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° Summary

10 Filters are widely used in engineering to reduce noise and/or the magnitude of a signal of interest.
11 Feedback filters, or adaptive filters, are preferred if the signal noise distribution is unknown. One of
12 the main challenges in Synthetic Biology remains the design of reliable constructs but these often fail
13 to work as intended due, e.g. to their inherent stochasticity and burden on the host. Here we design,
12 implement and test experimentally a biological feedback filter module based on small non-coding RNAs
15 (SRNAs) and self-cleaving ribozymes. Mathematical modelling demonstrates that it attenuates noise
16 for a large range of parameters due to negative feedback introduced by the use of ribozymes and sRNA.
17 Our module modifies the steady-state response of the filtered signal, and hence can be used for tuning
1s  the feedback strength while also reducing noise. We demonstrated these properties theoretically on the
10 TetR autorepressor, enhanced with our sSRNA module.

» 1 Introduction

21 Synthetic Biology aims to design new or re-design existing biological devices and systems
22 for a particular purpose. Examples include the design of ‘cellular factories’ producing valu-
23 able chemical compounds, biosensors capable of detecting toxins or viruses in a cell culture
2 [Brophy and Voigt, 2014, Purnick and Weiss, 2009, Freemont and Kitney, 2015], or drug deliv-
25 ery systems [Zhou, 2016, Ozdemir et al., 2018]. Exploiting the intracellular machinery allows
26 the synthesis of organic compounds that cannot be easily produced by other means, leading
2z to novel applications in biotechnology, bioprocess engineering and cell-based medicine. How-
2s ever, one of the main challenges in Synthetic Biology remains the design of genetic systems
20 that can be implemented in a predictable and robust way. Due to uncertainty, noise, burden
30 and cross-talk inherent to biological systems, synthetic circuits can fail to work as intended.
31 Indeed, elevated levels of protein production induce a high burden on the cell, notably by se-
32 questering resources for transcription and translation (e.g. RNA polymerases and ribosomes)
33 [Ceroni et al., 2015]. Operating at elevated protein production levels can also increase variabil-
3a ity in the protein production due to intrinsic noise. To avoid these issues, common strategies to
s reduce the level of protein expression are to reduce the strength of promoters, the efficiency of
3 the ribosome-binding site (RBS) or the plasmid copy number. However, transcriptional control
37 is generally system dependent, diminishing the reliability of these approaches.

38 Filtering techniques are often used in signal processing, feedback control theory and com-
s munication systems to reduce signal noise [Haykin, 2002]. Filters can be classified into feed-
2 forward and feedback (or adaptive) filters. Feedforward filters are generally used when the
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a1 noise statistics are known or can be estimated a priori; their output is the difference be-
a2 tween the signal of interest and a modification of the same signal. Feedback filters auto-
«3  matically adjust their behaviour by comparing the output signal to the signal of interest at
2 the input of the filter and thus are more favourable for signals corrupted by unknown noise
«s distributions. In the context of Systems and Synthetic Biology, filtering capabilities of sig-
s nalling cascades [Hooshangi et al., 2005, Thattai and van Oudenaarden, 2002, annihilation mo-
a7 tifs [Laurenti et al., 2018] and other motifs [Samoilov et al., 2002] were studied in silico. Feed-
s forward band-pass filters, which pass the signal only in a specific band of frequencies, have
a0 been constructed in vivo [Sohka et al., 2009], [Muranaka and Yokobayashi, 2010], while a noise
so  attenuating feedforward filter was proposed and implemented in vitro in [Zechner et al., 2016].
51 The design of feedback filters is often performed with the help of feedback control theory,
s2 which has proven useful to render uncertain systems more reliable and robust to perturba-
53 tions [Astrém and Murray, 2008, Del Vecchio and Murray, 2015, Iglesias and Ingalls, 2010]. In
sa a feedback loop, the output signal is measured and then used to modify the input of the sys-
ss  tem. In the filter design case, the controlled system is trivial: the signal corrupted by noise.
se Feedback control theory methods have been successfully applied in synthetic biology previ-
sz ously [Steel et al., 2017b|, [Hsiao et al., 2018], [Ang and McMillen, 2013], [Briat et al., 2016],
ss  [El-Samad et al., 2002], [Del Vecchio et al., 2008], [Lillacci et al., 2018|, [Cantone et al., 2009].
s For example, in order to achieve a desired protein expression level an external computer was
e used to decide the input to the system (chemical or light induction) based on output mea-
&1 surements [Menolascina et al., 2011, Milias-Argeitis et al., 2011, Uhlendorf et al., 2012]. Such
62 systems have inherent drawbacks, as control is achieved by interfacing the living cells with a
63 digital computer that implements the control system.

64 Over the past few years, focus has shifted towards designing self-contained in vivo con-
es trollers. While the vast majority of these experimental implementations were protein-based
ss [Hsiao et al., 2014, Folliard et al., 2017, Rosenfeld et al., 2002] small non-coding RNAs (sRNAs)
ez have also been recently used in this context [Ghodasara and Voigt, 2017, Takahashi et al., 2014,
es Hu et al., 2018, Kelly et al., 2018]. sRNAs are found in all domains of life and have been shown
e to play critical regulatory roles in many processes [Cech and Steitz, 2014], [Michaux et al., 2014],
7 [Robledo et al., 2018], [Gottesman and Storz, 2011|, [Livny and Waldor, 2007], [Nitzan et al., 2017].
72 Most sRNAs characterised to date act as post-transcriptional regulators by interacting with
72 specific mRNA targets. Feedback loops involving SRNAs can be found in natural biological pro-
73 cesses, for example in the regulation of the expression of quorum-sensing genes [Liu et al., 2013]
za and in the promotion of a switch for adequate Lrp-dependent adaptation to nutrient availability
7 [Holmqvist et al., 2012]. Post-transcriptional down-regulation is favourable since no proteins are
76 being expressed in this regulation mechanism. Instead, sSRNAs are produced quickly, potentially
7z propagating signals rapidly [Holmqvist et al., 2012, Hussein and Lim, 2012, Mehta et al., 2008,
7s  Takahashi et al., 2014] and require less energy than proteins, hence reducing the burden to the
7o host. Their operational dynamics are also much faster due to their naturally high degrada-
so tion rate [Hussein and Lim, 2012]. Therefore, sSRNAs provide a promising alternative to the
s commonly used transcriptional control [Steel et al., 2017, Agrawal et al., 2018|.

82 In this work, we considered two sRNA-based designs to filter variations in transcription,
s3  shown in Figure 1. In the first design the regulatory sRNA is placed under the control of a sepa-
ss rate promoter to the one controlling transcription of a target gene (henceforth in trans design).
ss In the second design, the sRNA is placed directly downstream of the target gene in cis so that
ss both are under the control of the same inducible promoter. The in cis design also contains a
sz self-cleaving ribozyme between the regulated mRNA and the sRNA sequences, as experiments
ss demonstrated that the mRNA-sRNA strand needs to be separated for the translational attenu-
so ation to be efficient. We computationally showed the benefits of the in cis in comparison to the
oo in trans design. While modelling the two circuits and performing numerical simulations showed
o1 that the mean steady-state values in both design are attenuated at similar levels, it was evident
o2 that the in cis design reduces noise significantly, while the in trans design can adversely amplify
o3 it. Modelling also revealed that the in trans design operates approximately as a feedforward
oa filter, in that its output is the mRNA available after sSRNA regulation while the in cis design
os also contains a feedback component, in that the free SRNA produced by self-cleavage of the
96 ribozyme can regulate the amount of mRNA-sRNA transcript available for cleavage.


https://doi.org/10.1101/504449
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/504449; this version posted December 21, 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-ND 4.0 International license.

("1. Conceptual Designs)( II. Block Diagrams IV. Disturbance Rejection
A. In trans design || trans 3 —pinin trans Design
\ = u @ @' g = = =pinin cis Design
0 A O | D R u(t) =1+ w(t)
.::r.nRNA //‘k.:. SRNA @ a2
l / \ In cis E
g o |z HEAE L e
)
DT | @@
B. In cis design N @ S :
=

“ 2

) = - :
\ /N I1l. Mathematical Model K
oo MRNA __ SRNA ‘fi—T = Bm — 6mM — krepsm, 0O 500 1000 1500 2000 2500 3000 3500 4000

o u Time [min]
l / / 7; = fs — 055 — krep37n7 3
t) :sin(t) sin(t/20) step:0.5 :1079¢
e = kom =0 W) n(t) sin(t]20) sepi0 5 rm

N J

Figure 1: I. Two conceptual designs of filters using sSRNA. In the in trans design, the mRNA
and the sSRNA are under two separate promoters, while in the in cis design the sRNA is placed
downstream of the mRNA under the same promoter. II. Block diagrams of the in trans and in cis
designs. III. Mathematical model for the designs. In the in cis design, we have 8, = Bs = Bms,
where S5 is the production rate of mRNA and sRNA in the in cis design. IV. Improved
disturbance rejection in the in cis design. In both designs, the perturbation was applied on the
mRNA production rate. In the in trans design, S = u(t) = 1 4+ w(t) [nM/min] and in the in
cis design Bms = 1 + w(t) [nM/min]. In the plot, the protein concentrations were normalised
by dividing by the steady-state expression of the models with 8y, = Bms = 1 [nM/min|. The
simulations show that the signal w(t) is attenuated more efficiently in the in cis design than
the in trans design. These simulations also indicate that the transcription noise should be
attenuated more efficiently in the in cis design.

07 As the in cis design also attenuates the mean steady-state of the signal, this module can also
os be used in feedback control in order to reduce the strength of the feedback. We demonstrate the
9o value of the in cis design on the Piet/TetR autorepressor. Here, SRNA is used to tune the TetR
10 feedback strength without modifying the rest of the system. Our numerical simulations suggest
101 that the in cis design offers a tunable response in terms of the mean output while attenuating
102 transcription noise.

w 2 Results
wa 2.1 Conceptual designs of sSRNA-based filters

We first considered the conceptual designs of the in trans and in cis filters depicted in Figure 1.1
(and as block diagrams in Figure 1.IT), which can be modelled using a similar set of reactions.
In the in trans design we assumed the following reactions:

0 Z= mRNA, 0 25 sRNA, mRNA 4 mRNA + Prot, O
mRNA %5 0, sSRNA % 0, Prot % 0, sRNA + mRNA % .

10 where Prot denotes a protein, which is the filter output. In this design, mRNA and sRNA are
106 transcribed in two different chemical reactions with rates fy,, (s, respectively.
In the in cis design, however, mRNA and sRNA are transcribed in the same reaction with
the same transcription rate (s, so that this model takes the form

1] ’Hﬂ mRNA + SRNA, mRNA £> mRNA + Prot, (2)
mRNA 25 0, SRNA - 0, Prot % 0, sRNA + mRNA "% 0.
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107 This assumes that the transcribed strand containing mRNA and sRNA splits into mRNA and
10s  SRNA instantaneously. This conceptual (or ideal) representation drove the biological implemen-
100 tation discussed later in the text.

110 In both designs we assumed that mRNA is translated into a protein at the rate k; and that the
11 degradation/dilution rate for every species is different, as mRNA generally degrades faster than
12 proteins and the reported values for the degradation rate of SRNA vary [Hussein and Lim, 2012].
13 We also assumed that the rate of mRNA-sRNA unbinding is negligibly small, as previously
11a  reported [Hussein and Lim, 2012, Kelly et al., 2018|, and therefore we did not include it in our
115 model. Modelling both designs using mass-action kinetics yielded the model presented in Figure
16 L.III, with the difference that for the in cis design, we have B, = Bs = Bums-

117 Note that while sSRNA down-regulates the translation process in both designs, the two designs
s lead to different responses to disturbances in the mRNA transcription process. Indeed, the in cis
110 design should be able to attenuate the transcription disturbance better since for every molecule
120  of mRNA produced, so is one molecule of SRNA. Therefore, a burst in transcription of mRNA
122 would also result in a burst in transcription of sSRNA. To illustrate the response to disturbances
122 in transcription, we varied the production rate of mRNA in both systems simultaneously, that
123 is we used By = Pms = u(t) = 1+ w(t) [nM/min|, where w(t) is the disturbance signal (see
124 Figure 1.IV for the used signals w(t)), and we set s = 1 [nM/min|, kyep = 0.5 [1/(nM min)],
125 Oy = 0.2476 [1/min|, s = 0.0482 [1/min|, 6, = 0.0234 [1/min| and k; = 1 [1/min]| (see
126 Table S1 in SI). The results of the simulation are shown in Figure 1.IV, where the protein
127 concentrations with Sy, = Bms = u(t) were divided by the steady-state protein concentrations
12 with B, = Bms = 1 giving the normalised response. The results clearly indicate that the in cis
120 design attenuates the disturbance better than the in trans design.

1= 2.2 Biological implementation of the in cis design
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Figure 2: Implementation of the in cis filter. I. Experimental design: sfGFP and sRNA are
placed under the control of a P, promoter and separated by an HHR9 ribozyme. The schemat-
ics for the ribozyme and the synthetic SRNA are adapted from [Perreault et al., 2011] and
[Yoo et al., 2013], respectively. II. Importance of the ribozyme for efficient attenuation. Fluo-
rescence output measured at different aTc concentrations for designs with and without HHRO,
compared to the fluorescence of a system without sSRNA attenuation. III. Fine tuning the at-
tenuation level. Fluorescence output measured for varying length of the target binding sequence
(TBS) at different aTc concentrations. Solid lines correspond to model predictions.


https://doi.org/10.1101/504449
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/504449; this version posted December 21, 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-ND 4.0 International license.

131 2.2.1 Importance of mRNA-sRNA cleavage in the in cis design

132 Next we constructed the in cis design in the laboratory and to test experimentally whether
133 controlled attenuation could be achieved using this design. To further minimize the burden
13 on the cell, we chose to use a low copy number plasmid as the vector to implement our in
135 cis RNA-based attenuator design (Table S4 in SI). We also chose to use P as the inducible
13¢ promoter as it offers tight regulation in response to aTc. As a proof-of-principle, we chose
13z sSfGFP as the output to be attenuated. The synthetic regulatory sRNA was designed fol-
138 lowing the protocol described by [Na et al., 2013, Yoo et al., 2013|, in which we changed the
130 binding sequence to target sfgfp. The sequence of our construct hence consists of an sfgfp,
120 ribozyme, the synthetic SRNA consisting of the target binding sequence (TBS) followed by an
11 Hfg-recruiting micC scaffold. Based on [Yoo et al., 2013], we chose a 25—nucleotide long se-
12 quence as a starting point for the TBS. Using the web-based service DINAMelt, this sequence
s gave a AG = —30.4 kcal - mol ™!, in line with full translation inhibition in [Yoo et al., 2013].
s We also hypothesized that the sRNA should be cleaved off the mRNA strand for efficient
s binding and translation inhibition. We therefore introduced a self-cleaving ribozyme, the Hu-
1es  man Hammerhead Ribozyme 9 (HHR9) shown to work well in vivo [De la Pefia et al., 2003,
14z De La Pefla and Garcia-Robles, 2010, Perreault et al., 2011], between sfgfp and the sRNA.

148 We monitored cell fluorescence over time in response to varying levels of aTc for two con-
140 structs, one with no ribozyme and one carrying HHR9, and compared them with the fluorescence
10 from cells lacking the ribozyme/sRNA part. Figure 2.IT shows the steady-state levels of normal-
151 ized fluorescence for each strain. Attenuation of the output is only observed for the construct
12 expressing the HHRO ribozyme, confirming our hypothesis that cleavage of the SRNA from the
153 target mRNA is necessary for efficient translation inhibition.

15 2.2.2 Fine tuning the steady-state level

155 We next tested the possibility of fine tuning the level of attenuation by modifying the TBS
15 of the sSRNA, following the protocol described in [Yoo et al., 2013]. To do so, we decided to
157 either increase or decrease the length of the TBS in the construct with the HHR9 ribozyme,
155 leading to an increase and decrease of the translation inhibition, respectively. We estimated
150 the different binding energies using DINAMelt and chose four different new sequence lengths
160 to test: 30—, 27— and 22-nucleotides long, giving binding energies AG = —38.2 keal - mol !,
10 AG = —31.6 keal - mol™, AG = —28.6 kcal - mol™, respectively. We monitored the cell
12 fluorescence over time in response to varying levels of aTc for each construct. Figure 2.I11
163 shows the output of the system for the different binding energies, displayed as the normalised
1ea  fluorescence plotted against different aTc concentrations. The output can be reduced to 40% of
1es  the signal (for the longest TBS tested) and its value can be varied by altering the length of the
166 1BS, as predicted.

17 2.3 Modelling and analysis of the in cis filter
s 2.3.1 Modelling the in cis filter

Having established that the conceptual designs can be implemented experimentally, we pro-
ceeded with a more detailed mathematical model to understand further their properties. For
convenience we labelled the mRNA of GFP as mGFP. We assumed that self-cleavage of the
ribozyme takes place after transcription of the full RNA, that is, mGFP-ribozyme-sRNA (la-
belled fmRNA) is cleaved into mGFP and sRNA with a rate k.. We assumed that sRNA
binds to mGFP preventing GFP translation. We also assumed that SRNA can bind to fmRNA,
which can then self-cleave into sSRNA and an mGFP-sRNA complex. Since experimental data
suggests that the presence of a ribozyme is essential for sSRNA and mRNA binding in the in cis
design, we assumed that fmRNA (mGFP-ribozyme-sRNA strand) does not bind to the target
mRNA (mGFP). We assumed that GFP can be translated both from mGFP and fmRNA. The
other reactions were assumed to be the same as for the in trans design, leading to the following
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Figure 3: I. A biological implementation of the in cis design. fmRNA denotes the RNA strand
containing mGFP (mRNA of GFP), ribozyme and sRNA. The sSRNA-mGFP interaction forms
the feedforward part of the filter, while the fmRNA-sRNA interaction forms the feedback part of
the filter. The dashed line between sRNA to the fmRNA degradation signifies that sSRNA binds
to fmRNA forming a complex that cleaves into an inert mGFP-sRNA complex and another
sRNA copy, thus the sSRNA copy number does not decrease. II. Block diagram of the in cis
design. III. A mathematical model of the in cis design, where f, m, ¢, s, and p denote the
concentrations of fmRNA, mGFP, sRNA:fmRNA complex, sSRNA and GFP, respectively. For
the chosen parameter values, the term k,.c — krepsf remains close to zero, therefore, it does not
significantly affect the equation of the sSRNA concentration (s) and we can assume that sSRNA
degrades fmRNA directly.

chemical reaction model:

0 2% EmRNA fmRNA % mGFP + sRNA
sRNA + fmRNA —=% ey sRNA : fmRNA

sRNA : fmRNA 2% sRNA

sRNA + mGFP =% Freg 1]
sRNA : fmRNA —S> 1}
mGFP & mGFP + GFP  fmRNA % fmRNA + GFP
=

mGFP m, SRNA = ), GFP 22 .

We followed the standard mass-action kinetics modelling framework and obtained the model
presented in Figure 3.III. We analysed the resulting model as described in the SI. In particular,
the frequency domain analysis showed that both in cis and in trans designs implement a low-pass
filter attenuating high frequency noise. For realistic parameter values the term k.cc — kyepsf in
Figure 3 remains close to zero, therefore, it does not significantly affect the equation of the sSRNA
concentration (s) and we hence pictorially represent that sRNA directly degrades fmRNA in
Figure 3.I. Depicting the in cis design in the block diagram in Figure 3.1I revealed the structure
of the filter. The mGFP and sRNA interaction represents the feedforward part of the filter from
the transcription initiation, since SRNA and mGFP are produced at similar time instances and
sRNA binds to mRNA forming an inert complex. There is also a feedback part in this design
formed by the sRNA and the fmRNA interaction. Indeed, fmRNA self-cleaves into mGFP and
sRNA, which then binds to fmRNA forming the complex, which contains a ribozyme and splits
to an inert complex mGFP-sRNA and a free SRNA.

We also derived a non-dimensional model of the in cis design, which clearly exhibited time-
scale separation between the quantities f +m, s, p on one side and f, ¢ on the other (see SI for
details). This allowed the derivation of a simplified deterministic model of the in cis filter

dt Mot = ﬂms - 6mmt0t - krepsmtoh

d ke

%5 = mﬁms - 555 - krepsmtota (4)
- 5

dtp = RKtMtot pD-
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Figure 4: I. The significance of the feedback part of the filter validated by deterministic in
silico analysis of the in cis design. The simulations are performed with and without feed-
forward /feedback, and Bys = Bu(t), B2 = [0.1,0.5,1] [nM/min]. Knocking out the sSRNA
feedback results in weaker signal repression than knocking out the sRNA feedforward. II. Block
diagram of the in cis design.

182 where myt is the total concentration of fmRNA and mGFP. The key assumption for this analysis
183 was the faster ribozyme cleavage rate in comparison to other reactions. Further investigation
18a  revealed strong stability properties of the simplified model, in particular, we ruled out oscillations
1ss  and multiple steady-states under some assumptions.

186 Our analysis suggests a possible tuning dial in the in cis design: the ribozyme (with cleavage
187 rate k) can be used to adjust the gain of the output attenuation, as well as the SRNA-mGFP
18 binding strength kyep. With the ribozyme cleavage rate increasing, the deterministic model for
180 this system converges to the ‘ideal’ model of the conceptual design, however, the reported values
100 Of the ribozyme cleavage rate k,. are not large enough for us to assume that krck“ —~1 and so
102 that we cannot discard the ribozyme cleavage rate completely. While the simplified model was
102 useful for the analysis and revealed the mathematical difference between the in cis and in trans
103 designs, it hid the feedback part of the filter. This raised the question if the feedback part of
10a  the filter has a significant effect on the repression of translation.

15 2.3.2 In silico evidence of the feedback in the in cis design

106 Here we evaluated the influence of the feedback on the repression of translation. We performed
10z model simulations of the in cis design, and the models of in cis design without the feedforward
10e  part (nGFP and sRNA binding) and without the feedback part (fmRNA and sRNA binding).
10 We set kyep = 0.5 [1/(nM min)], ke = 5 [1/min]| 0y = 0.2476 [1/min|, s = 0.048 [1/min],
200 0, = 0.0234 [1/min| and k;, = 1 [1/min| (see Table S1 in SI). We replaced the production
201 rate of fmRNA By, in all three systems with Bns = BO.u(t), where u(t) is the disturbance
202 signal depicted by dashed purple line in Figure 4.I and 8%, = [0.1, 0.5, 1] [nM/min]. We
203 plot the response of the systems divided by the response with u(¢) = 1. Numerical simulations
20a  presented in Figure 4.1 clearly suggest that the feedback part of the filter has a larger influence
205 on the steady-state behaviour than the feedforward part even with a high ribozyme cleavage
206 rate krc =5 [1/rn1n]

207 2.3.3 In cis filter improves the noise properties of the signal

208 The simulations of the conceptual model suggest that the in cis design attenuates intrinsic
200 noise of the promoter in a much more efficient way than the in trans design. We verified
210 this hypothesis by performing stochastic simulations using the Gillespie Algorithm with the
211 parameters/parameter ranges in Table S1. We considered the coefficient of variation as a noise
212 metric (Figure 5). We plotted the coefficient of variation relative to the mean steady-state for
213 each design. These numerical simulations suggest that the in trans design has a very narrow
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Figure 5: In cis filter effectively reduces noise in comparison to in trans filter. Data points for
each line correspond to different values of 8 from [0.01, 0.1, 0.3, 0.5, 0.7, 1] [nM/min|. Every
line corresponds to a different repression SRNA-mRNA binding strength ky.,. For the in trans
design we set By = PBs = B, for the in cis design we set [B,s = 8. For a particular value of
mean GFP steady-state, we can obtain lower coefficient of variation (meaning lower noise) in
the in cis design in comparison to the in trans design and the ‘no sSRNA’ case. For example, for
an average E(GFP) = 10.4 molecules we have f = 0.1 [nM/min], 7 = 0.67 without the sRNA
repression, for krep = 0.5 [1/(nM min)| we have E(GFP) = 9.29 molecules, n = 0.49, 8 = 0.3
[nM/min] in the in cis design and E(GFP) = 11.45 molecules, n = 0.69, § = 0.3 [nM/min] for
the in trans design.

214 range of ke, values for which noise is attenuated, when compared to the circuit with no sRNA
215 (O kyep = 0) while the n cis design attenuates noise for almost all values of kyep. An example
216 18 presented in the caption of Figure 5, while the numerical values are given in Table S2 in SI.
217 This analysis suggests a simple method to design the in cis filter: choose the maximum possible
21s combination of B, krep that achieves the desired GFP mean values.

210 Additional simulations (see Figure S3 in SI) for the in cis design revealed that the level of
220 noise attenuation can be tuned by several parameters: the repression strength k., the ribozyme
221 cleavage rate k. and the degradation rate of SRNA §5. In particular, increasing the ribozyme
222 cleavage rate k.. or the SRNA degradation rate s lead to a decrease in the noise levels.

23 2.4 In cis module tunes the feedback strength and reduces noise in
224 the TetR autorepressor

We then proceeded to investigate how the two modules behave in a feedback interconnection,
such as for example when an tetR-gfp fusion gene is placed under the control of a Py promoter.
In this case, we expect the TetR being produced to repress the activity of Py (Figure 6.1). We
consider the following chemical reactions for the in trans design:

1] Py mTetR 0 ey SRNA
mTetR 5% mTetR + TetR  sRNA + mTetR <8 ¢ (5)
mTetR 2= () SRNA 24 ¢ TetR -5 ¢,

225 Here, GFP production is not modelled since it is fused to TetR and only serves as a reporter
26 on TetR production. Both TetR and sRNA are controlled by Pt (see SI for a full model
227 description). We assume that the rest of the interactions follow mass action kinetics.

We assume that 8y = s to aid comparison with the in cis design, which can be modelled
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Figure 6: Improvement of the autorepressor design. I. Conceptual designs of the in trans and the
in cis feedback strength regulators of the autorepressor. II. In cis filter effectively reduces noise
in comparison to in trans filter, while both tune the feedback strength. We plot the coefficient
of variation versus the mean GFP steady-state. Every data point corresponds to a different
aTc concentration from [0.1, 1, 5, 10, 50, 100] [nM]. Every line corresponds to a different
repression strength ky.,. For a particular value of mean GFP steady-state, we can obtain a
lower coefficient of variation (meaning lower noise) in the in cis design in comparison to the in
trans design and the ‘no SRNA’ case, which corresponds to the classical autorepressor in both
plots. For example, for an average E(TetR) = 10.7 molecules we have [aTc] =5 [nM], n = 0.42
with the classical autorepressor (no sRNA), for kyep = 0.25 [1/(nM min)] and [aTc] = 10 [nM] we
have E(TetR) = 10.9 molecules, 7 = 0.30 in the in cis design and E(TetR) = 11.78 molecules,
1 = 0.42 in the in trans design.

using the following chemical reactions:

0 225 fmRNA
fmRNA L5 mTetR—l—sRNA sRNA : fmRNA 2% sSRNA
SRNA + fmRNA 2% SRNA : fmRNA  sRNA + mTetR =3 (6)
mTetR -4 mTetR + TetR fmRNA — fmRNA + TetR
mTetR 2= 0 SRNA -2 (TetR -2 0.
228 For the stochastic simulations in Figure 6.11 we used the parameters/parameter ranges in

22e  Table S1 and additionally set k. = 1 [1/min], &y = 1 [1/min]. These simulations suggest that the
230 in cis design attenuates noise better in comparison with the no sSRNA (classical autorepressor)
231 circuit for a wider range of parameters than the in trans design. Note that with sufficient
232 increase of the feedback strength the noise levels can be amplified by the in trans design, which is
233 consistent with previous studies [Kelly et al., 2018]. In our in cis design the noise amplification
23 does not occur for the simulated range of parameters (noise amplification is still possible for


https://doi.org/10.1101/504449
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/504449; this version posted December 21, 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-ND 4.0 International license.

23 larger aTc concentrations). Furthermore, for a particular mean TetR level we can always select
23s  a combination of the SRNA repression strength k.., and the aTc concentration so that the
237 coefficient of variation is reduced in comparison to ‘no sSRNA’ (see caption to Figure 6.IT). In
238 the in trans design these tuning dials are less effective: the noise reduction can be insignificant
230 or the SRNA repression strength is very small, which means that the in trans approach is not
200 appropriate for noise reduction. The noise analysis suggests that the repression rate kyep adds
21 a valuable tuning dial to the feedback strength design along with the aTc concentration. The
2a2  numerical values of these simulations are given in Table S3 in SI.

« 3 Discussion

2aa  In this paper, we report the design of an sRNA-based feedback filter where the regulatory
2es SRNA is placed directly after the gene to regulate in cis the signal, resulting in a filtered
226 output. Modelling this new design, we showed that it can improve noise attenuation significantly
2a7 compared to an in trans filter design and a no filter (no sSRNA) design. Our results clearly
2as  indicate that the in cis design adapts better to the inputs than the in trans design mainly due
240 to the presence of the feedback component. Moreover, in the in cis system, the production
250 rate of the mRNA and sRNA change simultaneously, attenuating the transcription disturbance
251 better than in the in trans design, where the relative gene expression rate varies significantly due
252 to the SRNA and mRNA transcription rate being decoupled. Lastly, our in cis design requires
253 less cellular resources (e.g. RNA polymerase), decreasing the burden imposed on the cell.

254 We successfully implemented this new sRNA-based filter in vivo. Our approach, using
255 synthetic SRNA as described by [Na et al., 2013, Yoo et al., 2013] allows not only attenuation
256 but also fine tuning to a desired output. Indeed, altering the length of the target binding
a7 sequence (TBS) allows varying the strength of the sSRNA-mRNA binding, therefore leading to
28 different levels of attenuation. We tested several length (from 22 to 30 nucleotides long) and
250 could attenuate the output of the filter down to 40% of the unregulated output, very close to the
260 values reported in other in trans designs [Kelly et al., 2018|. Increasing the length of the TBS
261 should in theory allow higher attenuation levels, although off-target binding might then have
262 to be taken in account [Na et al., 2013, Yoo et al., 2013]. Recently a similar architecture was
263 proposed in mammalian cells [Lillacci et al., 2018], where micro RNA was placed in cis with the
26a  regulated gene. In our system, placing the syntethic sSRNA in cis with the target mRNA without
26s  the ribozyme did not yield positive results. We showed, however, that the targeted mRNA and
26s the regulatory sRNA have to be cleaved from each other for efficient output attenuation. Such
267 cleavage was achieved by placing a self-cleaving hammerhead ribozyme (the HHR9 ribozyme)
26s  between the mRNA and the SRNA. The ribozyme represents another tuning dial allowing further
260 fine tuning of the system. The ribozyme/synthetic SRNA approach, other than providing tuning
270 dials such as the ribozyme cleavage rate and the repression strength, has another advantage:
2n1 the repressing molecule is free from the active one, limiting possible unwanted effects. The
272 emergence of synthetic ribozymes (self-cleaving or cleaving in response to a signal) should allow
273 greater tuning flexibility.

274 Modelling both the in cis and in trans designs showed the clear advantages of the former
275 design over the latter. While the mean steady-state behaviour of the two designs is quantitatively
276 similar, the noise levels differ. In particular, the in cis design attenuates the transcription
27z noise more efficiently thanks to the simultaneous bursts in transcription for the sRNA and the
22 mMRNA and the presence of feedback. Modelling suggests that the feedback strength in the
270 filter is proportional to the ribozyme cleavage rate adding another benefit to the development
200 Of synthetic fast-cleaving ribozymes.

281 Further theoretical analysis showed that our design is a useful tool for feedback control
2s2  design. We showed that the in cis design is well suited to tune down the feedback strength in
2e3 & transcriptional based controller such as the TetR autorepressor. Again, the in cis design has
284 SUperior noise properties in comparison to the in trans design. These findings are consistent
2es  with previously reported studies [Laurenti et al., 2018], where a Linear Noise Approximation
28  |[Van Kampen, 2007] was used to perform the noise attenuation analysis. Indeed, in a feedback
287 setting, a given mean steady-state value can be achieved through either acting on the signal

10
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2es  level (in our case aTc) or the strength of the feedback (in our case mRNA-sRNA binding): the
280 0 cis design offers a wide range of parameters achieving the same mean steady-state values
200 with lower noise levels.

201 In this paper we presented a new sRNA-based feedback filter module. Together with the
202 fast dynamics at which RNA operates, our in cis architecture is a simple, modular and tunable
203 construct that can be applied in a wide range of synthetic biology applications while keeping
20« the burden imposed on the cell at a minimum level.
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REAGENT OR RESOURCE REFERENCE IDENTIFIER

CHEMICALS, PEPTIDES, AND RECOMBINANT PROTEINS

anhydrous

. TOKU-E T055
tetracycline

EXPERIMENTAL MODELS: ORGANISMS/STRAINS

E. coli: MG1655 [Blattner et al., 1997] ATCC47076

RECOMBINANT DNA

Plasmid: Shared by Prof J. )

pBbS2a-RFP Keasling [Lee et al., 2011] addGene: 35328

Plasmid: pND113 This work will be provided by GenBank
Plasmid: pND149 This work will be provided by GenBank
Plasmid: pND179 This work will be provided by GenBank
Plasmid: pND218 This work will be provided by GenBank
Plasmid: pND219 This work will be provided by GenBank
Plasmid: pND221 This work will be provided by GenBank

SOFTWARE AND ALGORITHMS

SnapGene GSL Biotech LLC http://www.snapgene.com

DINAMelt [Markham and Zuker, 2005] http://mfold.rna.albany.edu/?q=
[Markham and Zuker, 2008] DINAMelt/Two-state-melting

MATLAB MathWorks, Inc., Natick, )

R2016b MA, USA http://www.mathworks.com

cuda-sim [Zhou et al., 2011] https://github. con/

jamesscottbrown/cuda-sim

so 4.2  Contact for resource sharing

310 Further information and requests for resources should be addressed to Prof Papachristodoulou
311 ANTONIS@QENG.OX.AC.UK.

22 4.3 Method Details

a1z 4.3.1 Bacterial strains and plasmids

s1a Escherichia coli MG1655 cells were used throughout this entire study unless stated other-
315 wise. Plasmids were produced using standard cloning techniques. All synthetic DNA frag-
a6 ments (gBlocks) and primers used in this study were synthesized by Integrated DNA Tech-
31z nologies Inc. The length of the target binding sequences within the sSRNA sequence were esti-
a1s mated using the web-based service DINAMelt (http://mfold.rna.albany.edu/?q=DINAMelt/
;10 Two-state-melting). We used pBbS2a-RFP (JBEI-2549, shared by Prof. J. Keasling) as a
320 backbone for all the plasmids made for this work [Lee et al., 2011]. A list and a description of
321 plasmids used in this study can be found in Table S4 in SI. Sequences of all plasmids have been

12


https://doi.org/10.1101/504449
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/504449; this version posted December 21, 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-ND 4.0 International license.

322 submitted to GenBank. Full details are provided in SI.

23 4.3.2 Growth conditions and assays

32 Cells were grown overnight from single colonies to stationary phase in minimal medium 9 (M9)
325 complemented with thiamine 0.34 mg/mL and ampicillin (100 pg/mL) at 30° C with shaking
326 and then diluted 1/100 into fresh M9 with ampicillin (100pug/mL) of cells were then loaded
327 onto a 96-well plate (Corning) and left to grow for 2h at 30° C with shaking in a FLUOstar
s2s  Omega Microplate Reader (BMG LABTECH). After this time, anhydrous tetracycline (aTc)
320 at the appropriate concentration was added to the cells and measurements were acquired in
s the plate reader (gain: 1000). Absorbance and GFP fluorescence (excitation and emission
;31 wavelengths: 485 and 530 nm, with20 nm bandwidth, respectively) were measured every 3
332 minutes. Fluorescence was normalised by absorbance and plotted over time.

33 4.3.3 Mathematical modelling

3¢ We used mass action and Hill kinetic formalisms in order to model the chemical reactions as a
a5 Chemical Master Equation [Van Kampen, 2007]. The stochastic simulations were performed us-
s3e  ing the modified version (https://github.com/jamesscottbrown/cuda-sim) of the software
337 tool cuda-sim [Zhou et al., 2011], which implements the Gillespie stochastic simulation algo-
338 rithm. The deterministic simulations were performed in MATLAB using a built-in ordinary
330 differential equation solver ODE15s. The parameter fitting was performed using non-linear least
a0 squares routine FIT in MATLAB.
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