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Abstract
Introduction of synthetic circuits into host microbes creates competition between circuit and host genes
for shared cellular resources, such as RNA polymerases and ribosomes. This can lead to the emergence of
unwanted coupling between the expression of different genes, complicating circuit design and potentially
leading to circuit failure. Here we demonstrate the ability of orthogonal ribosomes to alleviate the effects
of this resource competition. We partition the ribosome pool by expressing an engineered 16S RNA with
altered specificity, and use this division of specificity to build simple resource allocators which reduce
the level of ribosome-mediated gene coupling. We then design and implement a dynamic resource allocation controller, which acts to increase orthogonal ribosome production as the demand for translational
resources by a synthetic circuit increases. Our results highlight the potential of dynamic translational
resource allocation as a means of minimising the impact of cellular limitations on the function of synthetic
circuitry.
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Introduction
A key goal of synthetic biology is the construction of novel information processing genetic circuits in microbes
which can be used to guide cellular function and control metabolic processes [1]. However, many initial
designs fail upon implementation in vivo due to unforeseen interactions between the host and synthetic
circuit [2]. These often arise due to competition for shared cellular resources, such as RNA polymerases
and ribosomes [3]. Previous experimental studies have shown that translational capacity, in the form of free
ribosomes, limits microbial gene expression [4, 5, 6, 7, 8] and so is a key cause of these hidden interactions [3].
Previous work has shown that the non regulatory coupling which emerges due to these hidden interactions
can be reduced by careful design and selection of ribosome binding sites and plasmid copy numbers [3, 5, 6].
Additionally, incorporating negative feedback loops into the circuit can insulate genes [9, 10, 11]. These
approaches, however, require significant re-design of the original synthetic circuit, and by incorporating
additional regulatory interactions may make certain circuit behaviours unobtainable. In this work, we propose
an alternative approach, based on the partitioning of the cell’s translational capacity, and show that it
allows the decoupling of circuit genes from one another and from their host without the need for extensive
modification.
Previously, both transcription and protein degradation activities have been partitioned into circuit-specific
and host-specific activities through the use of ‘orthogonal’ components. For example, the expression of
RNA polymerases (RNAP) from bacteriophage T7 in Escherichia coli creates a circuit-specific transcription
system [12]. Co-option of proteases from other bacteria has been used to create a circuit-specific degradation
pathway [13]. Due to the universality and complexity of the cell’s translational machinery, there does not
exist a sufficiently distinct ribosome which can be co-opted into E. coli to create a truly orthogonal ribosome
pool. However, translational capacity can be divided into host and circuit specific functions by the use of
synthetic ribosomal components to create a quasi-orthogonal ribosome (‘o-ribosomes’) system [14, 15, 16].
The binding interactions between an mRNA and the 16S rRNA of the small ribosomal subunit are known
to be a key regulator of translation initiation [17], and thus o-ribosomes can be created by expressing a
synthetic 16S rRNA. Evolving or designing the 5’ sequences at and around the ribosome binding site (RBS)
of circuit mRNAs to interact with this synthetic sequence allows the creation of an orthogonal translation
system [15, 16]. For simplicity, we refer to this synthetic 5’ sequence as an orthogonal RBS (‘o-RBS’). These
specialised o-ribosomes have previously been successfully used to probe various aspects of ribosome function
[18] but their use in the creation of synthetic gene circuits has not yet been explored.
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Results
Development of an o-ribosome model We initially developed a mathematical model to assess the feasibility of implementing an orthogonal translation system, based on the microbial physiology model developed
by Weiße et al. [19]. This model captures the three fundamental trade-offs in bacterial gene expression: (i)
energy production is limited by substrate import and enzymatic activity, (ii) finite translational capacity, and
(iii) the proteome mass is finite. We refined the original ribosome synthesis description by considering the
separate production of a protein component, which we term the ‘empty ribosome’, and an rRNA component.
The protein component is encoded by an mRNA and translated by host ribosomes. This species represents
the small and large ribosomal subunits and other accessory protein complexes. The host and orthogonal
rRNAs are transcribed and bind with the empty ribosome to form either functional host or orthogonal ribosomes. See Section S3.1 for the full model derivation. Our model predicts that cells can tolerate the use
of orthogonal ribosomes for significant levels of gene expression (Figure S21a,b) and that partitioning of the
ribosome pool can be used to divert translational machinery to a synthetic gene (Figure S21c).

Construction of an orthogonal gene expression system in vivo

We utilised a previously described

o-16S rRNA system, which contains an o-16S rRNA under the control of Plac , thus allowing its levels to
be controlled by isopropyl β-D-1-thiogalactopyranoside (IPTG) [20]. Our circuit is carried on a second
plasmid and consists of RFP under the control of the Plux promoter. Translation by either the host (hRFP) or orthogonal (o-RFP) ribosome pools is controlled by selection of the RBS (Figure 1a). RFP mRNA
production is induced with N-acyl homoserine lactone (AHL) via luxR which is constitutively expressed from
the circuit plasmid and utilises host ribosomes for its expression.
To assess the impact of o-ribosome production on the host growth rate and gene expression, gene induction
was maintained using a constant concentration of AHL in the presence of increasing IPTG concentration. The
production of o-ribosomes alone has no effect on growth rate demonstrating that their presence is non-toxic
(Figure S2). We observe a 50% increase in h-RFP fluorescence (p < 0.05, t-test, 0 mM vs. 0.5 mM IPTG)
(Figure 1b). This is likely due to a low affinity of the o-ribosome pool for the host RBS which gives rise to
a low level of ‘crosstalk’. Increasing the ability of genes to sequester ribosomes, for example by increasing
RBS strength or expression level, abolishes the impact of cross talk (Section S3.5). Increasing the size of the
o-ribosome pool acts to dramatically increase o-RFP expression, demonstrating the utility of o-ribosomes to
set a ‘circuit-specific protein budget’ (Figure 1c). Use of o-ribosomes for gene expression has no effect on
exponential growth rate (p = N S for pairwise comparisons at all IPTG levels). Expression of o-RFP is on the
order of tenfold smaller than that of the h-RFP. This may be due to inefficient o-ribosome assembly resulting
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in a smaller number of available ribosomes or due to the difference in strengths of the o-RBS (Figure S23).

Gene coupling in circuits utilising an orthogonal ribosome pool. Here we consider a new circuit
consisting of two genes; the original RFP cassette and a new GFP cassette. GFP transcription was constitutively driven from the Ptet promoter and the host or o-ribosome pool utilised for translation, controlled by
selection of RBS as described above. We determined the level of coupling between the two circuit genes by
observing the slope of the isocost line of circuit gene expression during exponential growth; this quantifies
the change in GFP as RFP is induced [6] (Figure 2). During balanced exponential growth, the concentration
of RNAP and ribosomes is constant, creating a ‘fixed protein budget’. This is shared across the circuit genes
so that as more is ‘spent’ on one gene, less can be ‘spent’ on another. This interaction is quantified in the
slope of the isocost line, [6], which demonstrates the potential combinations in which the two proteins can
be produced given the fixed budget. Gene coupling in the h-RFP-hGFP circuit (utilising the host ribosome
pool) results in a slope of -3.3; for every unit of RFP gained, ∼3 units of GFP are lost (Figure 2b). Tuning the
o-ribosome pool when utilising the host ribosomes as the translational resource has no effect on the coupling
observed, consistent with our model predictions (Figure 2a). Replacing the host RBS sequences with the
o-RBS to produce the o-RFP-o-GFP circuit results in the coupling being reduced to 30% of that observed
when using the host pool (Figure 2d). Increasing IPTG increases gene expression but has negligible effect on
coupling, as predicted by our model (Figure 2b).

Utilising both host and orthogonal ribosome pools reduces coupling of co-expressed genes.
Having successfully partitioned the ribosome pool, we tested the ability of these pools to act as a simple
distribution mechanism for translational capacity. Maintaining the original circuit topology and function, we
altered the RBS of each gene to create two new circuit variants; o-RFP-h-GFP and h-RFP-o-GFP. Our model
predicts that placing the constitutively expressed GFP under control of the o-ribosome pool (h-RFP-o-GFP
arrangement) acts to insulate the gene from competition with RFP and so significantly reduces gene coupling,
over a range of o-ribosome pool sizes (Figure 3a). Experimental validation of these predictions showed near
complete abolition of the isocost line slope with coupling falling by over 95% (Figure 3b). Varying IPTG
levels shows this decoupling is highly robust, with IPTG acting only to tune expression (Figure 3b).
The inverse arrangement, where the constitutively expressed GFP utilises the host ribosome pool and the
induced RFP utilises the o-ribosome pool (the o-RFP-h-GFP circuit), results in increased gene coupling
with the isocost line gradient increasing by over six times in comparison to coupling in circuits using the
host ribosomes (Figure 3c,d). Analysis of the model suggests that this is the result of competition for host
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ribosomal components, which are severely depleted. During translation of o-RFP, o-ribosomes are stabilised,
which prevents release of ‘empty’ ribosomes, representing components of the ribosomal complex. This reduces
the number of host ribosomes and so reduces host gene expression, including the expression of h-GFP (Figure
S24).
We extended this approach of using multiple ribosome pools in silico by simulating the use of one o-ribosome
pool for each circuit gene (Figure S25). Optimising the production of the two o-ribosome pools creates strong
decoupling, with GFP falling less than 10% as RFP is induced. However, the RFP still shows a saturating
response to increasing induction due to the finite o-ribosome pool size. There are also likely to be significant
challenges in implementing multiple pools in vivo due to the cross talk found between different o-ribosome
pools [15].

Designing a dynamic resource allocation controller to uncouple co-expressed genes. Although
we have shown that using separate host and o-ribosome pools can significantly reduce coupling between
co-expressed genes, finite resource limitations still result in a saturated input-output response profile, while
using a single orthogonal pool results in significant resource-mediated coupling. This coupling can, however,
be exploited to design a feedback controller which acts to increase the circuit translational capability in line
with increasing demand, thus alleviating both resource-mediated coupling and saturation effects (Figure 4).
Increasing ribosome biosynthesis is not experimentally tractable so our controller acts to change the ratio
of orthogonal to host ribosomes. We exploit the constitutive production of a repressor which utilises the oribosome pool for its own translation and inhibits the expression of the o-16S rRNA. Constitutive production
of the repressor mRNA means that repressor protein levels act as a sensor for translational demand (Figure
4). To guide our design, we first implemented the feedback mechanism in our model (see Section S3.1.7).
We demonstrate the function of our controller by considering the constitutive expression of one gene and
simulating its response to the stepped induction of a second gene (Figure 4). When circuit demand is low,
before the second gene induction, competition between the circuit and the controller is low (Figure 4b).
This results in high expression of the controller and therefore high repression of the o-rRNA, meaning that
few ribosomes are co-opted from the host. Upon induction of the second gene, the demand for o-ribosomes
increases (Figure 4b). The repressor mRNAs will remain largely unaffected, but their translation falls due to
increased competition (Figure 4b). The decrease in repressor production results in relief of the inhibition of
the o-16S rRNA gene and so increased o-rRNA production and increased co-option of host ribosomes (Figure
4a). This results in the maintenance of circuit protein production as other circuit genes are induced (Figure
4c).
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To test the robustness of our design to likely levels of uncertainty and variability arising from potential experimental implementations, we carried out sensitivity and robustness analyses around the optimal solution
identified (Figure 5). This indicated that the feedback topology is highly robust, with all designs tested
showing a better mRNA-protein mapping than the circuit using the o-ribosome pool without control, including those parameters which are difficult to design such as the oρ (Figure 5a, inset). However, we do see
the emergence of a trade-off between decoupling ability and gene expression, with decoupling coming at a
cost to gene expression (Figure S26). Our sensitivity analysis shows that the controller needs to have a high
ability to sequester o-ribosomes. Increasing the controller’s transcription rate and RBS strength is predicted
to increase the ability of the controller to decouple genes (Figure 5b,c), with the former also raising gene
expression while the latter reduces it. Varying the dissociation constant across a tenfold range allows the
protein levels to be tuned at no cost to the level of decoupling achieved (Figure 5d), while varying the Hill
function coefficient shows the need for the controller to be highly non-linear (Figure 5e).

Testing the controller in vivo. Having demonstrated the feasibility of using a feedback controller to
dynamically allocate ribosomes between host and circuit, we implemented a prototype controller in vivo.
Using the results of our sensitivity analysis as a guide, we based our controller on the strongly binding LacI
repressor (kD ≈ 0.02 nM, [21]), which also shows a highly non-linear mode of action due to the dimerisation
steps required to produce the functional complex. We selected the strong PLacIq promoter to drive LacI transcription [22] (Figure 5b), and used the same orthogonal RBS as previously. We deleted the host chromosomal
LacI gene and placed the exogenous copy with promoter and o-RBS into the plasmid with the o-16S rRNA.
Comparing the 0.5 mM IPTG treatment of the controlled circuit with the uncontrolled o-RFP-oGFP circuit
of equivalent protein number (i.e. equivalent demand for ribosomes), we found that the controller decreases
coupling by 50% (Figure 6). Tuning the controller threshold with ITPG allows the tuning of protein levels
at no cost to decoupling (consistent with Figure 5d).

Discussion
To control cellular processes synthetic biologists and biotechnologists often use regulation of gene expression;
by regulating transcription we assume protein levels will follow. However, the use of a common pool of
cellular resources results in the emergence of hidden interactions, ‘couplings’, between genes which are not
immediately apparent from circuit topologies. This can result in a breakdown in the relationship between
transcriptional regulation (input) and protein levels (output). In this paper, we have shown the feasibility of

6

bioRxiv preprint doi: https://doi.org/10.1101/138362; this version posted May 16, 2017. 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.

dividing the cell’s translational resources to reverse this breakdown.
We have demonstrated that the use of orthogonal ribosomes is non-toxic to host cells (in agreement with
previous reports), and that they can be used successfully for the targeted expression of synthetic circuit
genes. Whilst we observe some crosstalk, with a small propensity of orthogonal ribosomes to translate host
genes, when gene expression is low this does not appear to significantly impact on the design of our resource
allocators and controller. Manipulating the size of the orthogonal ribosome pool provides an additional ‘dial’
for controlling gene expression [23].
By carefully selecting which genetic modules utilise either the host or orthogonal ribosome pools we can reduce hidden interactions between co-expressed genes (Figure S18A). Our simple model of cellular physiology
is sufficient to determine which modules should utilise the o-ribosome pool to achieve the best coupling reduction. The greatest level of decoupling is achieved when constitutively expressed genes utilise the orthogonal
pool while dynamically regulated genes utilise the host pool. In this manner, the orthogonal pool appears to
act as an insulation device.
However, this use of multiple ribosome pools does not prevent resource-mediated saturation. The response of
a genetic module to increasing input does not show increasing output due to lack of additional free ribosomes
at high levels of input, which results in the saturating response and effective autoinhibition of each gene.
Taking inspiration from control theory, we took advantage of gene couplings to design a negative feedback
controller which acts to dynamically divert resources to the synthetic circuit as demand for them increases.
This controller acts to remove both resource mediated saturation and gene-gene coupling. Guided by the
analysis of our model, we implemented a prototype controller, based on the repressor lacI, and found that it
could reduce gene-gene coupling in a simple two gene circuit by 50%. The decoupling ability of the controller is
robust, with only protein levels, not coupling, being changed with the addition of IPTG. Although our model
predicts that coupling can be reduced further than the 50% observed in our prototype design, the remaining
uncontrolled coupling observed experimentally is likely to be due to factors not explicitly accounted for in
our model, such as RNA polymerases, or specific tRNAs and/or amino acids.
In previous studies, a number of transcriptional resource allocators have been developed, either by directing
the core polymerase via use of orthogonal σ factors (analogous to our use of multiple ribosome pools),
or by using feedback to control RNA polymerase expression across species [24, 25]. In another approach,
Venturelli et al. proposed and implemented a global resource allocator based on increasing decay rates of host
mRNAs to reduce ribosomal competition [26]. Our dynamic resource allocator complements these efforts by
providing another potential layer of control at the translational level, which multiple studies have shown is
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the key limiting factor in determining bacterial gene expression. Our results show that, by using the power
of feedback control, translational capacity can be controlled in order to optimally manage the consumption
of host resources and reduce circuit context dependency. These decoupling mechanisms provide designers
with multiple means to reduce host-circuit interactions and improve circuit modularity, without the need for
costly and time-consuming rounds of experimentation and library screening, thus facilitating the real-world
implementation of synthetic gene circuits in future biotechnological applications.
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Methods
Mathematical modelling The full model and modifications are described in detail in Section S3. All ordinary differential equation models were simulated to steady state using custom software written in MATLAB
2016a (The MathWorks Inc., MA, USA).

Cloning procedures and construction of reporter strains The characteristics of the bacteria, plasmids, and primers used in this study are described in Figure S1, Table S1 and Table S2. DNA manipulation
was carried out following standard protocols [27]. Plasmid DNA was isolated from bacterial cells using a commercial QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany). Restriction endonucleases were purchased
from New England Biolabs (NEB, Ipswich, MA, USA).
Plasmid pSEVA63-Dual was derived from MBP 1.0, the original circuit containing the genes for constitutive
GFP and inducible RFP expression [6]. The circuit was amplified using the pair of primers Dual F/-R,
digested with PacI/SacI and cloned into pSEVA631 using the same restriction endonucleases [28].
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Two subsequent cloning steps were carried out to replace the original RBS sequence of RFP in the plasmid.
First, the original RBS of RFP was replaced with the orthogonal sequence (ACAATTTTCATATCCCTCCGCAA) using the Fast Cloning method [29] with primers o-RFP F/-R resulting in the plasmid pEMG-oRFP-h-GFP. The RBS of GFP was replaced in this circuit using the pair of primers Dual F and Dual R and
the PCR product was cloned into pSEVA631 as described above, which resulted in the plasmid pSEVA63-oRFP-h-GFP. Plasmids pSEVA63-h-RFP-o-GFP and pSEVA63-o-RFP-o-GFP were generated with a similar
approach in this case using primers o-GFP F/-R.
The RBS of the lacI gene present in the plasmid pRSF ribo-Q1 O-gst-cam [20] was replaced with the
orthogonal version also following this strategy: three partial fragments representing the whole plasmid were
amplified by PCR with the respective primer pairs (pAS2 o-lacI pt F/-R, pAS2 o-lacI pt2 F/-R, pAS2 olacI pt3 F/-R and pAS2 o-lacI pt4 F/-R). Each product had overlapping regions and one of these regions
contained the orthogonal RBS directly upstream of the lacI gene. DpnI treatment was carried out to remove
the template DNA after the PCR reaction, and the DNA fragments were ligated by isothermal assembly [30]
yielding plasmid pRSF ribo-Q1 o-gst-cam o-lacI.
The MG1655∆lacIZYA strain – this is the parental MG1655 strain lacking the lacI gene and the lac operon
(i.e. the lacZYA genes) – was constructed by replacing the target genomic regions with a kanamycin antibiotic
cassette (pKD4) using primers lac KO F/-R, followed by removal of the kanamycin resistance using the FLP
recombinase using a previously described method [31, 32]. Genomic deletions were confirmed by PCR and
by ensuring that the activity of β-galactosidase was not present in the strain.
All plasmid constructs described above were introduced into either E. coli DH5α or DH5αλpir strains by
transformation for DNA amplification. All experiments in this paper were performed in E. coli MG1655 after
transformation with the corresponding plasmids with the exception of those involving the feedback controller
(pRSF ribo-Q1 o-gst-cam o-lacI), which were carried out in MG1655∆lacIZYA to prevent cross talk between
the endogenous lacI gene and the controller.

Cell culturing and fluorescence measurements E.coli strains used in this study were always grown
in Luria-Bertani (LB) medium at 37◦ C. The antibiotics kanamycin (50 µg mL−1 ), ampicillin (150 µg mL−1 )
and gentamicin (20 µg mL−1 ) were added when necessary. In a typical experiment, for each of the biological
replicates a single colony from the strain of interest was taken from a fresh plate and cultured overnight in
1 mL of liquid medium in 24-well plates (500 rpm, PMS-1000i Microplate Shaker, Grant, Shepreth, UK).
These cultures were diluted 500-fold in the same medium and further grown in the same conditions. Once
they reached the exponential phase (OD600 = 0.2 − 0.3), 2 µL of the culture were transferred into 1 mL
9
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of fresh medium containing Isopropyl β-D-1-thiogalactopyranoside (IPTG, Sigma-Aldrich, St. Louis, MO,
USA, final concentrations of 0.1, 0.2 and 0.5 mM) and/or N-acyl homoserine lactone (AHL, Sigma-Aldrich,
St. Louis, MO, USA, final concentrations of 1.25, 2.5, 5, 10, 20 nM) and cultured in the same way as in the
previous two steps.
Growth and fluorescence of these cultures was monitored over time as follows: every hour the OD600 of
the cultures was determined using a CLARIOstar microplate reader (BMG Labtech, Ortenberg, Germany).
At the same time, 50 µL aliquots were taken from each well mixed with 150 µL of PBS. The volume of
the culture in the wells was kept constant by replenishing with the same volume of fresh medium including
the same concentration of the inducers. The suspension of cells in PBS was loaded into an Attune NxT
Flow Cytometer (ThermoFisher, Waltham, MA, USA) and analysed for GFP and RFP expression using
blue (excitation 561 nm; emission 620/15 nm) and yellow (excitation 561 nm; emission 620/15 nm) lasers
respectively. For each sample, 20,000 events were analysed and populations means were estimated using the
default software of the instrument.
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Figure 1: Developing the o-ribosome pool as an expression system. RFP expression using either the
host or o-ribosome pool. o-ribosomes are produced by inducing o-16S rRNA with increasing concentrations
of IPTG. (o/h)-RFP is induced with 20 nM AHL throughout. Bars represent means ± 1 SD. a. Schematic
of the orthogonal translation system. b. Expression of h-RFP by the host ribosome pool. c. Expression of
o-RFP by the o-ribosome pool.
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Figure 2: Gene coupling in gene circuits utilising either the host or orthogonal ribosome pool.
Simulations of the steady state concentrations of RFP and GFP normalised by the maximum protein production achieved across the o-rRNA transcription rates tested. ωGF P = 100 and ωRF P = 1 to 103 mRNAs
per min. o-rRNA production (ωρ ) was simulated at the RNAs per min as shown. Experimental data was
produced by inducing RFP using AHL from 0 to 20 nM. Points are the mean steady state fluorescence ± 1
S.D normalised by maximum GFP expression obtained across different levels of IPTG treatment. The isocost
line is fit to the mean fluorescence. o-ribosome production was induced using IPTG at the concentrations as
shown. a. Simulations of circuit using the host ribosome pool. b. In vivo protein productions using the host
ribosome pool. c. Simulations of the circuit using the o-ribosome pool for translation. d. In vivo coupling
observed in the circuit using the o-ribosome pool.
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Figure 3: Gene coupling in circuits utilising different ribosome pools. Simulations of the steady
state concentrations of RFP and GFP normalised by the maximum protein production achieved across the
o-rRNA transcription rates tested. ωGF P = 100 and ωRF P = 1 to 103 mRNAs per min. o-rRNA production
(ωρ ) was simulated at the rates shown. Experimental data was produced by inducing RFP using AHL from
0 to 20 nM. Points are mean steady state fluorescence ± 1 S.D. normalised by maximum GFP expression
obtained across different levels of IPTG treatment. The isocost line is fit to the mean fluorescence. o-ribosome
production was induced using IPTG at the concentrations as shown. a. Simulations of the circuit using host
ribosomes for RFP expression and o-ribosome for GFP expression. b. In vivo coupling of the h-RFP-o-GFP
circuit. c. Simulations of the circuit using the o-ribosome for RFP expression and host pool for GFP. d. In
vivo coupling of the o-RFP-h-GFP circuit.
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Figure 4: Operation of the negative feedback controller. a. Structure and function of the negative
feedback controller. In the absence of the circuit genes, repression of o-rRNA production is high, and so
co-option of ribosomes to the orthogonal pool is low. Upon the introduction of a low demand circuit the
o-ribosome pool is redistributed to express both circuit and controller genes. This reduces translation of
the constitutively expressed controller due to resource competition, and as a result o-rRNA transcription
increases. As circuit demand increases (here RFP transcription increases), increased resource competition
results in a greater fall in controller translation. This reduces the repression of the o-rRNA production,
allowing more co-option of ribosomes from the host ribosome pool. b. Simulation showing the changing concentrations of the controller components in response to induction of RFP, which creates increased ribosomal
demand. c. Changing distribution of the translation complexes, c, in response to RFP induction of genes
utilising o-ribosomes for translation. cF , controller mRNA-o-ribosome translation complex. d. Protein output over time. Inset, coupling in the o-ribosome pool without controller. The induction rate of the o-rRNA
was tuned so that both models produce the same protein concentration.
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Figure 5: Design of the feedback controller. a. Function and robustness of the controller decoupling
in comparison to using the o-ribosome pool alone. The optimal controller parameters were perturbed by
drawing random values (N = 1000) between ±50% of the original value. All parameters controlling o-rRNA
and controller protein were allowed to vary. Inset, mRNA levels of RFP and GFP. Legend explanation:
o-ribo, uncontrolled o-ribosome pool (i.e. when ωF = 0 mRNAs per min); Controller, optimal feedback
controller; Robustness, action of the perturbed controllers. b. Impact of varying the maximal transcription
rate of the controller. c. Impact of varying the strength of the RBS d. Impact of varying the dissociation
constant of the repressor. e. Impact of varying the Hill function coefficient of the repressor.
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Figure 6: In vivo implementation of the prototype controller. Response of constitutively expressed
o-GFP as o-RFP is induced with AHL. The action of the controller can be tuned with IPTG as shown (CL,
closed loop). For comparison the o-RFP-o-GFP results which produce comparable protein levels are also
shown (OL, open loop). Points are mean steady state fluorescence ±S.D. Isocost lines are fit to mean values.
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