
Module 12: Synthetic gene 
circuits and noise 

CSE590: Molecular programming and neural 
computation.   
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Biological inspiration 
Zebrafish Development Regulatory Circuitry DNA Genome 

...GTGGTACAGGTG
AATTTGGGTAGGCTA
AATTGTCCATAGTTT
ATGTGTGTGAATGAG
GGTGTATGGATGTTT
CTCAGAGATGGGTTG
CAGCTGGAAGGGCGT
CCATTGTGCAAAACA
TATGCTGGAGAAGTT
GCCGGTTCATTCTGC
TGTGGCGACCCCAGA
TTAATAAAAGGACTA
AGCCGAAAAGAAAAT
GAAACATATATATAT
ATATATATATATATA
TATATATATA...!

Can we learn how to write such a program? 
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A bistable switch 
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A tunable synthetic mammalian oscillator
Marcel Tigges1, Tatiana T. Marquez-Lago1,2,3, Jörg Stelling1,2,3 & Martin Fussenegger1

Autonomous and self-sustained oscillator circuits mediating the
periodic induction of specific target genes are minimal genetic
time-keeping devices found in the central and peripheral circadian
clocks1,2. They have attracted significant attention because of their
intriguing dynamics and their importance in controlling critical
repair3, metabolic4 and signalling pathways5. The precise molecular
mechanism and expression dynamics of this mammalian circadian
clock are still not fully understood. Here we describe a synthetic
mammalian oscillator based on an auto-regulated sense–antisense
transcription control circuit encoding a positive and a time-delayed
negative feedback loop, enabling autonomous, self-sustained and
tunable oscillatory gene expression. After detailed systems design
with experimental analyses and mathematical modelling, we moni-
tored oscillating concentrations of green fluorescent protein with
tunable frequency and amplitude by time-lapse microscopy in real
time in individual Chinese hamster ovary cells. The synthetic mam-
malian clock may provide an insight into the dynamics of natural
periodic processes and foster advances in the design of prosthetic
networks in future gene and cell therapies.

Synthetic gene circuits that emulate the expression dynamics of
living systems provide new insights into the connectivity of genes and
proteins in the postgenomic era6 and they advance our understand-
ing of complex control networks. Circadian pacemakers7,8 are of
particular interest because they coordinate many periodic physio-
logical activities. The mammalian circadian clock consists of a central
pacemaker in the suprachiasmatic nuclei of mammalian brains9, with
subsidiary oscillators in most peripheral cell types4,5,10. In contrast to
neurons in the suprachiasmatic nuclei, peripheral oscillators damp
rapidly when disconnected from remote control by the suprachias-
matic nuclei10. However, both oscillators rely on a very similar gene
circuitry that involves a set of transcriptional repressors (CRY and
PER) and activators (BMAL1 and CLOCK) connected by mutual
feedback11. Previously designed simple synthetic gene networks in
bacteria showed self-sustained12, damped13 or metabolically con-
trolled oscillations14, but those oscillators lacked robustness and/or
tunability. In mammalian cells, even synthetic clock replicas using
natural components and network design have not provided oscil-
lating transgene expression15 as observed for reporter genes plugged

1Department of Biosystems Science and Engineering, ETH Zurich, Mattenstrasse 26, CH-4058 Basel, Switzerland. 2Institute of Computational Science and 3Swiss Institute of
Bioinformatics, ETH Zurich, CH-8092 Zurich, Switzerland.
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Figure 1 | Mammalian clock components and predicted oscillation
dynamics. a, Core mammalian oscillator. Autoregulated PhCMV*-1-driven
tTA transcription triggers increasing expression of sense tTA (pMT35),
UbV76–GFP (pMT100) and PIT (pMT36) (1). As UbV76–GFP and PIT levels
reach a peak (2), PIT steadily induces PPIR-driven tTA anti-sense expression
(3), resulting in a gradual decrease in sense tTA, PIT and UbV76–GFP (4).
b, Intracellular processes considered in the mathematical model.
Abbreviations and symbols are as follows: single-headed arrows, irreversible

reactions; double-headed arrows, reversible reactions; Ø, sinks for
degradation processes; dGFP, destabilized GFP; Tc, tetracycline; PI,
pristinamycin I; GFPI, unfolded inactive GFP; GFPA, folded active GFP; TC,
transcription; TL, translation; D, degradation. c, d, Model predictions for the
reference parameter set (plasmid ratios 1:1:1, no antibiotics) with mRNA
concentrations (c) (black, tTA; blue, PIT; red, tTA-sense–antisense duplex)
and protein concentrations (d) (black, tTA; blue, PIT; dashed green,
unfolded GFP; solid green, active GFP).
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rapidly when disconnected from remote control by the suprachias-
matic nuclei10. However, both oscillators rely on a very similar gene
circuitry that involves a set of transcriptional repressors (CRY and
PER) and activators (BMAL1 and CLOCK) connected by mutual
feedback11. Previously designed simple synthetic gene networks in
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Figure 1 | Mammalian clock components and predicted oscillation
dynamics. a, Core mammalian oscillator. Autoregulated PhCMV*-1-driven
tTA transcription triggers increasing expression of sense tTA (pMT35),
UbV76–GFP (pMT100) and PIT (pMT36) (1). As UbV76–GFP and PIT levels
reach a peak (2), PIT steadily induces PPIR-driven tTA anti-sense expression
(3), resulting in a gradual decrease in sense tTA, PIT and UbV76–GFP (4).
b, Intracellular processes considered in the mathematical model.
Abbreviations and symbols are as follows: single-headed arrows, irreversible

reactions; double-headed arrows, reversible reactions; Ø, sinks for
degradation processes; dGFP, destabilized GFP; Tc, tetracycline; PI,
pristinamycin I; GFPI, unfolded inactive GFP; GFPA, folded active GFP; TC,
transcription; TL, translation; D, degradation. c, d, Model predictions for the
reference parameter set (plasmid ratios 1:1:1, no antibiotics) with mRNA
concentrations (c) (black, tTA; blue, PIT; red, tTA-sense–antisense duplex)
and protein concentrations (d) (black, tTA; blue, PIT; dashed green,
unfolded GFP; solid green, active GFP).
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(1.44 6 0.74 fluorescence units) (Fig. 4a), as predicted qualitatively
by the model (Fig. 2a–c). When the plasmid doses were decreased to
50 ng each, the oscillation period increased (328 6 162 min) and the
amplitude decreased (0.96 6 0.63 fluorescence units) (Fig. 4b),
which confirms the model predictions on the tunability of the syn-
thetic clock. Quantitative statistical analysis of single-cell data for
various plasmid dosages revealed the dependences between gene
dosage and oscillator frequency and amplitude shown in Fig. 4c, d.
We used these experimental data together with the control experi-
ments to establish a structurally refined mathematical model that
could describe all experimental data quantitatively (see Supple-
mentary Information). This deterministic model predicted non-
intuitive relations between gene dosage and oscillator behaviour
(Fig. 4c, d). Thus, our model-supported synthetic biology approach

revealed a previously unknown correlation between oscillation fre-
quency and gene dosage of clock components.

Variable timings of plasmid uptake constitute a major source of
cell-to-cell variability of GFP expression. However, through the
alignment of single-cell trajectories by using simplified models (see
Supplementary Information), we estimated that GFP expression in
control experiments varied by only about 20%. Previous studies
pointed to stochasticity, or ‘noise’, as a principal reason for limiting
accuracy in synthetic networks20,21. To estimate the impact of
molecular noise on the mammalian oscillator, we established a
detailed stochastic model (see Supplementary Information).
Stochastic simulations show that, at least for low plasmid dosages,
noise contributes substantially to the observed cell-to-cell variability
in the period (Fig. 4c, d). The model predicts that not all cells will
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mammalian oscillator by time-
lapse fluorescence analysis of
transfected CHO-K1 cells. CHO-
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Why is it difficult to engineer synthetic 
gene circuits? 

1.  Synthetic gene circuits have to operate in a complex 
biological environment 

2.  Biology is “noisy” (small copy numbers of many 
molecules,…)  

3.  Existing parts aren’t modular or well characterized 



A"Simple"Biological"Network"
 

A simple biological network 
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A complex synthetic network 



A"Complex"Synthe)c"Network"A complex synthetic network 



A"Complex"Synthe)c"Network"An complex synthetic network 



Noise in gene expression 



Noise in gene expression 
Consider genes for two fluorescent proteins controlled by identical promoters in E. coli

M.B. Elowitz, A.J. Levine, E.D. Siggia, P.S. Swain, Science, 2002

Monitor time-varying fluorescence within a single cell and across cell populations:
cells with the same amount of each fluorescent protein species appear yellow, 
cells with differing amounts of the two species appear red or green

Without intrinsic 
noise, red and green 
signals are correlated 
within a single cell

With intrinsic noise, the 
red and green signals 
become uncorrelated 
within a single cell

Fluorescence intensities 
vary between cells due 
to extrensic noise

Fluorescence color 
varies between cells 
due to intrinsic noise



Noise in gene expression 
Express reporter genes under lac-
repressible promoters in wild-type 
E. coli strain (RP22) expressing 
repressor protein lac

Increased intrinsic and extrensic 
noise due to lac repression

Extrensic noise increase suggests cell-
cell variation in lac expression

Minimal intrinsic noise without 
lac repression of reporter genes

Express reporter genes under lac-
repressible promoters in E. coli 
strain (M22) lacking repressor 
protein lac

M.B. Elowitz, A.J. Levine, E.D. Siggia, P.S. Swain, Science, 2002



Noise in gene expression 
Quantification of intrinsic and extrensic noise for populations of two strains of E. coli 

M.B. Elowitz, A.J. Levine, E.D. Siggia, P.S. Swain, Science, 2002

Each point represents mean 
red and green fluorescence in 
a single cell

Strain M22 is less noisy
Strain D22 is more noisy



What can we do to make better 
gene circuits? 

1.  Create new parts and characterize them better 

2.  Design network architectures that are more robust to 
perturbations 

3.  … 
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Rewritable digital data storage in live cells via
engineered control of recombination directionality
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The use of synthetic biological systems in research, healthcare,
and manufacturing often requires autonomous history-dependent
behavior and therefore some form of engineered biological mem-
ory. For example, the study or reprogramming of aging, cancer, or
development would benefit from genetically encoded counters
capable of recording up to several hundred cell division or differ-
entiation events. Although genetic material itself provides a natur-
al data storagemedium, tools that allow researchers to reliably and
reversibly write information to DNA in vivo are lacking. Here, we
demonstrate a rewriteable recombinase addressable data (RAD)
module that reliably stores digital information within a chromo-
some. RAD modules use serine integrase and excisionase functions
adapted from bacteriophage to invert and restore specific DNA se-
quences. Our core RAD memory element is capable of passive in-
formation storage in the absence of heterologous gene expression
for over 100 cell divisions and can be switched repeatedly without
performance degradation, as is required to support combinatorial
data storage. We also demonstrate how programmed stochasticity
in RAD system performance arising from bidirectional recombina-
tion can be achieved and tuned by varying the synthesis and de-
gradation rates of recombinase proteins. The serine recombinase
functions used here do not require cell-specific cofactors and
should be useful in extending computing and control methods
to the study and engineering of many biological systems.

DNA inversion ∣ synthetic biology ∣ genetic engineering ∣
standard biological parts

Most engineered genetic data storage systems use auto- or
cross-regulating bistable systems of transcription repressors

or activators to define and hold state via continuous gene expres-
sion (1–4). Such epigenetic storage systems can be subject to evo-
lutionary counter selection due to resource burdens placed on
the host cell or spontaneous switching due to putatively stochastic
fluctuations in cellular processes, including gene expression.
Moreover, heterologous expression-based systems are difficult to
redeploy given differences in gene regulatory mechanisms across
organisms.

Another approach for storing data inside organisms is to code
extrinsic information within genetic material (5). Nucleic acids
have undergone natural selection to serve as heritable data sto-
rage material in organismal lineages. Moreover, DNA provides
attractive features in terms of data storage robustness, scalability,
and stability (6). In addition, engineered transmission of DNA
molecules could support data exchange between organisms as
needed to implement higher-order multicellular behaviors within
programmed consortia (6, 7).

Practically, researchers have begun to use enzymes that modify
DNA, typically site-specific recombinases, to study and control
engineered genetic systems. For example, recombinases can cat-
alyze strand exchange between specific DNA sequences and
enable precise manipulation of DNA in vitro and in vivo (8).
Depending on the relative location or orientation of recombina-
tion sites, three distinct recombination outcomes, integration, ex-
cision or inversion, can be realized.

From such knowledge, several natural recombination systems
have been reapplied to support research in cell and developmen-

tal biology (9, 10). However, all in vivo DNA-based control or
data storage systems implemented to date are “single-write”
systems (11–13). Consequently, the amount of information such
systems are able to store is linearly proportional to the number
of implemented elements (for example, a “thermometer-code”
counter capable of recording N events given N data storage ele-
ments) (13).

Single-write architectures are limiting if many of the uses for
genetic data storage are considered in detail. For example, stu-
dies of replicative aging in yeast or human fibroblasts typically
track at least 25 or 45 cell division events prior to the onset of
senescence, respectively (14). Lineage mapping during worm de-
velopment frequently tracks at least 10 differentiation events
(15), while research with mouse and human systems considers up
to several hundred cell divisions (16). In situations where the
same signal is being recorded over multiple occurrences (for
example, a series of cell division events), reliably rewritable ele-
ments are needed to realize geometric increases in data storage
capacity (for example, combinatorial counters capable of record-
ing 2N events given N storage elements).

Among the recombinase family of DNA-modifying enzymes,
phage integrases are unique in that the directionality of the
recombination reaction can be influenced by an excisionase co-
factor (17). In natural systems, a phage integrase alone typically
catalyzes site-specific recombination between an attachment site
on the infecting phage chromosome (attP) and an attachment site
encoded within the host chromosome (attB). The resulting inte-
gration reaction inserts the phage genome within the host chro-
mosome bracketed by newly formed attL and attR (LR) sites.
Upon induction leading to lytic growth, the prophage coexpresses
integrase and excisionase that together restore an independent
phage genome and the original attB and attP (BP) sites (18).

Early work with the r32 polar mutations of bacteriophage
lambda revealed that integrase mediated recombination of anti-
parallel BP sites could also lead to the inversion of the interven-
ing DNA (19, 20). Subsequent studies on DNA supercoiling used
phage integrases to invert recombinant DNA sequences flanked
by opposing BP sites (11, 21). Further in vitro work has since
demonstrated that an integrase excisionase complex can revert
a DNA sequence flanked by opposing LR sites (22). We thus
sought to develop a stable data register that could invert and re-
store a target DNA sequence in vivo by appropriately controlling
the conditional heterologous expression of integrase and exci-
sionase.

Phages integrases are thought to represent two evolutionary
and mechanistically distinct recombinase families (23). Tyrosine
integrases, such as the bacteriophage lambda integrase, often
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have relatively long attachment sites (∼200 bp), use a Holliday
junction mechanism during strand exchange, and require host
specific cofactors. By contrast, serine integrases use a double-
strand break mechanism during recombination and can have
shorter attachment sites (∼50 bp). In addition, some serine inte-
grases do not require host cofactors, a feature that has led to their
successful reuse across a range of organisms (24). We thus chose
to explore the engineering of rewritable genetic data storage sys-
tems using a bacteriophage serine integrase.

Bacteriophage Bxb1 now provides the best characterized ser-
ine integrase excisionase system (25–28). Bxb1 gp35 is a serine
integrase that catalyzes integration of the Bxb1 genome into the
GroEL1 gene of Mycobacterium smegmatis (25). Bxb1 gp47 is an
excisionase that mediates excision in vivo and has been shown to
control recombination directionality in vitro with high efficiency
(27). Minimal attB, attP, attL, and attR sites have been defined
for the Bxb1 system (25–27). The Bxb1 excisionase does not bind
DNA independently and, from in vitro studies, is thought to
control integrase directionality in a stoichiometric manner (27).
From these and other studies several models have been proposed
for how Bxb1 excisionase controls integrase directionality, but
it is not yet clear how excisionase-mediated recombination pro-
ceeds or is regulated in vivo (27, 29).

Results
Architecture and Model for a RAD Module. We developed a RAD
module based on a two-state latch architecture that switches
between states in response to distinct inputs and stores the last
state recorded in the absence of either input signal. Here, our
RAD module consists of an inducible “set” generator producing
integrase, an inducible “reset” generator producing integrase and
excisionase, and a DNA data register (Fig. 1A). Briefly, produc-
tion of integrase alone should set a DNA register sequence
flanked by oppositional attB and attP sites, thereby producing an
inverted sequence flanked by attL and attR sites (State “1”). A
second independent transcriptional input drives the simultaneous
production of integrase and excisionase and should reset the reg-
ister sequence to its original orientation and flanking sequences
(State “0”).

We built a chemical kinetic model to better understand the
potential behavior and failure modes of a DNA inversion RAD
module (Fig. 1B). Our model reflects available knowledge of the
mechanics and kinetics of the Bxb1 recombinase system, specifi-
cally (27, 30, 31). We used the model to estimate the operational
phase diagram of our latch at pseudoequilibrium (SI Appendix).
We found three distinct latch operating regions as a function of
integrase and excisionase expression levels, corresponding to

expected “set,” “reset,” or “hold” operations (Fig. 1C). One com-
plete latch cycle requires the dynamic adjustment of integrase
and excisionase expression through a “set, hold, reset, hold” pat-
tern. These operations are realized in practice by cycling the tran-
scription signals that define latch set and reset inputs and by
tuning the specific genetic elements that provide fine control over
integrase and excisionase synthesis and degradation.

Unidirectional DNA Inversion and Data Storage. We first implemen-
ted a data storage register via a DNA fragment encoding fluor-
escent reporter proteins and Bxb1 recombinase recognition sites
flanking a constitutive promoter on the chromosome of Escher-
ichia coli DH5αZ1 (32) (Fig. 1A). We then confirmed via micro-
scopy and cytometry that the state of the register could be assayed
reliably (Fig. 2A). We next established that the register could set
and hold state via a pulse of integrase expression within cells
containing a single coding sequence for integrase. To do this, we
built integrase driven “set” switches by cloning Bxb1 integrase un-
der the control of an inducible promoter (32, 33) and a ribosome
binding site library (Materials and Methods). We transformed the
set-encoding vectors into cells containing the chromosomal BP
register and isolated cells that only switched when induced; many
variants switch spontaneously in the absence of an input signal or
do not switch when induced (SI Appendix, Fig. S4; Table 1). We
were able to isolate set functions that switch with greater than
95% efficiency at the single-cell level and that hold state follow-
ing inducer removal (Fig. 2B).

Bidirectionality of Excisionase-Mediated DNA Inversion in Vivo. We
next determined if Bxb1 integrase and excisionase could mediate
DNA inversion from an LR to BP state efficiently and unidirec-
tionally in vivo. Previous in vitro experiments show that Bxb1
integrase and excisionase can catalyze LR to BP recombination
to near completion (27). Unexpectedly, we found that a reset
function mediated by integrase plus excisionase is reversible in
vivo. For example, using constructs (15–20 copies per cell) expres-
sing both integrase and excisionase we observed that upon induc-
tion using a reset signal (arabinose), both DNA register states are
sampled across a mixed population and then a split population
arises following reset signaling (Fig. 2C).

We observed bidirectional behavior starting from either initial
register state, suggesting that, in the context of our system, ex-
pression of integrase plus excisionase results in repeated cycles
of register inversion between BP and LR states (Fig. 2C, Right).
We postulated that the system enters a bidirectional regime if the
concentration of excisionase is too low relative to integrase, as
might be needed to completely reverse recombination direction-

Fig. 1. Architecture, mechanisms, and operation of a recombinase addressable data (RAD) module. (A) The DNA inversion RAD module is driven by two
generic transcription input signals, set and reset. A set signal drives expression of integrase that inverts a DNA element serving as a genetic data register.
Flipping the register converts flanking attB and attP sites to attL and attR sites, respectively. A reset signal drives expression of integrase and excisionase and
restores both register orientation and the original flanking attB and attP sites. The register itself encodes a constitutive promoter which initiates strand-specific
transcription. Following successful set or reset operations, mutually exclusive transcription outputs “1” or “0” are activated, respectively. For the RAD module
developed here, a “1” or “0” register state produces red or green fluorescent protein, respectively. (B) Elementary chemical reactions, molecular species, and
kinetic parameters used to model the RADmodule. Molecular concentrations are normalized to the integrase dimer dissociation constant (Ki). Kinetic rates are
normalized to the integrase-mediated recombination rate (kc

−1). (C) Simulated phase diagram detailing pseudoequilibrium operating regimes for a RAD
module experiencing sustained integrase and excisionase expression levels for 200∕kc. The red, green, and gray lines represent, with decreasing intensity,
95, 75, and 55% switching (or hold) efficiencies (main text and SI Appendix).
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have relatively long attachment sites (∼200 bp), use a Holliday
junction mechanism during strand exchange, and require host
specific cofactors. By contrast, serine integrases use a double-
strand break mechanism during recombination and can have
shorter attachment sites (∼50 bp). In addition, some serine inte-
grases do not require host cofactors, a feature that has led to their
successful reuse across a range of organisms (24). We thus chose
to explore the engineering of rewritable genetic data storage sys-
tems using a bacteriophage serine integrase.

Bacteriophage Bxb1 now provides the best characterized ser-
ine integrase excisionase system (25–28). Bxb1 gp35 is a serine
integrase that catalyzes integration of the Bxb1 genome into the
GroEL1 gene of Mycobacterium smegmatis (25). Bxb1 gp47 is an
excisionase that mediates excision in vivo and has been shown to
control recombination directionality in vitro with high efficiency
(27). Minimal attB, attP, attL, and attR sites have been defined
for the Bxb1 system (25–27). The Bxb1 excisionase does not bind
DNA independently and, from in vitro studies, is thought to
control integrase directionality in a stoichiometric manner (27).
From these and other studies several models have been proposed
for how Bxb1 excisionase controls integrase directionality, but
it is not yet clear how excisionase-mediated recombination pro-
ceeds or is regulated in vivo (27, 29).

Results
Architecture and Model for a RAD Module. We developed a RAD
module based on a two-state latch architecture that switches
between states in response to distinct inputs and stores the last
state recorded in the absence of either input signal. Here, our
RAD module consists of an inducible “set” generator producing
integrase, an inducible “reset” generator producing integrase and
excisionase, and a DNA data register (Fig. 1A). Briefly, produc-
tion of integrase alone should set a DNA register sequence
flanked by oppositional attB and attP sites, thereby producing an
inverted sequence flanked by attL and attR sites (State “1”). A
second independent transcriptional input drives the simultaneous
production of integrase and excisionase and should reset the reg-
ister sequence to its original orientation and flanking sequences
(State “0”).

We built a chemical kinetic model to better understand the
potential behavior and failure modes of a DNA inversion RAD
module (Fig. 1B). Our model reflects available knowledge of the
mechanics and kinetics of the Bxb1 recombinase system, specifi-
cally (27, 30, 31). We used the model to estimate the operational
phase diagram of our latch at pseudoequilibrium (SI Appendix).
We found three distinct latch operating regions as a function of
integrase and excisionase expression levels, corresponding to

expected “set,” “reset,” or “hold” operations (Fig. 1C). One com-
plete latch cycle requires the dynamic adjustment of integrase
and excisionase expression through a “set, hold, reset, hold” pat-
tern. These operations are realized in practice by cycling the tran-
scription signals that define latch set and reset inputs and by
tuning the specific genetic elements that provide fine control over
integrase and excisionase synthesis and degradation.

Unidirectional DNA Inversion and Data Storage. We first implemen-
ted a data storage register via a DNA fragment encoding fluor-
escent reporter proteins and Bxb1 recombinase recognition sites
flanking a constitutive promoter on the chromosome of Escher-
ichia coli DH5αZ1 (32) (Fig. 1A). We then confirmed via micro-
scopy and cytometry that the state of the register could be assayed
reliably (Fig. 2A). We next established that the register could set
and hold state via a pulse of integrase expression within cells
containing a single coding sequence for integrase. To do this, we
built integrase driven “set” switches by cloning Bxb1 integrase un-
der the control of an inducible promoter (32, 33) and a ribosome
binding site library (Materials and Methods). We transformed the
set-encoding vectors into cells containing the chromosomal BP
register and isolated cells that only switched when induced; many
variants switch spontaneously in the absence of an input signal or
do not switch when induced (SI Appendix, Fig. S4; Table 1). We
were able to isolate set functions that switch with greater than
95% efficiency at the single-cell level and that hold state follow-
ing inducer removal (Fig. 2B).

Bidirectionality of Excisionase-Mediated DNA Inversion in Vivo. We
next determined if Bxb1 integrase and excisionase could mediate
DNA inversion from an LR to BP state efficiently and unidirec-
tionally in vivo. Previous in vitro experiments show that Bxb1
integrase and excisionase can catalyze LR to BP recombination
to near completion (27). Unexpectedly, we found that a reset
function mediated by integrase plus excisionase is reversible in
vivo. For example, using constructs (15–20 copies per cell) expres-
sing both integrase and excisionase we observed that upon induc-
tion using a reset signal (arabinose), both DNA register states are
sampled across a mixed population and then a split population
arises following reset signaling (Fig. 2C).

We observed bidirectional behavior starting from either initial
register state, suggesting that, in the context of our system, ex-
pression of integrase plus excisionase results in repeated cycles
of register inversion between BP and LR states (Fig. 2C, Right).
We postulated that the system enters a bidirectional regime if the
concentration of excisionase is too low relative to integrase, as
might be needed to completely reverse recombination direction-

Fig. 1. Architecture, mechanisms, and operation of a recombinase addressable data (RAD) module. (A) The DNA inversion RAD module is driven by two
generic transcription input signals, set and reset. A set signal drives expression of integrase that inverts a DNA element serving as a genetic data register.
Flipping the register converts flanking attB and attP sites to attL and attR sites, respectively. A reset signal drives expression of integrase and excisionase and
restores both register orientation and the original flanking attB and attP sites. The register itself encodes a constitutive promoter which initiates strand-specific
transcription. Following successful set or reset operations, mutually exclusive transcription outputs “1” or “0” are activated, respectively. For the RAD module
developed here, a “1” or “0” register state produces red or green fluorescent protein, respectively. (B) Elementary chemical reactions, molecular species, and
kinetic parameters used to model the RADmodule. Molecular concentrations are normalized to the integrase dimer dissociation constant (Ki). Kinetic rates are
normalized to the integrase-mediated recombination rate (kc

−1). (C) Simulated phase diagram detailing pseudoequilibrium operating regimes for a RAD
module experiencing sustained integrase and excisionase expression levels for 200∕kc. The red, green, and gray lines represent, with decreasing intensity,
95, 75, and 55% switching (or hold) efficiencies (main text and SI Appendix).
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during the relaxation period following an apparently reliable re-
set, then split state populations can still emerge (Fig. 3C and SI
Appendix, Fig. S6).

We ultimately screened ∼400 clones encoding a library of
destabilized reset-encoded integrase peptides in order to obtain
a reset cassette that functions reliably without also corrupting set
functionality (Table 1). The working RAD module that resulted
from this overall process uses weaker GTG start codons for both
set and reset integrase coding sequences and encodes distinct
nonconsensus ssrA proteolysis tags (34) on the reset integrase
and excisionase peptides (Fig. 4A and SI Appendix, Fig. S4). Once
assembled, we demonstrated that the RAD module can be cycled
repeatedly and reliably in response to transition and hold inputs
lasting ∼10 cell doublings (∼900 min) (Fig. 4B). We also demon-
strated that the module functions in response to shorter transition
inputs (∼240 min) (Fig. 4C).

Discussion
Our experimental results are not inconsistent with a model in
which inversion of DNA by Bxb1 integrase alone is unidirectional
but inversion of DNA by integrase plus excisionase is bidirec-
tional. However, biased directionality of Bxb1 excisionase-
mediated recombination can be realized at a system level by con-
trolling the excisionase-to-integrase ratio and dynamics, and also
the integrase-to-DNA target site ratio. By carefully tuning and

integrating the expression of competing recombinase functions,
we were able to develop a first reliable and rewritable DNA in-
version-based data storage system that works in vivo.

The process by which we eventually engineered a working
RAD module warrants consideration. Practically, we needed to
surmount challenges associated with enacting control over the
relative levels and timing of expression for three proteins within
E. coli. Initially, we did not know what specific quantitative levels
or expression timing would drive DNA inversion in vivo. How-
ever, even during this first stage of the project, we lacked tools,
whether working standard biological parts or computational
design methods, sufficient to rationally engineer gene expression
cassettes to provide qualitative control over switchable gene
expression. For example, a series of computationally designed
translation control elements produced qualitative distinct pheno-
types during set operations across a range of expected protein
synthesis rates, and also for repeated design attempts at the same
target translation rate (SI Appendix, Fig. S4). The lack of genetic
control elements that can be reliably composed so as to enable
precise expression control with novel heterologous coding se-
quences, and the precision limits of computational tools that
optimize control elements for specific genetic contexts, forced
us to empirically validate gene expression on a gene-by-gene
and gene combination-by-combination basis.

Our use of conditional control over recombination direction-
ality to implement a repeatedly rewritable DNA data storage
element likely only partially aligns with the natural contexts in
which integrase and excisionase performance have been selected.
For example, integrase alone naturally mediates integration of a
phage genome into a host chromosome under circumstances in
which the phage will not destructively lyse the host cell. Such in-
tegration reactions are likely under positive selection to be fast
and efficient, given that failure to integrate prior to host chromo-
some replication and cell division could result in loss of the phage
from a daughter lineage. Integration reactions are also likely
under negative selection to be irreversible, since integration fol-
lowed by immediate excision could result in an abortive infection.
Both selective pressures would align well with our performance
requirements for integrase during a set operation. However, in
nature, when integrase plus excisionase excise a prophage, we
suspect that there are not similarly strong selective pressures
against recombination bidirectionality. For example, prophage
induction via integrase plus excisionase is typically associated
with the expression of phage factors leading to irreversible lytic
growth. Such an evolutionary context is different from the perfor-
mance requirements of a reset operation for a genetic data sto-
rage system in which both the recombination products and the
host cell must continue to exist. Searching for phage-host systems
in which prophage induction is followed by a period of delayed
lysis or even host cell reproduction may help to identify natural
excisionase-mediated recombination systems that are fully unidir-
ectional.

The DNA inversion RAD module developed here should
be translatable to applications requiring stable long-term data
storage (for example, replicative aging) or under challenging
conditions (for example, clinical or environmental contexts re-
quiring in situ diagnosis or ex post facto reporting via PCR or
DNA sequencing). Given the natural phage recombination func-
tions from which the latch is implemented, (35) we believe that
reliable operation with less than 30-min switching times should be
obtainable via continued optimization of integrase and excisio-
nase synthesis and degradation rates. Further improvements to
latch speed or reliability might also be realized by thresholding-
or closed-loop control architectures that produce system-level
bistability.

A typical architecture for an 8-bit synchronous counter capable
of recording a series of 256 input pulses (36) would require
16 recombinases recognizing distinct DNA sequences or the mul-

Fig. 4. Optimized genetic elements and reliable multicycle operation of a
DNA-inversion RAD module. (A) Details of an integrated DNA inversion
RAD module optimized for reliable set, reset, and storage functions. Specific
genetic regulatory elements controlling protein synthesis and degradation
were obtained from standard biological parts collections, via computational
design, or via random mutagenesis and screening, as noted (main text and
SI Appendix). (B) Experimental RAD module operation over multiple duty cy-
cles. Growing cells (doubling time ∼90 min) starting in state “1” were cycled
through a “reset, hold, set, hold” input pattern, with each step lasting ∼10
generations. Cell state was assayed via multicolor cytometry. Population dis-
tribution GFP (y axis) and forward scatter (x axis) levels are shown for samples
taken from the generation number following the input step given directly
above each scatter plot (for example, the first scatter plot shows the popula-
tion distribution at generation 10) (main text and SI Appendix). (C) Multicycle
RAD module operation driven by shorter SET and RESET input pulses. As in B
but with set and reset pulses lasting for ∼2.5 cell doublings (∼4 h).
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A fast, robust and tunable synthetic gene oscillator
Jesse Stricker1*, Scott Cookson1*, Matthew R. Bennett1,2*, William H. Mather1, Lev S. Tsimring2 & Jeff Hasty1,2

One defining goal of synthetic biology is the development of
engineering-based approaches that enable the construction of
gene-regulatory networks according to ‘design specifications’
generated from computational modelling1–6. This approach pro-
vides a systematic framework for exploring how a given regulatory
network generates a particular phenotypic behaviour. Several fun-
damental gene circuits have been developed using this approach,
including toggle switches7 and oscillators8–10, and these have been
applied in new contexts such as triggered biofilm development11

and cellular population control12. Here we describe an engineered
genetic oscillator in Escherichia coli that is fast, robust and per-
sistent, with tunable oscillatory periods as fast as 13 min. The
oscillator was designed using a previously modelled network
architecture comprising linked positive and negative feedback
loops1,13. Using a microfluidic platform tailored for single-cell
microscopy, we precisely control environmental conditions and
monitor oscillations in individual cells through multiple cycles.
Experiments reveal remarkable robustness and persistence of
oscillations in the designed circuit; almost every cell exhibited
large-amplitude fluorescence oscillations throughout observation
runs. The oscillatory period can be tuned by altering inducer
levels, temperature and the media source. Computational model-
ling demonstrates that the key design principle for constructing a
robust oscillator is a time delay in the negative feedback loop,
which can mechanistically arise from the cascade of cellular pro-
cesses involved in forming a functional transcription factor. The
positive feedback loop increases the robustness of the oscillations
and allows for greater tunability. Examination of our refined
model suggested the existence of a simplified oscillator design
without positive feedback, and we construct an oscillator strain
confirming this computational prediction.

The synthetic gene oscillator is based on a previously reported
theoretical design1 and was constructed using E. coli components
(Fig. 1a). The hybrid promoter (plac/ara-1; ref. 14) is composed of
the activation operator site from the araBAD promoter placed in
its normal location relative to the transcription start site, and repres-
sion operator sites from the lacZYA promoter placed both upstream
and immediately downstream of the transcription start site. It is
activated by the AraC protein in the presence of arabinose and
repressed by the LacI protein in the absence of isopropyl b-D-1-thio-
galactopyranoside (IPTG). We placed the araC, lacI and yemGFP
(monomeric yeast-enhanced green fluorescent protein) genes under
the control of three identical copies of plac/ara-1 to form three co-
regulated transcription modules (Supplementary Infor-
mation). Hence, activation of the promoters by the addition of ara-
binose and IPTG to the medium results in transcription of each
component of the circuit, and increased production of AraC in the
presence of arabinose results in a positive feedback loop that
increases promoter activity. However, the concurrent increase in
production of LacI results in a linked negative feedback loop that

decreases promoter activity, and the differential activity of the two
feedback loops can drive oscillatory behaviour1,13.

The oscillator cells (denoted JS011) exhibited ubiquitous fluor-
escence oscillations over the entire run time of each experiment (at
least 4 h). For example, at 0.7% arabinose and 2 mM IPTG, more

1Department of Bioengineering, University of California, San Diego, La Jolla, California 92093, USA. 2Institute for Nonlinear Science, University of California, San Diego, La Jolla,
California 92093, USA.
*These authors contributed equally to this work.
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Figure 1 | Oscillations in the dual-feedback circuit. a, Network diagram of
the dual-feedback oscillator. A hybrid promoter plac/ara-1 drives transcription
of araC and lacI, forming positive and negative feedback loops. b, Single-cell
fluorescence trajectories induced with 0.7% arabinose and 2 mM IPTG.
Points represent experimental fluorescence values, and solid curves are
smoothed by a Savitsky–Golay filter (for unsmoothed trajectories, see
Supplementary Fig. 3). The trajectory in red corresponds to the density map
above the graph. Density maps for trajectories in grey are shown in g. a.u.,
arbitrary units. c–h, Single-cell density map trajectories for various IPTG
conditions (c, 0 mM IPTG; d, 0.25 mM; e, 0.5 mM; f, 1 mM; g, 2 mM;
h, 5 mM).
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return to a dim state, consistent with the predictions of the computa-
tional model. Furthermore, the period was largely unaffected by
IPTG concentration (varying less than 5% over three experimental
runs from 0.6 mM to 20 mM IPTG), suggesting that the addition of
the positive feedback loop serves the dual role of regularizing oscilla-
tions and allowing tunability of the period (see Supplementary
Information).

In the context of synthetic biology, our findings indicate that cau-
tion must be exercised when making simplifying assumptions in the

design of engineered gene circuits. We found that a full model of the
system that takes into account intermediate steps such as multimeri-
zation, translation, protein folding and DNA looping is essential. The
reason for this lies not only in the timescales of the system but also in
the sequential timing of events. Because the intermediate steps in the
production of functional protein take time, their introduction into the
model creates an important form of delay18–20. We found that this
effective delay greatly increases the robustness of our model. For
instance, oscillatory activity in the model is only somewhat sensitive
to the values chosen for system parameters (Supplementary
Information), implying that nearly all cells should oscillate
(Supplementary Table 1) despite minor stochastic variations in their
intrinsic parameters. This determination of gene circuit design criteria
in the present context of a fast, robust and tunable oscillator sets the
stage for the design of applications such as expression schemes that are
capable of circumventing cellular adaptability, centralized clocks that
coordinate intracellular behaviour, and reverse-engineering plat-
forms21 that measure the global response of the genome to an oscil-
latory perturbation.

METHODS SUMMARY
The dual-feedback oscillator circuit was constructed by placing araC, lacI and
yemGFP under the control of the hybrid plac/ara-1 promoter14 in three separate
transcriptional cassettes. An ssrA degradation tag22 was added to each gene to
decrease protein lifetime and to increase temporal resolution. These transcrip-
tional cassettes were placed on two modular plasmids14 and co-transformed into
an DaraCDlacI E. coli strain. The negative feedback oscillator circuit was con-
structed by placing ssrA-tagged lacI and yemGFP under the control of the pLlacO-1

promoter14 in two separate transcriptional cassettes, which were incorporated
onto two modular plasmids and co-transformed into a DlacI strain. Cells were

a b

0 120 180
Time (min)

− IPTG
pLlacO-1

pLlacO-1
60

lacI

yemGFP

Figure 3 | An oscillator with no positive feedback loop. a, Network diagram
of the negative feedback oscillator. This oscillator is similar to the dual-
feedback oscillator except that the hybrid promoter pLlacO-1 (ref. 14) gives
expression of lacI and yemGFP in the absence of LacI or in the presence of
IPTG without requiring an activator. b, Single-cell density map trajectories
for cells containing this oscillator (see Supplementary Movie 11 and
Supplementary Fig. 5).

Box 1 | Dynamic modelling of the dual-feedback oscillator circuit

We used standard techniques to construct both stochastic and
deterministic computational models3,25–28 based on the same
underlying biochemical reactions illustrated in Fig. 4a (see
Supplementary Information for full details of modelling). Although the
interaction between transcription factors and the DNA is generally
quite complicated to model in detail29, we used experimental induction
curves to calibrate the induction levels in the reactions describing the
network (Supplementary Fig. 10). Over many oscillatory cycles, the
deterministic simulations were then shown to give accurately the
temporal evolution of the mode of the distributions generated by the
exact stochastic simulations24. Representative time series for the
protein concentrations obtained from the stochastic and deterministic
models are depicted in Fig. 4b, c. The models are very robust in that
oscillatory behaviour exists for a large range of parameter values and
network details (Supplementary Information). Importantly, we found
excellent quantitative agreement with the experimentally obtained
period as a function of inducer levels (Fig. 4d, e).

The amplitude and period of the oscillations as a function of inducer
levels can be conceptually explained using Fig. 4c. A burst begins with
the basal transcription of messenger RNA from both promoters,
encoding both the activator and the repressor. After a short delay
(caused by, for example, translation, protein folding and
multimerization), the amount of functional activator rises quicker than
the amount of functional repressor, as shown in Fig. 4b. This occurs for
two reasons. First, the activator gene is on a higher copy number
plasmid than the repressor gene, meaning that more activator
transcripts are produced than repressor transcripts. Second, assuming
that transcription and translation of the monomeric forms of both
proteins occur at similar rates, the activator will be more abundant
because the functional tetrameric form of LacI requires twice as many
monomers as does the functional dimeric form of AraC. As AraC levels
rise, an activation burst in production of mRNA occurs due to the
positive feedback loop. After LacI has been converted to a sufficient
number of tetramers, the production of mRNA is turned off and the
proteins decay enzymatically. Once all proteins have decayed, the
promoters are freed of all bound regulators and the cycle begins anew.
The length of the period is primarily determined by the time required
for the proteins to decay. Therefore, the period is dependent on the rate
of enzymatic decay and the magnitude of the activation burst.
Furthermore, because the burst size depends on the induction
characteristics of the promoter, it follows that the period is roughly
proportional to the induction level of the promoter.
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Figure 4 | Modelling the genetic oscillator. a, Intermediate processes are
explicitly modelled in the refined oscillator model. b, c, Simulation results
from Gillespie simulations (b) or deterministic modelling (c) at 0.7%
arabinose and 2 mM IPTG. AraC dimers (green), LacI tetramers (red) and
lacI mRNA (black) are shown. d, e, Comparison of modelling and
experiment for oscillation period at 0.7% arabinose (d) or 2 mM IPTG
(e). Values from deterministic modelling (blue curve), stochastic
simulations (grey symbols, Supplementary Fig. 18), and microscopy (red
diamonds) or flow cytometry (green circles) are shown. Lower and upper
error bars in d represent the 16th and 84th percentiles, respectively, of the
stochastic data, corresponding to 61 s.d. for a normal distribution.
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return to a dim state, consistent with the predictions of the computa-
tional model. Furthermore, the period was largely unaffected by
IPTG concentration (varying less than 5% over three experimental
runs from 0.6 mM to 20 mM IPTG), suggesting that the addition of
the positive feedback loop serves the dual role of regularizing oscilla-
tions and allowing tunability of the period (see Supplementary
Information).

In the context of synthetic biology, our findings indicate that cau-
tion must be exercised when making simplifying assumptions in the

design of engineered gene circuits. We found that a full model of the
system that takes into account intermediate steps such as multimeri-
zation, translation, protein folding and DNA looping is essential. The
reason for this lies not only in the timescales of the system but also in
the sequential timing of events. Because the intermediate steps in the
production of functional protein take time, their introduction into the
model creates an important form of delay18–20. We found that this
effective delay greatly increases the robustness of our model. For
instance, oscillatory activity in the model is only somewhat sensitive
to the values chosen for system parameters (Supplementary
Information), implying that nearly all cells should oscillate
(Supplementary Table 1) despite minor stochastic variations in their
intrinsic parameters. This determination of gene circuit design criteria
in the present context of a fast, robust and tunable oscillator sets the
stage for the design of applications such as expression schemes that are
capable of circumventing cellular adaptability, centralized clocks that
coordinate intracellular behaviour, and reverse-engineering plat-
forms21 that measure the global response of the genome to an oscil-
latory perturbation.

METHODS SUMMARY
The dual-feedback oscillator circuit was constructed by placing araC, lacI and
yemGFP under the control of the hybrid plac/ara-1 promoter14 in three separate
transcriptional cassettes. An ssrA degradation tag22 was added to each gene to
decrease protein lifetime and to increase temporal resolution. These transcrip-
tional cassettes were placed on two modular plasmids14 and co-transformed into
an DaraCDlacI E. coli strain. The negative feedback oscillator circuit was con-
structed by placing ssrA-tagged lacI and yemGFP under the control of the pLlacO-1

promoter14 in two separate transcriptional cassettes, which were incorporated
onto two modular plasmids and co-transformed into a DlacI strain. Cells were
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of the negative feedback oscillator. This oscillator is similar to the dual-
feedback oscillator except that the hybrid promoter pLlacO-1 (ref. 14) gives
expression of lacI and yemGFP in the absence of LacI or in the presence of
IPTG without requiring an activator. b, Single-cell density map trajectories
for cells containing this oscillator (see Supplementary Movie 11 and
Supplementary Fig. 5).

Box 1 | Dynamic modelling of the dual-feedback oscillator circuit

We used standard techniques to construct both stochastic and
deterministic computational models3,25–28 based on the same
underlying biochemical reactions illustrated in Fig. 4a (see
Supplementary Information for full details of modelling). Although the
interaction between transcription factors and the DNA is generally
quite complicated to model in detail29, we used experimental induction
curves to calibrate the induction levels in the reactions describing the
network (Supplementary Fig. 10). Over many oscillatory cycles, the
deterministic simulations were then shown to give accurately the
temporal evolution of the mode of the distributions generated by the
exact stochastic simulations24. Representative time series for the
protein concentrations obtained from the stochastic and deterministic
models are depicted in Fig. 4b, c. The models are very robust in that
oscillatory behaviour exists for a large range of parameter values and
network details (Supplementary Information). Importantly, we found
excellent quantitative agreement with the experimentally obtained
period as a function of inducer levels (Fig. 4d, e).

The amplitude and period of the oscillations as a function of inducer
levels can be conceptually explained using Fig. 4c. A burst begins with
the basal transcription of messenger RNA from both promoters,
encoding both the activator and the repressor. After a short delay
(caused by, for example, translation, protein folding and
multimerization), the amount of functional activator rises quicker than
the amount of functional repressor, as shown in Fig. 4b. This occurs for
two reasons. First, the activator gene is on a higher copy number
plasmid than the repressor gene, meaning that more activator
transcripts are produced than repressor transcripts. Second, assuming
that transcription and translation of the monomeric forms of both
proteins occur at similar rates, the activator will be more abundant
because the functional tetrameric form of LacI requires twice as many
monomers as does the functional dimeric form of AraC. As AraC levels
rise, an activation burst in production of mRNA occurs due to the
positive feedback loop. After LacI has been converted to a sufficient
number of tetramers, the production of mRNA is turned off and the
proteins decay enzymatically. Once all proteins have decayed, the
promoters are freed of all bound regulators and the cycle begins anew.
The length of the period is primarily determined by the time required
for the proteins to decay. Therefore, the period is dependent on the rate
of enzymatic decay and the magnitude of the activation burst.
Furthermore, because the burst size depends on the induction
characteristics of the promoter, it follows that the period is roughly
proportional to the induction level of the promoter.
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Figure 4 | Modelling the genetic oscillator. a, Intermediate processes are
explicitly modelled in the refined oscillator model. b, c, Simulation results
from Gillespie simulations (b) or deterministic modelling (c) at 0.7%
arabinose and 2 mM IPTG. AraC dimers (green), LacI tetramers (red) and
lacI mRNA (black) are shown. d, e, Comparison of modelling and
experiment for oscillation period at 0.7% arabinose (d) or 2 mM IPTG
(e). Values from deterministic modelling (blue curve), stochastic
simulations (grey symbols, Supplementary Fig. 18), and microscopy (red
diamonds) or flow cytometry (green circles) are shown. Lower and upper
error bars in d represent the 16th and 84th percentiles, respectively, of the
stochastic data, corresponding to 61 s.d. for a normal distribution.
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