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Deep learning suggests that gene expression is
encoded in all parts of a co-evolving interacting
gene regulatory structure
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Understanding the genetic regulatory code governing gene expression is an important
challenge in molecular biology. However, how individual coding and non-coding regions of the
gene regulatory structure interact and contribute to mRNA expression levels remains unclear.
Here we apply deep learning on over 20,000 mRNA datasets to examine the genetic reg-
ulatory code controlling mRNA abundance in 7 model organisms ranging from bacteria to
Human. In all organisms, we can predict mRNA abundance directly from DNA sequence, with
up to 82% of the variation of transcript levels encoded in the gene regulatory structure. By
searching for DNA regulatory motifs across the gene regulatory structure, we discover that
motif interactions could explain the whole dynamic range of mRNA levels. Co-evolution
across coding and non-coding regions suggests that it is not single motifs or regions, but the
entire gene regulatory structure and specific combination of regulatory elements that define
gene expression levels.
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ene expression governs the development, adaptation,

growth, and reproduction of all living matter. Under-

standing its regulatory code would provide us with the
means to cure diseases, including heterogeneous tumours!, and to
control protein production for biotechnology purposes®3.
Although transcriptional regulation has been a central area of
research in the past decades, with advances that enable accurate
measurement of mRNA levels ranging from just a few copies to
several thousand per cell*7, we still cannot quantify to what
extent the DNA code determines mRNA abundance, nor
understand how this information is encoded in the DNA. Lack of
such quantitative understanding hinders the potential of accu-
rately controlling mRNA and protein levels by simply manip-
ulating the sequence of the four DNA nucleotides.

A strong agreement between protein and mRNA levels in
multiple organisms suggests that transcription is a major deter-
minant of protein abundance®>7-8. mRNA transcription is con-
trolled via the gene regulatory structure, comprised of coding and
cis-regulatory regions that include promoters, untranslated
regions (UTRs) and terminators, each encoding a significant
amount of information related to mRNA levels®. For instance, in
Saccharomyces cerevisiae, sequence properties of individual cis-
regulatory regions can explain up to half of the variation in
mRNA levels!?-15, Considering that each part of the gene reg-
ulatory structure is involved in specific processes related to
mRNA synthesis, decay®!®17, and the overall transcription effi-
ciency!8, all gene parts must cooperate in perfectly timed con-
certed action in order to regulate expression. However, despite
the apparent importance of the non-coding regions in mRNA
control, it remains unclear how they cooperatively regulate gene
expression levels.

Much of the current knowledge on quantitative regulation of
gene expression is based on high-throughput screens of thou-
sands of synthetic sequences studied in isolation from their native
gene regulatory structures!®-22. Although a de facto standard for
expression tuning in synthetic biology, these techniques are
(i) laborious and require expensive and highly-sophisticated
equipment?3, (ii) are biased towards specificities of mutagenesis?4,
and (iii) are generally restricted to particular experimental con-
ditions. The major problem, however, is that the biological
sequence space is so large that it cannot be explored experi-
mentally or computationally?®. For instance, to analyze all the
possible combinations of the four nucleotides in a 20 bp promoter
would require iterating over a trillion (420) synthetic sequences.
This limits the experimental studies to individual regulatory gene
parts in the context of single reporter genes. Similarly, with
natural systems, the majority of studies on mRNA transcription
in the context of transcription factor (TF) binding?®, chromatin
accessibility?”28 and ChIP-seq or DNase-Seq data?>39, focus
solely on promoter regions?23l. Therefore, both the current
natural and synthetic approaches are fundamentally limited in
their ability to study the holistic relationship between the differ-
ent parts of the gene regulatory structure and their joint regula-
tion of expression.

Here, we consider that DNA sequences of all living systems,
through evolution, have been fine-tuned to control gene expres-
sion levels. To learn from the natural systems, we analyse over
100,000 native gene sequences in over 20,000 RNA-Seq experi-
ments from seven model organisms, including Homo sapiens and
Saccharomyces cerevisiae. In the yeast S. cerevisiae, the variation
of gene expression per gene across the entire repertoire of dif-
ferent experimental conditions is 340 times lower than the var-
iation of expression levels across all genes. Consequently, the deep
neural networks learn to predict gene expression levels directly
from the native DNA sequences, without the need for screening
experiments using synthetic DNA. Prediction of gene expression

levels is highly accurate in all model organisms, and in S. cere-
visiae (R%es = 0.82) shows strong agreement with fluorescence
measurements from independent published experiments. This
demonstrates that, in both eukaryotes and prokaryotes, mRNA
levels are determined not by separate individual coding and cis-
regulatory regions but rather collectively by the entire gene reg-
ulatory structure. In S. cerevisiae, as the coding and cis-regulatory
regions contain both orthogonal as well as overlapping infor-
mation on expression levels, the entire gene codon distribution
can be predicted merely from the adjacent cis-regulatory regions
(R?cst = 0.58). Indeed, mutational analysis of orthologous genes
in 14 yeast species provides evidence that each gene is a co-
evolving unit. Next, we reconstruct the regulatory grammar of S.
cerevisiae by measuring the co-occurrence of sequence motifs
extracted from the deep models and present across the cis-reg-
ulatory regions. These motif co-occurrences are found to be
highly predictive of expression levels and can differentiate the
expression levels of single motifs in a range of over 3 orders of
magnitude. Finally, by quantifying the variation present in all
36 million promoter-terminator combinations we observe that
gene expression levels change, on average, over 10-fold in either
direction of the native levels. Thus with each gene, merely
exchanging one side of its regulatory regions with other natural
variants unlocks enormous potential for future gene expression
engineering. The potential of our models to guide gene expression
engineering with any desired gene in S. cerevisiae is demonstrated
experimentally using GFP fluorescence measurements.

Results

The dynamic range of gene expression levels is encoded in the
DNA sequence. To explore the relationship between DNA
sequence and gene expression levels, we compiled a dataset of
3025 high-quality Saccharomyces cerevisiae RNA-Seq experi-
ments3? covering the majority of available experimental condi-
tions from 2365 unique studies. By sorting 4975 protein-coding
genes (“Methods”, Supplementary Table 1) according to their
median expression levels across the RNA-Seq experiments
(expressed as TPM values, ie. Transcripts Per Million), we
observed a striking trend: expression levels varied within one-fold
of values for 79% of the yeast protein-coding genes (Fig. 1a) and
within 1 relative standard deviation (RSD = o/y) for 85% of the
genes (Fig. la, b and Supplementary Table 2). Conversely, the
dynamic range of average TPM values across all the genes
spanned over 4 orders of magnitude and the variance of
expression levels within the whole genome was on average 340
times higher than the variance per gene across the experiments
(Fig. 1c). The most variable genes across the entire range of
biological conditions (Fig. 1b: RSD>1) were significantly
(Hypergeometric test BH adj. p-value <0.05) enriched in meta-
bolic processes, transport and stress response (Supplementary
Fig. 2, “Methods”), while the most stable genes (RSD < 1) were
significantly (Fisher’s exact test p-value<le-16) enriched in
TFIID-type constitutive promoters?’.

To test if the observed dynamic range of gene expression levels
is encoded in the DNA, we extracted the DNA sequences of the
regulatory and coding regions of all the genes with a relative
standard deviation of expression variation less than 1 (Fig. 1a, b:
4238 genes with RSD<1). A total of 2150bp of regulatory
sequences®11415.33-37 64 codon frequencies from coding
regions3® and additional 8 mRNA stability variables!3, all known
to be important for expression regulation, were used for
prediction of mRNA levels (Fig. 1d and Supplementary Fig. 1,
“Methods”). Using the DNA sequence information as input, we
built a regression model based on deep convolutional neural
networks (CNNs), capable of identifying functional DNA motifs
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Fig. 1 The dynamic range of gene expression levels is encoded in the DNA sequence. All results shown are for S. cerevisiae, except in (h). a Expression
levels (transcripts per million, TPM) of protein-coding genes across 3025 RNA-seq experiments. Inset: distribution of genes with a relative standard
deviation (RSD = ¢/u) below 1. b Experimental variation of the gene expression levels expressed as RSD. ¢ Distribution of ratios between the variance of
expression levels within a genome and the variance of expression levels per gene across the experiments. d Schematic diagram of the explanatory variables
used for modeling, with distributions of the sequence lengths in the regions where the lengths varied. “TSS" denotes the transcription start site and “TTS"
the transcription termination site. @ The optimized deep neural network (NN) architecture, where “conv” denotes convolutional NNs, “FC" fully connected
layers, and “max-pool” max-pooling layers. The values denoting sizes of parameters layers, stride, kernels, filters, max-pooling, and dilation are specified.

f Experimentally determined (true) versus predicted expression levels with the S. cerevisiae model on the held out test dataset (n = 425). Red line denotes
least squares fit. g Comparison of published experimental fluorescence measurements#4 with the predicted expression levels (n = 625). Red line denotes
least squares fit. h RZ on held out test datasets across 7 model organisms. Red line denotes mean value. Source data are provided as a Source data file.

across the sequence’®-42, and trained the model to predict the
median gene expression levels (Fig. le, “Methods”). The median
value was a good estimator of the expression differences between
the genes, as it was strongly correlated with the first principal
component of the entire expression matrix (Pearson’s r = 0.990,
p-value < 2e-16, Supplementary Fig. 3). To avoid potential
technical biases related to read-based sequencing®3, mRNA levels
were corrected for gene length bias (Supplementary Fig. 4,
“Methods”). Overall, a total of 3433 gene sequences were used for
training the model, 381 for tuning the model hyperparameters
and 424 for testing. After optimizing the model (“Methods”), its
predictive performance on the held out test set (R% s = 0.822, p-
value < 1le-16, Fig. 1f and Supplementary Table 3) demonstrated
that the DNA encodes the majority of the information about
mRNA expression levels.

To validate the trained model on independent data, we used
two published experimental datasets, where the effects of either
promoter®* or terminator®> sequences were measured in yeast
synthetic constructs combined with fluorescence reporters. For
both studies, we only inferred expression levels based on the deep
neural network trained on natural genomic sequences (Fig. 1e, f,
“Methods”), meaning that the model was not exposed to the data
from these studies in its training phase. The first dataset
comprised measured activities of ~900 native yeast promoters
recorded in synthetic constructs with a single strong terminator
(ADHI) and a YFP fluorescence reporter in 10 different
conditions*4. In all 10 conditions, the predictions of mRNA

levels inferred based on the DNA sequences of the synthetic
constructs and YFP codon frequencies were in strong agreement
(Pearson’s r from 0.570 up to 0.718, p-value < le-16) with the
experimental YFP readouts (Fig. 1g: median YFP readout shown,
Pearson’s r=0.667, p-value< le-16, Supplementary Fig. 5a).
Similarly, the second experimental dataset* contained expression
measurements of over 5,000 terminators with a fixed strong
promoter (TDH3) and a GFP fluorescence reporter. Despite the
fact that predictions based on these synthetic constructs were only
moderately correlated (Pearson’s r=0.310, p < le-16) with the
measured protein fluorescence intensities (Supplementary
Fig. 5b), this result was in fact stronger than the correlation
between reporter fluorescence and measured mRNA abundances
reported in the original study (Pearson’s r =0.241)*.

To investigate if mRNA abundance can be predicted from the
DNA sequence also in other model organisms, we processed an
additional 18,098 RNA-Seq experiments from 1 prokaryotic and
5 eukaryotic model organisms equally as with yeast (Supplemen-
tary Tables 1 and 2, “Methods”). The organisms were selected to
cover the whole known range of genome regulatory complexity,
from 892 genes/Mbp (Escherichia coli) to 6 genes/Mbp (Homo
sapiens), which is known to affect the gene structure and
regulation®¢. After training the models for each organism, the
predictive power on test data (R2s) varied from 0.394 for Mus
musculus to 0.725 for Drosophila melanogaster (p-value < le-16,
Fig. 1h, Supplementary Table 3). Overall, the predictions were less
accurate for higher eukaryotes, which could be attributed to the
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increase in transcriptional complexity, e.g. due to alternative
splicing?’, expression differences across tissues*8, and distant
enhancer interactions#¥->2, which were not accounted for in the
present models. The prediction performance was thus correlated
(Pearson’s r = 0.616, p-value < 3e-3) with the genomic complexity
of the model organisms (Supplementary Fig. 6). Nevertheless, the
average performance across model organisms (R%.) of 0.6
(Fig. 1h) corroborated that the majority of mRNA expression
differences in all organisms can be predicted directly from
the DNA.

Coding and cis-regulatory regions jointly contribute to gene
expression prediction. To evaluate the importance of each part
of the gene regulatory structure (Fig. 1d) for the prediction of
expression levels, we measured the amount of relevant informa-
tion in each regulatory region. Similarly to the complete model
(Fig. le, f), we trained multiple CNN models independently on
promoter, 5-UTR, 3/-UTR, and terminator regions as well as
their combinations. To justify the use of deep convolutional
networks, as a baseline we performed shallow modeling using a
variety of regression algorithms, including multiple linear
regression, elastic net, random forest, and support vector
machines with nested cross-validation (Fig. 2a, “Methods”). We
observed that, although a single regulatory region alone could
explain less than 28% of the variation in mRNA abundance levels,
when using combinations of regulatory regions, each region
contributed to the prediction of mRNA levels and increased
model performance (Fig. 2b, Supplementary Fig. 11). The model
trained on all four regulatory regions thus accounted for
approximately 50% of the mRNA abundance variation (R%q =
0.492, p-value < le-16, Fig. 2a, b and Supplementary Table 8),
suggesting that the entire gene regulatory structure is important
for controlling gene expression levels. In contrast, none of the
shallow models could predict gene expression levels from the
regulatory sequences (R%est < 0.031, Fig. 2a and Supplementary
Table 9), likely since they cannot decode the information in a
DNA sequence directly>>>* and thus rely on human-engineered
features, such as k-mer frequencies, as a representation of the
sequence properties®>>8, Despite the observation that the sole
mRNA stability variables were also somewhat informative about
gene expression levels (R?.q =0.378, p-value < le-16, Fig. 2a),
they did not improve the overall model performance next to the
codon frequencies and regulatory sequences, likely due to their
information redundancy with these variables (Supplementary
Fig. 12: R2. was 0.779 when predicting mRNA stability variables
using regulatory sequences).

On the other hand, the codon frequencies alone explained well
over 50% of mRNA level variation both with the shallow and deep
models (R?,,, was 0.681 and 0.690, respectively, p-value < le-16,
Fig. 2a, Supplementary Table 9). Considering that the amount of
information was comparable to, or greater than that of the
regulatory sequences, we attempted to measure the amount of
information overlap in these regions. We thus trained a CNN to
predict the entire codon frequency vector for each gene using only
its regulatory regions (Fig. 2c, Methods), which showed that over
58% of the gene’s codon frequency variation was determined by its
adjacent regulatory regions (Fig. 2d: R% . = 0.582, p-value < le-16).
This result suggested that the coding and noncoding regulatory
regions might have co-evolved under common evolutionary
pressure®®%V, To test this hypothesis, we composed a dataset of
cis-regulatory regions of orthologous genes from a diverse set of 14
yeast species®! (Supplementary Table 10) and compared the
mutation rates between the different regions of the yeast gene
structure (Methods). The mutation rates of the promoter and
terminator regions displayed a moderate positive correlation

(Pearson’s r =0.423 and 0.471, p-value < le-16, respectively) with
the mutation rates of the yeast coding regions (Fig. 2e, f) as well
as among themselves (Supplementary Fig. 13), supporting
the hypothesis that elements of the gene regulatory structure
co-evolve>200:62.63,

Deep learning identifies specific DNA positions controlling
gene expression levels. To explore the information learned by the
deep neural network (Fig. le, f) and identify the specific parts of
the DNA sequences that were most predictive of gene expression
levels, we developed a pipeline for evaluating the relevance of each
specific nucleotide position in relation to the predicted gene
expression levels (Supplementary Fig. 14, “Methods”). Briefly, for
each gene we removed sliding windows of 10 base pairs along its
regulatory DNA sequence (Supplementary Fig. 15) and compared
the predictions of the occluded sequences with those of the ori-
ginal unoccluded sequences3®%4. The occluded parts of the input
DNA sequences that significantly deviated (exceeding +2 stan-
dard deviations) from the original data were regarded as the most
relevant for gene expression changes (Fig. 3a). The largest density
of relevant regions was obtained in the direct vicinity of the
boundary sites defining regulatory and coding sequences (see
Fig. 1d). On average, 214 base pairs (bp) in promoters, 74 bp in
5'-UTRs, 94 bp in 3’-UTRs, and 127 bp in terminator regions of
each gene significantly affected the prediction of its expression
levels (Fig. 3a). Relevance profiles of promoter regions were also
strongly correlated (Pearson’s r=—0.7, p-value <le-16) with
experimentally measured nucleosome occupancy scores*® (Sup-
plementary Fig. 16), which suggested that the deep learning
algorithms uncovered the intrinsic molecular information enco-
ded in the nucleotide composition.

Clustering the gene regulatory regions according to their
expression relevance profiles (Methods) identified 4 stable clusters
that significantly (Wilcoxon rank-sum test p-value < le-4)
differed in the positional information (Fig. 3b) and were
significantly (Wilcoxon rank-sum test p-value < le-16) informa-
tive about gene expression levels (Fig. 3d). Cluster 4, which
contained highly expressed genes, was significantly (Hypergeo-
metric test p-value < le-10) enriched in the occupied proximal-
nucleosome (OPN) regulation strategy as opposed to the depleted
proximal-nucleosome (DPN) strategy®®, which was likely related
to the concurrent enrichment (Fisher’s exact test p-value < le-12)
of inducible SAGA promoters in the cluster. Cluster 4 also
comprised genes with higher transcriptional plasticity spanning
an over 4-fold higher variability of expression levels compared to
the other clusters (Levene’s test p-value < le-16). As is typical for
highly abundant proteins, such as metabolic enzymes, that are
linked to less defined nucleosome positions and higher depen-
dence on nucleosome remodelling®>%, the cluster was signifi-
cantly enriched (Hypergeometric test BH adj. p-value <0.01)
mostly in metabolic processes (Supplementary Fig. 17). In
contrast, Cluster 1, with lowly expressed genes, was related
(Hypergeometric test BH adj. p-value<0.01) to cell cycle
regulation and DNA repair (Supplementary Fig. 17). The largest
differences in positional expression relevance were identified in
promoter and terminator sequences (Fig. 3b). For instance, in
promoters of lowly and highly expressed genes (Clusters 1 and 4,
respectively), occluding the original sequences yielded opposite
effects. These positional differences were independent of the
overall nucleotide composition (Supplementary Fig. 18), which
indicated that specific regulatory DNA motifs were likely
responsible for defining the expression levels.

We next identified the specific regulatory DNA motifs
important for predicting expression levels from the set of all
significantly relevant DNA sequences (Supplementary Fig. 19)
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using clustering and alignment (“Methods”). The highest quality
motifs were obtained with the 80% sequence identity cutoff,
according to the following criteria: (i) genome coverage, (ii) the
amount of retained relevant sequences in motifs (seq. coverage)
and (iil) % overlap with known motifs in databases (Supplemen-
tary Table 11). Over 2200 expression related regulatory DNA
motifs were uncovered across all 4 regulatory regions (Fig. 3e).
The majority of motifs were unique to each specific region, as
analysis of motif similarity across the adjacent regulatory regions
(Methods) showed that, on average, <16% of the motifs
significantly (Tomtom®” BH adj. p-value<0.05) overlapped
between the regions (Fig. 3e and Supplementary Table 11). This
further supported our observation that every regulatory region
contains unique information related to the gene expression levels
(see Fig. 2a). Further comparison to JASPAR®® and Yeastract®®
databases (“Methods”) showed that on average, 13% of the

identified motifs (Fig. 3e) were significantly (Tomtom®” BH adj.
p-value < 0.05) similar to the known transcription factor binding
sites (TFBS) recorded in these databases (Supplementary Fig. 20),
recovering 38% and 63%, respectively. The majority of
these motifs were identified not only in the promoter, but also
in the terminator region (Supplementary Fig. 20), due to the
overlap between neighbouring genes’?. A significant (Wilcoxon
rank-sum test p-value < le-8) decrease in GC content in the UTR
regions (Fig. 3¢) indicated that the identified motifs were likely to
contain the regulatory DNA signals from UTR regions and
terminators (Fig. 3f and Supplementary Fig. 1). This included the
5’-UTR Kozak sequences and 3/-UTR processing DNA elements
that are enriched in the thermodynamically less stable A/T
nucleotides! 147172, The deep models therefore successfully
identified known regulatory signals (Fig. 3f), as well as uncovered
new regulatory signals across all the gene regulatory regions’374,
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Fig. 3 Deep learning identifies the DNA positions predictive of expression levels. a Relevance profiles across cis-regulatory region sequences obtained
by querying the deep models (Fig. 1f). Red lines denote cutoff of 2 standard deviations. The decrease in relevance of UTR sequences at left edges was due
to the considerable number of sequences that were shorter than the analysed regions (see Fig. 1d). b Clustered relevance profiles across the cis-regulatory
region sequences. The clusters 1through 4 are colored dark red, light red, light blue and dark blue, respectively. Lines and shaded regions represent means
and standard deviations, respectively. € GC content in the cis-regulatory regions (n =368, 383, 834 and 625, respectively). d Median expression levels of
genes in the clustered relevance profiles (n =1385, 1187, 1206 and 460 with increasing cluster size, respectively). e Total amount of regulatory DNA motifs
uncovered in the cis-regulatory regions, with the proportional amounts of motif overlap between adjacent regions (black) as well as with the Jaspar
database®8 (red) highlighted. f Examples of regulatory DNA motifs uncovered across all the cis-regulatory regions that correspond to published motifs and
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Motif co-occurrence uncovers the regulatory rules of gene
expression. To determine the functional meaning of the DNA
motifs reconstructed from the deep learning relevance profiles
(Fig. 3f), we analysed the informative power of the DNA motifs
for predicting the specific gene expression levels. For this, we
calculated the signal-to-noise ratio (SNR=p/0) of expression
levels across genes that carried the identified motifs (Fig. 4a and
Supplementary Fig. 23). The spread of expression levels of motif-
associated genes was over 2.5-fold larger than its expected
(median) expression level (Supplementary Fig. 24), resulting in a
low median SNR of under 0.4 (Fig. 4a). Of the full 4 order-of-
magnitude range of gene expression levels observed in the data
(Fig. 1a), only 57% could be recovered with the motifs, as indi-
cated by the average expression level of genes per associated motif
(Fig. 4b and Supplementary Fig. 23b). The range of gene
expression levels for the identified motifs were thus too dispersed
and overlapped, indicating that the predictions made by the
model (Figs. 1f and 3b) were likely not based on single motif
occurrences.

On the other hand, the observed interactions across the
regulatory regions (Fig. 2a, b) and positional differences in
expression levels (Fig. 3b) suggested that certain combinations of
motifs found in different regulatory regions might carry a greater
indication of expression levels than single motifs (Fig. 3f). We,
therefore, searched for patterns of co-occurring motifs, i.e.
combinations of motifs that are statistically more likely to be
present together in genes than alone, and termed these patterns
‘regulatory rules’. For this we used Market basket analysis—a
technique that is commonly used for identifying frequently
bought items in market research’> (“Methods”). The number of
identified rules corresponded to the quality of identified motifs
and was largest at the 80% sequence identity cutoff, decreasing
markedly when increasing the identity cutoff (Supplementary
Table 11). A total of 9,962 rules were significantly over-
represented (Chi-squared test’® BH adj. p-value<0.05) in at
least 3 genes and across 93% of the analysed protein coding
genome (Fig. 4c), and comprised 62% of all unique motifs that
represented 86% of all motif occurrences (Supplementary Fig. 25).
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f lllustration of four genes (CDC6, RIO2, NSP1, EXGT) that carry a group of motif co-occurrence rules with a common motif (NHP6B transcription factor
binding site, Tomtom®” BH adj. p-value < 0.005, SGD:S000002157194, blue line) in their promoter region, whereas they all diverge in possessing 2 to 4
other DNA motifs (red lines) across the remaining regulatory regions. These genes span a 648-fold range of expression levels. Red lines in the histogram
denote the specific expression levels of the genes. g Distribution of gene expression levels with groups of motif co-occurrence rules that differ by a single

motif. Source data are provided as a Source data file.

Importantly, the rules were frequently found in smaller groups of
genes (at most 10 genes) and were crucial for discriminating
genes with low and high expression levels, as the dynamic range
of expression values decreased by 2-fold in rules present in more
than 10 genes (Fig. 4c). Similarly, rules comprised of a larger
number of motifs (Fig. 4c: rules of up to 6 motifs found) were also
sparser and occurred in smaller groups of genes (Supplementary
Fig. 26). In total, 88% of the significant rules (Chi-squared test’®
BH adj. p-value <0.05) occurred across the regulatory regions
compared to the rest that were present within single regions
(Fig. 4d). This resulted in over 8-fold more co-occurring motifs
spread across multiple regulatory regions than within any single
region.

We next compared the genes carrying the single motifs to those
carrying the co-occurring motifs in rules. We observed that the
range of average expression levels of genes spanned by the rules
exceeded those of single motifs by over 11-fold (Levene’s test p-
value < le-16) (Supplementary Fig. 24) and recovered, in total,
84% of the whole range of gene expression levels (Figs. 4b and
la). Furthermore, a significantly (Wilcoxon rank-sum test p-
value < le-16) narrower window of expression levels was
observed with rule-associated genes compared to single motifs,
as the variance of expression levels was over 16-fold lower
(Supplementary Fig. 24). This showed that the genes containing
co-occurring motifs fall under the precise control of the specific
co-occurrence rule. The signal-to-noise ratio, which exceeded 1
for over 60% of rules, in contrast to single motifs, of which 78%
were below 1 (Fig. 4a and Supplementary Fig. 23b), demonstrated
that the precision of expression control of the rule-associated

genes was on average 3-fold higher (Wilcoxon rank-sum test p-
value < 1e-16) than of single motifs (Supplementary Fig. 23). This
again shows the presence of statistically measurable interactions
across the entire gene regulatory structure, but this time at the
level of motifs, thus supporting the existence of a coevolved
interacting regulatory grammar.

To analyse how differences in the motif co-occurrence context
across the regulatory regions affect the expression levels of genes,
we grouped the motif co-occurrence rules, such that one motif
was left unchanged and was common to all the rules, while the
other motifs differed across the genes (Fig. 4e, rules with at least 3
motifs were used). We found that the motif co-occurrence
context across the regulatory regions could repurpose a common
motif in genes that exhibited a range of up to 1484-fold change of
expression levels. Of the 1079 such rule sets that repurposed a
given motif, 55% changed by at least one order of magnitude of
expression levels (Fig. 4e). The repurposed motifs included
significant (Tomtom®’ BH adj. p-value < 0.05) hits to a range of
Jaspar TFBS in promoter regions, and co-occurred with as well as
were repurposed by motifs across all the cis-regulatory regions
(Supplementary Table 12). For example, one of the largest ranges
of expression levels was observed with a group of NHP6B-like
motifs (SGD:S000002157, 648-fold change), a TF that binds to
and remodels nucleosomes. The NHP6B-like motifs co-occurred
with motifs from the adjacent regulatory regions that govern the
expression levels of many essential yeast genes (Fig. 4f), including
those involved in DNA replication (CDC6), ribosomal RNA
processing (RIO2), and coding for nuclear (NSPI) and cell
membrane (EXGI) proteins. Furthermore, a similar trend was
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observed by an alternative grouping of the motif co-occurrence
rules, such that only one motif differed across the genes. Even a
single motif substitution could achieve up to a 605-fold change of
expression levels, where 24% of such rulesets were carried by
genes that exhibited at least an order of magnitude change of
expression levels (Fig. 4g). Finally, an analysis of gene sets
containing the most widespread motif co-occurrence rules (that
covered 20 or more genes) did not show any significant
enrichment of specific cellular functions, which suggested that
the uncovered gene expression grammar is shared across genes of
all functions and is an integral part of the basic gene regulatory
structure (Fig. 1d).

Since the regulatory regions were found to be coevolved with
the coding region (Fig. 2e, f) and highly predictive of the codon
frequencies (Fig. 2d), we analysed the properties of codon
frequencies across the motifs and rules similarly as with the
expression levels. The range of median Euclidean distances
between codon frequencies, defined by the co-occurring motifs in
rules, exceeded that of the single motifs by 6.5-fold (Levene’s test
p-value < le-16), whereas the average variance decreased almost
5-fold (Wilcoxon rank-sum test p-value < le-16, Supplementary
Fig. 27). This shows that, compared to single motifs, co-
occurrence rules define more conserved ranges of codon
frequencies, and that the regulatory grammar learned by the
deep models (and highly predictive of gene expression levels,
Fig. 1f) is based on the combined properties of regulatory as well
as coding regions.

Regulatory properties learned from native genome guide
expression engineering. The common practice to manipulate
gene expression levels is to use specific strong promoter (or ter-
minator) sequences without much regard to which terminators
(or promoters) they are combined with#44%77.78  Considering
that our findings point to a strong dependence of gene expression
on the interaction between all regions of the gene regulatory
structure (Figs. 2a, b, d and 4e, f, g), we used the deep neural
networks (Fig. 1e, ) to explore how much the expression level of
each gene can be altered with all the possible promoter-
terminator combinations, a task that is challenging to perform
experimentally. To rationally simplify this analysis and retain just
two global halves of the gene regulatory structure, here 5-UTRs
were combined with promoters and 3/-UTRs with terminators
(Fig. 5a). For each half, 17,960,644 combinations of the native
yeast promoters or terminators with their corresponding variable
counterparts were tested using the same dataset as for training the
models (Fig. 1a: RSD < 1). We observed that, on average, varying
the terminator region introduced a significant (Wilcoxon rank-
sum test p-value < le-16) 3-fold change in either direction of
expression levels, compared to the native gene structure (Fig. 5b).
The terminator constructs achieved up to a 130-fold increase
(Fig. 5b: YOL097W-A promoter with TDH3 terminator) and 14-
fold decrease (Fig. 5b: TIM10 promoter with TOP3 terminator) of
expression levels compared to the native counterparts. This
showed that with a given gene, a range of over two orders of
magnitude of expression levels (Fig. 5b: 130-fold range with
YOL097W-A) could be unlocked merely by exchanging the ter-
minator region. This held true for both strong as well as weak
promoters (Fig. 5¢). For instance, with the commonly used strong
yeast promoter YEF37778 we identified a regulatory combination
where the expression levels decreased 3.2-fold (Wilcoxon rank-
sum test p-value < le-16) compared to the native counterpart.
Conversely, with the natively weak promoter POP6, a terminator
context with a significant (Wilcoxon rank-sum test p-value < le-
16) increase of over 7-fold was identified (Fig. 5c). A further
comparison of natively weak and strong promoters (100 top and

bottom sorted constructs) confirmed that weak ones were
expressed overall 2-fold more highly (Wilcoxon rank-sum test p-
value < le-16), and strong ones overall 1.3-fold more lowly
(Wilcoxon rank-sum test p-value<le-16) than the native
sequences (Supplementary Fig. 28). The computed degree of
regulatory freedom was supported also by published experimental
results with the TDH3 promoter*> (Fig. 5d). Here, despite the
specific experimental conditions leading to an offset in the
measurements, we observed a moderate correlation (Pearson’s
r=0.310, p-value < le-16) to the variability of the fluorescence
intensities with 4005 different terminators*® as well as a com-
parable overall dynamic range (Fig. 5d).

When performing an analogous analysis using terminator
regions and instead varying the promoters, expression levels
changed on average over 20-fold (Wilcoxon rank-sum test p-
value < le-16) in either direction and spanned a dynamic range of
over 3 orders of magnitude (Fig. 5e: 2120-fold range with
YNLI146W). For all terminators, promoters could be identified
that exerted a strong positive stabilizing effect, as the most
pronounced variation was observed in the direction of increasing
expression levels up to 1847-fold (Fig. 5e: YOL097W-A
terminator with TDH3 promoter), compared with up to 32-fold
decrease (Fig. 5e: MMFI terminator with AMFI promoter).
Similarly as with promoters, strong and weak terminators (100
top and bottom sorted constructs) displayed stronger changes in
the opposite directions of expression. Weak terminators were
expressed overall 2.3-fold more highly (Wilcoxon rank-sum test
p-value < 1e-16), and strong ones overall 2.4-fold more lowly
(Wilcoxon rank-sum test p-value<le-16) than the native
sequences (Supplementary Fig. 28), thus presenting many
possibilities for gene expression engineering (Fig. 5f). Analysis
of independent yeast experimental data* confirmed the compu-
tationally predicted variability with the ADHI terminator, as we
measured a strong correlation (Pearson’s r = 0.625, p-value < le-
16) to the variability of fluorescence intensities with the 625 tested
promoters (Fig. 5g).

We considered that changing the promoters and terminators
could have affected gene expression predictions based either on
(i) the specific regulatory signals present in the DNA (Figs. 3f and
4h) or (ii) the general sequence properties, such as GC content
and di-nucleotide composition’>30, We therefore evaluated the
effect of removing high-order sequence information (ie. regula-
tory grammar) by randomly shuffling the regulatory DNA whilst
preserving dinucleotide frequencies®!. On average, the native
DNA regions demonstrated a significant (Levene’s test p-value <
le-16) 88% larger effect on expression variation and a 13.5-fold
higher dynamic range compared to randomly shuffled sequences
with the same nucleotide composition (Supplementary Fig. 29).
Accordingly, random sequences could only increase the expres-
sion level up to 4.9-fold (Supplementary Fig. 29: YIL102C-A
promoter with a shuffled variant of its terminator) and decrease it
up to 3.2-fold (Supplementary Fig. 29: NCE102 promoter with a
shuffled variant of its terminator) compared to the native
expression level. The observed increase of expression signal by
combining native regions with their adjacent counterparts
indicated that the correct progression of gene expression requires
the presence of a specific regulatory grammar, similar to the one
detected above (see Fig. 4h), which can be lost when artificially
manipulating or carelessly combining the sequences.

The computational results suggest that the model-based
predictions could improve experimental design of gene expres-
sion systems and potentially decrease a part of the observed
variability of gene expression levels (Fig. 5b, e). Therefore, using
deep models to guide the development of experimental
constructs, we set out to experimentally verify that a weak
promoter can be driven to higher expression levels and vice versa,
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terminator variants#>. Red line denotes least squares fit. @ Maximum increases (red) and decreases (blue) of gene expression levels with combinations of
4238 native terminators with all promoter variants. f Distributions of gene expression levels for combinations of either strong (red) or weak (blue)
terminators with all promoter variants (n = 4238 for each construct). Black lines denote median expression levels. g Comparison of changes in predicted
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data are provided as a Source data file.
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Fig. 6 Experimental analysis demonstrates the potential of using the
models to fine-tune gene expression. a Conceptual diagram of experiment
and constructs. b Correlation analysis between model predictions and
measured GFP fluorescence levels for constructs with 6 promoters in
combination with native (grey) as well as strong (red) and weak (blue)
terminators (n =18). Black line denotes least squares fit. ¢ Relative change
in measured GFP fluorescence levels of the constructs, where native
terminators were replaced with either strong (red bars) or weak (blue bars)
variants with n =2 technical replicates indicated as grey points (see text
and Supplementary Table 13). On average, the GFP fluorescence levels
shifted by 20% in the directions of the predicted levels. Red and blue lines
denote median values with strong and weak promoters, respectively.

d Additional tests with the weak POP6 and strong RPL3 promoters, whose
CDS were more dissimilar to GFP. Native terminators were replaced with
either strong (red bars) or weak (blue bars) variants with n= 2 technical
replicates indicated as grey points. Source data are provided as a Source
data file.

based on substituting its terminator with another natural variant
(Fig. 6a, “Methods”). Since here the experimental design required
models with limited 500 bp regions on either side of the CDS, we
constructed a new model based on constricted input data that
contained only the most relevant parts of the regulatory regions,
as determined from the relevance profiles (Fig. 3a: 400 bp, 100 bp,
250 bp and 250 bp, respectively, Supplementary Fig. 30a). This
model achieved similar performance (R?q = 0.797, Supplemen-
tary Fig. 30b and 31) as the previous one, despite requiring
regulatory sequences that were approximately half the length.
Compared to the above computational analysis, where only one
side of the regulatory regions was perturbed (Fig. 5a), develop-
ment of experimental constructs for the fluorescence measure-
ments additionally required the substitution of all coding
sequences (codon frequencies) with a GFP variant (Methods),
which represented approximately half of the model input
response (Supplementary Fig. 31). In order to retain the
predictive power of the model despite these large perturbations,

we selected 6 promoter variants from the set of constitutive genes.
The data was subset to the 10th percentile, based on the similarity
between native and GFP coding sequences, as well as the model
predictive accuracy (Supplementary Fig. 32). These GFP-
substituted genes covered a 16-fold range of predicted expression
levels from 26 to 420 TPM (Supplementary Table 13). Similarly, a
weak and a strong terminator were selected according to the
strength of their effects on increasing or decreasing the GFP-
substituted gene expression levels compared to the native
terminators (Supplementary Table 13). Experimental measure-
ments with the resulting 18 constructs (Fig. 6a: 6 each with native
terminator, weak terminator, strong terminator, respectively,
Methods) achieved good correlation to the predicted levels
(Pearson’s r = 0.647, p-value < 1.8e-3, Fig. 6b). We observed, on
average, a corresponding 20% change in GFP fluorescence levels
with all constructs, in accordance with the predicted expression
level changes (Supplementary Table 13), with the exception of the
YBL036C promoter with the strong terminator and the HISI
promoter with the weak terminator (Fig. 6¢c). We identified a
strong promoter with HIS1 that consistently (duplicate tests)
achieved a 3440% increase in GFP intensity (Supplementary
Fig. 33) and, conversely, a weak promoter with RPC40 leading to
a 61% decrease in GFP intensity (Fig. 6¢). In addition, we tested
the well known weak POP6 and strong RPL3 promoters’’’8,
which showed considerable divergence of properties and model
predictions between the native and GFP coding sequence
(Supplementary Table 13 and Supplementary Fig. 34). Despite
this, we were able to obtain a weak terminator variant with the
RPL3 promoter leading to strong decrease in gene expression
(Fig. 6d: 75% decrease in GFP intensity), whereas the POP6
promoter achieved a smaller 30% increase and 13% decrease,
respectively. To conclude, even in the highly perturbed state with
multiple substitutions to the gene regulatory structure, our
models enabled computational pre-screening of optimized
candidates from millions of combinations and thus demonstrated
the feasibility of model guided fine-tuning of gene expression
levels.

Discussion

In the present study we asked the question: to what extent are
gene expression levels encoded in the coding and cis-regulatory
DNA regions of the gene regulatory structure? This question
followed our observation that with all known biological variation
of gene expression, based on a collection of RNA-Seq experiments
across the majority of presently tested conditions, 79% of protein
coding genes were merely within a *1-fold change of their
median expression levels in 2/3 of the conducted experiments
(Fig. 1a). By training deep neural networks on the sequences from
the entire gene regulatory structure (Fig. 1d), we demonstrated
that most gene expression levels in S. cerevisiae are predictable
using only DNA encoded information (Fig. 1f: R%. = 0.822).
Therefore, 4 orders of magnitude of the transcriptional repertoire
can be directly determined from the DNA sequence, irrespective
of the experimental condition. Of course, this statement does not
object to the reality that regulation of gene expression can be
highly dynamic between different conditions®*4. However, for the
majority of genes, this biological variation across conditions is
much smaller than the magnitude of expression levels between
the genes (Fig. la), meaning that genes which are highly
expressed in the majority of conditions will likely always (79% of
protein coding genes) be highly expressed and vice-versa. These
differences in gene expression levels are encoded in the DNA and
can be read using machine learning. Accordingly, similar results
were obtained in 6 other model organisms spanning multiple
kingdoms of life (including bacteria and eukaryotes such as fruit

10 | (2020)11:6141 | https://doi.org/10.1038/s41467-020-19921-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

fly, zebrafish, mouse and human), that covered the complete
range of genetic regulatory complexity*®, as measured by coding
gene density (Supplementary Table 1).

The models in the present study mapped the relations of input
DNA sequence variables to the continuous target mRNA levels,
where model performance was assessed with the coefficient of
determination R2 on the test data. This is an intuitive
measure! 23134 signifying the proportion of the variance in the
dependent variable (mRNA levels) that can be predicted from the
independent DNA sequence variables (Fig. 1d and Supplementary
Fig. 1c¢)—i.e. how much could be learned from the sequence data
using our machine learning approach8283, We emphasize that for
the actual model selection during training, the mean squared
error (MSE) was used, as this is a robust goodness-of-fit measure
that makes no assumptions about the data distributions®48>, For
each model: (i) the model was trained on the training set using
minimization of MSE criteria, (ii) Hyperparameter tuning was
performed on the validation set, (iii) a model with minimal MSE
on the validation set was chosen and (iv) for final testing eva-
luation the model with the minimal MSE criteria was accessed
again to ensure that it did not overfit the data (Supplementary
Tables 3 and 8). As an alternative statistical approach and a
measure of goodness of fit, we also performed the F-test with all
models (Supplementary Tables 3 and 8). Although not informa-
tive about a model’s predictive performance, this tested whether
the model in question fits the data significantly better than the
null model based only on the intercept (i.e. average over data) to
make predictions®®>. Moreover, to clearly differentiate between
reporting model performance with R? and the strength of a linear
relation between independent variables (such as predicted
expression levels and measured GFP fluorescence in Fig. 1g), for
the latter the Pearson’s correlation coefficient r was used.

Since individual coding and non-coding parts of the gene
regulatory structure (Fig. 1d) all play a crucial role in the reg-
ulation of gene expression®, we inquired which particular regions
contained the highest amounts of information on gene expression
levels. While codon frequencies were highly informative about
mRNA levels (Fig. 2b), we observed that a similar amount of
information was encoded in the flanking regions (Fig. 2a). Indeed,
this was further supported by the result that deep neural networks
could predict the codon usage of a gene merely based on that
gene’s regulatory sequence (Fig. 2¢, d). Although the effect of
codon usage on overall transcription has been widely studied and
debated®-%8, their surprisingly strong effects on transcription,
also supported by our results (Fig. 2b), have only recently started
coming to light. The hypothesized mechanisms through
which codons affect transcription are: (i) effects on nucleosome
positioning8, (ii) premature termination of transcription, usually
by mimicking poly-A signals®®, or (iii) mRNA toxicity??. Gen-
erally, the differences in codon usage between bacterial species
can be explained from the dinucleotide content in their
non-coding regions®! and it is widely assumed that most inter-
species variation in codon usage is attributed to mutational
mechanisms®%92. Within a genome, however, given that codon
usage can be predicted from non-coding regions (Fig. 2d), and
both coding and regulatory regions are similarly predictive of
gene expression levels (Fig. 2b), it is likely that the entire gene
regulatory structure undergoes a common selection pressure.
Multiple lines of evidence support this both in higher
eukaryotes®263:93-97 and yeast>%98-100 a5 (i) approximately half
of all functional variation is found in non-coding regions®2, with
cis-regulatory regions undergoing not only purifying negative®’
but also positive selection63-93:9498101  (ij) findings indicate a
similar selective pressure on gene expression and protein
evolution®>%0:99, and (iii) instances of coupled protein and reg-
ulatory evolution were observed®®00:9> Accordingly, mutation

rates in orthologs from 14 yeast species supported the notion of
coevolution between the coding and regulatory regions (Fig. 2e,
f), indicating that the gene regulatory structure is a co-evolving
unit. However, despite the ensuing information overlap among
the different regions (Fig. 2b, d: up to 58%), each region con-
tributed to mRNA level prediction (Fig. 2a, b) and the entire gene
regulatory structure was required to define over 82% of the gene
expression variability (Fig. 1f).

The multiple regulatory elements of the gene regulatory
structure individually or jointly control the different DNA pro-
cessing phases required for mRNA transcription, including
nucleosome positioning, mRNA synthesis, and mRNA matura-
tion and decay’ (Supplementary Fig. 1a). To control enzyme
interactions, DNA, therefore, contains a plethora of statistically
identifiable DNA motifs®8%%, The question remains though,
which of those motifs are relevant signals for regulating mRNA
levels? For instance, based on currently identified JASPAR
motifs®, a significant enrichment of known promoter TF binding
sites was found particularly in highly expressed genes (Supple-
mentary Fig. 21). However, such an analysis does not uncover
which motifs or combinations of motifs is found to be important
by a predictive model of mRNA abundance (Fig. le). To resolve
this, we opened the neural network “black box” (Fig. le and
Supplementary Fig. 14) and determined which DNA sequences
were causing significant neural network responses (Fig. 3a).
Although thousands of DNA motifs were uncovered across all
regulatory regions (Fig. 3d, f), individual motifs could not explain
the entire dynamic range of gene expression, i.e. the same motifs
were found in both lowly and highly expressed genes (Fig. 4a,
Supplementary Fig. 23). However, by statistically analysing the
interactions between motifs, we could retrieve a much more
accurate (Fig. 4a) and comprehensive (Fig. 4b) indication of
expression levels than with single motifs, where an almost 3-fold
higher amount of co-occurrence rules surpassed a SNR of 1
(Fig. 4a) and recovered almost the whole (84%) dynamic range of
expression levels as opposed to 57% with motifs (Fig. 4b). 9,962
combinations of 2 to 6 motifs were found to co-occur more
frequently together than alone across the gene regions (Fig. 4c)
and were informative of almost the entire dynamic range of
expression (Fig. 4a, b, f). Moreover, the motif co-occurrence rules
also defined more specific ranges of codon usage than single
motifs (Supplementary Fig. 27), further supporting our results
that the entire gene regulatory structure (Fig. 1d), including both
coding and non-coding regions, is a single co-evolved interacting
unit (Fig. 24, e, f).

Finally, we demonstrated that deep neural networks can learn
the complex regulatory grammar of gene expression directly from
an organism’s genome (Fig. 1f, h), without any prior knowledge
of genetic regulation or the need to perform laborious high-
throughput screening experiments with synthetic constructs.
Despite the fact that the machine learning model had never seen
the synthetic DNA data, it was able to successfully recapitulate
fluorescence readouts from published experimental studies*44>
and demonstrate a strong agreement between model predictions
and experimental measurements (Fig. 1g and Supplementary
Fig. 5), even on constructs containing de novo generated
sequences?? (Supplementary Fig. 5c). Furthermore, since the
trained models encapsulate the whole interacting regulatory
grammar that must be present to correctly drive expression, they
can be used to enhance experimental techniques and improve
control over gene expression in synthetic biology. We show that
the standard approach of introducing a variety of terminators (or
promoters) in combination with strong promoters (or termina-
tors) can in fact lead to large variability in each direction of
the actual measured levels of expression (Fig. 5c, H)*>77. Our
model was however ~1.6-fold more capable of predicting
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downregulation compared to upregulation (Fig. 6b), which was
likely due to the average native expression level being over 2-fold
higher from a predicted average basal expression level (Supple-
mentary Fig. 35a: 64.5 TPM). From an evolutionary perspective,
this suggests that the regulatory grammar might be specifically
adapted not only for higher expression levels but also for lower
ones below the basal expression level, whereas around the basal
level the grammar is less specific and possibly more diverse
(Supplementary Fig. 35c). This is also in agreement with the
observations that highly expressed genes are under stronger
selection pressure than average ones!0? and thus altering these
highly optimized sequences likely results in downregulation. The
implications for future experiments are that (i) separate models
for different classes of expression as well as accounting for dif-
ferent conditions or tissues to decrease the experimental variation
might provide more accurate predictions, and (ii) more compu-
tational and experimental work is required to decipher the evo-
lutionary strategies of regulatory grammars and define the
properties of underlying basal and targeted-evolved regulation.
Nevertheless, using the deep learning models, researchers can
now computationally test the effects of the different combinations
of regions (Fig. 5b, e), even with specific perturbations to gene
coding sequences (Fig. 6b). This way, they can obtain candidate
variants that enable rapid development of constructs with desired
levels of gene expression (Fig. 6¢, d). This has potential to greatly
decrease experimental noise, accelerate experimental throughput
and thus decrease the overall costs of microorganism and cell-line
development in biotechnology?.

Methods

Data. Genomic data, including gene sequences, as well as transcript and open
reading frame (ORF) boundaries, were obtained from Ensembl (https://www.
ensembl.org/index.html)!93. The exceptions were organisms (i) S. cerevisiae S288C,
for which data were obtained from the Saccharomyces Genome Database (https://
www.yeastgenome.org/) 94195 and additional published transcript and ORF
boundaries were used with this organism!9¢:107, and (ii) E. coli K-12 MG1655,
where all data were obtained from the RegulonDB database (http://regulondb.ccg.
unam.mx/)!%8 (Supplementary Table 1). For each organism, coding and regulatory
regions were extracted based on the transcript and ORF boundaries. DNA
sequences were one-hot encoded, UTR sequences were zero-padded up to the
specified lengths (Fig. 1d and Supplementary Figs. 9 and 10), codon frequencies
were normalized to probabilities, and 8 mRNA stability variables were computed
that included: lengths of 5’-UTR, ORF and 3/-UTR regions, GC content of 5'- and
3’-UTR regions, and GC content at each codon position in the ORF.

For gene expression levels, processed raw RNA sequencing Star counts were
obtained from the Digital Expression Explorer V2 database (http://dee2.io/index.
html)32 and filtered for experiments that passed quality control. Raw mRNA data
were transformed to transcripts per million (TPM) counts'%” and genes with zero
mRNA output (TPM < 5) were removed (Supplementary Table 2). Prior to
modeling (Supplementary Fig. 7), the mRNA counts were Box-Cox transformed!10
(see lambda parameters in Supplementary Table 4).

Modeling datasets were obtained with the above data processing and comprised
paired gene regulatory structure explanatory variables (Fig. 1d and Supplementary
Fig. 1c) and mRNA abundance response variables (Fig. 1a). No significant pairwise
correlations were found between the variables (Supplementary Fig. 4 and
Supplementary Table 5), except between mRNA counts and ORF lengths, due to
the technical normalization bias from fragment-based transcript abundance
estimation!!l. To obtain mRNA counts that were uncorrelated to gene length, the
residual of a linear model, based on ORF lengths as the response variable and
mRNA counts as the explanatory variable, was used as the corrected response
variable (Supplementary Fig. 4). When testing whether the introduced correction
could potentially remove biological signal associated with gene length, using data
from whole molecule RNA sequencing that does not rely on short-read
assembly!12, no correlation between gene length and its expression was found
(Pearson’s r = —0.08, p-value < le-6; Supplementary Fig. 8).

Statistical hypothesis testing. For enrichment analysis, gene ontology slim
terms!13114 were obtained from the Saccharomyces Genome Databasel?4105 and
published promoter classifications were used?”-%°. For statistical hypothesis testing,
Scipy v1.1.0 was used with default settings. All tests were two-tailed except where
stated otherwise.

Supervised deep methods. Different neural network architectures were tested
that combined: (i) 1 to 4 convolutional neural network (CNN) layers!!> (see tested
parameters in Supplementary Table 6), which included inception layers!1® (ii) 1 to
2 bidirectional recurrent neural network (RNN) layerslw, and (iii) 1 to 2 fully
connected (FC) layers, in a global architecture layout CNN-RNN-FC3L4L118,119,
Training the networks both (i) concurrently or (ii) consecutively, by weight transfer
on different variables (regulatory sequences to CNN and RNN, numeric variables
to FC), showed that the architecture yielding best results was a concurrently trained
CNN (3 layers)-FC (2 layers)!24%:120.121 "which was used for all models. Batch
normalization!22 and weight dropout!23 were applied after all layers and max-
pooling!?# after CNN layers (Supplementary Table 6). The Adam optimizer!2
(Supplementary Table 6) with mean squared error (MSE) loss function and ReLU
activation function!?® with uniform!%” weight initialization were used. In total, 26
hyper-parameters were optimized using a tree-structured Parzen estimators
approach via Hyperopt v0.1.1128 at default settings for 1500 iterations!2%130,

The explanatory input data and corresponding response variables were divided
into training (80%), validation (10%) and test (10%) sets. Tests with different sizes
of input regulatory sequences showed that whole regions resulted in the most
accurate models (Supplementary Fig. 10). The best models were chosen according to
the minimal MSE on the validation set with the least spread between training and
validation sets. The coefficient of determination (R?) computed on the test set is
reported in the main text and was defined as R> = 1 — SSp.qaual/SStor [EQ- 1],
where SSgegidual i the sum of residual squares of predictions and SStoy, is the total
sum of squares, and statistical significance was evaluated using the two-tailed F-test.

To assess model predictions by varying either promoter#* or terminator4>
regions, input explanatory variables were constructed based on the specified coding
(fluorescence reporters codon frequencies) and regulatory regions (variable region
combined with specified adjacent regions). For building and training models Keras
v2.2 and Tensorflow v1.10 software packages were used and accessed using the
python interface.

Supervised shallow methods. For shallow modeling the following regression
algorithms were used: linear regression, ridge regression, lasso, elastic net, random
forest, support vector machines with nested cross-validation, and k-nearest
neighbour regression!3!. To include information from the regulatory DNA
sequences in the shallow models, k-mers of lengths 4-6 bp were extracted from the
regulatory DNA sequences®>~>® and used as additional explanatory variables.
Nested cross validations by selecting the best models with the lowest MSE on held-
out sets were performed with these algorithms and GridSearchCV using the
Scikit-learn package v0.20.3 with default settings. The coefficient of determination
(R?) (Eq. 1) computed on the test is reported in the main text analogously as with
deep models in M3.

Analysis of evolutionary rates. Multi-sequence alignments of 3800 orthologous
protein-coding genes (each gene divided into separate promotor, 5'- and 3/-UTR,
terminator and coding regions) from fourteen fungal species were generated using
Mafft v7.407!32 with the Linsi algorithm and default settings. Orthologs were
defined according to Ensembl Comparal®3. The resulting 19,000 alignments were
analysed with Zorro v1.0!33 to identify regions of high sequence variability and
possible misalignment that could have a negative effect on the phylogenetic signal
in the overall sequence. After excluding sites with a confidence score < 0.2, each
individual alignment was analysed for 1,000,000 generations in MrBayes v3.2.6134,
with the number of substitution types set to one, and a gamma distribution of
substitution rates, to obtain the estimated mean substitution rate (alpha) for each
dataset.

DNA relevance analysis. To calculate the relevance of different DNA sequences
for model predictions, defined as Relevance = (Y — Y qudeq)/Y [Eq. 2], where Y
is the model prediction, an input dataset with sliding window occlusions was used
with the deep models to obtain predictions®4!13° (Supplementary Fig. 14). The
window size of the occlusions was set to either: (i) whole regions, to analyze the
relevance of region combinations and sensitivity analysis or (ii) 10 bp for motif
analysis, determined based on the analysis of relevance profiles at difference
occlusion sizes using the FastDTW v0.3.2 alignment method!3¢ and analysis of the
distribution of DNA sequence motif sizes in the JASPAR database®® (Supple-
mentary Fig. 15). For clustering of relevance profiles, the consensus clustering
approach!3” was used, as implemented in the package ConsensusClusteringPlus
v1.48.0 with the method Partition around medoids (pam) set to 50-fold sub-
sampling of 80% of data points and using the Pearson correlation distance. The
number of clusters (k) was determined at k = 4, for which the relative consensus
did not increase more than 10% (Supplementary Fig. 22).

DNA motif analysis. Extraction of relevant sequences, i.e. those that significantly
(standard deviation = 2) affected gene expression prediction, yielded

169,763 sequences that spanned all the analysed genes (RSD < 1) (Supplementary
Fig. 18). To identify regulatory motifs, clustering of the relevant sequences was
performed using CD-HIT v4.8.1138139, with recommended settings (a k-mer size of
4, 5 and 6 was used in correspondence with sequence identity cutoff 0.8, 0.85, and
0.9, respectively) and a cluster size of 5 sequences, based on the amount of
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recovered sequences and unique motifs. Multiple sequence alignment on the
clustered sequences was performed using Mafft v7.407132, with the Linsi algorithm
and default settings. Position weight motifs (PWMs) were processed using the
Biopython package v1.73140 and motif edges were trimmed below a cutoff of 0.2
bits!4!. Pairwise comparisons of the PWMs across the regulatory regions and
comparisons to JASPAR®® (core fungi, non-redundant) and Yeastract®® databases
was performed using Tomtom and Meme suite v4.1267142, with recommended
settings. Motif co-occurrence was analysed using the FP-growth algorithm as
implemented in Apache Spark v2.4143, with default settings accessed through the
Python interface, where support, confidence and lift were calculated as defined in’°.
The statistical significance level of co-occurring motifs was determined using the
chi-squared test’®.

Experimental strain construction. The S. cerevisiae strain CEN.PK113-7D144 was
used as the base strain for all genetic engineering. Integration of the promoter-
GFP-terminator constructs was done using the CRISPr/Cas9 plasmid as well as the
gRNA Helper vectors from the EasyClone marker-free system at the XI-2 locus
(using pCFB2312 + pCFB3044)14>. All transformation steps were performed
according to the published manual, with the exception that the repair fragment was
provided as three fragments: the promoter with 30 bp overlap to the genome and
30 bp overlap to the GFP gene, the GFP gene, and the terminator with 30 bp
overlap to the GFP gene and 30 bp overlap to the genome. For each fragment,
250 pg of DNA were used for the transformation. The DNA fragments for the
promoters and terminators were obtained using PCR (see Supplementary Table 14
for the list of primers). All PCR products were purified using the Thermo Scientific
GeneJET PCR Purification Kit. For the GFP gene, the UBIMAkGFP* version from
Houser et al.140 was used (see Supplementary Table 15 for sequence), where the
DNA sequence was ordered as a gene fragment from Eurofins.

Fluorescence measurements and analysis. The yeast cells were pre-cultured
overnight in 96 deep well plates in 0.5 ml of minimal media with 2% glucose (see
Supplementary Table 16 for media composition) at 30°C and 300 rpm. The fol-
lowing day, the cultures were set up in 96 deep well plates with a starting OD600 of
0.1. After 5h of cultivation, when the cells were in mid-exponential growth phase,
the cells were diluted with water to a final OD600 of 0.02 in a total volume of 200 pl
in 96-well round plates in technical duplicates. Using the Guava easyCyte 8HT flow
cytometry system the GFP (green fluorescence) intensity as well as cell size (for-
ward scatter) and granularity (side scatter) were measured (Supplementary Fig. 36).
The cells were gated based on the forward and side scatter intensity in order to
exclude a few very large and very small cells (Supplementary Fig. 37). For each
technical duplicate the median GFP intensity value is reported.

Software. Python v3.6 (www.python.org) and R v3.6 (www.r-project.org) were
used for computations. Code for the data analysis is available at https://github.com/
JanZrimec/DeepExpression!4” and data at https://doi.org/10.5281/zenod0.3905251
(see also section on Data Availability).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Genomic data, transcript and gene boundaries were obtained from Ensembl Genomes
release 41 and Ensembl release 94 (https://www.ensembl.org/), Saccharomyces Genome
Database (https://www.yeastgenome.org/) and RegulonDB v10.5 database (http://
regulondb.ccg.unam.mx/) (links to raw data in Supplementary Tables 4 and 10). RNA
sequencing data was obtained from the Digital Expression Explorer V2 database (http://
dee2.io/mx/), DNA sequence motifs from the Meme suite motifs databases file (http://
meme-suite.org/) and additional data from the cited references (links to raw data in
Supplementary Table 7). The Source Data file was deposited to the Zenodo repository
and is available at https://doi.org/10.5281/zenodo.3905251.

Code availability
Code for the data analysis was deposited to the Github repository and is available at
https://github.com/JanZrimec/DeepExpression!4’.

Received: 18 December 2019; Accepted: 2 November 2020;
Published online: 01 December 2020

References

1. Dagogo-Jack, I. & Shaw, A. T. Tumour heterogeneity and resistance to cancer
therapies. Nat. Rev. Clin. Oncol. 15, 81-94 (2018).

2. Wurm, F. M. Production of recombinant protein therapeutics in cultivated
mammalian cells. Nat. Biotechnol. 22, 1393-1398 (2004).

10.

11.

13.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nielsen, J. & Keasling, J. D. Engineering cellular metabolism. Cell 164,
1185-1197 (2016).

Liu, Y., Beyer, A. & Aebersold, R. On the dependency of cellular protein levels
on mRNA abundance. Cell 165, 535-550 (2016).

Lahtvee, P.-]. et al. Absolute quantification of protein and mRNA abundances
demonstrate variability in gene-specific translation efficiency in yeast. Cell
Syst. 4, 495-504.e5 (2017).

Marguerat, S. et al. Quantitative analysis of fission yeast transcriptomes and
proteomes in proliferating and quiescent cells. Cell 151, 671-683 (2012).
Schwanhiusser, B. et al. Global quantification of mammalian gene expression
control. Nature 473, 337-342 (2011).

Alam, M. T. et al. The metabolic background is a global player in
Saccharomyces gene expression epistasis. Nat. Microbiol. 1, 15030 (2016).
Watson, J. D. et al. Molecular Biology of the Gene, 6th edn. (Pearson/Benjamin
Cummings, 2008).

Espinar, L., Schikora Tamarit, M. A., Domingo, J. & Carey, L. B. Promoter
architecture determines cotranslational regulation of mRNA. Genome Res 28,
509-518 (2018).

Dvir, S., Velten, L., Sharon, E. & Zeevi, D. Deciphering the rules by which 5'-
UTR sequences affect protein expression in yeast. Proc. Natl Acad. Sci. 110,
E2792-E2801 (2013).

Cuperus, J. T., Groves, B. & Kuchina, A. Deep learning of the regulatory
grammar of yeast 5’ untranslated regions from 500,000 random sequences.
Genome Res. 27, 1-10 (2017).

Cheng, J., Maier, K. C., Avsec, Z., Rus, P. & Gagneur, J. Cis-regulatory
elements explain most of the mRNA stability variation across genes in yeast.
RNA 23, 1648-1659 (2017).

Shalem, O. et al. Systematic dissection of the sequence determinants of gene
3’end mediated expression control. PLoS Genet 11, e1005147 (2015).

Morse, N. J., Gopal, M. R., Wagner, J. M. & Alper, H. S. Yeast terminator
function can be modulated and designed on the basis of predictions of
nucleosome occupancy. ACS Synth. Biol. 6, 2086-2095 (2017).

Chen, C. Y. & Shyu, A. B. AU-rich elements: characterization and importance
in mRNA degradation. Trends Biochem. Sci. 20, 465-470 (1995).

Rabani, M., Pieper, L., Chew, G.-L. & Schier, A. F. A massively parallel
reporter assay of 3’ UTR sequences identifies in vivo rules for mRNA
degradation. Mol. Cell 70, 565 (2018).

Hiraoka, Y., Kawamata, K., Haraguchi, T. & Chikashige, Y. Codon usage bias
is correlated with gene expression levels in the fission yeast
Schizosaccharomyces pombe. Genes Cells 14, 499-509 (2009).

Portela, R. M. C. et al. Synthetic core promoters as universal parts for fine-
tuning expression in different yeast species. ACS Synth. Biol. 6, 471-484
(2017).

Bonde, M. T. et al. Predictable tuning of protein expression in bacteria. Nat.
Methods 13, 233-236 (2016).

Hammer, K., Mijakovic, I. & Jensen, P. R. Synthetic promoter libraries-tuning
of gene expression. Trends Biotechnol. 24, 53-55 (2006).

de Boer, C. G. et al. Deciphering eukaryotic gene-regulatory logic with 100
million random promoters. Nat. Biotechnol. 38, 56-65 (2020).

Schaerli, Y. & Isalan, M. Building synthetic gene circuits from combinatorial
libraries: screening and selection strategies. Mol. Biosyst. 9, 1559-1567 (2013).
Vanhercke, T., Ampe, C., Tirry, L. & Denolf, P. Reducing mutational bias in
random protein libraries. Anal. Biochem. 339, 9-14 (2005).

Pierce, N. A. & Winfree, E. Protein design is NP-hard. Protein Eng., Des.
Selection 15, 779-782 (2002).

Holland, P., Bergenholm, D., Bérlin, C. S., Liu, G. & Nielsen, J. Predictive
models of eukaryotic transcriptional regulation reveals changes in
transcription factor roles and promoter usage between metabolic conditions.
Nucleic Acids Res. 47, 4986-5000 (2019).

Huisinga, K. L. & Pugh, B. F. A genome-wide housekeeping role for TFIID
and a highly regulated stress-related role for SAGA in Saccharomyces
cerevisiae. Mol. Cell 13, 573-585 (2004).

Zhang, P. et al. Genome-wide mapping of nucleosome positions in
Saccharomyces cerevisiae in response to different nitrogen conditions. Sci.
Rep. 6, 33970 (2016).

Borlin, C. S., Bergenholm, D., Holland, P. & Nielsen, J. A bioinformatic
pipeline to analyze ChIP-exo datasets. Biol. Methods Protoc. 4, 1-9 (2019).
Furey, T. S. ChIP-seq and beyond: new and improved methodologies to detect
and characterize protein-DNA interactions. Nat. Rev. Genet. 13, 840-852
(2012).

Agarwal, V. & Shendure, J. Predicting mRNA Abundance Directly from
Genomic Sequence Using Deep Convolutional Neural Networks. Cell

Rep. 31, 107663 (2020).

Ziemann, M., Kaspi, A. & El-Osta, A. Digital expression explorer 2: a
repository of uniformly processed RNA sequencing data. Gigascience 8, 1-13
(2019).

Lubliner, S. et al. Core promoter sequence in yeast is a major determinant of
expression level. Genome Res. 25, 1008-1017 (2015).

| (2020)11:6141| https://doi.org/10.1038/s41467-020-19921-4 | www.nature.com/naturecommunications 13


http://www.python.org
http://www.r-project.org
https://github.com/JanZrimec/DeepExpression
https://github.com/JanZrimec/DeepExpression
https://doi.org/10.5281/zenodo.3905251
https://www.ensembl.org/
https://www.yeastgenome.org/
http://regulondb.ccg.unam.mx/
http://regulondb.ccg.unam.mx/
http://dee2.io/mx/
http://dee2.io/mx/
http://meme-suite.org/
http://meme-suite.org/
https://doi.org/10.5281/zenodo.3905251
https://github.com/JanZrimec/DeepExpression
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sharon, E. et al. Inferring gene regulatory logic from high-throughput
measurements of thousands of systematically designed promoters. Nat.
Biotechnol. 30, 521-530 (2012).

Mogqtaderi, Z., Geisberg, J. V., Jin, Y., Fan, X. & Struhl, K. Species-specific
factors mediate extensive heterogeneity of mRNA 3’ ends in yeasts. Proc. Natl
Acad. Sci. USA 110, 11073-11078 (2013).

Curran, K. A. et al. Design of synthetic yeast promoters via tuning of
nucleosome architecture. Nat. Commun. 5, 4002 (2014).

Curran, K. A. et al. Short synthetic terminators for improved heterologous
gene expression in yeast. ACS Synth. Biol. 4, 824-832 (2015).

Zhou, Z. et al. Codon usage is an important determinant of gene expression
levels largely through its effects on transcription. Proc. Natl Acad. Sci. USA
113, E6117-E6125 (2016).

Alipanahi, B., Delong, A., Weirauch, M. T. & Frey, B. J. Predicting the
sequence specificities of DNA- and RNA-binding proteins by deep learning.
Nat. Biotechnol. 33, 831-838 (2015).

Kelley, D. R,, Snoek, J. & Rinn, J. L. Basset: learning the regulatory code of the
accessible genome with deep convolutional neural networks. Genome Res. 26,
990-999 (2016).

Quang, D. & Xie, X. DanQ: a hybrid convolutional and recurrent deep neural
network for quantifying the function of DNA sequences. Nucleic Acids Res. 44,
€107 (2016).

Bengio, Y., Courville, A. & Vincent, P. Representation learning: a review and new
perspectives. IEEE Trans. Pattern Anal. Mach. Intell. 35, 1798-1828 (2013).
Love, M. I, Hogenesch, J. B. & Irizarry, R. A. Modeling of RNA-seq fragment
sequence bias reduces systematic errors in transcript abundance estimation.
Nat. Biotechnol. 34, 1287-1291 (2016).

Keren, L. et al. Promoters maintain their relative activity levels under different
growth conditions. Mol. Syst. Biol. 9, 701 (2013).

Yamanishi, M. et al. A genome-wide activity assessment of terminator regions
in saccharomyces cerevisiae provides a "Terminatome” toolbox. ACS Synth.
Biol. 2, 337-347 (2013).

Koonin, E. V. & Wolf, Y. I. Genomics of bacteria and archaea: the emerging
dynamic view of the prokaryotic world. Nucleic Acids Res. 36, 6688-6719 (2008).
Lee, Y. & Rio, D. C. Mechanisms and regulation of alternative pre-mRNA
splicing. Annu. Rev. Biochem. 84, 291-323 (2015).

Melé, M. et al. Human genomics. The human transcriptome across tissues and
individuals. Science 348, 660-665 (2015).

Zicola, J., Liu, L., Ténzler, P. & Turck, F. Targeted DNA methylation represses
two enhancers of FLOWERING LOCUS T in Arabidopsis thaliana. Nat.
Plants 5, 300-307 (2019).

Clément, Y., Torbey, P., Gilardi-Hebenstreit, P. & Crollius, H. R.
Enhancer-gene maps in the human and zebrafish genomes using evolutionary
linkage conservation. Nucleic Acids Res. 48, 2357-2371 (2020).

Chepelev, I, Wei, G., Wangsa, D., Tang, Q. & Zhao, K. Characterization of
genome-wide enhancer-promoter interactions reveals co-expression of
interacting genes and modes of higher order chromatin organization. Cell Res.
22, 490-503 (2012).

Mora, A, Sandve, G. K., Gabrielsen, O. S. & Eskeland, R. In the loop:
promoter-enhancer interactions and bioinformatics. Brief. Bioinform. 17,
980-995 (2016).

Zrimec, J. & Lapanje, A. DNA structure at the plasmid origin-of-transfer
indicates its potential transfer range. Sci. Rep. 8, 1820 (2018).

Heaton, J. An empirical analysis of feature engineering for predictive
modeling. SoutheastCon 2016, 1-6 (2016).

Lee, D., Karchin, R. & Beer, M. A. Discriminative prediction of mammalian
enhancers from DNA sequence. Genome Res. 21, 2167-2180 (2011).

Li, Y. Establishing glucose- and ABA-regulated transcription networks in
Arabidopsis by microarray analysis and promoter classification using a
Relevance Vector Machine. Genome Res. 16, 414-427 (2006).

Mejia-Guerra, M. K. & Buckler, E. S. A k-mer grammar analysis to uncover
maize regulatory architecture. BMC Plant Biol. 19, 103 (2019).

Anwar, F. et al. Pol II promoter prediction using characteristic 4-mer motifs: a
machine learning approach. BMC Bioinforma. 9, 414 (2008).

Tirosh, I, Reikhav, S., Levy, A. A. & Barkai, N. A yeast hybrid provides insight
into the evolution of gene expression regulation. Science 324, 659-662 (2009).
Chen, K., van Nimwegen, E., Rajewsky, N. & Siegal, M. L. Correlating gene
expression variation with cis-regulatory polymorphism in Saccharomyces
cerevisiae. Genome Biol. Evol. 2, 697-707 (2010).

Thompson, D. A. et al. Correction: evolutionary principles of modular gene
regulation in yeasts. Elife 2, e01114 (2013).

Hahn, M. W. Detecting natural selection on cis-regulatory DNA. Genetica
129, 7-18 (2007).

Arbiza, L. et al. Genome-wide inference of natural selection on human
transcription factor binding sites. Nat. Genet. 45, 723-729 (2013).

Zeiler, M. D. & Fergus, R. Visualizing and Understanding Convolutional
Networks. in Computer Vision—ECCV 2014 818-833 (Springer International
Publishing, 2014).

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Tirosh, I. & Barkai, N. Two strategies for gene regulation by promoter
nucleosomes. Genome Res 18, 1084-1091 (2008).

Zelezniak, A. et al. Machine learning predicts the yeast metabolome from the
quantitative proteome of kinase knockouts. Cell Syst. 7, 269-283.¢6 (2018).
Gupta, S., Stamatoyannopoulos, J. A., Bailey, T. L. & Noble, W. S. Quantifying
similarity between motifs. Genome Biol. 8, R24 (2007).

Khan, A. et al. JASPAR 2018: update of the open-access database of
transcription factor binding profiles and its web framework. Nucleic Acids Res.
46, D1284 (2018).

Teixeira, M. C. et al. YEASTRACT: an upgraded database for the analysis of
transcription regulatory networks in Saccharomyces cerevisiae. Nucleic Acids
Res. 46, D348-D353 (2018).

Pelechano, V., Garcia-Martinez, J. & Pérez-Ortin, J. E. A genomic study of the
inter-ORF distances inSaccharomyces cerevisiae. Yeast 23, 689-699 (2006).
Nakagawa, S., Niimura, Y., Gojobori, T., Tanaka, H. & Miura, K.-I. Diversity
of preferred nucleotide sequences around the translation initiation codon in
eukaryote genomes. Nucleic Acids Res. 36, 861-871 (2008).

Zrimec, J. & Lapanje, A. Fast prediction of DNA melting bubbles using DNA
thermodynamic stability. IEEE/ACM Trans. Comput. Biol. Bioinform. 12,
1137-1145 (2015).

Slattery, M. et al. Absence of a simple code: how transcription factors read the
genome. Trends Biochem. Sci. 39, 381-399 (2014).

Levo, M. et al. Unraveling determinants of transcription factor binding outside
the core binding site. Genome Res. 25, 1018-1029 (2015).

Naulaerts, S. et al. A primer to frequent itemset mining for bioinformatics.
Brief. Bioinform. 16, 216-231 (2015).

Alvarez, S. A. Chi-squared computation for association rules: preliminary
results. (Boston College, Boston, 2003).

Peng, B, Williams, T. C., Henry, M., Nielsen, L. K. & Vickers, C. E.
Controlling heterologous gene expression in yeast cell factories on different
carbon substrates and across the diauxic shift: a comparison of yeast promoter
activities. Microb. Cell Fact. 14, 91 (2015).

Lee, M. E., DeLoache, W. C., Cervantes, B. & Dueber, J. E. A highly
characterized yeast toolkit for modular, multipart assembly. ACS Synth. Biol.
4, 975-986 (2015).

Bessiere, C. et al. Probing instructions for expression regulation in gene
nucleotide compositions. PLoS Comput. Biol. 14, 1005921 (2018).

Saxonov, S., Berg, P. & Brutlag, D. L. A genome-wide analysis of CpG
dinucleotides in the human genome distinguishes two distinct classes of
promoters. Proc. Natl Acad. Sci. USA 103, 1412-1417 (2006).

Altschul, S. F. & Erickson, B. W. Significance of nucleotide sequence
alignments: a method for random sequence permutation that preserves
dinucleotide and codon usage. Mol. Biol. Evol. 2, 526-538 (1985).

Kuhn, M. & Johnson, K. Applied predictive modelling. (Springer, New York,
Heidelberg, Dordrecht, London, 2013).

Li, G. et al. Performance of regression models as a function of experiment
noise. arXiv. https://arxiv.org/abs/1912.08141 (2019).

Hastie, T., Tibshirani, R. & Friedman, J. The Elements of Statistical Learning: Data
Mining, Inference, and Prediction. (Springer Science & Business Media, 2013).
Shalizi, C. Advanced data analysis from an elementary point of view.
(Cambridge University Press, 2013).

Plotkin, J. B. & Kudla, G. Synonymous but not the same: the causes and
consequences of codon bias. Nat. Rev. Genet. 12, 32-42 (2011).

Hanson, G. & Coller, J. Codon optimality, bias and usage in translation and
mRNA decay. Nat. Rev. Mol. Cell Biol. 19, 20-30 (2018).

Quax, T. E. F,, Claassens, N. J., Soll, D. & van der Oost, J. Codon bias as a
means to fine-tune gene expression. Mol. Cell 59, 149-161 (2015).

Zhou, Z., Dang, Y., Zhou, M., Yuan, H. & Liu, Y. Codon usage biases co-
evolve with transcription termination machinery to suppress premature
cleavage and polyadenylation. Elife 7, €33569 (2018).

Mittal, P., Brindle, J., Stephen, J., Plotkin, J. B. & Kudla, G. Codon usage
influences fitness through RNA toxicity. Proc. Natl Acad. Sci. USA 115,
8639-8644 (2018).

Chen, S. L., Lee, W., Hottes, A. K., Shapiro, L. & McAdams, H. H. Codon
usage between genomes is constrained by genome-wide mutational processes.
Proc. Natl Acad. Sci. USA 101, 3480-3485 (2004).

Hershberg, R. & Petrov, D. A. Selection on codon bias. Annu. Rev. Genet. 42,
287-299 (2008).

Naidoo, T., Sjodin, P., Schlebusch, C. & Jakobsson, M. Patterns of variation in
cis-regulatory regions: examining evidence of purifying selection. BMC
Genomics 19, 95 (2018).

Wittkopp, P. J. & Kalay, G. Cis-regulatory elements: molecular mechanisms
and evolutionary processes underlying divergence. Nat. Rev. Genet. 13, 59-69
(2011).

Castillo-Davis, C. I, Hartl, D. L. & Achaz, G. cis-Regulatory and protein evolution
in orthologous and duplicate genes. Genome Res. 14, 1530-1536 (2004).
Wittkopp, P. J., Haerum, B. K. & Clark, A. G. Evolutionary changes in cis and
trans gene regulation. Nature 430, 85-88 (2004).

| (2020)11:6141 | https://doi.org/10.1038/s41467-020-19921-4 | www.nature.com/naturecommunications


https://arxiv.org/abs/1912.08141
www.nature.com/naturecommunications

ARTICLE

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

11

Do

113.

114.

115.

11

N

117.

118.

119.

120.

122.

123.

124.

125.

126.

He, B. Z., Holloway, A. K., Maerk], S. J. & Kreitman, M. Does positive
selection drive transcription factor binding site turnover? A test with
Drosophila cis-regulatory modules. PLoS Genet 7, 1002053 (2011).

Fay, J. C. & Benavides, J. A. Hypervariable noncoding sequences in
Saccharomyces cerevisiae. Genetics 170, 1575-1587 (2005).

Park, C., Qian, W. & Zhang, J. Genomic evidence for elevated mutation rates
in highly expressed genes. EMBO Rep. 13, 1123-1129 (2012).

Chen, Y. et al. Principles for RNA metabolism and alternative
transcription initiation within closely spaced promoters. Nat. Genet. 48,
984-994 (2016).

Ludwig, M. Z., Bergman, C., Patel, N. H. & Kreitman, M. Evidence for
stabilizing selection in a eukaryotic enhancer element. Nature 403, 564-567
(2000).

Subramanian, S. & Kumar, S. Gene expression intensity shapes evolutionary
rates of the proteins encoded by the vertebrate genome. Genetics 168, 373-381
(2004).

Cunningham, F. et al. Ensembl 2019. Nucleic Acids Res. 47, D745-D751
(2019).

Cherry, J. M. et al. Saccharomyces genome database: the genomics resource of
budding yeast. Nucleic Acids Res. 40, D700-D705 (2012).

Cherry, J. M. et al. SGD: Saccharomyces genome database. Nucleic Acids Res
26, 73-79 (1998).

Xu, Z. et al. Bidirectional promoters generate pervasive transcription in yeast.
Nature 457, 1033-1037 (2009).

Nagalakshmi, U. et al. The transcriptional landscape of the yeast genome
defined by RNA sequencing. Science 320, 1344-1349 (2008).
Santos-Zavaleta, A. et al. RegulonDB v 10.5: tackling challenges to unify classic
and high throughput knowledge of gene regulation in E. coli K-12. Nucleic
Acids Res. 47, D212-D220 (2019).

Li, B, Ruotti, V., Stewart, R. M., Thomson, J. A. & Dewey, C. N. RNA-Seq
gene expression estimation with read mapping uncertainty. Bioinformatics 26,
493-500 (2010).

Box, G. E. P. & Cox, D. R. An analysis of transformations. J. R. Stat. Soc. Ser. B
Stat. Methodol. 26, 211-243 (1964).

Conesa, A. et al. A survey of best practices for RNA-seq data analysis. Genome
Biol. 17, 13 (2016).

. Jenjaroenpun, P. et al. Complete genomic and transcriptional landscape

analysis using third-generation sequencing: a case study of Saccharomyces
cerevisiae CEN. PK113-7D. Nucleic Acids Res. 46, €38 (2018).

Ashburner, M. et al. Gene ontology: tool for the unification of biology. The
Gene Ontology Consortium. Nat. Genet. 25, 25-29 (2000).

The Gene Ontology Consortium & The Gene Ontology Consortium. The
Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res.
47, D330-D338 (2019).

LeCun, Y., Haffner, P., Bottou, L. & Bengio, Y. Object Recognition with
Gradient-Based Learning. in Shape, Contour and Grouping in Computer
Vision (eds. Forsyth, D. A., Mundy, J. L., di Gesu, V. & Cipolla, R.) 319-345
(Springer Berlin Heidelberg, 1999).

. Szegedy, C. et al. Going deeper with convolutions. in Proc. IEEE conference on

computer vision and pattern recognition (CVPR-15), 1-9 (IEEE, 2015).
Hochreiter, S. & Schmidhuber, J. Long short-term memory. Neural Comput 9,
1735-1780 (1997).

Trabelsi, A., Chaabane, M. & Ben-Hur, A. Comprehensive evaluation of deep
learning architectures for prediction of DNA/RNA sequence binding
specificities. Bioinformatics 35, 1269-i277 (2019).

Koo, P. K. & Eddy, S. R. Representation learning of genomic sequence motifs
with convolutional neural networks. PLoS Comput. Biol. https://doi.org/
10.1101/362756 (2019).

Cohn, D., Zuk, O. & Kaplan, T. Enhancer identification using transfer and
adversarial deep learning of DNA sequences. bioRxiv. https://doi.org/10.1101/
264200 (2018).

. Zhou, J. & Troyanskaya, O. G. Predicting effects of noncoding variants with

deep learning-based sequence model. Nat. Methods 12, 931-934 (2015).
Toffe, S. & Szegedy, C. Batch normalization: accelerating deep network training
by reducing internal covariate shift. in Proc. 32nd International Conference on
Machine Learning (ICML-15), 448-456 (ACM, 2015).

Srivastava, N., Hinton, G., Krizhevsky, A., Sutskever, I. & Salakhutdinov, R.
Dropout: a simple way to prevent neural networks from overfitting. J. Mach.
Learn. Res. 15, 1929-1958 (2014).

Krizhevsky, A., Sutskever, I. & Hinton, G. E. ImageNet Classification with
Deep Convolutional Neural Networks. in Advances in Neural Information
Processing Systems 25 (eds. Pereira, F., Burges, C. J. C,, Bottou, L. &
Weinberger, K. Q.) 1097-1105 (Curran Associates, Inc., 2012).

Kingma, D. P. & Ba, ]. Adam: A Method for Stochastic Optimization. arXiv.
https://arxiv.org/abs/1412.6980 (2014).

Nair, V. & Hinton, G. E. Rectified linear units improve restricted boltzmann
machines. in Proc. 27th international conference on machine learning (ICML-
10), 807-814 (ACM, 2010).

| (2020)11:6141] https://doi.org/10.1038/s41467-020-19921-4 | www.nature.com/naturecommunications

127.

128.

129.

130.

132.

133.

134.

135.

136.

137.

138.

139.

140.

14

—_

142.

143.

144.

145.

146.

147.

He, K., Zhang, X., Ren, S. & Sun, J. Delving deep into rectifiers: Surpassing
human-level performance on imagenet classification. in Proc. IEEE
international conference on computer vision, 1026-1034 (IEEE, 2015).
Bergstra, J., Komer, B., Eliasmith, C., Yamins, D. & Cox, D. D. Hyperopt: a
Python library for model selection and hyperparameter optimization. Comput.
Sci. Discov. 8, 014008 (2015).

Bergstra, J. S., Bardenet, R., Bengio, Y. & Kégl, B. Algorithms for Hyper-
Parameter Optimization. in Advances in Neural Information Processing
Systems 24 (eds. Shawe-Taylor, J., Zemel, R. S., Bartlett, P. L., Pereira, F. &
Weinberger, K. Q.), 2546-2554 (Curran Associates, Inc., 2011).

Bengio, Y. Practical Recommendations for Gradient-Based Training of Deep
Architectures. in Neural Networks: Tricks of the Trade: Second Edition (eds.
Montavon, G., Orr, G. B. & Miiller, K.-R.) 437-478 (Springer Berlin
Heidelberg, 2012).

. Hastie, T., Tibshirani, R., Friedman, J. & Franklin, J. The elements of statistical

learning: data mining, inference and prediction. Math. Intell. 27, 83-85
(2005).

Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol. Biol. Evol. 30,
772-780 (2013).

Wu, M., Chatterji, S. & Eisen, J. A. Accounting for alignment uncertainty in
phylogenomics. PLoS ONE 7, ¢30288 (2012).

Ronquist, F. & Huelsenbeck, J. P. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572-1574 (2003).

Ancona, M., Ceolini, E., Oztireli, C. & Gross, M. Towards better
understanding of gradient-based attribution methods for Deep Neural
Networks. arXiv. https://arxiv.org/abs/1711.06104 (2017).

Salvador, S. & Chan, P. Toward accurate dynamic time warping in linear time
and space. Intell. Data Anal. 11, 561-580 (2007).

Wilkerson, M. D. & Hayes, D. N. ConsensusClusterPlus: a class discovery tool
with confidence assessments and item tracking. Bioinformatics 26, 1572-1573
(2010).

Fu, L., Niu, B., Zhu, Z., Wu, S. & Li, W. CD-HIT: accelerated for clustering the
next-generation sequencing data. Bioinformatics 28, 3150-3152 (2012).

Li, W. & Godzik, A. Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics 22, 1658-1659 (2006).
Cock, P. J. A. et al. Biopython: freely available Python tools for computational
molecular biology and bioinformatics. Bioinformatics 25, 1422-1423 (2009).

. Schneider, T. D., Stormo, G. D., Gold, L. & Ehrenfeucht, A. Information

content of binding sites on nucleotide sequences. J. Mol. Biol. 188, 415-431
(1986).

Bailey, T. L. et al. MEME SUITE: tools for motif discovery and searching.
Nucleic Acids Res. 37, W202-W208 (2009).

Han, J., Pei, J. & Yin, Y. Mining frequent patterns without candidate
generation. SIGMOD Rec. 29, 1-12 (2000).

van Dijken, J. P. et al. An interlaboratory comparison of physiological and
genetic properties of four Saccharomyces cerevisiae strains. Enzym. Microb.
Technol. 26, 706714 (2000).

Jessop-Fabre, M. M. et al. EasyClone-MarkerFree: a vector toolkit for marker-
less integration of genes into Saccharomyces cerevisiae via CRISPR-Cas9.
Biotechnol. J. 11, 1110-1117 (2016).

Houser, J. R. et al. An improved short-lived fluorescent protein transcriptional
reporter for Saccharomyces cerevisiae. Yeast 29, 519-530 (2012).

Zrimec, J. & Zelezniak, A. DeepExpression. https://doi.org/10.5281/
zen0do.4071762 (2020).

Acknowledgements

We thank Hal Alper for kindly sharing data from his lab, Victor Garcia for insightful
discussions on codon usage, and Clara Correia-Melo and Simran Aulakh for com-
menting on the manuscript. We gratefully acknowledge the NVIDIA Corporation for
supporting this research as well as the Chalmers Centre for Computational Science and
Engineering (C3SE) and the Swedish National Infrastructure for Computing (SNIC) for
providing computational resources. Mikael Ohman and Thomas Svedberg at C3SE are
acknowledged for technical assistance. J.Z., F.B. and A.Z. were supported by SciLifeLab
funding. CSB was supported by the European Union’s Horizon 2020 research and
innovation programme [Marie Sktodowska-Curie grant agreement No 722 287]. The
study was supported by the BIGDATA@Chalmers funding initiative (Area of

Advance ICT).

Author contributions

J.Z. and A.Z. conceptualized the project; J.Z., F.B., ASM., RC, V.V, M.T. and A.Z.
designed and performed the computational analysis; J.Z., C.B., V.S. and A.Z. designed the
experimental analysis; C.B. performed the experimental analysis; ].Z. and A.Z. inter-
preted the results; J.Z. and A.Z. wrote the initial draft paper; J.Z., C.B,, E.B,, V.S, JN,,
M.T. and A.Z. revised the initial draft and wrote the final paper.

15


https://doi.org/10.1101/362756
https://doi.org/10.1101/362756
https://doi.org/10.1101/264200
https://doi.org/10.1101/264200
https://arxiv.org/abs/1412.6980
https://arxiv.org/abs/1711.06104
https://doi.org/10.5281/zenodo.4071762
https://doi.org/10.5281/zenodo.4071762
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Funding
Open Access funding provided by Chalmers University of Technology.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-19921-4.

Correspondence and requests for materials should be addressed to A.Z.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

16 | (2020)11:6141 | https://doi.org/10.1038/s41467-020-19921-4 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-19921-4
https://doi.org/10.1038/s41467-020-19921-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Deep learning suggests that gene expression is encoded in all parts of a co-evolving interacting gene regulatory structure
	Results
	The dynamic range of gene expression levels is encoded in the DNA sequence
	Coding and cis-regulatory regions jointly contribute to gene expression prediction
	Deep learning identifies specific DNA positions controlling gene expression levels
	Motif co-occurrence uncovers the regulatory rules of gene expression
	Regulatory properties learned from native genome guide expression engineering

	Discussion
	Methods
	Data
	Statistical hypothesis testing
	Supervised deep methods
	Supervised shallow methods
	Analysis of evolutionary rates
	DNA relevance analysis
	DNA motif analysis
	Experimental strain construction
	Fluorescence measurements and analysis
	Software

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




