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Abstract: We use an oligonucleotide library of over 5000 variants together with a synthetic
biology approach to study a generic context-dependent silencing phenomenon in E. coli. The
observed silencing is strongly associated with the presence of short CT-rich motifs (3-5 bp),
positioned within 25 bp upstream of the Shine-Dalgarno (SD) motif of the silenced gene. We
provide evidence using modeling, mutations to the CT-rich motif, and synthetic constructs
that encode a non-silenced RBS upstream of the silencing motif, that sequestration of the
RBS and subsequent rapid messenger degradation is likely to be the mechanism driving the
silencing effect. This sequestration is probably due to binding of the RBS to the upstream
CU-rich motifs, which we call anti-Shine-Dalgarno (aSD) motifs. To provide further support
for the importance of this mechanism in natural systems, we show bioinformatically that the
genomes of mesophilic and psychrophilic bacteria are significantly depleted for the observed
aSD motifs within 300 bp of putative Shine-Dalgarno motifs (GA-rich hexamers) as
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compared with a random control in over 70% of the 591 genomes examined. In contrast, in
genomes of thermophilic and hyperthermophilic bacteria there is no such depletion, which is
consistent with a weak interaction between the short aSD CU-rich motif and the RBS that is
thermodynamically less stable at higher ambient living temperatures. Our findings have
important implications for understanding SNP/INDEL mutations in regulatory regions, as

well as provide a mechanism for promoter/operon insulation in bacterial genomes.
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Deconstructing genomes to their basic parts and then using those parts to construct de
novo gene regulatory architectures are amongst the main goals of synthetic biology. First, a
thorough breakdown of a genome to its basic regulatory and functional elements is required.
Then, each element must be analyzed to decipher the properties and mechanisms that drive its
activity. Lastly, these well-defined elements can be used as building blocks for de novo
systems. However, de novo genetic systems often fail to operate as designed, due to the
complex interplay between different supposedly well-characterized elements.

A possible cause of such unexpected behavior is context. Here, “context” refers to the
DNA sequences that connect the different elements of the de novo circuit, the flanking
segments within the elements, and even parts of particular elements, any of which may
encode an unknown regulatory role. Often, context effects are due to short-range sequence-
based interaction with nearby elements.’ Such interactions might endow some secondary
regulatory benefit that is overlooked by standard analysis methods or is masked by a stronger
regulatory effect in the native setting.? Despite being implicated in many gene-expression-
related processes, context effects in bacteria have only been explored with respect to coding
regions. For example, bacterial codon usage 30 nt downstream of the start codon has been
shown to be biased towards unstable secondary structure and is generally GC-poor as a result
of context related constraints.* However, there has been little systematic study of the nature
of context effectsin bacterial non-coding or regulatory regions.

One approach to avoiding unwanted context effects in non-coding regions is to
employ directed evolution. It has been suggested that directed evolution screens should be
applied to any synthetic biological circuit to generate the best-performing DNA sequence for
a given application.® However, this approach avoids unwanted context effects without
identifying either the problematic contexts or the regulatory mechanisms that they encode.
Directed evolution screens also do not fit every scenario. Accounting for context effects in
the design of many synthetic circuits using this approach is therefore more often than not
impractical.

Synthetic oligo libraries (OLs) together with high-throughput screening methods
provide an aternative approach that enables direct studies of context-related effects.
Synthetic OLs have been used to examine regulatory elements systematically, and have
revealed the effects of element location and multiplicity.”® This approach can be used to
investigate secondary context-related phenomena in non-coding regulatory elements. In this
work we study context effects in noncoding regions upstream of a Shine-Dalgarno (SD)

sequence in bacteria. We first use a synthetic biology circuit to identify a single regulatory
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sequence in E. coli for which we observe strong silencing with no obvious regulatory
mechanism. Using synthetic OLs inspired by the identified sequence, fluorescence-activated
cell sorting (FACS) and high-throughput sequencing (following the method of Sharon et al.),
alsoin E. coli, we identify a general context CT-rich motif that correlates with gene silencing.
Using a free-energy model, we propose a temperature-dependent silencing mechanism based
on degradation. Here, the CT-rich motif triggers the formation of mMRNA secondary structure
that interferes with the ribosome binding site’'s availability, lowers ribosome occupancy and
then leads to rapid degradation of the mRNA. Finally, we analyze 672 genomes of bacteria
that live in a wide range of temperatures. We find that the context motif identified by our
experiments is depleted in the genomic sequences of psychrophiles and mesophiles, but not
in the genomes of thermophiles and hyperthermophiles. This observation is consistent with

the proposed silencing mechanism.

Results

The 6> glnK p promoter silences expression from an upstream promoter

We engineered a set of synthetic circuits to test the components of bacterial enhancers,
initially in identical context. Bacterial enhancers typically consist of a poised 6** (6*'Cin
gram-positive) promoter, an upstream activating sequence (UAS) made of a tandem of
binding sites for some activator protein located 100-200 bp away (e.g. NtrC, PspF, LuxO,
etc.), and an intervening sequence facilitating DNA looping which often harbors additional
transcription factor binding sites.>™ In our study, each synthetic circuit consisted of a UAS
element and a o> promoter that were taken out of their natural contexts and placed in an
identical context, namely with the same 70 bp loop sequence between the UAS and the TSS
of the promoter, and upstream of the same mCherry reporter gene (see Fig. 1A, Supp. Note 1,

and Supp. Fig. 1-2). We chose five E. coli ¢>* promoters of varying known'**

strengths
(glnHp, astCp, ginAp2, ginKp, nacp, and a no-promoter control). Ten UAS sequences were
selected to cover a wide variety of binding affinities for NtrC and included four natural
tandems, five chimeric tandems made from two halves of naturally occurring UASs, and one
natural UAS, which is known to harbor a ¢ promoter overlapping the NtrC binding sites
(glnApl). Altogether, we synthesized 50 bacterial enhancers and 16 negative control circuits
lacking either a UAS or a promoter. Finally, the NtrC activator expression was optionally
induced by anhydrous tetracyline using a separate positive-feedback synthetic enhancer

circuit .18
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We plot the mean fluorescence expression-level data in steady state together with
their variation for the synthetic enhancers as a heat map in Fig. 1B. The left panel depicts
mean mCherry expression levels with NtrC induced to high titers within the cells. The plot
shows that all synthetic enhancer circuits are capable of generating fluorescence expression
as compared with a no-6>*-promoter control. The promoters which were previously reported
to be "weak" (ginHp and astCp) and naturally bound by either IHF or ArgR***?° were
indeed found to generate lower levels of expression as compared with glnAp2, nacp, and
gInKp (p-value<0.05,10~3 respectively for paired t-test). Variability of glnAp2 expression is
significantly higher than that of nacP and gInKp (p-value<0.01, F-test for variance equality).
Finally, the ginAp1l UAS that contains an overlapping ¢’® promoter induces expression in the
no-promoter control, as expected.

To characterize the activity of the ¢” promoter in glnApl (the natural UAS for
glnAp2), we plot the expression level data of the synthetic enhancers with NtrC uninduced in
the right panel of Fig. 1B. Without NtrC, 6> promoter expression should be silent, and any
detected expression should emerge solely from the ¢ promoter. The only UAS for which
significant expression was observed was gIinApl (p-value<0.05, t-test after correction for
multiple hypothesis). This is consistent with the lack of ¢>* activity. However, ginApl
showed a detectible fluorescence response for four of the five promoters only. The ¢**
promoter glnKp manifested a different behavior. Namely, the ginApl UAS did not generate
detectible expression as compared with each of the other promoters (t-tests, p-value<0.01 for
all promoters). Thus, there seems to be an inhibitory mechanism embedded within the 6>
promoter ginKp.

We initially reasoned that the inhibitory phenomenon might be explained by
unusually tight binding of the 6>*-RNAP complex to the ginKp core region, leading to the
formation of a physical "road-block", which interferes with any upstream transcribing RNAP
holoenzymes. To check this hypothesis, we constructed another gene circuit in which a
pLac/Ara (¢™) promoter was placed upstream of the ¢> glnKp promoter instead of the
glnApl UAS. In Fig. 1C, we show that the circuit with both the pLac/Ara and the ginKp
promoters (purple) generates about a factor of 10 less fluorescence than the control lacking
the glnKp promoter (yellow). However, when the circuit was placed in a ArpoN knockout
strain (rpoN encodes the > RNAp subunit), the same reduction in fluorescence was
observed (orange). Moreover, in Fig. 1D (center and right bars) we show that the reduction
was observed not only at the protein level, but also a the mRNA level, albeit to a lesser

extent. The effect was observed only for ginKp oriented in the 5-to-3' direction relative to
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pLac/Ara, as flipping the orientation of the 50 bp ginKp sequence abolished the inhibitory
effect (Fig. 1E). Consequently, in the context of our construct, the ginKp sequence not only
encodes a 6> promoter, but also some inhibitory function that is active when this sequence is

placed downstream from an active ¢ promoter and upstream to the mCherry start codon.

Oligolibrary (OL) analysis

To further explore the silencing phenomenon induced by glnKp, and to check for its
prevalence in other bacterial genomes, we constructed an OL of 12758 150-bp variants (Fig.
2A). The OL was synthesized by Twist Bioscience (for technical characteristics see Supp.
Note 2 and Supp. Fig. 3-7) and inserted into the synthetic enhancer backbone following the
method introduced by Sharon et al.? The OL was designed to test both known ¢>* promoters
from various organisms and putative ¢>* promoters from varying genomic regions in E. coli
and V. cholera for the silencing effect. In addition, the OL was designed to conduct a broader
study of the contextual regulatory effects induced by a downstream genomic sequence, in
either a sense or anti-sense orientation, on an active upstream promoter positioned nearby.
Each variant consisted of a pLac/Ara promoter, followed by a variable sequence, an identical
RBS, and an mCherry reporter gene, thus encoding a 5UTR region with a variable 50 bp
region positioned at +50 bp from the pLac/Ara TSS (Fig 2A). Each plasmid also contained an
eYFP control gene to eliminate effects related to copy number differences and to enable
proper normalization of expression values. By combining the OL with fluorescence-activated
cell sorting and next-generation sequencing?, we obtained the expression distribution for each
sequence variant (Fig. 2B). Figure 2C shows the expression profiles for 5167 variants with
sufficient total number of sequence counts (n>16, see Materials and Methods for details),
revealing a wide range of expression levels. While a significant percentage of the variants
showed low mean expression levels, a non-negligible set of variants produced high
expression levels (Fig. 2B top and bottom show representative examples). Checking the
distribution of mean expression levels (see Materials and Methods) within each class of
variants (Fig. 2D and Supp. Note 2), we observed that the "no-promoter” class had a slight
enrichment towards non-silencing expression values (p-value<0.05, mHG test?!) and that the
gInKp and ¢ classes both showed enrichment for the silencing and non-silencing regimes,
respectively (p-value<0.001, mHG test). The core 6> promoter and ¢>*like variants showed
no enrichment, but rather displayed a wide distribution over the entire range of expression
levels. Together, the library seems to indicate that the underlying mechanism leading to the

large proportion of silencers detected is not associated with a primary regulatory function (e.g.
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promoter type, transcription factor binding site, etc.) but rather is independently encoded
separately within the 50 bp variable sequences themselves.

In order to determine the mechanism, which underlies the silencing, we performed a
DRIMust motif search on our variant library sorted by the mean mCherry to eY FP expression
ratio values. DRIMust is a tool designed to identify enriched sequence motifs in a ranked list
of sequences.”™® Our analysis revealed that a CT-rich consensus motif is enriched in the
silenced variants (p-value < 107°*, mHG). We plot the results in Fig. 3A. The consensus
motif is derived from a list of ten 5 bp CT-rich features, each enriched in the top of the
ranked list. The middle panel of Fig 3A shows the position of each of these features, marked
by a brown line in the corresponding variant. In the right panel, we show the running average
of the number of motif occurrences over 50 variants. Together, the plots show that a high
concentration of CT-rich motifs close to the purine-rich sequence that encodes the Shine-
Dalgarno motif (SD — positioned at 0) is strongly associated with a variant exhibiting low
mCherry to eYFP fluorescence ratio. To provide further support for this observation, we
closely examined the 268 variants of ginKp (Fig. 3B and Supp. Note 2). Here, we see that
mutations in the core ¢>* promoter region yield a negligible change in the silencing effect.
However, mutations in the CT-rich segments of the flanking region (labeled in blue) alleviate
the effect, with the region closer to the SD motif leading to the greatest difference. Finaly,
to assess the effect of CT-rich motif position on the silencing levels we measured the
silencing magnitude at each position. To do this, we compared the mean mCherry to eYFP
fluorescence ratio between two groups of variants — those that have the CT-rich motif at the
examined position and those that do not. Fig 3C shows the ratio between the two groups at
each position revealing a strong silencing effect for motifs located within 18 bp upstream of
the SD motif. As aresult, we conclude that the context-dependent silencing phenomenon that
we observed is likely induced by a 5 bp pyrimidine-rich segment, provided that the latter is
positioned within 20 bp of the Shine-Dalgarno motif.

Degradation model and supporting experiments

Given that the RBS or Shine-Dalgarno (SD) sequence is typically encoded by a
purine-rich motif (GGAGAA in our case), we hypothesized that the CT-motif encodes a
weak anti-Shine-Dalgarno sequence (aSD) that is capable of binding the RBS sequence with
as few as 3 complementary nucleotides forming a hairpin. This secondary structure, in turn,
blocks the small sub-unit of the ribosome from assembling, which prevents translation.

Conseguently, the mRNA molecule for the most part will be devoid of ribosomes, triggering
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the collapse of the molecule into a "branched" phase®? (Fig. 4A, bottom), as compared with
the tranglationally-active "pearled” phase (Fig. 4A, top). The branched form is susceptible to
degradation” as follows. First, by facilitating the pyrophosphotation of the 5'end by RppH*’,
normally inhibited by the ribosome.®® This newly formed monophosphorylated 5-terminus
triggers the activity of the endonuclease RnaseE, which is known to bind this form of RNA
with significantly higher affinity as compared with the tri-phosphorylated 5'-terminus.”
Second, the collapsed branched structure is a natural substrate for Rnaselll, which cleaves
either extended double stranded secondary features®®, or extended secondary structures
containing internal loops.®* Consequently, the mechanism underlying silencing should be a
combination of ribosome binding inhibition and the resultant increased degradation rate.

To provide experimental support for this hypothesis, we designed two additional
constructs: we encoded the full glutathione Stransferase (GST) gene upstream of the ginKp
promoter (under the control of pLac/Ara), with and without a SD motif. We then measured
the mRNA levels for GST as compared with mCherry. We reasoned that a translated gene
placed upstream of the aSD sequence would protect the entire mRNA from the
pyrophosphotation of the 5’end by RppH. This, in turn, would inhibit the RnaseE degradation
pathway, leading to a partial rescue of the mCherry silencing effect, as the Rnaselll mode
would still be active. The quantitative PCR (QPCR) results are shown in Fig. 4B. We show
results for four strains. ginKp variant without GST (left bar), GST+gIlnKp+mCherry (second
from the left), RBS+GST+gInKp+mCherry (second from the right), and a non-silenced strain
(right). In Fig. 4B it can be seen that the MRNA level for the non-translated GST is identical
to the one measured for the glnKp variant, and can thus be considered silenced. However,
when the GST is translated, the mRNA levels rise considerably by a factor of ~3, representing
approximately 50% recovery as compared with the non-silenced strain. Next, we measured
the fluorescence ratio recovery. Here, we observe only a modest recovery in fluorescence
(Fig. 4C). This is consistent with the partial recovery in mRNA levels, and the remaining
susceptibility of this part of the molecule to Rnaselll.

To provide further support for the combined sequestration/degradation mechanism,
we employed two models. In the first, we use the RBSDesigner® engine to compute the
predicted translation rate of the variants in our library. This model bases its prediction on
secondary structure assessment and the inferred availability of the RBS, and ignores potential
changes in degradation rate. The data show (Supp. Fig. 8) no obvious correlation between the
measured fluorescence ratio and the predicted results. In the second model, we combine RNA
structure predictions with a model for increased degradation (see Supp. Note 3 for details). In
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brief, we used RNAfold® to compute the probability for the RBS to be sequestered in a
secondary structure (see Supp. Note 3) for each variant in our library, and found that the
mean expression level correlated with the computed probability. We then constructed a
degradation model (see Supp. Note 3) taking into account the probability that the RBS is
sequestered, under the assumption that a sequestered and non-sequestered RBS correspond to
the branched and pearled phases respectively. We assumed different degradation rates for
each phase, and used realistic constant rates for other kinetic processes (e.g. transcription rate,
transation rate, etc.*). In Fig. 4D we plot the fluorescence ratio as a function of the
probability of the RBS to be non-sequestered (i.e. pearl probability), and found that our
degradation-based model matches the data closely (red line and inset).

Analyzing 672 genomesfor evidence of CT-rich silencing

The OL results imply that if the discovered aSDs are prevalent in the upstream
vicinity of naturally-occurring SDs in bacterial genomes, then many of the genes downstream
of the SDs should be silenced. This implies that the average ribosome occupancy and the
propensity of CU-mers to be double-stranded should be lower and higher, respectively, as
compared with a randomized sequence. To check this, we analyzed both ribosome
occupancy™ and SHAPE-Seq™ data sets obtained for E. coli and found both a clear anti-
correlation with ribosome occupancy (Supp. Fig. 9) and an enrichment of double-stranded
RNA hits (p<0.016, Wilcoxon — Supp. Fig. 10) as compared with a random sequence. We
then reasoned that such contextual effects would be evolutionarily undesirable. Therefore, we
predicted that sequences similar to our proposed aSD would be depleted upstream of SD loci,
as compared with random sequences of the same length. To test our prediction, we analyzed
672 bacterial genomes representing four environmental temperature ranges. 13 psychrophiles,
578 mesophiles, 71 thermophiles, and 10 hyperthermophiles (their descriptions were taken
from EcoCyc. See Supplementary Data 2. For additional details see Supp. Note 4 and Supp.
Fig. 11). In Fig. 5A-D we present the distributions obtained for four representative strains,
one from each environmental temperature range. We plot the distribution obtained from aSD
SD pairs (aSD:SD) in orange bars, and compare it to random-sequence SD pairs
(random:SD) for control in blue. The data show that for E. coli and for the psychrophilic S.
psychrophila the CT-rich distribution is centered on lower percentage values as compared
with the random control, indicating that aSD:SD occurrences within less than 300 bp are

significantly less frequent than expected by the random model. In contrast, both thermophilic
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and hyper-thermophilic species (Fig. 5C-D) show an opposite effect, namely a slightly higher
prevalence of proximal occurrences of aSD:SD as compared with the random model.

To gain a more quantitative understanding of this depletion effect, we compared the
distributions of proximal occurrences of aSD:SD to proxima occurrences of random:SD
pairsin al 672 bacteria from different environmental temperature ranges, and determined the
significance of the observed depletion for each species. This comparison shows (Fig. 5E) that
a significant percentage of psychrophilic and mesophilic indeed exhibit depletion (p < 0.05,
Wilcoxon one tail) for most of the bacterial species (76.92% and 64.19% for psychrophilic
and mesophilic, respectively. Supp. Fig. 15). However, in thermophiles and
hyperthermophiles the fraction is significantly lower (35.21% and 20% for thermophilic and
hyper-thermophilic, respectively. Supp. Fig. 15). Another way of viewing the significance of
this result is to first compute the mean values for the aSD-SD and random-SD distributions
for each organism (e.g. the distribution presented in Fig. 5A-D). Then, we plot the plot the
distribution of these mean values for the mesophilic/psychrophilic group and separately for
the thermophiles. It can be seen in Fig. 5F that for the bacteria that thrive at lower
temperatures (top), the multi-species distribution of aSD:SD pairs is clearly shifted as
compared with the proximal occurrences of random:SD controls, while the distributions of
the mean values for the thermophilic bacteria overlap. Together, these analyses show that
there is strong evolutionary pressure to deplete CT-rich sequences (like the aSD motifs) from
the upstream vicinity of SD-like sequences in bacteria that thrive in the temperature range of
-10-40°C, while much weaker pressure seems to be at work for thermophilic organisms.

Finally, we checked whether the depletion of the putative aSD occurs symmetrically
around the SD. To do this we repeated our analysis, only this time we compared the
distributions for proximal occurrences of SD:aSD (with the aSD located downstream to the
RBY) to the distributions of SD:random pairs for every bacteriain our analysis (672 bacteria
from above section). The results are presented in Figure 5G. The depletion effect nearly
disappears in the SD:aSD configuration, indicating that the evolutionary pressure is an
asymmetric phenomenon which only occurs when the putative aSD are located upstream of

putative SD loci.

Discussion
We used a synthetic oligonucleotide-library approach to uncover a context-dependent
phenomenon of silenced protein expression. The silencing phenomenon was found to depend

on the presence of a short (3-5 nucleotide) CT-rich sequence motif upstream of a Shine-

10


https://doi.org/10.1101/086108

bioRxiv preprint doi: https://doi.org/10.1101/086108; this version posted November 7, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Dalgarno motif. We speculate that these short CT-rich sequences encode a weakly-specific
CU-rich sequence that can bind the RBS, and likely triggers a collapse of the RNA molecule
into a branched phase due to the lack of translocating ribosomes on the mRNA molecule.
Literature shows that branched-phase mMRNA molecules are degraded at a higher rate as
compared to ribosome-bound mRNA molecules.”® Moreover, recent work argued for the
presence of a particular group of sequences upstream of the RBS, which play a role in
recruiting the small subunit of the ribosome possibly by destabilizing secondary structures.’
Therefore, the sequestration of the RBS and the resulting reduced translation initiation rate
together with the increased degradation rate, lead to a sharply reduced protein product and
thus to the observed silencing phenomenon.

Given the potency of this regulatory effect, we checked for evidence for the presence
or absence of the defined aSD motif in the vicinity of the SD motif in 672 bacterial genomes.
Our analysis shows that there is a strong depletion of these sequences upstream of the
putative SD motifs in mesophilic and psychrophilic strains, but no such depletion was
detected in thermophilic organisms. This suggests that the aSD-RBS interaction in
mesophilic organisms consists of a weak base-pairing interaction, which is less stable at the
higher ambient living temperatures of thermophilic organisms, thus reducing the deleterious
potential of such sequences in the vicinity of thermophile ribosome binding sites. In addition,
the phenomenon was not found to be symmetric around the SD motif, as the depletion was
not detected immediately downstream of the SD (i.e. inside the coding region). This
observation is consistent with past work®>® that showed that the codons in the N-terminus
of genes select against secondary structures. In this sense, our analysis provides the
complementary observation by showing that the 5UTR region of mRNA should also be
devoid of secondary structure in order to facilitate translation. Consequently, our findings
have important implications for understanding codon usage and SNP/INDEL mutations in
regulatory regions (i.e. any mutation into a C/T or away from it).

We began this study by exploring the transcriptional variation encoded within ¢>*
promoters, which led to the observation of the ginKp silencing phenomenon. Interestingly,
the analysis of our library showed that this silencing phenomenon is not isolated to ginKp,
but can be found in ~20% of the annotated and putative ¢>* promoters that we studied (Fig.
2D). Thus, the proportion of 6>* promoters encoding this effect is significantly larger than the
genomic baseline of mesophiles, which averages about 5% of such motifs in the vicinity of
putative RBS (Fig. 5). Asaresult, we speculate that this aSD-RBS silencing mechanism may

be used to insulate the o> promoters containing the CT-rich motifs from upstream
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transcriptional interference. This protection mechanism can play an important biological role
in gene-dense microbial genomes by insulating operons that are only needed in particular
stress or growth niches, asisthe case for ginKp.

Finally, given the strength of the regulatory effect and the strong depletion observed
in other bacterial genomes, why was this phenomenon not reported previously? While the
effects of cis encoded anti-Shine-Dalgarno sequences are well-documented in the context of
riboswitches and RNA binding protein interactions with RNA*, the aSD sequences in
those cases were encoded into longer motifs. In our case, the aSD motif we identified is only
3-5 nucleotides long, and would thus have been nearly impossible to detect in lower-
throughput experiments, where the low number of variants limits the statistical significance
needed for enrichment detection. As a result, we believe that our large-scale synthetic OL-
based approach was the main catalyst for uncovering the regulatory role of the aSD-RBS
interaction. Such an approach can be applied to other poorly understood context-related
phenomena, where no obvious segquence signature emerges from preliminary studies. Thus, it
is possible that context-related effects are phenomenon encoded by short sequence motifs,

which can be uncovered in afocused library search such as the one used here.

Materials and M ethods

Synthetic enhancer construction

Synthetic enhancer cassettes were ordered as dsDNA minigenes from Gen9, Inc. each
minigene was ~500 bp long, and contained the following parts. Ndel restriction site, variable
UAS, variable 6> promoter, and Kpnl restriction site a the 3 end. The UAS and ¢>*
promoter were separated by a looping segment of 70 bp. For sequence details see
Supplementary Note 1 and Supplementary Tables 1 and 2.

Insertion of minigene cassettes into the plasmid was done by double digestion of both
cassettes and plasmids with Ndel and Kpnl, followed by ligation to a backbone plasmid
containing an NtrC switch with TetR binding sites'® and transformation into 3.300LG E. coli

cells containing an auxiliary plasmid overexpressing TetR. Cloning was verified by Sanger

sequencing.

Synthetic enhancer fluorescence measur ement

Starters of strains containing the enhancer plasmids were growth in LB medium with regular
antibiotics overnight (16 hrs). The next morning, the cultures were diluted 1:100 into fresh
LB and antibiotics and grown to OD600 of 0.6. Cells were then pelleted and medium

12
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exchanged for BA with antibiotics. Fluorescence was measured after an additional 2 hrs of
growth in BA. Measurements of mCherry and eY FP fluorescence were performed on a FACS

Arialllu (without sorting).

TOP10:ArpoN strain construction

An E. coli TOP10:ArpoN strain was created in our lab following the protocol described in **,
using Addgene plasmids pCas (#62225) and pTarget:rpoN (based on Addgene plasmid
#62226, with N20 target sequence 5 CCGTCCTTAAGCGGATCCAAZ'), and alinear repair
oligo constructed using overlap PCR containing the genomic sequences immediately
upstream and downstream of the rpoN gene. After curing both plasmids, the genomic
deletion was sequence-verified using Sanger sequencing of the rpoN genomic region. The
lack of rpoN transcripts was further verified using qPCR with primers targeting rpoN.

RNA extraction and rever se-transcription

Starters of E. coli TOP10 or TOP10:ArpoN containing the relevant constructs on plasmids
were grown in LB medium with appropriate antibiotics overnight (16 hr). The next morning,
the cultures were diluted 1:100 into fresh LB and antibiotics and grown to OD600 of 0.6. For
each isolation, RNA was extracted from 1.5 ml of cell culture using standard protocols.
Briefly, cells were lysed using Max Bacterial Enhancement Reagent followed by Trizol
treatment (both from Life Technologies). Phase separation was performed using chloroform.
RNA was precipitated from the aqueous phase using isopropanol and ethanol washes, and
then resuspended in Rnase-free water. RNA quality was assessed by running 500 ng on 1%
agarose gel. After extraction, RNA was subjected to DNase (Ambion/Life Technologies) and
then reverse-transcribed using MultiScribe Reverse Transcriptase and random primer mix
(Applied Biosystems/Life Technologies). RNA was isolated from 3 individual colonies for
each construct.

gPCR measurements

Primer pairs for mCherry, eYFP and GST genes, and normalizing gene idnT, were chosen
using the Primer Express software, and BLASTed (NCBI) with respect to the E. coli K-12
substr. DH10B (taxid:316385) genome (which is similar to TOP10) to avoid off-target
amplicons. qPCR was carried out on a QuantStudio 12K Flex (Applied Biosystems/Life
Technologies) machine using SY BR-Green. 3 technical replicates were measured for each of
the 3 biological replicates. A Cy threshold of 0.2 Was chosen for all genes.
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High-throughput oligo library expression assay

Each variant included a unique 50 bp sequence, placed 120 bp downstream from the
pLac/Ara promoter, and adjacent to an mCherry RBS, thus encoding a variable 5'UTR region
with an interchangeable 50 bp region positioned a +50 from the TSS. The library was
designed to test both additional 6> and putative 6> promoters, from E. coli as well as other
bacteria, for the silencing effect. In addition, to conduct a broader study of the contextual
regulatory effects induced by a downstream promoter on an active upstream promoter
positioned nearby in either a sense or anti-sense orientation. To do so, we designed our
library to be composed of four sub-classes: a no-promoter set designed to form a non-coding
positive control (130 variants), a set of 125 natural E. coli 6" promoters (devoid of any
annotated TF binding sites), a set of 228 annotated core ¢>* promoters from multiple strains
with their flanking sequences *, a set of 134 mutant variants for the ginKp sequence in both
the core elements and flanking sequences, and 5715 variants with ¢>*-like core regions mined
from the E. coli and V. cholera genomes with a match score > 0.765 as compared with the 6>
consensus sequence (score =1, see Materials and Methods). Finally, all variants were encoded
so they would appear in both sense and anti-sense orientations with respect to the pLac/Ara
driver promoter.

To generate the variant library, the following oligo library was synthesized by Twist
Bioscience. The library contained 12758 unique sequences, each of length 145-148 bp. Each
oligo contained the following parts: 5 primer binding sequence, Ndel restriction site, specific
10 bp barcode, variable tested sequence, Xmal restriction site and 3’ primer binding sequence.
The barcode and the promoter sequences were separated by a spacer segment of 23 bp
(cassette design isshown in Fig. 1).

Oligo library technical assessment
See Supplementary Note 2.

Oligo library cloning

Oligo library cloning was based on the cloning protocol developed by the Segal group® (see
Supplementary Note 2 for additional details). Briefly, the 12758-variant ssDNA library from
Twist BioScience was amplified in a 96-well plate using PCR, purified, and merged into one
tube. Following purification, dsSDNA was cut using Xmal and Ndel and dsDNA with the
desired length was gel-separated and cleaned. Resulting DNA fragments were ligated to the
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target plasmid, using a 1:1 ratio. Ligated plasmids were transformed to E. cloni® cells
(Lucigen) and plated on 28 large agar plates (with antibiotics) in order to conserve library
complexity. Approximately ten million colonies were scraped and transferred to an

Erlenmeyer for growth.

Oligo library transcriptional-silencing assay

The oligo-library silencing assay for the transformed oligo-pool library was developed based
on ® and was carried out as follows:

Culture growth. Library-containing bacteria were grown with fresh LB and antibiotic (Kan).
Cells were grown to mid-log phase (O.D600 of ~0.6) as measured by a spectrophotometer
(Novaspec 111, Amersham Biosciences) followed by resuspension with BA buffer and the
appropriate antibiotic (Kan). Culture was grown in BA for 3 hours prior to sorting by
FACSAriacell sorter (Becton-Dickinson).

FACS sorting. Sorting was done at aflow rate of ~20,000 cells per sec. Cells were sorted into
14 bins (500,000 cells per bin) according to the mCherry to eYFP ratio, in two groups: (i)
bins 1-8: high resolution on low ratio bins (30% scale), (ii) bins 9-16: full resolution bins (3%
scale).

Sequencing preparation. Sorted cells were grown overnight in 5 ml LB and appropriate
antibiotic (Kan). In the next morning, cells were lysed (TritonX100 0.1% in 1XTE: 15 ul,
culture: 5 ul, 99°C for 5 min and 30°C for 5 min) and the DNA from each bin was subjected
to PCR with a different 5 primer containing a specific bin barcode. PCR products were
verified in an electrophoresis gel and cleaned using PCR Clean-Up kit (Promega). Equal
amounts of DNA (10 ng) from each bin were joined to one 1.5 ml microcentrifuge tube for
further analysis.

Sequencing. Sample was sequenced on an Illumina Hiseq 2500 Rapid Reagents V2 100 bp
paired-end chip. 10% PhiX was added as a control. This resulted in ~140 million reads.

NGS processing. From each read, the bin barcode and the sequence of the strain were
extracted using a custom python script consisting of the following steps: paired-end read
merge, read orientation fix, identification of the constant parts in the read and extracting the
variables: bin barcode, sequence barcode and the variable tested sequence. Finally, each read
was mapped to the appropriate combinations of tested sequence and expression bin. This
resulted in ~38 million uniquely mapped reads, each containing a perfect match variance

sequence and expression bin barcode pair.
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Inference of per-variant expression profile. We first removed all reads mapped to bin number
16 from the analysis to eliminate biases originating from out-of-range fluorescence
measurements. Next, we filtered out sequences with low read counts, keeping only those with
at least 8 reads in each set of bins (1-8, 9-15). We then generated a single profile by replacing
bin 9 with bins 1-8, and redistributing the reads in bin 9 over bins 1-8 according to their
relative bin widths. Next, for each sequence we calculated the fraction of cells in each bin,
based on the number of sequence reads from that bin that mapped to that variant (the reads of
each bin were first normalized to match the fraction of the bin in the entire population). This
procedure resulted in expression profiles over 14 bins for 5167 variants. The complete python
pipelineis available on Github.

Inference of per-variant mean expression level. For each variant we defined the mean
expression ratio as the weighted average (W.A.) of the ratios a the geometric centers of the

bin, where the weight of each bin is the fraction of the reads from that variant in that bin.

Minimal hyper-geometric (mHG) enrichment tests

We sorted the sequences by their mean expression ratio values and calculated minimal hyper-
geometric enrichment® scores for each of the variant groups (known o’ promoters, known
¢>* promoters, ginKp perturbations, etc.) for both the top and the bottom of the sorted list.
The test was preformed using the xImhg python library® version 1.1rc3.

Position-dependent motif effect
For each position, we calculated a score indicating its similarity to the consensus CT-rich
motif by calculating the log likelihood of observing the 5 bp sequence originating from that
position, given the probabilities from the motif position specific scoring matrix.*

j+5

Score(s, ) = z log(M(i,s))),

i=j
where M(i,x) is the probability for x in the ith position of the motif.
We than averaged the position-specific scores over a 3-base running window. The averaged
PSSM score was then transformed into a binary hit/miss score using a threshold of -11.5.
This resulted in two groups of variants separated by their smilarity to the CT-rich motif. The
mean mCherry to eY FP ratio of the two groups is compared by calculating:

NoMotif)

motif ef fect = logy, (W
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Model for trandation level with a partially sequestered RBS
See Supplementary Note 3.

Analysis of aSD-SD depletion in 672 bacterial genomes
See Supplementary Note 4.
See Supplementary Data 2 for details of the 672 strains.
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Figure Captions:

Figure 1: The ginKp ¢ promoter can downregulate another promoter positioned
upstream.

(A) Synthetic enhancer design showing the different UAS and 6> promoter combinations
used in the experiment. See Supplementary Note 1, and Supplementary Tables 1 and 2 for
UAS and promoter details. (B) Left: ratio of mCherry to eYFP expression with enhancer
switched to “on’ (NtrC induced), showing varying response for each promoter. Note that for
the dual UAS-c" promoter ginApl there is expression with the “no promoter’”” control.
Right: Expression ratio for enhancers switched to “off’’ (Ntrc not induced), showing “on’’
behavior for all enhancers containing the dual UAS-6"® promoter, except for the enhancer
with the ginKp promoter. (C) Flow cytometry data comparing mCherry to eY FP fluorescence
for the ginKp strain in the E. coli TOP10 strain (purple) and in the ¢>* knock-out strain
(TOP10:ArpoN, orange). (D) gPCR data showing a reduction in mRNA level in the silenced
strain (right) as compared with non-silenced strains (middie) and the no-6” control (left). (E)
platereader data showing rescue of mCherry fluorescence when the orientation of the ginKp

promoter is flipped relative to the upstream ¢”° promoter.

Figure 2: Thesilencing phenomenon is prevalent in theoligo library.

(A) Oligo library design and schematic for protocol. In brief, the synthesized oligo library
(Twist Bioscience) was cloned into E. coli competent cells, and 10 million colonies were
collected. The colonies were grown in LB to OD 0.6 and sorted by FACS into 14 expression
bins according to cell mCherry to eY FP fluorescence ratio. A PCR reaction was carried out
on each bin, during which a bin-specific barcode was added. The combined PCR reactions
were sequenced using Illumina HiSeq platform. For details see Materials and Methods. (B)
Single-variant expression profile: sample data showing the number of reads as a function of
mean fluorescence ratio obtained for silencing (top) and non-silencing (bottom) variants,
respectively. Straight lines correspond to a smoothing procedure done with a cubic-spline fit
to the data. (C) Library expression distribution. Heat map of smoothed, normalized number
of reads per expression bin obtained for 5167 analyzed variants ordered according to
increasing mean expression level ratio. The OL variants included the following classes:
without ¢>* promoter (“No promoter”), with ¢” promoter instead of ¢ (“c”° promoters’),
mutated ginK promoter (“glnKp”) and other ¢>* promoters and o>*like variants (“other”).

(D) Mean expression level distribution across variant groups: violin plots showing mean
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expression value distribution for each of the variant groups in the library. Stars correspond to

degree of enrichment/depletion w.r.t to the “Others’ group.

Figure 3: Silencingislocalized to a CT-rich pentamer which encodes a weak anti-Shine-
Dalgar no sequence.

(A) Left: heat map ordering of the examined variants by mean fluorescence ratio, with
silenced variants at the top. We use a yellow-to-red color scale to present the variants
according to increasing values of mean mCherry to eY FP fluorescence ratio. Middle: for each
variant in the left panel, each CT-pentamer appearance is marked by a brown line at its
position within the variant sequence. Right: Running average on the number of CT-rich
pentamers that occur within a variant in the ordered heat map. (B) Analysis of the ginKp
mutation subset of the library. Flanking regions, core 6> promoter, the CT-pentamers, and
mutations are denoted by dark green, light green, blue, and red boxes, respectively. Right
panel denotes the mean fluorescence ratio using the yellow-to-orange scale of (A). (C) CT-
motif effect on expression as a function of upstream distance from the RBS (positioned at 0)

calculated for the library variants (gInK variants excluded).

Figure 4: CT-rich pentamer triggers mRNA degradation.

(A) Schematic for the degradation model. Top: the translated pearled phase with low
degradation rate. Bottom: the non-translated branched phase with high degradation rate. (B)
gPCR measurements showing the rescue of mCherry fluorescence by a translated GST gene
placed upstream of ginKp (third bar from left), as compared with a non-translated GST gene
(second bar from left). The no-gInKp control is shown for comparison (fourth bar from left).
(C) Flow cytometry data showing increased mCherry expression when GST is trandlated. (D)
The library mean fluorescence ratio plotted in box-plot form as a function of the probability
of the RBS to be unbound (red). The prediction from the degradation model is plotted for
comparison (green). Inset: the degradation model (see Supplementary Note 3) prediction for
RNA concentration (green) as compared with the same model with equal degradation rates
for the pearled and branched phases (blue).

Figure 5: Proximal occurrences of aSD:RBS pairs are depleted in cold- and moderate-
living-temper atur e bacteria.
(A)-(D) Distributions of % proximal occurrences (where aSD is located upstream and in

close proximity to SD) of aSD-SD pairs (orange) as compared with the distributions of
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proximal occurrences of random-SD pars for 4 bacteria representing the different
environmental temperatures ranges. One-tail Wilcoxon p-values for the depletion or
enrichment of proximal occurrences of aSD:SD are (A) mesophilic E. coli, < 10" (depletion),
(B) psychrophylic S. psychrophila, < 10°° (depletion), (C) thermophilic Aciduliprofundurn sp.,
< 10™ (enrichment), and (D) hyper-thermophilic T. ruber, < 10™ (enrichment). (E) Bar
graph showing the percentage of bacteria exhibiting aSD:SD depletion in the different
environmental temperature ranges (hyper-thermophilic, thermophilic, mesophilic and
psychrophilic). Depletion is defined as reduction in proximal occurrences of aSD:SD
compared to proximal occurrences of random:RBS as determined by one-tail Wilcoxon test
at p-value<0.05. (F) The mean value for the distribution of proximal occurrences of aSD:SD
(orange) versus random:SD (blue) in each bacteria type. Top - mesophilic bacteria. Bottom —
thermophilic bacteria. (G) Asymmetry in the observed depletion trend. Proximal occurrences
of SD:aSD (where the aSD is located in close proximity and downstream to the SD motif,
solid orange line) are compared to proximal occurrences of aSD:SD (dashed orange line), and

plotted with the corresponding random models (blue lines).
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