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ABSTRACT

The aim of synthetic biology is to design artificial
biological systems for novel applications. From an
engineering perspective, construction of biological sys-
tems of defined functionality in a hierarchical way is
fundamental to this emerging field. Here, we highlight
some current advances on design of several basic
building blocks in synthetic biology including the
artificial gene control elements, synthetic circuits and
their assemblies into devices and modules. Such engi-
neered basic building blocks largely expand the syn-
thetic toolbox and contribute to our understanding of the
underlying design principles of living cells.

KEYWORDS synthetic biology, genetic circuit, syn-
thetic device, module

INTRODUCTION

“What I cannot create, I do not understand,” as said by the
physicist Richard Feynman, synthetic biology has become an
important tool not only to uncover the design principles of
natural biologic systems, but also to explore novel biologic
functions and systems not found in nature. Currently,
synthetic biology is heading for two main directions. In the
first direction, researchers endeavor to strip genomes down to
their essential parts for construction of the minimal genomes.
Several synthetic genomes have been successfully estab-
lished including bacteriophage (Smith et al., 2003; Chan
et al., 2005), virus (Cello et al., 2002), the smallest known
genome of a free-living organism Mycoplasma genitalium
(Gibson et al., 2008) and even Escherichia. coli (Pósfai et al.,
2006). Recently, Craig Venter and his colleagues assembled
and modified a synthesized genome into a DNA-free bacterial
shell to make a self-replicating Mycoplasma mycoides
(Gibson et al., 2010). Through synthesis of simple genomes,
we could have an unprecedented opportunity to learn about

what gene elements are basic and fundamental for life and
how they are assembled into life forms.

In the other direction, novel gene elements have been
identified, redesigned or designed, which are further com-
bined to build artificial biologic systems with specified
functions. From an engineering perspective, the design of a
biologic system first requires the appropriate decomposition
of the design task into gene elements and their basic
combinations capable of operation in forms of circuits,
devices and modules, and then employs a bottom-up
approach to further assemble them into more complex
systems in a hierarchical way. Ten years since the first two
synthetic elements were introduced into this field (Elowitz and
Leibler, 2000; Gardner et al., 2000), synthetic biologists have
made much progress to engineer a wide range of artificial
gene parts to expand their functionalities and applications. In
this review, we focus on a brief introduction of synthetic
circuits, devices and modules by highlighting some current
achievements. We state that the materials cited in this review
only represent part of the current achievements in the related
area.

ARTIFICIAL GENE CONTROL ELEMENTS

Due to current extensive studies on characterization of DNA
and RNA sequence segments as specific gene functional and
regulatory elements including promoters, cis-transcriptional
elements, riboswitches, small interfering RNAs and micro-
RNAs, design of gene regulatory circuits offers the most
successful examples for test of a hypothesis in synthetic
biology.

Transcriptional motif-based synthetic elements

An efficient and general way to regulate cellular functions is to
regulate gene expression. Previous studies have identified
the molecular mechanisms underlying gene transcription
regulation, which involve the specific interactions between
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protein factors and DNA elements. The protein factors can be
functionally classified as transcription factors, activators and
repressors. Given that specific DNA-protein recognition can
effectively turn on/off gene expression, design of specific
protein-DNA interactions has been an important means to
regulate cellular activities. The zinc finger proteins are among
the most studied DNA-binding proteins, which typically
contain many zinc binding motifs in tandem. The zinc finger
protein can recognize a wide variety of DNA sequences for
different functionality, making it an attractive framework to
design novel gene expression regulators. Researchers have
utilized different design strategies to create novel zinc finger
peptides by re-engineering the C(2)H(2)-type zinc finger
motif, the (His)4-type zinc finger protein and the AT-recogniz-
ing zinc finger protein (Dhanasekaran et al., 2006; Nomura
and Sugiura, 2007; Negi et al., 2008; Sera, 2010). Some new
artificial zinc finger proteins have novel DNA-binding proper-
ties or even nuclease and catalytic functions. These zinc
finger protein variants provide powerful molecular tools to
modulate endogenous gene expression and regulate gene
function.

Synthetic RNA elements for post-transcriptional
regulation

Although gene transcriptional regulation has gained much
attention in synthetic biology, the recent advances in
ribozymes, riboswitches, interfering RNAs and other regula-
tory RNAs have offered new gene elements to control gene
expressions at post-transcriptional level. The ability of
ribozymes to recognize a well defined tertiary structure and
cut specific RNA molecules makes them exciting candidates
for synthetic biologists. Yen et al. effectively designed an
RNA-based gene regulation system for mammalian cells via
the incorporation of sequences encoding self-cleaving RNA
motifs into the transcriptional unit of a gene to inhibit its
expression (Yen et al., 2004). Researchers in Dr. Altman's lab
developed novel methodologies for inhibition of target RNAs
based on the cleavage activity of ribonuclease P (RNase P).
RNase P-mediated cleavage of target RNAs can be directed
by external guide sequences (EGSs) (Lundblad et al., 2008;
Shen et al., 2009).

A riboswitch is part of an mRNA molecule (usually located
within the 5′-UTRs of mRNA) that can bind small molecules
like metabolites. Upon binding, the riboswitch can affect the
conformation of its adjacent mRNA, resulting in either the
premature termination of transcription, inhibition of translation
initiation, or mRNA self-cleavage (Winkler, 2005). Once
discovered in nature, riboswitches have been quickly applied
to control gene expression (Desai and Gallivan, 2004; Suess
et al., 2004). Recently Dixon et al. designed riboswitches that
are selective for synthetic “nonnatural” small molecules rather
than the natural intracellular ligands (Dixon et al., 2010).
These riboswitches with orthogonal selectivity provides

effective gene expression regulators both in prokaryotes
and eukaryotes. Design of riboswitches that bind protein
ligands is another interesting direction. Saito et al. con-
structed an L7Ae-kink-turn RNA-protein (RNP) switch, in
which the small molecule-RNA interaction was replaced by
protein-RNA interaction (Saito et al., 2010). The design of
riboswitch to be controlled by protein ligand could greatly
extend its applications in cellular context.

Furthermore, the elucidation of functional roles of small
interfering RNAs and microRNAs has identified them as
potent gene post-transcriptional regulators. Due to their
effectiveness in gene silencing in an array of organisms,
small synthetic interfering RNAs (Kim et al., 2005; Siolas et
al., 2005; Beisel et al., 2008) and microRNAs (Dickins et al.,
2005; Suryawanshi et al., 2010) have been used to control
gene expression.

Compared to protein-based synthetic circuits, ribozymes,
riboswitches and small interfering RNAs are relatively easy to
engineer and manipulate, offering an attractive strategy in
modulating or reprogramming cellular pathways (Mulhbacher
et al., 2010).

Synthetic proteins

Under cellular circumstance, specific protein-protein interac-
tions constitute the basic events of cell signaling. How to
design specific molecular interactions is critical to understand
and modulate cell physiology and cellular activities. Many
proteins in nature usually consist of domains organized in a
cassette-like fashion. These domains either mediate mole-
cular interactions or have other specific functions.

Sequence analyses have suggested that domain recombi-
nation is a major driving force for generation of novel protein
functions. There have been an increasing number of
successes in acquiring new protein functions by domain
rearrangements and combinations. Therefore, design of
proteins based on domain combinations can provide an
effective means to generate new functions and further endow
the cell with new phenotypes. By using small autonomously
folded A domains as building blocks, Silverman et al. created
a class of multi-domain binding proteins with improved affinity
and specificity, called Avimers (Silverman et al., 2005). In
some cases, creation of multi-domain proteins is not just to
bring together individual domains because dramatic changes
may occur at their newly formed interfaces. Huang et al. found
that the optimization of the interface between PDZ and FN3
domains by combinatorial library selection of FN3 loops using
phage display could create new binding interface that
contributes to a dramatic increase of binding affinity and
specificity (Huang et al., 2008).

Design of scaffold proteins using domain combinations is
another way to create new synthetic cellular circuits. Scaffold
proteins are molecules that bind multiple signaling compo-
nents and promote their communication or interaction with
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each other. Synthetic protein scaffolds can redirect the flow of
cellular signals. In S. cerevisiae, Ste5p is a well-characterized
scaffold protein that tethers multiple protein kinases in the
mitogen-activated protein (MAP) kinase cascade required for
mating and Pbs2 is involved in osmo-regulatory pathway. By
creating a chimera scaffold with Ste5 and Pbs2, Park et al.
have redesigned yeast mitogen-activated protein kinase
(MAPK) pathways that were able to generate mating
responses when stimulated with high salt (Park et al., 2003).

In signaling networks, domains generally carry out two
functions: regulation and catalysis. Theoretically recombina-
tion of such different functional domains could generate novel
signal circuits and new phenotypes. To test this idea, by
constructing a library of 66 chimeric domain recombinants
from 11 proteins of different functions in the yeast mating
pathway which were specifically split in a manner that
separated regulatory and catalytic domains, Peisajovich et al.
found that domain recombinations resulted in greater diversity
in pathway response dynamics and led to changes in mating
phenotype (Peisajovich et al., 2010).

GENETIC CIRCUITS AND DEVICES

Synthetic biology aims to merge engineering approaches with
biology. The integration of the above synthetic elements to
genetic circuits and devices can be analogous to the
assembly of resistors and transistors into the electronic
circuitry.

Genetic switches

The function of genetic switches enables cells to make
conditional transitions between two states, generally through
gene transcriptional regulation. The genetic switches based
on transcription factors utilize diverse mechanisms to achieve
their functionalities, which include: (1) the conformational
change of transcription factors according to the environmental
signals (Zhang et al., 2009), (2) translocation of transcriptional
regulators (Buchler and Cross, 2009; Ghim and Almaas,
2009), (3) accession or depletion of small molecules
(Sprengel and Hasan, 2007), and (4) response to several
special signals, such as light, pH and redox potential
(Pomposiello and Demple, 2001; Georgiou, 2002; Levskaya
et al., 2009; Paulsen and Carroll, 2009; Tietze et al., 2009).
More sophisticated genetic switches have also been engi-
neered including bistable switches (Kim et al., 2006) and
memory push-on push-off switches (Lou et al., 2010).

Oscillators

Cells exhibit a range of oscillatory behaviours such as the cell
cycling and the circadian oscillation. De novo designed
oscillators can be used not only to test the design principles
of natural oscillation, but also to explore novel applications. To

achieve transcriptional and metabolic integration character-
istics of natural oscillators, Fung et al. constructed a synthetic
oscillator in E. coli using glycolytic flux to generate oscillation
through interconverting the signalling metabolites by two
enzymes (Fung et al., 2005). Tigges et al. designed an
oscillator to enable autonomous, self-sustained and tunable
oscillatory gene expression in mammalian cells based on an
auto-regulated transcription control circuit encoding a positive
and a time-delayed negative feedback loop (Tigges et al.,
2009). Using a modeled network architecture comprising
linked positive and negative feedback loops, Stricker et al.
engineered a fast, robust and tunable genetic oscillator,
whose robustness is achieved by introduction of a time delay
in the negative feedback loop (Stricker et al., 2008). The
synthetic oscillators provide insights into the dynamics of
natural periodic processes and foster advances in the design
of networks in future gene and cell therapies.

Higher-order genetic circuits and devices

Simple genetic switches or logic gates can be combined to
yield higher-order genetic circuits of given functionalities to
achieve complex cellular regulation. The construction of such
higher-order genetic circuits and devices has allowed the
synthetic biologists to challenge more difficult works, such as
output of specific signal mode (Kemmer et al., 2010), noise
control (Hooshangi et al., 2005; Murphy et al., 2010),
biological counters (Friedland et al., 2009) and circadian
clocks (Danino et al., 2010). Given the broad applications of
these genetic circuits and devices, it is crucial to develop
more useful devices that operate effectively inside living
cells.

SYNTHETIC BIOLOGICAL MODULES

A biological module is a compartmentalized set of genetic
devices with interconnected functions that performs complex
tasks. In the cell, modules are specific pathways, such as a
metabolic pathway or a signal transduction pathway (Andria-
nantoandro et al., 2006). The most prominent examples of
synthetic modules are the engineered metabolic pathways.
When new biochemical reactions were introduced into natural
fatty acid synthesis pathway, fatty acid metabolism can be
directed towards synthesis of fuel and chemical products of
interest (Steen et al., 2010). Atsumi et al. engineered a
cyanobacterium, Synechococcus elongatus, to produce
isobutyraldehyde and isobutanol directly from CO2 (Atsumi
et al., 2009). Artificial modules can also be utilized to produce
drugs and commercial compounds (Martin et al., 2003; Ro et
al., 2006; Zhang et al., 2008) or to construct biosensors in
medical and environmental settings (Kobayashi et al., 2004;
Radhika et al., 2007). The advances from these works may
eventually allow us to construct cell-based systems with any
desired applications.
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PERSPECTIVES

Recent advances have demonstrated achievements in
design of some genetic circuits, devices and modules,
particularly those for gene expression regulation. However,
these designs are mainly for proof of concepts and far from
generalization and rationalization. From an engineering
perspective, a more focused and targeted endeavor on the
design parts list could greatly facilitate the standardization of
design parts and their logics. Further work could be
concentrated on systematically mapping functional motifs
and more importantly, quantifying the effects of their
combinations as linear signal cascade and in the context of
complex connections. After systematic characterization,
these motifs/domains should be further standardized in
terms of sequence specification and functional performance
by combining computational and experimental strategies. For
some applications, a synthetic system is required to operate
independently in the context of an organism, while for other
applications it requires the synthetic system to be integrated
with the cellular activity. A systematic modeling of the
interactions within the designed system or between the
designed system and natural environment is critical for these
specified and desired functionalities. The integrative effect of
the basic building blocks may not be a simple linear
combination. Computational modeling can greatly facilitate
the optimization process of designing network-based artificial
devices. Recently, researchers were able to accurately model
the relationship between combinations of cis-regulatory
elements and the gene expression levels in different
environments (Gertz and Cohen, 2009; Gertz et al., 2009;
Mogno et al., 2010).These work suggest the possibility of
rational design of genetic circuits with desired outcomes.
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