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Abstract

Background—Self-sustained oscillations are a ubiquitous and vital phenomenon in living
systems. From primitive single-cellular bacteria to the most sophisticated organisms, periodicities
have been observed in a broad spectrum of biological processes such as neuron firing, heart beats,
cell cycles, circadian rhythms, etc. Defects in these oscillators can cause diseases from insomnia to
cancer. Elucidating their fundamental mechanisms is of great significance to diseases, and yet
challenging, due to the complexity and diversity of these oscillators.

Results—Approaches in quantitative systems biology and synthetic biology have been most
effective by simplifying the systems to contain only the most essential regulators. Here, we will
review major progress that has been made in understanding biological oscillators using these
approaches. The quantitative systems biology approach allows for identification of the essential
components of an oscillator in an endogenous system. The synthetic biology approach makes use
of the knowledge to design the simplest, de novo oscillators in both live cells and cell-free
systems. These synthetic oscillators are tractable to further detailed analysis and manipulations.

Conclusion—With the recent development of biological and computational tools, both

approaches have made significant achievements.
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INTRODUCTION

Studies over the past decades have made major progress in identifying genes, proteins, and
metabolites that are involved in the rhythmic phenomena. A typical pathway of an oscillator
that can be found in databases nowadays is rather complicated. For example, the cell cycle
pathway in KEGG (Figure 1A) contains hundreds of molecules.
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Biological oscillators are not only complicated, but also appear to be extremely diverse in
their dynamic properties and compositions. From sub-second neural spikes, to daily
circadian rhythms, to annual reproduction in plants and animals, the periods of oscillators
span orders of magnitudes. Molecules that drive these events are very different from
oscillators to oscillators: i) cytoplasmic oscillators, in particular glycolytic oscillators, are
formed by protein enzymes and small molecule metabolites that mainly interact within the
cytoplasm; ii) membrane oscillators, such as action potentials in neural and cardiac
pacemaker cells, are formed by regulatory ion channels restricted to the membrane; iii)
genetic oscillators are composed of a set of genes that regulate each other inside cells.

These oscillators perform several functions in general (Figure 1B). Most oscillators function
as an endogenous pacemaker. Circadian clocks, for example, exist in almost all organisms
on earth and help them adapt to the natural periodicity of the day-night alternations, by
orchestrating their intrinsic gene expressions with a period of approximately 24 hours
[7,12,13]. Heartbeat [14], respiration [15], and cell cycle [16-18], etc., are other examples in
this category. The pacemaker oscillators also play a role in the spatial organization of
development. Through an excitable medium, a local oscillatory signal may trigger waves
that propagate over a large distance much faster than through pure diffusion [19]. Examples
of trigger waves include polar regeneration in Acetabularia[20], CAMP waves in the
aggregation and differentiation of Dictyostelium discoideum [21], and mitotic waves
recently reconstituted in Xenopus cell-free extracts [22]. Alternatively, in multidimensional
or metameric systems, the phase differences among cell-autonomous periodic events in cells
as a function of their spatial locations, resulted in another type of wave, called phase wave.
These may be exemplified by pattern formation of hypostome in Hydlra [23] and periodic
tissue morphogenesis of vertebrates [5,24]. In addition to being a pacemaker, oscillators can
also generate frequency-modulated signals to regulate their downstream gene expression
levels and influence cellular fate decisions [25,26] in an accurate manner through
information transduction. Examples of these have been seen in frequency coding of neurons
[27] and a number of signal transduction pathways that have oscillatory dynamics, such as
NF-kappaB [28], p53 [11,29], p38 [9], Ca signaling [30,31]. These oscillators are flexible in
tuning their frequencies.

The question whether a common mechanism is shared by all these seemly different
oscillators has stimulated much interest and its answer may allow for a fundamental
understanding of such widespread phenomena. However, the high complexity and broad
diversity of biological oscillators make it extremely challenging to identify the fundamental
mechanisms. To address such difficulty, approaches in systems and synthetic biology have
been effective in dissecting or creating an oscillatory circuit and analyzing its functions
beyond the molecular level. In this review, we attempt to summarize the major progress in
quantitative systems biology and synthetic biology that aim to delineate the mechanisms and
understand oscillatory properties at the systems level.
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QUANTITATIVE ANALYSIS OF BIOLOGICAL OSCILLATORS IN
ENDOGENOUS SYSTEMS

The biological oscillators are amenable to quantitative analysis both in theory and
experiments. One of the first characterized biological clocks is the action potential in a giant
nerve fibre of Loligo. In their Nobel Prize winning studies, Alan Hodgkin and Andrew
Huxley carried out a series of measurements of the nerve cell membrane ionic current under
a “voltage clamp” [32-36]. Under certain conditions, the nervous system exhibits an
oscillatory behavior, with electrical pulses repeatedly generated in response to a stimulus. To
interpret the findings, they developed a set of ordinary differential equations (ODEs) [8] that
include multiple voltage-dependent currents of ion (e.g., potassium and sodium) channels,
known as the Hodgkin-Huxley model. The model marks the starting point for theoretical
biophysics of action potential.

About a decade later, another oscillator is observed in the metabolism pathway glycolysis,
which drives repetitive fluctuations of concentrations of metabolites intermediates. This
time, the oscillations were not investigated in the membrane of a giant cell, but in a whole
cell suspension [37] and a cytosolic cell-free system [38,39] of yeast cells Saccharomyces
carlsbergensis. Although these early metabolic assays only captured damped sinusoidal
oscillations, theoretical work describing six reaction equations using ODE models for
phosphofructokinase and the associated glycolytic intermediates predicted the existence of
self-sustained limit-cycle behaviors in glycolytic oscillations [40]. Such limitcycle
oscillations were soon observed in a later experiment [41]. Other metabolite oscillations
have also been observed in CAMP synthesis [42] and peroxidase-oxidase reactions [43].

The first genetic oscillator in theory was proposed by Brian Goodwin back in 1963 [44],
shortly after the model of gene regulation developed by Francois Jacob and Jacques Monod.
This classical Goodwin oscillator contains only a single gene whose product represses itself
after a sufficient delay, allowing for periodic gene expression to occur. Remarkably, this
theoretical work predicts that a genetic circuit is able to generate the limit cycle oscillations,
even before any real genetic oscillator is discovered experimentally. The experimental
investigations on genetic oscillators lagged behind until the development of genetic
engineering techniques in modern molecular biology and the rapidly growing popularity of
luminescence and fluorescence microscopy techniques. One of the most characterized
genetic oscillators is circadian clock, which has been found in all eukaryotes and some
prokaryotes such as cyanobacteria. Circadian clocks endogenously drive cell-autonomous
oscillations roughly once per day, so that organisms have the ability to anticipate the time of
day. Studies on circadian clocks have been performed on various organisms (Synechococcus
[45], Neurospora [46], Drosophila[47], mouse [48] and Arabidopsis [49]).

These studies have successfully combined experimental measurements and mathematical
modeling to enable understanding of how each of these biological oscillators functions in
great quantitative details. Following these studies, the quantitative approaches have been
applied to the discovery and characterization of many more oscillators. For readers
interested in a thorough and detailed description of biological oscillators, the classical book
and review article by Goldbeter [50,51] are recommended.
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Although major progress has been made in understanding relevant components and
functions of biological oscillators, challenges for further quantitative analysis of these
oscillators in living systems are obvious. One major obstacle is that the core architecture of
an oscillator is often embedded in a significantly more complicated network. It also tends to
interfere with other pathways or couple with other oscillators [52-54]. These make it hard to
isolate the central oscillator circuitry for investigation. Another obstacle is the limited
capability of dissecting feedback loops and manipulating oscillatory behaviors in living
systems. To address these problems, synthetic biologists create well-defined de novo
oscillatory circuitry in a system that is amenable to detailed analysis and accurate control. In
the next two sections of this review, we introduce how synthetic biology has become an
increasingly important alternative approach that will complement studies in the endogenous
system. We will specifically focus on recent development of synthetic oscillators in both live
cells and cell-free extracts.

BUILD TO UNDERSTAND — A SYNTHETIC BIOLOGY APPROACH IN THE
UNDERSTANDING OF BIOLOGICAL OSCILLATORS

As reflected by Richard Feynman’s 1988 quote “What | cannot create, | do not understand”,
synthetic biologists seek to improve understanding of oscillators by making them from
scratch. The extensive quantitative studies on various biological clocks have revealed that,
although the molecular forms can look vastly different from oscillators to oscillators, their
network structures share common features. Notably, most of them seem to reduce down to a
core architecture that contains positive plus negative feedback loops. This may support the
possibility of building a simple oscillator that contains only the most essential core
components. To build such an oscillator, an inevitable question is — what are the minimum
requirements for generating sustained oscillations? The answer to this question may also
help us identify fundamental mechanisms that are shared by all biological oscillators.

Basic requirements of making oscillators in theory

Ever since the early discoveries of biological oscillations, theorists have started to pursue the
answers to such question by building simplest possible models that capture fundamental
mechanisms of various oscillatory systems. Here we will mainly focus on the development
of ODE models which have the longest history and are one of the most widely used models
to describe oscillatory behaviors. Some other method like Boolean model is also useful
when dealing with highly complicated networks with few known parameters [55]. Stochastic
differential equation models have also been used to reliably explain more complicated
biological clock behaviors [56,57]. Right after the discovery of metabolic oscillations, llya
Prigogine approached three biochemical oscillators of distinct catalytic properties in
physicochemical terms by arguing that all these biochemical oscillations are not different
than non-equilibrium spatial and temporal self-organization as dissipative structures in
chemical systems [58]. This view provides a conceptual framework that supports the later
research of unifying all biological oscillators [51].

Throughout the years, efforts have been made in simplifying existing detailed models, the
complexity of which may obscure the fundamental design principles underlying the core
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architecture of an oscillator. In contrast to the complicated models, a model with only the
most essential components is more accessible to experimental validation as it requires less
parameters to measure to build an accurate model. The original Hodgkin-Huxley
investigations of the action potential [8] describes in a detailed manner the voltage-current
relationship based on experimental observations, which requires more than twenty
parameters. It was simplified in the FitzHugh-Nagumo (FHN) model [59] and later in the
Morris-Lecar model [60], where two differential equations describe the system as coupled
positive and negative feedback loops. Importantly, despite the simplifications, these models
capture the main dynamic responses, and by adding diffusion, the FHN model generates
trigger wave propagations as seen in axons [19].

Simple models have also helped postulate the fundamental requirements for designing an
oscillator. Since the design of the Goodwin oscillator [44,61], the inhibitory feedback loop
and a source of delay in this feedback have been postulated as two required elements for
limit cycle oscillations [62]. However, a time-delayed negative feedback could not explain
the noise-resistance behavior in circadian rhythms. The activator-repressor oscillator was
thus proposed by Barkai and Leibler [63]. It was a two-component gene circuit that contains
both an activator and a repressor. In addition to the negative feedback loop formed by the
activator activating its own repressor, the activator can also auto-activate itself resulting in a
self-positive feedback loop. Remarkably, it turns out later that such “design principle”, i.e.,
the coupled positive and negative feedback loops, is widely found in biological oscillators.
In the 2008 review article, Novak and Tyson have extensively discussed the general
requirements for biochemical oscillations [64]. Besides the negative feedback and time
delay, sufficient nonlinearity and properly balanced timescales of opposing chemical
reactions are also reported to be indispensable. In addition, the positive feedback is helpful
to amplify and delay the negative-feedback signal, which makes the oscillator more robust.
A computational study has suggested that adding a positive feedback may increase the
robustness and frequency range of the system [65]. All together, these computational studies
have provided key theoretical bases for creating synthetic oscillators, and experiments have
been demanded for verifications.

Pioneering work of making simple oscillators

With the development of the genetic engineering tools, creating a de novo designed
oscillator in real biological systems becomes possible. A list of well-known synthetic
oscillators has been summarized in Figure 2 and will be described in more details below.

In 2000, Elowitz and Leibler, in a landmark study in synthetic biology, constructed the first
genetic oscillator in Escherichia coli cells, named repressilator [66]. In this oscillator, three
negative transcriptional regulators, TetR, Icl and Lacl, repress each other to form a delayed
negative feedback loop. A green fluorescence protein GFP under the control of TetR
promoter has been used to report the oscillatory behavior of the system, confirming that a
single negative feedback is sufficient for generating oscillations. However, it was not robust,
with only 40% of the cells oscillatory. Based on this work, many new oscillators have been
proposed aiming for better performance.
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In 2003, Atkinson et al. constructed for the first time the activator-repressor genetic
oscillator [67], reminiscent of the theoretical clock of Barkai and Leibler [63]. Turbidostat
cell cultures of £. coli containing this oscillator achieved synchronized oscillations.
However, the oscillations become damped over time, possibly due to a loss of synchrony
among cells. Further development in bacteria is made by Stricker et a/. [68]. Besides a
negative feedback formed by araCand /ac/, araC also activates itself and /ac/ inhibits itself.
This time, the oscillator was tested in microfluidic devices using single-cell fluorescence
microscopy. Unlike the ensemble measurements, the ability of tracking single cells relieves
the requirement of synchronization of cells. Single-cell data has shown that the period of this
oscillator can be as short as 13 min and the oscillation is self-sustained and robust.

The first metabolic circuit using glycolytic flux to generate oscillations was designed in E.
coliby Fung et al., called metabolator [69]. Like all genetic oscillators at the time, this
synthetic metabolic oscillator was designed in bacteria cells. The first synthetic oscillator in
mammalian cells was reported by Tigges et a/. in 2009 [70]. Using auto-regulated sens-
antisense transcription control, they built a molecular network that resembles the typical
activator-repressor circuit, where tetracycline-dependent transactivator (tTA) functions as an
activator and pristinamycin-dependent transactivator (PIT) a repressor. Further development
of this system has led to an oscillator with frequency comparable to that of a circadian clock
[71].

These pioneer studies of synthetic oscillators play an important role in testing the minimal
design principles postulated by theoretical studies. In a review article, Purcell et a/. have
focused on several basic /n sifico designs that have been implemented in synthetic genetic
oscillators [80]. The simple synthetic oscillators have also paved the way for further more
complicated designs.

Making more complicated synthetic oscillators and their applications

At present, while new designs continue to expand the list of synthetic oscillators, the focus
of the research has shifted from making new circuits to improving the existing oscillators
with new functions or applications.

First, more features have been added to existing oscillators. By modifying the
aforementioned synthetic oscillator with coupled positive- and negative-feedback loops [68],
Mondragon-Palomino et a/. have built an oscillator that can be entrained by external periodic
signals [72]. Butzin et a/. [73] further demonstrated that such synthetic oscillators can also
be entrained by aperiodic signals, similar to the entrainment of cells in our body by the noisy
natural signals. Modifying the same dual-feedback oscillator [68] through a single amino
acid mutation to its core repressor, Hussain et a/. have built an oscillator with temperature
compensation [74]. The temperature compensation, i.e., keeping a constant period over a
range of temperatures, is an essential property of circadian clock. In addition, Potvin-Trottier
et al. focused on noise resistance and built an improved version of repressilator that can lead
to synchrony in bacteria without coupling [75].

Second, the ability to program population-level dynamics and emergent collective behavior
has become increasingly interesting in synthetic biology. Using quorum sensing to couple
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individual genetic oscillators, Danino et al. was able to construct synchronized oscillations at
the colony level. In microfluidics devices, they demonstrated a variety of spatiotemporal
waves propagating across cellular populations [76]. This work was further developed by
Prindle et al. by coupling 12,000 such quorum-sensing synchronized colonies, called
“biopixels”, in a macroscopic array, through gas-phase redox signaling. The ability to
synchronize a large scale of colonies across the entire array enabled the construction of a
low-cost biosensor that can detect heavy metals like arsenic via modulation of the frequency
[81]. Chen et al. further extended the monoclonal system to create a synthetic microbial
consortium containing two distinct cell types. The “activator” cells and “repressor” cells
express orthogonal cell-signaling molecules and can only oscillate when both strains were
present [77]. They also showed that certain network topologies of the two-strain circuit
exhibited more robust oscillations than others. A recent study has developed a more
complicated synthetic microbial community through multiplexed quorum sensing circuits
[82]. Although all above-mentioned studies have utilized quorum sensing as a key design to
produce population-level dynamics, Marguet ef al. were able to construct oscillations in
bacterial population density that required no quorum-sensing genes or promoters. Instead,
the oscillations arise through the unexpected interplay of the host cell and the density-
dependent plasmid amplification that established a population-level negative feedback. This
study has highlighted the importance of considering “hidden interactions” between the
synthetic circuits and the pre-existing metabolic and regulatory networks in complex host
cells [83].

Third, integrating synthetic components into natural biological oscillators can modulate the
endogenous oscillator behaviors. By adding MTF1 in the p53 signaling pathway, Toettcher
et al. constructed an oscillatory system that is tunable in frequency [78]. In another study,
Dies et al. linked the cell division cycle to a dual-feedback oscillator [68] in £. coli, by
driving the Aidaand dnaN genes that inhibit the initiation of chromosomal replication, under
the oscillator. In this engineered system, they observed the entrainment between the
synthetic oscillator and the cell cycle [84].

Finally, studies have started to introduce synthetic circuits into organisms to enable a new
function or application. A recent study has reconstructed the cyanobacterial KaiABC
oscillator in £. coli, making this endogenously non-circadian bacterium perform circadian
rhythms [85]. This demonstrated that a circadian oscillator is transplantable to a
heterologous organism. Moreover, a study engineered a bacterium capable of synchronous
lysis at a threshold population density [86]. Introducing the lysis strain in combination with
a chemotherapy, the study also demonstrated its clinical significance.

ANALYSIS OF BIOLOGICAL OSCILLATORS USING A CELL FREE SYSTEM

While many oscillators have been created in live bacteria and cell lines, oscillators have also
been reconstituted /n vitro in well-defined cell-free systems for decades. Comparing to live
cells, a cell-free system has several unique advantages. First, a cell-free system usually
contains only the most essential components in a test tube, which reduces potential
interferences from the complex intracellular and extracellular environment. Second, it is
convenient to introduce recombinant plasmids, mRNAS, proteins, as well as small molecules
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and drugs into the cell-free system, to precisely tune its oscillatory reactions, without
worrying about the cytotoxicity, delivery efficiency, cross-talks, etc. Because of such
flexibility and specificity of introducing molecules, it is more efficient and less time-
consuming to design and test a functional circuit in cell-free systems than in living systems.
Remarkably, it makes dissection of the circuits much easier, allowing for obtaining the
steady state response function of each dissected reaction, parameters of which are crucial to
build models.

In this section, we will specifically review the extensive application of a cell-free extract
system [87], as a successful example, that has made major advances in understanding the
cell cycle progression [1,22,88-92]. We will then extend this discussion to include a broader
spectrum of cell-free systems and oscillators.

The cell free assays have made major contributions to the initial discovery and
characterization of the central mitotic regulators. Extracts prepared from eggs of Xenopus
laevis have enabled the first purification and 7 vitro kinase activity characterization of the
maturation-promoting factor (MPF), later known as the protein complex cyclin B1-Cdk1
[87,93,94]. Clam oocyte extracts have allowed for the first discovery of anaphase-promoting
complex or cyclosome (APC/C) [95], functioning as a E3 ubiquitin ligase. The activation of
cyclin B1-Cdk1 drives mitotic entry and activates APC/C-Cdc20, which in turn marks the
cyclin B1 for degradation and deactivates Cdk1, resulting in mitotic exit, and completing a
core negative feedback loop. Studies making use of cycloheximide-treated interphase
Xenopus egg extracts have shown that when adding APC-resistant cyclin mutants into the
extracts, the extracts approach a steady state of Cdk1 activity rather than oscillating [87].
This confirms the essential role of the negative-feedback loop in mitotic oscillations.

In theory, a negative feedback alone can generate oscillations. However, additional positive
feedback loops through the regulations of Weel and Cdc25 are evolutionarily conserved
[96,97]. Compromising the positive feedback loops will suppress oscillations in Xenopus
egg extracts [91], suggesting that these are essential for sustained embryonic cell cycle
oscillations. Together, these studies have identified the core architecture of cell cycles as
interlinked positive and negative feedback loops, a commonly occurring motif also found in
many other biological oscillators.

In addition to discovering the core architecture, cell-free assays have been combined with
theory to dissect the interconnected feedback loops and investigate the function of each leg
in isolation, in greater details. Tyson & Novak [98] and Thron [99] first proposed that the
Cdk1/Cdc25/Weel system functions as a bistable trigger for mitosis. This hypothesis was
then examined in quantitative measurements of Xenopus cell-free systems, showing that
both Weel and Cdc25 respond to Cdk1 in an ultrasensitive (i.e., highly non-linear) manner
[90-92,100]. In a rate balance analysis [101], this mirror-image, two-loop structure
composed of Cdk1, Cdc25, and Weel with ultrasensitive responses makes the system
substantially easier to generate a bistable response than otherwise. Bistable switch is a key
consequence of positive feedback that delays the negative-feedback signal and prevents the
system damped into a stable steady state [64]. Indeed, this has an experimental evidence that
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short-circuiting positive feedback in cell-free cycling Xenopus extracts makes the cell cycle
oscillations damped [91].

Further studies, by integrating real-time fluorescence assays into the cell-free system, have
revealed the core negative feedback system to operate as a time-delayed, digital switch, with
a time lag of ~15 min between Cdk1 and APC/C-Cdc20 activation and a tremendously high
degree of ultrasensitivity [1,2]. A simple, analytically tractable model has been developed to
show how the attributes of time delay and ultrasensitivity contribute to the generation of
robust, clock-like oscillations. A mechanism centered on the multisite phosphorylation of
APC has also been postulated to explain how the ultrasensitivity and time delay are
generated.

All together, these studies have proved that cell-free extracts are amenable to quantitative
biochemical and synthetic approaches. By reconstituting and analyzing mitotic cycles in
cell-free extracts, they have identified the key mechanisms for the mitotic oscillations:
negative feedback, sufficient time delay, sufficient “nonlinearity” of the reaction kinetics,
positive feedback, all consistent with the general requirements for biochemical oscillations
[64].

Cell cycles are not the only study of oscillatory circuit that benefits from detailed
quantitative analysis enabled by a simple cell-free system. In a pioneering study, Kondo and
colleagues have reconstituted a simplest possible circadian oscillator /n vitro using only
three proteins: KaiA, KaiB, and KaiC [102]. In the presence of ATP as an energy supply,
these three proteins can generate self-sustained oscillations with a period of about 24 hours
and that are temperature compensated. Both the 24-hour period and temperature
compensation are the defining characteristics of circadian oscillations observed in vivo.
Without transcription or translation, this cell-free system has paved the way to examining the
kinetic interactions of three Kai proteins in a detailed and quantitative manner [103].

In addition to recreating natural circuits such as cell cycles and circadian clocks, de novo
engineered artificial networks have also been increasingly constructed thanks to the recent
advances in synthesizing well-defined biopolymers and replicating systems /n vitro [104].
These synthetic networks can not only perform various functions such as polymerase chain
reaction (PCR) [105], transcription/translation machinery [106-108], bistable switches
[109], etc., but can also behave as oscillators, such as DNA-based predator-prey molecular
ecosystems [110,111], /n vitro transcriptional oscillators [112—116], inorganic chemical
reactions such as the Belousov-Zhabotinsky (BZ) reaction [117,118]. The recent
development in microfluidics techniques has significantly improved the cell-free system by
simplifying the fabrication process or creating high-throughput arrays [119-122].

A broad variety of cell-free systems (e.g., extracts from archea, protozoa, plants, insects,
etc.) allowing for /n vitro transcription and translation [123] can serve as a powerful
platform for synthesizing and examining oscillatory circuits. Besides the well-established
Xenopus egg extracts [93], extracts widely prepared from other eukaryotic systems
including yeast cells [124], clam oocytes [95], Drosophila embryos [120,121], mammalian
cell lines [125,126], have been applied to the investigation of mechanisms underlying cell
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cycles and metabolic cycles. Prokaryotic cell-free systems such as £. coli cytoplasmic
extracts have been developed to provide a highly versatile cell-free platform to construct
complex biological systems. These include the protein synthesis using recombinant elements
(PURE) system [127], the hybrid bacteriophage — Escherichia colitranscription and
translation (TX-TL) system [128], and more recently, the all £. coli TX-TL system [129].
Oscillators built in these prokaryotic cell-free systems, e.g., the /n vitroring oscillators,
show similar properties as the transcriptional oscillatory systems built /n vivo[79,112].
Recent development in synthetic biology also makes it possible to produce modular
oscillators using nucleic acid [130,131] or organic molecules [132]. It is also possible to
generate biological trigger waves [22] in cell-free systems when allowing diffusion, similar
to the well-known BZ waves.

PERSPECTIVE

Systems and synthetic biology has been a promising approach to delineate an oscillator’s
mechanism by building and analyzing the functions at the systems level. An ultimate goal of
synthetic biology is to engineer from the bottom-up a complete customized system with
desired functions and applications. To build such an oscillatory system, a set of building
blocks, which correspond to the functional modules in biological systems, must be available
on hand. Using theoretical and experimental approaches, a set of modules of oscillation have
been found and verified, including time delayed negative feedbacks and amplified negative
feedbacks [133]. However, besides central oscillatory modules, peripheral modifications are
also found to be highly conserved among different biological systems [65]. Different
approaches have been used to identify functions of these auxiliary topological structures.
These include: testing a hypothesis in a few oscillatory structures [65,134-136]; performing
evolutionary network search [137,138]; and doing an exhaustive network enumeration
[139,140]. Although these studies have made progress in identifying some peripheral
modifications that help promote the robustness of an oscillator, the role of many other
peripheral modifications remains unclear. Further investigations, both theoretically and
experimentally, are needed to understand it.

The development of statistical tools and bioinformatics methods has also been used to push
forward progress in system and synthetic biology. A deeper understanding of genomics is a
breakthrough in 21st century biology. With the help of functional genome predictions,
synthetic biologist can now make much more complicated biological networks to facilitate
the understanding of biological system [141]. Development in data science and
computational methods is another significant event that helps understanding and designing
of biological oscillators. The statistical method like machine learning is used to identify
functional proteins in biological systems [142]. Artificial intelligence is also helping the
development of smarter cell-free systems that can automatically produce better proteins in
parallel [143]. With greater computational power, we can now simulate much more
complicated networks in shorter time, which is immensely helpful in theoretical research,
but it also means that methods in data science will be widely used to investigate the data
produced by high throughput simulations [144].
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There are still many opening questions in biological oscillators, the understanding of which
will be of both academic and clinical interest. Findings from studying essential biological
and synthetic oscillators have been applied in the development of effective drugs for clock-
related diseases [145,146] and other medical application [86]. The already established
quantitative approaches in systems and synthetic biology will be facilitated by new methods
from other fields such as engineering and bioinformatics, which will enable greater
achievements in the scientific and medical studies on biological oscillators.

Acknowledgments

This work was supported by the National Science Foundation (Early CAREER Grant #1553031) and the National
Institutes of Health (MIRA #GM119688).

References

1. Yang Q, Ferrell JE Jr. The Cdk1-APC/C cell cycle oscillator circuit functions as a time-delayed,
ultrasensitive switch. Nat. Cell Biol. 2013; 15:519-525. [PubMed: 23624406]

2. Ferrell JE Jr, Tsai TY, Yang Q. Modeling the cell cycle: why do certain circuits oscillate? Cell.
2011; 144:874-885. [PubMed: 21414480]

3. Periasamy M, Bhupathy P, Babu GJ. Regulation of sarcoplasmic reticulum Ca* ATPase pump
expression and its relevance to cardiac muscle physiology and pathology. Cardiovasc. Res. 2008;
77:265-273. [PubMed: 18006443]

4. Liu N, Priori SG. Disruption of calcium homeostasis and arrhythmogenesis induced by mutations in
the cardiac ryanodine receptor and calsequestrin. Cardiovasc. Res. 2008; 77:293-301. [PubMed:
18006488]

5. Bénazéraf B, Pourquié O. Formation and segmentation of the vertebrate body axis. Annu. Rev. Cell
Dev. Biol. 2013; 29:1-26. [PubMed: 23808844]

6. Mara A, Holley SA. Oscillators and the emergence of tissue organization during zebrafish
somitogenesis. Trends Cell Biol. 2007; 17:593-599. [PubMed: 17988868]

7. Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, Thomas TL, Zoran MJ.
Circadian rhythms from multiple oscillators: lessons from diverse organisms. Nat. Rev. Genet.
2005; 6:544-556. [PubMed: 15951747]

8. Hodgkin AL, Huxley AF. A quantitative description of membrane current and its application to
conduction and excitation in nerve. J. Physiol. 1952; 117:500-544. [PubMed: 12991237]

9. Tomida T, Takekawa M, Saito H. Oscillation of p38 activity controls efficient pro-inflammatory
gene expression. Nat. Commun. 2015; 6:8350. [PubMed: 26399197]

10. Zambrano S, De Toma |, Piffer A, Bianchi ME, Agresti A. NF-xB oscillations translate into

functionally related patterns of gene expression. eLife. 2016; 5:609100. [PubMed: 26765569]

11. Batchelor E, Loewer A, Mock C, Lahav G. Stimulus-dependent dynamics of p53 in single cells.

Mol. Syst. Biol. 2011; 7:488. [PubMed: 21556066]

12. Dunlap JC. Molecular bases for circadian clocks. Cell. 1999; 96:271-290. [PubMed: 9988221]

13. Gallego M, Virshup DM. Post-translational modifications regulate the ticking of the circadian
clock. Nat. Rev. Mol. Cell Biol. 2007; 8:139-148. [PubMed: 17245414]

14. Brown H, Difrancesco D, Noble S. Cardiac pacemaker oscillation and its modulation by autonomic
transmitters. J. Exp. Biol. 1979; 81:175-204. [PubMed: 315983]

15. Paydarfar D, Eldridge FL. Phase resetting and dysrhythmic responses of the respiratory oscillator.
Am. J. Physiol. 1987; 252:R55-R62. [PubMed: 3812730]

16. Hartwell LH, Kastan MB. Cell cycle control and cancer. Science. 1994; 266:1821-1828. [PubMed:
7997877]

17. McDonald ER 3rd, EI-Deiry WS. Cell cycle control as a basis for cancer drug development
(Review). Int. J. Oncol. 2000; 16:871-957. [PubMed: 10762622]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Yang

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 12

Kastan MB, Bartek J. Cell-cycle checkpoints and cancer. Nature. 2004; 432:316-323. [PubMed:
15549093]

Gelens L, Anderson GA, Ferrell JE Jr. Spatial trigger waves: positive feedback gets you a long
way. Mol. Biol. Cell. 2014; 25:3486-3493. [PubMed: 25368427]

Novék B, Bentrup FW. An electrophysiological study of regeneration in Acetabularia
mediterranea. Planta. 1972; 108:227-244. [PubMed: 24473856]

Gerisch G. Cell aggregation and differentiation in Dictyostelium. Curr. Top. Dev. Biol. 1968;
3:157-197. [PubMed: 5002049]

Chang JB, Ferrell JE Jr. Mitotic trigger waves and the spatial coordination of the Xengpus cell
cycle. Nature. 2013; 500:603-607. [PubMed: 23863935]

Goodwin BC, Cohen MH. A phase-shift model for the spatial and temporal organization of
developing systems. J. Theor. Biol. 1969; 25:49-107. [PubMed: 4390735]

Oates AC, Morelli LG, Ares S. Patterning embryos with oscillations: structure, function and
dynamics of the vertebrate segmentation clock. Development. 2012; 139:625-639. [PubMed:
22274695]

Purvis JE, Karhohs KW, Mock C, Batchelor E, Loewer A, Lahav G. p53 dynamics control cell fate.
Science. 2012; 336:1440-1444. [PubMed: 22700930]

Isomura A, Kageyama R. Ultradian oscillations and pulses: coordinating cellular responses and cell
fate decisions. Development. 2014; 141:3627-3636. [PubMed: 25249457]

Ainsworth M, Lee S, Cunningham MO, Traub RD, Kopell NJ, Whittington MA. Rates and
rhythms: a synergistic view of frequency and temporal coding in neuronal networks. Neuron.
2012; 75:572-583. [PubMed: 22920250]

Nelson DE, Ihekwaba AE, Elliott M, Johnson JR, Gibney CA, Foreman BE, Nelson G, See V,
Horton CA, Spiller DG, et al. Oscillations in NF-xB signaling control the dynamics of gene
expression. Science. 2004; 306:704-708. [PubMed: 15499023]

Proctor CJ, Gray DA. Explaining oscillations and variability in the p53-Mdm2 system. BMC Syst.
Biol. 2008; 2:75. [PubMed: 18706112]

Salazar C, Politi AZ, Hofer T. Decoding of calcium oscillations by phosphorylation cycles:
analytic results. Biophys. J. 2008; 94:1203-1215. [PubMed: 17921221]

Cai L, Dalal CK, Elowitz MB. Frequency-modulated nuclear localization bursts coordinate gene
regulation. Nature. 2008; 455:485-490. [PubMed: 18818649]

Hodgkin AL, Huxley AF, Katz B. Measurement of current-voltage relations in the membrane of
the giant axon of Loligo. J. Physiol. 1952; 116:424-448. [PubMed: 14946712]

Hodgkin AL, Katz B. The effect of temperature on the electrical activity of the giant axon of the
squid. J. Physiol. 1949; 109:240-249. [PubMed: 15394322]

Hodgkin AL, Huxley AF. The dual effect of membrane potential on sodium conductance in the
giant axon of Loligo. J. Physiol. 1952; 116:497-506. [PubMed: 14946715]

Hodgkin AL, Huxley AF. The components of membrane conductance in the giant axon of Loligo.
J. Physiol. 1952; 116:473-496. [PubMed: 14946714]

Hodgkin AL, Huxley AF. Currents carried by sodium and potassium ions through the membrane of
the giant axon of Loligo. J. Physiol. 1952; 116:449-472. [PubMed: 14946713]

Ghosh A, Chance B. Oscillations of glycolytic intermediates in yeast cells. Biochem. Biophys.
Res. Commun. 1964; 16:174-181. [PubMed: 4224521]

Chance B, Hess B, Betz A. DPNH oscillations in a cell-free extract of S. car/sbergensis. Biochem.
Biophys. Res. Commun. 1964; 16:182-187. [PubMed: 4288785]

Chance B, Schoener B, Elsaesser S. Metabolic control phenomena involved in damped sinusoidal
oscillations of reduced diphosphopyridine nucleotide in a cell-free extract of Saccharomyces
carlsbergensis. J. Biol. Chem. 1965; 240:3170-3181. [PubMed: 14342349]

Higgins J. A chemical mechanism for oscillation of glycolytic intermediates in yeast cells. Proc.
Natl. Acad. Sci. USA. 1964; 51:989-994. [PubMed: 14215656]

Pye K, Chance B. Sustained sinusoidal oscillations of reduced pyridine nucleotide in a cell-free
extract of Saccharomyces carlsbergensis. Proc. Natl. Acad. Sci. USA. 1966; 55:888-894.
[PubMed: 4286762]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Yang

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.
63.

64.

Page 13

Gerisch G, Fromm H, Huesgen A, Wick U. Control of cell-contact sites by cyclic AMP pulses in
differentiating Dictyostelium cells. Nature. 1975; 255:547-549. [PubMed: 167285]

Olsen LF, Degn H. Oscillatory kinetics of the peroxidase-oxidase reaction in an open system.
Experimental and theoretical studies. Biochim. Biophys. Acta. 1978; 523:321-334. [PubMed:
207332]

Goodwin, BC. A Dynamic Theory of Cellular Control Processes. New York: Academic Press;
1963. Temporal Organization in Cells.

Liu Y, Tsinoremas NF, Johnson CH, Lebedeva NV, Golden SS, Ishiura M, Kondo T. Circadian
orchestration of gene expression in cyanobacteria. Genes Dev. 1995; 9:1469-1478. [PubMed:
7601351]

Crosthwaite SK, Dunlap JC, Loros JJ. Neurospora wc-1 and wc-2: transcription, photoresponses,
and the origins of circadian rhythmicity. Science. 1997; 276:763-769. [PubMed: 9115195]
Hamblen MJ, White NE, Emery PTJ, Kaiser K, Hall JC. Molecular and behavioral analysis of four
period mutants in Drosophila melanogaster encompassing extreme short, novel long, and
unorthodox arrhythmic types. Genetics. 1998; 149:165-178. [PubMed: 9584094]

Antoch MP, Song EJ, Chang AM, Vitaterna MH, Zhao Y, Wilsbacher LD, Sangoram AM, King
DP, Pinto LH, Takahashi JS. Functional identification of the mouse circadian Clock gene by
transgenic BAC rescue. Cell. 1997; 89:655-667. [PubMed: 9160756]

Millar AJ, Kay SA. The genetics of phototransduction and circadian rhythms in Arabidopsis.
BioEssays. 1997; 19:209-214. [PubMed: 9080770]

Goldbeter, A. Physics Today. New York: Cambridge University Press; 1996. Biochemical
Oscillations and Cellular Rhythms: The Molecular Bases of Periodic and Chaotic Behaviour.
Goldbeter, A. Special Volume in Memory of Ilya Prigogine: Advances in Chemical Physics. New
York: John Wiley & Sons, Inc; 2007. Biological Rhythms as Temporal Dissipative Structures; p.
253-295.

Yang Q, Pando BF, Dong G, Golden SS, van Oudenaarden A. Circadian gating of the cell cycle
revealed in single cyanobacterial cells. Science. 2010; 327:1522-1526. [PubMed: 20299597]
Bieler J, Cannavo R, Gustafson K, Gobet C, Gatfield D, Naef F. Robust synchronization of coupled
circadian and cell cycle oscillators in single mammalian cells. Mol. Syst. Biol. 2014; 10:739.
[PubMed: 25028488]

Feillet C, van der Horst GT, Levi F, Rand DA, Delaunay F. Coupling between the circadian clock
and cell cycle oscillators: implication for healthy cells and malignant growth. Front. Neurol. 2015;
6:96. [PubMed: 26029155]

Sevim V, Gong X, Socolar JES. Reliability of transcriptional cycles and the yeast cell-cycle
oscillator. PLoS Comput. Biol. 2010; 6:1000842. [PubMed: 20628620]

Longtin A. Stochastic resonance in neuron models. J. Stat. Phys. 1993; 70:309-327.

Glass L. Synchronization and rhythmic processes in physiology. Nature. 2001; 410:277-284.
[PubMed: 11258383]

Prigogine I, Lefever R, Goldbeter A, Herschkowitz-Kaufman M. Symmetry breaking instabilities
in biological systems. Nature. 1969; 223:913-916. [PubMed: 5803393]

FitzHugh R. Impulses and physiological states in theoretical models of nerve membrane. Biophys.
J. 1961; 1:445-466. [PubMed: 19431309]

Morris C, Lecar H. Voltage oscillations in the barnacle giant muscle fiber. Biophys. J. 1981;
35:193-213. [PubMed: 7260316]

Goodwin BC. Oscillatory behavior in enzymatic control processes. Adv. Enzyme Regul. 1965;
3:425-428. [PubMed: 5861813]

Friesen WO, Block GD. What is a biological oscillator? Am. J.6 Physiol. 1984; 246:R847-R853.

Barkai N, Leibler S. Circadian clocks limited by noise. Nature. 2000; 403:267-268. [PubMed:
10659837]

Novék B, Tyson JJ. Design principles of biochemical oscillators. Nat. Rev. Mol. Cell Biol. 2008;
9:981-991. [PubMed: 18971947]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Yang

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 14

Tsai TY, Choi YS, Ma W, Pomerening JR, Tang C, Ferrell JE Jr. Robust, tunable biological
oscillations from interlinked positive and negative feedback loops. Science. 2008; 321:126-129.
[PubMed: 18599789]

Elowitz MB, Leibler S. A synthetic oscillatory network of transcriptional regulators. Nature. 2000;
403:335-338. [PubMed: 10659856]

Atkinson MR, Savageau MA, Myers JT, Ninfa AJ. Development of genetic circuitry exhibiting
toggle switch or oscillatory behavior in Escherichia coli. Cell. 2003; 113:597-607. [PubMed:
12787501]

Stricker J, Cookson S, Bennett MR, Mather WH, Tsimring LS, Hasty J. A fast, robust and tunable
synthetic gene oscillator. Nature. 2008; 456:516-519. [PubMed: 18971928]

Fung E, Wong WW, Suen JK, Bulter T, Lee SG, Liao JC. A synthetic gene-metabolic oscillator.
Nature. 2005; 435:118-122. [PubMed: 15875027]

Tigges M, Marquez-Lago TT, Stelling J, Fussenegger M. A tunable synthetic mammalian
oscillator. Nature. 2009; 457:309-312. [PubMed: 19148099]

Tigges M, Dénervaud N, Greber D, Stelling J, Fussenegger M. A synthetic low-frequency
mammalian oscillator. Nucleic Acids Res. 2010; 38:2702-2711. [PubMed: 20197318]
Mondragén-Palomino O, Danino T, Selimkhanov J, Tsimring L, Hasty J. Entrainment of a
population of synthetic genetic oscillators. Science. 2011; 333:1315-1319. [PubMed: 21885786]
Butzin NC, Hochendoner P, Ogle CT, Hill P, Mather WH. Marching along to an offbeat drum:
entrainment of synthetic gene oscillators by a noisy stimulus. ACS Synth. Biol. 2016; 5:146-153.
[PubMed: 26524465]

Hussain F, Gupta C, Hirning AJ, Ott W, Matthews KS, Josic K, Bennett MR. Engineered
temperature compensation in a synthetic genetic clock. Proc. Natl. Acad. Sci. USA. 2014;
111:972-977. [PubMed: 24395809]

Potvin-Trottier L, Lord ND, Vinnicombe G, Paulsson J. Synchronous long-term oscillations in a
synthetic gene circuit. Nature. 2016; 538:514-517. [PubMed: 27732583]

Danino T, Mondragén-Palomino O, Tsimring L, Hasty J. A synchronized quorum of genetic
clocks. Nature. 2010; 463:326-330. [PubMed: 20090747]

Chen'Y, Kim JK, Hirning AJ, Josi¢ K, Bennett MR. Emergent genetic oscillations in a synthetic
microbial consortium. Science. 2015; 349:986-989. [PubMed: 26315440]

Toettcher JE, Mock C, Batchelor E, Loewer A, Lahav G. A synthetic-natural hybrid oscillator in
human cells. Proc. Natl. Acad. Sci. USA. 2010; 107:17047-17052. [PubMed: 20837528]
Niederholtmeyer H, Sun ZZ, Hori Y, Yeung E, Verpoorte A, Murray RM, Maerkl SJ. Rapid cell-
free forward engineering of novel genetic ring oscillators. eLife. 2015; 4:e09771. [PubMed:
26430766]

Purcell O, Savery NJ, Grierson CS, di Bernardo M. A comparative analysis of synthetic genetic
oscillators. J. RSoc. Interface. 2010; 7:1503-1524.

Prindle A, Samayoa P, Razinkov |, Danino T, Tsimring LS, Hasty J. A sensing array of radically
coupled genetic “biopixels”. Nature. 2011; 481:39-44. [PubMed: 22178928]

Scott SR, Hasty J. Quorum sensing communication modules for microbial consortia. ACS Synth.
Biol. 2016; 5:969-977. [PubMed: 27172092]

Marguet P, Tanouchi Y, Spitz E, Smith C, You L. Oscillations by minimal bacterial suicide circuits
reveal hidden facets of host-circuit physiology. PLoS One. 2010; 5:e11909. [PubMed: 20689598]
Dies M, Galera-Laporta L, Garcia-Ojalvo J. Mutual regulation causes co-entrainment between a
synthetic oscillator and the bacterial cell cycle. Integr. Biol. 2016; 8:533-541.

Chen AH, Lubkowicz D, Yeong V, Chang RL, Silver PA. Transplantability of a circadian clock to a
noncircadian organism. Sci. Adv. 2015; 1:e1500358. [PubMed: 26229984]

Din MO, Danino T, Prindle A, Skalak M, Selimkhanov J, Allen K, Julio E, Atolia E, Tsimring LS,
Bhatia SN, et al. Synchronized cycles of bacterial lysis for /n vivo delivery. Nature. 2016; 536:81—
85. [PubMed: 27437587]

Murray AW, Solomon MJ, Kirschner MW. The role of cyclin synthesis and degradation in the
control of maturation promoting factor activity. Nature. 1989; 339:280-286. [PubMed: 2566918]
Murray AW. Cell cycle extracts. Methods Cell Biol. 1991; 36:581-605. [PubMed: 1839804]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Yang

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 15

Heald R, Tournebize R, Habermann A, Karsenti E, Hyman A. Spindle assembly in Xenopus egg
extracts: respective roles of centrosomes and microtubule self-organization. J. Cell Biol. 1997;
138:615-628. [PubMed: 9245790]

Kim SY, Ferrell JE Jr. Substrate competition as a source of ultrasensitivity in the inactivation of
Weel. Cell. 2007; 128:1133-1145. [PubMed: 17382882]

Pomerening JR, Kim SY, Ferrell JE Jr. Systems-level dissection of the cell-cycle oscillator:
bypassing positive feedback produces damped oscillations. Cell. 2005; 122:565-578. [PubMed:
16122424]

Trunnell NB, Poon AC, Kim SY, Ferrell JE Jr. Ultrasensitivity in the regulation of Cdc25C by
Cdk1. Mol. Cell. 2011; 41:263-274. [PubMed: 21292159]

Lohka MJ, Maller JL. Induction of nuclear envelope breakdown, chromosome condensation, and
spindle formation in cell-free extracts. J. Cell Biol. 1985; 101:518-523. [PubMed: 3926780]
Lohka MJ, Hayes MK, Maller JL. Purification of maturation-promoting factor, an intracellular
regulator of early mitotic events. Proc. Natl. Acad. Sci. USA. 1988; 85:3009-3013. [PubMed:
3283736]

Sudakin V, Ganoth D, Dahan A, Heller H, Hershko J, Luca FC, Ruderman JV, Hershko A. The
cyclosome, a large complex containing cyclin-selective ubiquitin ligase activity, targets cyclins for
destruction at the end of mitosis. Mol. Biol. Cell. 1995; 6:185-197. [PubMed: 7787245]
Kumagai A, Dunphy WG. Regulation of the cdc25 protein during the cell cycle in Xenopus
extracts. Cell. 1992; 70:139-151. [PubMed: 1623517]

Mueller PR, Coleman TR, Dunphy WG. Cell cycle regulation of a Xenopus Weel-like kinase.
Mol. Biol. Cell. 1995; 6:119-134. [PubMed: 7749193]

Novak B, Tyson JJ. Numerical analysis of a comprehensive model of M-phase control in Xenopus
oocyte extracts and intact embryos. J. Cell. Sci. 1993; 106:1153-1168. [PubMed: 8126097]
Thron CD. A model for a bistable biochemical trigger of mitosis. Biophys. Chem. 1996; 57:239—
251. [PubMed: 8573678]

100. Pomerening JR, Sontag ED, Ferrell JE Jr. Building a cell cycle oscillator: hysteresis and

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

bistability in the activation of Cdc2. Nat. Cell Biol. 2003; 5:346-351. [PubMed: 12629549]
Ferrell JE Jr. Feedback regulation of opposing enzymes generates robust, all-or-none bistable
responses. Curr. Biol. 2008; 18:R244-R245. [PubMed: 18364225]

Nakajima M, Imai K, Ito H, Nishiwaki T, Murayama Y, Iwasaki H, Oyama T, Kondo T.
Reconstitution of circadian oscillation of cyanobacterial KaiC phosphorylation /n vitro. Science.
2005; 308:414-415. [PubMed: 15831759]

Rust MJ, Markson JS, Lane WS, Fisher DS, O’Shea EK. Ordered phosphorylation governs
oscillation of a three-protein circadian clock. Science. 2007; 318:809-812. [PubMed: 17916691]
Forster AC, Church GM. Synthetic biology projects /n vitro. Genome Res. 2007; 17:1-6.
[PubMed: 17151344]

Nakano M, Komatsu J, Matsuura S, Takashima K, Katsura S, Mizuno A. Single-molecule PCR
using water-in-oil emulsion. J. Biotechnol. 2003; 102:117-124. [PubMed: 12697388]

Tan C, Saurabh S, Bruchez MP, Schwartz R, Leduc P. Molecular crowding shapes gene
expression in synthetic cellular nanosystems. Nat. Nanotechnol. 2013; 8:602—608. [PubMed:
23851358]

Shin J, Noireaux V. An E. coli cell-free expression toolbox: application to synthetic gene circuits
and artificial cells. ACS Synth. Biol. 2012; 1:29-41. [PubMed: 23651008]

Noireaux V, Libchaber A. A vesicle bioreactor as a step toward an artificial cell assembly. Proc.
Natl. Acad. Sci. USA. 2004; 101:17669-17674. [PubMed: 15591347]

Kim J, White KS, Winfree E. Construction of an /in vitro bistable circuit from synthetic
transcriptional switches. Mol. Syst. Biol. 2006; 2:68. [PubMed: 17170763]

Ackermann J, Wlotzka B, McCaskill JS. /n vitro DNA-based predator-prey system with
oscillatory kinetics. Bull. Math. Biol. 1998; 60:329-354.

111. Fujii T, Rondelez Y. Predator-prey molecular ecosystems. ACS Nano. 2013; 7:27-34. [PubMed:

23176248]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Yang

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133

Page 16

Kim J, Winfree E. Synthetic /n vitrotranscriptional oscillators. Mol. Syst. Biol. 2011; 7:465.
[PubMed: 21283141]

Montagne K, Plasson R, Sakai Y, Fujii T, Rondelez Y. Programming an /n vitro DNA oscillator
using a molecular networking strategy. Mol. Syst. Biol. 2011; 7:466. [PubMed: 21283142]
Franco E, Friedrichs E, Kim J, Jungmann R, Murray R, Winfree E, Simmel FC. Timing molecular
motion and production with a synthetic transcriptional clock. Proc. Natl. Acad. Sci. USA. 2011;
108:E784-E793. [PubMed: 21921236]

Weitz M, Kim J, Kapsner K, Winfree E, Franco E, Simmel FC. Diversity in the dynamical
behaviour of a compartmentalized programmable biochemical oscillator. Nat. Chem. 2014;
6:295-302. [PubMed: 24651195]

Hasatani K, Leocmach M, Genot AJ, Estévez-Torres A, Fujii T, Rondelez Y. High-throughput and
long-term observation of compartmentalized biochemical oscillators. Chem. Commun. (Camb.).
2013; 49:8090-8092. [PubMed: 23912586]

Epstein IR, Vanag VK, Balazs AC, Kuksenok O, Dayal P, Bhattacharya A. Chemical oscillators in
structured media. Acc. Chem. Res. 2012; 45:2160-2168. [PubMed: 22204671]

Vanag VK, Epstein IR. Pattern formation in a tunable medium: the Belousov-Zhabotinsky
reaction in an aerosol OT microemulsion. Phys. Rev. Lett. 2001; 87:228301. [PubMed:
11736430]

Good MC, Vahey MD, Skandarajah A, Fletcher DA, Heald R. Cytoplasmic volume modulates
spindle size during embryogenesis. Science. 2013; 342:856-860. [PubMed: 24233724]

Telley IA, Géspér I, Ephrussi A, Surrey T. A single Drosophila embryo extract for the study of
mitosis ex vitro. Nat. Protoc. 2013; 8:310-324. [PubMed: 23329004]

Telley IA, Géspar I, Ephrussi A, Surrey T. Aster migration determines the length scale of nuclear
separation in the Drosophila syncytial embryo. J. Cell Biol. 2012; 197:887-895. [PubMed:
22711698]

Ho KK, Lee JW, Durand G, Majumder S, Liu AP. Protein aggregation with poly(vinyl) alcohol
surfactant reduces double emulsion-encapsulated mammalian cell-free expression. PLoS One.
2017; 12:e0174689. [PubMed: 28358875]

Zemella A, Thoring L, Hoffmeister C, Kubick S. Cell-free protein synthesis: pros and cons of
prokaryotic and eukaryotic systems. ChemBioChem. 2015; 16:2420-2431. [PubMed: 26478227]
Richard P. The rhythm of yeast. FEMS Microbiol. Rev. 2003; 27:547-557. [PubMed: 14550945]
Lu'Y, Lee BH, King RW, Finley D, Kirschner MW. Substrate degradation by the proteasome: a
single-molecule kinetic analysis. Science. 2015; 348:1250834. [PubMed: 25859050]

Lu 'Y, Wang W, Kirschner MW. Specificity of the anaphase-promoting complex: a single-
molecule study. Science. 2015; 348:1248737. [PubMed: 25859049]

Shimizu Y, Kanamori T, Ueda T. Protein synthesis by pure translation systems. Methods. 2005;
36:299-304. [PubMed: 16076456]

Nevin DE, Pratt JM. A coupled /n vitro transcription-translation system for the exclusive
synthesis of polypeptides expressed from the T7 promoter. FEBS Lett. 1991; 291:259-263.
[PubMed: 1936272]

Garamella J, Marshall R, Rustad M, Noireaux V. The all £. coli TX-TL Toolbox 2.0: a platform
for cell-free synthetic biology. ACS Synth. Biol. 2016; 5:344-355. [PubMed: 26818434]

Genot AJ, Baccouche A, Sieskind R, Aubert-Kato N, Bredeche N, Bartolo JF, Taly V, Fujii T,
Rondelez Y. High-resolution mapping of bifurcations in nonlinear biochemical circuits. Nat.
Chem. 2016; 8:760-767. [PubMed: 27442281]

Wang F, Fan C. DNA reaction networks: providing a panoramic view. Nat. Chem. 2016; 8:738-
740. [PubMed: 27442276]

Semenov SN, Kraft LJ, Ainla A, Zhao M, Baghbanzadeh M, Campbell VE, Kang K, Fox JM,
Whitesides GM. Autocatalytic, bistable, oscillatory networks of biologically relevant organic
reactions. Nature. 2016; 537:656-660. [PubMed: 27680939]

. Tyson JJ, Novéak B. Functional motifs in biochemical reaction networks. Annu. Rev. Phys. Chem.

2010; 61:219-240. [PubMed: 20055671]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Yang

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Page 17

Nguyen LK. Regulation of oscillation dynamics in biochemical systems with dual negative
feedback loops. J. R. Soc. Interface. 2012; 9:1998-2010. [PubMed: 22417908]

Lomnitz JG, Savageau MA. Strategy revealing phenotypic differences among synthetic oscillator
designs. ACS Synth. Biol. 2014; 3:686—701. [PubMed: 25019938]

Guantes R, Poyatos JF. Dynamical principles of two-component genetic oscillators. PLoS
Comput. Biol. 2006; 2:e30. [PubMed: 16604190]

Wagner A. Circuit topology and the evolution of robustness in two-gene circadian oscillators.
Proc. Natl. Acad. Sci. USA. 2005; 102:11775-11780. [PubMed: 16087882]

Noman N, Monjo T, Moscato P, Iba H. Evolving robust gene regulatory networks. PLoS One.
2015; 10:0116258. [PubMed: 25616055]

Castillo-Hair SM, Villota ER, Coronado AM. Design principles for robust oscillatory behavior.
Syst. Synth. Biol. 2015; 9:125-133. [PubMed: 26279706]

Woods ML, Leon M, Perez-Carrasco R, Barnes CP. A statistical approach reveals designs for the
most robust stochastic gene oscillators. ACS Synth. Biol. 2016; 5:459-470. [PubMed: 26835539]
Mukherji S, van Oudenaarden A. Synthetic biology: understanding biological design from
synthetic circuits. Nat. Rev. Genet. 2009; 10:859-871. [PubMed: 19898500]

Anafi RC, Lee Y, Sato TK, Venkataraman A, Ramanathan C, Kavakli IH, Hughes ME, Baggs JE,
Growe J, Liu AC, et al. Machine learning helps identify CHRONO as a circadian clock
component. PLoS Biol. 2014; 12:¢1001840. [PubMed: 24737000]

Caschera F, Bedau MA, Buchanan A, Cawse J, de Lucrezia D, Gazzola G, Hanczyc MM, Packard
NH. Coping with complexity: machine learning optimization of cell-free protein synthesis.
Biotechnol. Bioeng. 2011; 108:2218-2228. [PubMed: 21520017]

Trejo Banos D, Millar AJ, Sanguinetti G. A Bayesian approach for structure learning in
oscillating regulatory networks. Bioinformatics. 2015; 31:3617-3624. [PubMed: 26177966]
Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: a changing paradigm. Nat. Rev.
Cancer. 2009; 9:153-166. [PubMed: 19238148]

Dart A. Tumorigenesis: cancer goes tick tock. Nat. Rev. Cancer. 2016; 16:409. [PubMed:
27256006]

Quant Biol. Author manuscript; available in PMC 2018 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Li and Yang

Page 18

Author summary

Biological oscillators drive neuron firing, cell cycles, sleep-wake patterns, and many
other essential processes in living systems. Quantitative investigation of how biological
oscillators are designed can help us better understand and cure diseases. Over the past
decades, development of techniques in the field of systems and synthetic biology has
paved the way to decipher the mechanisms behind these oscillators. Here we review a
series of experimental and theoretical studies in quantitative system and synthetic biology
to discuss the progress that has been made in studying biological oscillators.
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Figure 1. Quantitative studies have revealed core architectures of biological oscillatorsthat are
both complicated and diverse

(A) Left: The cell cycle pathway diagram of Xenopus laevis adopted from Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. Right: A simplified version of
Xenopus early embryonic cell cycle circuitry that contains only the most essential
components [1,2]. (B) Examples of biological oscillators and their network structures. From
top to bottom: calcium spikes in cardiomyocytes [3,4], embryonic cell cycles in Xenopus
[1,2], segmentation clock in Zebrafish [5,6], and circadian clock in Mammals [7], action
potential in neuron [8], p38 oscillations in HelLa cells [9], NF-kB spikes in fibroblasts [10],
p53 oscillation in human cell lines [11]. Their periods span orders of magnitude.
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Figure 2. Examples of synthetic oscillators

For each synthetic oscillator, the information such as its molecular network structure, the
organism that the oscillator is built in, and the period, has been listed [66—79].
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