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Abstract

Riboswitches are structural genetic regulatory elements that directly couple the sensing of
small molecules to gene expression. They have considerable potential for applications
throughout synthetic biology and bio-manufacturing as they are able to sense a wide range
of small molecules and in response regulate gene expression. Despite over a decade of
research they have yet to reach this considerable potential as they cannot be treated as
modular components. This is due to several limitations including, sensitivity to changes in
genetic context, low tunability and large degrees of variation.

To overcome the associated difficulties with riboswitches, we have designed and introduced
a novel genetic element called a Ribo-attenuator. This genetic element allows for predictable
tuning, insulation from contextual changes and a reduction in expression variation. Ribo-
attenuators allow riboswitches to be treated as a truly modular and tunable component, and

thus increase their reliability for a wide range of applications.
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Riboswitches are structural regulatory elements mostly present in the 5 UTR of messenger
RNA, found in all three domains of life . Relying solely on RNA for structure, it is possible
that they originated as a very early regulatory element in a hypothesized RNA world %.They
usually allow the regulation of a downstream gene or operon in response to the binding of
small molecules such as cellular metabolites or metal ions *°. Some regulate transcription or
translation while others regulate splicing in eukaryotes’. Riboswitches that regulate
translation do so through the allosteric effects of small molecules binding to their aptamer
domain. This structural rearrangement usually opens up or sequesters away a ribosome
binding site (RBS) core (figure 1) #*°. While many riboswitches evolved to control the
expression of enzymes in natural systems, synthetic riboswitches have been adapted from

11-

natural ones to respond to specific molecules *~*°. These studies along with recent

17-19

advances towards the in silico design of riboswitches represent significant scientific

interest in the application of riboswitches.

Despite significant promise and over a decade of research, limitations inherent in riboswitch
function reduce their applicability. Many riboswitches rely on a specific secondary structure
to selectively bind the small molecule of interest. This secondary structure often results not
just from within their aptamer domain, but also the proximal open reading frame (ORF) that
the riboswitch controls the expression of. Changing the ORF to suit another application can
destroy any response of the riboswitch to the small molecule it usually responds to %°.
Ideally, riboswitches could be treated as modular “plug and play” devices compatible with a
library of ORFs allowing for the construction of genetic networks responding to small
molecules. Many studies claiming modularity of riboswitches employ a fusion comprised of a
riboswitch, the first few hundred base pairs of its working ORF and a gene of interest.
However, this fusion can affect functionality of a gene, as many enzymes will not function
with 5' fusions, limiting their translation from riboswitches ?*-?°. This use of fusions
demonstrates the inherent sensitive nature of riboswitches and is subsequently a barrier to
the generation of truly modular riboswitches.
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A further limitation is the difficulty in altering the functional range in response to a ligand. The
induction or repression response comes not only from the riboswitch RBS strength but also
from their secondary structure®. Changing this induction response to suit a novel application
remains a major hurdle not yet explored. Typically, changing an RBS can lead to a different
activation range of a conventional transcription factor bases biosensor. However, due to the
specificity of secondary structure surrounding the aptamer domain of riboswitch and a poor
understanding of in vivo RNA structures, changing the riboswitch induction range without
destroying the induction response is difficult. Despite advances towards the in silico design
of riboswitches *°, inducers are limited and the dynamic range cannot be easily and
predictably changed.

A further limitation to some synthetic or re-engineered riboswitches is variation in
downstream gene expression. This noise in riboswitch function is thought to originate from
ligand dependent RBS accessibility bursts ® and is a major limitation in many high
throughput screening techniques (such as FACS sorting) that relies on a distinct separation
between a positive and negative population.

Several solutions to these individual problems have been suggested. For example the use of
T7 polymerase to amplify Riboswitch output and improve the functional range of a riboswitch
2" or to use self-cleaving Ribozymes allowing for greater flexibility in aptamer domain
selection?®. However T7 polymerase relies on a low basal expression limiting it application
and ribozymes are a limited in the relatively small number of novel ribozyme catalysts %°.

To overcome the limitations of large 5’ fusions, narrow induction range and sensitivity to
ORF changes of both engineered and natural riboswitches, we designed and tested Ribo-
attenuators (ATTs). These novel genetic elements are placed 150 base pairs into the ORF
that the riboswitch is reported to express. They consist of an RBS with an engineered hairpin
followed by a negative one shifted transcriptionally fused stop and start codon (TAATG)
(figure 2). Translation from this second RBS independent of the riboswitch is silenced
through the engineered hairpin over the RBS core. Passage of ribosomes recruited by the
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upstream riboswitch then open up the introduced hairpin before dissociating at the proximal
in frame stop codon (TAA) in the transcriptionally-fused junction. Further ribosomes can then
assemble at the second RBS and initiate translation at the first start codon of the introduced
gene of interest. In this fashion instead of directly controlling the translation of a gene as in
its natural setting, the riboswitch instead controls the translational initiation rate from the
downstream attenuator RBS. As such Ribo-attenuators allow for the fine tuning of a
riboswitch response, the orthogonal expression of a novel gene of interest and by improving
the reliability with which the downstream RBS remains exposed, they also reduce variation
within populations. Ribo-attenuators overcome the main issues preventing the wide spread

use of re-engineered or synthetic riboswitches.

Materials and methods

Plasmids

All riboswitch cassettes were cloned into the J64100 plasmid® (ColE1 origin; 50-60 copies,
Chloramphenicol resistance) under control of the tetracycline promoter. The Adda riboswitch
sequence was the kind donation from Dr Neil Dixon (Department of Chemistry, University of
Manchester) and the Btub riboswitch was taken from the Escherichia coli genome. All

riboswitches were synthesised by IDT (Skokie, IL, USA) as gBlock gene fragments,

assembled by Gibson assembly 132

and sequence confirmed. A full list of plasmids,
GeneBank accession numbers and Addgene references are available in Table 1. A full list of

Ribo-attenuator sequences is available in table 2.

Growth and induction

All experiments were performed in E. coli DH5alphazZ1 *. For each experiment three freshly
transformed colonies were inoculated in LB medium (10g/L tryptone, 5g/L yeast extract,
10g/L NaCl) with chloramphenicol (25u/mL) and grown overnight then diluted 1:100 into 1

mL LB in a deep well plate (Greiner bio-one) with chloramphenicol (25 p/mL),
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Anhydrotetracycline (150 ng/mL) and stated concentrations of riboswitch inducer. Cultures
were induced for 8 hours at 37 °C with shaking before data collection. Biological triplicates

were chosen to ensure adequate analysis of the standard deviation around the mean.

Data measurements

After induction 200 L of each culture was centrifuged at 4000 RPM, washed with PBS and
resuspended in 500 pL of PBS. ODgyo measurements were taken in clear well plates and
GFP measurements in black well plates in a clariostar platereader (BMG Labtech,
Ortenberg, Germany). GFP was quantified by normalising by ODgoo. Flow cytometry was
performed on an Attune flow cytometer (Lifetech Scientific, Basingstoke, UK) for each data

point and 50,000 events were measured.

Fluorescence microscopy

Fluorescence microscopy was performed on cells grown and induced as described above.
Thin, flat agarose pads (1% agarose in Milli-Q water, w/v) were generated on microscope
slides. Two microliters of cells were added to the pad immobilising them on the surface of
the agarose. Cells were then imaged with a Nikon Eclipse Ti microscope, 100X phase
contrast objective (Nikon), GFP filter set (Chroma), Andor iXON CCD camera. Images were
acquired using NIS Elements software (Nikon).

Model Methods

The cumulative distribution of the random variable T denoting the time elapsed between an
arbitrary time-point T and the next production of a GFP molecule was calculated according
to the model described in the Supplementary Information. We used the following parameter

values.

A(ON) = 50, u(ON) = 4, A\(OFF) = p(0FF) = 0.01K_ = 0.5m_ = 1)

(1)?
Ket) = 2 3 102
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For 0 <[I] =50 (where [I] = 50 corresponds to 100% induction). The inverse of T is the
random variable we call “Expression Rate”. For the calculation of the CDFs, see

Supplementary Information and the corresponding MATLAB code.

Results
Change in open reading frame demonstrate sensitivity of 5’ regulatory elements to

secondary structure.

Two previously reported riboswitches were investigated for sensitivity to changes in ORF. An

Adda riboswitch characterised from Vibrio vulnificus >34

is an activating purine riboswitch %~
% It is reported to selectively bind 2-aminopurine. Fusing SFGFP to the first 150 base pairs
of the previously reported ORF *° yielded an induction response very similar to previously
reported studies between 0 and 250 pM 2-aminopurine. However, directly replacing the
reported ORF with SFGFP (start codon for start codon) gave no induction response. These
data were supported by single cell analysis showing that when a fusion was used the
population responded to the inducer. However when the ORF was completely substituted no
such response was seen (figure 3A).

The Btub riboswitch is a repressive riboswitch that responds to adenosylcobalamin, an
active form of vitamin By, *® and represents a riboswitch responding to a high value small
metabolite. As with the Adda riboswitch, fusion of GFP to 150 base pairs of the working ORF
yielded a repressive induction response between 0 and 50 nM of adenosylcobalamin.
Replacing the working ORF with GFP (start codon for start codon) resulted in a loss of this

induction response. Analysis of the single cell data also showed no response to the

presence of adenosylcobalamin when the ORF was completely replaced (figure 3B).
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Design of Ribo-attenuators.

To test the hypothesis that a RNA attenuator could overcome some of the underlying
difficulties surrounding riboswitches, we added a second RBS downstream of the riboswitch.
The RBS used was SD1 taken from the BIOFAB parts library * and adapted to have a
negative one base shifted start codon (TAATG). Translation from this RBS independent of
the riboswitch was silenced by secondary structure introduced around the RBS by an
engineered hairpin. To design the attenuators we first expressed the RBS alone from the
tetracycline promoter. We then introduced engineered hairpins with an ever lower AG over
the RBS on the 5’ end. One attenuator had the hairpin in the 3’ side. These new RBS
showed a significant drop in translational efficiency with the exception of the smallest hairpin
(Supplementary figure S1). Screening of hairpins of N+3 bp from 3-24 bp stem loop yielded
a step like expression profile with a step function happening every 6 bp. Ribo-attenuators
were chosen as the least variable candidate in each plateau. Further Ribo-attenuators could
easily be designed rationally around a new RBS using these design principles or using
random primer bases followed by a screen for the Ribo-attenuator of required strength.

Care was taken that the stop codon in the translational fusion between the Ribo-attenuator
and the gene of interest was introduced to be in frame with any ribosome that came from the

riboswitch.

Ribo-attenuators allow Adda riboswitch re-engineering for a ~14.5 fold dynamic
activation range.

Five Ribo-attenuators were introduced to the adenine riboswitch 150 base pairs after the
riboswitch ATG. This yielded a dynamic response of ~14.5 fold between the lowest and
highest attenuator (figure 4A) .The induction profile was closely associated with the strength
of the attenuator in a predictable fashion i.e. stronger hairpin leads to a narrower and lower
induction response. The fusion of SFGFP to the working ORF yielded very clear inclusion
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bodies (Figure 4B). These are shown as distinct spots present at one pole of the cell and are
formed by misfolded insoluble proteins. By comparison the attenuated riboswitch (attl
shown) yielded soluble protein as the translated reporter gene is expressed orthogonally
from the upstream 150 base pairs or working ORF. Full single cell data is shown in

Supplementary figure S2

Ribo-attenuators allow Btub riboswitch re-engineering for a ~18.5 fold dynamic
activation range.

The same five Ribo-attenuators were introduced to the Btub riboswitch after 150 bp of the
working ORF. This yielded a dynamic response of ~18.5 fold between the lowest and
highest attenuator. As with the Adda riboswitch, increased secondary structure tuned down
expression with the Ribo-attenuators all displaying a similar response (Figure 5A).
Introduction of the attenuators allowed for a notable difference between an activated and an
unactivated riboswitch as shown by fluorescence microscopy (Figure 5B). Full single cell

data is shown in Supplementary figure S2.

Ribo-attenuators reduce uncertainty of riboswitch function

The translation of GFP from mRNA in the one-component system at any given time depends
on the position of the riboswitch, either lambda_ON or lambda_OFF. Over time the
riboswitch stochastically switches between ON and OFF, with the inducer concentration
biasing the stochastic switching towards one or the other state. Assuming that the two
translation rates are at different orders of magnitude, the waiting time from any given time
until the production of a GFP molecule is thus highly uncertain.

In the two-component case (with the addition of a ribo-attenuator), the two switches can be
in one of four states (OFF, OFF), (OFF, ON), (ON, OFF), and (ON, ON). The rates
lambda_ON and lambda_OFF of ribosome transit are now the rates at which the second

switch turns on, given the state of the first. The scale separation of those rates means that,
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to a first approximation, the first switch ON implies the second switch will turn ON, and the
first switch OFF implies the second switch is likely to turn OFF. However, the GFP
translation rates 1 ON and p_OFF resulting from the state of the second switch can now be
set independently of the translation parameters of the upstream riboswitch. This is due to the
introduction of the secondary RBS in the Ribo-attenuator that can be modulated.

Figure 6(A) displays a schematic of this model; the length of the attenuator region
determines the frequency at which the attenuator region switches off. Figure 6(B) plots the
probability distribution at maximal induction of the total number of GFP molecules produced
in a given unit time interval for our stochastic model, for the riboswitch fusion and the Ribo-
attenuator in blue and red respectively. The distribution of the Ribo-attenuator system is
clearly tighter around its mean, reflecting a reduction in the uncertainty of gene expression
over time. Figure 6(C) shows the mean and standard deviations of these two distributions as
the inducer concentration increases from 0% to 100% induction. The results of our modelling
suggest an approximately 30% reduction in standard deviation for the Ribo-attenuator
system across most induction strengths, compared to the riboswitch fusion. The plots in
figure 6(D) show an overlay between the Adda and Btub riboswitches and a similarly
expressing attenuator. This experimental evidence for a reduction in unpredictability in GFP
expression, which we assume to be the direct consequence of uncertainty in GFP translation
initiation rates. Figure 6(E) displays the single cell distinction between uninduced and fully
induced populations showing that variation was reduced within populations as shown by the
narrowing of the flow cytometry population data. The overlapping populations with the fusion
are made much more distinct with the addition of the Ribo-attenuator. Similar overlay for the
Btub riboswitch was observed and is shown in supplementary figure 3. The one-component
system has an extremely uncertain distribution of translation rates in comparison to the two-

component system.

Discussion
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We designed a novel and widely applicable tool that allows riboswitches to be used as
modular, tunable components with a highly predictable outcome, enhancing applicability by
overcoming previously identified drawbacks. We chose two well known, representative
riboswitches; the Adda riboswitch, an activating class of riboswitches that respond to a
cellular metabolite (Adenine) and the Btub riboswitch which responds to adenosylcobalamin.
These have the potential to facilitate the biological production of high value micronutrients,
for example vitamins, many of which are still produced by expensive and inefficient chemical
synthesis. Recently described methods applying riboswitches against high value vitamins
could be used with the ribo-attenuators described here to elicit a high throughput approach

of pathway elucidation.

The first step towards improving the applicability of a riboswitch is facilitating the
independent translation of a new ORF to suit a novel purpose. This new ORF should be
translated independent of any fusion domain. A previously reported riboswitch would be
adapted as a reporter for a high value chemical or to control a downstream process by
expressing a replaced gene. In a traditional transcription factor controlled biosensor, this
would be achieved by substituting the original ORF with a new one on a ‘start codon for start
codon’ basis. However some riboswitches have been reported to be sensitive to these
changes®, with their aptamer domain extending into their ORF or in other ways sensitive to
changes in secondary structure in this region. A typical solution is to fuse the new gene of
interest to the first 150 base pairs of the working ORF **%~*%, Re-engineering a riboswitch to
express a reporter gene in this fashion gives rise to a protein with a large fusion which could
severely impact function. Replacing the reported ORF completely often results in a change
of context and a complete loss of response. If a fusion as in figure 3 had been taken to
express a hew enzyme potential inclusion bodies would have severe limitations to its
usefulness. We hypothesise these inclusion bodies are present because the working ORF
contains a beta strand which when expressed as a fusion causes the resulting protein to

have an uneven number of beta strands and thus mis-fold.
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Ribo-attenuators allow for a new ORF to be independently translated from any 5’ region

thanks to independent ribosome initiation from RBS2.

The second step towards applicability is changing the induction response of a riboswitch to
its inducer. While some studies focus on boosting riboswitch efficiency through RNA
amplification " and others focus on the de-novo design of synthetic riboswitches *°, none
provide a reliable, modular and predictable approach to changing the induction range of a
riboswitch for a different application. Ribo-attenuators allow for a predictable approach to
changing riboswitch induction response. This tuning centres around binding of the ribosome
around the Ribo-attenuator RBS and interference of this by the formation of the introduced
hairpin. This reassembly around the attenuator can be fine-tuned through easily predicted
secondary structure and RBS translation initiation rate whilst preserving the riboswitch

response.

A third limitation to the application of riboswitches is the unpredictability of their output. This
restricts the application of riboswitches in two ways; an unpredictable population is very hard
to separate by FACS. This limits the ability for library screening for a novel compound;
secondly a widely distributed population can produce downstream variance in the process
the riboswitch controls. Both are issues for the application of many riboswitches. We
modelled the system in order to explain the distinct populations that came from the use of
Ribo-attenuators. Our model demonstrates that the introduction of Ribo-regulators has a
small effect on reducing the mean expression rates, but a very large effect in reducing the
variability in stochastic expression rates. Furthermore, Ribo-regulators differ significantly
from other attempts at riboswitch re-engineering in that the expression rate u_{ON} is easily

and predictably changed.
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In conclusion using the Ribo-attenuators’ dynamic response to fine tune sensitivity combined
with the low uncertainty and more distinct separation of populations, riboswitches could be
more readily used in many applications such as FACS screening of a library for rapid
pathway elucidation for a potential novel biosynthesis pathway. Initially we examined the
sensitivity of two well-known riboswitches to the introduction of a new open reading frame,
the fusion of the novel reporter yielding functional riboswitches but in one case inclusion
bodies significantly limits application. We also observed a high degree of variation in the
Adda riboswitch which made identification of specific concentrations of ligand very difficult.
By the use of Ribo-attenuators we allowed both riboswitches to maintain the original open
reading frame and as a result ligand response, while expressing the gene of interest
orthogonally over a predictable dynamic range. Using these Ribo-regulators it should be
possible to overcome limitations identified in previous studies for example the Glycine
riboswitch is a similar riboswitch from Bacillus subtilis identified as having a narrow 6 fold

induction range **

. Its potential use as a tool maintaining vectors in the absence of an
antibiotic or the cheap induction in a bioreactor through Glycine induction is limited by its
narrow and fixed induction range. As shown in figure 5 for the Btub riboswitch, ribo-
attenuators could improve the small six fold static response to one where this riboswitch
could fulfil one of these roles above. The reduction in noise could also facilitate riboswitch
application: using the Ribo-attenuators to control expression of a re-constituted gene could
yield a more homogeneous expression profile and could facilitate more accurate library

selection. In summary, Ribo-attenuators represent a breakthrough step towards allowing

riboswitches to be treated as truly modular devices in a plug and play system.
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Figure legends:

Table 1:List of strains, plasmids and Genbank references. All plasmids were

submitted to Addgene.

Table 2:List of Ribo-attenuator sequences.

%O\/

Ligand
/ Translation ; .
RBS

Figure 1: Typical riboswitch function: An RBS (purple) is sequestered away within

a riboswitch preventing ribosome recruitment, binding of a ligand (green) causes a
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conformational change exposing the RBS, allowing for translation of the gene of

interest (red).

150 bp

S Gene of
bosichjore| e |

Ribo-attenuator

GOl

TGTAA;GG.

AttS n
. o Translationall
A6 +ac Attenuator RBS o0 % inetion

Figure 2: Ribo-attenuator Context and schematic: We defined a Ribo-attenuator
element to describe the boundaries and genetic elements that compose a Ribo-
attenuator and set this within relevant genetic context. The Ribo-attenuator is
situated after the riboswitch and 150 bps of its accompanying ORF. Each Ribo-
attenuator consists of an RBS and a translationally coupled junction, Attl started
with a short 3 base pair hairpin with a high delta G, further ribo-attenuators had a

larger hairpin and lower delta G.
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Figure 3: Adda and Btub riboswitches exhibit contextual sensitivity: (A) The
Adenine riboswitch had SFGFP Introduced directly after the riboswitch replacing it's
reported ORF and fused to the first 150 bps of the reported ORF. Both constructs
were analysed for population and single cell response to 2-aminopurine.Error bars
indicate standard deviation around the mean for biological triplicates. Single cell
colours; Red (0 uM) Blue (8uM) Orange (32uM) Green (250uM). (B) The Btub
riboswitch had eGFP introduced directly after the reported ORF and fused to the first
150 bps of the reported ORF. both constructs were analysed for population and
single cell response to adenosylcobalamin. Single cell colours; Red (0 nM) Dark

green (6.25 nM) Light green( 12.5nM) Orange (25nM) Blue (50 nm).
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Figure 4: Ribo-attenuators allow Adda riboswitch rational re-engineering (A)
Response of each Ribo-attenuator to 0, 8, 32 and 250 yM 2-aminopurine as
compared to the fusion construct (orange bars) Error bars indicate standard
deviation around the mean for biological triplicates . Full single cell data is shown in
supplementary figure 2. (B) Fluorescence microscopy of the Adda fusion showing
clear inclusion bodies and the Attl Ribo-attenuator showing soluble dispersed GFP.

White bars represent 1um.
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Figure 5: Ribo-attenuators allow Btub riboswitch rational re-engineering (A)

GFP/OD

Response of each Ribo-attenuator to 0, 8, 32 and 250 uyM 2-aminopurine as
compared to the fusion construct (orange bars) Error bars indicate standard
deviation around the mean for biological triplicates. Full single cell data is shown in
supplementary figure 2. (B) Fluorescence microscopy of the uninduced and induced
Btub fusion and Att2 ribo-attenuated Btub riboswitch showing a clearer induction

difference. White bars represent 1um.
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Figure 6: Ribo-attenuators reduce riboswitch noise (A) Random walk dynamics.
The riboswitch of the one-component system randomly switches between OFF and
ON states at rates k_+([l]) and k_-, where k_+ is an increasing function of inducer
concentration. GFP is produced at rate A{OFF} or A{ON} depending on the state of
the riboswitch. In the two-component system, the riboswitch has similar dynamics;
the rates A {OFF} and A {ON} are now the rates at which the downstream attenuator
is switched ON. The downstream attenuator can spontaneously switch off at rate
m_-(L), which is an increasing function of the length L of the attenuator region. GFP
is produced at rates y{OFF} and pu {ON} depending on the state of the downstream
attenuator. (B) Probability distribution for the random variable defined as the number
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of GFP molecules expressed by the stochastic model in (A) over a unit time interval
starting from arbitrary (long-term) time-point, for a given “full” induction strength. The
blue curve shows the probability distribution for the riboswitch fusion system, and the
red curve shows the probability distribution for the attenuated riboswitch. (C) The
mean (main curve) plus/minus one standard deviation (error bars) of the probability
distribution of the random variable described above, for varying induction
concentrations defined as a percentage of “full” induction. The blue curve shows the
means and standard deviations for the riboswitch fusion system, and the red curve
shows the means and standard deviations for the attenuated riboswitch. See
Materials & Methods for parameters used to produce (B) and (C). (D) Overlay of the
Btub riboswitch with a functional fusion (blue) and with att5 (red), and overlay of the
Adda riboswitch with a functional fusion (blue) and Att2 (red). (E) Single cell
distinction between the lower and upper limits of the Adda riboswitch fused to GFP
and with the Att2 Ribo-attenuator showing more distinct populations with the addition

of the Ribo-attenuator.
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