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Abstract

The maturation of chemical synthesis during the 20th century has elevated the discipline from a 

largely empirical into a rational science. This ability to purposefully craft matter at the molecular 

level has put chemists in a privileged position to contribute to progress in neighboring natural 

sciences. Recently, we have witnessed another major advance in the field in which chemists 

use chemical and biological “synthetic” methods together to alter the structures and properties 

of biological macromolecules in ways heretofore unimagined. This interdisciplinary approach to 

synthesis has even allowed us to expand upon the defining characteristics of living organisms at 

the molecular level. In this perspective, we present a case study for the successful addition of new 

chemistries to the fundamental processes of the central dogma of molecular biology, exemplified 

by the expansion of the genetic code.
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INTRODUCTION

The central dogma of molecular biology defines the processes of DNA replication, 

transcription, and translation (Fig. 1).1 All genetic information is stored in a four-nucleotide 

genetic alphabet and is deciphered from sets of nucleotide triplets, or codons, according 

to the genetic code. Of the existing 64 codons (43), 61 code for one of the 20 canonical 

amino acids with the remaining three directing termination of translation. Both the genetic 

alphabet and code are understood to be universal to all life. The genetic information is 

first transcribed into messenger RNA (mRNA) and then translated into sequence-defined 

polypeptides (proteins) by the ribosome. Proteins constitute the primary macromolecular 

machinery of the cell. Their function is imparted by the molecular characteristics and 

tertiary arrangement of their polypeptide sequences and is thus intrinsically limited by the 

chemical space covered by the 20 proteinogenic amino acids whose side chains include 

carboxylic acids, amides, alcohols, amines, thiol and thiol ether, alkyl and aryl groups (and 

in a handful of archaea bacteria, selenocysteine and pyrrolysine amino acids)

The field of synthesis as exemplified by chemical synthesis and more recently the 

burgeoning field of synthetic biology, reflects our desire to control the three-dimensional 

structure of matter at the molecular level, be it small molecules or large complex molecules 

or systems of interacting molecules. The latter focus compelled chemists to ask whether one 

might be able to expand upon the chemistries contained within the central dogma itself to be 

able to create unnatural structures of unparalleled complexity that are generally inaccessible 

Diercks et al. Page 2

Chem. Author manuscript; available in PMC 2023 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by conventional synthetic methodologies, be it chemical or by recombinant technologies. 

Herein, we outline how chemists have harnessed the processes of the central dogma of 

molecular biology toward this purpose.

EXPANSION OF THE GENETIC CODE

During translation, mRNA, the product of DNA transcription, serves as a template for the 

sequence-defined synthesis of polypeptides at the ribosome. The 61 sense codons are each 

assigned to one of the 20 canonical amino acids. This process is directed by a network 

of orthogonal sets of aminoacyl-transfer RNA synthetase (aaRS)/isoacceptor-transfer RNA 

(tRNA) pairs. Each amino acid is aminoacylated to its cognate tRNA by its requisite aaRS. 

Subsequently, the anticodon-containing charged tRNA is directed by the elongation factor 

(elongation factor thermo unstable, EF-Tu) to the ribosome, where it is paired with its 

corresponding mRNA codon. Successful anticodon-codon pairing directs peptidyl-transfer 

between the tRNA and the growing polypeptide chain until stop-codon-directed termination 

releases the protein (Fig. 1).

The addition of synthetic building blocks with new structures and chemistries to the 

genetic code of living cells requires reprogramming of the existing translation machinery 

to ensure orthogonality, that is the absence of crosstalk with the natural protein biosynthetic 

machinery. To this end, a number of prerequisites had to be considered: (i) cell-permeability 

or biosynthetic availability of metabolically stable non-canonical amino acids (ncAAs), (ii) 

compatibility of the ncAA with the elongation factor and the ribosome, (iii) the unique 

assignment of a codon with a corresponding tRNA and its cognate aaRS to a specific 

ncAA, and (iv) high selectivity for the allocated aaRS to its cognate tRNA and ncAA.2 

Criteria (i) and (ii) are satisfied for many ncAAs. First, there is a vast chemical space 

of candidate ncAAs that are both chemically stable and cell permeable. Second, both the 

aminoacyl-binding site of EF-Tu, and the ribosome itself are amenable, without alteration, to 

a broad assortment of ncAAs. This was corroborated by the fact that modified amino acids 

had been incorporated into proteins using chemically aminoacylated tRNAs in vitro3,4,5

The major challenge to adding new amino acids to the code thus became the allocation of 

a unique codon with a cognate tRNA/aaRS pair and achieving its bioorthogonality to the 

host’s translation machinery. The first step toward this goal was the allocation of a specified 

codon. Here, the amber codon (TAG in DNA; UAG in mRNA) was chosen, as it is the least 

abundant (8%) stop codon in the genome of the model bacterium Escherichia coli genome, 

uncommon in essential genes, and because certain strains of E. coli naturally incorporate 

canonical amino acids at the amber codon (amber suppression).6 Mutating the anticodon of 

a ncAA-aminoacylated orthogonal tRNA to CUA, the amber anticodon, enables suppression 

of the amber codon. As a first step, a gene harboring an amber mutation at a specified 

locus was expressed in vitro using a cell-free transcription/translation system. The addition 

of amber suppressors (tRNACUA) that had been chemically aminoacylated with a variety of 

ncAAs enabled translation of the corresponding protein containing the respective ncAAs.7 

This strategy could further be applied to in vivo applications by microinjection of such 

chemically aminoacylated tRNACUAs into the large Xenopus oocytes. While this allowed for 

the incorporation of ncAAs into proteins in oocytes, the use of chemically aminoacylated 
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tRNAs for genetic code expansion was intrinsically limited by its stoichiometric nature and 

by the requirement for microinjection into cells.

To expand the capacity of the cell’s own translational machinery, an orthogonal translation 

machinery had to be introduced into cells that can autonomously aminoacylate ncAAs 

in a catalytic manner. Previous research had shown that the recognition of tRNAs by 

their cognate aaRSs can be specific to a domain of life or species.2 With this knowledge, 

the orthogonal MjtRNATyr/MjTyrRS pair from the archaea Methanococcus jannaschii was 

identified and introduced into E. coli. The MjTyrRS was an ideal first candidate because 

of the large number of interactions involved in Tyr side chain recognition by the RS 

(suggesting that the active site could be reconfigured to accommodate unnatural side chains), 

as well as a minimalist RS anticodon-loop-binding domain that was amenable to alteration 

of the tRNA anticodon to CUA. In addition, the MjTyrRS has no editing mechanism which 

could lead to deacylation of the ncAA, and it can be expressed in high levels in E. coli. To 

improve the orthogonality of the exogenous aaRS/tRNA pair, successive rounds of positive 

and negative selection were used to reduce crosstalk with the host endogenous tRNAs and 

aaRSs.8 Using this strategy several highly specific aaRS/tRNA pairs, many of which are 

mutually orthogonal, have been evolved to incorporate a plethora of ncAAs in bacteria, 

yeast, worms, mammalian cells, and in the hematopoietic system of mice.9,10,11,12,13,14 The 

fidelity rivals that of natural amino acids and yields up to 8 g/L in bacteria and up to 2 g/L 

in mammalian cells have been reached in large scale fermenters using the amber nonsense 

codon to specify the ncAA.15

EXPANDING THE CHEMICAL TOOLKIT OF NATURE

The above methodology has been used to introduce a wide array of ncAAs with diverse 

structures and properties into proteins in vivo, at current count over 200 unique ncAAs. 

These include metal-binding amino acids, fluorophores, IR probes, isotopically-labeled 

amino acids, redox-active amino acids, post-translationally modified amino acids and 

their stable analogues, photocaged amino acids, and protein-protein and protein-nucleic 

acid photocrosslinkers.2 One particularly useful application of an expanded genetic 

code is the use of ncAAs as bioorthogonal chemical handles for the highly selective 

modification of proteins with drugs, probes, nucleic acids and other agents. Living 

organisms post-translationally modify amino acids by acylation, glycosylation, methylation, 

phosphorylation, sulfation, etc. to extend the chemical repertoire of amino acids beyond the 

20. ncAAs expand the scope of these modification reactions to the vast repertoire of organic 

methodologies and enable site-specific modification of individual proteins with exquisite 

chemical precision, as opposed to a residue-specific conjugation across the entire proteome 

that is observed with conventional protein labelling techniques (e.g. lysine-NHS ester 

or cysteine-maleimide conjugation).16 Site-specific protein conjugation has been used to 

attach a vast array of molecular and macromolecular (e.g., drugs, fluorophores, spin labels, 

polymers, polypeptides, nucleic acids) moieties to proteins containing ncAAs. This has 

enabled medicinal chemistry-like tuning of the physical and biological properties (biological 

activity, serum half-life, and stability/solubility) of protein conjugates and has become vital 

to the development of next-generation protein therapeutics.17
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BIOORTHOGONAL PROTEIN MODIFICATION

Modification reactions for functionalization of ncAAs in vivo and in vitro include, but 

are not limited to Michael additions, cross couplings, metathesis reactions, 1,3-dipolar 

cycloadditions, isothiocyanate couplings, Diels-Alder reactions, and oxime formation. One 

of the first and foremost methods for bioorthogonal protein modification was based on the 

keto-functional group.18 Specifically, incorporation of p-acetylphenylalanine has enabled 

highly selective and efficient functionalization of proteins with alkoxy-amine derivatives 

yielding stable oxime bonds.19 This strategy benefits from facile synthetic access to 

derivatized (macro)molecules, excellent yields negligible perturbations in protein folding 

and function, and lack of immunogenicity caused by the ncAA. Oxime conjugation can be 

used for protein modification in vitro, but has only limited utility in vivo due to the lower 

pH requirements. Nonetheless this method has been applied to the development of six site-

selective protein-drug or PEG conjugates in various stages of human clinical development 

and drug approval (ARX788, ARX517, BMS-986036, BMS-986259, CCW702, and 

SAR444245). Indeed, the high degree of selectivity possible with this method appears 

to afford improved efficacy and safety of antibody-drug conjugates (i.e., Herceptin-drug 

conjugates).

To enable bioorthogonal conjugation of proteins in vivo several criteria must be met: (i) 

the pre-and post-reacted reagents must be stable under physiological conditions, (ii) the 

reaction has to be high yielding with low reactant concentrations and display fast kinetics, 

and (iii) the labelled ncAA in both pre-and post-reacted form must not compromise protein 

function or solubility. Among the most common reactive ncAAs are propargyl and azide 

functionalized analogs.20,21,22,23 Both enable modification by Cu(I) catalyzed (CuAAC) or 

strain promoted (SPAAC) azide-alkyne cycloaddition.24,25 These reactions benefit from high 

selectivity and yield, benign reaction conditions, and chemical inertness of the 1,2,3-triazole 

linkage product in physiological conditions. However, conventional CuAAC is toxic to cells 

due to side reactions of Cu(I) with biomacromolecules. In contrast, SPAAC employs strained 

macrocyclic alkynes (i.e., cyclooctynes) to retain fast reaction kinetics in the absence of an 

exogenous catalyst. While SPAACs solve the in vivo cytotoxicity constraint, the potential 

impact of bulky cyclooctene constructs (e.g. cyclooctynyl lysine derivative ncAAs) on 

protein folding, solubility and immunogenicity, as well as the chemical stability of the azide 

species must be considered.26 Another common approach is conjugation by the inverse 

electron-demand Diels-Alder reactions of s-tetrazines (1,2,4,5-tetrazine) with strained 

alkenes or alkynes.27 This strategy is particularly adept for in vivo applications due to 

its fast reaction kinetics and physiological stability of both reactants and products. Because 

s-tetrazines can react with a variety of strained alkene and alkyne substrates (e.g. Nɛ-tert-
butyloxycarbonyl-L-lysine) they provide opportunities to minimize the detrimental effects 

on protein folding or solubility (Fig. 2a and b).28 More recently, aryl fluorosulfate exchange 

has been developed for proximity-induced click chemistry in protein conjugation.29 Aryl 

fluorosulfates benefit from high chemical stability (negligible hydrolysis, thermolysis, and 

reduction), as well as compatibility with physiological conditions (relatively unreactive 

toward free amino acids). Fluorosulfate functionalized ncAAs (e.g. p-fluorosulfate-tyrosine) 

selectively form covalent bonds to proximal tyrosine, serine, and lysine residues of proteins 
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through sulfur-fluoride exchange (SuFEx) which holds high promise for selective proximity-

induced protein conjugation.29,30

Reactive ncAAs can also be used to investigate protein–protein and protein-nucleic 

interactions in their native environment. This is achieved through photo-crosslinking, which, 

in contrast to conventional approaches, is not limited to high affinity protein-protein 

interactions and introduces the ability to monitor events with spatiotemporal resolution. 

When developing candidate photocrosslinking ncAAs, the reactive functional groups need 

to fulfill a number of prerequisites: (i) the photocrosslinker should minimally perturb 

protein function, (ii) photoactivation can only minimally affect the cellular environment, 

(iii) in the inactive state (absence of irradiation) the photoactive group must be chemically 

inert, and (iv) in the activated state (upon UV radiation), the photo-crosslinker must form 

covalent bonds with a broad range of canonical amino acid side chains or with the peptide 

backbone (i.e. C–H, N–H and O–H bonds). Several photo-crosslinking ncAAs have been 

developed using azide (e.g. p-azidophenylalanine), diazirine (e,g, diazirine-lysine ncAA), 

and benzophenone (e.g. p-benzoylphenylalanine, pBzF) functional groups (Fig. 2c).22,31,32 

Benzophenones are particularly useful due to their high chemical stability and inertness 

under ambient light. Photoexcitation of benzophenones (irradiation at 350-360 nm) does 

not compromise protein stability, and once activated, benzophenones preferentially react 

with unactivated C–H bonds, which are omnipresent on the exterior surface of proteins. 

The photoexcited triplet state of benzophenones readily relaxes in the absence of a reaction 

partner, which allows for repeated excitation and concomitant high crosslinking yields. 

This methodology has been used to probe a large number of protein interactions in 

the cell. We employed this technology to probe the interactome of short open reading 

frame (ORF)-encoded peptides (SEPs);33,34 other applications include understanding LPS 

(lipopolysaccharide) and phospholipid transport across bacterial membranes,35,36 the role of 

various ATPases in eukaryotic cellular processes,37,38 and how ubiquitylation of histones 

leads to chromatin decompaction,39 among others.

BIOLOGICAL CONSEQUENCES OF AN EXPANDED GENETIC CODE

In its current state, an organism with an expanded genetic code generally relies on 

exogenous feeding of the requisite ncAA. An alternative approach involves metabolically 

engineering organisms to produce a specific ncAA in vivo. We developed the first 

autonomous 21-amino acid E. coli variant by heterologous expression of genes from 

Streptomyces venezuelae to produce the bioorthogonal ncAA p-aminophenylalanine (pAF, 

Fig. 2d).40 By using an orthogonal aaRS/tRNA pair that adds pAF to the genetic code, 

we demonstrated that it could intracellularly be incorporated into proteins in bacteria. 

Similarly, a second autonomous organism has been generated in which 5-hydroxytryptophan 

is biosynthesized and added to the genetic code.41

An intriguing question is whether a 21-amino acid organism (like the above) has an 

organismal evolutionary advantage. We and others have begun to address this issue by 

placing bacteria with distinct 21 amino acid codes under selective pressure and exploring 

how they adapt.42 In one revealing experiment, E. coli encoding 21 amino acid (a different 

ncAA in each experiment) where grown at elevated temperatures-conditions where the 
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survival of the bacteria depend on the thermal stability of the biosynthetic protein metA. 

Surviving clones replaced a canonical amino acid in metA with a genetically encoded 

keto-containing amino acid to crosslink the homodimeric protein and stabilize it by some 20 

degrees.43 Other examples include increasing the fitness landscape of bacteriophage and the 

catalytic efficiency of enzymes for specific substrates.

Conversely, an organism’s dependence on ncAAs can be harnessed as a strategy for 

biological containment in applications such as live vaccines. Bacteria and viruses that are 

dependent on the availability of ncAAs have been generated by engineering genomically 

recoded organisms (GROs) harboring one or multiple amber codons in functionally 

conserved residues of the organism’s essential genes to make survival dependent on 

suppression by ncAAs.44,45 This has been applied to the conversion of influenza A viruses 

into virulent vaccines, a strategy that can in principle be extended to almost any virus.46 

However, single point mutations enable high escape frequencies in GROs with only a 

single ncAA encoding amber codon, conversely multiple amber codon-ncAA substitutions 

can negatively affect growth rates. Alternatively, an essential gene of the organism can 

be evolved such that its function is strictly dependent upon a specified ncAA. This has 

been demonstrated for TEM-1 β-lactamase, which was evolved to be dependent on 3-iodo 

tyrosine or 3-nitro tyrosine.47 Another strategy to circumvent high escape frequencies is 

the incorporation of a ncAA on the exterior surface of an essential protein at a site at 

which it forms part of a protein–protein interface. Subsequent mutagenesis of the adjacent 

residues implicated in the recognition at the interface enables the formation of a strictly 

ncAA-dependent interaction. A ncAA-dependent protein–protein interface of the E. coli 
sliding clamp was engineered to be dependent on the presence of pBzF. This particular 

ncAA was chosen for its substantially larger side chain compared to canonical amino acids. 

Due to this size difference, multiple naturally-occurring mutations at the interface would be 

required to restore function when the pBzF residue of the new evolved protein interface is 

lost. This imparts a low escape frequency of 10−11, which holds high promise as a ncAA 

feeding based ‘kill switch’ for application in live bacterial vaccines.48

STRATEGIES FOR CODON REASSIGNMENT OR CREATION

A challenge in designating a codon for ncAA incorporation is the resulting impact that the 

suppression can have on the growth of the host organism. In an ideal ncAA incorporating 

biological system, orthogonal codons are assigned to the ncAA that do not interfere with 

the native biology of the host organism. E. coli encodes 2765 ochre (TAA, 64%), 1232 

opal (TGA, 28%), and 321 amber (TAG, 8%) stop codons. Given the natural suppression 

of the amber codon in certain strains and its relatively low abundance, the amber codon 

is an obvious choice for non-orthogonal ncAA codon assignment (Fig. 3a). Amber codon 

suppression by ncAAs has been used to produce large quantities of proteins (yields of 

up to 8 g/L) in bacteria, and in mammalian cells (up to 2 g/L) where the TAG codon is 

more common.15 In an attempt to further improve yields in eukaryotic expression systems, 

engineered strains designed to circumvent nonsense mediated mRNA decay have been 

employed.49 A complementary strategy of encoding additional copies of the suppressor 

tRNA has proven helpful.50 Simultaneous suppression of the ochre codon and amber codon 

has been employed, to incorporate two distinct ncAAs into proteins.51,52 Furthermore, in E. 
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coli, the tyrosine codon UAU can be repurposed as a dual-use codon to incorporate a third 

ncAA at the first position initiation codon, while not interfering with tyrosine decoding of 

UAU at later codons.53

However, to encode two or more ncAAs in an organism, one ideally wants unique codons 

that are orthogonal to termination factors and canonically assigned codons. One strategy 

that has been employed is the decoding of quadruplet base codons which can provide up to 

256 additional codons (44).54 This approach relies on accommodation of extended anticodon 

tRNAs in the ribosome, which is well precedented with natural frameshift suppressors (Fig 

3c). Indeed, engineered tRNAs with extended anticodon loops have been used to efficiently 

insert ncAAs into proteins and recently orthogonal ribosomes have been generated in an 

attempt to further improve the efficiency of four-base suppression.55 According to this 

strategy two (TAG and a single quadruplet codon, or two quadruplet codons) or three (TAG 

and two quadruplets codons) distinct ncAAs have been incorporated into proteins.55,56,57 

These studies begin to raise the intriguing question whether one can entirely replace the 

three base genetic code with a four base code.

An alternative approach involves genome recombineering to create unique codons for 

ncAAs. In the first example all 321 amber codons in the genome of E. coli were mutated to 

the ochre codon to create an orthogonal amber codon for ncAA suppression.58 Termination 

factor RF1 terminates polypeptide synthesis at the amber codon. Deletion of the gene 

encoding RF1 enabled efficient four base suppression using codons of the form TAGN with 

no competition with termination factor recognition of the amber TAG stop codon.59 More 

recent efforts to reassign three codons in the genome of a single bacterium yielded a 59-

codon organism, where both the amber codon and two serine codons (TCG and TCA) were 

successfully removed from the genome to allow for the incorporation of multiple distinct 

ncAAs (Fig 3d).60 Subsequent deletion of the corresponding tRNAs and RF1 rendered the 

strain completely resistant to viral infection and enabled the incorporation of three distinct 

ncAAs into a target protein in vivo.61 The recoded strain displayed an elongated phenotype 

and the growth rate of the organism decreased, but this direction holds promise.

The incorporation of multiple distinct ncAAs into a protein is contingent upon the 

development of mutually orthogonal aaRS/tRNA pairs. To date, a number of orthogonal 

pairs have been developed for the incorporation of ncAAs into proteins in bacteria. Of the 

developed aaRS/tRNA pairs several are mutually orthogonal and enable the incorporation 

of multiple UAAs, simultaneously. Mutually orthogonal pairs in bacteria include (TyrRS)/

MjTyrtRNA with (PylRS)/MmPyltRNA and (EcTrpRS)/EcTrptRNA, (EcTyrRS)/Ec-TyrtRNA 

with (PylRS)/MmPyltRNA, as well as mutually orthogonal variants of (PylRS)/MmPyltRNAs 

with their own derivatives. In mammalian cells mutually orthogonal systems include 

mutually orthogonal PylRS/PyltRNA pairs, as well as combinations of PylRS/PyltRNA with 

(EcTyrRS)/Ec-TyrtRNA, (EcLeuRS)/Ec-LeutRNA, or (EcTrpRS)/EcTrptRNA. These pairs 

have been utilized to incorporate two or three ncAAs into proteins.52,62,63
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ORTHOGONAL CODONS DERIVED FROM UNNATURAL BASE PAIRS

An elegant approach to generating orthogonal codons is the design and synthesis of 

orthogonal DNA base pairs that exist in the organism only at a specified site in a target 

plasmid (Fig 3b). Several requirements must be satisfied for implementation of an unnatural 

base pair into an in vivo system. Chemically and structurally, the UBP must (i) complement 

the geometry of the canonical base pairs to satisfy the minimal requirements to form a 

double helix, (ii) be chemically stable, (iii) have a melting temperature within range of those 

of the natural base pairs, (iv) have high pairing selectivity to ensure orthogonality with the 

canonical bases, (v) be efficiently and selectively replicated by DNA polymerases, and (vi) 

be transcribed to mRNA by RNA polymerases. Ideally, the cognate complementary base 

would be inserted into DNA with an error rate per base pair (fidelity) of at least 10−3 or 

99.9% accuracy and must be transported into or biosynthesized in the cell.64

The first efforts toward expanding the genetic alphabet began in 1989 with constitutional 

isomers of C and G, disoC and disoG, which pair through complementary hydrogen-

bonding interactions. In vitro studies with disoC and disoG confirmed their selective 

base-pairing interaction and demonstrated the base pairs’ use as a substrate for T7 RNA 

polymerase (Fig. 4). Subsequently, a chemically synthesized mRNA template comprising 

the unnatural ribonucleotide isoG–isoC pair enabled in vitro site-specific incorporation of 

a ncAA, 3-iodotyrosine, into a peptide.65 However, tautomerization of disoG and poor 

recognition of disoC by RNA polymerases limited the utility of this base pair, leading 

to decades of work on improved hydrogen-bonded UBPs. One example, the ds-dy UBP, 

was used to incorporate the ncAA 3-chlorotyrosine into proteins using a cell-free E. coli 
transcription and translation system, overcoming the challenge of the RNA polymerase 

recognition.66 Further synthetic improvements led to the UBP based on dZ and dP, which 

are more stable, do not epimerize, and are PCR amplified with a fidelity of 99.8%.67 The 

expansion of the genetic alphabet is not limited to one single UBP and recently the in vitro 
synthesis of DNA comprised of four orthogonal hydrogen-bonding base pairs was reported 

(Fig. 4).68

Several alternatives to hydrogen-bonding base pairs have been developed including Cu(I) 

and Ag(I) metallo base pairs, and hydrophobic base pairs.64,69,70 The latter have the 

advantage of high orthogonality to the hydrogen bonded Watson-Crick base pairs, and 

high self-base pairing stability in water. The first hydrophobic isosteres of A and T, termed 

dQ and dF, were reported in 1998.71 Early UBPs were not broadly replicated with high 

fidelity by all DNA polymerases, thus motivating a proof-of-concept study to evolve the 

Stoffel fragment of Taq DNA Polymerase to replicate UBPs in vitro.72 Significant advances 

in hydrophobic base pair design led to the synthesis of dDs-dPa, which was the first 

hydrophobic base pair with PCR amplification fidelity >99%.73 Further development yielded 

dDs-dPx (Figure 4) with improved fidelity >99.9%.74 A substantial SAR of hydrophobic 

bases led to the discovery of lead candidates dNaM-d5SICS and dNaM-dTPT3, which 

were replicated with high fidelity (>99.9%) in any sequence context, were recognized by the 

A, B, and X families of DNA polymerases, and efficiently transcribed into RNA (Fig. 4).75
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With the chemical and biological requirements for a UBP seemingly satisfied, the next 

step toward in vivo incorporation became nucleoside triphosphate (NTP) import. A variety 

of intracellular bacteria and algal plastids do not encode the enzymes necessary for NTP 

synthesis and rely on nucleoside triphosphate transporters (NTTs) to shuttle them across 

the cell membrane. A screen of NTTs from these organisms identified the Phaeodactylum 
tricornutum inner membrane protein NTT2 as an importer of both d5SICSTP and dNaMTP. 
The exogenous feeding of d5SICSTP and dNaMTP to E. coli coupled with plasmid-based 

overexpression of NTT2 resulted in the retrieval and insertion of UBPs into a secondary 

plasmid by host DNA polymerases in vivo.76 Subsequently, these UBPs were used to code 

for the incorporation of the ncAA N6-[(2-propynyloxy)carbonyl]-L-lysine (PrK) into GFP in 

live E. coli.77 To date, this represents the only example of a living organism encoding three 

orthogonal base pairs (Fig. 4).

The ability to incorporate unnatural base pairs raises the question of whether the E. 
coli genome is amenable to global replacement of native bases with modified variants. 

Previous efforts to modify genomic thymidines to chlorodeoxyuridines had yielded a 

genome with 90% of the intended conversion.78 Similarly, we engineered E. coli to replace 

59% of genomic cytosines with 5hmC using the biosynthetic enzymes of bacteriophage 

T4.79 Efforts to mutagenize the E. coli genome, using methylnitronitrosoguanidine (NTG), 

to further increase the 5hmC content led to the serendipitous discovery of a strain 

with a chimeric DNA-RNA genome in which ~40-50% of the genome is comprised of 

ribonucleotides.80 Further we showed that the ribonucleotides are covalently linked to the 

deoxyribonucleotides in this strain, and there is a single replicating genome. This represents 

the first example of a modification to the DNA backbone in vivo, and the first example of 

an organism capable of replicating that has a high rNTP content in its genome. Surprisingly, 

a bottom-up approach to metabolically engineering an organism with a genome containing 

modified bases (to push evolution in a forward direction) may have revealed key aspects of 

natural evolution and the RNA world hypothesis (Fig. 4).81

OUTLOOK

At its core, the addition of new chemistries to the central dogma of molecular biology was 

enabled by the discovery and evolution of synthetic biological systems that are orthogonal 

to the endogenous macromolecular machinery of the cell. Looking forward, we believe 

that biorthogonal pathway engineering will remain at the center of future progress in 

synthetic biology. Thus far, a major focus of genetic code expansion has centered on 

appending new chemical functionality to the side chains of amino acids of proteins as 

probes of protein structure and functions and in the development of new therapeutics. 

Importantly, this advance is allowing engineering of therapeutic proteins with selectivity 

that rivals small molecule medicinal chemistry and promises to lead to a new generation 

of chemically modified protein with unprecedented molecular precision. The generation 

of multiple mutually orthogonal tRNA/aaRS pairs will further enable the incorporation of 

multiple modalities into proteins to form therapeutic proteins that are capable of activating 

or inhibiting multiple pathways to achieve a desired therapeutic effect. Multiple orthogonal 

pairs may also allow the creation of templated, ribosomally synthesized polymers composed 

entirely of unnatural building blocks. With respect to unnatural genetic materials, a plethora 
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of work on the incorporation of unnatural nucleotides comprising unnatural bases, sugars, 

and backbone structures has been achieved in vitro. Moving these chemistries in to living 

organisms will require the elaboration of orthogonal DNA replication systems in both 

prokaryotes and eukaryotes, analogous to the use of orthogonal translation machinery for 

genetic code expansion.82 Furthermore, the development of an autonomous three base pair 

organism in which unnatural bases are derived biosynthetically will greatly enhance the 

utility of genetic alphabet expansion. In conclusion chemists have opened a new horizon 

in our ability to manipulate biological macromolecules and systems of molecules to better 

understand and ultimately reprogram the biology of the living cell to new ends. In the 

examples described herein, these advances have allowed us to remove in a very significant 

way a billion year constraint on the chemical nature of proteins imposed by the genetic 

code.83
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Figure 1. 
Expanding the chemical processes of the central dogma. The genetic code can be expanded 

to incorporate unnatural amino acids into proteins during translation using nonsense 

(illustrated in the schematic with the amber nonsense codon TAG), frameshift, repurposed 

synonymous or unnatural codons, and orthogonal aaRS/tRNA pairs.
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Figure 2. 
(a) Examples of ncAAs used for site-specific protein conjugation. (b) Chemical reactions 

used for site-specific protein conjugation. (c) Examples of ncAAs used for photo-

crosslinking of proteins in vivo. (d) Heterologous pathway for the synthesis of the ncAA 

p-aminophenylalanine in E. coli.
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Figure 3. 
Strategies for codon reassignment and creation. ncAAs can be incorporated by (a) 

suppression of stop codons, by creation of additional codons using (b) an unnatural base 

pair or (c) quadruplet codons, or by (d) recoding of the entire genome of an organism in 

which synonymous codons are compressed.
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Figure 4. 
Chemical structure of exemplary hydrogen-bonded and hydrophobic unnatural base pairs 

(UBPs). Development of a semi-synthetic organism through UBP-import by heterologous 

nucleotide triphosphate transporters. Heterologous expression of SPO1 bacillus enzymes 

enables in vivo base modification of T to 5hmU and C to 5hmC in E. coli. Evolution of a 

strain of E. coli with a chimeric DNA/RNA genome.
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