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Supplementary Figure 1

Mean identity of RP ORFs and promoters of S. cerevisiae and of other yeast species. Phylogeny tree of
all 9 species from which RP promoters were included in our native RP promoters library. For each species
the mean percent identities of its RP ORFs and promoters (the 600 bps upstream of the translation start site)

to those of S. cerevisiae are detailed in blue and in red, respectively.



Mean base content (S. cerevisiae RP promoters)
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Supplementary Figure 2

S. cerevisiae RP promoters are A-rich upstream of the translation start site. A-richness within the [-40,-
1] region upstream of the translation start is mainly due to transcription start site (TSS) related sequence
signals (Lubliner et al. 2013). Extreme A-richness within the last few bases fall within the 5’UTR and

facilitates efficient translation initiation.
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Supplementary Figure 3

Conservation of DNA binding motifs of RP regulators is higher than that of the entire protein
sequences and is similar to the conservation of promoter activity. Median promoter activity shows
extreme conservation between sensu stricto species (red, identical to red line in Fig. 2B, only here in values
relative to S. cerevisiae). Celeste and grey mark the conservation of the entire Rapl and Fhl1l protein
sequences between different species and S. cerevisiae. Entire protein conservation drops rapidly even within
the sensu stricto species. The blue and black circles mark the conservation of only the DNA binding domains
of Rapl and Fhl1l between the different species and S. cerevisiae. The DNA binding domain is more
conserved than the entire protein, and in the case of Rapl its conservation track (blue) resembles the
conservation track of median promoter activity (red). Percent identity for the entire proteins was calculated
using the Needleman-Wunsch algorithm, subtracting the background identity which was computed with a
species shuffled sequence and normalized by S. cerevisiae (see Supplementary Note). The alignment of the
DNA binding domains was calculated using the Smith-Waterman algorithm with a similar normalization

scheme. Y. lipolytica has no Rap1l orthologous gene so its conservation levels were set to zero.
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Supplementary Figure 4

Average TF binding site profiles of S. cerevisiae RP regulators along RP promoters of the 9 yeast
species represented in our native RP promoters library. Hit scores (above genomic background) of the S.
cerevisiae Rap1, Fhll and Sfpl PSSMs (Pachkov et al. 2013) were computed along the RP promoters of our
library that were taken from 9 yeast species, summed within each of several 100bp promoter windows, and
the window sums were averaged for each specie over all of its promoters. Notably, the average TF binding
site profiles are highly similar for the sensu stricto species, while are greatly diverged from that of S.

cereivisae in more distant species.



Promoter activities
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Supplementary Figure 5

promoter activities of orthologous RP promoters of pairs of species.

Orthologous promoter activity comparisons. More dot plots (see Fig. 2C) comparing the measured
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Supplementary Figure 6

PSSM motif position-wise information content and mean conservation within hits are correlated. For

each of the 4 PSSM models shown in Fig. 3A, a dot plot shows the information content of its different

positions versus the mean sensu stricto conservation per position within its high scoring hits. For all 4

PSSMs, position information content and conservation are highly correlated, although only for Rapl and

Sfpl the correlation p-values are below 0.05.
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Supplementary Figure 7

Cases of Rapl sites variation in 14 RP promoters. For each RP, the promoter conservation between the 4
orthologs is shown in the top track (in different shades of red, darker is higher). Below it, Rapl PSSM
(Pachkov et al. 2013) hits (above a low score threshold) are plotted on the multiple sequence alignment of the

4 orthologous promoters. The aligned tracks follow the order of the known phylogeny, schematically shown



on the top left. Rapl hits on the '+' strand are red, while hits on the '-' strand are blue (the darker the color the
higher the score). Tracks of orthologs with promoter activity significantly different from the ortholog mean
(x10% or more) were marked (on their right) with an 'x'. Tracks of orthologs with missing promoter activity
measurements were marked with an asterisk. (A) 12 cases with tandem pairs of Rap1 sites, where one of the
sites was lost in at least one of the orthologous promoters. (B) The RPL5 and RPL43A cases of Rapl sites

variation.
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Supplementary Figure 8

Same as Fig. 4A, but with the entire conservation tracks shown and with the gene names listed.
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Supplementary Figure 9

Same as Fig. 4A, but larger and with the gene names listed.
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Features in [-200,-1]
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Supplementary Figure 10

Sensu stricto RP promoter sequence features within 200bp of the ORF explain 65% of the variance in
their promoter activity. Following a 10-fold cross validation scheme (see Supplementary Note), we learned
10 linear models that predict promoter activity of native sensu stricto RP promoters from features of their
promoter sequence. We repeated this learning scheme several times, each time using only features that fall
within a certain window over the promoter to learn the models, and computed the mean R? statistic
(quantifying the proportion of the promoter activity variance that is explained by the model) over held-out
test data. For each such window, the mean test R? is plotted above the window center position. On the right,
we further detail results for the [-200,-1] and the [-600,-201] windows (positions relative to the translation
start site), showing dot-plots of the predicted promoter activities on test data (aggregated for all 10 test sets)
versus their true value (the response). Notably, the mean test R? for all windows that contain the [-200,-1]
region was ~0.65, showing that sequence features within this region (mostly consisting of the core promoter)
can explain at least 65% of the variance in sensu stricto RP promoter activity. Conversely, windows that do

not overlap with the [-200,-1] region can only explain a few percent of that variance.
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Supplementary Figure 11

Performance of linear models that predict sensu stricto RP promoter activity from promoter sequence

features within 600bp of the ORF. 10 linear models were learned (for 10 different partitions of the data to

training and held-out test sets, see Supplementary Note) from sequence features within the [-600,-1] region

(relative to the translation start site) of orthologous sensu stricto RP promoters. (A) The table on the top right

shows the mean model performance measures (the R? statistic; Pearson’s correlation, I; Spearman’s

13



correlation, p) on both training and held-out test data. The dot plot shows the predicted promoter activities on
test data (aggregated for all 10 test sets) versus their true value (the response). The table on the right details
38 robust features (that were included in at least 8 out of the 10 models). These features include k-mer
existence and counts, features of hits of PSSMs of known RP regulators, and a feature of the predicted
intrinsic nucleosome occupancy. Each feature was computed over a certain promoter window (positions
relative to the translation start site). The mean (over the 10 models) effect size of each feature is color coded
in the right column of the table. (B) 25 out of 38 robust features can be assigned to several groups of features.
The TATA motif is that of (Basehoar et al. 2004). The TSS motif is that of (Zhang and Dietrich 2005). The
Fhll and Rapl motifs are those of (Pachkov et al. 2013). (C) A schematic representation of the groups of

features in (B), showing their location on the promoter and their effect on expression.
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Supplementary Figure 12

Orthologous mutations of two native RPL37B promoters. On the left, a schematic representation of the S.
cerevisiae (light blue) and the S. mikatae (light green) RPL37B promoters (highlighting functional elements
within them, see main text), along with all of their orthologously mutated promoters (a)-(p). Promoter
elements and regions are colored according to their native origin (light blue for S. cerevisiae, light green for
S. mikatae). On the right, we show the measured promoter activities (red dots show the mean over several
replicates), at the center of a 95% confidence interval (+2 standard errors). The light blue (light green) shaded
range marks the 95% confidence interval for the native S. cerevisiae (S. mikatae) promoter. For technical

reasons, we could not measure the promoter (j).
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Supplementary Figure 13

Orthologous mutations of two native RPS27B promoters. On the left, a schematic representation of the S.

paradoxus (light blue) and the S. bayanus (light green) RPS27B promoters (highlighting functional elements
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within them, see main text), along with all of their orthologously mutated promoters (a)-(x). Promoter
elements and regions are colored according to their native origin (light blue for S. paradoxus, light green for
S. bayanus). On the right, we show the measured promoter activities (red dots show the mean over several
replicates), at the center of a 95% confidence interval (2 standard errors). The light blue (light green) shaded
range marks the 95% confidence interval for the native S. paradoxus (S. bayanus) promoter. For technical

reasons, we could not measure the promoters (f) and (q).
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Supplementary Figure 14

Orthologous mutations of two native RPL43A promoters. On the left, a schematic representation of the S.
cerevisiae (light blue) and the S. mikatae (light green) RPL43A promoters (highlighting functional elements
within them, see main text), along with all of their orthologously mutated promoters (a)-(r). Promoter
elements and regions are colored according to their native origin (light blue for S. cerevisiae, light green for
S. mikatae). On the right, we show the measured promoter activities (red dots show the mean over several
replicates), at the center of a 95% confidence interval (2 standard errors). The light blue (light green) shaded
range marks the 95% confidence interval for the native S. cerevisiae (S. mikatae) promoter. For technical

reasons, we could not measure the promoter (n).
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Supplementary Figure 15

Orthologous mutations of two native RPL5 promoters. On the left, a schematic representation of the S.
cerevisiae (light blue) and the S. bayanus (light green) RPL5 promoters (highlighting functional elements
within them, see main text), along with all of their orthologously mutated promoters (a)-(x). Promoter
elements and regions are colored according to their native origin (light blue for S. cerevisiae, light green for
S. bayanus). On the right, we show the measured promoter activities (red dots show the mean over several
replicates), at the center of a 95% confidence interval (2 standard errors). The light blue (light green) shaded

range marks the 95% confidence interval for the native S. cerevisiae (S. bayanus) promoter.
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Supplementary Figure 16

Orthologous mutations of two native RPL4A promoters. On the left, a schematic representation of the S.

paradoxus (light blue) and the S. mikatae (light green) RPL4A promoters (highlighting different blocks
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within them, see main text), along with all of their orthologously mutated promoters (a)-(x). Promoter blocks
and regions are colored according to their native origin (light blue for S. paradoxus, light green for S.
mikatae). On the right, we show the measured promoter activities (red dots show the mean over several
replicates), at the center of a 95% confidence interval (2 standard errors). The light blue (light green) shaded
range marks the 95% confidence interval for the native S. paradoxus (S. mikatae) promoter. For technical
reasons, we could not measure the promoter (x).
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Local orthologous sequence replacements
(not chimeras of long promoter regions)
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Supplementary Figure 17

Effects of orthologous mutations on promoter activity are not due the degree of introduced variation.

For each orthologous mutation, we compare the number of bases that vary from the wild type sequence (x-
axis) to the absolute percent promoter activity change from the wild type promoter activity (y-axis). As can
be seen, no correlation was observed between the two measures. We did not include here large chimeras,

where whole promoter regions were replaced yet little effect on expression was observed.
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Supplementary Note

Plasmid sequence context

Each of the measured promoters was inserted into a plasmid, upstream of a YFP
reporter gene. For the complete plasmid sequence see (Zeevi et al. 2011)). Below we
detail the 1000 bps long sequences that flanked each inserted promoter, as these were
used in the process of promoter window features computation (for instance,
nucleosome occupancy predictions were computed with flanks to avoid edge related

errors).

The 1000 bps upstream of each promoter:

CTGCACAGAACAAAAACCTGCAGGAAACGAAGATAAATCATGTCGAAAGCTACATATAAGGAACGTGCTGCTACTCATCCTAGTCC
TGTTGCTGCCAAGCTATTTAATATCATGCACGAAAAGCAAACAAACTTGTGTGCTTCATTGGATGTTCGTACCACCAAGGAATTAC
TGGAGTTAGTTGAAGCATTAGGTCCCAAAATTTGTTTACTAAAAACACATGTGGATATCTTGACTGATTTTTCCATGGAGGGCACA
GTTAAGCCGCTAAAGGCATTATCCGCCAAGTACAATTTTTTACTCTTCGAAGACAGAAAATTTGCTGACATTGGTAATACAGTCAA
ATTGCAGTACTCTGCGGGTGTATACAGAATAGCAGAATGGGCAGACATTACGAATGCACACGGTGTGGTGGGCCCAGGTATTGTTA
GCGGTTTGAAGCAGGCGGCAGAAGAAGTAACAAAGGAACCTAGAGGCCTTTTGATGTTAGCAGAATTGTCATGCAAGGGCTCCCTA
TCTACTGGAGAATATACTAAGGGTACTGTTGACATTGCGAAGAGCGACAAAGATTTTGTTATCGGCTTTATTGCTCAAAGAGACAT
GGGTGGAAGAGATGAAGGTTACGATTGGTTGATTATGACACCCGGTGTGGGTTTAGATGACAAGGGAGACGCATTGGGTCAACAGT
ATAGAACCGTGGATGATGTGGTCTCTACAGGATCTGACATTATTATTGTTGGAAGAGGACTATTTGCAAAGGGAAGGGATGCTAAG
GTAGAGGGTGAACGTTACAGAAAAGCAGGCTGGGAAGCATATTTGAGAAGATGCGGCCAGCAAAACTAAAAAACTGTATTATAAGT
AAATGCATGTATACTAAACTCACAAATTAGAGCTTCAATTTAATTATATCAGTTATTACCCTGCGGTGTGAAATACCGCACAGATG
CGTAAGGAGAAAATACCGCATCAGGGTCGGGGTGTGTTGTTGGTGGGTTGGGTG

The 1000 bps downstream of each promoter:

ATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGATGGTGATGTTAATGGTCACAAATTTTCTGT
CTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTTAAAATTGATTTGTACTACTGGTAAATTGCCAGTTCCATGGC
CAACCTTAGTCACTACTTTAGGTTATGGTTTGCAATGTTTTGCTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCT
GCCATGCCAGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGA
AGGTGATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTTTAGGTCACAAATTGGAATACA
ACTATAACTCTCACAATGTTTACATCACTGCTGACAAACAAAAGAATGGTATCAAAGCTAACTTCAAAATTAGACACAACATTGAA
GATGGTGGTGTTCAATTAGCTGACCATTATCAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTT
ATCCTATCAATCTGCCTTATCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTATTA
CCCATGGTATGGATGAATTGTACAAATAAGGCGCGCCACTTCTAAATAAGCGAATTTCTTATGATTTATGATTTTTATTATTAAAT
AAGTTATAAAAAAAATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAAAATTCTTATTCTTGAGTAACTCTTTC
CTGTAGGTCAGGTTGCTTTCTCAGGTATAGTATGAGGTCGCTCTTATTGACCACACCTCTACCGGCAGATCCGCTAGGGATAACAG
GGTAATATAGATCTGTTTAGCTTGCCTTGTCCCCGCCGGGTCACCCGGCCAGCG
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Computing percent identities of orthologous protein sequences

For each species, we calculated the percent identity of a specific protein (e.g.
Fhll) to its S. cerevisiae ortholog by pairwise alignment of their amino acid sequences
(Needleman—-Wunsch algorithm). To avoid a bias in identity for species with different
protein lengths, we defined a background identity level for each species by permuting
its own amino acid sequence 100 times, aligning each permuted sequence to the one
of S. cerevisiae and taking the average identity. We then subtracted this background
level from the calculated identity of the actual protein and the S. cerevisiae protein.
We computed this identity measure for each of the 9 species, including S. cerevisiae

(vs. itself), and then normalized by dividing each by the S. cerevisiae measure.

TF binding sites annotation for conservation analysis

We annotated high scoring hits (with scores above 50% of the maximal score) of
in-vitro derived PSSM models of known RP regulating TFs within the S. cerevisiae
RP promoters that were included in our native RP promoters library. For Rapl we
used the PSSM of (Badis et al. 2008) over the [-600,-1] promoter region (upstream of
the translation start). For Fhll, Sfpl and TATA (TATA binding protein, a.k.a. Spt15)
we used truncated versions (flanking positions with negligible information content
were removed) of the PSSMs of (Zhu et al. 2009), over the [-300,-1], [-300,-1] and [-

200,-1] promoter regions, respectively.

TF binding sites variation measure

For each TF, we computed a measure of the sensu stricto sequence variation of its
PSSM hits for each gene that had high scoring promoter hits. For each hit, we defined
its mean sequence variation to be one minus its mean conservation (over hit
positions). For each gene, its binding site variation measure was taken to be the

minimal mean sequence variation (over any of its promoter hits).
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Promoter conservation tracks

For each RP gene that had its sensu stricto promoters included in our native RP
promoters library, we computed a 4-way alignment of these promoters, and from it the
promoter's sensu stricto conservation track: each position in the alignment got a value
of 1 if and only if it was identical in all 4 promoters, and the values were smoothed

using a 5bp sliding window.

Learning linear models that predict promoter activity from promoter sequence

features

For the purpose of model learning, we partitioned the sensu stricto RP promoters
to training and held-out test sets as follows: for each of the 120 RP genes, we
randomly chose one orthologous promoter for the test set, while the other three were
added to the training set. A linear model was learned using the training set alone and
its performance was assessed on the held-out test set. We repeated this data
partitioning and model learning 10 times, adhering to a 10-fold cross validation
scheme. This allowed us to compute mean performance measures of the 10 different

models, and also highlight sequence features that were included in most models.

We used the glmnet software (http://www.stanford.edu/~hastie/glmnet_matlab) to

run the elastic-net regression algorithm (Zou and Hastie 2005), with a mixing ratio of
1:1 between the L;- and the Lp-regularization terms (glmnet parameter alpha=0.5).
glmnet uses least angle regression (LARS) (Efron et al. 2004) to generate a grid of
solutions on the regularization path of the model coefficients vector, between the O-
model and the non-regularized model. Each solution on the regularization path
corresponds to a specific value of the regularization coefficient 1, with 2
monotonically decreasing between the 0-model and the non-regularized model (where
A=0). To select the value of 4, we used a 10-fold cross validation scheme over the
training data. For this purpose, the training set was randomly partitioned (10 different
times) to an internal training set and a validation set. For each internal training set, we
learned a grid of up to 1000 solutions (glmnet parameter nlambda=1000) on the

regularization path, and took the value of 4 of the solution that performed best on the
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held out validation set (in terms of the R? statistic). The final value of A was taken to

be the mean of the 10 selected 4 values.

On the orthologous promoter pairs included in our orthologous mutations

library

In the RPL37B, RPS27B and RPL43A orthologous promoter pairs, we investigated
divergence of Rapl binding sites (annotated using the Rapl PSSM model from the
SwissRegulon database (Pachkov et al. 2013)), including lost and gained sites,
divergence of poly(dA)/poly(dT) tracts (Segal and Widom 2009; Raveh-Sadka et al.
2012) adjacent to Rapl sites and single nucleotide polymorphisms (SNPs) located in
the downstream part of the core promoter region.

In the RPLS5 promoter pair we investigated divergence of a single Rapl binding
site, a poly(dA) tract immediately upstream of a conserved TATA-like element, and

SNPs in the downstream part of the core promoter.

For the last case we picked RPL4A promoters, that are highly expressed, relatively
short (<300 bps) and lack Rapl binding sites. Relying on our recently published study
of yeast core promoters (Lubliner et al. 2013), we annotated orthologous blocks
within the RPL4A core promoters (detailed in a 5'—3' order): a poly(dA) tract, a
TATA box, the sequence (denoted by 'P") to which the pre initiation complex (PIC) is
recruited (and initial unwinding of the DNA strands occurs), a 7bp duplication
existing in S.paradoxus, the region (denoted by 'S") where RNA polymerase 11 (pol-II)
starts its downstream scan of the template strand, a T-rich region (denoted by 'T")
upstream of the transcription start sites (TSSs), and the downstream region (denoted
by 'U") where the TSSs are located (in S.cerevisiae the TSSs of RPL4A were shown to
be within 24 bps of the translation start site (Miura et al. 2006)). Upstream of the core
promoter, we annotated two orthologous blocks, one (denoted by 'F’) containing an
Sfpl site and another (denoted by 'A") containing an Abfl site and a weak Fhl1l site
(sites were annotated using the Sfpl, Abfl and Fhll PSSM models from the
SwissRegulon database (Pachkov et al. 2013)).
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