
1 
 

Evolution of transcription factor binding through sequence variations and 1 
turnover of binding sites 2 
 3 
Gat Krieger1*, Offir Lupo1*, Patricia Wittkopp2 and Naama Barkai1† 4 
 5 
1Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel 6 
2Department of Ecology and Evolutionary Biology, Department of Molecular, Cellular, and 7 
Developmental Biology, University of Michigan, Ann Arbor, MI, USA  8 
* Equal contribution 9 
†Corresponding author: naama.barkai@weizmann.ac.il 10 
 11 
 12 
 13 

Abstract 14 
Variations in noncoding regulatory sequences play a central role in evolution. 15 
Interpreting such variations, however, remains difficult even in the context of defined 16 
attributes such as transcription factor (TF) binding sites. Here, we systematically link 17 
variations in cis-regulatory sequences to TF binding by profiling the allele-specific 18 
binding of 27 TFs expressed in a yeast hybrid, in which two related genomes are present 19 
within the same nucleus. TFs localize preferentially to sites containing their known 20 
consensus motifs but occupy only a small fraction of the motif-coding sites available 21 
within the genomes. Differential binding of TFs to the orthologous alleles was well 22 
explained by variations that alter motif sequence, while differences in chromatin 23 
accessibility between alleles were of little apparent effect. Motif variations that abolished 24 
binding when present in one allele only, were still bound when present in both alleles, 25 
suggesting evolutionary compensation, with a potential role for sequence conservation 26 
at the motif’s vicinity. At the level of the full promoter, we identify cases of binding site 27 
turnover, where binding sites are reciprocally gained and lost, yet most interspecific 28 
differences remained uncompensated. Our results demonstrate the flexibility of TFs to 29 
bind imprecise motifs and the fast evolution of TF binding sites between related species. 30 

Introduction 31 
Changes in gene expression play a key role in cellular adaptation, physiology and 32 
development. Guiding these changes are transcription factors (TFs) that bind DNA at 33 
sequence motifs allowing activation or repression of gene transcription. Understanding 34 
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how TF binding diverges between species is therefore central for understanding how 35 
gene regulation evolves.  36 
 37 
TFs contain DNA-binding domains (DBDs) that bind with high affinity to short DNA 38 
sequence motifs (typically 6-12 base pairs). Sequence variations leading to the 39 
emergence or disappearance of binding motifs may therefore drive regulatory 40 
divergence by changing TF binding. Previous studies examined for such functional 41 
variations by comparing TF binding between related species (Borneman et al., 2007; 42 
Bradley et al., 2010; Paris et al., 2013; Schmidt et al., 2010; Stefflova et al., 2013; 43 
Wilson et al., 2008), between human individuals (Kasowski et al., 2010; Kilpinen et al., 44 
2013; Maurano et al., 2015) or between alleles of heterozygous cells (Reddy et al., 45 
2012). It was proven difficult, however, to relate the measured changes in TF binding 46 
with variations in motif sequence. In their analysis of allele-specific binding of 25 human 47 
TFs, Reddy et al. concluded that only 12% of differentially-bound sites were associated 48 
with variations in known binding sequences (Reddy et al., 2012). Similarly, studies 49 
comparing binding of six TFs between two Drosophila species revealed only modest 50 
correlation between inter-specific differences in binding and sequence variations in 51 
known motifs (Bradley et al., 2010). 52 
 53 
The difficulty of associating inter-species differences in TF binding with variations in cis-54 
regulatory sequences mirrors the difficulty in predicting TF binding sites. Indeed, motif 55 
preference remains a poor indicator for TF binding in vivo, primarily because TFs 56 
typically bind at only a small subset of motif-containing sites found in genomes. TF 57 
binding could therefore evolve in cis not only through the emergence or disappearance 58 
of binding motifs, but also through variations in DNA accessibility. Examples for such cis-59 
variations include changes in nucleosome positioning (Mirny, 2010; Sun et al., 2015), 60 
variations affecting binding of a cooperating TF (Avsec et al., 2021; Stefflova et al., 61 
2013), or variations in promoter regions surrounding the motif, perhaps recognized by 62 
TF regions outside the DBD (Brodsky et al., 2020).  63 
 64 
In this work, we systematically associated variations in known TF binding motifs to 65 
changes in TF binding, by mapping allele-specific binding of 27 TFs within an inter-66 
specific yeast hybrid. The hybrid’s nucleus contains two related parental genomes. By 67 
applying allele-specific mapping, we could directly compare TF binding to the two 68 
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genomes, while ensuring a uniform trans-regulatory environment (Emerson et al., 2010; 69 
Floc’hlay et al., 2021; Hill et al., 2021; Krieger et al., 2020; Lupo et al., 2021; Metzger et 70 
al., 2016; Tirosh et al., 2009; Wong et al., 2017; Yang et al., 2021). Our analysis 71 
examined the contribution of two types of variations, in sequence motifs and in 72 
chromatin accessibility, to divergence of TF binding at individual binding sites. We 73 
further examined evolutionary changes of TF binding at the full promoter level, by 74 
distinguishing cases of compensated binding site turnover (in which loss of a binding site 75 
is compensated by gain of an adjacent binding site) from cases of an uncompensated 76 
gain/loss. Finally, by capitalizing on the hundreds of sequence variations in motif-77 
containing sites between the genomes, we defined the effective cost of each binding site 78 
mutation in vivo, linking this cost with sequence conservation at the motif’s vicinity. Our 79 
results highlight key aspects in the evolution of TF binding between closely related yeast 80 
species. 81 
 82 

Results  83 

Mapping allele-specific binding of 27 transcription factors within an interspecies hybrid  84 
 85 
To examine systematically the effect of cis variation on TF binding, we generated F1 86 
hybrids by mating two closely related budding yeast species: S. cerevisiae and S. 87 
paradoxus. These two species diverged approximately five million years ago, and largely 88 
retained gene identity and synteny. Sequence identity reaches ~90% in coding regions 89 
and ~75% in promoters (Scannell et al., 2011; Yue et al., 2017). Both species genomes 90 
are highly compact with short intergenic regions (200 - 400 bp) that function primarily as 91 
gene promoters. Others and us have previously used this hybrid as a model for studying 92 
the principles of regulatory evolution (Artieri and Fraser, 2014; Emerson et al., 2010; 93 
Krieger et al., 2020; Lupo et al., 2021; Metzger et al., 2016; Tirosh et al., 2009; Weiss et 94 
al., 2018).  95 
 96 
We selected 27 TFs of five protein families (Table S1). All selected TFs are of known 97 
function, and their motif preferences were previously described through in vitro and in 98 
vivo experiments (De Boer and Hughes, 2012; Sandelin et al., 2004). We mapped the 99 
localization of these TFs along the orthologous hybrid genomes using chromatin 100 
endonuclease cleavage followed by sequencing (ChEC-seq) (Zentner et al., 2015). For 101 

 Cold Spring Harbor Laboratory Press on September 28, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


4 
 

this, each TF was fused to a MNase, allowing us to trigger DNA cleavage at the close 102 
vicinity of the TF binding site using short (30 seconds) Ca2+ pulse. The short DNA 103 
fragments were extracted and sequenced. We found this method to give a highly 104 
reproducible and spatially-resolved TF binding maps (Bar-Ziv et al., 2020; Brodsky et al., 105 
2020; Gera et al., 2021; Lupo et al., 2021). We previously observed that orthologous TF 106 
proteins bind to similar locations in the hybrid genome and at a similar level, by profiling 107 
both the S. cerevisiae TF orthologue and the S. paradoxus orthologue in separate 108 
experiments (Lupo et al., 2021). This observation was consistent with the generally slow 109 
evolution of TF preferences (Carroll, 2005). We therefore profiled only the S. cerevisiae 110 
orthologue, examining how its binding differs between the two alleles (Figure 1 A). 111 
Notably, comparing our binding profile with six published datasets revealed high 112 
consistency in promoter binding, peak binding and preferred motifs (Supplemental note 113 
1, Figure S16, Figure S17, Table S4, Table S5). Binding signals defined by ChEC-seq 114 
were largely restricted to promoter regions, as expected (Figure S1 A).  115 
  116 
Next, we compared TF binding between the two orthologues. For this, we distinguished 117 
first the overall signal obtained throughout each promoter and second, the locations of 118 
individual binding sites within promoters. Focusing first on the level of gene promoters, 119 
we find high conservation: in all TFs, promoter binding pattern was correlated between 120 
the two alleles (Pearson correlation coefficient, R, ranging from 0.75-0.96). Correlation 121 
between experimental replicates was significantly higher (R ranging from 0.9 to 0.99), 122 
supporting the reproducibility of our data, and suggesting that some allelic differences do 123 
exist (Figure 1B). Of note, correlation between different TFs was much lower (Average R 124 
= 0.12) (Figure S1 B). Other measures of correlation were also examined (Supplemental 125 
note 3, Figure S 19); however, we found the Pearson linear correlation coefficient to be 126 
most appropriate because most TFs bind a small number of targets. 127 
 128 
Examining individual promoters, we noted various patterns of conservation and 129 
divergence (Figure 1). In the case of Swi5, for example, promoter binding profiles were 130 
highly similar between orthologues (R = 0.96), and this similarity extended when 131 
examining binding peaks at highly bound promoters (e.g. SIC1, Figure 1C, experimental 132 
replicates in Figure S1 C-E). In other cases, overall promoter binding was conserved 133 
between the two alleles, yet the distribution of binding peaks varied along specific 134 
promoters, implying on binding-site turnover (Dermitzakis and Clark, 2009; Ludwig et al., 135 
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2000; Moses et al., 2006). For example, Tbf1 showed similar overall binding to the 136 
CTH1/GIR2 promoter in the two orthologous alleles, yet, the precise binding pattern 137 
differed, and this variation was linked to a change in the location of the Tbf1 motif within 138 
the two orthologous promoters (Figure 1 D, blue box). We also observed cases of 139 
divergence, in which overall binding differed between the two orthologous promoters, as 140 
exemplified by the binding of Reb1 to the GSP2 promoter, which was significantly 141 
stronger at the S. paradoxus allele. Also here, differential binding correlated with the 142 
presence of an additional Reb1 motif in S. paradoxus allele but not in the S. cerevisiae 143 
allele (Figure 1 E). We conclude that while TF binding remains largely invariant at the 144 
resolution of the full promoter, cases of cis divergence at the level of individual TF 145 
binding sites are readily identified. 146 
 147 
 148 
 149 

Transcription factors bind a selected subset of motif-containing sites within the two 150 
genomes 151 
 152 
Promoter regions in budding yeast are typically 200 - 400 base pairs (bp) long (Figure S 153 
1 F, Kristiansson et al., 2009), while individual binding sites contain only 6-12 bp. To 154 
examine whether our data can define TF binding at a resolution that is compatible with 155 
individual binding sites, we first observed the binding signal around motif-containing sites 156 
(Figure 2 A), referring to the known in vitro motif of each TF as curated in the YetFasco 157 
(De Boer and Hughes, 2012) and JASPAR (Sandelin et al., 2004) databases. For most 158 
TFs, these in vitro defined motifs agreed well with de novo motifs defined from our data 159 
by either enrichment of 7-mer sequences around bound sites or the MEME-ChIP 160 
algorithm (Machanick and Bailey, 2011) (Table S1, Supplemental note 1).  161 
 162 
Considering first the Reb1 TF, we find binding signal at locations containing its in vitro 163 
motif, as expected. Binding, however, was restricted to only ~30% of motif sites found 164 
within promoters (Figure 2 A). In this analysis, we estimated the significance of TF 165 
binding relative to a set of random sites within promoters and defined a binding threshold 166 
at 95% of random site distribution (Figure 2 B), resulting in 2063 Reb1-bound sites. 167 
Binding level at motif sites was moderately correlated (R = 0.25) with the motif p-value 168 
as defined by FIMO (Grant et al., 2011). Consistent with the expected pattern of this 169 
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method, MNase-cleavage signal peaked at the motif boundaries and was depleted from 170 
within the motif itself, the latter is protected from cleavage by the bound TF (Figure 2 A). 171 
Results for other TFs were similar, although varied in details depending on TF identity: 172 
such as the cleavage symmetry around the motif and the width of the cleavage-173 
protected region (Figure 2 C, full profiles in Figure S2). These details perhaps reflect 174 
differences in TF mobility on the DNA (Suter, 2020), motif-specificity and the size of the 175 
protein or protein-complex bound to the DNA. An example for the latter factor may be 176 
Hap4, where the protected area appears significantly larger (30 bases) than the known 177 
motif (7 bases) (Figure 2 C), perhaps indicating its binding as a subunit of the larger 178 
Hap2/3/4/5 transcriptional activation complex (McNabb and Pinto, 2005). We conclude 179 
that ChEC-seq allows mapping of individual binding locations with high resolution.  180 
 181 
To map individual binding sites we used an available peak-calling algorithm (Materials 182 
and methods). Peak locations were largely consistent with previously published data 183 
(Supplemental note 1, Figure S16). Notably, a considerable fraction (0.2 – 0.6) of reads 184 
were mapped to peaks (Figure S4). Overall, 28% of the peaks were associated with the 185 
known in vitro motif, here referred to as binding sites, in which peaks and motifs are less 186 
than 30 bases apart (Figure S5 A). The percentage of peaks associated with the known 187 
in vitro motifs (all motif realizations with FIMO p-value < 0.001) ranged from 8% to 62% 188 
between the different TFs. This fraction was 2.5 times higher than the fraction of random 189 
sites that reside next to an in vitro motif (averaging over all TFs), resembling high motif-190 
association of peaks in our data. We observe high specificity of TFs to their binding 191 
sites, with low overlap between TFs (2% - 4%, Figure S18 D) and no typical binding 192 
pattern at binding sites of an unrelated TF (Figure S3). 193 
 194 
To estimate the level of systematic noise in our data, namely binding peaks that are not 195 
due to TF binding, we tested the ChEC-seq profile of an endogenously expressed free-196 
MNase (Supplemental note 2, Figure S18). Only 2.5% - 4% of TF binding peaks 197 
overlapped with free-MNase peaks, representing the false-positive rate of the method 198 
and agreeing with previous estimations (Zentner et al., 2015). Therefore, the high 199 
number of peaks that were not motif-associated, were also not bound by a free-MNase, 200 
and may indicate functional binding events. Such events might result for example, from 201 
recruitment by interacting TF, or from protein regions outside the DBD that interact with 202 
DNA. As the sequence basis of these binding events is not characterized, we decided to 203 
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focus our analysis on binding peaks containing the known in vitro motifs, representing 204 
8% to 62% of TF-specific peaks (Figure S5 A).  205 
 206 
 207 

Differential TF binding to the two hybrid alleles correlates with variations in motif 208 
sequence, while differences in motif accessibility play a minor role 209 
 210 
TFs could gain new binding sites through at least two mechanisms (Figure 3 A). First, 211 
mutations could change the accessibility of the DNA in regions containing a motif site, 212 
for example through sequence mutations causing a nucleosome-depleted region. 213 
Second, new motifs could emerge by mutations within accessible region. As these two 214 
processes occur in parallel, their prevalence may vary depending on the motif type and 215 
the processes governing TF specificity, namely its attraction to only a subset of its motif-216 
containing sites.  217 
 218 
To distinguish between these two mechanisms of divergence, we focused on TF binding 219 
to motif-containing sites. To enable comparison of orthologous binding sites, we locally 220 
aligned orthologous promoters, and compared sequence and binding level over the 221 
aligned coordinates (materials and methods). We distinguish between sites where both 222 
orthologues contain the corresponding motif (conserved between species; common) and 223 
sites where the motif is found in only one species’ genome (diverged between species; 224 
unique). Overall, 36% of sites were classified as common sites, 36% as cerevisiae-225 
unique, and 27% as paradoxus-unique (Figure 3 B, Figure S6 A). As expected, the 226 
fraction of common sites bound by the respective TFs was, on average, twice as high as 227 
that of the unique sites (Figure S6 B).  228 
 229 
A significant fraction of common sites remained unbound in both genomes, implying that 230 
these sites are likely to be inaccessible for TF binding (Figure 3 B, Figure S6 C). Indeed, 231 
for most TFs (e.g. Reb1), nucleosome occupancy at unbound sites was higher than that 232 
at bound ones (Figure 3 C, Figure S7), while other TFs (e.g. the stress-related TF Sok2) 233 
were preferentially bound at sites that are often nucleosome-occupied, as reported 234 
before (Kaplan et al., 2009). On average, most TF were preferentially bound at sites of 235 
low nucleosome occupancy, prompting us to ask whether changes in nucleosome 236 
occupancy between alleles could also explain the divergence of binding. For this, we 237 
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asked whether cases in which both orthologous alleles contain a motif (common motif), 238 
yet only one of these alleles is in fact bound, might result from differential nucleosome 239 
occupancy of the two alleles. We find that in these cases, and also in cases of unique 240 
motif sites, nucleosomes are equally positioned in the bound and non-bound orthologues 241 
(Figure 3 C, Figure S7). This suggests that the differences in DNA accessibility, at least 242 
as reflected by nucleosome occupancy, play a minor role in the divergence of TF binding 243 
preferences.  244 
 245 
To examine whether differential TF binding correlates with the emergence or loss of the 246 
binding motif, we focused on cases of unique sites, in which the motif is present in only 247 
one of the alleles. We asked whether, in these cases, the allele containing the motif is 248 
more likely to be bound than the one that lacks the motif. This was indeed the case 249 
(Figure 3 D): in 25/27 TF in our set, we observed high correspondence between the 250 
allele containing the motif and the one bound by the respective TFs. Together, these 251 
data suggest that divergence in TF binding due to changes in DNA accessibility are less 252 
frequent compared to these caused by the emergence or loss of a binding motif.  253 
 254 

TF binding to an imperfect motif depends on the genomic context 255 
 256 
Our analysis so far focused on cases where TF binding was lost or gained in one of the 257 
genomes. Next, we considered also quantitative changes, where TFs bound the two 258 
alleles but at different levels. Such quantitative differences in the allele-specific TF 259 
binding were in fact quite common and accounted for the majority of binding changes 260 
(Figure S8). We asked whether these quantitative differences could be explained by 261 
sequence variations within the binding motif. For this, we focused on binding peaks that 262 
contain the associated motif in at least one of the genome, and considered the sequence 263 
variations within the motif site and in its immediate surroundings. To further focus the 264 
analysis, we considered first cases of unique alternative alleles, in which one orthologue 265 
has the consensus motif (as defined in vitro), while the second orthologue has a one-266 
letter variant either within the motif itself, or in its flanking region (five bases upstream / 267 
downstream the core motif). Comparing TF binding occupancy at the two orthologues 268 
allowed quantifying the average cost (reduction in TF binding) of each deviation from 269 
consensus (Figure 4 A).  270 
 271 
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For Reb1, deviations from consensus in the core motif had a strong impact on binding 272 
(Figure 4 A). This sensitivity to deviation from the consensus motif differed between TFs 273 
and was further dependent on the position and the precise alternative (Figure 4 C). In 274 
fact, some TFs remained largely insensitive to single-letter variations (e.g. Skn7, Gcr2, 275 
Stb3), while others showed greatly reduced binding (e.g. Rap1, Tbf1, Pho4). In some 276 
cases, variations in sequences flanking the known motif were also of apparent 277 
consequences: in the case of Reb1, for example, a “T” at position -1 was associated with 278 
100 folds reduction in binding (Figure 4 A). Of note, Reb1 protein was shown to bind the 279 
DNA base at the -1 position, and a “T” at that position was predicted to distort DNA 280 
shape (Jaiswal et al., 2016; Rossi et al., 2018). This effect outside of the core motif, 281 
however, was the exception, as in most cases, variants of apparent effect were 282 
restricted to the motif itself, suggesting little contribution from the immediate motif-283 
flanking region. 284 
 285 
Our analysis therefore supports the notion that sequence variations within the known cis 286 
regulatory motif reduce binding in a manner that depends on the TF and the precise 287 
sequence alternative. We next asked whether these same deviations from the 288 
consensus motif exert a similar cost on binding also when conserved in both species’ 289 
genomes (common alternative). Here, we reasoned that deviations from the consensus 290 
that appear in both species’ genomes have been preserved by selection, and may 291 
therefore reflect the need for lower binding, or, alternatively be compensated by 292 
contributions from adjacent sequences. For this analysis, we examined sites in which 293 
both alleles contain a motif variant that differs in the same one letter from the consensus 294 
motif (common alternative) and asked whether binding to these sites is weaker than 295 
binding to the consensus motif, as found in other locations in the genome. For Reb1, the 296 
apparent cost of common alternatives (Figure 4 B) was considerably lower than the cost 297 
of unique alternatives (Figure 4 A, the average binding fold change between consensus 298 
to alternative in common alternative sites is 1.54, where in unique alternative sites it is 299 
3). This same result extended to the majority of other TFs: the same alternative led to 300 
higher apparent cost when appearing in only one of the alleles (Figure 4 C) than when 301 
appearing in both alleles (Figure 4 D). Of note, the same effect was seen also when 302 
comparing unique alternative sites to consensus sites found elsewhere in the genome 303 
(Figure S9 B). As a control, we validated that the consensus allele at unique sites is 304 
bound at the same level as sites of conserved consensus (Figure S9 C). 305 
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  306 
Together, our results above support the notion that region-specific effects beyond the 307 
motif sequence act to modulate TF binding (Dror et al., 2015; Levo et al., 2015). This 308 
could occur through changes in motif accessibility, positioning of the motif within the 309 
promoter, or interaction with other DNA-bound co-factors. To test for such compensatory 310 
effects, we examined the sequence conservation between S. cerevisiae and S. 311 
paradoxus orthologues at the motif vicinity, postulating that if the surrounding region 312 
contributes to motif binding it will remain conserved between the similarly bound alleles 313 
(Figure 4 E). Focusing first on Reb1, we find that, as expected, common consensus and 314 
common alternative sites were in almost full conservation at the motif region (variation 315 
seen is a result of short INDELs). By contrast, sequence conservation decreased in the 316 
immediate vicinity of the motif in common consensus sites and in unique alternative sites 317 
but stayed relatively high in common alternative sites. The same pattern repeated when 318 
examining sequence conservation of seven yeast species (phastCons score, Siepel et 319 
al., 2005), where common alternative sites showed higher conservation also at the motif 320 
region, and the conservation at their flanking region was higher than that of random-site 321 
background (Figure 4 F). Nucleosomes were equally depleted in both types of 322 
alternative sites, but depletion was deeper at common consensus sites (Figure S10). 323 
This pattern repeated also for Abf1, Rap1 and Tbf1 transcription factors, but was not 324 
apparent in other factors, in which conservation did not drop at the immediate motif 325 
vicinity (Figure S10). A related observation was reported before for CTCF binding in 326 
human, where motif mutations were associated with a strong reduction in binding when 327 
appeared in a non-conserved genomic region, but the same mutations showed only a 328 
minor effect when appeared in a highly conserved genomic region (Spivakov et al., 329 
2012). 330 
Overall, we find that when a weak motif appears in only one species, it diminishes 331 
binding, but when it is species-conserved it allows high level of binding. For specific TFs, 332 
the latter appear in highly conserved genomic regions that perhaps compensate for the 333 
motif weakness. 334 
 335 
 336 
 337 

Sequence variation in the motif predicts TF binding variation 338 
 339 
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Our analysis revealed that, for most TFs, interspecific variations in the core motif reduce 340 
DNA binding. To examine whether these differences in sequence are sufficient for 341 
predicting binding variations, we devised three linear predictive models. The first two 342 
models use a motif score as a single predictor: The first is based on the known in vitro-343 
derived motif (PWM score) and the second is based on 7-mer sequence enrichment 344 
from our data (7-mer motif score). As seen in Figure 5 A, variation in the 7-mer motif 345 
score was highly correlated with binding variation of Reb1 between the two alleles. The 346 
third model is a multivariate predictor that combines the two aforementioned motif scores 347 
and additional features: GC content at 15 bases flanking the motif, nucleosome 348 
occupancy at 300 bp centered at the motif, sequence conservation score (phastCons, 349 
Siepel et al., 2005) and distance of the peak from the closest transcription start site 350 
(Figure 5 B). To distinguish between cases of differential binding that resulted from 351 
motif-variation and cases that resulted from other changes, we applied the models on 352 
different subsets of the data: all peaks, peaks associated with no motif, peaks 353 
associated with a motif and lastly peaks associated with a non-conserved motif (Figure 354 
S11 A).  355 
 356 
Using the multivariate model, we could explain, on average, 35% of the variance in 357 
binding to the two alleles at peaks associated with a non-conserved motif (Figure 5 B). 358 
Percentage of variability explained ranged between TFs, with R2 = 0.03 for Hms2 to R2 = 359 
0.75 for Ace2. In the majority of the TFs we examined (18/27), variability in binding to the 360 
two orthologues was well explained by sequence variation in the motif and its immediate 361 
surroundings (R2 > 0.3), where in three cases sequence-based prediction exceeded R2 362 
of 0.5. Expanding the prediction to all motif-containing peaks (motif is either conserved 363 
or non-conserved) resulted in a somewhat lower predicting power (0.02 < R2 < 0.66, 364 
median = 0.32, Figure S11 A). Of note, only 19% of the differentially bound peaks (with 365 
more than two-fold change between alleles) were associated with a non-conserved 366 
motif, consistent with previous results (Reddy et al., 2012). However, when accounting 367 
only for motif-associated peaks, most (60%) of differentially bound peaks were 368 
associated with a non-conserved motif (Figure S11 C). Limiting the prediction to peaks 369 
with no motif resulted in no predicting power (0.04 < R2 < 0.26, median = 0.11), hence 370 
the additional features added to the model beyond the motif, could not explain binding 371 
variability in the absence of a motif (Figure S11 A).  372 
 373 
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In most cases (21/27 TFs), the log-ratio of motif score derived from the data was the 374 
best predictor of binding variation. Notable exceptions include Abf1 and Rgt1 where the 375 
7-mer score did not capture the full motif (Table S1), likely because of the large gap 376 
between the two parts of Abf1 motif and the long A-stretch of Rgt1 motif. Difference in 377 
GC content was predictive only for Skn7 peaks, in correlation with the GC-rich motif of 378 
this TF (Figure S11 B). Other features had no predicting power (Figure S11 B). 379 
Transforming the features and the predicted change in binding to absolute level (i.e. 380 
predicting how big the change is, regardless of its direction) resulted in lower R2 values 381 
and therefore lower prediction power (Figure S11 D). 382 
 383 
Based on the studied factors, we conclude that the variation in motif sequence within 384 
binding sites is a strong predicator of binding variation for the majority of TFs, reaching 385 
35% explained variation on average. 386 
 387 
 388 
 389 

Gains and losses of binding sites are more common than binding-site turnover 390 
 391 
Our analysis so far focused on TF binding at individual binding peaks. We next revisited 392 
the integration of binding peaks within the context of the full promoter. Specifically, we 393 
wished to define the prevalence of binding-site turnover, whereby, for example, a loss of 394 
a binding site in one location along a promoter is compensated by the gain of a binding 395 
site at an adjacent location within the same promoter.  396 
 397 
To characterize cases of binding site turnover we classified promoters into four classes: 398 
1) Conserved promoters: cases in which all binding sites are common to both alleles 399 
(53% of promoters, Figure 6 A), 2) Turnover promoters: cases in which binding sites 400 
appear in both orthologues, but on different locations along the promoter, suggesting 401 
reciprocal gain or loss of binding motifs (7% of promoters, Figure 6 B). 3) Unbalanced 402 
promoters: cases in which one or more binding sites are allele-specific, but other binding 403 
sites remain conserved (9% of promoters, Figure 6 C), and 4) Fully unbalanced 404 
promoters: cases in which only one of the alleles is bound by the TF (27% of promoters, 405 
Figure 6 D). Cases of conserved motifs that are bound at only one allele were 406 
considered as “not defined” (5% of promoters). As in previous analyzes, we also 407 
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considered only peaks that reside next to a strong binding motif (with FIMO p-value < 408 
0.001).  409 
 410 
We built a custom algorithm for promoter classification, which takes a list of peaks as 411 
input, classifies motifs, binding sites and promoters into the abovementioned classes 412 
(Figure S12 A). To assess the algorithm performance, we manually defined 220 413 
promoters, including up to 20 cases of each class for three TFs, and compared our 414 
manual classification with the algorithm output per promoter class. We observe mean 415 
sensitivity of 82% and mean specificity of 94% across the different classes (Figure S12 416 
B, C). 417 
 418 
We find that the conserved and fully unbalanced classes were the largest promoter 419 
classes, consisting of 53% and 27% of all examined promoters, respectively (Figure 6 E, 420 
left). Conserved promoters are bound to a higher level (59% of the signal, summing 421 
across all TFs) as compared to fully unbalanced promoters (15% of the signal; 422 
considering the more highly bound allele (Figure 6 E, right). Among the different TFs 423 
there was little variation in the proportion of promoter classes and their binding levels 424 
(Figure S13 A). These trends generally repeated also when elevating the minimal peak 425 
threshold, although the proportion of conserved promoters increased with increased 426 
threshold (Figure S13 B). We note that the different promoter classes are bound to 427 
different extents, on average, although our classifier does not take the total promoter 428 
binding level into account: the turnover and unbalanced classes were bound at levels 429 
twice as high as the conserved promoters (Figure S13 C). This higher binding reflected a 430 
larger number of binding sites in these classes, while binding at individual sites was at a 431 
similar level (Figure S13 C). 432 
 433 
Binding site turnover is a result of reciprocal gains and losses of binding sites. The 434 
distance between the turning-over binding sites on the aligned sequence coordinates 435 
could be long as in CDC5 promoter (35 bp) or short, as in YBL055C promoter where the 436 
two motifs overlap but appear on different strands (Figure 6 B, Figure 6 F). Examining 437 
the full set of TFs, we find that most turning-over binding sites appear in close proximity 438 
(median distance = 20 bp) and in 37% of these the distance is ten base pairs or less 439 
(Figure S14). Specific examples of short-distance binding site turnover are presented in 440 
Figure 6 F for Reb1- and Ace2-bound promoters. In the case of Reb1, peaks appear 441 
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upstream to the motif in divergent directions corresponding to the appearance of the 442 
motif on different strands, and in the case of Ace2 the signal-depleted area aligns with 443 
the motif location of each orthologue. This resembles evolutionary conservation of 444 
binding site location in the presence of sequence divergence. 445 
 446 
Another aspect of binding site turnover would be buffering of differential binding: while 447 
binding sites appear on different locations in the two orthologues, the total promoter 448 
binding should remain similar. To test that we plotted the correlation between 449 
orthologues, summing either on total promoters or on individual peaks (Figure 6 G). 450 
Indeed, correlation coefficients were higher on promoters than on peaks. For a control, 451 
we summed the binding signal along increasing genomic bins (30, 100, 300 and 1000 452 
bp) and found a strong shift in correlation between the bins of 30 and 100 bp (individual 453 
peaks are 20 bp wide), resembling higher divergence in peak binding relative to 454 
promoter binding (Figure S15 C, D). Experimental repeats showed high correlation (R > 455 
0.9) in all examined bins, in most TFs (23 of 27), and along motif-associated peaks 456 
(Figure S15 B). To examine this shift in correlation in more detail, we repeated the same 457 
analysis but separately for the four promoter class (Figure 6 H). Namely, for each TF, we 458 
considered each time only a single promoter class and examined the shift in orthologous 459 
correlation at the promoter level to the correlation on the individual peak level. Indeed, 460 
turnover promoters showed the largest shift in promoter-peak correlation (significantly 461 
different than the shift in conserved promoters, p-value = 0.003, Tukey’s-honestly 462 
significant difference test), regardless of these being a relatively small fraction of total 463 
promoters (Figure 6 I). The shift observed in unbalanced promoters results from the 464 
presence of an additional conserved motif, which increase the correlation at the 465 
promoter level. 466 
 467 
To conclude, we find that half (53%) of bound promoters retained a fully conserved set 468 
of binding sites. Among diverged promoters, a large fraction is bound in only one of the 469 
alleles (27%), and a small fraction (7%) shows compensation through binding site 470 
turnover, likely indicating functional conservation despite of sequence divergence.   471 
 472 

Discussion 473 
 474 
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Understanding the sequence determinants of transcription factor binding in living cells is 475 
a major challenge. In this study, we profiled in vivo TF binding in a yeast hybrid that 476 
contains two related genomes within the same nucleus. The high sequence divergence 477 
in regulatory regions between these two genomes (~25%) provides a wide range of 478 
sequence variation that can be examined in parallel. This enabled us to measure how 479 
multitudes of sequence variations affect TF binding within a genomic context.  480 
 481 
Differential binding can result from differential use of a common pool of potential binding 482 
sites containing the binding motif, or from gain/loss of sequence motifs. Our data 483 
supports the second scenario, as we found that most conserved motif sites were either 484 
bound or unbound in both genomes, while differentially bound sites were associated with 485 
a sequence variation within the binding motifs. Further, we detected little, if any, 486 
differences in nucleosome positioning at sites that are differentially bound. Therefore in 487 
yeast, sequence evolution in regulatory regions appears to occur more readily than 488 
changes in chromatin accessibility at TF binding sites, in agreement with previous 489 
studies (Tirosh et al., 2010; Tsankov et al., 2010). The ability of a TF to bind its motif-490 
containing site was also shown to depend on DNA shape features (Abe et al., 2015; 491 
Zhou et al., 2015), however these features did not separate between in vivo bound and 492 
unbound motif-containing sites (Zentner et al., 2015) and therefore were not examined in 493 
this study. 494 
 495 
TFs bind strongly at sites containing their consensus motif, compatible with sequence 496 
motifs defined in vitro. We expected to observe binding also at sites containing imprecise 497 
motifs, for example sites containing one alternative base, but that this binding would be, 498 
on average, lower than binding to the consensus motif. This was indeed the case when 499 
an alternative base was present in one allele only, while the second allele carried the 500 
consensus motif. Notably, however, we find that genomic sites containing the same 501 
alternative allele in both orthologous genomes were bound at almost the same extent as 502 
sites containing the consensus motif. A perfect consensus sequence might not always 503 
be the best for the organism in terms of fitness at each site, however. Non-consensus, or 504 
low-affinity binding sites are in fact widespread in the yeast genome (Tanay, 2006), and 505 
were shown to be important in fly and mouse development (Crocker et al., 2016; Rowan 506 
et al., 2010; Scardigli et al., 2003). 507 
 508 
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We have further shown that imprecise (weak) motifs of certain TFs, which appear in both 509 
orthologous alleles, commonly reside in regions of exceptionally high sequence 510 
conservation. This observation is in contrast to the cases of consensus sites, which are 511 
often found as islands of conservation within sequence-diverged regions. This may be 512 
related to a previous report showing that polymorphisms in CTCF motifs have greater 513 
effects on TF binding when they appear in sequence-diverged regions than in sequence-514 
conserved regions (Spivakov et al., 2012). The authors attribute this effect to co-factors 515 
that allow CTCF to bind at imprecise motifs. In our case, such binding partners are 516 
known for Rap1 (Tornow et al., 1993) but have not been described for the other TFs. We 517 
find it more likely that this effect is related to chromatin, as the TFs showing this effect 518 
(Abf1, Reb1 and Rap1) all act in the regulation of nucleosome positioning (Rhee and 519 
Pugh, 2011). Therefore, we speculate that the presence of other TFs at nearby sites 520 
stabilizes the binding of these TFs to non-optimal motif sites (Mirny, 2010). Another 521 
possibility involves DNA interactions through the non-DNA-binding domain parts of the 522 
protein (Brodsky et al., 2020). To conclude, we suggest that non-consensus sites are 523 
bound to a high level and are species-conserved due to a local sequence compensation. 524 
 525 
In the majority of the TFs we examined, variability in binding to the two orthologues was 526 
well explained by sequence variation in the motif and its immediate surroundings. 527 
Previous studies addressing the problem of predicting binding variation from sequence 528 
variation, reported on a generally limited predicting power for differential TF binding 529 
(Bradley et al., 2010; Halow et al., 2021; He et al., 2011b; Reddy et al., 2012; Stefflova 530 
et al., 2013; Zheng et al., 2010). In an influential study for the field, Reddy et al. 531 
measured TF binding of in human heterozygous cell lines, and reported that only 12% of 532 
differentially-bound sites were associated with sequence variations in known binding 533 
motifs (Reddy et al., 2012). Here, we report a similar fraction (19%), however, when 534 
considering only motif-associated peaks, we find that most (60%) of the differentially 535 
bound sites were associated with a sequence variation in the motif. Further, using 536 
quantitative models, we show that variability in motif score is the best predictor for 537 
variability in TF binding, whereby other features had limited contribution. Our improved 538 
prediction may result from the use of the ChEC-seq method which provides high-539 
resolution mapping of TF binding. In addition, the use of F1 hybrids for this work allows 540 
profiling both orthologous genomes in the same cell and thus reduces both technical and 541 
trans-driven variations that can reduce power and hamper interspecific comparisons. 542 
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 543 
When classifying evolutionary changes in TF binding at the promoter level, we find that 544 
most of the bound promoters involve unbalanced gain or loss of binding sites, whereas 545 
only 7% of the bound promoters show evidence of compensation by binding site 546 
turnover. This result is in agreement with reports from other model organisms, including 547 
the Zeste TF in Drosophila (Moses et al., 2006), liver-specific TFs in mice (Stefflova et 548 
al., 2013) and individual TFs in yeast (Borneman et al., 2007). Furthermore, higher rates 549 
of positive and purifying selection compared to compensatory neutral evolution were 550 
modeled for Drosophila enhancers (He et al., 2011a), but not for yeast promoters 551 
(Mustonen et al., 2008). The flexibility and high rate of binding site evolution suggests 552 
that in many cases binding site loss or addition is not deleterious. Overall, we find that 553 
TF binding evolves through gains and losses of binding sites, with quantitative changes 554 
in binding level being highly predictable from sequence variation within the motif. 555 
 556 
To conclude, in this study we report on two linked observations: 1) imprecise but 557 
conserved motifs are bound to a high level by TFs, and 2) the observation of short-558 
distance binding sites turnover, where binding localization is conserved despite of 559 
sequence divergence. These observations demonstrate the fast and flexible evolution of 560 
TF binding sites between related species, and we expect to see these phenomena in 561 
other organisms as well.   562 
 563 

Materials and Methods 564 

Yeast strains 565 
Yeast strains in this study were constructed on the background of S. cerevisiae BY4741 566 
and S. paradoxus CBS432 (OS142) and their hybrid. For ChEC-seq, transcription 567 
factors were tagged with MNase on their C-terminus, by amplifying the MNase-KanMX 568 
cassette from the pGZ108 plasmid, a gift from Steven Henikoff. Strains that were 569 
previously generated in our lab were based on transformation of BY4741 with MNase-570 
KanMX cassette, with an ORF-MNase linker of 33 amino acids (Bar-Ziv et al., 2020; 571 
Brodsky et al., 2020; Lupo et al., 2021). In this study, strains were generated on the 572 
background of the C-SWAT library (Meurer et al., 2018) a gift from Maya Schuldiner. In 573 
these strains, the MNase-KanMX cassette was inserted between L3 and L4 linkers, with 574 
an ORF-MNase linker of 15 amino acids.  575 
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free-MNase strain contains MNase from the pGZ108 plasmid, without any linker, under 576 
the TDH3 promoter, integrated into the MSN2 genomic locus. 577 
Transformations to S. cerevisiae were done using the traditional LiAc/SS DNA/PEG 578 
method (Gietz et al., 1995). Transformations to S. paradoxus were done using SORB-579 
competent cells (Bleuven et al., 2019). Strains are listed in Table S2, primers are listed 580 
in Table S3. 581 

ChEC-seq 582 
ChEC-seq experiments were performed as described previously (Zentner et al., 2015) 583 
with modifications. In this study, replicates are biological replicates, starting from 584 
separate overnight starters of the same strain. Each TF was profiled in at least two 585 
replicates. Cultures were grown overnight to saturation in YPD media and diluted into 5 586 
mL of fresh YPD media to reach OD600 of 4 the following morning after ∼10 divisions. 587 
Cultures were pelleted at 1500 g and resuspended in 1 mL Buffer A (15�mM Tris pH 588 
7.5, 80�mM KCl, 0.1�mM EGTA, 0.2�mM spermine, 0.5�mM spermidine, 1× Roche 589 
cOmplete EDTA-free mini protease inhibitors, 1�mM PMSF), and then transferred to 590 
DNA low-bind tubes (Eppendorf 022431021). Cells were washed twice more in 500 μL 591 
Buffer A, pelleted, and resuspended in 150 μL Buffer A containing 0.1% digitonin. Then, 592 
cells were transferred to an Eppendorf 96-well plate (Eppendorf 951020401) for 593 
permeabilization (30°C for 5 min). CaCl2 was added to a final concentration of 2�mM for 594 
30 seconds. Next, 100 μL of stop buffer (400�mM NaCl, 20�mM EDTA, 4�mM EGTA 595 
and 1% SDS) were mixed with 100 μL of sample. Proteinase K was then added (5 μL of 596 
20 mg/ml), and incubated at 55°C for 30 min. Nucleic acids were extracted with an equal 597 
volume (200 μL) of ultrapure phenol/chloroform/isoamyl alcohol, and ethanol-precipitated 598 
(at −80°C for > 1 hour) with 2.5 volumes of cold EtOH 96%, 45 μg Glycoblue and sodium 599 
acetate to a final concentration of 20 mM. DNA was centrifuged (4°C for 10 min), 600 
washed with EtOH 70% and treated with RNase A in a final concentration of 2.5 mg/ml 601 
(37°C for 20 min), followed by another round of DNA cleanup and ethanol precipitation. 602 
To enrich for small DNA fragments, reverse 0.8×SPRI clean-up (right-side size 603 

selection) was carried out, following by isopropanol SPRI (left-side size selection) of 604 
1.8×SPRI and 5.4× isopropanol. DNA samples were eluted in 20 μL 0.1×TE.  605 

Library preparation was done similarly to a published protocol (Skene and Henikoff, 606 
2017) with specific modifications. End-repair and A-tailing (ERA) of the small DNA 607 
fragments was done the following: [T4 DNA ligase buffer (10×), dNTPs (10 mM), ATP 608 
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(10 mM), 50% PEG 4000, T4 PNK (6 U), T4 DNA Pol (0.3 U), Taq DNA Pol (0.1 μL per 609 
sample) with 14.6 μL sample] with the PCR protocol: [lid heated to 60°C , 12°C 15’, 37°C 610 
15’,  58°C 45’]. Samples were cleaned with reverse 0.5×SPRI followed by left-side 611 

isopropanol SPRI: 1.3×SPRI (with the previous step reaches to 1.8×SPRI) and 5.4× 612 

isopropanol. Indexed adaptors (Blecher-Gonen et al., 2013) were ligated to the DNA 613 
using quick ligase (2000 U/μL ,2 μL per sample) and quick ligase buffer (2×), in 20°C for 614 

15 minutes. Clean-up was done: 1.2×SPRI (left-side) followed by addition of 1.2×HXN 615 

buffer (24 μL 5 M NaCl, 19.2 μL 50% PEG 8000 and 4.8 μL H2O per sample), reaching 616 
1.6× SPRI. Library amplification was carried out with library-specific enrichment primers 617 

[23 μL sample DNA, 2 μL enrichment primers, 25 μL KAPA Hifi PCR mix] with the 618 
following PCR protocol: [98°C 45’’ + 16 cycles (98°C 15’’ + 60°C 15’’) + 72°C 1’]. PCR 619 
products were cleaned with left-side 1×SPRI. Library concentration was measured with 620 

Q-bit, library size distribution was measured with TapeStation. Libraries were sequenced 621 
on Illumina NovaSeq and NextSeq500 machines, with a 51-bases paired end reads. 622 
 623 

Computational analysis 624 

Programs 625 
Programs used for read alignment are indicated below. Downstream analyzes were 626 
originally implemented in MATLAB 2019 and in R 3.6.3 (R Core Team, 2013). Online 627 
programs of the MEME suite were used as well. 628 

Read alignment 629 
FASTQ reads were trimmed from adaptors with cutadapt (Martin, 2011), then aligned to 630 
a the hybrid genome using Bowtie 2 (Langmead and Salzberg, 2012) with the 631 
parameters: [-p8 --local --very-sensitive --trim-to 40 --dovetail --score-min G,16,8]. The 632 
hybrid genome is a concatenation of the genomes of S. cerevisiae S288c (R64-1-633 
1/sacCer3) and S. paradoxus CBS432 (Yue et al., 2017), including the mitochondrial 634 
genomes. Bowtie 2 reports on one (or zero) alignments per read, therefore a given read 635 
was mapped only once, to one of the parental genomes. Reads with zero mismatches 636 
were 94% - 95% of total mapped reads, in three representative samples. Genome 637 
coverage of the 5’ end of reads was generated using SAMtools (Li et al., 2009) and 638 
BEDtools (Quinlan and Hall, 2010), with the genomcov parameters: [-5 -fs 1]. 639 
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ChEC-seq data normalization and processing 640 
Raw genome coverage counts were divided by the total number of reads and multiplied 641 
by 107. Gene promoters were defined using two published datasets of S. cerevisiae 642 
transcription start sites (Park et al., 2014; Pelechano et al., 2013), where the version with 643 
the shorter 5’ UTR, in which the TSS is upstream of the start codon, was selected per 644 
gene. S. paradoxus TSS were defined for orthologous genes using the 5’ UTR lengths 645 
defined for S. cerevisiae. For both genomes, location of specific TSS was manually-646 
edited based on functional genomic data. Promoters were defined as intergenic regions 647 
400 bps upstream to the TSS or to the position where a promoter meets another 648 
transcript. Promoters were defined for 5105 out of 6701 genes. 649 
 650 
Motif enrichment  651 
Motif enrichment was performed using two methods: 652 
Motif score: As in Brodsky et al., 2020, all possible sequences of length k (k-mers) were 653 
given a numerical index (16384 possibilities of 7-mers), where each nucleotide in the 654 
hybrid genome was indexed accordingly. To compute motif score of a given sample, 655 
ChEC-seq signal was smoothed (moving average of 20 nucleotides) and the averaged 656 
signal for each k-mer was then calculated across all of its occurrences in all promoters. 657 
Motif scores of TFs were based on 7-mer sequences. 658 
MEME-ChIP: Sequences of 60 bp centered at top peaks (98% bootstrap level) were 659 
extracted per TF, and were used as an input for MEME-ChIP (Machanick and Bailey, 660 
2011), with Yestract (Teixeira et al., 2006) and JASPAR (Sandelin et al., 2004) as 661 
reference databases. 662 

Probability weight matrices (PWMs) 663 
In vitro PWMs were collected from the public databases YetFasco (De Boer and 664 
Hughes, 2012) and JASPAR (Sandelin et al., 2004) and are listed in Table S1. To 665 
allocate significant realizations of these motifs in the hybrid genome we used FIMO 666 
(Grant et al., 2011), with the in vitro PWM and aligned hybrid genome as input, with 667 
significance threshold of p-value < 0.001. 668 
Data-driven PWMs of the different TFs were generated based on the top 20 7-mer 669 
sequences of each factor, as in Brodsky et al., 2020.  670 
 671 
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Aligned genome coordinates 672 
To directly compare ChEC-seq signal and sequence variation between the hybrid alleles 673 
we aligned orthologous gene promoters and ordered the genomic data accordingly, as 674 
done previously (Venkataram and Fay, 2010). Specifically, we extracted 5105 675 
orthologous and locally aligned their upstream intergenic region with MATLAB function 676 
[swalign] with a gap-opening penalty of 10, gap-extension penalty of 0.5 and ‘NT’ 677 
alphabet. This resulted in a reduced, comparable genome of 2,544,708 million base-678 
pairs.  679 

Peak calling 680 
Peaks were called from smoothed ChEC-seq profiles (5’ end of reads, 20 bases moving 681 
average) using Matalb [findpeaks] function with the following parameters: 682 
‘MinPeakHeight’ was defined from the data, ‘MinPeakProminence’ was equal to 683 
‘MinPeakHeight’, ‘MinPeakDistance’ was 20 bases, ‘MinPeakWidth’ was ten bases. As 684 
the basal signal level was higher in promoters with high peaks, only peaks that exceed 685 
the 90th percentile of their promoter signal were selected. ‘MinPeakHeight’ definition 686 
was the 95 percentile of signal at random sites on promoters. Peak tables are provided 687 
as supplementary Table S6. 688 

Peak-motif association 689 
The highest motif score was located at a range of 60 bp centered at the peak. 690 
Orthologous peaks that were separated by less than ten bases were unified into a single 691 
peak location. Peaks further than 800 from any TSS were filtered out from further 692 
analysis.  693 

Position-specific mutation cost 694 
In order to measure the binding cost due to mutations at specific positions of the motif, 695 
the following analysis was carried out: peaks were aligned relative to the location of their 696 
maximal motif score. Then, for each peak, the motif sequence of the better-scored allele 697 
was aligned to the motif PWM, for sequence comparison. Alignment to the PWM was 698 
based on the product of probabilities (P) of all positions. To allow flexibility, the minimal 699 
PWM-score allowed sequence variability at positions with maximal probability (P) < 0.7. 700 
This way Reb1 sites of TTACCCG and TTACCCT were both allowed. Sequence 701 
substitution was analyzed relative to the motif consensus sequence, which is the 702 
maximal PWM-scoring sequence. To find sequences with an alternative allele, an 703 
iterated algorithm was implemented: in each iteration a certain position of the motif is 704 
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“mutated” so the nucleotide probabilities in that position equals 0.25. Figure 5 705 
summarizes this analysis, where the average log2 ratio of alternative to consensus is 706 
shown. 707 

Prediction of TF binding variation 708 
Multiple linear models were analyzed in R 3.6.3 (R Core Team, 2013). Relative feature 709 
importance was analyzed using RelaImpo package (Grömping, 2006). 710 
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Figure legends 960 
 961 
Figure 1: Experimental system to profile cis-variation in transcription factor 962 
binding. A) Scheme of the experimental system. S. cerevisiae strains where a TF was 963 
fused to a MNase (illustrated as scissors) were crossed with a WT S. paradoxus strain to 964 
form a hybrid, on which the ChEC-seq method was applied to profile in vivo TF binding. 965 
Orthologous promoters harbor sequence variations (red and blue lines) and differential 966 
binding level. B) Global similarity in orthologous binding of the 27 TFs examined here. 967 
Presented is the Pearson correlation coefficient of sum of signal on all yeast promoters 968 
(6701 promoters), between experimental replicates (S. cerevisiae genome in red, S. 969 
paradoxus genome in blue) and between orthologous genomes (purple). Data is the 970 
mean and standard deviation of two to five repeats. Right: Promoter binding of three 971 
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TFs, each point is the sum of signal on a specific gene promoter. C-D) Examples for TF 972 
binding to orthologous promoters. C) Conservation of Swi5 binding to SIC1 promoter, S. 973 
cerevisiae orthologue (upper panel) and S. paradoxus orthologue (lower panel). Chec-974 
seq signal is the 5’ end of reads, presented in purple. Nucleosome occupancy data of 975 
the hybrid (Tirosh et al., 2010) are presented as gray lines. Transcription start sites are 976 
presented in gray dashed-lines (Park et al., 2014; Pelechano et al., 2013). For Swi5, 977 
CCAGC motif sequences are marked in blue (plus strand) and black (minus strand) 978 
boxes. ORFs are presented as gray boxes. D) Binding site turnover of Tbf1 to 979 
GIR2/CTH1 promoter. The blue box marks the region of binding site turnover, in which 980 
the Tbf1 motif appears on the plus strand in the S. cerevisiae allele (ACCTA), and the 981 
same motif realization appears on the minus strand in the S. paradoxus allele (TAGGT), 982 
where motif sequences partially overlap. Consensus motif of Tbf1 is [C/A]CCTA. E) 983 
Divergence in Reb1 binding to GSP2 promoter. Annotation similar as in D, Reb1 984 
consensus motif is TTACCC[G/T]. 985 
 986 
Figure 2: Transcription factors bind a selected subset of motif-coding sites. A) 987 
Reb1 binding signal to motif-coding sites (potential binding sites). Top: in vitro motif of 988 
Reb1 (Fordyce et al., 2010). Middle: average ChEC-seq signal (5’ end of reads) in a 989 
logarithmic scale, bound sites presented in purple, non-bound sites presented in gray. 990 
Bottom: heatmap of ChEC-seq signal at 7115 sites that contain the Reb1 motif in both 991 
hybrid genomes. Right: motif p-value according to FIMO (Grant et al., 2011). B) Binding 992 
level distribution of Reb1 in Reb1 motif sites and in random sites. Binding level threshold 993 
was set as the 95% of random site distribution. This threshold defines the bound sites 994 
indicated in A. C) Signal around motif sites of all examined TFs, at bound (top row) and 995 
non-bound (bottom row) sites. Boxes indicate motif size. Full profiles are presented in 996 
Figure S2. 997 
 998 
Figure 3: Differential TF binding to the two alleles correlates with variations in 999 
motif sequence, while differences in motif accessibility play a minor role. A) 1000 
Suggested mechanisms for TF binding evolution. Left: motif site is conserved, but in the 1001 
unbound allele it is occupied by a nucleosome and therefore not accessible for TF 1002 
binding. Right: motif site is lost due to a single nucleotide variation. Nucleosomes are 1003 
illustrated in yellow, TF: purple oval, motif site: blue box, nucleotide variation: gray stripe.  1004 
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B) Proportion of motif sites (left) and proportion of bound sites among the common motif 1005 
sites (right). Left: proportion of motif sites than are common to both orthologues, and 1006 
sites that appear only in a certain orthologue (cer- or par-unique) among all in vitro 1007 
defined motif sites of the full set of 27 TFs (62,970 are common, 63,455 cer-unique, 1008 
46,440 par-unique, see Figure S6 for TF-specific proportions). Right: proportion of 1009 
binding to common motif sites.  1010 
C) Nucleosome occupancy does not explain differential binding between orthologues. 1011 
Presented are nucleosome occupancy profiles averaged over motif sites, centered at the 1012 
binding motif of Reb1 (top panels) and Sok2 (lower panels). Left: all motif-coding sites, 1013 
divided to bound sites (purple) and non-bound sites (gray). Middle: Common motif sites 1014 
which show diverged binding. Nucleosomes at bound allele in purple, nucleosomes at 1015 
non-bound allele in gray. Right: Unique motif sites with diverged binding. Nucleosomes 1016 
at the bound allele, which harbors a motif, in purple, nucleosomes at the non-bound and 1017 
motif-less allele in gray (profiles of all TFs in Figure S7). 1018 
D) Binding to unique-motif sites, with biased binding to the motif-containing allele. Left: 1019 
percent of bound sites. Middle: odds ratio of Fisher’s exact test, full black circles indicate 1020 
significant comparisons (p-value < 0.05, FDR corrected). Right: Number of unique-motif 1021 
sites. 1022 
 1023 
Figure 4: The cost of cis-regulatory mutations on TF binding. A) The mutation cost 1024 
of Reb1, measured at unique alternative sites where one orthologue has the consensus 1025 
motif (as defined in vitro), while the second orthologue has a one-letter variant 1026 
(alternative). Each dot represents the mean of at least two sites (see Figure S9 B for the 1027 
number of sites). Seqlogo of in vitro motif of Reb1 (Fordyce et al., 2010) is presented on 1028 
top. B) Mutation cost of Reb1, measured for common alternative sites, where both 1029 
orthologues have the same one-letter variant. These sites are compared to common 1030 
consensus sites found elsewhere in the genome. C) Costs of unique alternatives for 22 1031 
TFs. The heatmap represents change in binding as in A, here the four rows stand for the 1032 
four nucleotides A, C, G, T. Red box represents the consensus allele. Minimal two sites, 1033 
gray color represents missing data. Bases flanking the motif have no consensus 1034 
sequence therefore the computation was done relative to the most common nucleotide. 1035 
D) Cost of common alternatives for 22 TFs, as in C.  E) Common alternative binding 1036 
sites are found at conserved genomic regions. Shown is the sequence conservation 1037 
between S. cerevisiae and S. paradoxus orthologues (same nucleotide = 1, different 1038 
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nucleotide/ INDEL = 0) at Reb1 binding sites of type: common alternative, unique 1039 
alternative and common consensus, as well as in random sites at promoters. Shown is 1040 
the mean signal per group. The number of sites in each group is indicated in 1041 
parenthesis. F) Common alternative sites are conserved through the yeast lineage. The 1042 
phastCons conservation score (Siepel et al., 2005) is shown for the three Reb1 site 1043 
groups as in E. 1044 
 1045 
Figure 5: Sequence variation predicts DNA binding variation. A) Change in motif 1046 
score predicts variation in Reb1 binding. Shown is the log2-ratio of for 7-mer motif scores 1047 
(x-axis) and ChEC-seq signal (y-axis) between S. cerevisiae and S. paradoxus 1048 
orthologues, at peaks associated with a non-conserved Reb1 motif (i.e., a different motif 1049 
sequence appears in each orthologue). Sequence alignment at two specific sites are 1050 
presented, S. cerevisiae orthologue on the upper row and S. paradoxus orthologue in 1051 
the lower row, Reb1 motif written in red. B) Linear models predict binding variation at 1052 
peaks associated with non-conserved motifs. Shown is the percent of explained 1053 
variability (R2 * 100) for each TF, using three models: in vitro PWM score, 7-mer motif 1054 
score derived from our data, and a compilation of these with another four predictors (see 1055 
text). Prediction for other peak categories are presented in Figure S11 A. 1056 
 1057 
 1058 
Figure 6: Promoter evolution and binding site turnover. A-D) Four evolutionary 1059 
classes of TF binding variation. Schemes are shown in the left most panels, genome-1060 
browser snapshots of Reb1-bound promoters are shown as examples on the middle and 1061 
right panel. Sequence alignment between orthologues is presented beneath each 1062 
examples, X-axis represent location on the promoter relative to TSS. figure legend 1063 
beneath panel D. A) Conserved: all binding sites are species-conserved. B) Turnover: 1064 
reciprocal gain and loss of binding sites. C) Unbalanced: species-specific sites along 1065 
with conserved sites. D) Fully unbalanced: Binding sites appear in only one orthologue. 1066 
E) Proportion of number of promoters and binding signal per promoter class. Shown is 1067 
the distribution of the full set of TFs, proportion per TF is presented in Figure S13 A. 1068 
Binding signal refers to the ChEC-seq signal in the higher-bound orthologue, normalized 1069 
by the total signal in that orthologue. F) Examples of short-distance binding site turnover. 1070 
Shown are the binding signal in both alleles, and the sequence alignment in the lower 1071 
panel. Boxes mark motifs, arrows mark the motif’s strand. G) Correlation on promoters is 1072 
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higher than correlation on peaks when comparing orthologues. Shown are correlation 1073 
coefficients between orthologues, over motif-associated peaks (y-axis) and promoters 1074 
(x-axis), among all promoters. Here, we summed the binding signal only on peaks within 1075 
peak-containing promoters, but the correlation coefficients were quantitatively similar to 1076 
those obtained from the more simplistic approach of summing up the signal over the full 1077 
promoter, as presented in Figure 1 B (see Figure S15 A for comparison). H) The shift in 1078 
promoter correlation vs. peak correlation is more apparent at turnover and unbalanced 1079 
promoters. Shown is the correlation between orthologues, summing over promoters (x-1080 
axis) and over motif-associated peaks (y-axis) as in G, per promoter class. I) Turnover 1081 
promoters show a higher promoter similarity despite of lower peak similarity. Shown are 1082 
the differences between correlation on promoters to correlation on peaks for the different 1083 
promoter classes. Each dot represents a TF, letters represent statistically distinguished 1084 
groups after Tukey’s-honestly significant difference test. 1085 
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