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The site-specific incorporation of unnatural amino acids with

orthogonal chemical reactivity into proteins enables the

synthesis of structurally defined protein conjugates. Amino

acids containing ketone, azide, alkyne, alkene, and tetrazine

side chains can be genetically encoded in response to

nonsense and frameshift codons. These bio-orthogonal

chemical handles allow precise control over the site and

stoichiometry of conjugation, and have enabled medicinal

chemistry-like optimization of the physical and biological

properties of protein conjugates, especially the next-

generation protein therapeutics.
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Introduction
Methods for the site-specific modification of proteins

have become powerful tools for probing protein structure

and function, as well as generating proteins with new or

enhanced properties. Historically, protein conjugation

reactions involve the modification of lysine, cysteine, or

nucleophilic serine side chains with electrophilic agents

[1]. However, these reactions generally lead to hetero-

geneous mixtures of protein conjugates with distinct

properties, especially when modifying large proteins such

as antibodies. The introduction of chemically orthogonal

functional groups into proteins, on the other hand, has

allowed for precise control of conjugation site and stoichi-

ometry. Common methods for this purpose include enzy-

matic or chemical reactions that modify specific peptide

sequences with chemical tags [2], and semi-synthetic

methods such as expressed protein ligation (EPL) [3].

Alternatively, recombinant methods have also been used
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to incorporate unnatural amino acids (UAAs) into proteins

as chemical handles for bio-orthogonal conjugation reac-

tions [4��]. The latter approach is particularly attractive

because, in principle, the UAA can be incorporated at any

desired position in any protein; the structure of the wild-

type protein is minimally perturbed by UAA incorpora-

tion since it does not require any particular sequence

context to specify the UAA site; and site-specifically

modified proteins are expressed recombinantly in high

yields in bacteria, yeast, or mammalian cells, and require

little additional manipulation for further conjugation. In

this review, we discuss several methods for the incorp-

oration of UAAs with orthogonal chemical reactivity into

proteins in living cells and recent examples of their

application, especially with regards to protein thera-

peutics.

Methods for genetically incorporating
unnatural amino acids into proteins
Among the early methods for the genetic incorporation of

UAAs into proteins was the use of bacterial strains aux-

otrophic for a structurally related canonical amino acid.

UAAs that are structurally similar to a common amino acid

are recognized by that wild-type or engineered aminoa-

cyl-tRNA synthetase (aaRS) and incorporated in the

absence of the cognate amino acid. This method has

been applied to analogues of Pro, Tyr, Phe, Leu, Val,

and most commonly to Met (the latter has low abundance

in the proteosome and hence less toxicity when replaced

globally) [5]. For example, the incorporation of seleno-

methionine into proteins using methionyl-tRNA synthe-

tase (MetRS) has been extensively used for the

determination of protein structures by X-ray crystallogra-

phy [6]. In another example, an engineered phenylalanyl-

tRNA synthetase (PheRS) was used to replace Phe with

p-acetylphenylalanine to introduce a reactive ketone

functional group [7]. The low efficiency of UAA incorp-

oration in this system was improved by overexpressing

the cognate aaRS. However, this general approach has a

number of drawbacks: the global replacement of canoni-

cal amino acids with structural analogues is often too toxic

to support exponential growth of cells; wild-type aaRSs

typically only mis-acylate close structural analogues of the

canonical amino acid; and in larger proteins this method

typically leads to the incorporation of UAAs at multiple

sites.

In some archaebacteria, nature has used nonsense codons

to encode selenocysteine (Sec) and pyrrolysine (Pyl),

which can be used for selective protein conjugation [8].
www.sciencedirect.com
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Scheme for the genetic incorporation of unnatural amino acids.
Selenol is relatively acidic (pKa � 5.2) compared to thiol

(pKa � 8.3), and mostly exists as the selenate anion at

physiological pH. Thus one can selectively modify

proteins by reacting Sec with electrophiles (e.g., malei-

mide or a-haloketones) in the presence of free Cys [9].

Unlike Sec, Pyl is unreactive. However, Pyl analogues

bearing reactive groups have been genetically encoded by

the corresponding wild-type aaRS (or mutants thereof)

and used in protein conjugation reactions [10].

To expand the genetic code beyond the canonical amino

acids, we and others have reprogrammed the cell’s trans-

lational machinery by evolving additional tRNA/aaRS

pairs that site-specifically incorporate UAAs in response

to either nonsense or 4-base frameshift codons [4]

(Figure 1). Importantly, these tRNAs and aaRSs are

orthogonal to their counterparts in the host cell (i.e., they
www.sciencedirect.com 
do not cross-react with their natural counterparts) in order

to maintain high translational fidelity. The most successful

strategy for generating orthogonal tRNA/aaRS pairs is to

import them from phylogenetically distant organisms (e.g.,

from archea to Escherichia coli, from E. coli to yeast, from

archea to mammalian cells, etc.). For example, an engin-

eered tRNATyr/TyrRS pair derived from Methanococcus
jannaschii has been used to incorporate a large number

of UAAs into proteins in E. coli in response to the amber

codon TAG [11]. To genetically encode a specific UAA, an

active site library of aaRS mutants is subjected to multiple

rounds of positive selection (to select mutants that incorp-

orate any amino acid) and negative selection (to select

against mutants that incorporate endogenous host amino

acids). This method has been used to incorporate over 70

UAAs in bacteria, yeast, and mammalian cells (with yields

up to 5 g/L in a 40,000 L bacterial fermentation) [4��].
Current Opinion in Chemical Biology 2013, 17:412–419



414 Next generation therapeutics
More recent advancements have expanded the technology

to include orthogonal tRNA/aaRS pairs derived from leucyl

[12], tryptophanyl [13], lysyl [14], pyrrolysyl [15], and

prolyl [16] pairs to allow increased diversity in UAA struc-

ture. To incorporate two or more UAAs, tRNA/aaRS pairs

have been developed that recognize other nonsense

codons (TGA or TAA) or frameshift codons [14]. In

addition, an orthogonal ribosome [17] that only recognizes

orthogonal mRNAs (by means of a modified Shine–Dal-

garno sequence) has also been engineered to efficiently

decode quadruplet codons with minimal toxicity [18�].
Moreover, it has been shown that a reengineered EF-

Tu [19] with improved binding properties allows the

incorporation of phosphoserine into proteins, and that

deletion of RF1 with compensating mutations in RF2

can improve suppression efficiency [20]. More recently,

the TAG nonsense codon has been more rigorously reas-

signed to only encode UAAs by genome-wide substitution

of TAG with other synonymous stop codons (Church et al.,
submitted). Hence, one can very effectively reprogram

much of the translational machinery to efficiently incorp-

orate UAAs with novel chemical functionality not found in

the canonical 20 amino acids.

Unnatural amino acids with orthogonal
chemical reactivity
Several chemically reactive UAAs have been genetically

encoded to facilitate the selective conjugation of proteins

to small molecules, oligonucleotides, synthetic polymers,

and other proteins. Inspired by recent advances in bio-

orthogonal or protein-compatible reactions, the repertoire

of genetically encoded chemically reactive amino acids

has grown considerably. Among them, the most widely

used reactions include oxime formation [21], Cu(I)-cat-

alyzed and strain-promoted Huisgen 1,3-dipolar cycload-

ditions (‘Click’ reaction) [22�], and, most recently, inverse

electron demand hetero Diels–Alder (HDA) reactions

[23]. In addition, other chemically reactive amino acids

have also been encoded that allow the selective modifi-

cation of proteins by Michael reactions [24], metathesis

reactions [25], transition metal catalyzed cross-couplings

[26], radical polymerizations [27], oxidative couplings

[28], acyl-transfer reactions [29], and photo click reactions

[30].

Ketone-containing UAAs react with alkoxy-amine deriva-

tives to form a stable oxime bond (whereas adducts with

lysine and cysteine side chains are unstable in aqueous

buffer) [31] (Figure 2a). Although the reaction rate is

relatively slow (k � <10�2 M�1 s�1), this drawback can

be easily overcome by the addition of nucleophilic cat-

alysts or excess conjugation partners. This strategy has a

number of attractive features: the oxime bond is stable

under physiological conditions; keto groups can be intro-

duced into proteins with excellent efficiency and fidelity

using genetically encoded p-acetylphenylalanine (pAcF)

[32]; alkoxy-amine derivatives of small molecules and
Current Opinion in Chemical Biology 2013, 17:412–419 
macromolecules are relatively easy to synthesize; pAcF

causes minimal perturbation to protein function and

stability; and the relatively mild conjugation conditions

provide homogeneous reaction products in almost quan-

titative yields. Indeed this conjugation method has been

the most extensively used method to date, however, the

acidic reaction conditions (pH < �5) preclude its use

with pH-sensitive proteins and live cells, and it cannot

be applied to molecules containing functional groups that

react with alkoxy-amines.

Since the first description of click chemistry in 2001

[33], the Cu(I)-catalyzed cycloaddition of an azide and

alkyne has found many uses in biological sciences due to

its high selectivity, yield and relatively mild reaction

conditions. In the presence of Cu(I), an azide and alkyne

rapidly form a 1,2,3-triazole linkage, which is stable

under physiological conditions (Figure 2b). The reac-

tion components, other than alkyne and azide, typically

include Cu(II), reducing agent (e.g. ascorbic acid), and

ligands to stabilize in situ-generated Cu(I) species.

Although the reaction can take place at physiological

pH, its applications are significantly limited due to

Cu(I)-dependent side reactions with proteins and cel-

lular toxicity. To overcome the limitations associated

with Cu(I) catalysts, ‘activated’ alkynes have been

developed that react with good kinetics in the absence

of catalyst [22,34,35] (Figure 2c). Typically, a cyclooctyne

moiety has increased reactivity as a result of ring strain;

other modifications such as fluorination of the vicinal

carbons and fusion with a biaryl/cyclopropane ring further

increase the reactivity of alkynes. Some of the cyclooctyne

variants have even been used to label proteins in whole

cells [35]. However, the more complex synthesis and short

shelf-life (especially at ambient temperatures) of cyclooc-

tyne compounds can be a drawback, and their increased

bulk and hydrophobicity may affect protein structure and/

or solubility.

Recently, there has been considerable interest in conju-

gation strategies that employ electron-deficient tetrazines,

which selectively react with strained alkenes (norbronene,

trans-cyclooctene, and cyclopropene) or alkynes to form

stable bicyclic linkages [36] (Figure 2d). These reactions

can typically be carried out under physiological conditions

and do not require any catalyst. Their reaction rates

(k = 10–10,000 M�1 s�1) are orders of magnitude faster

than oxime formation or [3 + 2] cycloadditions, which

makes this reaction more attractive for in vivo applications.

Indeed a number of these reactive groups have been

successfully genetically encoded [34,37–39].

Applications to protein therapeutics
The ability to engineer chemically defined macromol-

ecules using UAAs provides for the first time medicinal

chemistry-like control over the pharmacological and

physical properties of protein therapeutics. More
www.sciencedirect.com
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UAAs used for site-specific protein conjugation.
traditional methods like lysine or cysteine conjugation

often form heterogeneous products with limited control

over conjugation site and stoichiometry. Furthermore, it

is likely that individual product species have distinct

efficacy, safety, and pharmacokinetic properties that com-

plicate the optimization of a therapeutic candidate. Some

recent applications of genetically incorporated UAAs to

the development of protein therapeutics are highlighted

below (Figure 3).

One of the earliest applications involved site-specific

polyethylene glycol (PEG) conjugation to extend the

serum half-life of proteins (Figure 3a). The orthogonal

chemical handle allows for the control of conjugation site

and stoichiometry to maximize biological activity, serum

half-life and stability/solubility. For example, human

growth hormone [40�] and fibroblast growth factor 21

[41] were expressed with pAcF at defined positions

and conjugated to an alkoxy-amine derivatized PEG in
www.sciencedirect.com 
80–97% yield. The resulting conjugate showed excellent

pharmacokinetics, minimal loss of biological activity, and

no apparent immunogenicity in vivo.

Genetically encoded UAAs have also been used to syn-

thesize antibody–drug conjugates (ADCs). ADCs prefer-

entially deliver cytotoxic drugs to cells presenting tumor-

associated antigens to achieve improved drug efficacy and

safety. For example, brentuximab vedotin (Adcetris/

SGN-35; an anti-CD30 antibody conjugated with the

microtubule-disrupting agent monomethyl auristatin E)

has been recently approved for Hodgkin’s lymphoma

[42], and several other ADCs are currently in late-stage

clinical trials. However, the first approved ADC, gemtu-

zumab ozogamicin (Mylotarg; an anti-CD33 antibody

conjugated with the DNA cleaving agent calicheamicin)

[43], was pulled from the market in 2010 because of

toxicity and lack of efficacy in larger trials, showing the

need for further optimization of this class of drugs.
Current Opinion in Chemical Biology 2013, 17:412–419
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Figure 3
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Protein conjugates synthesized with unnatural amino acids and examples of their applications.
Typical synthetic methods for most ADCs involve modi-

fication of lysine or cysteine residues which leads to a

distribution of zero to eight toxins per antibody at various

sites. The individual species within this mixture are likely

to have distinct affinities, stabilities, pharmacokinetics,

efficacies and safety profiles. A site-specific ADC with

only two conjugation sites (generated by THIOMAB

technology in which additional cysteines are introduced

into the antibody for maleimide conjugation [44�])
showed similar efficacy to randomly labeled ADCs, but

had an improved therapeutic index and better pharma-

cokinetic properties in rodents. This methodology, how-

ever, requires complicated reduction/oxidization steps

and still has inherent cysteine–maleimide instability

[45]. An anti-Her2 IgG expressed with two genetically

encoded pAcF residue was conjugated to an auristatin

derivative via a stable oxime-linkage in excellent yield

[46��] (Figure 3b). This construct showed selective in
vitro cytotoxicity (EC50 100–400 pM) against Her2+

breast cancer cell lines as well as complete regression

of Her2+ mammary fat pad tumors in mouse xenograft

models. Full-length IgGs containing pAcF can be

expressed in mammalian cells at yields over 1 g/L, mak-

ing this a commercially viable technology. The ability to

synthesize homogeneous ADCs enables medicinal
Current Opinion in Chemical Biology 2013, 17:412–419 
chemistry-like optimization  of ADCs, and is currently

being applied to the synthesis of antibodies conjugated to

kinase and phosphatase inhibitors, nuclear hormone re-

ceptor agonists and antagonists, and other drug classes for

treatment of autoimmune, cardiovascular, and metabolic

disease.

Bispecific antibodies that can bind two different antigens

simultaneously (on the same or distinct proteins and/or

cells) also have gained considerable attention as next-

generation immunotherapeutics for cancer. Bispecific anti-

bodies consisting of an antibody (or fragments thereof)

specific for a tumor associated antigen linked to an anti-

human CD3 (cluster of differentiation 3) antibody have

demonstrated impressive efficacy in the clinic [47]. These

engineered antibodies recruit CD8+/CD3+ cytotoxic T

lymphocytes to tumor cells and form a pseudo-immuno-

logical synapse that results in the activation of T lympho-

cytes and subsequent lysis of the target cells. A number of

recombinant methods (including single chain variable frag-

ment (scFv) and IgG-based formats) and some chemical

crosslinking methods have been developed to generate

bispecific antibodies [48–51]. However, genetically fused

scFvs can have short serum half-lives and relatively poor

stability, and some IgG-based quadroma formats, which
www.sciencedirect.com
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consist of chimeric mouse IgG2a and rat IgG2b, can gen-

erate human anti-mouse (HAMA) or human anti-rat

(HARA) antibody responses in patients [52]. Moreover,

these methods often lead to restricted (and less optimal)

orientations of the fusion proteins (e.g., C-terminal to N-

terminal fusions). Synthesis of bispecific antibodies using

traditional chemical methods is challenging since one gen-

erates many different orientations of the two antigen bind-

ing sites, which may or may not form productive

immunological synapses.

We have developed a two-step method to synthesize

homogeneous bispecific antibodies using genetically

encoded UAAs and flexible bifunctional linkers

[53��]. This approach involves conjugating the two

pAcF-containing Fabs to bifunctional linkers (a short

PEG with an alkoxy-amine on one end and either an

azide or cyclooctyne on the other). In a second step, the

antibody-linker conjugates are coupled to each other via

copper-free [3 + 2] Huisgen cycloaddition in good

yields. The affinity of anti-Her2 Fab homodimers

generated by this method toward Her2 was comparable

to full-length IgG. Moreover, heterodimers of anti-

Her2/anti-CD3 Fabs showed subnanomolar killing

(EC50 � 20 pM) of Her2+ cancer cells in the presence

of purified peripheral blood mononuclear cells (PBMCs)

in vitro, which is comparable to the most potent bispe-

cific antibodies reported to date. Furthermore, the con-

jugate has a half-life  of �7 hours in rodents and has

shown effective tumor suppression in mouse xenograft

models. Similar bispecific antibodies against other tar-

gets, for example, CD20, CD33, and EGFR, are being

developed.

Proteins have also been conjugated to single-stranded

DNAs or peptide nucleic acids (PNAs) and can be sub-

sequently hybridized to form homodimers, heterodimers,

tetramers or higher order complexes [54] (Figure 3d). For

example, PNA was conjugated to a pAcF-containing Fab

via oxime ligation in excellent yields. The PNA-linked

anti-Her2/anti-CD3 Fabs showed potent and specific

cytotoxicity in vitro, similar to that of the PEG-linked

bispecific Fabs. A tetramer of anti-CD20 Fab was gener-

ated utilizing PNAs that form a Holiday junction, and

potently induced apoptosis of CD20+ Ramos cells.

Additionally, an anti-Her2 Fab conjugated to single-

stranded DNA was used to detect Her2+ cells by

immuno-PCR with exquisite sensitivity [55].

Other applications of selective conjugation with geneti-

cally encoded UAAs include the conjugation of fluor-

escent dyes and other spectroscopic probes to proteins.

Fluorescent dyes have been conjugated both in vitro, such

as for FRET experiments to study protein dynamics [56]

and in vivo for specific labeling on cell surfaces [35,57,58].

Spin labels also have been conjugated to probe protein

structure by electron paramagnetic resonance (EPR) [59].
www.sciencedirect.com 
Conclusion
An advantage of using genetically encoded UAAs for bio-

orthogonal protein conjugation is the ability to generate

chemically defined, homogeneous protein conjugates that

can be characterized and optimized with respect to their

efficacy, safety and pharmacokinetics. There are clearly

many directions in which the technology and its appli-

cations can be further developed. For example, currently

stoichiometry is largely limited to one site per protein (or

two sites on a full-length antibody); the efficient incorp-

oration of two or more identical or different UAAs into a

single polypeptide will allow the synthesis of more-com-

plex conjugates. Moreover, the development of stable cell

lines each encoding a distinct amino acids will simplify

mammalian expression of mutant proteins. Different pay-

loads for ADCs such as kinase inhibitors, nuclear hor-

mone receptor agonists, or HDAC inhibitors will further

expand the therapeutic applications of ADCs. Also, novel

bi-specific and multi-specific protein conjugates can be

created to bind specific antigens on cells in defined

orientations with respect to each other. These and other

advances promise to enable a new generation of chemi-

cally tailored protein therapeutics.
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