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A ccording to Francis Crick, “The ultimate aim of
the modern movement in biology is to explain
all biology in terms of physics and chemistry”

(1). This reductive approach has proven especially pow-
erful in determining the structures and functions of the
molecules that make up cells and organisms. The devel-
opment of large-scale genomic and proteomic technolo-
gies has further revolutionized our ability to study bio-
logical problems (2, 3). The resulting data sets of
molecular components, interaction networks, and phe-
notypes, combined with mathematical modeling, pro-
vide fertile ground for illuminating how biological sys-
tems function. These studies have revealed remarkable
complexity in signaling pathways (4), new principles in
gene expression (5), and new ideas regarding the origin
of complexity in multicellular organisms (6). However,
they have also provided new challenges, such as the dif-
ficulty in explaining observed phenotypes in terms of
modifications of the cell’s components, a lack of concor-
dance between network structure and function, and
the recalcitrance of most systems to rational redesign.
These challenges have led to a rise in holistic concepts
such as emergence. Synthetic biology combines as-
pects of chemistry, molecular biology, and engineering
to address these issues, adding synthesis to the tradi-
tional tools of observation and analysis in biology. Syn-
thetic biology efforts follow a strategy of constructing de-
liberately simplified systems to elucidate molecular
and cellular processes from first principles (7–10). The
synthesis of engineered systems provides a tool to test
theories developed from the observation and analysis of
natural systems and offers an opportunity to create sys-
tems with practical technological applications.

Properties of Natural and Engineered Cellular
Systems. Cellular metabolic pathways have adapted to
efficiently tolerate wide variation in their environment
(11, 12). This is generally achieved by breaking path-
ways into modules with discrete functions. A molecule
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ABSTRACT One of the key aims of synthetic biology is to engineer artificial pro-
cesses inside living cells. This requires components that interact in a predictable
manner, both with each other and with existing cellular systems. However, the ac-
tivity of many components is constrained by their interactions with other cellular
molecules and often their roles in maintaining cell health. To escape this limita-
tion, researchers are pursuing an “orthogonal” approach, building a parallel me-
tabolism within the cell. Components of this parallel metabolism can be sourced
from evolutionarily distant species or reengineered from existing cellular mol-
ecules by using rational design and directed evolution. These approaches allow
the study of basic principles in cell biology and the engineering of cells that can
function as environmental sensors, simple computers, and drug factories.
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that has only one function that cannot be divided (such
as the enzyme glucose-6-phosphate dehydrogenase) is
defined as a module. Two discrete activities of a mol-
ecule that can function in isolation (such as the DNA
binding and ligand recognition domains of some tran-
scription factors) are defined as two separate modules.
Modules within pathways exploit weak interactions, en-
abling them to rearrange into structures with activities
better suited to the new environmental conditions.
Cross-talk between modules must be maintained to al-
low feedback between related pathways and prevent fu-
tile metabolic cycles. Investigating pathways within the
cell is challenging because of the many interactions
within these networks. In vitro studies avoid these chal-
lenges by reconstituting a pathway of interest by using
purified components; however, they suffer from some
important drawbacks (Table 1). Most notably, they can-
not accurately model the behavior of cellular pathways,
cannot use the many building blocks for biosynthesis,
and cannot induce complex phenotypic responses.

The modularity of cellular systems provides a way to
reengineer them to perform modified or new functions.
However, the network of interactions between natural
cellular modules that enables adaptive rearrangements

and cross-talk imposes unwanted constraints on these
efforts. Lessons from nature show how engineered path-
ways can escape these limitations. Naturally occurring
cellular modules avoid deleterious interactions between
unrelated systems by temporal, spatial, and functional
compartmentalization. Spatial compartmentalization
can be achieved by using membrane barriers (typical of
membrane-bound organelles such as nuclei) or via com-
plex structures (such as the protease active sites bur-
ied within the proteinaceous barrel of the proteasome).
Temporal compartmentalization is generally achieved by
regulating expression of modules so that they are never
found together at the same time (e.g., certain proteins
expressed during either glycolytic or respiratory metabo-
lism in yeast (13)). Functional compartmentalization
can be achieved via structural modifications that pre-
vent interactions between modules, despite the mod-
ules being present at the same sites at the same times
(exemplified by the aminoacyl-tRNA synthetases, each
of which can load a specific amino acid onto a desig-
nated tRNA from a pool of superficially similar tRNAs
(14)). Molecules and pathways with this property are
said to be orthogonal. For engineering purposes, or-
thogonality provides the most flexible solution to iso-

TABLE 1. Features of engineered pathways in cells and in vitro

Cellular pathways In vitro pathways

Large variety of small molecules available for use as
precursors

All components must be added individually

Stochastic effects due to low concentrations of
individual components in small volumes

Bulk effects due to large volumes with high concentrations of
individual components

Components can be added using generic transgenic
approaches

Components must be isolated using empirically optimized
techniques

Systems typically directed toward homeostasis Optimized for product formation
Predicting quantitative behavior is difficult Knowledge of rates and interaction affinities allows

quantitative simulation
Additions can cause pleiotropic effects Additions have predictable and easily measured effects
Energy generation systems hardwired in system Energy generation systems must be added
Cells must be maintained within a tight temperature and pH

range
Reaction environment can be optimized by varying pH and

temperature
Cells grow, divide, and regenerate Components must be supplemented
Artificial pathway can be linked to many, often complex,

cellular phenotypes
All functions must be added individually

Context enables accurate modeling of natural pathways Reconstruction of authentic cellular conditions is extremely
difficult
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late distinct activities within the cell given the paucity
of membrane-bound compartments in individual cells
and the challenges involved in modifying the temporal
expression of multiple components simultaneously.

Orthogonality in Cellular Systems. The synthesis of
engineered pathways by assembling existing non-
orthogonal modules in novel combinations has pro-
vided important insights into the functions of cellular
pathways (15). However, the use of orthogonal mod-
ules provides a number of advantages for studying the
behavior of model systems and the engineering of new
functions. Building a variety of synthetic systems re-
quires that the components are truly modular so that
their behavior can, to some degree, be predicted. This
enables existing pathways to be reconfigured and new
pathways to be built with little empirical optimization.
Furthermore, the accurate modeling of simple cellular
systems requires the new modules to function without
any interference from other cellular processes. Such in-
terference would confound computational modeling and
necessitate that the influence of changes in the cellular
network be quantitated whenever the cell physiology
was altered. The engineering of new function at the ex-
pense of a molecule’s original function is not possible
when its function is linked to essential metabolic path-
ways, unless an orthogonal approach is taken.

The availability of orthogonal parts generated by
natural evolution is limited, and those that have been
identified to date are typically derived from regulatory
systems that must distinguish between different envi-
ronmental and cell states. Only genes that are present
in multiple copies in the cell can be tailored for func-
tional compartmentalization by evolution, making it un-
likely that orthogonal modules with essential cellular ac-
tivities will be present in the same cell. In some cases,
this can be circumvented by the accumulation of com-
pensatory mutations over time, which can render natu-
ral interactions orthogonal if transferred from a distantly
related organism into the organism of interest. There
are several advantages that make the engineering or-
thogonal function in endogenous molecules attractive.
Engineered endogenous molecules can maintain pro-
ductive upstream or downstream interactions that link
the engineered pathway to signals, make use of cellu-
lar building blocks, or enable complex phenotypic re-
sponses (16). The endogenous parts of these engi-
neered molecules allow them to retain their known
structural properties, whereas the engineered parts

carry out the orthogonal function of the component,
which makes their activity easier to predict. Most impor-
tantly, engineered components can be created with de-
sirable new functions not found in nature (17, 18).

Engineering Orthogonal Function. In the process of
natural evolution, new function is thought to have arisen
by the duplication of existing genes, followed by muta-
tion and selection of the new copies to perform new
functions (19). One advantage of working with microor-
ganisms is that very rare mutants can be identified
within large populations given an environment in which
only the mutant of interest can survive. Therefore, an
analogous process of mutation and selection can be
achieved in the laboratory if the activity of the mutant
of interest provides a selectable phenotype. This can
most easily be achieved by linking the activity of the mu-
tant of interest to the activation or repression of gene
expression, to take advantage of a number of well-
characterized genes that confer prototrophy on defined
growth media or resistance to antibiotics and metabolic
analogues (20, 21). In addition to selections, screening
can also be used to engineer orthogonal properties in a
molecule. Unlike selections, screens do not require the
activity of interest to be linked to cell survival, allowing a
much greater variety of methods to be used in the analy-
sis of mutants and providing the opportunity to mea-
sure protein and nucleic acid activities directly. How-
ever, because each mutant must be individually
evaluated, screens are generally laborious, limiting the
diversity of mutants that can be tested (22).

Four general strategies are available to generate a
pool, or library, of mutant molecules: rational design,
random mutagenesis, recombination, and targeted mu-
tagenesis (22). In rational design, individual sequence
changes are made on the basis of structural and mecha-
nistic knowledge (23, 24). Rational design is primarily
limited by our incomplete understanding of the relation-
ship between the primary sequence of macromolecules
and their structure and activity (25). Despite some suc-
cess, rational design cannot be applied in any generic
fashion and relies on detailed structural knowledge and
computational modeling approaches that are specific
to the molecule of interest (26, 27). In contrast, random
mutagenesis uses error-prone polymerase chain reac-
tion (PCR), chemical mutagens, or replication by a muta-
tor bacterial strain to introduce small numbers of point
mutations in the gene of interest and requires no knowl-
edge of a molecule’s structure or mechanism (28). Al-
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though random mutagenesis has been used with great
success to improve the existing qualities of enzymes, it
is less suited to the engineering of orthogonal modules.
This is because reassignment of active site recognition
and binding interfaces usually requires multiple
changes within a confined sequence space, and such
mutants are rarely generated by error-prone PCR (22,
29). Recombination generates diversity by shuffling a
set of related genes to yield new combinations not
found in nature (30). This approach can generate more
substantial changes than random mutagenesis but is
limited by the availability of gene variants. Targeted mu-
tagenesis represents the middle ground between
knowledge-based and assumption-free approaches
(22, 24). Mechanistic and structural information is used
to choose regions of interest that are all mutated while
leaving the rest of the gene unchanged (31). These li-
braries allow multiple changes to be generated simulta-
neously in an active site or binding interface and are
well suited to engineer mutants with orthogonal or reas-
signed functions. In some cases, a combination of these
approaches has proven to be effective (32). Ultimately,
the choice of a mutagenesis approach will depend on
the target gene and the desired orthogonal activity.

Selections for orthogonal activity typically require two
steps, each of which filters a population of cells to even-
tually isolate those containing the orthogonal mutants
(Figure 1). A negative selection eliminates the original
function or interaction. A positive selection enriches for
molecules with the new orthogonal function or interac-
tion. In some cases, a screen, rather than a selection,
can be used in one of these steps. These steps may
need to be reiterated to improve the selection process.
Mutants that survive the selection are characterized in
detail to confirm that they have the desired properties.
These new properties are usually further tested in simple
synthetic pathways to validate their use for building
new pathways in cells. In the following examples, we
hope to illustrate the current approaches for engineer-
ing orthogonal cellular pathways and the insights that
can be gained from such endeavors.

Building Proteins That Use Unnatural Energy
Sources. Because ATP and GTP are the most widely
used energy currencies in the cell, it is challenging to de-
termine their roles in protein function or to isolate the ac-
tivities of these proteins within an engineered cell. In
one of the first examples of a protein engineered to rec-
ognize an unnatural substrate, Hwang and Miller cre-

ated a bacterial elongation factor Tu (EF-Tu) mutant
able to accept xanthine triphosphate (XTP) as a sub-
strate (33). The crystal structure of guanosine 5=-
diphosphate (GDP) bound to EF-Tu was used as a guide
to engineer a mutant that lacked a hydrogen bond do-
nor to coordinate GTP. Instead, XTP provided a hydrogen
bond acceptor that functionally complemented the mu-
tation enabling the mutant EF-Tu to use XTP. This mutant
EF-Tu·XTP pair is truly orthogonal in that normal cellular
GTPases cannot use XTP while the engineered protein
uses XTP but not GTP. The orthogonal mutant EF-Tu·XTP
pair allowed the number of GTP molecules used by EF-Tu

Progenitor

Mutation

Negative selection against
progenitor function

Progenitor-like New function Nonfunctional or
other function

New function Nonfunctional or
other function

Positive selection for
new function

New function

Figure 1. A generalized scheme for the selection of unnatu-
ral orthogonal activities. A large, diverse pool of mutants
is first generated from the progenitor molecule of interest.
Within this pool, there can be subpopulations of three
types: those with activities similar to their progenitor,
those with the new activity of interest, and those that are
nonfunctional or possess another function not of interest
in the context of the experiment. The first selection step
eliminates cells containing progenitor-like activities, a
negative selection. The second step eliminates cells con-
taining nonfunctional molecules, a positive selection.
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per amino acid coupling on the ribosome to be deter-
mined (34), and this approach has been used generi-
cally to examine the function of other GTPases (35). An
analogous approach combining protein engineering and
unnatural chemical analogues has been pioneered by
Shokat and coworkers to dissect the roles of specific
protein kinases in cells. Protein kinases regulate signal-
ing pathways by using ATP as a phospho donor to phos-
phorylate serine, threonine, or tyrosine residues on spe-
cific proteins. Mutations that increase the size of the
ATP-binding site of protein kinases (by replacing amino
acids with bulky side chains with those carrying smaller
side chains) enable these mutants to efficiently use
ATP analogues with aromatic substituents instead of
natural ATP (36). The substrates of these orthogonal pro-
tein kinases with ATP binding site mutations have been
identified via radiolabeled ATP analogues or analogues
that facilitate the phospho transfer of an affinity label
(37, 38). In future applications, orthogonal energy cur-
rencies such as ATP analogues and XTP may allow engi-
neered networks to function independently of the cell’s
endogenous energy sources.

Controlling the Function of Engineered Transcription
Factors with Small Molecules. Transcription factors are
essential for gene expression, and extensive research
has revealed many details of their structure and func-
tion (39). Transcription factors were used in the first ef-
forts to construct unnatural regulatory circuits in living
cells (40–42) because they are highly modular in struc-
ture and activity. For example, it was recognized early on
that the DNA-binding and transcription regulation activi-
ties of many transcription factors could function inde-
pendently of each other, which led to the invention of
the widely used yeast two-hybrid system for the identifi-
cation and analysis of protein–protein interactions (43).
In addition, the transcription activation domains of
nuclear hormone receptor transcription factors are only
active upon binding of a ligand (44). The use of nuclear
hormone receptors in synthetic circuits is limited be-
cause the natural ligands will activate the endogenous
ligand responsive pathways in the cell at the same time
as the engineered pathway. To overcome this, a num-
ber of research groups have modified the ligand-binding
domains of nuclear hormone receptors with the goal of
engineering an orthogonal response to an unnatural li-
gand (45). Doyle and colleagues (46) began with a se-
ries of synthetic retinoids that were designed to target
the retinoid X receptor (RXR) but failed to act as agonists.

A rational design approach was employed to modify in-
dividual amino acids within the active site of the RXR on
the basis of the crystal structure of a related receptor.
Mutations that decreased activation in the presence of
the natural ligand (9-cis-retinoic acid) or enabled a re-
sponse to an unnatural ligand (LG335) were combined
in a new set of mutants. A triple mutant receptor was
identified that had significantly increased activity to
LG335 and that was also relatively insensitive to 9-cis-
retinoic acid. However, the �100-fold change in speci-
ficity was not sufficient to provide a functionally orthogo-
nal receptor in living cells.

To engineer a truly orthogonal nuclear hormone re-
ceptor, a modified yeast two-hybrid system was used
to evolve RXRs that were more selective for LG335 (47).
In this system, the RXR ligand-binding domain is teth-
ered to the promoter of the ade2 purine biosynthetic
gene via the well-characterized Gal4 DNA-binding do-
main and its cognate DNA response element (Figure 2).
Upon ligand binding, a conformational change in the
ligand-binding domain facilitates the recruitment of a
protein fusion between the Gal4 activation domain and
RXR’s natural effector molecule (ACTR), turning on tran-
scription of the ade2 gene and allowing survival on me-
dia without adenine. A library of RXRs mutants was gen-
erated in which six key residues in the ligand-binding
pocket were mutated and was introduced into the modi-
fied yeast two-hybrid strain to select for domains that
bind LG335. The surviving mu-
tants were then analyzed by
using a �-galactosidase re-
porter gene to eliminate recep-
tors that were activated by the
natural ligand. This enabled a
further 25-fold increase in
specificity over the previous
rationally engineered near-
orthogonal receptor. The appli-
cability of this approach has
been corroborated in a recent
study in which the estrogen re-
ceptor was engineered to rec-
ognize the unnatural ligand
4,4=-dihydroxybenzil using a
modified yeast two-hybrid sys-
tem (48). In this work, reiter-
ated targeted mutagenesis of
the ligand-binding pocket was

KEYWORDS
Cellular network: Description of the functional

connections between cellular modules.
Compartmentalization: A phenomenon used to

isolate different molecules within the cell
via physical barriers, temporally distinct
synthesis, or an absence of molecular
interactions. For example, membrane-bound
organelles can have different pH, availability
of molecular precursors, and enzyme
systems. This enables the cell to carry out
different metabolic activities without
interference.

Directed evolution: A method that harnesses the
power of Darwinian selection to evolve
proteins or nucleic acids with desirable
properties not found in nature. A typical
directed evolution experiment involves two
steps. First, the gene of interest is mutated
and/or recombined at random to create a
large library of gene variants. Then, the library
is screened by a high-throughput assay or
subjected to selection to identify variants with
desirable properties.
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combined with random mutagenesis of the entire do-
main to generate an orthogonal receptor with an impres-
sive shift in specificity of �107-fold for the new ligand.
These studies provide a generic approach for engineer-

ing orthogonal nuclear hormone receptor–ligand pairs
and demonstrate the power of directed evolution ap-
proaches compared with rational design.

A number of natural small-molecule-responsive tran-
scription factors of bacterial origin have been shown to
function in a mutually orthogonal manner (lacI, cI, tetR,
and luxR). This has facilitated the construction of the
vast majority of synthetic pathways to date (49–51).
However, the design of more complex network architec-
tures will require a substantially wider selection of or-
thogonal modules (18). The modular nature of base rec-
ognition by DNA-binding proteins such as zinc fingers
has enabled the rational engineering of new DNA-

binding properties (52), although creating tran-
scription factors that respond to new ligands has
proven challenging. Evolutionarily related proteins
that recognize distinct ligands have been stud-
ied, but these show significant cross-reactivity
with ligands from their homologous family mem-
bers (53). Furthermore, it would be advantageous
to have a set of factors that differed in their ligand
binding specificities but otherwise shared near-
identical properties, such as activation profiles in
response to ligand concentration, DNA-binding af-
finity, and protein stability. This could be achieved
if a common scaffold could be reengineered to re-
spond in an orthogonal manner to a variety of dif-
ferent ligands. Arnold and coworkers (54, 55)
have addressed this challenge in their studies of
the luxR transcription factor from the marine bac-
terium Vibrio fischeri. V. fischeri is able to colonize
fish and squid, which exploit the bacterium’s bio-
luminescent properties to attract prey and even as
a means of camouflage. V. fischeri uses luxR to
detect the levels of 3-oxy-hexanoyl-homoserine
lactone (3OC6HSL), which it synthesizes itself.
When the population density of cells increases
upon successful colonization of the light-emitting
organs of its hosts, levels of 3OC6HSL rise and
luxR is activated to turn on the expression of
genes encoding enzymes required for light pro-
duction. Natural luxR has a very strict specificity
for 3OC6HSL and does not recognize related
straight chain HSLs such as decanoyl-homoserine

lactone (C10HSL). To reengineer luxR to specifically rec-
ognize C10HSL but not 3OC6HSL, error-prone PCR was
used to generate a library of luxR mutants that were in-
troduced into cells containing a chloramphenicol resis-
tance gene under the control of a luxR-responsive pro-
moter (Figure 3). Plating these cells on media with both
C10HSL and chloramphenicol selected for luxR variants
that could now recognize the unnatural ligand. One such
mutant was found to have a broader, or promiscuous,
function, recognizing 3OC6HSL, C10HSL, and a number
of other straight chain HSLs (55). Mutant luxR genes that
survived the first selection were introduced into cells
containing a constitutively expressed �-lactamase along
with a �-lactamase inhibitory gene under the control of
a luxR-responsive promoter. Plating these cells on me-
dia with the natural ligand 3OC6HSL and the �-lactam
antibiotic carbenicillin selected for luxR variants that no
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Figure 2. Engineering an orthogonal nuclear hormone receptor that responds to an un-
natural ligand. The ligand-binding domain of the retinoid X receptor is attached to the
promoter of the ade2 biosynthetic gene by the Gal4 DNA-binding domain–DNA interac-
tion. The effector protein for the ligand-binding domain (ACTR) is fused to the Gal4 activa-
tion domain. If the unnatural ligand (LG335, in this case) interacts with an engineered
ligand-binding domain, transcription of the ade2 gene allows the cell to grow to a colony
on media without adenine. Colonies are subsequently screened using a colorimetric assay
to identify those that respond specifically to the unnatural but not the natural ligand (9-
cis-retinoic acid, 9cRA).
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longer recognize the unnatural ligand. The final prod-
ucts of these selections were found to recognize C10HSL
but not 3OC6HSL, with an overall 50,000-fold change
in specificity. All of these reengineered clones had the

same active site substitution, in addition to the muta-
tions found to confer promiscuous function to the clone
obtained from the positive selection only. This observa-
tion concurs with a widely held theory that respecialized
function must be obtained via an evolutionary interme-
diate with broad activity (56). The ability to engineer
transcription factors that respond to new ligands will
be vital for the development of cell-based sensors.

Reengineering Cellular Translation. In response to
the intense transcriptional focus of early synthetic biol-
ogy efforts, a number of research groups are now inves-
tigating the creation of synthetic circuits based on the
regulated translation of specific genes (57, 58). Small
RNA “riboregulators” have been engineered that acti-
vate the expression of specific mRNAs (mRNAs) by al-
lowing the ribosome to access them (59). The mRNA tar-
get of the riboregulator is a short cis-repressed (CR)
sequence upstream of the start codon of a gene. In the
absence of a cognate riboregulator, the CR sequence
folds into a stable structure that obscures the start
codon. The riboregulator is designed to form a stable in-
termolecular RNA complex with the CR, revealing the
start codon and allowing translation. These elements
are truly modular and can be used in combination with
any promoter or gene to activate gene expression when
the riboregulator is present. Although RNA can adopt a
variety of tertiary structures that are difficult to predict,
simple riboregulators can be rationally engineered fol-
lowing the basic principles of base pairing (60). RNA can
be engineered with more complex functions, such as
the ability to bind molecules other than nucleic acids,
using in vitro selections based on binding to an immo-
bilized ligand (known as the systematic evolution of li-
gands by exponential enrichment or SELEX (61, 62)).
Bayer and Smolke (63) recently incorporated such an
RNA sequence, which can selectively bind the xanthine
derivative theophylline, into a riboregulator that conse-
quently only bound to its target mRNA in the presence of
theophylline. This work demonstrates that RNA mol-
ecules generated by rational design and directed evolu-
tion can be successfully integrated to create allosteric ri-
boregulators, providing opportunities to build RNA
networks with increasingly complex characteristics.

In an alternative approach to regulate translation, re-
cent research has involved reengineering the ribosome.
In bacterial cells, the ribosome identifies the start sites
for protein synthesis on mRNAs via base pairing be-
tween an mRNA-binding sequence (MBS) in the 16S
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Figure 3. An engineered orthogonal quorum-sensing tran-
scriptional activator. The progenitor luxR activates tran-
scription in response to 3OC6HSL but not C10HSL. Ran-
dom mutagenesis followed by selection for activation of
the cat gene in the presence of C10HSL by plating on
chloramphenicol (Cm) generated a promiscuous mutant
that bound both 3OC6HSL and C10HSL. Further mutagen-
esis and selection against activation of the bli gene by
growing �-lactamase (bla) expressing cells in the pres-
ence of carbenicillin (Cb) and 3OC6HSL generated a respe-
cialized luxR with specificity for C10HSL at the expense of
3OC6HSL recognition.
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rRNA (rRNA) and a ribosome-binding site (RBS) up-
stream of the authentic start codon (64, 65). This sys-
tem was reengineered to create new mRNAs and ribo-
somes with orthogonal properties, consisting of mRNAs
containing RBS sequences that are not translated by en-
dogenous ribosomes (orthogonal mRNAs, O-mRNAs),
and ribosomes that translate the O-mRNA but not any
of the thousands of cellular mRNAs (orthogonal ribo-
somes, O-ribosomes). To achieve this result, a library of
new potential RBSs was produced by creating all of the
possible combinations of residues at the nucleotide po-
sitions of the existing RBS upstream of a gene fusion be-
tween the chloramphenicol resistance gene and a ura-
cil phosphoribosyltransferase gene (cat-upp). The upp
gene product converts 5-fluorouracil (5-FU) to 5-fluoro-
dUMP, which strongly inhibits the essential thymidylate
synthase enzyme and causes cell death. O-mRNA se-
quences that are not translated by the endogenous ribo-
some were selected by plating the library of RBS mu-
tants on 5-FU (Figure 4) (66). These O-mRNAs were then
combined with ribosomes containing randomized 16S
rRNAs and grown on chloramphenicol to find mutant ri-
bosomes that specifically translate O-mRNAs. These ri-
bosomes do not significantly translate cellular tran-
scripts nor significantly alter the growth rate of the cells
that contain them, confirming their orthogonal proper-
ties (66). This study provides evidence that cellular mod-
ules that are essential for life can nonetheless be dupli-

cated and respecialized given an appropriate
experimental approach.

The O-mRNA and O-ribosome system enables a fun-
damentally new way to regulate gene expression. Pro-
duction of O-ribosomes within the cell allows the selec-
tive translation of a single, previously silent, mRNA.
Because multiple O-ribosomes and O-mRNAs can be
functionally expressed in a single cell, this approach
was able to create cells capable of performing simple
Boolean logic (64, 67). In one example, an “AND” func-
tion was created, in which the synthesis of a functional
enzyme depends on the presence of two O-ribosome·O-
mRNA pairs. The endogenous ribosome is essential to
cell function, and many mutations are lethal. However,
O-30S ribosomes are not essential, and it is possible to
further specialize their function. This capacity makes
O-ribosomes a good tool for investigating structure–
function relationships in rRNA. Recently, mutagenesis
of O-ribosomes allowed the large-scale identification of
residues required for ribosome subunit association (68).
The use of an analogous approach for engineering
O-ribosomes in nonprokaryotic cells is complicated by
the complex, factor-dependent mechanisms of transla-
tion initiation in eukaryotes and archaea.

Reengineering the Genetic Code. Despite advances
in solid-phase peptide synthesis and semisynthetic
methodologies, our ability to engineer the structure and
function of proteins is still in its infancy. In particular,
the incorporation of unnatural building blocks at spe-
cific sites using these methods is only applicable to pep-
tides and very small proteins (69, 70). By contrast, the ri-
bosome synthesizes protein with remarkable proces-
sivity and fidelity (65). Furthermore, the ribosome has
been found to exhibit a relatively wide tolerance for a va-
riety of unnatural substrates, when tested in vitro with
chemically acylated tRNAs (71). Despite these advanta-
geous properties, ribosomal protein synthesis is limited
to the common 20 amino acid building blocks in all or-
ganisms, with the rare exceptions of pyrrolysine and sel-
enocysteine (72). The development of chemical meth-
ods for the in vitro misacylation of tRNAs with unnatural
amino acids has enabled the ribosome to be hijacked
to synthesize proteins containing unnatural amino ac-
ids in vitro and in microinjected oocytes (73–75). More
recently, Schultz and co-workers have created systems
that allow aminoacyl-tRNA synthetases, the enzymes
that load amino acids onto tRNAs, to be engineered to
specifically incorporate unnatural amino acids into pro-

Cellular mRNA

Wild-type ribosome

cat-upp

cat-upp

Randomize interacting
residues

Positive selection

Negative selection+ 5-FU

+ Cm

Untranslated
mRNA

Orthogonal ribosome-mRNA pairs

Figure 4. Evolution of orthogonal ribosome�mRNA pairs. Ribosome�mRNA
pairs that work together without cross-talk from their naturally occurring counter-
parts in the cell were engineered via a two-step selection process. First, a pool of
mRNAs with randomized RBS sequences were assembled on a cat-upp fusion gene
template. Those that are not translated by endogenous ribosomes were selected by
growth on 5-FU, which results in cell death if the upp gene product is synthesized. In
the second step, a library of mutant ribosomes was combined with the surviving
mRNAs, and restoration of cat-upp translation was selected for by growth on chloram-
phenicol (Cm).
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teins expressed in both bacteria (76) and yeast (77). Al-
though the approaches use different selection markers
in either organism, they are conceptually analogous
(Figure 5). Adding an unnatural amino acid to the ge-
netic code of a living cell requires three orthogonal mod-
ules: an orthogonal codon, an orthogonal tRNA that rec-
ognizes that codon, and an orthogonal aminoacyl-tRNA
synthetase that can charge that tRNA. Although all 64
possible three-base codons are used in the genetic
code, only 61 are recognized by tRNAs; the remaining
three (UGA, UAG, and UAA) are recognized by proteins
known as release factors, which stimulate hydrolysis of
the newly synthesized protein and function as stop
codons (78). The UAG stop codon is rarely used and
can be reappropriated as a pseudo-orthogonal codon,
given that suppressor tRNAs can compete with the en-
dogenous release factor for UAG recognition and that
endogenous tRNAs do not recognize the codon to com-
promise the fidelity of proteins that are synthesized by
suppression of UAG codons. To find orthogonal
aminoacyl-tRNA synthetase-tRNA pairs, modules were
sourced from organisms from different superkingdoms,
taking advantage of fortuitous divergence in tRNA-
synthetase recognition elements.

The amino acid specificities of the orthogonal syn-
thetases are reassigned by targeted mutagenesis of
the synthetase active site followed by iterative positive
and negative selections (76, 77). These selections are
based on well-characterized genes that are modified to
incorporate UAG codons so that their activity is only ob-
served if a mutant synthetase is able to load the or-
thogonal tRNA. In bacteria the positive selection is
based on resistance to chloramphenicol in the pres-
ence of the unnatural amino acid, selecting for func-
tional synthetases; the negative selection is based on
expression of the toxic barnase protein in the absence
of the unnatural amino acid, so that synthetases that are
able to use any of the endogenous amino acids within
the cell are eliminated. Whereas in yeast the positive se-
lection is based on expression of a gene that enables
yeast to survive in the absence of histidine in the pres-
ence of the unnatural amino acid, the negative selection
is based on expression of a gene that converts a meta-
bolic analogue to a toxic product. These approaches
have proved to be remarkably general, allowing �30 un-
natural amino acids with diverse structures to be incor-
porated into bacterial and yeast proteins with high fidel-
ity and good yields (79).

The ability to introduce unnatural amino acids to the
genetic code of living organisms has enabled an array
of new approaches for manipulating protein function
within cells. For example, the incorporation of the pho-
toisomerizable amino acid p-azophenyl-phenylalanine
into the catabolite activator protein enabled its DNA-
binding activity to be photoregulated (80). Incorpora-
tion of photocaged cysteine into the proapoptotic
caspase 3 enzyme allowed its protease activity to be
specifically turned on by irradiation with UV light (81).
Amino acids with azide and alkyne side chains provide
useful reagents for subsequent protein modification
(82–84). Azides and alkynes are not found in native bio-
logical systems, and despite being relatively unreactive
in these systems, they can nonetheless take part in
highly selective reactions with exogenously delivered
small molecules (containing alkyne or azides functional-
ities, respectively), allowing “bio-orthogonal” chemical
reactions within living cells (85, 86).

The key problem limiting the expansion of the ge-
netic code is that cells contain a full complement of
tRNAs and aminoacyl-tRNA synthetases that incorpo-
rate natural amino acids in response to all 61 sense
codons and release factors for the termination of pro-
tein synthesis upon recognition of the three codons.
In recent work, Chin and coworkers engineered O-ribo-
somes that did not recognize
release factor-1 efficiently and
used them to incorporate
amino acids to efficiencies of
�60% at a single UAG codon
(87). This increase in suppres-
sion efficiency will allow a
wider variety of experimental
approaches using unnatural
amino acids; however, in
some cases the low levels of
truncated protein that are still
produced could complicate
the engineering of new func-
tions in living cells. Further-
more, reliance on the single
UAG codon limits the exten-
sion of this approach to incor-
porate multiple different un-
natural amino acids in a single
protein or cell. An elegant solu-
tion to this problem is to pro-
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that consist of multiple units with discrete
functions. Modules have the following
features: they have identifiable interfaces with
other modules; they can be modified and
evolved with some degree of independence;
and they maintain their function when
isolated and rearranged.

Orthogonality: Characteristic of chemical
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vide additional codons to encode unnatural mono-
mers. The addition of new codons has been achieved
in vitro using codons containing unnatural bases. Ini-

tially, it was shown that the unnatural base isocytosine
could be incorporated into a codon and specifically de-
coded by a tRNA with a complementary isoguanine-
containing anticodon (88). More recently, these obser-
vations have been extended to the unnatural base pair
of 2-amino-6-(2-thienyl)purine and pyridin-2-one (89).
The development of additional unnatural base pairs
(90), as well as mutant polymerases for the replication
of nucleic acids containing these base pairs (91), may
allow the engineering of cells that adhere to a distinct or-
thogonal genetic code.

Conclusions and Future Perspectives. The diversity
of naturally occurring species and their vast metabolic
diversity provide inspiration for new approaches and de-
signs that combine natural elements in unnatural net-
works and stimulate our imagination to engineer new
modules that are not found in nature. However, our
ability to reengineer cellular metabolism is still in its in-
fancy. The ability to create useful model cellular systems
or cell-based technologies requires well-characterized
components that can function predictably in a variety of
contexts. A powerful approach to achieve this goal is to
discover and engineer orthogonal modules whose func-
tion is not compromised in the presence of endog-
enous pathways. The principles and methods are now
in place to begin this work in earnest. Sourcing orthogo-
nal components from nature has been vital to the early
establishment of synthetic biology, but to fully realize its
potential directed evolution must be used to generate
new orthogonal modules. The selection approaches that
have been most successful to date all use genetic mark-
ers in two-step experiments. This approach can be ge-
nerically applied in the engineering of almost any molec-
ular interaction that can be linked to gene expression,
in bacteria and yeast. This approach provides a power-
ful route to create new cellular modules with defined
connections to and separation from other cellular func-
tions. As more modules are engineered and character-
ized, it will become easier to link multiple orthogonal
components in pathways of increasing complexity.
When combined with observation and analysis of natu-
ral systems, future work will fulfill synthetic biology’s
promise to aid in the understanding of complex biologi-
cal systems. Furthermore, the tools developed in these
exploits will enable the fabrication of useful new cell-
based technologies. Already, synthetic pathways have
been created that allow cells to act as environmental
sensors (92), simple computers (50, 67), drug and
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mRNA
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Figure 5. Expanding the genetic code. The specificity of
an orthogonal aminoacyl-tRNA synthetase can be reas-
signed to allow the incorporation of an unnatural amino
acid. A library of active site variants are generated by tar-
geted mutagenesis. Mutant synthetases that charge their
cognate suppressor tRNA and amino acid are selected in
the presence of the unnatural amino acid of interest, using
positive selection pressure. In a second step, only those
synthetases that use the unnatural amino acid but not any
other amino acid are selected, using negative selection
pressure. The engineered synthetase-tRNA pair enables
unnatural amino acids to be incorporated at UAG stop
codons where the translational machinery would usually
terminate protein synthesis.
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nanomaterial factories (93–95), and tools for bioremedi-
ation (96). In the future, these types of systems may
form the basis of important new technologies such as
cell-based biofuel fermentors (97, 98). Given that the in-
tricate and highly complex features of metazoan organ
systems and body plans are thought to have been made
possible by the duplication and neofunctionalization of
only a small number of control genes (99), this provides

an indication of the potential power of these approaches
to engineer remarkable new functions in living
organisms.
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