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In vitro implementation of robust gene regulation in
a synthetic biomolecular integral controller

Deepak K. Agrawal2>, Ryan Marshall®>, Vincent Noireaux® 3* & Eduardo D Sontag® "24*

Feedback mechanisms play a critical role in the maintenance of cell homeostasis in the
presence of disturbances and uncertainties. Motivated by the need to tune the dynamics and
improve the robustness of gene circuits, biological engineers have proposed various designs
that mimic natural molecular feedback control mechanisms. However, practical and pre-
dictable implementations have proved challenging because of the complexity of synthesis and
analysis of complex biomolecular networks. Here, we analyze and experimentally validate a
synthetic biomolecular controller executed in vitro. The controller ensures that gene
expression rate tracks an externally imposed reference level, and achieves this goal even in
the presence of certain kinds of disturbances. Our design relies upon an analog of the well-
known principle of integral feedback in control theory. We implement the controller in an
Escherichia coli cell-free transcription-translation system, which allows rapid prototyping and
implementation. Modeling and theory guide experimental implementation with well-defined
operational predictability.
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obustness against perturbations and uncertainties is fun-

damental to biological systems that continuously sense and

respond to their environment. At the cellular level, it is
often desired to maintain precise control over a variety of
molecular components and pathways to achieve complex beha-
viors that require the interaction of intracellular or extracellular
biomolecules!2. This is often achieved by tightly regulating gene
expression in such a way that it follows a desired set point
independent of exogenous or endogenous disturbances. Feedback
is a mechanism that enables organisms to achieve reliable and
robust functionality’-7. Feedback mechanisms underlie home-
ostasis, a phenomenon in which physiological variables are con-
tinuously monitored and adjusted so as to maintain a desired
equilibrium value which is defined by a set point (also known as a
reference signal), in the presence of biological uncertainties that
may perturb the natural state of the system3-10,

Reference tracking in the presence of disturbances, a classical
objective in electrical and mechanical systems, is often solved by
incorporating integral feedback to control a variable of interest
(also known as a plant or process signal)!!. In such a scheme, one
wants the plant signal to track a reference signal. This is achieved
by incorporating in the controller the mathematical integration of
the difference between the reference and the plant signal (the
error signal). The internal model principle in control theory
states, in essence, that the existence of an integrator in the control
loop is necessary for the tight regulation of the variable of interest
in the presence of constant disturbances or stimuli!2. Inspired by
these ideas from engineering and control theory, there have been
several recent designs!3-1¢ and implementations!’~1° of biomo-
lecular integral feedback controllers. While these implementa-
tions provided a general framework to robustly regulate in vivo
biological processes, an alternative implementation is desirable, in
order to improve the robustness of synthetic biological processes
and specifically the cell-free reaction platform. In addition, the
cell-free reaction platform makes the design and implementation
of such a controller easier compared to in vivo systems. This is
mainly due to the limitations of quantitative predictive models for
the latter case. These limitations arise in large part from the
biological noise which is found in cellular systems, which makes it
hard to achieve precise control over model parameters, thus
complicating the design and feasibility of the system20-22, Plas-
mid copy number is also limited by the origin of replication,
decreasing the adjustability of experiments23.

In this work, we exploit the versatility of an all Escherichia coli
TXTL platform to prototype a biological controller circuit. TXTL
reactions contain the native transcription, translation, and
metabolic machineries?42> required to achieve gene expression
over at least eight hours. As opposed to a living host, in a TXTL
reaction one can precisely set the concentrations and stoichio-
metries of DNA parts, and thus finely tune gene circuits easily.
TXTL reactions are typically performed at the microliter scale or
above, far from any biological noise, thus allowing flexibility in
designing and optimizing the genetic network2®. Experimental
disturbances, such as those perturbing the amount of DNA or
other reaction components, can be carried out at any time. TXTL
reactions are executed in high-throughput, facilitating the rapid
characterization of dynamic circuits. By virtue of such advantages,
several synthetic gene circuits have been implemented in TXTL
with a successful modeling framework?7-30.

In this article, we construct an in vitro synthetic biomolecular
integral controller that precisely controls the protein production
rate of an output gene. Our strategy relies on a molecular
sequestration reaction, which is an instantiation of the innovative
antithetic integral feedback paradigm introduced by Briat, Gupta,
and Khammash!3, who showed that this architecture realizes
integral control and achieves robust tracking. To realize a cell-free

biological controller, we exploit the natural interaction between
the E. coli 0,5 and the anti-o,5 factor3!. Recently, a similar con-
troller has been reported that uses the same molecular mechan-
ism to realize integral feedback in E. coli'8. In this work, we
demonstrate that the output of the controller, which is realized
using the TXTL toolbox, tracks the reference signal, meaning in
this paper that it is linearly proportional to the input; moreover,
we show that this happens for a large dynamic range of inputs.
This tracking behavior is possible only in the closed-loop con-
figuration (when the sequestration reaction is active), and not in
open loop. We develop an ordinary differential equation (ODE)
model and perform systematic TXTL experiments in order to
parameterize and validate the model. We then use the para-
meterized model in order to successfully predict the controller
response in different reaction conditions. When certain dis-
turbances are added in the biochemical species as local dis-
turbances, or in the reaction condition as a global disturbance,
only the closed-loop controller enables the output to almost reject
the disturbance’s effect on the output. Our results demonstrate
that our synthetic biomolecular controller is capable of regulating
the gene expression rate robustly in an E. coli TXTL toolbox. We
anticipate that such an approach could be useful for diagnostics
applications®?, for constructing dynamical systems in vitro3? or
for programming synthetic cell systems343°,

Results

Designing an integral feedback controller. Our primary goal is
to construct a genetic network which can accurately regulate the
protein production rate of a target gene. Specifically, we wish to
achieve reference tracking, meaning that the production rate
(output) of a desired protein follows a reference signal linearly,
for a large dynamic range of input values. We call tracking robust
if the output tracks the reference signal even in the presence of
(certain kinds of) disturbances and this behavior is maintained
independently of changes in reference values over the course of
the reaction.

In electrical and mechanical control systems, integral feedback
controllers are routinely used in order to achieve robust reference
tracking in the presence of perturbations and uncertainties.
Motivated by this analogy, various possible designs of such
controllers have been discussed substantially in the context of
biological systems!3-1927, The present work is inspired by our
previous work?’, in which we introduced a computational design
based on RNA-based controllers but in which no experimental
validation was provided. Here, we start from that design,
modifying it to allow for direct control over genetic expression
and provide an experimental validation. In this approach, the
controller enables the output signal to robustly track the reference
signal, which is a scaled value of an input Px (Fig. la), and
representing input gene copy number. To determine the deviation
of the output signal from the reference signal, a comparison
between both is required without affecting their activity. This
requires that the reference and the output signals must be sensed
internally using biochemical sensors. We, therefore, use a
protein molecule X, which corresponds to the reference signal
and is assumed to be proportional to the input Py, and a
protein molecule Y, which corresponds to the output signal and is
regulated and proportional to a plant signal V. This allows to
realize the error computation while avoiding depletion of the
reference and the plant signals. In informal terms, we may think
of the concentration of free molecules X, which we denote as Xy
(the R for remaining after binding to Y) as an error signal which
represents the difference X—Y and influences the output to
correct deviations of the output signal from the reference signal.
The output block, which is not involved in the closed-loop
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Fig. 1 The synthetic biological integral controller. a Block diagram of a typical closed-loop controller. b Design of the synthetic biological integral

controller, where the color coding corresponds to the blocks shown in a. The reference is set by the input DNA Py and the plant signal V (mRNA of gene y)
is measured through the expression of another gene z, which encodes for a protein Z. Error computation is achieved through a molecular sequestration
reaction between the proteins X and Y. Here the red-color cross represents the open-loop configuration of the controller, which results when the feedback
signal Y is absent. ¢ In the closed-loop configuration, the error criterion is the difference between scaled versions of the input Px and the plant signal to be
regulated, V. In the actual controller implementation, this role is played by the free amount of the protein X, which we denote as Xz because we think of it as
what remains after binding to Y (and to promoter sites). To produce an output (Z) that is independent of the disturbances in P and PY", the error signal is
integrated (see Supplementary Note 1). The assumptions made to derive this expression are mentioned in Supplementary Note 1 where it is also shown
that the controller output (2) linearly depends on the plant signal at the steady state. In the absence of the feedback the output depends nonlinearly on Py
and P such that any disturbance in P* may perturb the output. d Overview of the E. coli cell-free toolbox for prototyping and executing parts and circuits
in vitro. e Experimental implementation of the integral controller. Three plasmids are used, P;o,-025, expressing the E. coli 655 (X) from a 65,0 promoter (Py),
P2s.-FIgM, expressing the anti-o,g factor (Y) from a o5 promoter (P'), and P,g,-deGFP, expressing the reporter deGFP (G) from a 6,5 promoter (P¥*). In
the open-loop controller, instead of the anti-o,g factor (FIgM), mSA is expressed, which is not sequestered by 6,5, nor does it directly affect any reaction

rates (see Methods). The mSA control gene promoter is denoted as Pi;.

dynamics, acts as a proxy to read the plant signal and produce an
external read-out signal (see Supplementary Note 1).

Our biomolecular implementation of an integral feedback
controller requires three genes: an input gene x, under the
promoter Py, a target gene y, under the promoter P¥' and an
output gene z, under the promoter P¥* (Fig. 1b). Genes x, y, and z
are sensed using their respective encoded proteins X, Y, and Z via
a combination of transcription and translation reactions. An error
computation is achieved through a molecular sequestration
between X and Y, which represent Py and V, respectively, in
such a manner that when X binds to Y or vice versa, both proteins
become biologically inactive (a phenomenon, also known as
annihilation)!3. We then used the free X (not bound to Y) as a
transcriptional activator that binds at the promoter regions of y
and z genes. In this reaction, inactive promoters Py and P switch
to active promoters P§ and P, states respectively, leading to an
increased production rate of the respective encoded proteins. It is
essential that the activated transcription rate from the genes y and
z must be much higher than their basal expression, so that the
production rate of Y and Z should be overall regulated by the
error signal Xp. Since the plant signal (V is a mRNA) is not a

readable quantity, and Y gets depleted in the sequestration
reactions, we use the concentration of another protein G (e.g., a
reporter protein), which is expressed by the output gene z, as a
read-out signal to record the controller activity. The production
rate of protein G (considered as an output Z) is used as a reliable
comparison metric. To ensure that the output signal truly
represents the plant signal, and for that P} must truly represent
P{. In order to implement this, it is necessary that the same
promoter must be used by the y and z genes, and the amounts of
P and P¥* should be identical?®. Note that x, y, and z have the
same concentrations and correspond to the biochemical species
Py, P, and PY", respectively.

Here and elsewhere, the term closed-loop configuration means
that the feedback is present through the sequestration reaction;
otherwise, when the feedback mechanism is not present, the
controller is referred to as in the open-loop configuration. We
establish that reference tracking is only possible in the closed-loop
case, where the output linearly depends on Px (Fig. 1c). In the
open-loop case, the output depends nonlinearly on Px and PY*,
which means that, according to our definition, the open-loop
system is unable to track the reference signal. Because the error
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signal (Xg) is mathematically integrated over time in the closed-
loop case, the output should be able to track the reference signal
even when appropriately placed disturbances are added to the
genetic network (Fig. 1a, c).

For a case when the reference signal is larger than the output
signal, the error signal increases the production of the output Z.
On the other hand, when the output signal is larger than the
reference signal, free Y sequesters X to reduce the output. One of
the key reasons that this controller is able to improve
substantially upon that in ref. 27 is that it implements an effective
error computation through protein interactions; in contrast,
RNA-based designs suffer from the fact that RNAs degrade much
faster than proteins, making an effective error computation very
hard to implement experimentally3®. In contrast, the degradation
of the proteins used in this work can be ignored as no degradation
tags were associated with them. However, while realizing the
integral controller in vivo, the adverse effect of degradation on
reference tracking due to cell dilution should be considered?!.

To test the controller experimentally in E. coli TXTL toolbox
(Fig. 1d), we employed three plasmids (Fig. le): Pyg,-02s,
expressing E. coli 05 from a 07 promoter; P,g,-FIgM, expressing
the anti-o,4 factor (also known as FlgM) from a 0,5 promoter; and
P,g,-deGFP, expressing the reporter deGFP from a 0,3 promoter.
In the open-loop controller, gene expressing FlgM is replaced by a
gene expressing mSA (same protein size), which cannot sequester
with 0,5, nor does it directly affect any reaction rates (see
Methods). Here and elsewhere, for simplification, 0,5, anti-o,g
factor (FlgM), and immature deGFP are denoted as X, Y, and Z,
while promoters P;, and P,g, are denoted as Py and P¥" (same as
PY), respectively, and the mSA control gene is denoted as yc and

3 tot
the respective promoter as Py

The closed-loop controller tracks the reference signal. Our first
goal was to establish that when the controller operates in the
closed-loop configuration, the output of the controller (Z) follows
linearly the changes in the concentration of input Py, thus
tracking the reference signal. A nonlinear dependence of the
output on Px would suggest otherwise. To test this in TXTL
reactions, we added 0.1-0.7nM Px and 1nM each of P§" and
either P{ifor the open-loop operation (Fig. 2a) or PY' for the
closed-loop operation (Fig. 2b). In our implementation, the
controller’s output is an immature version of the reporter protein
deGFP, and its matured version, which is fluorescent, is con-
sidered as a read-out signal (G). Since the fluorescent deGFP has
no degradation tag; consequently, we cannot observe a steady-
state behavior in the measured responses. Therefore, to be able to
compare the open and closed-loop responses accurately, we
determined the slopes of the measured deGFP signals (Fig. 2c, d),
which is also referred to as the production rate of deGFP. It can
be shown that deGFP slope is a scaled version of Z, which follows
the plant signal linearly at the steady-state in the closed-loop
configuration (Supplementary Note 1). In the open-loop case, we
found that changes in the deGFP slopes depend nonlinearly on
the changes in the input concentration of Py (Fig. 2e), suggesting
that the output is unable to track the reference signal over the
tested range. In contrast, the closed-loop endpoint deGFP slopes
were linearly proportional to the concentration of Px (Fig. 2f),
suggesting reference tracking.

The output of the closed-loop controller should be able to
follow the changes in input signal linearly independent of the
time when it is modified. To test this capability, we performed a
step change in the input Py concentration during the course of
the reaction. For that, we added different amounts of Px to TXTL
reactions in the open-loop (Supplementary Fig. 1a, b) and closed-
loop (Supplementary Fig. lc, d) system after four hours of

incubation with 1nM each of P¥' and either P{. or PV,
respectively. As mentioned earlier, we observed that the
controller’s output follows linearly the input only when operated
in the closed-loop configuration (Fig. 2g, h). Note that the deGFP
produced in the closed-loop configuration is much smaller than
that produced in the open-loop configuration because the
activator needed to express the deGFP is sequestered only in
the closed-loop configuration.

The open-loop controller output is unable to track the input
signal. One possibility is that this observation can be explained by
the higher output levels in the open-loop case. To eliminate this
possibility, we tested the controller operation in a different
reaction condition, by ensuring that the open-loop output levels
are in close proximity to the closed-loop output levels (shown in
Fig. 2b) at the same input Py values. We found that the open-loop
controller output remains nonlinear as a function of Py, even
when the open and closed-loop output levels are similar
(Supplementary Fig. 2; Fig. 2f). This provides a controlled
comparison and shows that feedback is responsible for the
reference tracking behavior. As a control, we also tested that
changes in the concentration of P{% have no effect on the deGFP
slopes (Supplementary Fig. 3), confirming that the different
version of Y that is expressed by yc gene does not interact with X.
In contrast, when we increased the concentration of P¥", from 0
to 1 nM in the presence of Py and P, the deGFP slopes reduced
significantly, suggesting that the sequestration reaction is being
actively involved in regulating the error signal and thereby the
output activity (Supplementary Fig. 4). We also found that in the
absence of Py, deGFP is not produced (Supplementary Fig. 5),
confirming that the production of Y and Z are fully governed by
the error signal through the activation reaction.

These experimental observations agree with the expected
controller operation. When X is larger than Y (i.e., the output
is lagging behind the reference). The error signal increases the
production of Y and Z. As more Y is available in the reaction to
sequester with X, X and Y converge to specific values that would
allow Z to follow the reference signal. In the absence of the
sequestration reaction, error computation is absent (no feedback)
and so X directly regulates Z production without comparing with
the reference signal.

Mathematical model and parameterization. To understand the
controller operation, we developed a simple coarse-grained model
that captures the dynamic response of the controller in both open
and closed-loop configurations (Fig. 3a). For that, we consider the
synthesis of each protein as a two-step reaction: a transcription
reaction for mRNA synthesis and then a translation reaction for
the corresponding protein synthesis. The parameters o and f3 are
transcription and translation rates, respectively. Here and else-
where, subscripts to the parameters indicate the corresponding
species. Each mRNA species (U, V, and W) has a degradation rate
denoted as § while we ignore the protein degradation rate3®. The
parameter « is the sequestration rate. Transcriptional activation is
modeled as a one-step reaction, where X binds to the promoters Py
and Py separately at a rate of w and dissociates at a rate of v. In the
activated state, these genes produce Y and Z proteins at an
increased transcription rate, denoted as at. Considering the mass-
conservation, we assume that P{' = Py + P} and P{' = P, + P}
at all times. An additional reaction is added into the model to
account for the maturation of newly synthesized immature deGFP
(Z) into a fluorescent deGFP (G)2>33, which is the read-out signal
(Fig. 3a). We have also added a reverse sequestration reaction that
allow sequestered X and Y to dissociate at a rate denoted as x;.
From chemical reactions, we built an ODE model (shown in
Fig. 3b) to determine the response of the controller over time.
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Fig. 2 The output follows the input signal linearly only in the closed-loop configuration. a, b TXTL deGFP measurement of the response of the integral
controller in the a open-loop and b closed-loop configurations at different initial concentrations of Py (0.1-0.7 nM) while initial P* and P* were both 1nM
each. In the open-loop, instead of P}, P was added. ¢, d The slopes of measured deGFP responses for the ¢ open-loop and d closed-loop operations and

tot

the corresponding summary in e and f at 8 h respectively. To disable the feedback in the open-loop case Py* was replaced by Pi, which expresses a protein
that cannot sequester with X. g, h Summary of the deGFP slopes of the controller at 8 h for a step change in Py for the g open-loop and h closed-loop
operations. Py was increased from O nM to different concentrations (0.1-0.7 nM) after 4 h of the reaction in the presence of initial 1nM of P{* and P¥* each.
Note that the lower GFP slope values in g, h than e, f are due to the shorter active reaction time. Error are shown in the shaded region and were determined
using the standard error of the mean of three or more repeats. A linear regression with zero intercept was used to fit the deGFP slopes and the
corresponding R-square values are e 0.71, f 0.98, g 0.84, and h 0.98. A calibration factor was used to convert the measured deGFP fluorescent signal into
the concentration. Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB.

Source data are provided as a Source Data file.

An accurate representation of a system model requires
determining specific parameter values at which the model
quantitatively follows the system dynamics. However, parameter
estimation can be nontrivial, as there can be multiple sets of
parameter values that may vary by several orders of magnitude
and could still fit the measured data. Therefore, to simplify the
problem, we isolated the measured responses into two sets, in
such a manner that we required fewer parameters to fit a
particular set of experimental data. For this, we first found the
model parameter values that provided the best fit to the measured
open-loop response, since the number of parameters involved in
the open-loop case are less than in the closed-loop case (see
Methods). We then used these parameter values to fit the closed-
loop response while allowing only the remaining parameters to
vary (see Methods). Moreover, we started the model fitting
manually with an initial guess of parameters derived from the
literature24-30-36, Once we found the possible values that provide
a qualitative agreement between the model and the measured

response, we used an iterative least-squares fitting procedure to
find a range of parameter values that gave us the best fit (see
Methods). The means of the resulting parameters (Table 1) were
then used along with the ODE model (Fig. 3b) to calculate the
mean trajectories with 95% confidence intervals (Fig. 3¢, d). A
comparison of model response with the deGFP slopes is shown in
Supplementary Fig. 6. Histograms of the input and estimated
parameter distributions are shown in Supplementary Fig. 7.

To cross-validate the parameterized model, we predicted the
controller response for a different setting of input conditions. For
that, the concentration of Py was increased from 0nM to
0.1-0.7nM (in a step manner) after 2h of incubation in the
presence of initial 0.7nM of P¥' and P§' each (Fig. 4a, b;
Supplementary Fig. 8). We found that the predicted responses
followed the measured responses closely. It should be noted that
the reason, in this study, we have limited to model the measured
dynamic trajectories for up to 8 h. This is because experimen-
tally, after 8 h, we observed the effects of resource limitations
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Fig. 3 Schematic of the model parametrization process and validation of the model. a Detailed reaction network of the controller and the corresponding.
b ODE model. Here U, V, and W are the translationally initiated mRNA of the X, Y, and Z proteins, respectively. The additional reaction was added into the
model to consider the maturation of immature deGFP into a fluorescent deGFP (G). Details on how the P and P¥* promoters switch from the inactive (Py,
P2) to active (Py,P}) states are shown alongside. Note that while using the ODE model to study the controller dynamics, Py and P; were replaced with
Piet — Py and Pt — PJ respectively. ¢, d Comparing the measured deGFP response (solid lines) with the mean of the best-fitted simulation results (dashed
lines) for the ¢ open-loop and d closed-loop cases. The ODE model was used to calculate the controller response while initial concentrations of P{* and P%*
were 1nM each. Note for the open-loop response ay, ay™, 8y, By, k, K, and Py* were set to zero. Least squares fitting was used to generate the best-fit
model response at different initial guesses of the reaction parameters (see Methods). Experimentally observed error bars are shown in the shaded region
while the mean simulated trajectories (dashed line) are shown here within 95% confidence intervals. N =1000. Error bars are from the SEM of at least

three repeats. Source data are provided as a Source Data file.

Table 1 Estimated model parameters obtained from the least
squares fitting for the ODE model shown in Fig. 3b.
Parameters Values Error Units
ay 0.60 + 0.01 s

ay 2.75x107° + 835x10~7 571

ayt 0.51 + 0.0123 s

aw 3.68x1077 + 9.76x107° 571
awt 0.78 £ 0.0013 51

Sy 0.00501 + 7.23x1075 s

Sy 0.00026 £ 257x107¢ 571

Sw 0.00109 S 3.05%x10°6 51

Bx 0.00046 * 141x107°> s~

Py 0.0018 + 410%x10-5 s~

Bz 0.00098 * 153x10-6 51

K 8.99 x 104 £ 8.88 x 102 M-1s-1
Ki 1.0x10-4 + 1.42x10-% s~

w 8.02 x10° £ 7.34x103 1T
v 1.54 E 0.07 51

Ys 1.95x103 + 486x1076 51

Note for the open-loop response ay, ay*, 8y, By, &, ki, and Pyt were set to zero. The error values
were determined using the standard error of the mean. N =1000

(Supplementary Fig. 9) and the ODE model shown in Fig. 3b,
assumes an unlimited energy source and therefore ignores the
experimental results when that assumption no longer holds.

Model simplification. To get a better insight into the controller
response, further simplification of the proposed model is
required. For that, based on the extracted parameter values, we
sought to reduce the number of variables in the model while still
capturing the essential dynamics of the controller. From the
extracted parameter values, we observed that the basal expression

of y and z genes is almost negligible; therefore, we set &y, and ayy
to zero in the simplified model. As the transcriptional activation
reaction is much faster than the other reactions involved in the
reaction network, we used a quasi-steady state approximation to
replace the ODEs of Pj and P} by their steady-state expressions
(see Supplementary Note 1). As the RNA dynamics is much faster
than the protein dynamics (due to the faster RNA degradation
rates), a similar approximation was used to model the synthesis of
X and Z using single reactions for each, while keeping the two-
step synthesis of Y to ensure that we consider an appropriate
delay in the overall system dynamics (Supplementary Fig. 10)37.
We also ignored the reverse sequestration reaction (x;) assuming
it has a limited impact on the dynamics of the deGFP (Supple-
mentary Fig. 11). This leads to a simplified model (shown in
Fig. 4c), which can produce a dynamic response similar to that of
the original model (Supplementary Fig. 12).

We now use the simplified model to determine analytically
how the output depends on the reaction parameters and the
input. As mentioned earlier, because the reporter protein deGFP
(G) has no degradation tag, we opted to analyze the slope of
deGFP (scaled value of Z), and a steady-state response can be
seen for the closed-loop controller (Fig. 2d). However, in the
given implementation, it is not possible to observe a steady-state
response of Z in the open-loop configuration (Fig. 2c). This is
because as the sequestration reaction is absent in the open-loop
case, X continues to accumulate over time and so does Z
(Supplementary Fig. 13; Fig. 2c). In contrast, due to the
sequestration reaction in the closed-loop operation, X attains a
steady-state, which makes Z to attain a steady-state as well
(Supplementary Fig. 14; Fig. 2d).

To determine an approximate analytical expression for the slope
of deGFP, we used the simplified model to obtain an approximate
analytical solution of Z (see Supplementary Note 1). We then
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Fig. 4 Validation of the controller model and simplification. a, b Predicting the a open-loop and b closed-loop controller response for a step change in Py.
Px was increased from O nM to different concentrations (0.1-0.7 nM) after 2 h of incubation in the presence of initial 0.7 nM of Pi** and P¥* each. (Recall
that fitting was done under different conditions, namely 1nM of Pyctot (or Pi¢") and Pt each.) The ODE model shown in Fig. 3b was used to determine the
response with parameters shown in Table 1. ¢ Simplified ODE model of the controller. d Approximate analytical solution for deGFP slopes (time derivative
of G) for the open and closed-loop cases. e, f Comparing the measured responses of the controller shown in Fig. 3¢, d with the response determined using
the approximate analytical solution for the e open-loop and f closed-loop cases respectively. The data shown in Fig. 4a, b are compared with the analytical
solution results in Supplementary Fig. 15. Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing
method in MATLAB. Error bars are from the SEM of at least three repeats. Source data are provided as a Source Data file.

analytically calculated the time derivative of G for the open and
closed-loop cases (Fig. 4d). The analytical solution follows the
response of the original model closely at different reaction
conditions (Fig. 4e, f; Supplementary Fig. 15), and thus, validating
our approach. Moreover, we found that the time derivative of G
(same as slope of deGFP) follows the input Py linearly only in the
closed-loop case as long as there are enough promoter sites are
available on y and z genes. This is due to the fact that in the closed-
loop configuration, Z is independent of the promoter activity of z
gene as long as X > w/v is not valid. This is considered as a
fundamental limit of the controller to track the reference signal
robustly. In contrast, in the open-loop case, as the sequestration
reaction is absent, production of Z directly depends on the
promoter activity of z gene which causes a nonlinear dependency
of Z on X, thereby on Px (Fig. 4d). In the closed-loop case when
X > w/v, Z converges to a saturation. We verified these
conclusions using the numerical simulations (see Supplementary
Fig. 16). Moreover, the closed-loop controller capability to track
the reference signal should be independent of the absolute value of
the output when X > w/v is not valid. To test this, we conducted
numerical simulations at different initial DNA concentrations
values for the open and closed-loop cases in such a manner that
the controller’s output remains in the proximity in these two cases.
We observed linear relation between the input Py and the output
only for the closed-loop case (Supplementary Fig. 17).

Further insight into the controller operation can be gained by
analyzing the simplified model to determine how the error signal
is processed in the closed-loop configuration of the controller.
The analytical expression for the error signal clearly shows that it
is integrated mathematically by the controller (see Supplementary
Note 1). We then further validate the conditions under which Z
faithfully tracks the plant signal, which ensures accurate reading
of the controller dynamics (see Supplementary Note 1).

Closed-loop control enables disturbance rejection. One of the
main theoretical advantages of integral feedback controllers is
their ability to reduce the effect on the output of certain constant
disturbances on the variable of interest’. This is due to the
effective error computation with an integral operation that allows
the controller to maintain the desired output even when a dis-
turbance affects the system. In the aforementioned section, we
showed that the implemented controller can be interpreted as an
integral feedback mechanism (see Supplementary Note 1).
Therefore, we expect that the closed-loop system is able to sup-
press disturbances in an appropriate sense. To test this, we
introduced disturbances in the concentration of the biochemical
species P{?' and P¥". In practical settings, variation in the DNA
concentration is one of the most biologically relevant parameters.
This is because in vivo gene concentration can vary significantly
due to fluctuations in plasmid copy number33, and several designs
have been proposed in order to ameliorate the effect of copy
number variation3®40, Notably, the TXTL reaction platform
allows us to design such an experiment, where DNA template
concentrations can be changed at any time during the course of a
reaction due to the TXTL reaction settings.

In this design, the steady-state value of the closed-loop
controller’s output is independent of the amount of y and z
genes (in Fig. 4d), and this implies that any disturbances in these
species should not perturb the deGFP response when the
controller is operated only in the closed-loop configuration. To
test this, we first used the ODE model (Fig. 3b) to predict the
controller response in the open-loop and closed-loop configura-
tions where the concentrations of P{' and P¥* were varied from
0.2 to 0.7 nM, keeping a fixed 0.2 nM initial Px. We observed a
less than ~1.2-fold variation in the deGFP slopes for the closed-
loop case, compared to ~4-fold variation in the open-loop case
(Supplementary Fig. 18). To understand these further, we
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Fig. 5 Closed-loop operation enables the controller to achieve robustness to the local disturbance on the system. a, b Measured deGFP response of the
controller in the presence of disturbances in the concentration of Pyctot (or PY") and P¥* (0.2-0.7 nM) for the a open-loop and b closed-loop cases while
initial Py was 0.2 nM. The error bars are shown in the shaded region and were determined using the standard error of the mean of three or more repeats.
¢, d Summary of the deGFP slopes of the controller at 8 h for the ¢ open-loop and d closed-loop operations. Error bars are from the SEM of at least three
repeats. To disable the feedback in the open-loop case PY* was replaced by P}, which expresses a protein that cannot sequester with X. e, f Measured
response of the controller when the disturbance in PY* and P¥* was added in a step manner for the e open-loop and f closed-loop cases. Additional P{* and
P%* were added (0.1-0.5nM) after 4 h of the reaction in the presence of initial 0.2 nM of Py, P and P¥* each. g, h Summary of the normalized deGFP
slopes of the controller at 8 h for the g open-loop and h closed-loop operations. Normalization was done with respect to the first slope value for each

variation in P* and P¥'. The predicted response for each case was determined using the ODE model shown in Fig. 3b with parameters shown in Table 1.
Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB. Source data are provided

as a Source Data file.

conducted numerical simulations and analyzed the dynamics of
each species involved in the genetic network. We found that in
the closed-loop operation, an increase in PY' increases the
amount of Y, but as more Y is available to sequester X, less free X
(not bound to Y) is available to activate the production of Y and
Z. Even though P%* was increased, free X is reduced such that the
reporter protein G (and also the output Z) remains almost the
same, independently of the amount of PY' (Supplementary
Fig. 19). For the open-loop case, as there is no feedback, an
increase in PY' significantly increases the production rate of G
(Supplementary Fig. 20).

Encouraged by these results, we experimentally tested the same
conditions in TXTL reactions. We added 0.2nM Px and
increasing concentrations of P* = PY', from 0.2nM to 0.7 nM
to reactions, and tracked the deGFP signal over time for the open-
loop (Fig. 5a) and the closed-loop (Fig. 5b) configurations. In the

open-loop case, the output signal increased by more than ~4.5-
fold with the increasing concentration of P{' = P%* due to the
lack of feedback (Fig. 5¢). However, in the closed-loop case, the
output signal was increased by only ~1.4-fold with increasing
PPt = P, thus confirming that the controller suppressed the
dlsturbance in their concentrations (Fig. 5d), as predicted by
integral feedback theory.

Similarly to reference tracking, rejection of disturbances should
be independent of the time when they are introduced in the
system. To test this, we characterized the controller response to a
step change in the concentrations of P and P§" as disturbances.
We started the reaction with Py, Pt and P concentrations each
set to 0.2 nM, and after 4 h of incubation, additional P and Py
were added (see Methods) (Fig. 5e). For the closed-loop case,
instead of P{, P¥' was added in the same amounts (Fig. 5f). The
output was changed by less than ~1.1-fold in the presence of the
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least three repeats. To disable the feedback in the open-loop case, P was replaced by P, which expresses a protein that cannot sequester with X. The
responses shown in ¢, d were normalized with respect to the deGFP slope value recorded at 29 °C. Plate readers were calibrated at 29 °C, 33 °C, and 37 °C
separately to a standard curve of GFP to ensure fluorescence variation reflects protein concentration variation (see Supplementary Fig. 24). Before

calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB. Source data are provided as a

Source Data file.

disturbances only in the closed-loop case, as expected based on
our understanding of the controller compared to ~2.7-fold
change in the open-loop case (Fig. 5g, h). It should be noted that
cases where the disturbances were added after 4 h of the reaction
(Fig. 5g, h), a lower deGFP expression results, due to the limited
amount of P{* and P§* compared to when the disturbances were
added at the beginning of the reaction (Fig. 5c, d) for the same
concentration of Px, P{' and PY*. We also tested the controller’s
response for a wide range of disturbances when different initial
concentrations of DNA were used, and the disturbance was added
in different amounts (see Supplementary Figs. 21 and 22). In each
case, we found a similar robust controller response in the closed-
loop settings. Moreover, the open-loop analytical expression
(Fig. 4d) suggested that the open-loop controller cannot suppress
the disturbances independently of the absolute value of the
output. We, therefore, tested the open-loop controller operation
at a lower initial Py value to produce an output response that is
much lower than the closed-loop response shown in Fig. 5a while
adding the same amount of disturbance in P{% and PY'. We
observed that the open-loop output level was increased by ~4-fold
with the increase in DNA concentration and thus further
validating the mathematical model of the controller (see
Supplementary Fig. 23).

Finally, we tested the operation of the controller subject to a
global perturbation, such as a variation in a specific environ-
mental condition that potentially affects several parameters
simultaneously. One of such most natural global perturbations
is variation in temperature. We, therefore, carried an experiment
where the controller response was recorded at three different
temperatures (29 °C, 33 °C, and 37 °C) in the open and closed-
loop configurations (Fig. 6; Supplementary Fig. 25). To obtain
similar output levels in the open-loop case as in the closed-loop

case, different initial values of P¥"* (same as Piot and P¥* for open-

loop and closed-loop cases, respectively) were used while keeping
the same input Py values. We found that our controller is
strikingly capable of suppressing the global disturbance caused by
the change in the reaction temperature: while the open-loop
system leads to a ~7-fold change in response, the closed-loop
system only has a ~1.2-fold change (Fig. 6¢, d). Similar results
were observed irrespective of the absolute value of the open-loop
controller’s output (Supplementary Fig. 26), and at a different
initial concentration of the input Px (Supplementary Fig. 27).
These results suggest that our closed-loop controller might lead to
improved robustness of in vitro biomolecular processes with
respect to changes in temperature.

Discussion
In this work, we constructed a synthetic biomolecular integral
controller circuit for effective and robust control of the protein
production rate of an output gene. We demonstrated that in the
closed-loop configuration, the output followed the input signal
linearly over a wide range of conditions, even under step changes
in input. By harnessing the natural interaction between the 0,4
and the anti-o,g factor a strong sequestration reaction is realized
that allowed an effective computation of the error between the
reference and the output signal. This error signal is then inte-
grated mathematically. Because of this, and as predicted by the-
ory, the closed-loop controller suppresses the disturbances’ effect
on the output, which were introduced in the biochemical species
as a local disturbance or in the reaction environment as a global
disturbance. In contrast, the open-loop controller is unable to
suppress the disturbances, as noticed by the large variations of the
output signal. This illustrates the advantage of closed-loop
architectures, where an error computation is employed.
Mathematical models play an important role in understanding
complex synthetic networks. They provide insight into the
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operation of networks, and serve to guide experimentation. Here,
we developed an ODE model for the integral controller that
quantitatively explains the transient as well as the steady-state
behavior of all the species involved in the system. We were able to
obtain an effective model parameterization, by isolating para-
meters for each set of experimental data before finding their
optimum values to achieve the best fit. Even though the presented
model is a coarse-grained mechanistic model, it enabled us to
explain the measured response of the controller, and can also
predict dynamic trajectories for a wide range of operating con-
ditions accurately. Based on the extracted parameter values, we
derived a simplified version of the original model that is as
effective as the original model and can be used for further the-
oretical analysis in order to gain deeper insight into the operation
of the controller.

In this work, we assumed that the TXTL reactions have an
unlimited source of energy for the first 8 h in the range of plasmid
concentrations used. This allowed us to ignore the depletion of
energy resources while building the ODE model of the controller.
After 8h, we observed a reduction in deGFP expression, sug-
gesting a decrease of transcription and translation rates consistent
with the depletion of energy resources and biochemical changes
such as pH drop??. To account for the resource competition and
depletion in the measured response, we were able to modify the
ODE model in a such a manner that it was able to follow the
experimental data beyond 8 h (see Supplementary Note 2). Future
work could incorporate further validation and extension of this
model. For example, any cell-free reaction kit has a lifetime as it
accumulates byproducts and consumes the nutrients (ribonu-
cleosides and amino acids) even in the absence of any DNA%L.
Because of this reason, we had to add the DNA before 6 h after
the beginning of the reaction. Moreover, because the controller
was implemented in a TXTL reaction platform at the scale of a
few microliters, a deterministic model was used while ignoring
the biological noise. For in vivo applications, it may be desirable
to extend the deterministic model to a stochastic model to con-
sider intrinsic biological noise38.

We used a molecular sequestration reaction to implement the
error computation. Previous models used similar approaches to
realize closed-loop controllers for reference tracking and dis-
turbance rejection!3-18, In particular, recent experimental work
demonstrated new capabilities of the closed-loop controller!7-19,
Our design, while related to those in!317:1827_ has advantageous
features which allowed us to carry out experimentation, much
beyond what was previously possible, with variations in para-
meters and conditions. In addition, our results are unique in the
sense that we have a quantitatively well-characterized controller
that is constructed in all E. coli TXTL system, where biological
noise is negligible compared to in vivo implementations. In the
latter, biological noise plays a non-negligible role in governing the
system dynamics!8. Because of this, we cannot only precisely
regulate gene expression rate, but can also accurately predict the
dynamic response of the integral controller. Our controller
design, which uses a gene network, can in principle also be
applied to regulate any other genes of interest, such as those
involved in controlling metabolic rates, a task which might not be
feasible using a post-transcriptional based controller!3. We also
demonstrate disturbance rejection capabilities of our controller
when a constant or a step disturbance is added to DNA con-
centration (PY¥" and P¥"); disturbances in DNA concentration are
realistic because they typically arise in in vivo or in vitro genetic
networks. Such experiments are not feasible using an in vivo
reaction platform, thereby limiting the usage of the controller in
rapid prototyping and implementation.

Notably, for the current architecture, disturbance rejection is
only possible when perturbations do not directly influence the

parameters involved in governing the production rate of the
reporter protein and the protein X is expressed at values that are
below or of order v/w (shown in Fig. 4d). These parameters are
the concentration of y and z genes, and the association (w) and
dissociation (v) rates. We have shown the controller capability to
minimize the effect of the disturbance added on the concentration
of P{" and P,°t. To demonstrate robustness with respect to the
transcriptional activation rates, we have conducted in-silico
experiments in which we modified w and v parameters from
their nominal values and observed a small variation in the closed-
loop output compared to a significant variation in the open-loop
output (Supplementary Figs. 30 and 31).

While adding disturbances in the biochemical species or in the
reaction parameters, we observed that the steady-state output
value was perturbed by a non-negligible amount (>10%) at 8 h.
This may be due to the limited effectiveness of the error com-
putation. In our design, effective error computation requires that
X sequesters Y rapidly compared to the other reactions which use
X, namely the two transcriptional activation reactions. If the
consumption of X is not dominated by the sequestration reaction
compared to the retroactivity effect*? due to the transcriptional
activation reactions, the controller’s performance is degraded,
and the output has a limited capacity to track the reference signal
accurately on the face of disturbances. We, therefore, hypothe-
sized that in the current controller, the effect of the disturbance
on the output can be reduced but not completely rejected
because of the slight ineffectiveness of error computation, which
is due to the limited sequestration reaction rate constant. To test
this, we have conducted in-silico experiments in which we
increased the molecular sequestration rate while keeping the
nominal transcriptional activation rate fixed and found that the
variation in the steady-state output was reduced from 10% to
<0.5% at 12 h (Supplementary Fig. 32a). Alternatively, when we
increased the transcription activation rate while keeping the
nominal sequestration rate fixed, the steady-state output was
increased from 10% to ~30% as a function of Pyt and
P!t (Supplementary Fig. 32b).

It is important to note that our controller uses the expression
of gene z as a read-out signal. Therefore, in order to ensure that
the plant signal is recorded accurately through Z, the con-
centration of gene z must be the same as that of gene y (PY' =
P2Y) and the same promoters must be used on y and z genes so
that the association and dissociation rates for the transactional
activator are the same. These conditions ensure that at any time
during the reaction, P}, = P{. To achieve this operating condi-
tion in vivo, Y and Z could be expressed on the same operon,
controlled by a single promoter.

Finally, in this work, we demonstrated that the closed-loop
controller can robustly control the single gene expression rate of
the deGFP fluorescent reporter protein taken as a model process
to be controlled. However, we anticipate that the controller design
could be extended to tightly regulate multiple genes that encode
other biologically relevant proteins simultaneously or could be
employed within a complex network system where multiple
processes required tight regulation to improve robustness and
performance of the network.

Molecular controllers capable of robust gene regulation are
needed in synthetic biology in order to implement more complex
circuit networks. The well-characterized and rationally imple-
mented synthetic integral feedback controller we presented here is
capable of addressing these challenges to advance biological
engineering, and could lead to the development of powerful,
synthetic network systems capable of achieving complexity
similar to that found at the cellular level, to develop cell-free
applications such as calibrated biomanufacturing or program-
ming synthetic cells for specific tasks.
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Methods

Mathematical modeling and parameter estimation. The simulated response of
the controller was determined by numerically integrating ODE models (Fig. 3b)
using the MATLAB ode23s solver unless otherwise specified. Initial conditions for
each molecular species are described in the figure captions, and the values of
reaction parameters are shown in Table 1. For the cases where there is a step
change in the DNA concentration over the course of the reaction, similar settings
were used to determine the model response numerically.

For parameter estimation, first we found initial guesses of parameter values that
qualitatively agreed with the measured open-loop response. We then randomly
sampled a set of input parameters from a uniform distribution within a bounded
interval (upper and lower bounds of 15% each) centered around the initial guess
values. This input set of parameters was then optimized to minimize the error
between the model and measured open-loop responses for all five trajectories
(shown in Fig. 3c). To find the best fit, the least squares error between the model
and the measured response was minimized using the MATLAB fmincon function.
During the fitting, each input parameter was allowed to vary from 0.1 to 10 times
with respect to the input value. Further constraints were placed on the parameters
so that they lie within a feasible biological range. For example, the activated
transcriptional rate must be several orders of magnitude larger than the basal
expression (ay™»ay and ay T ayy) and the transcriptional rates of the x gene and
activated y and z genes should be in the same order (ay = ayt = ay™) (see
Supplementary Table 1). Because in the open-loop case, a modified version of y
gene (denoted as yc) is expressed from the promoter P and cannot sequester with
X, parameters ay, ay, Oy, By, &, k;, and P} were set to zero. Once we found the
optimum set of parameter values that provided the best fit for the open-loop
response, these parameter values were then fixed during fitting all five trajectories
of the closed-loop response (shown in Fig. 3d) while varying only ay, ay™, 8y, By, &,
and «;. This resulted in a set of 16 parameters that fit both open and closed-loop
responses (Fig. 3c, d, respectively). The fitting process was repeated 1000 times,
which gave a range for the 16 parameters (Supplementary Fig. 7) with 95%
confidence interval.

TXTL reactions. The cell-free expression system used in this work is myTXTL
from Arbor Biosciences. TXTL reactions were assembled using the Labcyte Echo
550 liquid handler, to volumes of 2 pl in a 96-well V-bottom plate (Corning Costar
3357 with caps Costar 3080) and incubated at 29 °C.

DNA. Plasmids were constructed using standard cloning techniques. Po, and P,g,
are the strongest E. coli 079 and 0,3 promoters reported in TXTL, respectively. Each
plasmid contains the untranslated region and RBS named UTRI, originally from
the promoter 14 of the T7 phage genome, and either the ¢,y promoter P, or the
0,3 promoter Ppg,. UTRI uses the strongest reported RBS in TXTL. All DNA
constructs with terminators use the strong synthetic terminator T500. All the
sequences of the plasmids and DNA parts (promoters and transcription termi-
nators) are reported in the DNA sequences Supplementary File242>36, The mSA
gene is 348 bp long, while flgM gene is 294 bp long. mSA is a soluble protein, like
FlgM. The mSA protein does not have a regulatory effect on gene expression in
these reactions and is used as a control for FIgM. For experiments with step
changes in the concentration of DNA, the TXTL reactions were assembled in the
same manner, using the Labcyte Echo 550, and incubated in a plate reader at 29 °C.
Reactions were then taken out of the plate reader, and the additional DNA was
added to the reaction using the Labcyte Echo 550. The well plate was then
immediately returned to the plate reader. The total time that the well plate was out
of the reader and at room temperature was less than two minutes. The step-change
of DNA added to the reactions diluted the TXTL reaction by <5%.

TXTL time-course fluorescence measurements. Fluorescence kinetics were
performed using the reporter protein deGFP, a truncated version of eGFP that is
more translatable in the TXTL system (25.4 kDa, 1 mg/mL = 39.38 uM)?%. Mea-
surements were carried out on Synergy H1 and Neo2 (Biotek Instruments) plate
readers, using an excitation of 485 nm and emission of 525 nm, measuring every
3 min. To quantify the concentration of deGFP on the plate readers, a standard
curve of intensity vs. deGFP concentration was made using recombinant eGFP
(Cell Biolabs)3¢. All reactions were performed in at least triplicate.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Code availability
The programming code that was used to analyze the raw data that supports the findings
of this study are available from the corresponding author upon request.

Data availability

The source data underlying Figs. 2-6, Supplementary Figs. 1-6, 8-10, 12, 15, 21-23, 25-
27, 29 are provided as a Source Data file. All other data are available from the authors
upon reasonable request.

Received: 10 January 2019; Accepted: 18 November 2019;
Published online: 17 December 2019

References

1. Alon, U, Surette, M. G., Barkai, N. & Leibler, S. Robustness in bacterial
chemotaxis. Nature 397, 168-171 (1999).

2. Del Vecchio, D. & Murray, R. M. Biomolecular Feedback Systems. (Princeton
University Press, Princeton, NJ, 2015).

3. Dunlop, M. ], Keasling, J. D. & Mukhopadhyay, A. A model for improving
microbial biofuel production using a synthetic feedback loop. Syst. Synth. Biol.
4, 95-104 (2010).

4. Samaniego, C. C., Giordano, G., Kim, J., Blanchini, F. & Franco, E. Molecular
titration promotes oscillations and bistability in minimal network models with
monomeric regulators. ACS Synth. Biol. 5, 321-333 (2016).

5. Yi, T. M., Huang, Y., Simon, M. I. & Doyle, J. Robust perfect adaptation in
bacterial chemotaxis through integral feedback control. Proc. Natl. Acad. Sci.
USA 97, 4649-4653 (2000).

6. Barkai, N. & Leibler, S. Robustness in simple biochemical networks. Nature
387, 913-917 (1997).

7. Ma, W,, Trusina, A., El-Samad, H., Lim, W. A. & Tang, C. Defining network
topologies that can achieve biochemical adaptation. Cell Syst. 138, 760-773
(2009).

8. Darrasse-Jeze, G. et al. Feedback control of regulatory T cell homeostasis by
dendritic cells in vivo. J. Exp. Med. 206, 1853-1862 (2009).

9. Astrom, K. J. & Murray, R. M. Feedback Systems: An Introduction for Scientists
and Engineers. (Princeton University Press, 2010).

10. Angeli, D., Ferrell, J. E. Jr. & Sontag, E. D. Detection of multistability,
bifurcations, and hysteresis in a large class of biological positive-feedback
systems. Proc. Natl. Acad. Sci. USA 101, 1822-1827 (2004).

11. Sontag, E. D. Mathematical Control Theory: Deterministic Finite Dimensional
Systems. Vol. 6 (Springer Science & Business Media, 2013).

12. J. Huang, et al., Internal models in control, biology and neuroscience. In Proc.
IEEE Conf. Decision and Control (IEEE Publications, Piscataway, NJ, 2018).

13. Briat, C., Gupta, A. & Khammash, M. J. C. Antithetic integral feedback
ensures robust perfect adaptation in noisy biomolecular networks. Cell Syst. 2,
15-26 (2016).

14. Briat, C., Zechner, C. & Khammash, M. Design of a synthetic integral feedback
circuit: dynamic analysis and DNA implementation. ACS Synth. Biol. 5,
1108-1116 (2016).

15. Oishi, K. & Klavins, E. Biomolecular implementation of linear I/O systems.
IET Syst. Biol. 5, 252-260 (2011).

16. Chevalier, M., Gomez-Schiavon, M., Ng, A. H. & El-Samad, H. Design and
analysis of a proportional-integral-derivative controller with biological
molecules. Cell Syst. 9, 338-353 €310 (2019).

17. Huang, H. H., Qian, Y. & Del Vecchio, D. A quasi-integral controller for
adaptation of genetic modules to variable ribosome demand. Nat. Commun. 9,
5415 (2018).

18. Aoki, S. K. et al. A universal biomolecular integral feedback controller for
robust perfect adaptation. Nature 570, 533-537 (2019).

19. Kelly, C. L. et al. Synthetic negative feedback circuits using engineered small
RNAs. Nucleic Acids Res. 46, 9875-9889 (2018).

20. Cardinale, S. & Arkin, A. P. Contextualizing context for synthetic biology -
identifying causes of failure of synthetic biological systems. Biotechnol. J. 7,
856-866 (2012).

21. Qian, Y. L. & Del Vecchio, D. Realizing ‘integral control’ in living cells: how to
overcome leaky integration due to dilution? J. R. Soc. Interface 15, 20170902
(2018).

22. Rao, C. V., Wolf, D. M. & Arkin, A. P. Control, exploitation and tolerance of
intracellular noise. Nature 420, 231-237 (2002).

23. Wang, R. F. & Kushner, S. R. Construction of versatile low-copy-number
vectors for cloning, sequencing and gene-expression in Escherichia coli. Gene
100, 195-199 (1991).

24. Shin, J. & Noireaux, V. An E. coli cell-free expression toolbox: application to
synthetic gene circuits and artificial cells. ACS Synth. Biol. 1, 29-41 (2012).

25. Sun, Z. Z. et al. Protocols for implementing an Escherichia coli based TX-TL
cell-free expression system for synthetic biology. J. Vis. Exp. 16, 50762 (2013).

26. Maxwell, C. S., Jacobsen, T., Marshall, R., Noireaux, V. & Beisel, C. L. A
detailed cell-free transcription-translation-based assay to decipher CRISPR
protospacer-adjacent motifs. Methods 143, 48-57 (2018).

27. Agrawal, D. K. et al. Mathematical modeling of RNA-based architectures for
closed loop control of gene expression. ACS Synth. Biol. 7, 1219-1228 (2018).

28. Hu, C. Y, Varner, J. D. & Lucks, J. B. Generating effective models and
parameters for RNA genetic circuits. ACS Synth. Biol. 4, 914-926 (2015).

29. Takahashi, M. K. et al. Characterizing and prototyping genetic networks with
cell-free transcription-translation reactions. Methods 86, 60-72 (2015).

| (2019)10:5760 | https://doi.org/10.1038/s41467-019-13626-z | www.nature.com/naturecommunications 1


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

30. Westbrook, A. et al. Distinct timescales of RNA regulators enable the construction
of a genetic pulse generator. Biotechnol. Bioeng. 116, 1139-1151 (2019).

31. Frisk, A, Jyot, J., Arora, S. K. & Ramphal, R. Identification and functional
characterization of flgM, a gene encoding the anti-sigma 28 factor in
Pseudomonas aeruginosa. J. Bacteriol. 184, 1514-1521 (2002).

32. Slomovic, S., Pardee, K. & Collins, J. J. Synthetic biology devices for in vitro
and in vivo diagnostics. Proc. Natl. Acad. Sci. USA 112, 14429-14435 (2015).

33. Karzbrun, E., Tayar, A., Noireaux, V. & Bar-Ziv, R. Programmable on-chip
DNA compartments as ‘artificial cells’. Eur. Biophys. J. 44, S67-S67 (2015).

34. Caschera, F. & Noireaux, V. Compartmentalization of an all E. coli cell-free
expression system for the construction of a minimal cell. Artif. Life 22,
185-195 (2016).

35. Majumder, S. et al. Cell-sized mechanosensitive and biosensing compartment
programmed with DNA. Chem. Commun. 53, 7349-7352 (2017).

36. Garamella, J., Marshall, R., Rustad, M. & Noireaux, V. The all E-coli TX-TL
toolbox 2.0: a platform for cell-free synthetic biology. ACS Synth. Biol. 5,
344-355 (2016).

37. Milo, R. & Phillips, R. Cell Biology by the Numbers (Garland Science, 2015).

38. Elowitz, M. B., Levine, A. J., Siggia, E. D. & Swain, P. S. Stochastic gene
expression in a single cell. Science 297, 1183-1186 (2002).

39. Bleris, L. et al. Synthetic incoherent feedforward circuits show adaptation to
the amount of their genetic template. Mol Syst Biol 7, 10.1038/msb.2011.49
(2011).

40. Segall-Shapiro, T. H., Sontag, E. D. & Voigt, C. A. Engineered promoters
enable constant gene expression at any copy number in bacteria. Nat.
Biotechnol. 36, 352 (2018).

41. Caschera, F. & Noireaux, V. Synthesis of 2.3 mg/ml of protein with an all
Escherichia coli cell-free transcription-translation system. Biochimie 99,
162-168 (2014).

42. Del Vecchio, D., Ninfa, A. J. & Sontag, E. D. Modular cell biology: retroactivity
and insulation. Mol. Syst. Biol. 4, 161 (2008).

Acknowledgements

The authors thank Mary J. Dunlop and Elisa Franco for helpful discussions. This material
is based upon work supported by the Defense Advanced Research Projects Agency
(contracts FA8650-18-1-7800 and HR0011-16-C-01-34), the National Science Founda-
tion (contract 1716623), and the Air Force Office of Scientific Research (contract
FA9550-14-1-0060).

Author contributions

D.K.A. and R.M. designed the experiments, in consultation with V.N. and ED.S. RM.
performed the experiments and D.K.A. analyzed the data. The manuscript was written by
D.K.A., VN, and E.D.S. with comments from all other authors.

Competing interests
The Noireaux lab receives research funds from Arbor Biosciences, a distributor of the
myTXTL cell-free protein synthesis kit. All other authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-13626-z.

Correspondence and requests for materials should be addressed to V.N. or E.D.S.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

12 | (2019)10:5760 | https://doi.org/10.1038/s41467-019-13626-z | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-13626-z
https://doi.org/10.1038/s41467-019-13626-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

Supplementary Information
In vitro implementation of robust gene regulation in a synthetic biomolecular integral controller

Agrawal et al.



0.4

a T . ¥ b T T T
0.8F P, = #, aeelae { = P, =0 P, added
S ! |
S 06l—P,=0.1nM Open-loop 3 %[ —p =0.1nM Open-loop
2 |—P,=02nM o —P,=02nM
ﬁ'_ 0.4} P ,=0.3nM o 02f P,=0.3nM
Q- P,=0.5nM S P,=0.5nM
© —P,=0.7nM 5 04k =—P,=0.7nM .
0.2} ° .
Q.
/ = /
0 n 0 ;
0 2 4 6 8 0 2 4 6 8
c 0.06 T
0.1} d = Closed-loop
S 0.05f |
B a3
s 0% =004t |
= L
E: 0.06 % 0.03}
L (]
® 0.04f o 0.02}
9 5
© 0.02f 2 0.01}
i)
(0] ; i n Ot :
0 2 4 6 8 0 2 4 6 8
Time (hours) Time (hours)

Supplementary Figure 1. Controller response for a step change in the input Px. (a,c) Measured response for a step change
in Px, which was increased from 0 nM to different concentrations (0.1-0.7 nM) after 4 hours of the reaction in the presence of
an initial 1 nM of Py and PZ°" each. The corresponding deGFP slopes for the (b) open-loop and (d) closed-loop cases. To
disable the feedback in the open-loop case Py was replaced by Prc™, which expresses a protein that cannot sequester with X
(see Methods). Error bars are shown in the shaded region and were determined using the standard error of the mean of three or
more repeats. A calibration factor was used to convert the measured deGFP fluorescent signal into the concentration. Before
calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB.
Source data are provided as a Source Data file.
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Supplementary Figure 2. Open-loop controller unable to track the reference signal independent of the absolute value
of the output. Measured (a) deGFP response and (b) the corresponding slopes in the open-loop configuration at different initial
concentrations of Px (0.1 - 1 nM) while initial Prc™ and PZ** were both 0.05 nM. (c) Summary of the deGFP slopes of the
controller at 8 hours for a step change in Px. A linear regression with zero intercept was used to fit the deGFP slopes and the
corresponding R-square values is 0.89. Error bars are from the SEM of at least three repeats. A calibration factor was used to
convert the measured deGFP fluorescent signal into the concentration. Before calculating deGFP slopes, measured deGFP
responses were smoothed-out using the rloess smoothing method in MATLAB. Source data are provided as a Source Data file.
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Supplementary Figure 3. Control gene yc does not affect the open-loop controller response. Measured (a) deGFP response
and (b) the corresponding slope of the integral controller in the open-loop configuration at different initial concentrations of
Prc® (0 - 1 nM) while initial Px and P7° were both 1 nM each. Error bars are from the standard error of the mean (SEM) of at
least three repeats. Source data are provided as a Source Data file.
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Supplementary Figure 5. In the absence of input Pxthe controller response is negligible. Measured deGFP response of the
integral controller in the (a) open-loop and (b) closed-loop configurations at two different initial concentrations of Px (0 and
0.1 nM) while initial PY°* and PZ°* were both 1 nM each. To disable the feedback in the open-loop case, Py was replaced by
Pyc™. Error bars are from the SEM of at least three repeats. Source data are provided as a Source Data file.
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Supplementary Figure 6. Results of the least squares fitting. (a-b) Comparing the model response with the measured deGFP
response of the integral controller in the (a) open-loop and (b) closed-loop configurations at different initial concentrations of
Px (0.1 - 0.7 nM) while initial Py**and Pz°'were both 1 nM. (c-d) Corresponding deGFP slopes for the (¢) open-loop and (d)
closed-loop operations. To disable the feedback in the open-loop case, Py was replaced by Prc™. Error bars are from the SEM
of at least three repeats. The ODE model shown in Fig. 3b was used to determine the response with parameters shown in Table
1. Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in
MATLAB. Source data are provided as a Source Data file.



100 80 80 200 300
60 60 200
50 40 40 100 100
20 20
0 0 0 0 0
02 04 06 08 2 4 6 02 04 06 08 2 4 6 8 02 04 06 08
ay ay x10 oy o %107 ayy
150 100
>
[&]
2 600 200 100
@ 100
=] 400 50
g 50
qu 50 200 100
0 0 0 0 0
2 4 6 05 1 15 2 5 10 15 2 4 6 8 10 2 3
oy %10 dy %10 ow %10 Bx x10* By %107
0 400
300 60 400
40
200
0 200 200
100 20
0 0
5 10 15 4 6 8 10 12 2 6 8 10 2 4 6 8 10 12 2 4 8
Bz x10™ K x10* w %10° v Ve %107
600 Initial guess
400 Estimated value
200
0
0.5 1 1.5
K x1074
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gave the lowest fitting error (see Methods).
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Supplementary Figure 8. Comparing the predicted response of the integral controller with the measured response in the (a)
open-loop and (b) closed-loop configurations for a step change in Px, and the corresponding deGFP slopes in (c) and (d)
respectively. Px was increased from 0 nM to different concentrations (0.1-0.7 nM) after 2 hours of the reaction in the presence
of initial 0.7 nM of Py°*and P7°"each. To disable the feedback in the open-loop case, Py was replaced by Pyc™. Error bars
are from the SEM of at least three repeats. The ODE model shown in Fig. 3b was used to determine the response with parameters
shown in Table 1. Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing
method in MATLAB. Source data are provided as a Source Data file.
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Supplementary Figure 9. Effect of the resource limitation in the TXTL reaction. (a-b) Comparing the model response with
the measured deGFP response of the integral controller in the (a) open-loop and (b) closed-loop configurations at different
initial concentrations of Px (0.1 - 0.7 nM) while initial Py**and Pz were both 1 nM. (c-d) Corresponding deGFP slopes for
the (¢) open-loop and (d) closed-loop operations. To disable the feedback in the open-loop case, Py was replaced by Pyc™.
Error bars are from the SEM of at least three repeats. The ODE model shown in Fig. 3b was used to determine the response
with parameters shown in Table 1. Measured open loop response starts saturating after 8 hours of the reaction, suggesting
resource limitation in the reaction. After 8 hours, the reaction runs out of energy and is also limited by the degradation products
accrued. Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method

in MATLAB. Source data are provided as a Source Data file.
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Supplementary Figure 10. Comparing the closed-loop simplified model response (a) with 7" and (b) without V" at different
initial concentrations of Px (0.1 - 0.7 nM) while initial Py***and P7*' were both 1 nM each. Error bars are from the SEM of at
least three repeats. The ODE model shown in Fig. 4c was used to determine the model response with parameters shown in
Table 1. In the simplified model without 7, ODE of V' was replaced by its steady-state value (see Note 1). Source data are

provided as a Source Data file.
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Supplementary Figure 11. Determining the effect of the reverse sequestration on the read-out signal at different initial
concentrations of Px (0.1 - 0.7 nM) while initial Py¥"**and P7°'were both 1 nM each. The ODE model shown in Fig. 3b was used
to determine the model response with parameters shown in Table 1. Here the dashed-lines represent the cases where xi = 0.
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Supplementary Note 1

From chemical reactions, we built an ODE model of the integral controller (see Fig. 3a):

% = ayPx — oyU, (1)
dx

E:ﬁXU—KXY—Q—m[XY]—wXPy—Q—UP{f—wXPZ—i-VPg, (2)
% :wXnyVP;,L, (3)
‘2—‘: =ayPy +af Pf =6V, (4)
% =ByV — kXY + ri[XY], (5)
d[)di‘/y} = kXY — k[ XY], (6)
ddL: = ow Pz + oy Py — owW, @
% =wXP; —vP}, (3)
% = BzW — a7, )
e (10)

Here and elsewhere, subscripts to the parameters indicate the corresponding species. The parameters a and § are transcription
and translation rates, respectively. Each mRNA species (U, V and W) has a degradation rate denoted as §. The parameters
K and k; are the forward and reverse sequestration rates respectively, and the parameters w and v are the association and
dissociation rates for the transcriptional activation reaction. The parameter « is the maturation rate and a* represents increased
transcription rate compared to a. Considering mass-conservation, we assume that P{Pt =Py + P;,r and Pg’t =Pz + PZ+ at all
times.

We find experimentally and numerically that the transcriptional activation reactions (3) and (8) are much faster than the
other reactions involved in the genetic network. Since both (3) and (8) are asymptotically stable, we used a quasi-steady-state
approximation to replace the values of P}f and Pé’ by their quasi-steady-state approximations (see Po below). Moreover, as
the RNA dynamics is much faster than the protein dynamics (due to the faster RNA degradation rates), and (1), and (7) are
asymptotically stable, a similar approximation was used to model the synthesis of X and Z using single reactions for each,
while keeping the two-step synthesis of Y to ensure that we consider an appropriate delay in the overall system dynamics
(Supplementary Fig. 10). We also ignore the reverse sequestration rate r; as it has a limited impact on the output dynamics
(Supplementary Fig. 11). Ignoring (10), this leads to a simplified model for the controller:

dX

— ~ B Px — kXY, (11)
% ~ ai P — 8,V (12)
% ~ ByV — kXY, (13)
%f ~ By Pc — 62, (14)
Pc = X)fr%Pg”t. (15)

+
Here, Y = 5’§QU, By = ﬁz%, Pt = piot = piet, Pt = Po 4+ P and bar () denotes a quasi-steady-state value. We have
validated this model by the comparing its response with the original model response, as shown in Supplementary Fig. 12. Note
that as long as the protein X is expressed at values that are below or of order 2, Po < P which means that the y and z
genes have free promoter sites where X can bind to increase the production rates of Y and Z. If, instead, X > Z, then ¢ is

approximately equal to PF*, which means P¢ is independent of X, and so are Y and Z.
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Analytical solution for deGFP slopes for the open and closed-loop cases

To determine an analytical approximation to the steady-state for the closed-loop controller’s output, the right-hand sides of (11)
-(14) were set to zero:
0= By Px — kXY,
0= a;P_C — oV,
0=pyV — kXY,
0=pBzPc—6Z.

AAAA
—_
- L = =

Comparing (16) and (18) leads to:

Using (17), (19), and (20), it can be shown that:

Using (10) and (21), it can be shown that:
Ex WV py. (22)
a

It should be noted that (22) is valid as long as enough promoter sites are available on the y and z genes, in other words, if the
protein X is expressed at values that are below or of order 7. For the cases where X > Z is true, Po ~ Pé”t, and this leads to:

/
7~ Pzpet (23)
G
and therefore,
dG o
at = 5/ZP é’ " (24)

Note that (24) means that the reference tracking is not achieved, and also the output becomes heavily dependent on pertur-
bations. Thus, tracking and robustness are traded off depending on the range of X (¢). Now to determine the approximate
analytical solution for the open-loop controller’s output, we can ignore (12) and (13) as the y gene is absent in the open-loop
operation, and so V and Y are not expressed. This leads to:

X

— ~ %P, 2
dz -
i By Pc =162, (26)
Po =~ PE". 27
c X + 5 c ( )
Assuming at time ¢ = 0, X = Xj, and (25) can be written as:
X(t) = By Pxt + Xo. (28)
At the steady-state,
/
Z ~ &pc (29)
G
Using (27) -(29), and (10), it can be shown that:
dG (B Pxt+ X
T~ ﬁlZ /BX(/BX xt+ 0) Vpéot‘ (30)

dt ﬁs((ﬁs(th + Xo) + 5

From this analysis, it can be inferred that only the closed-loop controller’s output can follow the reference signal linearly, which
is the scaled value of Px (22), as long as the protein X is expressed at values that are below or of order Z. In contrast, in the
open-loop case, a nonlinear dependence of the output on X can be seen (30). Moreover, in our implementation, Z is directly
related the reported protein deGFP and because of that, in the analytical analysis, we used time derivative of G (scaled value
of Z (10)) as a comparison metric instead of the plant signal (V'), which is not a measurable quantity.
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Analytical solution for plant signal

The simplified model of the controller:

% ~ B Px — kXY, (31)
% Y (32)
% ~ By V — kXY, (33)
2 8,Pf — a7, (34)
Py = X 513;02 (35)
Py = X)i %P?t. (36)

Similar to the analysis above, when the closed-loop controller is at the steady-state, it can be shown that:

+ _ /
Ve ?—VP;' ~ /Z—XPX. (37)
Vv Y

Note that the steady-state value of V' (V') is linearly proportional to the input Px and independent of the concentration of y
genes (P{°'), and the association (w) and dissociation () rates. Thereby, the plant signal tracks the input Px robustly. This

is true when the protein X is expressed at values that are below or of order 2, so that P{,L < Pt Using (37), it can be shown
that:

P~ &LVPX. (38)
Y By o

From (35) and (36), it can be inferred that when P}t = Pt P}r = Fgf . Steady-state value of Z is

.
VAS B—ZP;. (39)
G
Now using (37) - (39), and the fact that P;r = P;f, it can be shown that:

_ / 5 _ U / (5
waiz% N/iz&x%px, (40)
VG ay Y6 By ay;

Hence, the steady-state output of the controller Z is linearly proportional to the plant signal (V) and so the input Px. We
can, therefore, use Z to read the plant signal.

Analytical equation for Xgr

Now to determine an analytical approximation of the error signal (Xgr), which is X — Y, (13) was subtracted from (11):

d
4 (x )~ BPx - BV () (41)
This leads to:
¢
Xp=X-Y= / (B Px — By V(7))dr. (42)
0
Now using (20), it can be shown that:
t —
XR:Xsz,By/ V - V(r)dr. (43)
0

Therefore, the error signal is a mathematical integral of the difference between the steady-state (V) and time dependent values
(V) of the plant signal.
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Local stability analysis

We can also evaluate the stability of the steady-state response of the closed-loop controller to local perturbations through
local stability analysis. For simplicity, we ignore the reactions associated with z gene as they are not actively involved in the
closed-loop dynamics (Fig. la and b). Moreover, assuming the protein X is expressed at values that are below or of order Z
(for the linear reference tracking), the simplified model (11)-(15) can be reduced to:

dx
o~ PxPx = kXY, (44)
av
ay
N BYV - XY (46)

o OvByPx

X By’ 7)

V= PxPx (48)
By

o BBy

v~ G (49)

Now we can calculate the Jacobian for the model shown in (44)-(46) at the steady-state shown in (47)-(49):

=By B1 0 _ KOy By Px
oy By B1
51 —oy 0 . (50)
By B1 _ Koy By Px

oy By /3)/)5(1

It can be shown that the characteristic equation of the Jacobian is:

P 7 52
s (e 1 B 4 5y ) 2 4 (G55 + BiBy ) s + dvkBx Px = 0. (51)

Using the Routh-Hurwitz criterion®, one can verify the stability of the system if the first column of the Routh array is positive.
For (51), it can be shown that this is true when:

B+ (E +55)-A>0. (52)

Here, A = éy k% Px, B = (18y. Equation (52) is true for any values A, B and ¢.
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Supplementary Figure 12. Comparing the simplified model response with the original model in the (a) open-loop and (b)
closed-loop configurations at different initial concentrations of Px (0.1 - 0.7 nM) while initial Py¥**and P7*' were both 1 nM
each. To disable the feedback in the open-loop case, Py was replaced by Prc™. Error bars are from the SEM of at least three
repeats. The ODE model shown in Fig. 3b was used to determine the original model response while the ODE model shown in
Fig. 4c was used to determine the simplified model response with parameters shown in Table 1. Source data are provided as a

Source Data file.
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Supplementary Figure 13. Open-loop controller’s output has no steady-state. Simulated open-loop response of the integral
controller at different initial concentrations of Px (0.1 - 0.7 nM) while initial P7°* was 1 nM. The ODE model shown in Fig. 3b
was used to determine the response with parameters shown in Table 1. The X protein does not consume over time in the open-

loop case which causes Z to increase over time.
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Supplementary Figure 14. Closed-loop controller’s output has a steady-state. Simulated closed-loop response of the
integral controller at different initial concentrations of Px (0.1 - 0.7 nM) while initial Py and P7°* were both 1 nM each. The
ODE model shown in Fig. 3b was used to determine the response with parameters shown in Table 1. Simulated response
suggests that all the molecular species (except ¥ and G) involved in the genetic network approaches a steady-state at 8 hours.
The slope of the measured response, which is the scaled value of Z, can be used to infer a steady-state behavior in the genetic
network when operated in the closed-loop configuration.
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Supplementary Figure 15. Comparing the responses determined using the approximate analytical solution (Fig. 4d) with the
original model response for the (a) open and (b) closed-loop cases for a step change in Px, which was increased from 0 nM to
different concentrations (0.1-0.7 nM) after 2 hours of the reaction in the presence of initial 0.7 nM of Py*and Pz each. To
disable the feedback in the open-loop case, Py was replaced by Pyc™. Error bars are from the SEM of at least three repeats.
The ODE model shown in Fig. 3b was used to determine the response with parameters shown in Table 1. Before calculating
deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB. Source data

are provided as a Source Data file.
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Supplementary Figure 16. Fundamental limits on parameters of the closed-loop controller for the output to track the
input Px. Simulated controller response in the open-loop and closed-loop cases at different initial concentrations of Px (1 - 80
nM). (a) Summary of the deGFP slopes at 8 hours and the corresponding values of (b) X/(#/@). The ODE model shown in Fig.
3b was used to determine the response with parameters shown in Table 1. The simulations were conducted for 8 hours, and the
maximum value of X(?) was used to determine the value of X/(#/w). deGFP slopes were calculated from Z using (10) mentioned
in Note 1. The time derivative of G follows the input Px linearly only for the closed-loop case as long as enough promoter sites
are available on y and z genes, in other words (d) if the protein X is expressed at values that are below or of order ¥/w.
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Supplementary Figure 17. Closed-loop controller tracks the input independent of the absolute value of the output. (a)
Simulated controller response in at different initial concentrations of Px (0.1 - 4 nM) and the corresponding values of (b)

X/(v/@w). To match the output levels, in the open-loop case initial Pz

was both 0.1 nM while in the closed-loop case, Py and

P7°" were both 1 nM each. The ODE model shown in Fig. 3b was used to determine the response with parameters shown in
Table 1. The simulations were conducted for 8 hours, and the maximum value of X(#) was used to determine the value of
X/(v/w). deGFP slopes were calculated from Z using (10) mentioned in Note 1.
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Supplementary Figure 18. Predicting the integral controller response in the presence of disturbances. Simulated
controller response in the (a) open-loop and (b) close-loop cases when disturbances were introduced in the concentration of
Py°tand P7°" and (c-d) the corresponding normalized change in the deGFP slopes at 8 hours respectively. The ODE model
shown in Fig. 3b was used to determine the response with parameters shown in Table 1. Normalization was done with respect
to the first slope value when Py and P7°'=0.2 nM.
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Supplementary Figure 19. Simulated closed-loop response of the controller to when disturbances were added in Py
and Pz*. (a-b) Dynamic response of various species (see Fig. 3a) of the controller in the presence of disturbances in the
concentration of Pz (0.2 — 0.7 nM) while initial Px was 0.2 nM. The ODE model shown in Fig. 3b was used to determine the
response with parameters shown in Table 1.
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Supplementary Figure 20. Simulated open-loop response of the controller when disturbances were added in Pz, (a-b)
Dynamic response of various species (Fig. 3a) of the controller in the presence of disturbances in the concentration of P7** (0.2
— 0.7 nM) while initial Px was 0.2 nM. The ODE model shown in Fig. 3b was used to determine the response with parameters
shown in Table 1.
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Supplementary Figure 21. Measuring the controller response to disturbances added in DNA concentrations at a
different range. (a-b) TXTL measurement of the response of the integral controller in the presence of disturbances in the
concentration of Py°*and Pz (0.5 - 1 nM) for the (a) open-loop and (b) closed-loop cases while initial Px was 0.5 nM. To
disable the feedback in the open-loop case Py was replaced by Pyc™, which expressed a protein that cannot sequester with X.
(c-d) Measured response of the controller when the disturbance in Py and Pz was added in a step manner. Additional Py
and P7°" were added (0.1-0.5 nM) after 4 hours of the reaction in the presence of initial 0.5 nM of Px, Py and P7°" each (see
Methods). The error bars are shown in the shaded region and were determined using the standard error of the mean of two or
more repeats. (e-h) Summary of the normalized deGFP slopes of the controller at 8 hours for (e, g) the open-loop and (f, h)
closed-loop configurations. Normalization was done with respect to the first slope value for each variation in Py and PZ".
Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in
MATLAB. The predicted response for each case was determined using the ODE model shown in Fig. 3b with parameters
shown in Table 1. Source data are provided as a Source Data file.
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Supplementary Figure 22. Measuring the controller response to disturbances added in DNA at a different range. (a-b)
TXTL measurement of the response of the integral controller in the presence of disturbances in the concentration of Py and
PZ°" (0.7 - 1.2 nM) for the (a) open-loop and (b) closed-loop cases while initial Px was 0.7 nM. To disable the feedback in the
open-loop case Py was replaced by Pyc™, which expressed a protein that cannot sequester with X. (c-d) Measured response
of the controller when the disturbance in Py°*and P7°" was added in a step manner. Additional Py°*and P7°* were added (0.1-
0.5 nM) after 4 hours of the reaction in the presence of initial 0.7 nM of Px, Py**and P7* each (see Methods). The error bars
are shown in the shaded region and were determined using the standard error of the mean of two or more repeats. (e-h) Summary
of the normalized deGFP slopes of the controller at 8 hours for (e, g) the open-loop and (f, h) closed-loop configurations.
Normalization was done with respect to the first slope value for each variation in Py and PZ". Before calculating deGFP
slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB. The predicted
response for each case was determined using the ODE model shown in Fig. 3b with parameters shown in Table 1. Source data
are provided as a Source Data file.
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Supplementary Figure 23. Open-loop controller cannot suppress the disturbances independent of the absolute value of
the output. (a) TXTL measurement of the response of the integral controller in the presence of disturbances in the concentration
of Py and P7°* (0.2 - 0.7 nM) for the open-loop case while initial Px was 0.02 nM. Error bars are shown in the shaded region
and were determined using the standard error of the mean of three or more repeats. (b) Summary of the normalized deGFP
slopes of the controller at 8 hours. Normalization was done with respect to the first slope value. Before calculating deGFP
slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB. The predicted
response for each case was determined using the ODE model shown in Fig. 3b with parameters shown in Table 1. Source data
are provided as a Source Data file.
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Supplementary Figure 24. Standard curve of GFP at 29° C and 33° C, and 29° C and 37° C. A two-degree polynomial
was used to fit the endpoints and the corresponding R-square value is 0.99 for all the cases. The slopes at (a) 33° C and (b) 37°
C are reduced only by factors of (a) 1.07 and (b) 1.18 compared to 29° C respectively. To account this effect, all the data

collected at 33° C and 37° C were multiplied by the respective factors to get the accurate, temperature-adjusted, GFP
concentration.
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Supplementary Figure 25. The corresponding deGFP slopes for the date shown in Fig. 6 (main text) for the (a) open-loop
(Pyc® and P7°* were both 0.1 nM) and (b) closed-loop (Py** and PZ** were both 1 nM each) cases while initial Px was 0.1 nM.
Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in
MATLAB. Source data are provided as a Source Data file.
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Supplementary Figure 26. Open-loop controller cannot suppress the global disturbance independent of the absolute
value of the output. (a,b) Measured response of the controller at three different external constant change in the reaction
temperatures for the open-loop case while initial Px was 0.1 nM, and (a) Pyc™ and PZ°* were both 0.5 nM and (b) Pyc™" and
P7°"were both 1 nM each. (c,d) The corresponding deGFP slopes and (e,f) summary of the normalized deGFP slopes at 8 hours
respectively. The error bars are shown in the shaded region and were determined using the standard error of the mean of two
or more repeats. The responses shown in (c, d) were normalized with respect to the deGFP slope value recorded at 29° C. Plate
readers were calibrated at 29° C, 33° C and 37° C separately to a standard curve of GFP to ensure fluorescence variation reflects
protein concentration variation (see Supplementary Fig. 24) while at 33° C, the same standard curve of GFP was used as for
29° C. Before calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in
MATLAB. Source data are provided as a Source Data file.
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Supplementary Figure 27. Closed-loop controller suppresses global disturbance at a different value of the input Px. (a,b)
Measured response of the controller at three different external constant change in the reaction temperatures for the (a) open-
loop (Prc™ and P7°* were both 0.1 nM) and (b) closed-loop (Py° and P7** were both 1 nM each) cases while initial Px was 0.3
nM. (c,d) The corresponding deGFP slopes and (e,f) summary of the normalized deGFP slopes at 8 hours respectively. To
disable the feedback in the open-loop case, Py was replaced by Pyrc™, which expresses a protein that cannot sequester with X.
The error bars are shown in the shaded region and were determined using the standard error of the mean of two or more repeats.
The responses shown in (c, d) were normalized with respect to the deGFP slope value recorded at 29° C. Plate readers were
calibrated at 29° C, 33° C and 37° C separately to a standard curve of GFP to ensure fluorescence variation reflects protein
concentration variation (see Supplementary Fig. 24) while at 33° C, the same standard curve of GFP was used as for 29° C.
The closed-loop behavior is unchanged (within experimental error), while the open-loop behavior changes drastically. Before
calculating deGFP slopes, measured deGFP responses were smoothed-out using the rloess smoothing method in MATLAB.
Source data are provided as a Source Data file.
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Supplementary Note 2

‘ Protein (X, ¥, Z)

Supplementary Figure 28. Schematic representation of the framework used to model the depletion of energy resources
in the TXTL reactions. Here, Rrxand Rz represent the initial constant resources available in the reaction mixture that facilitate
transcriptional and translation reactions respectively. The production rate of mRNA will be DNA concentration-dependent
including steady-state level and saturation effect, and the production rate of protein will be mRNA concentration-dependent
which governs the consumption rate of Rrz.2

The updated ODE model of the controller to account for the resource competition and depletion in measured responses:

dU RrxPx
= a —

i ) 53
dt UKTX + PX UU> ( )
X g BV XY 4 wi[XY] — wXPy + vPy — wX Py + vP, (54)
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dpPy
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dv Ryx Py . RoxPf
= = , — 5V, 56
dt aVKTx+Py aVKTx—O—P;,L v (56)
dYy RV
- — kXY + KXY, 57
@~y A el (57)
dw Rrx Py + RrxPj
— = —ow W, 58
it~ “WKix + Py —HXWKTX—FP} W (58)
AP}
th =wXPy —vP}, (59)
dz Ry W
el e LAY A 60
pril e w6l (60)
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= —NnZ 61
u ~ et (61)
dRrx _ RrxPx Ryx Py
dt TXKTx+PX TXKT)(—I—PYH
B Rrx Py by RrxPy o Rrx P} (62)
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Supplementary Figure 29: Updated ODE model is capable of following the effect of resource limitation in the TXTL
reactions. (a-b) Comparing the updated model response with the measured deGFP response of the integral controller in the (a)
open-loop and (b) closed-loop configurations at different initial concentrations of Py (0.1 - 0.7 nM) while initial Py and Pz
were both 1 nM. (c-d) Corresponding deGFP slopes for the (c) open-loop and (d) closed-loop operations. To disable the
feedback in the open-loop case, Py was replaced by Pyc™. Error bars are from the SEM of at least three repeats. The ODE
model shown in (53)-(63) was used to determine the response with parameters shown in Table 1 and other parameters were
Krx=4.23x107 M, drx=9.08x10 s K72 =1.13x107° M, drz = 0.00066 s> K; =3.31x10"° M, Rrx =1.99x107, Rz = 8.06x10°
5 Unlike the rest of the cases, while modeling the open-loop response, only x and xi were set to zero. This is to account for the
TXTL resource consumption by yc gene (control gene for open-loop case). Before calculating deGFP slopes, measured deGFP
responses were smoothed-out using the r/oess smoothing method in MATLAB. Source data are provided as a Source Data file.
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Supplementary Figure 30. Closed-loop controller can suppress the disturbances added in the association rate w.

Simulated controller response in the (a) open-loop (P

=1 nM) and (b) close-loop (PY*' = PZ* = 1 nM) cases when

disturbances were introduced in @ and (c-d) normalized change in the deGFP slopes at 8 hours respectively. Initial Px was
0.02. The ODE model shown in Fig. 3b was used to determine the response with parameters shown in Table 1. Normalization
was done with respect to the deGFP slope calculated at the nominal value of .
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Supplementary Figure 31. Closed-loop controller can suppress the disturbances added in the dissociation rate ».
Simulated controller response in the (a) open-loop (PZ°' = 1 nM) and (b) close-loop (Py°' = P7°' = 1 nM) cases when
disturbances were introduced in » and (c-d) normalized change in the deGFP slopes at 8 hours respectively. Initial Px was
0.02 nM. The ODE model shown in Fig. 3b was used to determine the response with parameters shown in Table 1.
Normalization was done with respect to the deGFP slope calculated at the nominal value of ».
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Supplementary Figure 32. Effect of the disturbance on the closed-loop output as a function of sequestration and
activation association rates. Simulated closed-loop controller response for different values of the (a) sequestration rate ()
and (b) activation association rate (). Initial Px was 0.02 nM while initial Py***and P7*' were both 1 nM each. The ODE model
shown in Fig. 3b was used to determine the response with parameters shown in Table 1, and the values are reported at 12 hours.
Normalization was done with respect to the deGFP slopes calculated at the nominal parameter values.
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Supplementary Table 1. List of constraints placed on the parameters during the fitting. These constraints are in agreement
with the published literature, and allowed us to determine the parameter values that are biologically realistic.>*

Parameters Minimum Value Maximum Value Units
w 0.01 0.8 5!
o 10°8 10 5!
@ 0.01 0.8 5!
o 10 10 5!
o 0.01 0.8 5!
o 103 102 5!
o 103 102 5!
o 103 102 5!
px 10 102 5!
pr 10 10 5!
Pz 10* 102 5!
i 10 107 M5!
i 10° 107 5!
@ 10* 106 M g!
Y 102 10 5!
1o 10 10 5!
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