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Abstract
We study translational regulation by a 5’ UTR sequence encoding the binding site of an
RNA-binding protein (RBP), using a reporter assay and SHAPE-seq, in bacteria. We tested
constructs containing a single hairpin, based on the binding sites of the coat RBPs of
bacteriophages MS2, PP7, GA, and Qβ, positioned in the 5’ UTR. With specifically-bound RBP
present, either weak repression or up-regulation is observed, depending on the binding site.
SHAPE-seq data for a representative construct exhibiting up-regulation indicate a partiallyfolded hairpin and a hypo-modified upstream flanking region, which we attribute to an
intermediate structure that apparently blocks translation. RBP binding stabilizes the fully-folded
hairpin state and thus facilitates translation. This indicates that the up-regulating constructs are
RBP-sensing riboswitches. This finding is further supported by lengthening the binding-site stem,
which in turn destabilizes the translationally-inactive state. Finally, the combination of two
binding sites, positioned in the 5’ UTR and N-terminus of the same transcript can yield a
cooperative regulatory response. Together, we show that the interaction of an RBP with its RNA
target facilitates structural changes in the RNA, which is reflected by a controllable range of
binding affinities and dose response behavior. This implies that RNA-RBP interactions can
provide a platform for constructing gene regulatory networks that are based on translational,
rather than transcriptional, regulation.
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One of the main goals of synthetic biology is the construction of complex gene regulatory
networks. The majority of engineered regulatory networks have been based on transcriptional
regulation, with only a few examples based on post-transcriptional regulation (Win and Smolke,
2008; Green et al., 2014; Xie et al., 2011; Wroblewska et al., 2015). RNA-based regulatory
components have many advantages. Several RNA components have been shown to be functional
in multiple organisms (Harvey et al., 2002; Suess et al., 2003; Desai and Gallivan, 2004;
Buxbaum et al., 2015). RNA can respond rapidly to stimuli, enabling a faster regulatory response
than that possible at the transcriptional level (Hentze et al., 1987; St Johnston, 2005; Saito et al.,
2010; Lewis et al., 2017). The response range of RNA components can be very wide (Green et
al., 2014). RNA molecules form a variety of stable secondary and tertiary structures, which
support diverse functions. Moreover, a single RNA molecule may contain multiple functional
structures, which enables modularity. For example, distinct sequence domains within a molecule
(Lewis et al., 2017; Khalil and Collins, 2010) may target different metabolites or nucleic acid
molecules (Isaacs et al., 2006; Werstuck and Green, 1998). All of these characteristics make
RNA an appealing target for engineered applications (Hutvágner and Zamore, 2002; Rinaudo et
al., 2007; Delebecque et al., 2011; Xie et al., 2011; Chen and Silver, 2012; Ausländer et al.,
2014; Green et al., 2014; Sachdeva et al., 2014; Pardee et al., 2016).
Perhaps the most well-known class of RNA-based regulatory modules are ribsowitches
(Werstuck and Green, 1998; Winkler and Breaker, 2005; Wittmann and Suess, 2012; Serganov
and Nudler, 2013). Riboswitches are noncoding mRNA segments that regulate the expression of
adjacent genes via structural change, effected by a ligand or metabolite. However, response to
metabolites cannot be easily used as the basis of a regulatory network, as there is no convenient
feedback or feed-forward mechanism for connection of additional network modules.
Riboregulators (Buskirk et al., 2004; Bayer and Smolke, 2005; Green et al., 2014), namely
riboswitches that sense a nucleic acid molecule, provide a transcription-based feedback
mechanism, which can result in slow temporal dynamics (Green et al., 2014). Implementing
network modules using RNA-binding proteins (RBPs) could enable multicomponent
connectivity without compromising response time or circuit stability.
Regulatory networks require both inhibitory and up-regulatory modules. The vast
majority of known RBP regulatory mechanisms are inhibitory (Cerretti et al., 1988; Lim and
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Peabody, 2002; Romaniuk et al., 1987; Brown et al., 1997; Sacerdot et al., 1998, Schlax et al.,
2001). A notable exception is the phage RBP Com, whose binding was demonstrated to
destabilize a sequestered ribosome binding site (RBS) of the Mu phage mom gene, thereby
facilitating translation (Hattman et al., 1991; Wulczyn and Kahmann, 1991). Several studies have
attempted to engineer activation modules utilizing RNA-RBP interactions, based on different
mechanisms: recruiting the eIF4G1 eukaryotic translation initiation factor to specific RNA
targets via fusion of the initiation factor to an RBP (Gregorio et al., 1999; Boutonnet et al., 2004),
adopting a riboswitch-like approach (Ausländer et al., 2014), and utilizing an RNA-binding
version of the TetR protein (Goldfless et al., 2012). However, despite these notable efforts, RBPbased translational stimulation is still difficult to design in most organisms.
In recent work (Katz et al., 2017), we employed a synthetic biology and in vivo SHAPEseq approach (Lucks et al., 2011; Spitale et al., 2013; Flynn et al., 2016) to study repression
controlled by an RBP bound to a hairpin within the N-terminus of a reporter gene, in bacteria.
Here, we focus on regulation by an RBP bound within the 5’ UTR of bacterial mRNA, following
a design introduced by (Saito et al., 2010). Our findings indicate that structure-binding RBPs
[coat proteins from the bacteriophages GA (Gott et al., 1991), MS2 (Peabody, 1993), PP7 (Lim
and Peabody, 2002), and Qβ (Lim et al., 1996)] can generate a range of translational responses,
from previously-observed down-regulation (Saito et al., 2010) to, surprisingly, up-regulation.
The mechanism for downregulation is most likely steric hindrance of the initiating ribosome by
the RBP-hairpin complex. For the 5’ UTR sequences that exhibit up-regulation, RBP binding
seems to facilitate a transition from an RNA structure with a low translation rate, into another
RNA structure with a higher translation rate. These two experimental features indicate that the
up-regulatory elements constitute protein-sensing riboswitches. Our findings imply that RNARBP interactions can provide a platform for constructing gene regulatory networks that are based
on translational, rather than transcriptional, regulation.
Results
RBP-binding can effect either up- or down-regulation
We studied the regulatory effect generated by RNA binding phage coat proteins for GA
(GCP), MS2 (MCP), PP7 (PCP), and Qβ (QCP) when co-expressed with a reporter construct
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containing one of eleven putative binding sites in the 5’ UTR [see Supp. Fig. 1 and (Johansson et
al., 1998; Lim and Peabody, 2002)]. We positioned each of the 11 binding sites at three or four
different locations upstream of the RBS, that varied from δ=-21 to δ=-31 nt measured relative to
the ATG of the mCherry reporter gene (see Table S1). Altogether, we designed 44 reporter
constructs (including non-hairpin controls), and co-transformed with all four RBPs, resulting in a
total of 176 regulatory strains. RBP levels were induced by addition of N-butyryl-L-homoserine
lactone (C4HSL), at 24 different concentrations. The normalized dose response functions for the
5’ UTR constructs are plotted as a heatmap in Fig. 1a in order of increasing response, with the
highest-repression variants depicted at the bottom. There are striking differences between the
dose-response behaviors observed for the 5’ UTR (Fig. 1a) and N-terminus configurations (Katz
et al., 2017). First, the observed repression is significantly weaker for the 5' UTR hairpins, and at
most amounts to about a factor of two reduction from basal levels. This is markedly different
from the 20- to 50-fold effect observed for RBPs bound to hairpins in the N-terminus region.
Second, some of the variants exhibit a distinct up-regulatory dose response of about 3- to 5-fold,
which was not observed for the N-terminus configurations.
From the dose-response curves, we computed the effective dissociation constant, which is
defined as the fitted Kd normalized by the maximal mCerulean expression level (see
Supplementary Information). The resultant KRBP values obtained for each RBP—binding-site
pair are plotted as a heatmap in Fig. 1b. This heatmap is quite similar to the KRBP heatmap for the
N-terminus variants (Katz et al., 2017). We found similar effective dissociation constant values
(up to an estimated fit error of 10%) for all binding-site positions, for each of the native binding
sites (MS2-wt, PP7-wt, and Qβ-wt), and for the mutated sites with a single mutation in the loop
region [MS2-U(-5)C and MS2-U(-5)G]. However, deviations in effective dissociation constant
were observed for several of the mutated sites. In particular, both Qβ-USLSLm and Qβ-LSs
generated a distinct dose-response signal in the 5’ UTR in the presence of QCP, while no
response was detected in the N-terminus configurations. Conversely, QCP and PCP, which
displayed a binding affinity to MS2-wt, MS2-U(-5)C, and PP7-USLSBm in the N-terminus,
respectively, did not generate a significant dose response to the these sites in the 5’ UTR. Thus, it
seems that binding affinity depends on the molecular structure that forms in vivo, which may be
different from the in silico expectation, and likely also depends on flanking sequences.
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To highlight the different types of dose responses in the 5’ UTR region, we plot the
regulatory response for each binding site that was tested in Fig. 1c. Each bar represents the fold
change for a single RBP—binding-site combination, averaged over several binding-site positions.
Fold change is defined as the ratio between the rates of mCherry production for the RBP-induced
and non-induced cases. For example, in the inset of Fig. 1c we plot the individual dose response
curves that were used to compute the red bar in the MS2-U(-5)C line of the plot. In particular, for
MS2-U(-5)C, MS2-wt, and PP7-wt, together with MCP, GCP and PCP, respectively, nearly
three-fold up-regulation was observed. For all binding sites, the precise positioning within the 5’
UTR did not seem to play a strong regulatory role, as the regulatory response remained fairly
constant across binding site locations (Supp. Fig. 2a-b).
To better understand the different types of dose-response behavior in the 5’ UTR, in Fig.
1d we focus on the dose-responses for the PCP binding site variants PP7-USs (blue) and PP7-wt
(red), both at δ=-29. There is a single U-A base-pair deletion in the upper stem for PP7-USs as
compared with PP7-wt, while the rest of the 5’ UTR is identical (see Supp. Fig. 1 and Supp.
Table 1). When we examine the expression-level dose responses measured for these variants, we
see that the PP7-wt response function exhibits a low production rate in the absence of induction
(~150 a.u./hr), while at full induction it rises to an intermediate production rate (~450 a.u./hr).
For PP7-USs, the basal rate of production level at zero induction is ~ 1100 a.u./hr, and declines
upon induction to levels similar to that observed for PP7-wt at full induction. The comparable
levels at full induction for both strains indicate that the effect of the bound protein on expression
is similar for both constructs. These results imply that the difference in expression levels in the
absence of protein is encoded into the structure of the RNA molecule itself (see also Supp. Fig.
3c-d).
A structural-based mechanism for translational up-regulation that has been observed in
natural bacterial systems is the destabilization of anti-Shine-Dalgarno/Shine-Dalgarno (aSD/SD)
secondary structure by the Com protein (Hattman et al., 1991; Wulczyn and Kahmann, 1991). To
check for this, we produced ten additional constructs at δ=-29 with a PP7-nB, PP7-USs, PP7-wt,
MS2-wt, or MS2-U(-5)C binding site, in which the sequence between the binding site and the
RBS encoded either an aSD sequence (CU-rich – Fig. 1e-right schema, red) or an AU-rich
segment that is highly unlikely to form stable secondary structures (Fig. 1e-right schema, blue
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and Supp. Table 1). We then plot the basal expression level for 15 RBP—binding-site pairs,
containing the original δ=-29 spacer (green, labeled random), the δ=-29 spacer containing the
CU-rich aSD sequence (red), and the δ=-29 AU-rich spacer lacking the aSD sequence (blue).
The data (Fig.1e – left heatmap) show that the constructs with a CU-rich flanking region exhibit
low basal expression levels as compared with the other constructs, as previously observed (Levy
et al., 2017), while the AU-rich and random flanking sequences do not seem to affect basal
expression in a consistent fashion (red and blue). However, both the up-regulatory and downregulatory dose responses persist independently of the flanking region content (Fig. 1e - right
heatmap). Therefore, the up-regulatory response observed for four of the binding sites is not
likely to be related to structures that sequester the RBS.
SHAPE-seq data is consistent with expression levels
In order to unravel the connection between the structure of the 5’ UTR and resultant
dose-response functions, we subjugated the PP7-wt and PP7-USs constructs at δ=-29 with the
AU-rich spacer to SHAPE-seq using 2-methylnicotinic acid imidazole (NAI) suspended in
anhydrous dimethyl sulfoxide (DMSO), with DMSO as a non-modifiying control (see
Supplementary Information). We constructed in vitro and in vivo SHAPE-seq libraries for both
the fully-induced and non-induced RBP states to generate a total of eight different libraries for
these constructs. We computed the SHAPE-seq read ratio, which is defined as the ratio of
modified to unmodified normalized number of reads per position (see Supplementary
Information). In Fig. 2, we plot the in vitro and in vivo SHAPE-seq read ratios for PP7-wtinduced (Fig. 2a), PP7-wt-non-induced (Fig. 2b), PP7-USs-induced (Fig. 2c), and PP7-USs-noninduced (Fig. 2d) cases. We chose to modify a segment that includes the entire 5’ UTR (binding
site, linker, and RBS regions marked in green, yellow, and purple respectively), and in addition
another ~140 nt of the mCherry reporter gene (see inset schematics in Fig. 2a-d). An initial
examination of the read ratio data reveals a noisy signal with little similarity between the in vivo
and in vitro read ratios. In particular, an especially large deviation between the in vitro and in
vivo read ratio signals is observed for all configurations in the region upstream of and including
the binding sites (green box). For three of the four cases (Fig. 2a,c,d) there seems to be little
similarity between the in vivo and in vitro signals in the linker, RBS, and reporter gene regions.
Only for the non-induced PP7-wt, which unlike PP7-USs is translationally inactive (Fig. 2b),
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does there seem to be good agreement between the in vitro and in vivo read ratio signals starting
from the RBS and into the reporter gene sequence. This is in agreement with the previous
observation, that less-structured mRNA transcripts are typically more highly expressed (Rouskin
et al., 2014). The SHAPE-seq data indicate that molecular processes in vivo may be altering the
RNA structure in the 5’ UTR region, and especially near the binding site, independent of the
induction state.
To better assess the structural footprint embedded within the read ratio signals, we
employed a position-based correlation analysis. If the read ratios of two segments are correlated
in a statistically significant manner (i.e. Pearson p-value <0.01 – see Supplementary Information),
then the segments' propensities to be modified by NAI must be similar. This, in turn, indicates
that their structures must also be similar. In addition, by applying correlation analysis to subsets
of the full library length, we can obtain correlation levels for the different functional elements
within the construct (binding site, linker, RBS). We tested the analysis on the in vitro SHAPEseq data. Here, we expect the induced and non-induced read ratios to be identical for each of the
constructs because there is no RBP present in vitro. When correlating the induced and noninduced in vitro samples for a single construct using either a 41 or 21 nucleotide running window
(Supp. Figs. 3 and 4, respectively), statistically-significant correlation is observed for the entire
read length, for both the PP7-wt and PP7-USs samples. Moreover, the confidence intervals for
the correlation coefficient values are tightly constrained for both samples.
Next, we correlated the in vitro read ratios of the PP7-wt and PP7-USs constructs. Here,
we expected statistically significant correlation for regions inside the 5’ UTR. However, due to
the two-nucleotide deletion in the PP7-USs binding site as compared with the PP7-wt, no further
statistically significant correlation is expected for downstream segments. Instead, statistically
significant correlation should emerge in the downstream segment when correlating segments that
are shifted by two nucleotides from one another. In Fig. 3a-b, we plot the Pearson coefficient and
p-value results for the 21-nucleotide running window cross-correlation of the read ratios of PP7wt and PP7-USs that is carried out with 5 different offsets: -2 nucleotides (blue), -1 nucleotide
(red), no offset (orange), +1 nucleotide (purple), and +2 nucleotides (green). The data show that
statistically significant correlation is measured for the no-offset case only in the 5’ UTR region (66 to -10), while for segments further downstream (position > 16), statistically significant
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correlation is observed only for the -2-nucleotide shift, as expected. Interestingly, in the
intervening region that spans positions -11 to +14 nt, no statistically significant correlation was
observed, which indicates that the two constructs may have different structures in this region.
We next computed the correlation coefficient function between the in-vitro and in-vivo
read ratios, for each of the induced and non-induced samples of PP7-wt and PP7-USs, using a 21
nucleotide running window (Fig 3c-d). For sequence elements that are upstream of the RBS
(green and yellow shaded regions, position < -16), no statistically-significant correlation is
observed between the in vitro and in vivo samples for any of the constructs. For elements that are
downstream to the RBS, no statistically-significant correlation is observed for the PP7-USs
constructs. However, statistically-significant correlation is observed in this region for the PP7-wt
constructs, with especially low p-values measured for the PP7-wt non-induced construct (Fig. 3c
– red line). These results are consistent with an interpretation that the degree of correlation
between the in vitro and in vivo SHAPE-seq signals depends on the density of ribosome
occupancy of the RNA, and the frequency of translation initiation events. Thus, the construct
whose RNA structures in vivo and in vitro are most similar is also the lowest-expressing
construct. Finally, the statistically-significant correlation observed for the 5’ UTR for both
constructs in vitro (Fig. 3a-b), together with the lack of statistical significance when correlating
the in vitro and in vivo samples for the 5’ UTR (Fig. 3c-d), indicate that the presence of cellular
factors, which may bind the 5’ UTR, are likely associated with structural changes to the
molecule in vitro.
RBP-induced up-regulation is related to structural changes in the 5’ UTR
Given the lack of statistically-significant insight obtained for the 5’ UTR region that
encompasses the binding site using the in vitro and in vivo correlation analysis, we wondered
whether additional correlation computations between the various in vivo read ratios could shed
light on the structure in this region. We computed the positioned-based correlation coefficient
function for the 5’ UTR segments (-61 to -31 nt) between the non-induced (Fig. 4a-blue) and
induced (Fig. 4a-red) PP7-wt and PP7-USs ratios, using a higher-resolution eleven-nucleotide
running window. For the induced read ratios, we observe statistically-significant correlation
between the induced states of the PP7-wt and PP7-USs constructs (p-value < 0.01 – dashed line)
in a sequence segment which encodes both the putative A-bulge and the 6-nucleotide loop (green
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and yellow shaded regions, respectively). Conversely, a much narrower region of statisticallysignificant correlation, which encompasses only part of the 6-nucleotide loop, is observed for the
non-induced states. In particular, the regions encoding the lower stem and the flanking region
upstream to the binding site do not exhibit statistically-significant correlation, despite being
identical in sequence. Next, we computed the correlation between the induced and non-induced
states for each construct, again using an eleven-nucleotide running window (Fig. 4b). For PP7USs, a statistically-significant result appears in the region encompassing the lower stem, A-bulge,
upper stem, and loop, while for the PP7-wt constructs, statistically-significant correlation appears
in the loop region only.
When examining the different cross-correlation results for the non-induced PP7-wt
construct, we note that for this construct only, no statistically-significant cross-correlation was
observed for the upstream flanking region and lower stem, in any of the correlation data. To try
to understand the features that make this segment unique, we plot the read ratio data for both
PP7-wt (Fig. 4c) and PP7-USs (Fig. 4d) over a narrow -66 to -26 position range. We notice that
the flanking region at positions -59 to -51 nt of PP7-wt is less modified in the non-induced state
(red) than in the induced state (blue). For the PP7-USs construct, a relatively consistent level of
modification over this range is observed for both the induced and non-induced states. Together,
the SHAPE-seq data and associated correlation analysis suggest that in the non-induced state of
the PP7-wt construct, the structure of the 5’ UTR may include a partially-folded binding site
(upper stem and loop) adjacent to a modification-protected upstream flanking region, lower stem,
and A-bulge. Therefore, it is possible that the differing regulatory phenomena observed for (upregulating) PP7-wt and (down-regulating) PP7-USs may originate in structural differences
between the constructs' non-induced states, that are localized to the flanking region upstream and
immediately adjacent to the binding sites.
Longer stems can flip the regulatory response of PP7-wt and MS2-wt binding sites
Based on both the SHAPE-seq and expression level measurements, we propose a kinetic
state model to explain the observed up- and down-regulatory dose responses (Fig. 5a). A kineticstate-model (Ritort, 2007; Alemany et al., 2012) combines free energy computations for
metastable kinetic states with transition processes between those states to assess the dynamical
behavior of the non-equilibrium system. In the non-induced state of the PP7-wt strain (Fig. 5a,
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top schemas), the upstream flanking region, together with the first several nucleotides of the
binding site, seem to form a partially-folded structure (Fig. 5a, top-left). This intermediate state
is characterized by two SHAPE-seq signatures: the first is hypo-modification of the upstream
flanking region (position -59 to -51 nt - upstream of the binding site), which supports a
modification-protected structure (e.g. inactive and bound 30S, as shown in Fig. 5a-top-left - left
structure), and the second is a possibly-stabilizing short stem and loop structure in the -44 to -38
nt region. When the mRNA is in this intermediate state, it is apparently translationally inactive,
based on the expression level measurements. To explain why the molecule is predominantly in
this translationally-inactive intermediate state, we propose that there are large energy barriers,
characterized by slow transition rates, separating the inactive state from the adjacent states (k-2
and k3 - Fig. 5a, top-left arrows). In this scenario, it is plausible that one of the adjacent states is
the fully-folded-hairpin, translationally-active state (Fig. 5a, top-left - right structure), but that
the slow transition rate (k3 in this case) effectively prevents the system from accessing this state.
For the non-induced case of PP7-USs, we hypothesize that the energy barrier between the
intermediate and the folded states is smaller than for the PP7-wt strain. This is a reasonable
assumption as PP7-USs has one less base-pair in the upper stem (Fig. 5a - top-center - left
structure), thus reducing the stability of this structure. In kinetic terms, this implies that for this
molecule, the rates k-2 and k3 could be significantly faster, thereby resulting in a more rapid
transition out of the inactive intermediate state. Thus, such a molecule’s structure is likely to
fluctuate between translationally-active, partially-unfolded, and fully-folded intermediate states.
Finally, in the induced state (Fig. 5a, bottom), based on the SHAPE-seq results (Fig. 4a,c,d),
RBP binding is assumed to stabilize the fully-folded binding-site state as compared with the
other states, for both constructs. Since both bound structures are expected to be preferred to the
other metastable states, dose responses for the PP7-wt and PP7-USs are expected to exhibit
approximately the same reporter level at maximal induction, which is what was observed (Fig.
1d).
Based on this model, we hypothesized that we might change the direction of the PP7-wt
dose response function from up-regulating to down-regulating by lowering the free-energy of the
fully-folded state, which could also lower the energy barrier separating the fully-folded and
intermediate states, thus increasing transition rate k3 (Fig. 5a - top-right). We reasoned that such
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an effect could be achieved by increasing the length of the bottom stem of the binding site,
leading to a more stable structure (characterized by a lower free energy). To test this hypothesis,
we designed six new variants for each of the MS2-wt and PP7-wt binding sites by extending the
length of the lower stem by 3, 6, and 9 base-pairs, with both GU and GC repeats (Supp. Fig. 5).
In all twelve cases studied, the free energy associated with the binding sites as computed by
NUPACK (Zadeh et al., 2011) was reduced as compared with the wild-type binding sites (Supp.
Fig. 5). When examining the dose-response functions for all the configurations (Fig. 5b-c), the
up-regulating dose-response functions observed for both PP7-wt with PCP and MS2-wt with
MCP were converted to down-regulating responses. In all cases, the basal expression level for
the non-induced state was increased by ~10-fold, and the down-regulatory effect that was
observed upon RBP induction did not seem to reach saturation, with an apparent increase in the
effective dissociation constant by 2 to 3-fold (Fig. 5b - inset).
A tandem of binding sites can exhibit cooperativity
Finally, we explored the regulatory potential of constructs containing one hairpin placed
in the 5’ UTR of a gene (δ-<0) with another hairpin placed in the N-terminus region of the
reporter (δ+>0) (Fig. 6a), in the presence of RBP. To do so, we constructed an additional 28
variants with combinations of MS2, PP7, and Qβ binding sites. In Fig. 6b-d, we plot the dose
responses of the tandem variants in the presence of MCP, PCP, and QCP as heatmaps arranged
in order of increasing basal mCherry rate of production. Overall, the basal mCherry production
rate for all the tandem variants is lower as compared with the single-binding-site variants located
in the 5’ UTR. In addition, approximately half of the variants generated a significant regulatory
response in the presence of the RBP, while the other half seem to be repressed at the basal level,
with no RBP-related effect detected.
For MCP (Fig. 6b), we observed strong repression for four of the ten variants tested, with
the MS2-U(-5)G binding site positioned in the N-terminus for all four repressed variants. With
different N-terminus binding sites [MS2-wt, Qβ-wt, or MS2-U(-5)C], basal mCherry rate of
production was reduced to nearly zero. For PCP (Fig. 6c), a similar picture emerges, with several
variants exhibiting a strong dose-response repression signature, while no regulatory effect is
observed for others. Interestingly, the variants in the top six in terms of basal mCherry
production rate all encode the PP7-nB binding site in the 5’ UTR. Moreover, all eight variants
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with a PP7-nB positioned in the 5’ UTR exhibit a down-regulatory response. These observations
are consistent with the data shown in Fig. 5b-c, where the binding sites with longer stems
resulted in higher basal mCherry rate of production, presumably due to increased hairpin stability.
For other PP7 binding-site combinations a lower basal level, and hence lower fold-repression
effect, is observed.
In Fig. 6d, we present the dose-response heatmaps obtained for QCP. Here, we used the
same tandem variants as for MCP, due to the binding cross-talk between both proteins shown
previously (Katz et al., 2017). Interestingly, the dose responses for these tandems in the presence
of QCP vary substantially as compared with that observed for MCP. While the site MS2-U(-5G)
is still associated with higher basal expression when positioned in the N-terminus, only three
variants (as compared with five for MCP) do not seem to respond to QCP. In particular, two
variants, each containing MS2-U(-5)G in the N-terminus and MS2-U(-5)C in the 5’ UTR, exhibit
a 2-fold up-regulation dose response, as compared with a strong down-regulatory effect for MCP.
Finally, we measured the effective cooperativity factor w (see Supplementary
Information for fitting model) for repressive tandem constructs in the presence of their
corresponding cognate RBPs. In Fig, 6e, we plot a sample fit for a MS2-U(-5)C/MS2-U(-5)G
tandem in the presence of MCP. The data shows that when taking into account the known KRBP
values that were extracted for the single-binding-site N-terminus and 5’ UTR positions, a fit with
no cooperativity (w=1) does not explain the data well (red line). However, when the
cooperativity parameter is not fixed, a good description for the data is obtained for 50<w<80. In
Fig. 6f we plot the extracted cooperativity parameter for each of the 16 tandems displaying a
regulatory response with known KRBP values for both sites (see Supp. Fig. 6 and Table S4 for fits
and parameter values respectively). Altogether, at least 6 of the 16 tandems exhibited
cooperative behavior. For MCP and QCP five of the six relevant tandems displayed strong
cooperativity (w>25). For PCP, only two of the ten tandems displayed weak cooperativity
(1<w<25); these tandems had less than 30 nt between the two PCP binding sites. The
cooperative behavior, which reflects overall increase in affinity of the RBP to the molecule when
there is more than one binding site present, may also indicate increased stability of the hairpin
structures. An increased stability can explain two additional features of the tandems, that were
not observed for the single binding site constructs: the QCP up-regulatory response observed for
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the MS2-U(-5)C/MS2-U(-5)G tandem, and the decreased basal mCherry rate of production
levels. Overall, the effective dissociation constant of the tandem- and single-binding-site
constructs together with the RBPs can be varied over a range of specificities that spans
approximately an order of magnitude.
Discussion
Synthetic biology approaches have been increasingly used in recent years to map
potential regulatory mechanisms of transcriptional and translational regulation, in both
eukaryotic and bacterial cells. Here, we built on the design introduced by (Saito et al., 2010) to
quantitatively study RBP-based regulation in bacterial 5’ UTRs, using the combined synthetic
biology and SHAPE-seq approach that we recently applied to the study of bacterial gene Nterminus regions (Katz et al., 2017). Using a library of RNA variants, we were able to identify
three RNA-based regulatory mechanisms: weak repression of translational initiation by a
hairpin-RBP complex, a previously-unobserved translational stimulation phenomenon due to
RBP binding and change in mRNA structure, and an increase in overall binding affinity of the
RBP to the molecule when two similar binding sites are encoded (one in the 5’ UTR and the
other in the N-terminus).
Our expression level data on the single-binding-site constructs, SHAPE-seq data, and
follow-up experiments suggest that structure upstream of the binding site correlates with a
blocked-translation-initiation state. The blocked translation can be alleviated by RBP binding,
which may simultaneously stabilize the binding-site hairpin and destabilize the alternative
``blocking" mRNA structure, thus leading to up-regulation. What type of structure can generate
such an effect? Our combined expression level and SHAPE-seq results seem to rule out the
release of a sequestered RBS, which has been reported before as a natural mechanism for
translational stimulation (Hattman et al., 1991; Wulczyn and Kahmann, 1991), and instead
support a model of 30S blocking, or trapping, that is alleviated in the RBP-bound state. Such a
state could be a consequence of tertiary RNA interactions such as hairpin-hairpin (Holbrook,
2005; Lehnert et al., 1996), A-minor (Geary et al., 2011), kink-turn (Huang and Lilley, 2016), or
pseudoknot structures (Schlax et al., 2001; Ehresmann et al., 2004). Either way, what we seem to
be observing is two types of RNA structures in the 5’ UTR. The first is a fully-folded binding
site which seems to stabilize an unbound RBS, thereby leading to a high basal expression level.
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The second structure contains a partially-folded binding site and a modification-protected
upstream flanking region, which are associated with complete suppression of translation. A
bound RBP stabilizes both the binding-site structure and the unbound RBS, but also seems to
interfere with translation. Consequently, the up-regulation phenomenon that we observed is a
transition from a strongly-repressing structure to a weakly-repressing one, that occurs upon RBP
binding. Thus, the constructs that exhibit up-regulation upon RBP induction are, to the best of
our knowledge, the first reported examples of synthetic protein-sensitive riboswitches.
How difficult is it to design this up-regulatory phenomenon de novo? We emphasize that
our results were obtained in E. coli, and that the proposed mechanism for the non-induced RBP
translation rate involves possible trapping of the 30S ribosomal subunit, and thus may be specific
to bacterial systems. However, the up-regulatory phenomenon was surprisingly robust: it was
observed for 4 of 11 of the binding sites positioned in the 5’ UTR (depicted in Supp. Fig. 1), for
two different binding site structures (MS2-wt and PP7-wt), and for all four RBPs. Moreover, it
was not sensitive to changes in the downstream flanking region. This indicates that it may be a
generic 5’ UTR mechanism, that could be extended to other structure-binding RBPs. It is
possible that the free-energy score of the binding sites can be used as a predictor for upregulation. The binding sites which exhibited up-regulation were all scored in the intermediate
range of free-energy values (Supp. Fig. 1); however, all of the more stable binding sites (free
energy < -10 kcal/mol) such as PP7-nB and the longer stem variants (see Supp. Fig. 5) exhibited
high basal level expression and subsequent down-regulation. Thus, while intermediate stability is
not necessarily a guarantee for ascertaining an up-regulatory response (e.g. PP7-USs, Qβ-wt, QβLSs), it is a reasonable indicator which may be utilized during the design process (it is a good
indicator for 4 of 7 sites in our case).
Our work presents an important step in understanding and engineering posttranscriptional regulatory networks. Our findings suggest that generating translational regulation
using RBPs, and translational stimulation in particular, may not be as difficult as previously
thought. The described constructs add to the growing toolkit of translational regulatory parts, and
provide a working design for further exploration of both natural and synthetic posttranscriptional gene regulatory networks.
Supplemental Information
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Figure Captions
Figure 1: Translational stimulation upon RBP binding in the 5’ UTR.
(a) Heatmap of the dose responses of the 5’ UTR variants. Each response is divided by its
maximal mCherry level, for easier comparison. Variants are arranged in order of increasing fold
up-regulation. (b) Normalized KRBP. Blue corresponds to low KRBP, while red indicates no
binding. If there was no measureable interaction between the RBP and binding site, KRBP was set
to 1. (c) Bar graph showing fold change of each RBP—binding-site pair for all 11 binding sites,
as follows: QCP-mCer (purple), PCP-mCer (green), MCP-mCer (red), and GCP-mCer (blue).
Values larger and smaller than one correspond to up- and down-regulation, respectively. (Inset)
Dose response function for MS2-U(-5)C with MCP at positions δ=-23,-26,-29, and -31 nt from
the AUG. (d) Dose response functions for two strains containing the PP7-wt (red) and PP7-USs
(blue) binding sites at δ=-29 nt from the AUG. (e) Adding CU-rich (red), AU-rich (blue), or
random (green) flanking sequences upstream of the RBS. While basal levels are clearly affected
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by the presence of a strong CU-rich flanking sequence, the nature of the regulatory effect is
apparently not determined by the strength of the aSD.
Figure 2: SHAPE-seq analysis for PP7-wt and PP7-USs strains
SHAPE-seq analysis (see Supplementary Information) for two constructs (PP7-wt and PP7-USs)
at δ=-29 with AU-rich flanking sequence in the fully induced and non-induced states (see
schematics inside panels). In all panels we present the in vivo read ratio in color: blue for induced
(a,c), red for non-induced (b,d), and the associated in vitro read ratio in gray. (a) PP7-wt induced
(blue). (b) PP7-wt non-induced (red). (c) PP7-USs induced (blue). (d) PP7-USs non-induced
(red).
Figure 3: Correlation reveals structural information in SHAPE-seq data
(a) Cross correlation analysis for the in vitro SHAPE-seq read ratios of PP7-wt and PP7-USs.
The correlation coefficient at each point is an average of 4 separate computations carried out on
the four in vitro pairs (PP7-wt-induced/PP7-US-induced, PP7-wt-non-induced/PP7-US-induced,
PP7-wt-induced/PP7-US-non-induced, PP7-wt-non-induced/PP7-US-non-induced). Correlation
was computed at 5 different offsets n from PP7-wt, defined as a shift in n nucleotides of the PP7USs read ratio relative to the PP7-wt read ratio, as follows: (blue) -2 nt offset, (red) -1 nt offset,
(yellow) no offset, (magenta) +1 offset, (green) +2 offset. (b) p-value plot for the correlation
values shown in (a) showing a significance of correlation coefficient values > 0.75. (c-d) Crosscorrelation (top) and associated p-values (bottom) for a 21 nt running window for the in vivo and
associated in vitro read ratios, as follows: (c) PP7-wt non-induced (red) and PP7-wt induced
(blue). (d) PP7-USs non-induced (red) and PP7-USs induced (blue). Dashed lines correspond to
p-value=0.01. We consider results with p-value<0.01 and correlation>0.75 to be statisticallysignificantly correlated.
Figure 4: Comparison of SHAPE-seq data for PP7-wt and PP7-USs constructs with δ=-29
(a) Position-based correlation function for the SHAPE-seq read ratios of PP7-wt and PP7-USs
using a 10-nt running window, for the non-induced (red) and induced (blue) cases. (b) Positionbased correlation function for the induced and non-induced ratio signals of PP7-wt (red) and
PP7-USs (blue), using a 10-nt running window. Correlation coefficient values above dashed
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(dashed-dot) line correspond to P-value < 0.05 (P-value < 0.1). (c-d) In vivo (solid line) SHAPEseq ratios for PPT-wt (c) and PP7-USs (d) induced (blue) and non-induced modification (red)
states. Putative single-stranded regions are highlighted in yellow and green on both structure
(insets) and ratio signals. In vitro ratios are shown by gray dashed lines.
Figure 5: Up-regulation is dependent on binding-site free energy
(a) Schematic model for translation stimulation. Sizes of illustrated states reflect their
probabilities. (Top-left) Free-energy landscape of the PP7-wt structure showing a stable
intermediate state with a trapped 30S subunit, and a large energy barrier between the
intermediate state and the folded-binding-site state. Arrows correspond to the transition rates
between the different kinetic states. Thicker arrows correspond to faster rates. In this case, k2 is a
fast process, which traps the molecule in a metastable state, with slow rates k-2 and k3 to
transition out of it. (Top-middle) The stable intermediate state is destabilized for the PP7-USs
binding site, resulting in a semi-stable partially-folded-binding-site state. This is depicted by the
arrows with fast transition rates k-2 and k3, that generate an unstable intermediate kinetic state.
(Top-right) Increasing the bottom stem length (PP7-wt+3) reduces the energy barrier between the
intermediate and folded-binding-site states, thus destabilizing the intermediate state. This is
depicted by the fast k2, k3, and slow k-2, k-3 rates. (Bottom) Energy landscape with RBP bound.
Bound RBP reduces the energy barrier between intermediate and folded-binding-site states. (b)
Fold change for binding sites with an extra 3 (blue), 6 (magenta), and 9 (green) stem base-pairs
are shown relative to the fold change for PP7-wt (red). (Inset) KRBP calculated for all constructs
shown in Supp. Fig. 5, with corresponding RBPs (MCP or PCP). (c) Basal levels and logarithm
of fold change for dose responses of all constructs with their corresponding RBPs (MCP or PCP).
Figure 6: mRNAs with a tandem of hairpins exhibit higher affinity to RBPs
(a) Schematic of the design of mRNA molecules with a single binding site at the 5’ UTR and Nterminus. (b-d) Heatmap corresponding the dose-response function observed for MCP (b), PCP
(c), and QCP (d). In all heatmaps, the dose-response is arranged in order of increasing mCherry
rate of production, with the lowest-expressing variant at the bottom. The binding-site
abbreviations are as follows: For MCP (b) and QCP (d), WT is MS2-wt, U(-5)G is MS2-U(-5)G,
U(-5)C is MS2-U(-5)C, and Qβ is Qβ-wt. For PCP (c), WT is PP7-wt, nB is PP7-nB, Bm is PP7-
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LSLSBm, and USs is PP7-USs. (e) A sample fit using the cooperativity model (see
Supplementary Information). (f) Bar plot depicting the extracted cooperativity factors w for all
the tandems that displayed either an up- or down- regulatory effect.
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1
1.1

Fluorescence expression assay
Design and construction of binding-site plasmids

Binding-site cassettes (see Supp. Table S1) were ordered as double-stranded DNA minigenes from
either Gen9 or Twist Bioscience. Each minigene was ⇠500 bp long and contained the following parts:
Eagl restriction site, ⇠40 bases of the 5’ end of the Kanamycin (Kan) resistance gene, pLac-Ara
promoter, ribosome binding site (RBS), and a KpnI restriction site. Minigenes for the experiments
in which the hairpin was encoded in the > 0 region, also contained 80 bases of the 5’ end of
the mCherry gene, and an ApaLI restriction site. In addition, each cassette contained one or two
wild-type or mutated RBP binding sites, either upstream or downstream to the RBS (see Table
S1), at varying distances. All binding sites were derived from the wild-type binding sites of the coat
proteins of one of the four bacteriophages MS2, PP7, Qbeta, and GA. For insertion into the bindingsite plasmid backbone, minigene cassettes were double-digested with Eagl-HF and either KpnI or
ApaLI (New England Biolabs [NEB]). The digested minigenes were then cloned into the binding-site
backbone containing the rest of the mCherry gene, terminator, and a Kanamycin resistance gene,
by ligation and transformation into E. coli TOP10 cells (ThermoFisher Scientific). About 10% of
the plasmids were sequence-verified by Sanger sequencing. Purified plasmids were stored in 96-well
format, for transformation into E. coli TOP10 cells containing one of five fusion-RBP plasmids (see
below).

1.2

Design and construction of fusion-RBP plasmids

RBP sequences lacking a stop codon were amplified via PCR oﬀ either Addgene or custom-ordered
templates (Genescript or IDT, see Supp. Table S2). All RBPs presented (PCP, MCP, QCP, and
GCP) were cloned into the RBP plasmid between restriction sites KpnI and AgeI, immediately
upstream of an mCerulean gene lacking a start codon, under the so-called RhlR promoter (containing
the rhlAB las box) [1]. The backbone contained an Ampicillin (Amp) resistance gene. The resulting
fusion-RBP plasmids were transformed into E. coli TOP10 cells. After Sanger sequencing, positive
transformants were made chemically-competent and stored at -80°C in 96-well format.

1.3

Transformation of binding-site plasmids

Binding-site plasmids stored in 96-well format were simultaneously transformed into chemicallycompetent bacterial cells containing one of the fusion plasmids, also prepared in 96-well format. After
transformation, cells were plated using an 8-channel pipettor on 8-lane plates (Axygen) containing
LB-agar with relevant antibiotics (Kan and Amp). Double transformants were selected, grown
overnight, and stored as glycerol stocks at -80°C in 96-well plates (Axygen).

1.4

Single-clone expression level experiments

Dose-response fluorescence experiments were performed using a liquid-handling system (Tecan Freedom EVO 100, MCA 96-channel) in combination with a liconic incubator and a TECAN Infinite
F200 PRO platereader. Each measurement was carried out in duplicates. Double-transformant
strains were grown at 37°C and 250 rpm shaking in 1.5 ml LB in 48-well plates with appropriate
antibiotics (Kan and Amp) over a period of ⇠16 hours (overnight). In the morning, the inducer
for the rhlR promoter C4 -HSL (N-butyryl-L-Homoserine lactone, Cayman Chemical) was pippetted
manually to 4 wells in an inducer plate, and then diluted by the robot into 24 concentrations ranging
from 0 to 218 nM. While the inducer dilutions were being prepared, semi-poor medium consisting of
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95% bioassay buﬀer (for 1 L: 0.5 g Tryptone [Bacto], 0.3 ml Glycerol, 5.8 g NaCl, 50 ml 1M MgSO4 ,
1ml 10xPBS buﬀer pH 7.4, 950 ml DDW) and 5% LB was heated in the incubator, in 96-well plates
(Perkin Elmer). The overnight strains were then diluted by the liquid-handling robot by a factor of
100 into 200 µL of pre-heated semi-poor medium, in 96-well plates suitable for fluorescent measurement (Perkin Elmer). The diluted inducer was then transferred by the robot from the inducer plate
to the 96-well plates containing the strains. The plates were shaken at 37°C for 6 hours.
Measurement of OD, and mCherry and mCerulean fluorescence were taken via a platereader
(Tecan, F200) every 30 minutes. Blank measurements (growth medium only) were subtracted from
all fluorescence measurements. For each day of experiment (16 diﬀerent strains), a time interval
of logarithmic growth was chosen (T0 to Tf inal ) according to the measured growth curves, between
the linear growth phase and the stationary (T0 is typically the third measured time point). Six to
eight time points were taken into account, discarding the first and last measurements to avoid errors
derived from inaccuracy of exponential growth detection. Strains that showed abnormal growth
curves or strains where logarithmic growth phase could not be detected, were not taken into account
and the experiment was repeated.
The average normalized fluorescence of mCerulean, and rate of production of mCherry were
calculated for each inducer concentration using the routine developed in [2, Supplementary Information], as follows :
mCerulean average normalized fluorescence: for each inducer concentration, mCerulean
measurements were normalized by OD. Normalized measurements were then averaged over the N
logarithmic-growth timepoints in the interval [T0 , Tf inal ], yielding:
T

f inal
1 X mCerulean(t)
ˆ
.
mCerulean =
N
OD(t)

(1)

t=T0

mCherry rate of production: for each inducer concentration, mCherry fluorescence at T0
was subtracted from mCherry fluorescence at Tf inal , and the result was divided by the integral of
OD during the logarithmic growth phase:
mCherry rate of production =

mCherry(Tf inal ) mCherry(T0 )
.
R Tf inal
dt OD(t)
To

(2)

Finally, we plotted mCherry rate of production [3] as a function of averaged normalized mCerulean
expression, creating dose response curves as a function of RBP-mCerulean fluorescence. Data points
with higher than two standard deviations calculated over mCerulean and mCherry fluorescence at
all the inducer concentrations of the same strain) between the two duplicates were not taken into
account and plots with 25% or higher of such points were discarded and the experiment repeated.

1.5

Dose response fitting routine and Kd extraction

Final data analysis and fit were carried out on plots of rate of mCherry production as a function
of averaged normalized mCerulean fluorescence at each inducer concentration. Such plots represent
production of the reporter gene as a function of RBP presence in the cell. The fitting analysis and
Kd extraction were based on the following two-state thermodynamic model:
mCherry rate of production = Pbound kbound + Punbound kunbound .

(3)

Here, the mCherry mRNA is either bound to the RBP or unbound, with probabilities Pbound and
Punbound and ribosomal translation rates kbound and kunbound , respectively. The probabilities of the
two states are given by:
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Pboound =

([x]/Kd )n
1 + ([x]/Kd )n

and
Punboound =

1
,
1 + ([x]/Kd )n

where [x] is RBP concentration, Kd is an eﬀective dissociation constant, and n is a constant that
quantifies RBP cooperativity; it represents the number of RBPs that need to bind the binding site
simultaneously for the regulatory eﬀect to take place. Substituting the probabilities into Eq. 3 gives:
mCherry rate of production =

([x]/Kd )n
1
kbound +
kunbound .
1 + ([x]/Kd )n
1 + ([x]/Kd )n

For the case in which we observe a downregulatory eﬀect, we have significantly less translation for
high [x], which implies that kbound ⌧ kunbound and that we may neglect the contribution of the
bound state to translation. For the case in which we observe an upregulatory aﬀect for large [x], we
have kbound
kunbound , and we neglect the contribution of the unbound state.
The final models used for fitting the two cases are summarized as follows:
8
kunbound
>
downregulatory e↵ect
>
< 1+([x]/Kd )n + C
m Cherry rate of production '

>
>
: ([x]/Kd )n kbound
1+([x]/Kd )n + C

,

upregulatory e↵ect

where C is the fluorescence baseline. Only fit results with R2 > 0.6 were taken into account, For
those fits, Kd error was typicaly in the range of 0.5-20%, for a 0.67 confidence interval.
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Figure S1: Binding sites used in the study. Structure schematic for the 11 binding sites used in the
binding aﬃnity study. Red nucleotides indicate mutations from the original wt binding sequence.
Abbreviations: US/LS/L/B = upper stem/ lower stem/ loop/ bulge, m = mutation, s = short,
struct = significant change in binding site structure. .
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Figure S2: Translation regulation in the 5’ UTR. (a) Fold repression eﬀects as a function of position
on the 5’ UTR for the down regulating sites, showing no position-dependent eﬀect. (b) Fold upregulation eﬀects as a function of position on the 5’ UTR for the up regulating sites, showing no
position-dependent eﬀect. (c) Comparison of basal mCherry production rate for the up- (blue) and
down-(red) regulating sites showing a distinct lower mean for the up-regulating sites. (d) Comparison
of full induction mCherry production rate for the up- (blue) and down-(red) regulating sites showing
a two relatively over-lapping distributions.
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2

SHAPE-seq

2.1

Experimental setup

LB medium supplemented with appropriate concentrations of Amp and Kan was inoculated with
glycerol stocks of bacterial strains harboring both the binding-site plasmid (Section 1.1) and the
RBP-fusion plasmid (see Section 1.2 and Supp. Table 1-2S2), and grown at 37°C for 16 hours while
shaking at 250 rpm. Overnight cultures were diluted 1:100 into semi-poor medium (see Section 1.4).
Each bacterial sample was divided into a non-induced sample and an induced sample in which RBP
protein expression was induced with 250 nM C4 -HSL, as described above.
Bacterial cells were grown until OD600 =0.3, 3 ml of cells were centrifuged and gently resuspended
in 0.5 ml semi-poor medium supplemented with a final concentration of 30 mM 2-methylnicotinic
acid imidazole (NAI) suspended in anhydrous dimethyl sulfoxide (DMSO, Sigma Aldrich) [4], or 5%
(v/v) DMSO. Cells were incubated for 5 min at 37°C while shaking and subsequently centrifuged at
6500 g for 5 min. Silica-membrane–based RNA isolation (RNAeasy Mini Kit, Qiagen) was used for
strains containing RBS+_PP7_USs_d-29 and RBS-_PP7_wt_d-29. Samples were divided into
the following sub-samples:
1. induced/modified (+C4 -HSL/+NAI),
2. non-induced/modified (-C4 -HSL/+NAI),
3. induced/non-modified (+C4 -HSL/+DMSO)
4. non-induced/non-modified (-C4 -HSL/+DMSO).
In vitro modification was carried out on DMSO-treated samples (3 and 4) and has been described
elsewhere [5]. Briefly, 1500 ng of RNA isolated from cells treated with DMSO were denatured at
95°C for 5 min, transferred to ice for 1 min and incubated in SHAPE-seq reaction buﬀer (100 mM
HEPES [pH 7.5], 20 mM MgCl2 , 6.6 mM NaCl) supplemented with 40 U of RiboLock RNAse
inhibitor (Thermo Fisher Scientific) for 5 min at 37°C. Subsequently, final concentrations of 100 mM
NAI or 5% (v/v) DMSO were added to the RNA-SHAPE buﬀer reaction mix and incubated for an
additional 5 min at 37°C while shaking. Samples were then transferred to ice to stop the SHAPEreaction and precipitated by addition of 3 volumes of ice-cold 100% ethanol, followed by incubation
at -80°C for 15 min and centrifugation at 4°C, 17000 g for 15 min. Samples were air-dried for 5 min
at room temperature and resuspended in 10 µl of RNAse-free water.
Subsequent steps of the SHAPE-seq protocol, that were applied to all samples, have been
described elsewhere [6, Supplemental Information], including reverse transcription (steps 40-51),
adapter ligation and purification (steps 52-57) as well as dsDNA sequencing library preparation (steps
68-76). In brief, 1000 ng of RNA were converted to cDNA using the reverse transcription primers
(for details of primer and adapter sequences used in this work see Supp. Table S3) for mCherry
that are specific for either the mCherry transcript (RBS-_PP7_USs_d-29, RBS-_PP7_wt_d-29).
The RNA was mixed with 0.5 µM primer #1 or #2 and incubated at 95°C for 2 min followed by
an incubation at 65°C for 5 min. The Superscript III reaction mix (Thermo Fisher Scientific; 1x
SSIII First Strand Buﬀer, 5 mM DTT, 0.5 mM dNTPs, 200 U Superscript III reverse transcriptase)
was added to the cDNA/primer mix, cooled down to 45°C and subsequently incubated at 52°C for
25 min. Following inactivation of the reverse transcriptase for 5 min at 65°C, the RNA was hydrolyzed (0.5 M NaOH, 95°C, 5 min) and neutralized (0.2 M HCl). cDNA was precipitated with
3 volumes of ice-cold 100% ethanol, incubated at -80°C for 15 minutes, centrifuged at 4°C for 15
min at 17000 g and resuspended in 22.5 µl ultra-pure water. Next, 1.7 µM of 5’ phosphorylated
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ssDNA adapter (#3) (see Table S4) was ligated to the cDNA using a CircLigase (Epicentre) reaction
mix (1xCircLigase reaction buﬀer, 2.5 mM MnCl2 , 50 µM ATP, 100 U CircLigase). Samples were
incubated at 60°C for 120 min, followed by an inactivation step at 80°C for 10 min. cDNA was
ethanol precipitated (3 volumes ice-cold 100% ethanol, 75 mM sodium acetate [pH 5.5], 0.05 mg/mL
glycogen [Invitrogen]). After an overnight incubation at -80°C, the cDNA was centrifuged (4°C, 30
min at 17000 g) and resuspended in 20 µl ultra-pure water. To remove non-ligated adapter #3,
resuspended cDNA was further purified using the Agencourt AMPure XP beads (Beackman Coulter) by mixing 1.8x of AMPure bead slurry with the cDNA and incubation at room temperature
for 5 min. The subsequent steps were carried out with a DynaMag-96 Side Magnet (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Following the washing steps with 70% ethanol,
DNA was resuspended in 20 ml ultra-pure water and the dsDNA library was prepared.

2.2

Library preparation and sequencing

To add the TruSeq Universal Adapter (#6) sequence as well as the TruSeq Illumina indexes (#7-30
for next generation sequencing, see Supp. Table 3), the PCR reaction mix (1x Q5 HotStart reaction
buﬀer, 0.1 mM dNTPs, 1 U Q5 HotStart Polymerase [NEB]) was added to 6 µl ssDNA, 4 nM
selection primer #4 (primer extends 4 nucleotides into mCherry transcript to avoid the enrichment
of ssDNA-adapter products), 0.5 µM TruSeq Universal Adapter #6 and 0.5 µM Illumina Index
primer (one of #7-30, see Table S4). A 15-cycle PCR program was used: initial denaturation at
98°C for 30 s followed by a denaturation step at 98°C for 15 s, primer annealing at 65°C for 30 s
and extension at 72°C for 30 s, followed by a final extension 72°C for 5 min. Samples were chilled at
4°C for 5 min. After cool-down, 5 U of Exonuclease I (ExoI, NEB) were added, incubated at 37°C
for 30 min followed by mixing 1.8x volume of Agencourt AMPure XP beads to the PCR/ExoI mix
and purified according to manufacturer’s protocol. Samples were eluted in 20 µl ultra-pure water.
After library preparation, samples were analyzed using the TapeStation 2200 DNA ScreenTape assay
(Agilent) and the molarity of each library was determined by the average size of the peak maxima
and the concentrations obtained from the Qubit fluorimeter (Thermo Fisher Scientific). Libraries
were multiplexed by mixing the same molar concentration (2-5 nM) of each sample library, and
sequenced using the Illumina HiSeq 2500 sequencing system using 2x50 bp paired-end reads.

2.3

Bioinformatics analysis

Illumina reads were first adapter-trimmed using cutadapt [7] and were aligned against a composite
reference built from PP7-wt and PP7-USs 5’ UTR-mCherry sequences, and PhiX genome (PhiX is
used as a control sequence in Illumina sequencing). Alignment was performed using bowtie2 [8] in
local alignment mode (bowtie2 --local). For full alignment details see Supplementary Data 1.
Reverse transcriptase (RT) drop-out positions were indicated by the end position of Illumina
Read 2 (the second read on the same fragment). Drop-out positions were identified using an inhouse Perl script (can be provided upon request). Reads that were aligned only to the first 19 bp
were eliminated from downstream analysis, as these correspond to the RT primer sequence. In
addition, reads that covered the full length (i.e. reads that spanned from the RT-primer to the
TSS) of the sequences were also removed, as they are non-informative for SHAPE-seq RT drop-out
calculation. For each position upstream of the RT-primer, the number of drop-outs detected was
summed. This process was repeated for both the mCherry mRNA and the 5S rRNA sequence
After the trimming, the reporter libraries averaged ⇠500,000± 85,000 total reads per reporter
library (31 total), or ⇠13.204 ± 7.002% of the initial reads number for each library (see Supplemental
Data 1 for reads per position on all SHAPE-Seq libraries). The relative low number of trimmed
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reads may have been due to the poor choice of the RT primer for mCherry, which also binds to E.
coli 23S rRNA.
To facilitate proper signal comparison, all libraries of each construct (8 per construct) were
normalized to have the same total number of reads. For each library j and position i=1,...,L, we
normalized the number of drop-outs Dj (i) according to:
Dj (i)
D̂j (i) = PL
⇥M ,
i=1 Dj (i)

where L is the length of the sequence under investigation after RT primer removal, and M is the
maximal total number of drop-outs over all samples:
M = max{
j

L
X

Dj (i)} .

i=1

Note that M enables comparison between samples with diﬀerent numbers of drop-outs, and also
serves as a large constant in order to avoid dividing two very small numbers in the next step.
The SHAPE-seq read ratio was calculated for each strain s at each position i, as follows:
Rs (i) =

D̂s,mod (i)
D̂s,non

mod (i)

,

(4)

where D̂s,mod (i) and D̂s,non mod (i) are the normalized drop-outs of the NAI-modified and the nonmodified (DMSO) libraries, respectively (see Section 2.1). The normalized reads as a function of
position from the TSS are supplied in Supplemental Data 1.

2.4

Correlation analysis

To provide a more quantitative assessment of the SHAPE-seq data, we employed a running Pearson
correlation window approach. We reasoned that by correlating sequence segments of lengths 11 nt
and above, segments that have a similar modification pattern, which reflect an underlying similar structure, will be characterized by correlated read ratio patterns. To determine the statistical
significance of such correlation, we set a threshold of correlation coeﬃcient whose p-value will be
suﬃcently low. In our case, each SHAPE-Seq read-ratio library is approximately 200 nucleotides
long. Therefore, we chose a correlation coeﬃcient threshold whose p-value is equivalent to 0.01.
This implies that given a null model of no-correlation between any two segments. In a run that
consists of ~150-200 such segments, 1-2 events with a high correlation coeficient value will emerge
by random.
Based on previous knowledge on our sequence: (e.g. binding site structure and location), we can
now determine structually similar segments that are then likely to be consist of particular structural
elements. This, in turn, can allow us to analyze the entire read-ratio segments in such a fashion,
and isolate those segments which are unique and do not correlate with any of the other read ratio
signals. Such unique segments, which are uncharacterized structurally, form good candidates for the
elements which uncode the up-regulatory response.
To demonstrate the validity of this approach, we applied it to the in vitro read ratio results.
In this case, since the in vitro modifications take place after the RNA is extracted from the cells,
denatured, and only then refolded for modifications, the original cellular information is lost. Consequently, the structure of the RNA molecules in the two samples should be the same. To check this
we applied two running correlation windows on the entire read ratio segements of 21 nt and 41 nt
respectively. In both case (Supp. Fig. 3 and 4), a significant correlation with p-values <0.01 was
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detected for the entire read ratio signal. In addition, the lower confidence intervals (dashed line)
for both signals are also significantly larger than 0 for the entire read length. Therefore, using both
statistical tests, the read ratio signals can be siad to be correlated, which is consistent with our
expectations.
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correlation windows and other statistical measurements were calculated using MATLAB.
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Figure S3: SHAPE-seq in vitro correlation analysis - 21 nt window (a-b) Pearson correlation of the
in vitro induced and non-induced read-ratio librarries for the PP7-USs (a) and PP7-USs (b) binding
sites. Dashed lines correspond to confidence intervals at 1 sv. (c-d) Positioned based two-tail p-value
computation for the PP7-USs (c) and PP7-wt (d) correlation computations. P-value corresponds to
the statistical significance of the correlation coeﬃcient as compared with a null model of correlation
coeﬃcient zero.
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in vitro induced and non-induced read-ratio librarries for the PP7-USs (a) and PP7-USs (b) binding
sites. Dashed lines correspond to confidence intervals at 1 sv. (c-d) Positioned based two-tail p-value
computation for the PP7-USs (c) and PP7-wt (d) correlation computations. P-value corresponds to
the statistical significance of the correlation coeﬃcient as compared with a null model of correlation
coeﬃcient zero.

3

Cooperativity model

To estimate the degree of cooperativity in RBP binding to the tandem binding site, we used the
following 4-state thermodynamic model:
!
[RBP ]
[RBP ]2
[RBP ]
w,
(5)
+
+
Z =1+
KRBP 1 KRBP 2
KRBP 1 KRBP 2
where KRBP1 and KRBP2 are the dissocation constants measured for the two single-binding-site
variants, [RBP ] is the concentration of the RN binding proteins, and w is the cooperativity factor.
In a four state model, we assume four potential RNA occupancy states. No occupancy - receiving the
]
relative weight 1. A state with single hairpin bound by an RBP receiving either the weight K[RBP
or
RBP 1
the weight

[RBP ]
KRBP 2

depending on whether the 5’ UTR or N-terminus states are occupied respectively.
⇣
⌘
[RBP ]2
Finally, for the state where both hairpins are occupied we have the generic weight KRBP1
KRBP2 w
which takes into account also a potential interaction between the two occupied states, which can be
cooperative if w > 1 or anti-cooperative if w < 1 . No interaction is the case where w = 1 .
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Next, we compute the relevant probabilities for translation for each weight. We know that when
the N’terminus hairpin is occupied translation cannot proceed, however, some translation can result
(albeit via a lower rate), when the 5’ UTR hairpin is occupied. This leads to the following rate
equation for protein translation:

d [P ]
dt

0

= kbasal [mRN A] @
0

+ kutr [mRN A] @

1
1+

1+

[RBP ]
KRBP 1

[RBP ]
KRBP 1

+

+

[RBP ]
KRBP 2

+

⇣

[RBP ]2
KRBP 1 KRBP 2

⌘

1

A
w
1

[RBP ]
KRBP 1
⌘ A
⇣
[RBP ]
[RBP ]2
+
KRBP 2
KRBP 1 KRBP 2 w

(6)

[P ] ,

where is the protein degradation rate. When meauring rate of production and given the stability
of mCherry, the degradation rate of mCherry is negligible over the 1-2 hr range of integration that
was used in 2. Since we normalized the basal levels of mCherry rate of production, 6reduced to the
following fitting formula for the data:
0

N ormalized mCherry rate of production = @
+

1
1+

[RBP ]
KRBP 1

0

kutr @
kbasal 1 +

+

[RBP ]
KRBP 2

[RBP ]
KRBP 1

+

+

⇣

[RBP ]2
KRBP 1 KRBP 2

⌘

w

1
A

1

[RBP ]
KRBP 1
⌘ A.
⇣
[RBP ]
[RBP ]2
+
KRBP 2
KRBP 1 KRBP 2 w

Finally, given our previous measurements for KRBP1 and KRBP2 , this formula reduces to a twoparameter fit for w and kknterm
. See Supp. Fig. 6 and Supp. Table 4 for the fits and associated fitting
basal
parameter details for 14 of 16 dose-response down-regulatory tandem data sets that were used in
the analysis.
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Figure S5: Binding site schematic and free-energies of the PP7-wt and MS2-wt bindings that are
augmented by longer stems.
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Figure S6: Tandems dose response and associated fits. Dose responses and model fits for 14 of the
16 tandems whose cooperativity parameter was plotted in Fig. 6F.
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