bioRxiv preprint doi: https://doi.org/10.1101/174888; this version posted April 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RBP-RNA interactions in the 5’ UTR lead to structural changes that
alter translation

Noa Katz', Roni Cohen', Oz Solomon'?, Beate Kaufmann', Orna Atar', Zohar Yakhini?3, Sarah
Goldberg', and Roee Amit"4*

' Department of Biotechnology and Food Engineering, Technion - Israel Institute of Technology, Haifa
32000, Israel.

2 Department of Computer Science, Technion - Israel Institute of Technology, Haifa 32000, Israel.

3 School of Computer Science, Interdisciplinary Center, Herzeliya 46150, Israel.

4 Russell Berrie Nanotechnology Institute, Technion - Israel Institute of Technology, Haifa 32000,
Israel.

* To whom correspondence should be addressed. Tel: 972-77-8871894; Fax: 972-4-8293399; Email:
roeeamit@technion.ac.il

ABSTRACT

We study translational regulation by a 5 UTR sequence encoding the binding site of an RNA-binding
protein (RBP) in bacteria, using a reporter assay and Selective 2'-hydroxyl acylation analysed by
primer extension sequencing (SHAPE-Seq). We tested constructs containing a single hairpin, based
on the binding sites of the coat RBPs of bacteriophages GA, MS2, PP7, and Qf, positioned in the 5’
UTR of a reporter gene. With specifically-bound RBP present, either weak repression or up-regulation
is observed, depending on the binding site and its flanking sequence. SHAPE-Seq data for a
representative construct exhibiting up-regulation, indicates a partially-folded hairpin and non-reactive
upstream and downstream flanking region, which we attribute to intermediate structures that
apparently blocks translation. RBP binding stabilizes the fully-folded hairpin state and thus facilitates
translation, suggesting 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, and abolishes the up-regulating behavior. Finally, we found that the combination of two
binding sites, positioned in the 5 UTR and gene-header 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 behaviors. Thus, demonstrating that RNA-RBP interactions can provide
a platform for constructing gene regulatory networks that are based on translational, rather than

transcriptional, regulation.

INTRODUCTION

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 (1-4), although RNA-based regulatory
components have many advantages. Several RNA components have been shown to be functional in

multiple organisms (5-9). RNA can respond rapidly to stimuli, enabling a faster regulatory response
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as compared with transcriptional regulation (10-13). From a structural perspective, RNA molecules
can form a variety of biologically functional secondary and tertiary structures (2), which enables
modularity. For example, distinct sequence domains within a molecule (13, 14) may target different
metabolites or nucleic acid molecules (15, 16). All of these characteristics make RNA an appealing
target for engineered-based applications (17-19, 3, 20, 21, 2, 22, 23).

Perhaps the most well-known class of RNA-based regulatory modules are riboswitches (16, 24—
26). 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 (27, 28, 2), namely
riboswitches that sense a nucleic acid molecule, provide a transcription-based feedback mechanism,
which can result in slow temporal dynamics (2). Implementing network modules using RNA-binding
proteins (RBPs) could enable an alternative multicomponent connectivity for gene-regulatory
networks that is not based solely on transcription factors. Such a network architecture can offer
unique advantages from potentially faster response time to generating increased complexity and
selectivity when implemented together with standard gene regulatory modules.

Regulatory networks require both inhibitory and up-regulatory modules. The vast majority of known
RBP regulatory mechanisms are inhibitory (29-34). 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 (35, 36). Several studies have attempted to engineer
activation modules utilizing RNA-RBP interactions, based on different mechanisms: recruiting the
elF4G1 eukaryotic translation initiation factor to specific RNA targets via fusion of the initiation factor
to an RBP (37, 38), adopting a riboswitch-like approach (21), and utilizing an RNA-binding version of
the TetR protein (39). However, despite these notable efforts, RBP-based translational stimulation is
still difficult to design in most organisms.

In a recent study (40), we employed a synthetic biology and in vivo SHAPE-Seq approach (41-43)
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 (12). Our findings indicate that structure-binding RBPs [coat proteins
from the bacteriophages GA (44), MS2 (45), PP7 (46), and Qf (47)] can generate a range of
translational responses, from previously-observed down-regulation (12) to, surprisingly, up-regulation.
The mechanism for downregulation is most likely steric hindrance of the initiating ribosome by the
RBP-mRNA 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 RNA-RBP interactions can provide a
platform for constructing gene regulatory networks that are based on translational, rather than

transcriptional, regulation.

MATERIAL AND METHODS


https://doi.org/10.1101/174888
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/174888; this version posted April 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Design and construction of binding-site plasmids

Binding-site cassettes (see Supp. Table 1) 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
constitutive promoter, ribosome binding site (RBS), and a Kpnl 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 Supp. Table 1), at varying distances. All binding sites were derived from
the wild-type binding sites of the coat proteins of one of the four bacteriophages GA, MS2, PP7, and
Q. For insertion into the binding-site plasmid backbone, minigene cassettes were double-digested
with Eagl-HF and either Kpnl or ApaLl (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). All 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 the four fusion-

RBP plasmids (see below).
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 2). All RBPs presented (GCP, MCP, PCP, and QCP)
were cloned into the RBP plasmid between restriction sites Kpnl and Agel, immediately upstream of
an mCerulean gene lacking a start codon, under the so-called RhIR promoter (containing the rhIAB
las box (48)) and induced by N-butyryl-L-homoserine lactone (C4-HSL). 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.
Transformation of binding-site plasmids

Binding-site plasmids stored in 96-well format were simultaneously transformed into chemically-
competent 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).
SHAPE-Seq 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 and the RBP-fusion
plasmid and grown at 37°C for 16 hours while shaking at 250 rpm. Overnight cultures were diluted

1:100 into semi-poor medium. Each bacterial sample was divided into a non-induced sample and an
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induced sample in which RBP protein expression was induced with 250 nM N-butanoyl-L-homoserine

lactone (C4-HSL), as described above.

Bacterial cells were grown until ODe00=0.3, 2 ml of cells were centrifuged and gently resuspended
in 0.5 ml semi-poor medium. For in vivo SHAPE modification, cells were supplemented with a final
concentration of 30 mM 2-methylnicotinic acid imidazole (NAI) suspended in anhydrous dimethyl
sulfoxide (DMSO, Sigma Aldrich) (42), or 5% (v/v) DMSO. Cells were incubated for 5 min at 37°C
while shaking and subsequently centrifuged at 6000 g for 5 min. RNA isolation of 55 rRNA was
performed using TRIzol-based 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. For the strains harboring PP7-wt
0=-29 and PP7-USs 6=-29, column-based RNA isolation (RNeasy mini kit, QIAGEN) was performed.
Samples were divided into the following sub-samples (except for 5S rRNA, where no induction was

used):

—_

induced/modified (+C4-HSL/+NAI)

2. non-induced/modified (-C4-HSL/+NAI)

3. induced/non-modified (+Cs-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 (43). 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 SHAPE-reaction 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 pl of RNAse-free water.

Subsequent steps of the SHAPE-Seq protocol, that were applied to all samples, have been described
elsewhere (49), 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 3) for mCherry (#1) or 5S rRNA (#2) that are specific for
either the mCherry transcripts (PP7-USs 6=-29, PP7-wt 5=-29). The RNA was mixed with 0.5 yM
primer (#1) or (#2) and incubated at 95°C for 2 min followed by an incubation at 65°C for 5 min. The
Superscript Ill reaction mix (Thermo Fisher Scientific; 1x SSIlI First Strand Buffer, 5 mM DTT, 0.5 mM
dNTPs, 200 U Superscript lll 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
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transcriptase for 5 min at 65°C, the RNA was hydrolyzed (0.5 M NaOH, 95°C, 5 min) and neutralized
(0.2 M HCI). 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 pl ultra-pure water.
Next, 1.7 uM of 5° phosphorylated ssDNA adapter (#3) (see Supp. Table 3) was ligated to the cDNA
using a CircLigase (Epicentre) reaction mix (1xCircLigase reaction buffer, 2.5 mM MnClz, 50 uM 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 pl 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, cDNA was resuspended in 20 pl ultra-pure water and were subjected to PCR

amplification to construct dsDNA library as detailed below.
SHAPE-Seq library preparation and sequencing

To produce the dsDNA for sequencing 10ul of purified cDNA from the SHAPE procedure (see above)
were PCR amplified using 3 primers: 4nM mCherry selection (#4) or 5S rRNA selection primer (#5),
0.5uM TruSeq Universal Adapter (#6) and 0.5uM TrueSeq lllumina indexes (one of #7-26) (Supp.
Table 3) with PCR reaction mix (1x Q5 HotStart reaction buffer, 0.1 mM dNTPs, 1 U Q5 HotStart
Polymerase [NEB]). 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 | (Exol, NEB) were added, incubated at 37°C for 30 min followed by mixing
1.8x volume of Agencourt AMPure XP beads to the PCR/Exol mix and purified according to
manufacturer’s protocol. Samples were eluted in 20 pl 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 library and
sequenced using the lllumina HiSeq 2500 sequencing system using either 2X51 paired end reads for
the 5S-rRNA control and in vitro experiments or 2x101 bp paired-end reads for all other samples. See

Supp. Table 4 for read counts for all experiments presented in the manuscript.
Analysis of fluorescence expression assay

See Supplementary Information.

SHAPE-Seq reactivity analysis

See Supplementary Information.
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Tandem cooperativity fit and analysis

See Supplementary Information.

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 QB (QCP) when co-expressed with a reporter construct containing 1 of
11 putative binding sites in the 5 UTR [see Supp. Fig. 1 and previously described in (40, 46, 50)]. We
positioned each of the 11 binding sites at three or four different locations upstream of the RBS, that
varied from 6=-21 to 8=-31 nt measured relative to the ATG of the mCherry reporter gene (see Supp.
Table 1). Altogether, we constructed 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 (see Supp. Fig.
2 for experiment schematic and sample data-set). The normalized dose-response curves for the 5’
UTR constructs with matching RBPs (e.g., MS2 binding site with MCP) are plotted as a heat-map in
Fig. 1A. In all cases, the data for both the mCherry rate of production and mean mCerulean levels are
normalized by the respective maximal value. The dose response functions are arranged in order of
increasing response, with the highest-repression variants depicted at the bottom. The results show
that the observed repression is generally weak, and at most amounts to about a factor of two
reduction from basal levels (turquoise). This is markedly different from the strong repression effect
observed for when the same hairpins were positioned within the ribosomal initiation region
downstream of the AUG (i.e. “gene-header” - 5<13) (40). Second, some of the variants exhibit a
distinct up-regulatory dose-response (variants positioned at the top of the map at variant #>140) of up
to ~3-fold, which was not previously observed for these RBPs.

From the dose-response curves, we computed the effective dissociation constant, which is defined
as the fitted Ku, normalized by the maximal mCerulean expression level (see Supp. Information). The
resultant Krsp values obtained for each RBP—binding-site pair are plotted as a heat-map in Fig. 1B.
This heatmap is quite similar to the Krsp heatmap obtained for the gene-header region, despite the
difference in fold regulatory effect (40). 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 QB-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 QB-USLSLm and QB-LSs generated a down-regulatory dose-
response signal in the 5" UTR in the presence of QCP, while no response was detected in the gene-
header configurations. Conversely, QCP and PCP, which displayed a binding affinity to MS2-wt, MS2-
U(-5)C, and PP7-USLSBm in the gene-header configuration, respectively (40), did not generate a
significant dose response to either of 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 (up- or down-regulation) 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. In particular, for MS2-U(-5)C, MS2-wt, and PP7-wt, together with
MCP, GCP and PCP, respectively, a modest two to 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. 3A-B).
To provide a more detailed description of the up-regulatory response, we plot in the inset of Fig. 1C
the individual dose response curves that were used to compute the red bar in the MS2-U(-5)C line of
the plot. The panel shows a sigmoidal response for three of the four positions. However, the basal
production-rate levels are not fully repressed providing an explanation for the modest fold-response
observed for these constructs.

To better understand the different types of dose-response behavior in the 5 UTR, we focus on the
PCP binding site variants PP7-USs (red) and PP7-wt (blue), both at §=-29 (Fig. 1D). 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 Fig. 1E 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 may be due to differences in underlying structures of the
RNA molecules in the 5’ UTR, even though a putative structural depiction of these variants based on
RNAfold (51) and their sequence alone, does not predict significant structural differences in this
region (Fig. 1E).

In vitro SHAPE-Seq data is consistent with predicted structures

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 8=-29 to SHAPE-Seq both
in vitro and in vivo using 2-methylnicotinic acid imidazole (NAI) suspended in anhydrous dimethyl
sulfoxide (DMSO), with DMSO-treated cells as a non-modified control (see Methods and Supp.
Information). We chose to modify a segment that includes the entire 5 UTR, and in addition another
~140 nt of the mCherry reporter gene. We hypothesized that SHAPE-seq data can provide a foot-print
or echo for the mRNA structure in the 5’UTR and ribosomal initiation region with and without a bound
RBP (see Supp. Fig. 4 for SHAPE-Seq analysis of 5S-rRNA as positive control).

In Fig. 2A and Supp. Fig. 5, we plot the reactivity signals as a function of nucleotide obtained
for both the PP7-wt (blue line) and PP7-USs (red line) constructs at $=-29 using in vitro SHAPE-Seq.
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The reactivity of each base corresponds to the propensity of that base to be modified by NAI (for the
definition of reactivity see Sl). For each data-point in the plots, error-bars are computed from two
biological replicates for each variant, and additional boot-strapping analysis (see Supp. Information for
detailed description of the analysis approach). A direct comparison of the reactivity scores (Supp. Fig.
5) show that both constructs generate a fluctuating reactivity signature that varies from no reactivity to
values of ~1. Furthermore, a close examination of both in vitro signals reveals a global 2 nt offset
between the PP7-wt and PP7-USs reactivity scores downstream to the binding sites (Supp. Fig. 5A).
The observed offset coincides with a wide-region of statistically distinguishable reactivities computed
using Z-factor analysis (see Sl for definition and Supp. Fig. 5B). Since the two constructs differ by a
deletion of two nucleotides, we reasoned that in order to facilitate a proper alignment between the
PP7-USs and PP7-wt reactivity scores downstream to the binding sites, the reactivities at positions -
45 and -38 of PP7-wt should be omitted from the plot (Fig. 2A). When doing so both in vitro reactivity
signals look nearly identical for the entire modified segment of the RNA. This is further confirmed by
z-factor analysis (lower panel), which only yields significant distinguishability for a narrow segment

within the coding region (~+30 nt).

Next, we used the in vitro reactivity data to compute the structure of the variants and guiding
the computational prediction using our experimental data. It was shown previously (52-55) that using
experimental constraints for RNA 2D structure computation can increase the accuracy of the
predicted structure, increasing its similarity to the solved structure. In this computation, the algorithm
utilizes both the sequence and the reactivity to generate the structure. In brief, RNAfold together with
RNApvmin (see Sl for more detail) implement the algorithm developed by (52), which uses the
reactivity scores to constrain the free-energy computations of the different structures. This is done by
“pbiasing” the way each base is responsive to the general free energy minimization computation taking
into account a priory the experimental reactivity data. Thus, the free-energy minimizing structure that
results is different from the one that would be obtained from computations that are based on the
sequence alone. In Fig. 2B we plot the structures for both variants, as computed using constraints
from the in vitro SHAPE-Seq data, which reveals that the extracted structures (Fig. 2B) are similar to
the initial non-constrained RNAfold computation (Fig.1E). A closer examination of all the computed
structures so far reveals two 5’ UTR features that consistently appear. The first corresponds to the
binding site (-56 to -30) as expected, while the second corresponds to a downstream satellite
structure (-23 to -10). The secondary hairpin encodes a putative short anti-Shine-Dalgarno (aSD)
motif (CUCUU) (56), which may partially sequester the RBS. While RBS-sequestration by an aSD
motif can explain the up-regulation effect observed for PP7-wt, it cannot at the same time explain the

down-regulatory phenomenon observed for PP7-USs, nor its high basal production rate levels.
In vivo SHAPE-Seq reveals different structures for PP7-wt and PP7-USs

To resolve this discrepancy, we proceeded to carry out the SHAPE-Seq protocol in vivo on
induced and non-induced samples for both the PP7-wt and PP7-USs 6=-29 variants. We used

biological duplicates for every variant/induction level pair. In Fig. 3A, we plot the non-induced (RBP-)
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reactivity obtained for PP7-wt (blue) and PP7-USs (red). The data shows that PP7-USs is more
reactive across nearly the entire segment, including all of the 5° UTR and >50 nt into the coding region.
Z-factor analysis reveals that this difference is statistically significant for a large portion of the 5° UTR
and the coding region, suggesting that the PP7-USs is overall more reactive and thus less structured
than the PP7-wt fragment. Alternatively, in Fig. 3B we show that in the induced state (RBP+) both
constructs exhibit a weaker reactivity signal that is statistically indistinguishable in the 5° UTR (i.e. Z-
factor ~0). Moreover, the region associated with the binding site is unreactive (marked in grey), while
both the adjacent upstream and downstream regions exhibit a moderate reactivity signal. To further
explore the reactivity signal of the 5’UTR in the induced cases, we plot the induced versus non-
induced reactivities for each construct (Supp. Fig. 6). The plots reveal that for the PP7-wt construct
(Supp. Fig. 6A), the binding site location coincides with a statistically distinguishable protected region
that becomes non-reactive upon induction. For PP7-USs (Supp. Fig. 6B), no such identification can
be made due to the radically different reactivity signals observed for the two states. Taken together,
PCP-mCerulean induction seems to trigger structural changes in the mRNA molecules. For PP7-USs,
RBP binding likely leads to a moderate re-structuration of the 5’'UTR, which in turn triggers reduced
translation. Whereas, for the PP7-wt construct a signature for RBP binding can be discerned and
taking into account the nearly identical reactivity with PP7-USs in the induced case a likely structural

shift ensues as well.

To generate a structural insight, we implemented the constrained structure computation that
was used for the in vitro samples. This was done in order to derive structures of the RNA molecules
that are consistent with the reactivity data obtained for the different induction states. The structures
with nucleotides overlaid by base-pairing probabilities are plotted in Fig. 3C. In the top schema, we
plot the derived PP7-USs non-induced variant, which is non-structured in the 5 UTR exhibiting a
predominantly yellow and white coloring of the individual nucleotide base-pairing probabilities. By
contrast, in the PP7-wt non-induced structure (bottom) there are three predicted closely spaced
smaller hairpins that span from -60 to -10 that are predominantly colored by yellow and red except in
the predicted loop regions. Both top and bottom structures are markedly different from the in vitro
structures (Fig. 2B). Neither displays the PP7-wt or PP7-USs binding site, and the secondary aSD
hairpin only appears in the PP7-wt non-induced strain. In the induced state, a structure reminiscent of
the in vitro structure is recovered for both variants with three distinct structural features visible in the 5’
UTR: the upstream flanking hairpin, the binding site, and downstream CUCUU anti-Shine Dalgarno
hairpin. These variety of predicted structures for each state in vivo suggests that the level of
translation may be mostly dependent on a particular arrangement of sub-structures in the 5 UTR, and
to a lesser extent on the presence of the aSD motif. Consequently, the reactivity data and structural
analysis indicates that the deletion of the two nucleotides which encode the PP7-USs binding site
together with the translational machinery, are sufficient to trigger large-scale structural changes
across the 5’ UTR, which in turn lead to the divergent expression levels at the non-induced level.
Conversely, the binding of PCP-mCerulean is sufficient for the stabilization of the binding site, which
in turn stabilizes the satellite structures in the flanking regions leading to an indistinguishable

expression level in the induced states.
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Longer stems can flip the regulatory response of PP7-wt and MS2-wt binding sites

Based on the collective findings of the various SHAPE-Seq libraries, we hypothesized that we
can change the nature of the regulation of PP7-wt from up-regulating to down-regulating by altering
the sequence of the flanking regions. We reasoned that different flanking regions together with the
translational machinery can trigger a non-structured 5" UTR that will mimic the effect of the U-A base-
pair deletion in PP7-USs. Thus, upon the binding of the RBP and subsequent stabilization of the
binding site structure in the 5UTR, the up-regulation effect can be changed to repressed translation.
We chose to test this hypothesis via two approaches: first, by mutating the CUCUU motif into an A-
track, thus preventing the formation of the secondary hairpin, and second, by increasing the length of
the lower stem thereby increasing the stability of the binding site at the expanse of alternative
structures such as the one shown in Fig. 3C (PP7-wt, induced - bottom right structure). In Fig. 4A, we
present a sample of mutated structures predicted with RNAfold (using only sequence information),
where the mutated flanking sequence for each variant is overlaid by color: red for the CU-rich variant
(top-left), blue for the A-rich variant (top-right), yellow for the extended stem (+3 nt) PP7-wt variant

(bottom-right) and green for the original PP7-wt variant (bottom-left).

To check the effect of varying the aSD motif, we produced ten additional constructs at 5=-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 a strong aSD sequence (CU-rich), or an A-rich
segment that is highly unlikely to form stable secondary structures with the RBS (see Supp. Table 1).
We first modeled these new variants and found radically different structures in the 5 UTR than the
ones deduced for the original variants (see Fig. 4A-top left, marked with red bold label in Fig. 4B). For
the A-rich flanking region (Fig. 4A-top right, A-track marked with blue bold label in Fig. 4B), the
predicted structure displays an extended hairpin feature encompassing most of the 5° UTR, but the
region upstream to the RBS and AUG is predicted to be single-stranded as expected. Conversely, the
predicted structure for the CU-rich downstream flanking region (Fig. 4A-top left - highlighted in red,
CU-rich segment marked with red bold label in Fig. 4B) displays a longer RBS-sequestering hairpin as
compared with the original sequence (Fig. 4A-bottom left). We plot the basal expression level for 15
RBP—binding-site pairs, containing the original 5=-29 spacer (green), the 8=-29 spacer containing
the CU-rich aSD sequence (red), and the 8=-29 A-rich spacer lacking the aSD sequence (blue). The
data (Fig.4B — left heatmap) shows that the constructs with a CU-rich flanking region exhibit low basal
expression levels as compared with the other constructs, as previously observed (56), while the
different A-rich variants and original flanking sequences of each type do not seem to affect basal
expression in a consistent fashion. However, both the up-regulatory and down-regulatory dose
responses persist independently of the flanking region content (Fig. 4B- right heatmap), as compared

with the response recorded for the original flanking sequences (Fig. 1C).

To check the effect of increasing stem length and binding site stability, 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 (see Supp. Table 1). Thus, in this case we
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effectively mutated both the upstream and downstream flanking regions of the original PP7-wt and
MS2-wt constructs by insertions of 3,6, or 9 nucleotides each. Structural modelling of these variants
reveal that the stem extension alters the secondary structural features that flank the binding site (e.g.
short aSD-SD motif) and, as expected, increases the stability of the binding site stem by making it
longer (see the sample PP7-wt+3bp structure in Fig. 4A-bottom — right — insertions highlighted in
yellow). When examining the dose-response functions for all the configurations (Fig. 4C-D) 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 (Fig. 4D — left heatmap), 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 (Supp. Fig. 7). Consequently, basal expression level is
highly dependent on the particular choice of 5 UTR sequence that flanks the binding site and
resultant 5° UTR structure. This, in turn, can lead to either up- or down-regulation depending on the

final structure of the complex in the RBP-bound state.
A tandem of binding sites can exhibit cooperativity

Finally, we further explored the regulatory potential of constructs containing one hairpin
placed in the 5’ UTR of a gene (6<0) with another hairpin placed in the gene-header region of the
reporter (6>0) (Fig. 5A), in the presence of RBP. To do so, we constructed an additional 28 variants
with combinations of MS2, PP7, and Qf binding sites (see Supp. Table 1). In Fig. 5B-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. 5B), 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, QB-wt, or MS2-U(-5)C], basal mCherry rate of production was
reduced to nearly zero. For PCP (Fig. 5C), a similar picture emerges, with several variants exhibiting
a strong dose-response repression signature, while no regulatory effect 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 with a PP7-nB positioned in the 5 UTR
exhibit a down-regulatory response. These observations are consistent with the data shown in Fig.
4C-D, 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. 5D, 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
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previously (40). 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 Supp. Information for fitting
model) for repressive tandem constructs in the presence of their corresponding cognate RBPs. In Fig.
5E, 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 Krsp 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 (best fit at w=73). In Fig. 5F we plot the extracted cooperativity parameter for
each of the 16 tandems displaying a regulatory response with known Krsp values for both sites (see
Supp. Fig. 8 and Supp. Table 4 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 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,
depending on the chosen 5’ UTR and gene-header sequences.

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 (56-61). Here, we built on the design introduced by (12) 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 hairpins with bacterial gene-header regions (40). 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 (as in Fig. 1), a previously un-observed translational
stimulation phenomenon due to RBP binding and change in mRNA structure in the 5" UTR (described
mainly in Fig. 2-4), and a cooperative 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 gene-header, as in
Fig. 5).

12


https://doi.org/10.1101/174888
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/174888; this version posted April 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Our expression level data on the single-binding-site constructs, SHAPE-Seq data, and follow-up
structural analysis suggest that a “densely” structured 5 UTR is associated with an inhibited-
translation-initiation state. Inhibited translation is alleviated by RBP binding, which seems to stabilize
the binding-site hairpin while simultaneously weakening flanking structures in the 5’ UTR, leading to
translation stimulation. Our experiments revealed no particular structural feature that was associated
with this regulatory switch, such as the release of a sequestered RBS, which has been reported
before as a natural mechanism for translational stimulation (35, 36). Consequently, the up-regulation
phenomenon that we observed is a transition from a strongly-repressing densely structured 5 UTR to

a weakly-repressing loosely structured 5’ UTR that occurs upon RBP binding.

Structural changes that are triggered in RNA by the binding of a ligand frequently occur in nature.
The most common class of such structures are called “riboswitches”, where the structure change
typically either sequesters or releases an RBS leading to inhibition or up-regulation of translation, see
for instance (7, 26, 62—66). In this work, we demonstrated that RNA binding proteins can function as
such ligands. In the two cases studied in detail, we demonstrated that upon induction the RBP
triggered structural changes in the RNA molecule. This result is not surprising for several reasons:
first, the size of the RBPs are comparable to typical structural feature on RNAs, and thus they are
likely to affect the stability of nearby structural elements. Second, it is believed that RNA structures
fluctuate between closely related ensemble of structures (67—70), and thus binding of an RBP can
easily shift the energetic equilibrium of this ensemble leading to a different cumulative translation rate.
Third, interaction with the translational machinery can substantially alter the underlying structure. We
and others (40, 71-73) have shown that mRNAs that are being strongly translated are predominantly
non-structured. However, bound RBPs in the 5’ UTR near the RBS are likely to hinder translation
initiation. This slowdown can, in turn, trigger re-structuring of the RNA molecule leading to a further
slowdown of translation, and to a radically different reactivity signature for the RBP bound and
unbound states as was observed here and in our previous work (40). Consequently, the definition of a
“riboswitch” should be widened to include all forms of ligand-triggered structural changes (i.e. not only
to a small metabolite or an ion), which in turn lead to variations in translation. Given this wider

definition, the constructs reported here can be considered as synthetic protein-sensitive riboswitches.

We emphasize that our results were obtained in E. coli, 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. Finally, given the propensity of RBPs to alter the RNA structure via
direct interaction or inhibition of translation initiation, it is tempting to speculate that such an
interaction may be a generic 5’ UTR mechanism that could be extended to other RBPs in any

organism as was shown for the 3’'UTR in human cell lines (74, 75).

How difficult is it to design this up-regulatory phenomenon de novo? Our findings suggest that the
free-energy score of the binding sites can be used as a predictor for up-regulation independent of

flanking sequence content. The binding sites which exhibited up-regulation were all scored in the
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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 exhibited high basal level
expression and subsequent down-regulation. Thus, while intermediate stability is not necessarily a
guarantee for achieving an up-regulatory response (e.g. PP7-USs, QB-wt, QB-LSs), it is a reasonable
indicator which may be utilized during the design process (4 of 7 sites in our case). It is important to
emphasize, however, that while such empirical findings may be used as a guide for future designs of
synthetic protein-sensing riboswitches, we caution against over-reliance on such parameters. Overall,
we found that structural models of RNA do not perform well in the in vivo environment, and especially
poorly for translationally-active transcripts. This implies that the best approach to designing such
elements at the present time is to first characterize experimentally a small library of a variety of

designs, and subsequently selecting and optimizing the most suitable parts.

Our work presents an important step in understanding and engineering post-transcriptional
regulatory networks. Our findings suggest that generating translational regulation using RBPs, and
translational stimulation in particular, may not be as difficult as previously thought, especially given
the more inclusive definition riboswitches that we propose. Furthermore, the cooperativity observed
for the tandems indicates that binding affinity is also a variable parameter, which can be used in
various designs. Consequently, 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

post-transcriptional gene regulatory networks.

SUPPLEMENTARY DATA
8 Supplementary Figures.
5 Supplementary Tables.

Supplementary Data are available at NAR online.
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Fig. 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/mCerulean level, for easier
comparison. Variants are arranged in order of increasing fold up-regulation. (b) Normalized Krse. Blue
corresponds to low Krsp, while yellow indicates no binding. If there was no measureable interaction
between the RBP and binding site, Krsr was set to 1. (c) Bar graph showing expression 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 6=-23,-26,-29, and -31 nt from the AUG. (d) Dose response functions for two strains
containing the PP7-wt (blue) and PP7-USs (red) binding sites at 6=-29 nt from the AUG. Each data
point is an average over multiple mCerulean and mCherry measurements taken at a given inducer
concentration.(e) Structures schemes predicted by RNAfold for the 5" UTR and the first 134 nts of the

PP7-wt and PP7-USs constructs (using sequence information only).

Fig. 2. in vitro SHAPE-Seq analysis for PP7-wt and PP7-USs strains. (a) In vitro reactivity analysis for
SHAPE-Seq data (see Supp. Information) obtained for two constructs PP7-wt (blue) and PP7-USs
(red) at 6=-29. Error-bars are computed by using boot-strapping re-sampling of the original modified
and non-modified libraries for each strain (see sup. information) and also averaged from two
biological replicates (b) Inferred in vitro structures for both constructs and constrained by the reactivity
scores from (a). Each base is colored by its base pairing probability (red-high, yellow-intermediate,
and white-low) calculated based on the structural ensemble (using RNAsubopt).

Fig. 3. in vivo SHAPE-Seq analysis for PP7-wt and PP7-USs strains. (a-b) Comparison of reactivity
analysis computed using in vivo SHAPE-Seq data for the non-induced (a) and induced (b) states of
PP7-wt (blue) and PP7-USs (red) at 6=-29. Error-bars are computed by using boot-strapping re-
sampling of the original modified and non-modified libraries for each strain, and also averaged from
two biological replicates (see sup. information). (c) Inferred in vivo structures for all 4 constructs and
constrained by the reactivity scores show in (a-b). Each base is colored by its base pairing probability
(red-high, yellow-intermediate, and white-low) calculated based on the structural ensemble (using
RNAsubopt). For both the PP7-wt and PP7-USs the inferred structures show a distinct structural
change in the 5 UTR as a result of induction of the RBP.

Fig. 4. Up-regulation is dependent on binding-site free energy. (a) Schematics for four sample
structures computed with RNAfold (using sequence information only), where a short segment of the
flanking region to the hairpin was mutated in each strain. Three structures contain the PP7-wt hairpin
at 6=-29. (Top-left) CU-rich flanking colored in red. (Top-right) A-rich flanking colored in blue. (Bottom-
left) original construct with “random” flanking sequence colored in green. (Bottom-right) PP7-wt
hairpin encoded with a longer stem colored in yellow. (b) Variants containing 5 distinct hairpins with
either a CU-rich (red), A-rich (blue), or original (green) flanking sequences upstream of the RBS.

While basal levels are clearly affected by the presence of a strong CU-rich flanking sequence, the

20


https://doi.org/10.1101/174888
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/174888; this version posted April 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

nature of the regulatory effect is apparently not determined by the sequence content of the flanking
region. (c) Dose response functions for PP7-wt binding sites with an extra 3 (blue), 6 (magenta), and
9 (green) stem base-pairs are shown relative to the dose response for PP7-wt (red). (d) Basal levels
and logarithm (base 2) of fold change for dose responses of all extended stem constructs with their
corresponding RBPs (MCP or PCP).

Fig. 5. 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 N-terminus. (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 Qf is QB-wt. For
PCP (c), WT is PP7-wt, nB is PP7-nB, Bm is PP7-LSLSBm, and USs is PP7-USs. () A sample fit
using the cooperativity model (see Supp. 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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