were surprised by the dramatically higher expression
that most of the 602 promoters with even a single Gal4 or Gen4 site have compared to that
of all ~700 promoters that contained sites for 11 other TFs. Notably, these ~700 promoters
include nucleosome disfavoring sequences and up to seven sites for each of these TFs.
Finally, even when the qualitative effects match our expectation, the next challenge is to
mechanistically explain the quantitative magnitude of the effects.

Despite the above insights, our method has several limitations, the most notable of which
stems from the limited ~100bp length of the promoter region that we could vary (Supp. Note
2).

For decades, researchers have searched for a regulatory code that translates DNA sequence
into expression level. The fact that several types of sequence changes that we performed
have predictable effects on expression that hold across many contexts and TFs suggests that
such a general code may indeed exist, but from the many unexplained effects that we found
it is also clear that we are still far from its deciphering. The ability to carefully design large-
scale promoter libraries should prove useful for advancing our understanding, eventually
leading to quantitative predictive models of transcriptional regulation. It will also be exciting
to apply similar strategies to study the effect that other regulatory layers have on gene
expression and on other biological phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Obtaining accur ate expression measur ements for thousands of designed promoter

sequences

(A) Hlustration of our experimental method. (B) Our method obtains highly reproducible
expression measurements. Shown is a comparison of expression measurements (log-scale)
obtained for two independent replicates done using two different cell sorting strategies (y-
axis, replicate 1 sorted into 64 bins; x-axis, replicate 2 sorted into 16 bins, see Methods),
along with lines (green) that correspond to a difference of 30% from the mean of the two
replicates. 114 (1.75%) of the 6500 promoters that we designed fell outside the green lines
and were filtered out from our analyses. (C) Barcodes have little effect on our expression
measurements. Shown is the distribution of sequencing reads across the expression bins that
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we obtained for four pairs of promoters that differ only in their barcode sequence. See Fig.
S2 for 14 additional such promoter pairs. (D) Similar to (C), but for four sets of promoters
where each set contains 10 (columns 3-4) or 20 (columns 1-2) promoters that differ only in
their barcode sequence. For each set, shown are the individual expression measurements
(gray dots), and their median (red line), standard error (orange bar), standard deviation (blue
bar), and coefficient of variation (CV, standard deviation divided by the mean). (E) Our
method obtains highly accurate expression measurements. We isolated 92 individual strains
from our pool of transformed yeast cells and sequenced each of them to reveal their identity.
Shown is a comparison of the expression for these strains when each strain was measured in
isolation using a flow cytometer (x-axis) or within a single experiment using our method (y-
axis).
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Figure 2. Profiling the activity of most yeast transcription factors
(A) Consensus binding sites for 75 yeast transcription factors were separately inserted in

their two possible orientations at the same position within a fixed promoter context (bottom
illustration). Shown is a ranking of the resulting expression levels for each promoter, with

the two site orientations of each TF colored red and green depending on whether they

correspond to the orientation with higher or lower expression, respectively. For brevity,
individual measurements for promoters with intermediate expression levels are not given
(TF sites and their internal ranking are indicated in the box). Cyan and purple asterisks
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correspond to TFs with literature-reported activating or repressive roles, respectively. A
horizontal black line marks the expression of the same fixed promoter above but without any
known TF binding site, and the two thin lines above and below this line mark a confidence
level of 30% around it. Y-axes show both the absolute expression levels (right axis) and the
(log) ratio of expression to that of a promoter without a binding site (left axis). (B)
Surrounding sequence has a significant yet limited effect on expression of regulatory
elements and is similar for different types of surrounding sequences. Shown are the
expression levels of promoters in which a regulatory block consisting of two Gal4 binding
sites (left five columns) or of a single Gen4 binding site flanked by two nucleosome
disfavoring sequences (right five columns) were placed at the same position within different
types of surrounding sequence contexts. The sequence contexts were chosen randomly from
yeast protein coding regions (20 sequences), yeast promoters (20 sequences), yeast
intergenic regions that are not promoters (20 sequences), and 20 sequences were generated
randomly using the same G/C content as that of yeast promoters (G/C=40%, 20 sequences).
For comparison, each regulatory block was also placed 20 different times within the same
promoter but each time with a different barcode (columns 1 and 6). For each set, shown are
the individual promoter expression levels (gray dots), and their median (red line), standard
error (orange bar), and standard deviation (blue bar), and coefficient of variation (CV,
standard deviation divided by the mean). As another comparison for the effect of
surrounding sequence on expression, the rightmost column shows the expression levels of
all 21 promoters from Fig. S6A in which we mutated a single basepair in the Gen4
consensus site (gray points), along with the expression of a promoter that contains the
consensus or its reverse complement (red points).
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Figure 3. The effect of binding site location on expression
(A) Expression depends on Gal4 site location. Shown are the expression levels of promoters

in which we inserted the consensus site for Gal4 at different locations (in 3—4bp increments)
within two fixed promoter backgrounds (red and blue lines, backgrounds differ by the
presence of a poly(dA:dT) tract). Points correspond to the location in the promoter of the

rightmost basepair of the Gal4 site. For comparison, shown are the expression levels of the
original promoter with no Gal4 sites (black line) and of promoters (gray) in which random
mutations of 3bp each time were performed across the non-poly(dA:dT) promoter,

TF binding site position
(distance from core promoter)
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indicating that the effect of changing the location of Gal4 sites is not due to removal of the
original promoter sequence. (B) Same as (A), for 14 additional TFs whose sites we varied at
7bp increments in two different promoter backgrounds. (C) The effect of repressor sites
decays with their distance from the core promoter. For the Mata2p-Mcm1p repressor
complex, shown are four sets of promoters in which we modified the location of its site
along the promoter, where the four sets differ by the presence of poly(dA:dT) tracts and sites
for the transcriptional activators Gen4 and Gal4. For each of the four sets, the expression of
the promoter without the repressor site is indicated in the inset legend and is higher than all
promoters that contain the repressor site, as expected. (D) The effect of TFs on expression
shows a general trend of decay with the distance between their sites and the core promoter.
For each set of promoters in which we changed the location of a TF binding site within the
same promoter background, we computed the correlation between the expression at each
location and the distance of the TF site at that location from the core promoter. Shown are
the resulting correlations, where for Gal4, Gen4, Leu3, and Mata2p-Mcm1p, each column
groups together correlations of promoter sets for the same TF in backgrounds that differ in
the presence of poly(dA:dT) tracts and for all other TFs that were each done in two distinct
promoter backgrounds, correlations are grouped by backgrounds. For each column, the
median (red line), standard error (orange bar), and standard deviation (blue bar) of the
correlations are shown. Note the trend of negative correlation between expression and site
distance for all TFs except the repressor Mata2p- Mcm1p for which there is a positive
correlation. (E) Expression changes as a ~10bp periodic function of Gen4 site location.
Same as (A), but for Gen4 sites. (F) Same as (E), but here each point corresponds to the
average expression level of 8 sets of promotes in which we changed the location of the Gen4
site, where the 8 different sets differ in the location of a poly(dA:dT) tract of length 15bp.
To normalize the expression levels across the 8 different sets, expression is shown as a
robust Z-score, by subtracting the median and dividing by the standard deviation of
expression level differences from the median. Note the ~10bp periodicity of expression
observed over 5 periods (distances between neighboring peaks of expression level are
indicated, with x-axis colors matching 10.5bp periodicity).
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Figure 4. The effect of nucleosome disfavoring sequences on expression
(A) Addition of nucleosome disfavoring sequences near TF sites increases expression.

Shown are expression levels for 14 sets of promoters in which a poly(dA:dT) tract of length
15bp was separately inserted at various locations within two promoter backgrounds that
each contain a TF binding site at some fixed position. For each set, each bar corresponds to
the (log) ratio between the expression of a promoter that contains the poly(dA:dT) tract and
the expression of the same promoter in which the poly(dA:dT) is not present. (B) Same as
(A), but here each bar shows the median and standard error of the expression obtained for
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promoters in which the poly(dA:dT) was at a fixed position and the location of the TF site
varied. The fourth row (“multiple TFs’) represents the average of the last 11 TFs from (A).
(C) The stimulatory effect of poly(dA:dT) tracts increases with their length. Shown are
expression levels for two sets of promoters (first two rows) in which sites with different
affinities for Gend were separately placed at a fixed location within different promoter
backgrounds that contained poly(dA:dT) tracts of varying lengths at a fixed promoter
location. Also shown (bottom row) is the median and standard error of expression for
promoters with various TF sites and site affinities. (D) The stimulatory effect of
poly(dA:dT) tracts can be greater than that of the general TF activators Reblp and Abflp.
Shown is the expression of promoters in which different elements (no element, Reb1p site,
Abflp site, 10bp poly(dA:dT) tract, 15bp tract, 15bp tract flipped in its orientation) were
placed at the same location within a promoter background that contains a consensus Gené
site at a fixed location (top row). For each element, also shown is the average and standard
deviation of expression of promoters in which it was inserted at two possible positions
within 31 different promoter backgrounds that differ in the number and location of Gen4
sites and the surrounding sequence (bottom row). To normalize the expression levels across
the promoters of each set, expression is shown as a robust Z-score, by subtracting the
median and dividing by the standard deviation of distances from the median.
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Figure 5. The effect of binding site number on expression
(A) Expression level is, on average, a monotonic function of Gen4 sites that mostly saturates

at 3—4 sites. Within two different promoter backgrounds, we separately inserted Gen4 sites
in all 27=128 possible combinations of sites at seven predefined locations within the
promoter. For each background, shown are the individual promoter expression levels and

mean level of all promoters that have k Gen4 sites, for k=0, 1, 2, ..., 7. Also shown is a fit of
a logistic function for each background. (B) Same as (A), but for all 2°=32 possible
combinations of Gal4 sites at five predefined promoter locations. The outlier promoter in
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terms of expression level in which the two Gal4 sites closest to the core promoter were both
added is indicated. These two sites were added at a distance of 1bp as opposed to a 5bp
distance between all other adjacent sites, thus suggesting steric hindrance between Gal4 sites
at this distance. (C) For many TFs, expression is generally a monotonically increasing
function of the number of sites. Shown is a hierarchical clustering and heatmap of the
expression profile of 31 sets of promoters where in each set, the same TF site was inserted in
k copies within the same promoter background, for k=0,1,2,...,7. Within the heatmap,
expression profiles of each TF site were normalized to have mean zero and standard
deviation one. The 31 sets correspond to 18 different TF sites (15 different TFs, as 3 TFs
have two site variants differing in their affinity) with each site inserted in two different
promoter backgrounds. Also shown (right bars) is the absolute expression level of the
strongest promoter for each TF site, demonstrating that the expression level at saturation
differed greatly among the different TF sites. We defined six clusters from the hierarchical
clustering based on the correlations between the expression profiles of the various TFs, and
the expression profiles for the individual TF sites of every cluster are shown within colored
boxes (right and bottom).

Nat Biotechnol. Author manuscript; available in PMC 2012 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sharon et al. Page 22

Expression (log,-ratio) Expression difference (a.u.)

A -4 2 0 2 4 6 -6 -4 2 0 2 4 6
Adding 1¢t site Gal4 [J---t= frm= ===+ | N=234
Adding 2™ site wsnpensne fr===[J[J-===1IN=370
Adding proximal poly(dT) s L] N=180
Moving site closer to the TSS * “ {1 N=218
Adding 31 site weetCT Jremm-=4 | N=78
Replacing surrounding sequence* - N=80
Adding 4t / 5" site =1 N=32
Adding distal poly(dT) e N=238
Changing site orientation L I N=32
Moving second site closer to the TSS ==L winl e | N=104
Lowering site affinity R e [ B 4 N=188
Adding a repressor site =+--{T] w1 N=96
Adding 15t site Gcend -+ {4 N=278
Adding proximal poly(dT) A=+ N=204
Adding 2M site met= T =p #isse N=452
Adding 3 site r{D--4 N=112
Replacing surrounding sequence* HD--++ N=80
Adding distal poly(dT) S IER N=292
Adding 4 site A== N=140
Moving site closer to the TSS R | I N=262
Adding 51" / 617 / 7t site {0 N=128
Changing site orientation B 11 5] N=32
Lowering site affinity H==e [ +--[D- N=240
Adding a repressor site [t i o] =-r{TH N=184
Mutating consensus site 0+ + - * N=74
Adding 1¢ site Met31 = 10+ N=60
Adding 24 -7t site ) I N=28
Adding 1-7 binding sites (11 TFs below) * (11 fJom N=482
Changing site orientation (Fig. 3 set) =[] e N=200
Changing site orientation (11 TFs below) it ':‘%"'“ e e N=418
Adding 1% site (Fig. 3 set) A i N=204

[117Fs| Fhit_ [Rsc3[ Lys14 | Bast | Rapt | 4 2 0 2 4 6 -6 4

| Adrt | cbft [ swi4 | csRE | Gert | Ugas | 2 0 2 4 6

* for every promoter pair, the absolute value of EXpreSSIOn (lng-ratIO) Expresswn difference (a.u<)
the log-ratio (left) or difference (right) was taken
Position relative
50 to the site .50

B C o057 = N=150
e 75 TFs (Promoters of Fig. 3)
YERO73W
YPL135W
YLR027C (1) Noes
YNL104C o =
YBR145W . 11 TFs (Promoters of Fig. 7C)
YHR019C c
YHR208W S
YFLO18C 5 0
YJL002C © 04 N=74
YOR108W i
YoRICaN = Met31/2
YJLOSOW 2
YOR337W L 9
YDL170W ° =

0.1 N=1592
YDLOBEW
YNL129W g Gen4
YBLO54W T
YPL219W
YJRO95W 0
YER065C ' 0.1 Gald N=790
YDRO34C :
bl e I Poly(dA:dT)..sp
YMRO20W 1
YIRO17C | 0
Gend b\?\dlng site 0 04 0 1 2 3 4 5 6 7
Expression (a.u.) Expression (a.u.)

Figure 6. Comparing the effect of different types of sequence changes
(A) Shown are the effects on expression of different types of sequence changes, either as the

change in the (log) ratio (left panel) or absolute levels (right panel) of expression. In every
row, the boxplot summarizes the effect of a particular type of sequence change (indicated by
the text on the left), where each point in the boxplots compares the expression of a promoter
in which the change was done to the expression of the same promoter without the change.
The first block of changes (12 types) represents changes to Gal4 sites or promoter
containing Gal4 sites, the second block to Gen4 (13 types), the third to Met31 (2 types), and
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the final block (4 types) pulls together changes to 11 different TFs. The number of
promoters used in each boxplot is indicated on the right. In each block, rows are sorted by
their effect on the ratio of expression (left panel). (B) Native yeast promoters with
poly(dA:dT) tracts near Gend consensus sites have higher expression. Shown is the
expression level (right bars, promoters are sorted by expression) of 26 native yeast
promoters that contain a consensus Gcn4 site, along with the distribution of poly(dA:dT)
tracts that are at least 5bp in length in the 100bp surrounding the Gen4 site (left heatmap).
Each promoter was measured by the fluorescence of a strain in which it was fused to a YFP
reporter as described in Zeevi et al.1®. Note the enrichment of poly(dA:dT) in the more
highly expressed promoters. (C) The expression levels of promoters with Gal4 or Gen4 sites
is much higher than that of all promoters with sites for other TFs. Shown is the distribution
of expression levels for five different promoter sets, representing promoters with single sites
for 75 different TFs (first row); promoters with various manipulations to sites for 11
different TFs, including promoters with up to seven sites for each of these TFs (second row);
all of the promoters that contain only Met31/2 sites (third row), Gené4 sites (fourth row), and
Gal4 sites (fifth row). The last three rows include all of the manipulations that we did to
promoters with sites for these TFs.
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