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Unnatural amino acids have in recent years established their importance in
a wide range of fields, from pharmaceuticals to polymer science. Unnatu-
ral amino acids can increase the number of chemical groups within proteins
and thus expand or enhance biological function. Our ability to utilize these
important building blocks, however, has been limited by the inherent diffi-
culty in incorporating these molecules into proteins. To address this challenge,
researchers have examined how the canonical twenty amino acids are incorpo-
rated, regulated, and modified in nature. This review focuses on achievements
and techniques used to engineer the ribosomal protein-translation machinery,
including the introduction of orthogonal translation components, how directed
evolution enhances the incorporation of unnatural amino acids, and the poten-
tial utility of ancient biomolecules for this process. C© 2015 by John Wiley &
Sons, Inc.
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INTRODUCTION
The cellular translation machinery has

evolved to translate a canonical set of twenty
amino acids (although selenocysteine and
pyrrolysine are involved in protein synthesis
in certain species). Despite the limited variety
of chemical functional groups offered by these
amino acids, nearly all organisms utilize the
same set of twenty to build proteins for a wide
variety of cellular applications. One might
question how the functional requirements
of biological life are fulfilled using such a
restricted set of building blocks. Biological
systems use post-translational modifications
and cofactors to expand the chemical com-
plexity of protein chemistry, but these cellular
techniques can be difficult to harness in the
laboratory. A similar question arises when
scientists attempt to develop novel proteins in
the laboratory—are we limited to 20 canonical
amino acids when designing proteins? One
method used by researchers to expand or

manipulate protein chemistry is to directly
incorporate chemical functionality during
translation using unnatural amino acids,
meaning amino acids other than the canonical
twenty. However, unnatural amino acids are
frequently rejected by the translation ma-
chinery and suffer from low translation rates.
Other challenges include incorporation of an
unnatural amino acid at multiple positions in
the same protein or translating several types
of unnatural amino acids into a single protein.
Despite the challenges associated with using
unnatural amino acids, many scientific fields
are actively benefiting from their application
(Liu and Schultz, 2010).

Unnatural amino acids offer a wide vari-
ety of chemical functionalities that researchers
can exploit for a variety of uses. These include
chemical tags, enhanced or altered functional-
ity, increased stability, and post-translational
modifications (see Fig. 1. For example, bio-
therapeutics depend on unnatural amino acids
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Figure 1 Applications of unnatural amino acids: a diagram illustrating research areas that employ
unnatural amino acids.

to address a variety of challenges includ-
ing low permeability across biological barri-
ers and rapid degradation in vivo (Gentilucci
et al., 2010; Duro-Castano et al., 2014). Un-
natural amino acids are also used to chemi-
cally tag proteins at a specific location without
labeling non-target amino acids or proteins.
Such tagged proteins have application in a
range of fields including in vivo cell imag-
ing, proteomics, and drug-delivery systems
(Stephanopoulos et al., 2010; Stephanopou-
los and Francis, 2011; Elliott et al., 2014;
Lang and Chin, 2014). Translation of un-
natural amino acids is also used in basic
protein research to directly incorporate post-
translational modifications during translation,
thereby offering reliable protein modifica-
tion while avoiding the challenges associated
with post-translational enzymatic or chemical
methods (Park et al., 2011; Yanagisawa et al.,
2014). Even nanoscience and polymer science
are exploring the expanded possibilities that
unnatural amino acids offer (Wallat et al.,
2014). Due to these many applications, re-
searchers have sought techniques to insert un-
natural amino acids into peptides and proteins.

TRANSLATION OF UNNATURAL
AMINO ACIDS

A number of methods exist to facilitate
unnatural amino acid incorporation into
proteins and peptides, including synthetic
techniques such as solid-phase synthesis,
in vitro translation systems, and biological
methods (Merrifield, 1969; Goto et al., 2011;
Smith et al., 2014). Biological approaches
to incorporating unnatural amino acids are
split into nonribosomal protein synthesis and
ribosome-mediated translation (Walsh, 2014).
This review focuses on the latter (see Fig. 2.
Ribosome-mediated translation requires many
cellular components including, but not limited
to, the ribosome, transfer RNAs (tRNAs),
aminoacyl-tRNA synthetases, and elongation

factors. Engineering the ribosome translation
machinery to translate unnatural amino
acids has required overcoming a number
of biological proofreading steps that reject
unnatural amino acids during translation.
Researchers have addressed these challenges
using a variety of techniques including de-
veloping orthogonal translation components
from other species, directed evolution of
translation factors, and, most recently, ancient
components of the translation machinery.

Cellular translation utilizes a number of
proofreading steps during which unnatural
amino acids can be detected and blocked from
incorporation. Specific steps in translation
allow the ribosome, tRNAs, synthetases, and
elongation factor Tu (EF-Tu) to ensure accu-
rate translation of the canonical amino acids
and exclusion of any unnatural ones. In the
first proofreading step, the synthetase acylates
the corresponding tRNA with its cognate
amino acid. Next, EF-Tu confirms that the
aminoacyl-tRNA is charged with the correct
amino acid and delivers the complex to the
ribosome for translation. Finally, the ribosome
may fail to accommodate an unnatural amino
acid and would thus prevent its incorporation
into a protein. Each of these three steps is
a point at which an unnatural amino acid
may be rejected by the translation machinery.
Researchers are working to address each of
these proofreading steps during translation.

Previous research has demonstrated that
the ribosome is fairly promiscuous in ac-
cepting canonical and noncanonical (beta,
N-methyl, etc.) amino acids. Such indiscrim-
inate behavior has allowed researchers to
focus more attention on manipulating other
checkpoints in translation. For instance, tRNA
synthetases, tRNAs themselves, and EF-Tus
often contribute to low rates of unnatural
amino acid incorporation (Josephson et al.,
2005; Hartman et al., 2007; Park et al., 2011).
Researchers have developed methods to
engineer these components of the translation
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Figure 2 Techniques summary. This flow chart shows methods used to incorporate unnatu-
ral amino acids into peptides and proteins. This review focuses on methods highlighted under
“ribosome-mediated synthesis” wherein the ribosome translation machinery is engineered to pro-
mote efficient translation of unnatural amino acids.

machinery. Their techniques include using
orthogonal translation components, directed
evolution of proteins, and ancient components
of the translation system.

ORTHOGONAL TRANSLATION
COMPONENTS

Great strides have been made by re-
searchers in addressing the exclusion of
unnatural amino acids by tRNAs and syn-
thetases. Synthetases and tRNAs work in
cellular translation as an orthogonal pair,
specific for an amino acid, be it canonical or
unnatural. To incorporate an unnatural amino
acid, an orthogonal tRNA and synthetase
pair is required (Wang and Schultz, 2001;
Santoro et al., 2002). Although the tRNA and
synthetase must recognize each other, it is
critical that they not interact with other tRNAs
or synthetases in the cell, since these pairs
are already assigned to a specific amino acid.
Rather than develop tRNAs or synthetases
de novo, a common approach is to adopt
tRNAs and synthetases from other domains
of life. Since tRNAs and synthetases are often
domain- or even species-specific, a pair from
another domain will likely be orthogonal to all
other tRNA/synthetase pairs in an organism’s
translation machinery.

Once an orthogonal pair has been identified,
it is engineered to enhance the incorporation
of the unnatural amino acid of choice. Briefly,
the tRNA’s anticodon loop must be altered
to a codon that will be exclusively assigned
to the unnatural amino acid, often the amber
stop codon. Additionally, the synthetase must
be engineered to exclusively recognize the
engineered tRNA and unnatural amino acid

of choice (Liu and Schultz, 2010). While
this method has been used to successfully
translate many unnatural amino acids, it is not
sufficient for all unnatural amino acids. Even
with the addition of an effectively engineered
tRNA and synthetase, EF-Tu’s proofreading
capabilities can still prevent unnatural amino
acid translation (LaRiviere et al., 2001; Ieong
et al., 2012). In such cases, the orthogonal
tRNA/synthetase pair method must be supple-
mented by the addition of an EF-Tu variant
capable of accommodating the unnatural
amino acid (Doi et al., 2007; Park et al.,
2011).

Interestingly, nature has already provided
us with one example of an elongation factor
exclusive for an unnatural amino acid. SelB,
a paralog of EF-Tu, is specific for what
is commonly referred to as the twenty-first
amino acid, selenocysteine (Bock et al., 1991).
EF-Tu does not participate in the translation
of selenocysteine, and SelB does not deliver
canonical amino acids. Rather, organisms that
can directly translate selenocysteine using the
ribosomal translation machinery do so using
SelB as an elongation factor exclusively for
the delivery of selenocysteinyl-tRNA to the
ribosome.

DIRECTED EVOLUTION
It has recently become clear that EF-Tu

must be engineered to allow certain unnatural
amino acids to be efficiently incorporated by
the translation machinery. Phosphoserine is
an example of an unnatural amino acid that
requires a dedicated EF-Tu (Park et al., 2011).
An EF-Tu variant specifically engineered to
accommodate this unnatural amino acid can
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be used in conjunction with an orthogonal
tRNA/synthetase pair, creating an orthogonal
triplet specific for the unnatural amino acid.
To engineer EF-Tu for phosphoserine, random
mutagenesis was used to alter the amino
acid binding pocket of EF-Tu. An in vivo
selection process was then used to identify an
EF-Tu variant able to specifically recognize
and deliver phosphoserine to the ribosome.
Such an approach, however, would require a
novel EF-Tu variant for each unnatural amino
acid. It is, therefore, valuable to engineer an
EF-Tu variant capable of broadly recognizing
and delivering many unnatural amino acids
to the ribosome. One approach to making
such an elongation factor (EF) is to exploit
evolutionary information from ancient EFs
that existed at a time in evolutionary history
when the protein-translation machinery was
still developing and expanding the number
of amino acids used during translation. This
would require higher-order directed evolution
techniques, but such an EF may in principle
be more promiscuous and thus better able to
deliver unnatural amino acids.

HIGHER-ORDER DIRECTED
EVOLUTION

In addition to orthogonal translation com-
ponents and directed evolution of proteins,
fresh approaches that exploit ancient evolu-
tionary information are proving their utility in
protein engineering. Instead of using an ex-
haustive or random search for mutations that
impart novel functionality, researchers can
use ancestral sequence information to mine
sequence space that has already been tested
for viability by nature. These higher-order
directed evolution strategies, such as ancestral
sequence reconstruction (ASR), can be used
to direct protein engineering to design variants
with desirable phenotypes such as increased
stability or promiscuity (Liberles, 2007).

ASR is a computational technique that can
rewind the tape of evolution and resurrect an-
cient proteins that theoretically once existed.
This method uses extant protein sequences to
computationally determine protein sequences
that existed at various speciation events (Cole
and Gaucher, 2011). The advantage of this
technique is that these ancestral proteins have
already been tested by nature and deemed fit
to survive. In several labs, ASR has been suc-
cessfully used to identify protein sequences
with increased thermostability, promiscuous
enzymatic activity, or greater stability during
directed evolution, see Figure 3 (Gaucher

et al., 2003; Goldsmith and Tawfik, 2013;
Risso et al., 2013).

One way ASR has facilitated protein engi-
neering is through directing the design of more
stable protein variants. For example, ances-
tral proteins can have increased thermostabil-
ity and kinetic stability, which is thought to be
derived from existing on a hotter planet during
the Precambrian period (Gaucher et al., 2003;
Risso et al., 2013). Over billions of years,
proteins evolved under conditions that were
slowly becoming more moderate in terms of
temperature, leading to modern proteins that
are often stable only within a very narrow tem-
perature range.

Additionally, ASR has produced ancestral
proteins that demonstrate greater functional
promiscuity. Resurrected β-lactamases from
the Precambrian period were not only found
to confer resistance to penicillin antibi-
otics, but also demonstrated activity against
third-generation human-made antibiotics. In
contrast, modern β-lactamases have more
limited enzymatic capabilities and are not
effective against third-generation antibiotics
(Risso et al., 2013). Since promiscuous
function in enzymes is thought to be advan-
tageous when seeking to evolve novel protein
function, ancestral proteins may be better
scaffolds to use in directed evolution protein
engineering (Khersonsky and Tawfik, 2010).

Another technique combines directed evo-
lution and ASR by introducing stabilizing,
ancestral mutations into an evolving protein,
thereby compensating for destabilizing muta-
tions when seeking novel function. Mutations
that generate novel functionality can be desta-
bilizing, which makes their identification dif-
ficult. By bringing a protein sequence closer to
the ancestral sequence, the protein can better
mitigate the effects of destabilizing mutations
that arise during directed evolution (Goldsmith
and Tawfik, 2013). This ancestral-modern hy-
brid can serve as a better scaffold on which
to introduce mutations during directed evolu-
tion. A more stable protein can accumulate a
wider range of mutations, thereby allowing a
broader search of sequence space, which in
turn enhances the search for novel enzymatic
function.

The increased promiscuity of ancestral pro-
teins is a feature that may be harnessed in
the design of protein variants able to trans-
late unnatural amino acids. Although the mod-
ern translation machinery displays specificity
for only twenty amino acids, ancient transla-
tion components may be more promiscuous
and may accept a wider range of substrates,
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Figure 3 Phylogenetic tree showing increased KM and Vmax for ancestor A. This example of a
protein phylogeny illustrates an improved KM and Vmax for ancestral proteins over modern proteins.
All graphs show the rate of reaction versus substrate concentration. Modern proteins from species
F and D show low KM and Vmax. The ancestral protein inferred at node A shows increased KM and
Vmax.

including unnatural amino acids. Presumably,
early life contended with a variety of amino
acids far more diverse than what is currently
found in vivo. The ribosome has been argued
to be an entropy trap, suggesting it is inherently
promiscuous (Sievers et al., 2004). Based upon
the assumption of the ribosome’s promiscu-
ity, other components of translation may have
originally been more functionally restrictive
in terms of which amino acids they would
incorporate into proteins, such that only a
small number of amino acids (presumably less
than twenty) were incorporated into proteins.
Over time, the components of protein transla-
tion functionally expanded and the number of
amino acids used in translation increased. This
promiscuity of the translation components led
to the efficient translation of increased num-
bers of amino acids until life settled on the
canonical twenty. To maintain this restric-
tive list, the modern translation machinery has
evolved again to be exclusive for the modern
twenty amino acids. As such, ancient transla-
tion components, designed through methods
like ASR, may be more promiscuous and may
be able to translate a wider range of amino
acids, including unnatural amino acids.

CONCLUSION
Methods to incorporate unnatural amino

acids continue to evolve as our understanding
of protein synthesis continues to develop.
Initially, the tRNAs and synthetases were
targeted; researchers knew an orthogonal pair
was required for each amino acid regardless of
whether that amino acid was natural or unnat-
ural. The notion of manipulating translation

components was recently expanded to include
engineered EF-Tu variants, developed using
directed evolution. Currently, higher-order
directed evolution approaches offer ancient
proteins as a new direction for the incorpo-
ration of unnatural amino acids. Ancestral
sequences can offer both increased stability
and promiscuity, thereby acting upon a wider
range of substrates than their modern coun-
terparts. Stabilizing, ancestral mutations can
also compensate for destabilizing mutations, a
vital component when seeking altered or novel
function via directed evolution. Ultimately,
the process by which directed evolution
impacts unnatural amino acid translation
will progress as our understanding of both
translation and evolution continues to develop.
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