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Abstract

A main objective of synthetic biology is to make the process of designing genetically-encoded
biological systems more systematic, predictable, robust, scalable, and efficient. The examples of
genetic systems in the field vary widely in terms of operating hosts, compositional approaches,
and network complexity, ranging from a simple genetic switch to search-and-destroy systems.
While significant advances in synthesis capabilities support the potential for the implementation of
pathway- and genome-scale programs, several design challenges currently restrict the scale of
systems that can be reasonably designed and implemented. Synthetic biology offers much promise
in developing systems to address challenges faced in manufacturing, the environment and
sustainability, and health and medicine, but the realization of this potential is currently limited by
the diversity of available parts and effective design frameworks. As researchers make progress in
bridging this design gap, advances in the field hint at ever more diverse applications for biological
systems.
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INTRODUCTION

Synthetic biology aims to make cells programmable by designing genetic circuits to rewire
endogenous gene regulatory systems, rescue cellular malfunctions, and control cellular
morphology. The complexity of the functions of genetic circuits can range from a simple
genetic toggle switch to a complex search-and-destroy system. In general, researchers begin
with top-down approaches by constructing abstract work flow charts and decomposing the
design goal into several executable instructions with concrete specifications. Then, each
specification and consideration can be fulfilled with bottom-up approaches, by assembling
smaller building blocks of biological “parts’ into larger ‘devices’ and finally into functional
‘systems’.

Although we can currently synthesize, assemble, and transfer artificial yeast chromosomes
(1) and bacterial genomes (2) (equivalent to genetically-encoded programs on the order of a
1000 gene cassettes (3)), current examples of synthetic genetic systems generally consist of
fewer than 10 genes. Two challenges that contribute to the disparity between our ability to
design systems and our ability to synthesize systems include the lack of well characterized
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parts for desired functions and the lack of methods for reliably and robustly composing parts
into devices. In this review, we will first summarize the availability of different classes of
parts and methods for prospecting new parts. Then, we will discuss overall design strategies
for genetic devices and systems, and propose methods for level matching between genetic
components, and finally aspects of design beyond level matching. As the number of
characterized parts and methods for reliable composition increase, so will the scalability and
predictability of engineered genetic circuits, thus advancing the ability of synthetic biology
programs to address needs in metabolic engineering, environmental remediation, and human
health.

BIOLOGICAL PARTS

The building blocks in synthetic biology, commonly known as biological parts, are entities
that can be genetically-encoded with distinct biological functions /n vivo, such as a promoter
sequence, an RNA aptamer, or a fluorescent protein. The composition, properties, and
functions of biological parts are diverse and thus amenable to several types of
categorization.

Categorizing Biological Parts

The number of biological parts exceeds the handling capacity of individual researchers,
necessitating well-designed look-up tables. Different sorting architectures aimed to facilitate
the bottom-up assembly have been proposed to organize biological parts. One standard
approach is to categorize biological parts based on their underlying composition (DNA,
RNA, or protein), which allows researchers to quickly identify the compositional
characteristics and to determine a proper design scheme according to the genetic context (4).
Another approach is to organize biological parts based on their operable host organisms.
From this perspective, biological parts can be grouped into three main categories: host-
specific, facultative, and universal biological parts (5). A host-specific part, which interacts
specifically with the host-cell machinery, will only function in the one or a few closely
related species. Facultative parts can usually be ported, but with varied regulatory roles
across several organisms. This facultative activity results from diverse biological organisms
using similar regulatory mechanisms for different purposes; for example, ribozyme cleavage
of a transcript can either enhance or suppress gene expression depending on the RNA
cleavage-associated degradation mechanism (6, 7). Universal parts, which exhibit similar
function across different species, are usually less coupled to the gene expression process
(e.g., RNA aptamers) or are the end product of gene expression (e.g., fluorescent reporters).
Host-specificity can reduce the power of cross-platform engineering, by which biological
parts can be functionally verified in a simpler model species and then applied to a more
complicated system.

Another approach to categorize biological parts is by their functional roles, allowing
researchers to quickly identify the biological parts needed to implement a genetic device (8).
A typical genetic device can be decomposed into four major components, which either sense
environmental signals (sensor), support calculations (regulator), generate outputs (actuator),
or act to connect the individual components (adapter). Regulators play a central role in a
genetic device by regulating gene expression at a constant level. Sensors and actuators
integrate with device inputs and outputs, respectively, and provide the interfaces to
regulators. Adaptors are supporting parts in a genetic device, which generally enable device
fine-tuning for optimization and level matching without significantly changing the overall
design architecture.

In this review, we provide a look-up table to demonstrate the organization of common
biological parts previously used in engineered systems (Table 1). We first group biological
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parts by their functional roles, and then by their operating mechanisms, genetic material, and
host-specificity, which allows researchers to quick identify the existing biological parts that
can be used for their particular design needs. The table also serves as an overview of the
current progress of prospecting biological parts and to highlight parts that are less well-
understood and underpopulated, and where further engineering efforts may be beneficial.

i) Regulators—Regulators are biological parts that function within a gene regulatory
network by providing constitutive control over gene expression, which determines the
maximal gene expression capacity of a biological device. Regulators are perhaps the best-
understood biological parts and can be further categorized based on how they control gene
expression (Table 1A). Transcriptional regulators comprise a large portion of biological
parts in common use. Their regulatory functions are primarily encoded in a c/s-acting DNA
sequence, sometimes with the aid of a corresponding #rans-acting protein factor (9). Another
group of regulators controls gene expression through cotranscriptional, posttranscriptional,
or co-translational mechanisms, with RNA as the major compositional material. Their target
mechanisms include exon rearrangement, mRNA stability, translation efficiency, and
ribosome specificity (10). Posttranslational-based regulators, which target protein
degradation (11), phosphorylation (12), and ubiquitylation (13), are composed of protein.
Recent progress in prospecting new classes of regulators is enabling targeting of pre-
transcriptional regulatory mechanisms such as epigenetic methylation (14), direct genome
editing (15), and DNA orientation control (16). These new biological parts are enabling
researchers to manipulate gene expression at a more comprehensive level (17) and design
more sophisticated genetic devices, such as those encoding memory (18).

ii) Sensors—Sensors are biological parts that detect environmental or cellular signals and
convert these signals to either gene-regulatory activities or conformational changes of other
biological parts. Sensors are capable of adopting multiple conformations associated with
different output signals depending on the level of their input signal(s) (19). Biological
sensors can be further classified based on the nature of their input signals: physical and
chemical (Table 1B). Physical signals typically achieve genetic regulation by changing the
conformational state of a sensor in an energy-dependent way, such as the temperature-
induced conformational changes (20). Chemical signals that can be either environmental
(such as heavy metal ions or toxins) or cellular (such as nutrients and hormones) and act
through direct binding to the sensors, leading to changes in the conformational distribution.

iii) Actuators—Actuators are biological parts that produce measurable outputs or
phenotypic effects from genetic devices operated in the host cell. Actuators can be used to
serve different design purposes. For example, reporters are commonly used to reveal the
computational results of a synthetic device or system (21). Reporters can be based on the
direct readout of fluorescence or through the indirect readout of a colorimetric/luminescent
product from an enzymatic reaction. Most actuators directly act on the host cell by altering
physiological or morphological phenotypes, such as changes in metabolism, cell shapes, or
cell fates. These phenotypic actuators generally exhibit host specificity, which can lead to
design restrictions in building broader sets of synthetic systems with a given part. However,
strategies that incorporate bioinformatics and leverage available sequencing information can
help to identify phenotypic actuator homologs across different species (22).

iv) Adapters—Adapter parts are usually composed of non-coding nucleotide sequences or
unstructured peptide motifs that provide physical or functional insulation for connecting
parts and play a critical role in optimizing the device or system performance. For example,
peptide linkers are commonly used as adapter parts in designing chimeric proteins to
physically prevent two protein domains from interfering with each other’s folding (23).
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Another functional role of adapters is to help establish synergistic effects of desired
biological functions. For instance, adapter parts have been developed to support co-
localization or anchoring of other biological parts (24). Adapters can also been used to fine-
tune expression levels within operons by establishing a desired quantitative relationship
between the linked genes (25).

Prospecting Biological Parts

The proposed look-up table for biological parts is particularly useful for bottom-up design
approaches in synthetic biology, which focus on assembling individual parts into higher-
level functional components such as genetic devices or systems (26). Many genetic devices
and systems have been assembled as proof-of-concept models; however, current application
of these model architectures to further address real world problems has been limited by the
lack of biological parts that can execute the desired functions under a given 7n vivo cellular
condition. This limitation significantly undermines the strength of modular design
architectures and abstraction frameworks in synthetic biology. For instance, regulator parts
are still the most available and well-characterized building blocks that have been widely
used in synthetic biology, particularly those at the transcriptional level (Table 1). Yet, the
design architecture can become unmanageable as more sophisticated design criteria are
required if transcription-level architectures are the only approach considered (5). In cases
where a spectrum of design variants with different characteristics is needed, it is more
efficient to re-apply existing design frameworks while only replacing critical biological parts
to achieve this diversity in characteristics. Thus, the engineering design process in synthetic
biology will be greatly advanced by having a balanced reservoir of biological parts with
diversity in their functional mechanisms, activities, and host-cell specificity (27, 28).

Evolutionary approaches for prospecting parts—Harvesting parts directly from the
nature can be an effective approach, but is limited by our current understanding of biology.
Computational strategies to parts prospecting require models with a certain level of accuracy
to predict the function of biological parts, which are also limited by our current
understanding (5). Thus, directed evolution, a parts prospecting approach that mimics the
natural evolutionary process but applies artificial guidance, has become popular in the field
of synthetic biology. Directed evolution consists of three major steps: identifying initial
candidates, generating genetic diversity, and screening/selecting for parts with desired
functions (29, 30). This approach has been successfully applied to different classes of
biological parts in generating parts with novel functions (31), translating the functions of
biological parts to a new host cell (32), and evolving part variants with different levels of
activities (33).

Identifying candidates—The process of directed evolution begins with the identification
of an initial biological part. If the desired function has been well-characterized, researchers
can search for candidate “hits” through literature and databases (34, 35). However, in many
instances the desired part might be uncharacterized or unidentified. Advances in sequencing
and bioinformatics enable additional techniques for efficiently identifying putative
candidates, such as functional genomics (36), comparative functional analysis (37), and
bioinformatics analysis (38). Computationally-designed candidates can serve as a starting
point for directed evolution when a biological part with a desired function has not yet been
identified from a natural biological system. For example, recent studies have shown the
feasibility of evolving a nonnatural enzymatic actuator from an /n silico designed parent (31,
39).

Generating genetic diversity—After identifying candidate parts, the next step is to
create genetic diversity, which determines the size and quality of sequence space that can be
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explored in the directed evolution process. Classic methods for generating diversity include
DNA shuffling, random mutagenesis, and semi-random mutagenesis approaches, such as
biased mutagenesis and site-directed mutagenesis (40).

Searching through sequence space for desired parts—A screen or selection is
used to identify variants in the library with the desired activities. Screens and selections can
be performed /n vitro, such as through plate-based biochemical or photometric assays,
affinity-based screens, and molecular display methods, or /n vivo, such as through growth
complementation assays (41) and fluorescence-activated cell sorting (40). The particular
screen or selection used to search a library will often dictate the library size that can be
effectively searched. Setting up high-throughput /n7 vivo screens and selections can be
challenging as many of biological activities of interest cannot be directly linked to a readily
measurable output. In these cases, the desired biological activity may be coupled to a
biosensor device, which can translate the desired activity into an easily detectable signal or
cell survival (42). Synthetic biology has advanced the design of novel biosensor devices to
address this significant need (43). For example, an RNA-based biosensor device was
recently demonstrated to support a high-throughput, FACS-based screen for a P450
monooxygenase activity in vivo (32).

Challenges in Prospecting Parts

A number of recent technical advances are addressing challenges long associated with
prospecting parts through evolutionary strategies. For example, one challenge has been
limitations on the size and complexity of the library. However, recent advances in DNA
synthesis and assembly technologies have substantially increased the length, accuracy, and
complexity of DNA fragments that can be synthesized (44). Another challenge has been that
only limited information about sequence-function relationships could be obtained across
evolutionary trajectories. However, next generation sequencing technologies can now be
used to gain a more complete understanding of the sequence-function landscape across
evolutionary trajectories (45). A final challenge has been the limited accuracy and the time
efficiency associated with multiple rounds of screens and selections. However, new
technologies are increasing the accuracy and sensitivity of screens and selections for new
biological parts (33, 46). In addition, researchers have recently developed strategies that
dramatically speed up the process of directed evolution by taking advantage of continuous
evolution systems that avoid the need for separate cloning and transformation steps. For
example, phage-assisted continuous evolution (PACE) is a one-pot /in vivo evolution system
that utilizes bacteriophage as a library carrier accompanied with external mutagenesis forces
(47).

GENETIC DEVICES

A genetic device is a functional assembly of biological parts that encodes and executes a
human-defined function. Significant efforts in synthetic biology have been directed toward
making genetic devices that establish a distinct input/output (1/0) relationship in vivo. A
wide variety of controllable genetic devices have been implemented and analyzed based on
different design and performance goals, such as genetic switches, logical gates, oscillators,
arithmetic operators, and higher-order devices (Table 2). The sensors and actuators of the
device interface with the inputs and outputs, respectively, and are generally linked by
several regulator and adapter parts. The combined device components determine the device
specifications such as device dynamics, temporal behaviors, and input sensitivity.
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Measurement Standards Driving Design

The first step in designing a genetic device is to determine the appropriate physical
architectures and engineering strategies based on the design goals (48). In many engineering
fields, the description of design constraints for devices has been standardized (e.g.,
“operating between -15 and 15 V with maximal current of 500 mA”) and can often be found
in datasheets. Researchers in synthetic biology have proposed similar datasheets to describe
such constraints for genetic devices with standardized performance measurements (49).
However, significant variations in absolute expression levels when evaluating genetic device
performance have been observed as a function of numerous experimental parameters,
including host cell environments, culture media, and characterization methods. One
proposed approach demonstrated to significantly increase consistency of device performance
reported across different laboratories is to incorporate a normalizing construct and report
relative device activity as a ratio of the activity of device of interest to that from the
normalizing construct (50). Other classes of standard constructs have been proposed as a
means of standardizing data reporting and accounting for gene expression noise, such as
internal normalizing reporters (51).

Device Composition

In many instances a given biological function can be achieved through different device
compositions. For example, a genetic SISO (single-input, single output) ON switch (Figure
1a), in which small molecules are used as an input signal to turn on expression of a
fluorescent reporter, can be implemented through the combination of a diverse set of parts.

One implementation to achieve this design goal is a device that operates at the
transcriptional level with an inducible promoter (Figure 1b). For example, a chimeric protein
can be engineered in which a sensor part (rTetR) is fused with a regulator (\VP16) that
activates transcription (52). In the absence of the small molecule input, the chimeric rTetR-
VP16 transcriptional activator fails to bind to its corresponding hybrid promoter region,
resulting in low fluorescent output. In the presence of input, the conformation of the rTetR-
VP16 activator changes, resulting in expression of the reporter gene. An alternative
implementation for an SISO ON switch is a device that operates at the posttranscriptional
level with an RNA switch placed downstream of the reporter gene (Figure 1c). For example,
small molecule-responsive RNA switches can be engineered by coupling an aptamer sensor
with a RNA regulator such as a ribozyme (7). In the absence of the small molecule input the
RNA switch adopts a self-cleaving conformation, resulting in mRNA degradation and low
reporter levels. Binding of the input to the aptamer sensor disrupts the self-cleaving
conformation of the ribozyme, thus stabilizing the transcript and resulting in increased
reporter levels. A third implementation for an SISO ON switch is a device that operates at a
posttranslational level by controlling the stability of the reporter protein (Figure 1d). For
example, the reporter protein can be fused to a small molecule-controlled destabilizing
domain (DD) (53). In the absence of the small molecule input the DD adopts an active
conformation and results in protein degradation, whereas in the presence of the input the
conformation of the DD changes to one that does not induce degradation.

While the three genetic devices described above are functionally equivalent from an abstract
device description perspective, they are implemented through distinct physical architectures.
Devices implemented through different architectures may exhibit very different device
characteristics. For example, transcription-based genetic devices typically exhibit relatively
large dynamic ranges compared to other devices. Posttranslational genetic are typically
characterized by a more rapid temporal performance by avoiding delays that can be
introduced through the processes of transcription and translation (54). Posttranscriptional
devices general exhibit relatively moderate performances in terms of temporal and dynamic
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properties, but have been shown to exhibit relatively high design modularity (5) and 1/0
programmability (19).

Design Considerations and Device Evaluations

In Table 2, we summarize the current progress for designing genetic devices, with comments
on their key mechanism, host organism, and addressed design considerations. In particular,
we propose four major evaluation properties (Figure 3), which are critical in guiding the
device design and ultimately the evaluation of device performance. These properties are
often linked with trade-offs and thus must be considered simultaneously during the device
design and evaluation process.

i) Device performance—The performance of a genetic device is typically the foremost
property considered in device evaluation. Common performance measures when evaluating
genetic 1/0O devices include basal activity, dynamic range, sensitivity to input, and temporal
response (55). Specific tuning strategies can be established to predictably adjust specific
performance measures. For example, the basal activity of an RNA-based 1/0 device can be
efficiently and predictably reduced by implementing multiple copies of the device in tandem
(56, 57). As another example, the input sensitivity of a genetic transcriptional device can be
improved by introducing device cascading, which increases the degree of cooperativity of
the combined device (58). However, optimization of one device performance measure can
result in trade-offs with other performance measures. For example, researchers have
demonstrated that while the degree of cooperativity can be increased by as much as 3-fold
by cascading three transcriptional devices, this enhanced input sensitivity is earned at the
cost of temporal delays and noise propagation (58).

Several studies have proposed that the introduction of feedback architectures can be a
powerful way to optimize genetic device performance. In many cases, closed-loop control
architectures can support improved device performance relative to open-loop architectures
(59). For example, coherent feed-forward loop architectures can be used in genetic devices
to accelerate the response time. In another example, researchers demonstrated that similar
device performance can be achieved by changing ordering of feedbacks between two
conceptually equivalent feedback configurations (60). They showed that two device
parameters (response duration vs. magnitude variability) can be tuned by setting different
feedback strengths, which is essentially a degree of freedom gained by using closed-loop
configuration.

ii) Noise rejection—Noise is a disturbance that appears in any engineered system and can
impact the desired performance of that system. One of the major noise sources in biological
systems stems from plasmid-based expression vectors, which result in copy number
variability and loosely regulated genetic behaviors (61). This type of noise can be minimized
by expressing the genetic device from a less variable genetic context, such as the host
genome or by selecting biological parts that are more resistant to extrinsic fluctuation (32,
62). Noise in the operation of genetic devices can have significant negative impacts on
system performance, particularly when a cell population is designed to operate in a
synchronized and coordinated fashion. Even if cells in a population are designed to launch a
program simultaneously with the same expression capacity, as the cells grow and divide,
stochastic interferences will accumulate and dephase the population. Synthetic cell-cell
communication modules have been implemented to address this challenge, where each
device-operating cell is capable of exchanging a genetically-encoded signal molecule to
achieve collective behaviors such as temporal synchronization (63-65) and spatial pattern
formation (66, 67). Thus, cell-cell communication modules can be used to share and confirm
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the “genetic state” of each individual in a population to minimize cell-to-cell
desynchronization (68).

iii) Evolutionary robustness—The robustness of device performance over time is
another important performance metric of genetic devices (49). One unique characteristic of
biological systems is their capability to actively evolve toward optimal fitness behaviors for
the set of conditions they are grown under (69). This evolvability has been used as a design
strategy to optimize device performance (70), but can also negatively impact the robust
activity observed from a genetic device over time /in vivo (71). If a synthetic device
introduces a significant metabolic burden on the host cell, loss-of-function becomes an
evolutionarily favorable genotype, in which cells that acquire mutations that inactivate the
device (and remove the associated load) can quickly overtake the population (72). The
traditional approach used to address this evolutionary challenge is to couple the device
operation to a separate selection pressure for its maintenance (43). Another approach is to
reduce the evolutionary instability by removing unstable genetic elements from the host
genome (73). However, both approaches can create new selection pressures by imposing
additional stress on the host cells, potentially leading to undesired physiological responses
(74).

As the complexity of the genetic device increases, more cellular resources may be needed
for properly operating such devices, particularly when all the functions are implemented at
transcriptional level. This overloading effect can reduce the evolutionary robustness by
activating cellular stress-associated responses, which facilitate the loss-of-function of the
genetic devices. Recent studies have begun to report and examine design principles for
evolutionary robust genetic device function (18, 72, 75). Moreover, researchers have begun
designing and implementing genetic functions using different expression mechanisms, such
as antisense- or microRNA-based feedback (76, 77), which can increase the evolutionary
robustness through alleviating the loading imposed by transcriptional devices.

iv) Device crosstalk—Crosstalk of a genetic device, or interactions of components in that
device with other biological components in the system, can result in undesirable
performance properties. One type of crosstalk, device-device crosstalk, generally arises from
re-using biological parts in designing genetic devices. This type of crosstalk can become
significant when designing MIMO or multi-layered genetic devices, as the device-device
crosstalk can break the desired wiring network between devices. A recent study described a
rational approach for designing orthogonal genetic devices based on the antisense binding
specificity of RNA biological parts (78). The researchers screened repression of sense-
antisense pairs using a library of 23 candidates and used this data to build a mathematical
model to predict interaction of other candidates. The RNA sense-antisense pairs were sorted
into distinct orthogonal groups by setting desired crosstalk levels. Such approaches may
allow the crosstalk between devices to be minimized to desired levels, thus providing
researchers with a sufficient number of orthogonal genetic devices to implement multi-layer
or MIMO architectures.

SYNTHETIC BIOLOGY SYSTEMS

Synthetic biological systems combine one or more devices to execute a useful, human-
defined function. In the past decade, synthetic biological systems ranging from microbes
that incorporate information processing and communication capabilities to detect or form
population-wide patterns (66, 79) to T cells re-wired with externally controllable switches to
achieve safer and more effective cellular therapies (80) have been described. These systems
are diverse in their goal, host, execution, and complexity of logic, but all attempt to
systematically alter a natural system to exhibit a new, pre-defined function for applications
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in biosynthesis, environmental remediation, intracellular diagnostics, and therapeutics.
Systems engineering has faced limitations in the availability of application-specific parts and
frameworks supporting the functional assembly of large-scale genetic systems. Despite these
and other challenges, synthetic parts and devices have been combined into systems
exhibiting sophisticated behaviors that can be generally categorized as synthesizers, sensors,
seekers, and strikers.

Synthetic Biology Synthesizer Systems

Synthesizers are synthetic biology systems engineered to produce a molecule of interest
using an appropriate host organism. While engineering organisms as production hosts has
long been of interest in biotechnology, synthetic biology introduces new tools and
approaches that promise to systematically increase the achievable complexity, yields, and
robustness of biosynthesis strategies. As one example, synthetic biology provides new tools
for DNA synthesis and assembly, allowing for the combinatorial generation and testing of
many pathway and enzyme variants (81, 82). As another example, synthetic biology also
provides new tools for precise control of gene expression (7, 27) and enzyme assemblies
(83-85), allowing for the implementation of control strategies to alter flux through pathways
(86). As a final example, synthetic biology is resulting in the design of new biosensor
platforms (87), providing new strategies for probing biosynthesis pathways (88).

Synthetic biology can be used to advance the engineering of microorganisms that produce
valuable materials. As one example, the idea of feedback control is commonly employed in
engineering fields and natural metabolic networks to improve the performance of a process.
In engineered biosynthesis pathways, feedback control can improve efficiency and yield by
reducing energy spent on the production of non-rate-limiting steps and decreasing the
accumulation of toxic intermediates that impair the growth of the host (89). In one early
demonstration of this idea, researchers improved lycopene production in £. coli by
approximately 18-fold by increasing the production of the rate-limiting enzymes in the
pathway in response to acetyl phosphate (ACP), a molecule that indicated excess flux was
being diverted away from the desired final product (86). More recently, a similar dynamic
sensor-regulator system (DSRS) was applied to improve production of fatty acid-based fuels
in E. coliby 3-fold by engineering the later portions of the biosynthesis pathway to be
expressed in response to the output of the earlier portions, to prevent over-production of
toxic intermediates (ethanol and acyl-CoA) (88).

Synthetic biology can also be used to advance the engineering of cells that synthesize
products /n vivo. In one example, human embryonic kidney cells (HEK293) were
engineered to secrete glucagon-like peptide-1 when stimulated by light and implanted
subcutaneously to lower blood glucose levels in diabetic mice (90). In another example,
human cervical cancer cells (HeLa) were engineered to secrete urate oxidase in response to
excess uric acid (91). When implanted into urate oxidase-deficient mice, which develop
acute hyperuricemia, the prosthetic gene-network device decreased urate levels to
concentrations similar to animals given standard allopuirnol therapy (91). These /n vivo
systems demonstrate how synthetic biology can be applied to replace dysfunctional circuitry
in human health, reducing problems with proper drug dosage and patient compliance.

The synthesizer systems highlighted above illustrate the utility of precisely regulating
biosynthesis pathways for production of molecules, whether to improve yield or maintain
homeostatic levels of a product. However, all of the examples relied on the identification
and engineering of natural sensors to adapt them for use in a functional feedback controller.
The ACP sensor used for improving lycopene production was only responsive to ACP after
certain £. coli regulatory units were inactivated (86). The bacterial repressor and promoter
used in uric acid homeostasis system required significant optimization to identify a device
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with suitable performance (91). Such engineering efforts are laborious and difficult to scale
to other systems, highlighting the need for better parts.

Synthetic Biology Sensors Systems

Synthetic biological sensor systems utilize information processing and computation to
transform inputs into useful genetically-encoded readouts. Synthetic biology enables
advances in the design of sensing systems by supporting the development of new sensor
parts and the circuitry for interchangeably linking diverse sensing modalities to information
processing modules. The ability to modularly link an input to a genetic output with different
information processing capabilities has three main consequences. First, it is possible to
encode different modes of readout, such as linear, frequency, or threshold. Second, input
detection can be readily linked to filters, logic, and communication devices for the detection
of sophisticated conditions. And third, a genetic output permits noninvasive detection of
conditions in live cells over time, which can be particularly powerful for diagnostic
applications.

Synthetic sensor systems can be programmed to exhibit different modes of readout. To date,
most readouts for biological sensors are linear (where the intensity of a photometric or
colorimetric output signal is proportional to the input) and straightforward to detect by
standard equipment. An alternative mode of detection is or frequency (where the frequency
of an oscillating output signal is indicative of the input level), which can be easily digitized
and for fluorescence measurements, less sensitive to technical factors such as excitation
beam power and exposure time. By combining a microfluidic device with short- and long-
distance quorum sensing circuits, researchers engineered £. colifilled ‘biopixel’ arrays to
report arsenic levels via the frequency of fluorescent blinking (65). This sensor system was
built upon a previously developed synchronized oscillator network (64) and relied upon
arsenic- and hydrogen peroxide-responsive promoters to support synchronization of the
oscillations across the biopixels on a chip. The proper functioning of this frequency readout
circuit required careful tuning of the concentrations and rates of diffusion of the
communication molecules in order to sustain synchronized oscillations. A third mode of
readout is thresholding, where the output is present only for levels of input past a given
threshold value. This type of simple YES/NO output is useful for qualitative reporting and
for integrating into digital logic. Researchers demonstrated that the arsenic sensor system
could be rewired as a tunable threshold detector by placing a necessary component for cell-
cell communication and synchronization under the control of an arsenic-responsive
promoter (65).

Synthetic biology is advancing the integration of genetic filters and logic circuits into sensor
systems to enable the detection of complex environmental conditions. In an early example,
E. coliwas engineered to act as a concentration band-pass filter, fluorescing only when
exposed to intermediate ranges of a small molecule input produced by ‘sender’ cells (66).
The ability to apply such detection filters to inputs communicated from other cells forms the
basis of spatial patterning. The researchers demonstrated this idea by growing cells that
fluoresce green in response to one range of input concentrations with a second population
that fluoresce red in response to a different range of input concentrations on solid media
surrounding a central population of sender cells to form a bullseye pattern (66).

By integrating communication with logic circuits, it is possible to program detection of
complex patterns of input. For example, researchers demonstrated a synthetic system that
could detect the edge between light and dark inputs projected onto £. coli cells grown on
solid media by engineering cells with a genetic circuit that included a quorum-sensing
component, a dark sensor, and a simple logic processor (79). To detect the boundary
between light and dark, researchers relied on short-distance diffusion of a sugar molecule
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synthesized by cells receiving a dark input. Cells were programmed to express a black
pigment only when they received both the light input (NOT dark) AND the sugar input
(indicating their proximity to the dark region). The edge detection system relied on the
development of a dark-sensing part, which consisted of a chimeric two-component system
and the enzymes required to synthesize the associated chromophore.

Synthetic biology is advancing the frontier in intracellular diagnostics by enabling
genetically-encoded noninvasive detection of combinations of small molecules, nucleic
acids, and proteins in live cells over time. For example, a number of systems utilize RNA-
based sensors to detect small molecules, proteins, or other RNAs inside live cells (92). In
one example, RNA aptamers responsive to protein inputs were used to detect levels of
endogenous proteins in the NF-kB and Wnt signaling pathways (93). The sensor system
linked detection events to an altered splicing pattern, and thus expression, of an output gene.
As RNA aptamers can be generated de novo to diverse targets through a variety of selection
strategies (94, 95), this sensor system incorporates a sensing modality that can be potentially
tailored to the detection of many cellular protein levels.

In a second example of intracellular diagnostics, a platform that integrates logic and sensing
to detect a pattern of up to six endogenous miRNAs was recently described (96). This sensor
platform was used to classify cancer cells (HeLa) in a mixed HeLa/HEK293 co-culture and
can potentially classify any cell-type or phenotype associated with a unique miRNA
signature. The parts needed for tailoring the sensor system to a specific application consist
of sensors for the known signature miRNA sequences, which can be readily generated based
on predicted hybridization interactions. While promising, this synthetic sensor system had to
be extensively tuned to obtain a sufficiently large signal to noise ratio on the final output
reporter gene for practical use.

Synthetic biology is advancing the design of genetically-encoded sensor systems by
increasing the diversity of readout modes that can be implemented, the complexity of input
patterns that can be processed, and the scope of molecular inputs that can be accessed.
However, challenges remain in tailoring these designs to new inputs for broader
applications. In particular, the development of new sensor systems is significantly limited by
the number of available sensor parts with desired affinities. In addition, the ease with which
new sensor parts can be coupled to information processing and reporting devices to achieve
operational sensor systems with desired signal to noise properties remains a challenge in the
field and highlights the continued need for improved composition frameworks.

Synthetic Biology Seeker Systems

Synthetic seeker systems are programmed to seek out particular environments in which to
execute an action, such as processing an environmental compound. Synthetic biology
contributes to the design of novel sensing and actuator components as well as the functional
integration of sensing and actuation with movement control pathways for modular assembly
of synthetic seeker systems. The ability to engineer robust ‘seeking’ systems that physically
move toward particular stimuli may enable novel approaches for various applications.

As one example of a seeker system, £. coliwas reprogrammed to chemotax toward the non-
natural chemoattractant theophylline (97). This synthetic seeker activity was achieved by
placing the expression of a key controller of £. coli matility under the control of an RNA
aptamer-based switch that regulated translation by occluding the RBS in the absence of the
molecular input (97). This seeker system can be tailored to ‘seek’ different molecules by
replacing the RNA switch component with alternative switches designed to respond to
different molecular inputs. Researchers demonstrated this capability by adapting this seeker
system to engineer £. colito seek out and destroy an environmental toxin (98). Specifically,
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E. coliwas engineered to chemotax in response to the small molecule herbicide atrazine and
simultaneously degrade the herbicide through the expression of an atrazine-degrading
enzyme.

A second example of a seeker system demonstrated the potential to control mammalian
lamellipodia formation in response to a non-natural input such as light. Specifically, mouse
embryonic fibroblasts (NIH3T3) were engineered to produce lamellipodia at the direct
location that a source of light hit the cells (63). By successively moving the location of the
activating light source, cells were induced to extend lamellipodia in the direction of light
movement. This light seeker system is based on an Arabidopsis thaliana phytochrome and
phytochrome interacting factor (PIF), whose dimerization depends on red light and far-red
light. When the phytochrome is membrane localized with PIF fused to a Rho-family GTPase
that controls actin polymerization, activating light causes dimerization of the phytochrome
and PIF, resulting in recruitment of GTPases to the membrane and activation of changes in
cell shape.

Synthetic biology is advancing the design of novel component functions and their functional
integration into genetically-encoded seeker systems. The seeker systems highlight several
challenges in achieving a successful seeker design, including the need for application-
specific sensor parts and methods for subsequently tuning the interaction between the parts
of the system for proper overall function. For example, the atrazine seeker system required
several rounds of /n vitroand in vivo selection to generate a novel atrazine-responsive RNA
switch that could properly match the atrazine input to chemotaxis-related gene expression
output. Similarly, the final light seeker system in mammalian cells was achieved after
careful tuning. Specifically, substantial optimization was required to identify a functional
phytochrome and PIF pair with binding kinetics capable of driving the activation of the actin
control circuit for lamellipodia extension.

Synthetic Biology Striker Systems

Synthetic striker systems program a host cell to specifically kill, re-program, or otherwise
affect a target cell. The striker systems developed to date have been designed to address
needs in human health. Synthetic biology provides new tools tailored to non-model
organisms for integrating sensing, information processing, and control over therapeutics
activities to achieve safer and more effective strategies based on mechanisms typically
inaccessible by currently available treatments. For example, striker systems have been
designed to invade target cells, deliver payloads into targets, and dynamically control
therapeutic activities aimed at eliminating target cells in response to cellular and exogenous
drug signals.

Genetically-encoded striker systems have been used to engineer viruses and bacteria to
invade and deliver payloads to cells. In one example, bacteriophage were engineered to
invade bacteria and execute genetic programs that circumvent antibiotic resistance (99),
offering a novel approach to the growing clinical concern of antibiotic resistant infections.
In particular, M13mp18 bacteriophage engineered to over-express proteins that disrupt the
E. coli SOS network were shown to enhance killing of the bacteria by quinolones and
survival of infected mice (99). This striker system was further engineered to enhance killing
of the bacteria through over-expression of proteins that disrupt other essential £. coli
functions, including superoxide stress response, biofilm formation, and antibiotic transport
(99).

One limitation to engineering viruses as hosts for striker systems is that the size of the viral
capsid restricts the amount of genetic material that can be incorporated into the program.
Using bacteria as the host for the striker system can increase the size of synthetic programs
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that can be encoded. As one example, E. coli were programmed to specifically invade cancer
cells by expressing the Yersinia pseudortuburculosis invasion gene under the control of a
promoter responsive to hypoxic conditions (an indicator of a tumor microenvironment)
(100). Bacterial invasion of mammalian cells can be used to deliver payloads, including
RNA or proteins, to alter the function of a cell. In a separate example, bacteria were
engineered to deliver RNAI substrates to human cells /n vivo (101). In this system, E. coli
expressing a combination of Inv and HIyA delivered shRNAs against catenin -1, a cancer
oncogene, to a human cancer xenograft in mice induced gene silencing of the target gene
(101).

Striker programs can also be encoded within specific human cells, such as T cells or stem
cells, which can be isolated, engineered ex vivo, and re-implanted into the human patient. T
cells are key cellular components of the immune response and therefore interesting targets to
host striker programs for clearing virally infected and cancerous cells. An important feature
to ensure the safety of adoptive T-cell therapies is to incorporate control strategies over the
proliferation and survival of the engineered cells in the human patient to prevent
uncontrolled proliferation. To address this challenge, researchers developed a striker system
that achieved drug-responsive control over T-cell proliferation and survival /n vivo (80). An
RNA switch responsive to small molecule drugs was used to increase the expression level of
IL-2 or IL-15, genes responsible for activating the T-cell proliferation pathway, in the
presence of the drug. The striker system also included a kill switch that is activated by the
presence of a second prodrug to ensure that the engineered system could be removed from
the patient as desired. An alternative T-cell proliferation switch was described that utilizes
bacterial proteins to repress T-cell activation through inactivation of components of the
mitogen activated protein kinase (MAPK) pathway (102). Expression of these proteins from
a doxycycline-inducible promoter inhibited T-cell activation in a ligand-dependent manner,
while expression from a T cell receptor (TCR)-responsive promoter limited the amplitude of
T-cell activation.

As the striker systems developed to date have been targeted to therapeutic applications they
highlight several technical challenges within this application space that ongoing efforts in
synthetic biology are working to address. In particular, the challenge of suitable parts for
clinical applications presents a major limitation to current design. Specifically, limitations
on delivering genetic programs into primary human cells creates addition considerations for
system-level design, placing limits on the size of genetic programs that can be delivered to
the cells. In addition, heterologous protein-based parts must be selected so as not to induce a
nonspecific immune response and sensor components must respond to clinically-relevant
inputs that will be nontoxic to patients. Finally, tools for tightly and robustly controlling
activities encoded within striker systems are critical in therapeutics as many of the effectors
exhibit potent activities and the consequences of mis-regulated activities can be severe.

LEVEL MATCHING BETWEEN PARTS AND DEVICES

It can be difficult to reliably compose different parts and devices together because the
desired input and output levels of a module (in terms of concentration, gene expression
levels, or enzyme activity at a biochemical level) are often unknown, difficult to measure
quantitatively, or difficult to compare. Even when the quantitative 1/O relationship for each
device is available, it is possible that levels do not match or part/device performance is
altered due to emergent properties of the combined system.

In many cases, proper level matching between parts and devices in a system can be critical
to the proper function of the system. In one example, while both “set” and “reset” functions
of a recombinase addressable data module worked separately in £. coli, these same functions
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failed when combined within the same cell (18). By developing computational models and
testing variants of the device with different expression levels of the components, the
researchers determined that the device required precise levels of the integrase and
excisionase components to operate correctly. In general, mismatches in stoichiometric
interactions (e.g., scaffolding components and other self-assembled structures) or enzymatic
activities can lead to inefficiencies (energy directed to making unused RNAsS, proteins,
intermediates, etc), which aggravates the problems associated with heterologous gene
expression, such as accumulation of toxic intermediates, bottlenecks, lower yields, mis-
localization of proteins, instability of genetic programs, and growth inhibition (89).

A major goal to enable better design of genetically encoded systems is the development of
methods for reliably combining genetic components in a manner that results in a properly
functioning system. Several approaches to this goal have been taken in the field of synthetic
biology, including the development of functional composition frameworks for predictable
assembly of components into functional systems and evolutionary and screening strategies
for case-by-case optimization or generation of a functional system. These strategies result in
functional programs and can also provide a means to further optimize performance

Frameworks for Functional Composition

Frameworks for functional composition allow biological components to be systematically,
reliably, and predictably assembled into a functional device or system. In general, the
expression levels resulting from the integration of biological parts into a genetic device are
often unreliable and unpredictable, as the function of a genetic component can be altered by
its surrounding sequence context. Approaches to improve the predictability when composing
biological components include designing parts such that they incorporate the influence of or
are insulated from surrounding context.

As one example, manipulation of the ribosome binding site has been frequently used to tune
the expression levels of protein components in genetic circuits in £. coli. However, the same
RBS sequence results in different expression levels for different genes (103). The ‘RBS
calculator’ is a computational design tool that uses an equilibrium statistical thermodynamic
model to engineer RBS sequences with user-specified strengths within the context of a gene
expression device (103). RBS sequences generated by the tool exhibit a 47% chance of
producing expression levels within 2-fold of the desired level (103). Thus, the RBS
calculator represents an early and useful first pass tool for engineering and optimizing
functional synthetic gene circuits in £. coli.

Manipulation of promoter strength is another frequently used strategy used to tune protein
expression in £. coli. One approach to insulating promoters is to expand the boundaries of a
promoter sequence to including the flanking sequences from position -105 to +55 (104).
Researchers demonstrated that the insulated promoters were less sensitive to stimulatory UP
sequences introduced 5’ of the promoter and repressive ‘anti’ sequences introduced 3" of the
promoter compared to weak minimal promoters (104). A recent example demonstrated that
using self-cleaving ribozymes as adapters to link an inducible promoter and the RBS of a
gene significantly improves the predictability of expression levels of reporter genes with
different N-terminal sequences (105). The researchers measured the ratio of CI-GFP versus
GFP expression from the same inducible promoter, where perfect predictability was
indicated by a ratio of 1. The introduction of a ribozyme adapter significantly improved the
predictability of three promoters and the improved predictability is propagated through
genetic logic gates (105).

Functional composition frameworks have also been proposed for the development of RNA
devices exhibiting programmed information processing functions. These frameworks allow
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for diverse RNA components encoding sensor, information processing, and actuation
functions to be modularly assembled into genetic devices that link the detection of molecular
inputs to gene expression events (5, 10, 106, 107). In one early example, a RNA aptamer
sensor was linked to a hammerhead ribozyme regulator through a distinct transmitter adapter
(7). This transmitter adapter served to insulate the sensor and regulator parts, such that the
sensor domain could be exchanged for various RNA aptamers to readily tailor the detection
capability of the device. The transmitter adapter also encoded the information processing
function of the device, such that altering the transmitter programmed the regulator activity in
response to input (e.g., active versus inactive) in a predictable manner.

Finally, modular strategies have also been described for composing multiple RNA devices
within a single transcript to support more complex cellular computation. In an early
example, multiple ribozyme-based devices with different small molecule input
responsiveness and information processing functions were placed in series within the 3’
UTR of a target gene to encode two-input logic gates (19). Similar composition strategies
have been demonstrated with other classes of RNA devices, highlighting the generality of
this strategy for expanding the scope of cellular computation functions in a predictable
manner (93, 96, 108, 109). Finally, when linking RNA devices with similar sequences in
series, misfolding of the RNA and thus loss of device activity can be a design concern. To
support proper folding and predictable activity of RNA devices researchers have proposed a
number of insulation strategies with RNA adapters, including unstructured spacer regions (7,
56), structured spacer regions (80), and device clamps (110).

Evolution for Optimization of Function

Another approach to matching the expression levels of components to achieve proper system
function and optimal performance utilizes evolution and screening strategies. By creating
libraries in which expression levels of components are diversified, it is possible to select for
the desired functional output when the desired function can be linked to an assayable
readout. In addition, recent development of powerful tools capable of optimizing the levels
of a large number of targets in parallel allow level matching across entire pathways and
genomes, thereby increasing the speed with which synthetic genetic circuits can be
developed.

Directed evolution and screening strategies have been regularly applied to optimize the
function of genetic circuits. In one early example, researchers applied directed evolution and
screening to generate a functional inverter (70). Initial assembly of the inverter from its
composite parts resulted in a nonfunctional device. By targeting mutations to the RBS and
coding region of the repressor component and screening £. coli colonies for cells exhibiting
the desired activity, the researchers identified functional system variants. As another
example, the initial construction of a transcriptional AND gate that turns on gene expression
only in the presence of two molecular inputs was nonfunctional (111). Specifically, the
genetic device was activated in the presence of a single input, indicating a mismatch in the
output levels of the components that respond to the different inputs. By mutating the RBS
downstream of one of the component promoters and screening for the proper device
response under all input combinations, the researchers isolated a functional AND gate.

Methods for tuning the expression of multiple genes simultaneously have also been
described. In one example, PCR assembly strategies were used to assemble libraries of
tunable intergenic regions (TIGRS), which combined RNA control elements, such as
hairpins and RNase cleavage sites, to modulate the stability, translation initiation, and
transcription termination of individual genes in an operon architecture in £. coli (25). Once
assembled, the TIGR libraries were cloned between two target genes to alter their relative
expression levels, and the resulting library was screened for the desired output. The strategy

Annu Rev Chem Biomol Eng. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 16

was applied to optimize a three gene biosynthetic pathway for mevalonate production.
Notably, the researchers developed a mevalonate biosensor system to facilitate a medium
throughput screen capable of identifying desirable variants in the libraries generated.

Recently, several methods for generating targeted diversity on a pathway or genome-wide
scale have been described and applied to optimizing synthetic systems. As one example,
multiplex automated genome engineering (MAGE) utilizes single-stranded oligonucleotides
to target mismatches, insertions (~20 bp), and deletions (up to 100 kbp) to the £. coli
genome (81). By automating the transformation process, the oligonucleotides can be
sequentially introduced into the same population of £. coli; which allows the targeted
introduction of discrete, relatively small modifications to accumulate across several different
chromosomal locations. The utility of MAGE for tuning pathway expression levels was
demonstrated by optimizing lycopene biosynthesis in £. coli. As another example, trackable
multiplex recombineering (TRMR) uses barcoded synthetic DNA cassettes to introduce
tagged mutations that can up-regulate or down-regulate expression of gene targets in the £.
coli genome (112). The modified strains can be selected for desirable phenotypes, after
which microarray analysis of the barcodes allow for easy identification of the genetic change
responsible for the selected behavior. TRMR presents a strategy for identifying a single, rare
target that can confer a desired function. This was demonstrated on identifying £. coli genes
able to confer a growth advantage in media with acetate, low pH, and cellulosic hydrolysate
(82).

The two major approaches to level matching parts and devices for a functional or optimized
system are to use functional composition frameworks or evolutionary strategies. The
functional composition framework approach provides tools for rational, predictable, and
modular engineering; yet few such design tools have been developed. Therefore, directed
evolution is currently often faster for composing a functional system from a specific set of
components compared to the development and validation of a composition framework to
support the predictable assembly of that system. While directed evolution methods have
been commonly used in the design of synthetic systems, they require a screen or selection
for the desired result, which is unavailable for many behaviors and phenotypes. In addition,
directed evolution methods require screening for every possible combination of inputs to a
device or system, and thus challenging to scale for systems intended to process a large
number of inputs. As such, functional composition frameworks, once established, offer
many advantages for the rapid and efficient design of devices and systems composed of
diverse components (due to the time, availability, and scaling limitations associated with
screening and selection strategies).

BEYOND LEVEL MATCHING

Having matched input and output levels between biological devices is necessary, but not
always sufficient, to guarantee proper or optimal function of a synthetic biological system. It
is also necessary to consider the physical interactions between components and how
genetically encoded programs interact with the host organism. Spatial engineering strategies
physically localize components of a pathway in a specific order, ratio, or orientation to
better control the signaling or substrate shuttling through a pathway. In addition, engineering
strategies that target the interactions between the synthetic program and host organism have
generated orthogonal expression machinery and design principles for evolutionarily robust
biological programs.

Matching Activity Across Space

Spatial engineering to physically localize components within a system while preventing
undesired interactions can order the interactions between proteins in a signaling pathway,
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such as those within MAPK pathways, and scaffold biosynthesis proteins together for
improved substrate shuttling. Synthetic scaffolds based on protein, RNA, and DNA have
been successfully engineered to co-localize proteins to re-wire cellular signaling pathways
or increase the yield of biosynthesis pathways.

A protein scaffold consists of a fusion of known protein binding domains. Protein
components are recruited to the scaffold when tagged to complementary binding domains.
The resulting scaffold organizes recruited components, is modular, and simple to design.
Another advantage of protein scaffolds is the ease with which it is possible to modify an
existing scaffold. In one example, researchers re-shaped the topology of a MAP kinase
pathway in yeast to exhibit accelerated or delayed response times, ultrasensitivity, and
adaptation by adding a leucine zipper heterodimerization domain to the Ste5 scaffold to
recruit either positive or negative regulators (12). The re-shaped response dynamics could be
tuned by varying the levels of the recruited regulators, adjusting the strength of the
interaction between the regulators and scaffold, and altering levels of a “‘decoy’ leucine
zipper that titrated regulators from the scaffold. Fully synthetic scaffolds have been
demonstrated to improve the yield of biosynthetic pathways. As one example, a protein
scaffold, comprised of a fusion of three well-characterized protein interaction domains, was
used to optimize the stoichiometry of three mevalonate biosynthesis enzymes, each of which
was fused to an appropriate corresponding protein interaction domain (83). The relative
levels of scaffold to enzyme, as well as relative ratios of the three enzymes to each other,
were shown to be important parameters for optimal mevalonate production in £. coli.
Mevalonate production was increased 77-fold over levels from the system without the
scaffold present. While useful, potential disadvantages of protein scaffolds include the
limited ability to design the geometry of the scaffold and instability of the scaffold as a
result of degradation, mis-folding, and aggregation.

An alternative scaffolding material is RNA, which has the design advantage of highly
predictable local structure and thus offers more sophisticated control over scaffold geometry
compared to proteins. RNA scaffolds rationally designed to self-assemble into discrete 1D
and 2D patterns have been reported to improve hydrogen production from a two enzyme
pathway in E. coli (84). RNA aptamers incorporated into the scaffolds recruited
appropriately tagged enzymes to precise positions on the scaffold. By tuning the geometry
of the scaffold, researchers increased hydrogen production by 48-fold over a system without
the scaffold present. While RNA offers more control over the geometry of the scaffold than
proteins, there are several disadvantages, including the relative difficulty in precisely
designing RNA scaffolds and uncertainty as to whether similar systems would be functional
in a eukaryotic host.

A third option for a scaffolding material is DNA, which has the design advantage of being
less likely to mis-fold than either proteins or RNA. Plasmid DNA with zinc finger binding
domains have been recently used as a scaffold to improve biosynthesis of resveratrol, 1,2-
propanediol, and mevalonate in £. co/i (85). Tuning the relative stoichiometries of enzymes
in a pathway, the ratio of scaffold units to enzymes, ordering of enzymes along the DNA,
and the spacer length between zinc finger binding sites were shown to improve biosynthesis
yields. However, improvements in yield from protein and RNA scaffolds (77-fold and 48-
fold, respectively) have been higher than those observed for DNA scaffolds (~5-fold). In
addition, DNA scaffolds may not function in eukaryotic hosts as the DNA would likely be
located in the nucleus, the repetitive scaffold sequences are sensitive to recombination and
may be less stable, and the DNA binding tags used to recruit the pathway enzymes may
unintentionally target the enzymes to parts of the genome.
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These scaffolding examples highlight the need for parts and the importance of precise tuning
for optimizing the function of synthetic biology programs. Thus far, scaffolding has required
proteins to be tagged with peptide fusions in order to be recruited to the scaffolds. Relying
on fusions limits the number of components that can be scaffolded to the number of
available orthogonal binding pairs and results in impaired protein activity due to the addition
of the peptide fusion. Therefore, an ideal scaffold architecture would not require
modification of the recruited components. In this regard, RNA and protein scaffolds may be
advantageous because it is possible to develop RNA- or peptide-based aptamers that bind
directly to the desired protein components. Currently, such aptamers are typically
unavailable and would need to be generated. In each system, tuning was critical for
achieving improved yield with the scaffolded pathway. Thus, methods to carefully tune the
interplay between relative pathway protein ratios, protein and scaffold ratios, and overall
geometry are needed to fully take advantage of scaffolding for engineering synthetic
systems.

Negotiation Between Synthetic Programs and Their Host

The predictability, performance, and robustness of engineered genetic systems are
influenced by both the effect of the host on the synthetic gene circuit as well as the effect of
the synthetic circuit on the host. One approach to improve the performance and
predictability has been to limit the effect of host interference on engineered circuits by
introducing orthogonal gene expression machinery such that the engineered circuits do not
compete with the host for transcription and translation components. An approach to improve
robustness of engineered genetic programs against elimination from the host due to
evolutionary pressures is to incorporate design principles for evolutionarily stable genetic
programs.

Designing beside and beyond the genetic code—The ability to execute genetic
programs that run beside (i.e., orthogonal, parallel, and independent of) the host has been
proposed as a strategy for making the design and execution of synthetic gene circuits more
predictable, modular, amenable to abstraction, and thus easier to engineer. The synthetic
program’s gene expression machinery is decoupled from the host machinery and may thus
be less limited by the host’s growth and regulation requirements and can be used to program
unnatural functions beyond the host cell’s original capabilities.

Orthogonal transcription has been achieved in bacteria by introducing a phage RNA
polymerase, such as the commonly used T7 phage polymerase, and using its cognate
promoter sequence to control the synthetic gene circuit (113). Orthogonal translation has
been demonstrated in E. coli by screening for orthogonal mMRNAs (O-mRNASs) that cannot
be translated by the wild-type ribosomes followed by screening for orthogonal ribosomes
(O-ribosomes) that can translate O-mRNA without disrupting cell function (114). These
orthogonal transcription and translation schemes have been combined to introduce extended
delays to gene expression and build transcription-translation feed-forward loops (115).

As orthogonal translation machinery is not essential for host survival, it can be engineered
for new and unnatural functions beyond natural translation. One unnatural function of
interest is the incorporation of unnatural amino acids into proteins. Researchers have
examined the integration of diverse types of unnatural amino acids that support novel
activities, including those that provide photocrosslinking capability for studying protein
interactions and incorporate heavy atoms for studying protein structures (116-118). One /n
vivo approach for unnatural amino acid incorporation introduced the amber suppressor
tyrosyl-tRNA synthetase (TyrRS)-tRNAcua pair from £. coliinto S. cerevisiae (119). After
selecting for TyrRS mutants that incorporate a unnatural amino acids but none of the
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endogenous amino acids in response to the nonsense codon TAG in yeast, researchers were
able to achieve a minimum of 99.8% incorporation of a unnatural amino acid into the human
superoxidase dismutase protein.

A limitation of the amber suppressor-based approach to synthesizing proteins with novel
functionalities is that only one unnatural amino acid can be introduced into a protein at a
time. One approach to permit the incorporation of multiple, distinct unnatural amino acids
into proteins is to generate multiple, mutually orthogonal tRNA synthetase-tRNA pairs
(120). Another limitation of the amber suppressor-based approach is that all TAG codons in
cellular transcripts are affected. Potential approaches include incorporating unnatural tRNA
synthetase-tRNA pairs with O-ribosomes could ensure only specific transcripts encode
unnatural amino acids. An alternative potential approach for controlling unnatural amino
acid incorporation in £. coli may be to use a strain where the genome has been re-coded to
replace all TAG codons with TAA, for example a strain generated using CAGE (121), such
that the codon is freed up for use only within the synthetic gene circuit.

Novel machinery capable of executing genetic programs in parallel with host programs has
the potential to be leveraged to program unnatural functions beyond the host cell’s natural
capabilities. Tools for genome-wide engineering can advance the creation of orthogonal
machinery by providing a means to eliminate or alter genomic elements that interfere with
the orthogonal machinery. Recent advances in the field have put in place the methods for
large-scale engineering of organisms with useful unnatural abilities beyond those that can be
encoded in the natural genetic code.

Designing for evolutionary stability—Evolutionary robustness is one aspect in the
design of genetic programs that is important to address for long-term predictability and
function. Unlike other engineered systems, biological systems have the potential to evolve
over time and a key question in the field is whether it is possible to predict, control, and
design how synthetic gene circuits evolve.

Host organisms are capable of altering the expression levels and activities of components in
a synthetic biological program to maximize their fitness, even if the program harbors
selection markers such as antibiotic resistance or auxotrophic genes (122). Un-programmed
changes in expression levels or activities over time are generally undesirable to system
performance, especially in gene circuits where level matching is important for proper system
function. Another problem is the potential to lose complete circuit function over time. In one
example, it was shown that a BioBrick receiver device consistently failed to function after
92 E. coli doublings when input level to the device was low and after 56 doublings when
input level was high (49).

Studies have revealed three main strategies to design for genetic reliability in £. coli, which
is defined as the number of culture doublings before a mutant device constitutes at least half
of the population (49). The first design strategy is to avoid repeated sequences, as segments
between repeated sequences are frequently of deleted due to recombination or replication
slippage. Most of the studied device failures are due to repeated sequences, including direct
and inverted repeats, repeated operator sites in a promoter, and even repeated sequences as
short as 8 bp (49, 72, 75). The second design strategy is to decrease the expression level of
system components as genetic reliability of gene circuits has been shown to exponentially
decrease with increasing expression levels (and associated metabolic loads placed on the
host) (72, 75). Finally, the third design strategy is to use inducible rather than constitutive
promoters, which are hypothesized to increase genetic reliability by reducing metabolic load
(72).
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The examples highlighted above focus on the design of a genetic device or program that is
more robust to undesired evolutionary changes over time. There are however, applications
where the proposed design strategies for system robustness cannot be applied. For example,
lentiviruses have potential as clinically usable vectors for gene therapy, but lentiviral
expression vectors must harbor long terminal repeats, which make them challenging to
propagate in £. coli. One approach that is promising for circumventing host evolutionary
pressures has been to reduce the mutation rate of the host. Specifically, a reduced genome
strain of £. coli in which mutation-generating insertion sequence (IS) elements were
removed has been applied to propagate recombinant proteins and plasmids that are typically
unstable (123). Specifically, the I1S-free £. coli strain was able to propagate lentiviral
expression clones more effectively than commercially available strains specifically
developed for this application and a highly toxic synthetic vaccine protein (73).

While it is generally viewed as favorable in the field to increase the genetic reliability of a
synthetic program, as our understanding of the conditions for genetic reliability improves, it
will become possible to design new classes of devices that incorporate genetic instability as
a parameter to program evolution or adaptation over time (75, 124). For example,
researchers have suggested the possibility of designing an evolutionary timer in £. coli,
where one color of a multi-colored device is lost after x generations, a second color is lost
after x more generations, and so forth (75). The potential to evolve is a unique property of
engineered biological systems and thus the ability to design systems with programmed
evolutionary strategies will be a true frontier in biological engineering.

The examples highlighted above illustrate that the design of a genetically-encoded program
can incorporate considerations of the physical interactions between biological components
and the interactions of these components with the host organism, including selection
pressures directed against the robust, long-term performance of the synthetic circuit. Spatial
engineering strategies can improve the performance of synthetic biological systems, but are
currently limited by the availability of parts for ready implementation in novel applications.
In addition, research into orthogonal expression schemes and evolutionary robustness has
revealed the potential to engineer non-natural functions that are inaccessible by natural
biological systems and evolving functions inaccessible by other engineering fields.

CONCLUSIONS

Synthetic biology introduces new technologies, tools, and approaches that promise to
systematically improve the design process and functional capacities of synthetic genetic
programs. New tools include those for DNA synthesis and assembly, precise control of
expression at the level of simple genetic circuits, pathways, and genomes, design of novel
biological parts, and functional integration of parts into devices and systems. The diverse
pool of recent work in synthetic biology highlights common challenges in the field,
including the lack of well characterized and standardized part and the dearth of functional
composition frameworks for reliable assembly of genetic components. In spite of these and
other challenges, synthetic biology offers a powerful and promising novel approach to
applications in diverse areas of interest.

KEY TERMS

Biological parts a discrete, genetically-encoded entity that exhibits a basic function,

such as a promoter, an RNA aptamer, or a fluorescent reporter
protein
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A single-input, single output (SISO) device. (a) The input/output curve of the SISO device.
(b) A transcription-based scheme for implementing SISO. An inducible transcriptional
activator is composed of a ligand-binding protein (sensor) fused with an RNA polymerase
recruiting domain (regulator). Binding of the input ligand enables the sensor binding to its
corresponding promoter region, which turns on gene expression. (c) A posttranscription-
based scheme for implementing SISO. An RNA aptamer (sensor) is coupled with a
ribozyme (regulator) through an RNA transmitter sequence (adapter). This device is turned
on in the presence of input molecule, which binds to the sensor and disrupts the self-
cleaving confirmation of the regulator. (d) A posttranslation-based scheme for implementing
SISO. A protein destabilizing domain (sensor) is fused directly to the gene-of-interest
(actuator) with a peptide linker (adapter). The input ligand can bind to the destabilizing
domain; thus prevents the protein from degradation.
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Design strategies for engineering genetic devices. Signal types and operating host organisms
(indicated in the central circle with green and blue boxes, respectively) are usually
determined by the design goal. When designing genetic devices, four major design
considerations (the four surrounding sectors) are commonly taken into account.
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