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Abstract 

Nonnatural amino acid incorporation has been one of the most important protein 

engineering platforms. In particular, site-specific incorporation of nonnatural amino acids 

allows design of proteins containing a nonnatural amino acid with minimal perturbation of 

native properties. Until now more than 30 nonnatural amino acids have been introduced 

into proteins in E. coli hosts outfitted with orthogonal pairs of cognate tRNAs and 

aminoacyl-tRNA synthetases (aaRS). Substrate specificity of aaRS has been altered to 

recognize various nonnatural amino acids through either rational design of the active site of 

aaRS or high-throughput screening of aaRS library. In this approach, site-specificity has 

been achieved by assigning a nonnatural amino acid to a stop codon, a degenerate codon, or 

a frameshift codon for efficient discrimination of the programmed sites from unwanted 

sites.     

 

Introduction 

Genetically encoded nonnatural amino acids have been used to endow recombinant 

proteins with novel chemical, physical, or biological properties. Several distinct methods 

have been developed to introduce nonnatural amino acids into recombinant proteins at 

programmed sites in vivo. Residue-specific incorporation involves the global replacement 

of a particular natural amino acid with a nonnatural amino acid in a target protein using 

auxotrophic hosts.1-14 The strength of this technique lies in efficient protein translation and 

multi-site incorporation of a nonnatural amino acid, because sense codons are reassigned 

for a nonnatural amino acid. Residue-specific incorporation of 5’,5’,5’-trifluoroleucine 

(TFL) into a leucine-zipper protein enhanced its thermal stability.15 A reactive 
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phenylalanine analog, para-ethynylphenylalanine, has been used for selective dye-labeling 

of newly synthesized protein in E. coli.16  Newly synthesized proteins in mammalin cells 

have been selectively indentified using bioorthogonal noncanonical amino acid tagging.17 

Trp analogs containing selenophene and thienyl functional groups have been used in the X-

ray crystallography of proteins.18,19 Aminotryptophan was used to design protein-based pH 

sensors3 and greatly changed the spectral properties of fluorescent proteins.1 Regardless of 

many successful applications of residue-specific incorporation, its further application to the 

design of biologically-active macromolecules could be restricted by two limitations. First, 

reassignment of sense codons for a nonnatural amino acid usually leads to exclusion of one 

natural amino acid, which is encoded by the sense codons, in protein translation. Second, 

native properties of a target protein may be impaired by incorporation of a nonnatural 

amino acid at non-permissive sites of a target protein,20,21 though the Tirrell laboratory 

recently showed that the impaired properties may be rescued through directed evolution of 

the target protein.21    

Site-Specific Incorporation 

Site-specific incorporation involves introduction of a nonnatural amino acid into a 

target protein at any position selected. Access to all 20 natural amino acids and site-

specificity of the method may allow design of proteins containing a nonnatural amino acid 

with minimal perturbation of native properties. Site-specific incorporation requires 

outfitting the cell with an “orthogonal pair” comprising a suppressor tRNA and a cognate 

aminoacyl-tRNA synthetase (aaRS) that operate independently of the endogenous 

synthetase-tRNA pairs in E. coli. The site-specific incorporation of a nonnatural amino acid 

into recombinant proteins via this strategy was reported by Furter in 199822 and the Schultz 
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laboratory has developed powerful selection methods to identify heterologous synthetases 

and tRNAs.23-26 A general strategy for site-specific incorporation consists of four steps and 

each step will be discussed in more detail in the following sections.   

 

Choice of a Nonnatural Amino Acid 

First of all, it is necessary to choose a nonnatural amino acid suitable for goals. 

Until now more than 30 nonnatural amino acids have been successfully introduced to 

proteins in a site-specific manner27,28 (Figure 1) including reactive nonnatural amino acids, 

such as para-acetylphenylalanine 1, meta-acetylphenylalanine 2, para-(3-oxobutanoyl)-L-

phenylalanine 3, para-(2-amino-3-hydroxylenthynyl)phenylalanine 4, para-

ehthynylthiocarbonyl-phenylalanine 5, para-propargyloxyphenylalanine 6, para-

azidophenylalanine 7,  para-ethynylphenylalanine 32, para-iodophenylalanine 20, and 

para-bromophenylalanine 31.  These reactive nonnatural amino acids can be used to 

modify proteins through bio-orthogonal chemical transformations.  For example, the keto 

and β-diketo functional groups (1-3) can selectively react with both hydrazides and 

alkoxyamines.29-31 Azide functional groups (7) can be ligated to alkynes through copper-

catalyzed [3+2] cycloaddition.16,32,33 Aryl halides (20 and 31) can be conjugated to terminal 

alkynes or alkenes via palladium-catalyzed coupling reactions.34-39 Nonnatural amino acids 

containing photoactive side chains including para-azidophenylalanine 7,40,41 para-

benzoylphenylalanine 9,42,43 O-(2-nitrobenzyl)tyrosine 12,44 and S-(2-nitrobenzyl)cysteine 

1045 have been inserted into proteins.   

Genetically-encoded nonnatural amino acids can be used as probes of various kinds. 

First, nonnatural amino acids containing heavy atoms (I and Se) have been used for X-ray 
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crystallographic studies of protein structure.18,46 Second, fluorinated phenylalanine and 15N-

labelled methoxy phenylalanine have been used to label proteins for NMR study.22,47 Third, 

para-L-cyanophenylalanine 22 containing nitrile group has been introduced to proteins as 

an infrared probe to investigate changes in local environment.48 Fourth, introduction of a 

fluorophore into proteins at defined sites can greatly facilitate study of protein function and 

structure. For example, the two fluorescent amino acids, 2-amino-3-(5-

(dimethylamino)naphthalene-1-sulfonamide)propanoic acid (dansylalanine) 18 and L-(7-

hydroxycoumarin-4-yl)ethylglycine 17, have been introduced to proteins to monitor 

unfolding of proteins.49,50  

 

Orthogonal Pairs 

Activation of an amino acid followed by charging the activated amino acid into a 

cognate tRNA by a cognate aminoacyl-tRNA synthetase (aaRS) is a key step to ensure high 

fidelity in a protein translation process. One orthogonal pair of aaRS/tRNA is assigned to 

each natural amino acid. Therefore, a new orthogonal aaRS/tRNA pair is necessary for a 

nonnatural amino acid to be utilized in protein translation machinery. Therefore, the 

development of orthogonal pairs to each living organism is one of the key steps in 

achieving site-specific incorporation of a nonnatural amino acid into proteins in vivo.  

 

Modification of Endogenous Orthogonal Pairs.  Initially Schultz and colleagues tried to 

modify an E. coli endogenous RNA/aaRS pair to obtain a new orthogonal pair. Three sites 

in tRNAGln
2 sequence, which are critical for binding with E. coli glutamyl-tRNA synthetase 

(eGlnRS), were mutated to reduce affinity to eGlnRS. Then eGlnRS was evolved to 
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recognize the mutant tRNAGln

2 and retain its orthogonality with the endogenous tRNAs in 

E. coli. However, the approach was unsuccessful due to poor discrimination of the mutant 

tRNAGln
2 against wild-type tRNAGln

2 by even the best eGlnRS mutant.51   

 

Orthogonal Pairs Derived from Yeast. A second approach to generate an orthogonal pair 

was the use of a heterologous tRNA/aaRS pair obtained from another organism in E. coli. 

The yeast phenylalanyl-tRNA/yeast phenylalanyl-tRNA synthetase pair was known to be 

orthogonal to the E. coli endogenous system. In vitro aminoacylation studies indicated that 

there was little cross-talk between E. coli and yeast phenylalanyl-tRNA/synthetase 

pairs.52,53 Aminoacylation activity of yeast tRNAPhe by E. coli PheRS is 10-fold lower than 

that of E. coli tRNAPhe.22 Aminoacylation activity of E. coli tRNAPhe by yeast PheRS is 24- 

or 34-fold lower than that of yeast tRNAPhe,54,55 because U20 in E. coli tRNAPhe replaces 

G20, one of the identity elements of yeast tRNAPhe recognized by yPheRS (Figure 2).54 A 

yeast amber suppressor derived from tRNAPhe
GAA (ytRNAPhe

CUA_wt) has been widely used 

to study suppression of amber codons, though E. coli lysyl-tRNA synthetase (eLysRS) 

shows a weak activity to aminoacylate ytRNAPhe
CUA_wt with Lys.22 A wild-type tRNA 

sequence can be engineered to eliminate the cross-reactivity with E.coli synthetase but 

preserve efficient recognition by the cognate aaRS. When ytRNAPhe
CUA_wt was co-

expressed with wild-type yPheRS in an E. coli host, 60% of the amber codon was occupied 

by Lys.22 The mischarging by Lys was likely due to the presence of U36 and A73 in the 

ytRNAPhe
CUA_wt, which are the main identity elements for eLysRS.56 However, when G37 

was replaced by A37 and ytRNAPhe
CUA was co-expressed with wild-type yPheRS, only 5% 

of the amber codon was occupied by Lys. The remaining 5% of Lys misincorporation was 



7 
eliminated by rational design of ytRNA sequence. Disruption of a Watson-Crick base pair 

between nucleotides 30 and 40 in ytRNAPhe
CUA reduced mischarging by the eLysRS. As an 

alternative orthogonal tRNA/synthetase pair, an amber suppressor derived from yeast 

tyrosyl-tRNA (ytRNATyr) and yeast tyrosyl-tRNA synthetase (yTyrRS) pair was 

examined.57,58 RajBhandary and colleagues generated yTyrRS variants using error-prone 

PCR to enhance discrimination of the suppressor tRNA over E. coli proline tRNA by 

factors of 2.2- to 6.8-fold. Nishikawa and colleagues optimized the sequence of yeast 

amber suppressor tRNATyr to minimize Lys charging by eLysRS.59 This optimized yeast 

tRNATyr, together with yeast TyrRS, could be used as an orthogonal pair for incorporation 

of nonnatural amino acids into proteins.  Schultz and colleagues developed two orthogonal 

pairs derived from yeast. An amber suppressor derived from yeast glutamyl-tRNAs 

(ytRNAGln
2_CUA) is not a substrate for any E. coli endogenous synthetase. In turn, yeast 

glutamyl-tRNA synthetase (yGlnRS) aminoacylated ytRNAGln
2 in E. coli but did not 

charge E. coli tRNAGln.60 An amber suppressor derived from yeast aspartidyl-tRNA 

(ytRNAAsp
CUA) is not recognized by E. coli synthetases. Introduction of E188K mutation in 

yeast aspartidyl-tRNA synthetase (yAspRS) led to reduction in aminoacylation activity 

with E. coli tRNAAsp.61 Therefore, both ytRNAGln
2_CUA/yGlnRS pair and 

ytRNAAsp
CUA/yAspRS (E188K) form orthogonal pairs in E. coli suitable for the 

incorporation of nonnatural amino acids into proteins in vivo.  

 

Orthogonal Pairs Derived from Archaebacteria. Schultz and colleagues developed an 

orthogonal tyrosyl-tRNA/synthetase pair obtained from archaea, since archeal aminoacyl-

tRNA synthetases are more similar to eukaryotic than prokaryotic counterparts. The amber 
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suppressor tyrosyl-tRNA (MjtRNATyr)/synthetase (MjTyrRS) pair derived from 

Methanococcus jannaschii was selected and evolved to be orthogonal to the E. coli 

endogenous system.25,62 The amber suppressor MjtRNATyr
CUA was efficiently 

aminoacylated by MjTyrRS in E. coli. However, E. coli endogenous synthetases showed 

weak activity towards MjtRNATyr
CUA. Therefore, a selection method to obtain orthogonal 

tRNAs in E. coli has been developed to enhance orthogonality with respect to E. coli 

endogenous synthetases and retain recognition by the cognate synthetase and the protein 

translational machinery (Figure 3).25 This method includes positive and negative selection 

of a mutant tRNA library. In the negative selection, amber codons were introduced into a 

toxic barnase protein at permissive sites that allow replacement of amino acids. Eleven 

nucleotides of MjtRNATyr
CUA that do not bind to MjTyrRS were saturated with all four 

bases to generate a tRNA library. When the tRNA library was expressed in minimal 

medium without MjTyrRS, cells containing tRNA variants aminoacylated by E. coli 

endogenous synthetases resulted in cell death. The plasmids were isolated from the cells 

survived, and co-transformed with a plasmid harboring both a MjTyrRS gene and a β-

lactamase gene containing an amber codon at a permissive site into E. coli hosts. When 

cells were cultured in liquid medium in the presence of ampicillin, cells harboring tRNA 

variants aminoacylated by MjTyrRS survived. After the negative and positive screening of 

tRNA library, the tRNAs were orthogonal to the E. coli endogenous synthetases and 

retained their affinity to the cognate synthetase. Schultz and colleagues developed another 

orthogonal pair obtained from Archea. An amber suppressor leucyl-tRNA and a leucyl-

tRNA synthetase were derived from Halobacterium sp. NRS-1 and Methanobacterium 

thermoautotrophicum, respectively. Aminoacylation activity of the suppressor leucyl-
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tRNA by the leucyl-tRNA synthetase and its orthogonality with E. coli synthetases were 

significantly enhanced by extensive mutations in the anticodon loop and acceptor stem.23         

 

Substrate Specificity Change 

Another issue to achieve incorporation of a nonnatural amino acid into protein in 

vivo is alteration of substrate specificity of an aminoacyl-tRNA synthetase toward the 

nonnatural amino acid. Aminoacyl-tRNA synthetases ensure the high fidelity of 

transforming genetic code sequences into biologically functional proteins through a two-

step aminoacylation reaction.63-67  In the first step, the cognate amino acid is activated by 

aaRS in the presence of ATP to form the amino acid adenylate. Subsequently aaRS 

catalyzes the esterification reaction to join the amino acid to the 2’- or 3’-OH of the 

terminal ribonucleotide of its cognate tRNA. Manipulation of such reactions could 

potentially alter the genetic code to allow incorporation of novel amino acid into proteins in 

vivo.68 Some nonnatural amino acids including TFL, azidohomoalanine, and para-

fluorophenylalanine, are recognized by wild-type cognate aminoacyl-tRNA 

synthetases.5,15,22 However, the majority of nonnatural amino acids are very poor substrates 

for natural aminoacyl-tRNA synthetases. Engineering the new synthetase activity is almost 

inevitable when one wants to incorporate an amino acid that is not recognized by wild-type 

enzymes.  

 

Rational Design of the Active Sites of Aminoacyl-tRNA Synthetases. Alteration of 

substrate specificity of aminoacyl-tRNA synthetases has been achieved in several labs by 

the rational design of the binding pocket to accommodate nonnatural amino acid. Tirrell 
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and colleagues have been interested in exploring the possibility of incorporating substituted 

phenylalanines, such as p-bromophenylalanine, p-iodophenylalanine, and p-

azidophenylalanine. On the basis of the crystal structure of the PheRS (tPheRS) from 

Thermus thermophilus (Figure 4a and b), Safro and colleagues proposed that Val 261 and 

Ala 314 in the amino acid binding pocket of α-subunit of the tPheRS are critical in the 

discrimination of Phe from its amino acid competitors.  Sequence alignment indicates that 

Ala 314 in α-subunit of the tPheRS corresponds to Ala 294 in α-subunit of the ePheRS 

(Figure 4c), and the Hennecke group showed that the substrate specificity of the ePheRS 

can be relaxed by a mutation at Ala 294. The A294G mutant was shown to enable 

incorporation of para-chlorophenylalanine into recombinant proteins.69 A subsequent 

computational simulation, consistent with the Safro prediction, identified two cavity-

forming mutations (T251G and A294G) in ePheRS binding pocket. These two mutations 

led to relaxed substrate specificity and efficient in vivo replacement of Phe by para-

acetylphenylalanine (pAcF).4  Sequence alignment showed that Thr 415 in yPheRS is 

equivalent to Thr 251 in ePheRS. Therefore, a T415G mutation was introduced into the 

yPheRS to enlarge the active site. The yPheRS (T415G) variant showed activity for p-

bromophenylalanine, p-iodophenylalanine, and p-azidophenylalanine in ATP-PPi exchange 

assays in vitro (see Chapters 2 and 4). There was an interesting finding that the yPheRS 

(T415G) efficiently activated Trp and 2-naphthylalanine as well as Phe analogs. 

Considering the spectrum of nonnatural amino acids recognized by yPheRS (T415G), 

Tirrell and colleagues explored whether the yPheRS (T415G) can activate even Trp 

analogs. In vitro activation studies showed that the yPheRS (T415G) efficiently activated 

four Trp analogs, 6-chlorotryptophan (6ClW), 6-bromotryptophan (6BrW), and 5-
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bromotrytophan (5BrW), which were not utilized by the endogenous E. coli translational 

system (see Chapter 3). A phenylalanine auxotrophic E. coli strain transformed with this 

yPheRS (T415G) and cognate suppressor tRNA enabled the assignment of an amber 

nonsense codon to Phe analogs and Trp analogs in vivo (see Chapters 2-4).  The cavity 

formed due to the T415G mutation in the binding pocket of yPheRS led to the activation of 

Trp as well as nonnatural amino acids, which resulted in misincorporation of Trp at the 

programmed sites. Therefore, the binding site of yPheRS was re-designed to enhance 

specificity for pBrF. Specifically, Tirrell and colleagues used the T415A variant, which 

exhibits 5-fold higher activity towards pBrF as compared to Trp in ATP-PPi exchange 

assays. Use of the yPheRS (T415A) eliminated misincorporation of Trp at programmed 

sites in proteins.70  

Nishikawa and colleagues have changed substrate specificity of yeast tyrosyl-tRNA 

synthetase (yTyrRS) to accommodate tyrosine analogs.71 Based on the crystal structure of 

TyrRS obtained from Bacillus stearothermophilus TyrRS and sequence alignment of two 

homologous TyrRSs, active site residues in yTyrRS have been mutated to generate a series 

of yTyrRS variants.  Among the yTyrRS variants, one containing the Tyr43Gly mutation 

(yTyrRS (Y43G)) was found to show activity for several 3-substituted tyrosine analogs in 

aminoacylation assays in vitro. yTyrRS (Y43G) efficiently charged ytRNATyr with 3-iodo-

tyrosine, which was not utilized by wild-type yTyrRS. The yTyrRS (Y43G) showed 400-

fold lower activity towards tyrosine than wild-type yTyrRS.  Similarly, Yokoyama and 

colleagues72 screened E. coli TyrRS variants recognizing 3-iodotyrosine via in vitro 

biochemical assays. The E. coli TyrRS variant that has two mutations (Y37V and Q195C) 

in the active site activated 3-iodotyrosine 10-fold more efficiently than tyrosine.72 
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Combined use of E. coli TyrRS (V37C195) and a suppressor tRNA derived from Bacillus 

stearothermophilus allowed incorporation of 3-iodotyrosine into proteins in mammalian 

cells.73  

 

Directed Evolution of Aminoacyl-tRNA Synthetase Substrate Specificity. Aminoacyl-

tRNA synthetases are known to be readily evolvable. Schultz and colleagues have 

developed powerful selection methods to change the substrate specificity of tyrosyl-tRNA 

synthetase (MjTyrRS) derived from Methanococcus jannaschii toward nonnatural amino 

acids.23,24,26,74  The selection method consists of a series of positive and negative 

selections.68 Based on the crystal structure of the homologous TyrRS from Bacillus 

stearothermophilus, five residues in the active site of MjTyrRS were selected and 

randomized to generate a MjTyrRS mutant library. In the positive selection, an amber 

codon was inserted at permissive sites in a chloramphenicol acetyltransferase (CAT) gene. 

The library was cultured in medium containing chloramphenicol in the presence of a 

nonnatural amino acid. Only the cells containing MjTyrRS variants allowing suppression of 

an amber codon in CAT gene survived. Surviving cells were subjected to the negative 

selection. In the negative selection, the cells were regrown in medium containing 

chloramphenicol in the absence of the nonnatural amino acid. Those cells that could not 

survive were isolated from the replica plates containing the nonnatural amino acid. Using 

this method, substrate specificity of MjTyrRS was changed to selectively recognize O-

methyl-L-tyrosine.68  

Alternative selection methods for evolving substrate specificity of MjTyrRS 

towards nonnatural amino acids have been developed. One of them involves a positive 
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selection similar to the previous one, but a different negative selection.60 The negative 

selection is based on suppression of amber codons inserted at permissive sites in the 

barnase gene that is lethal to E. coli. When the cells survived from the positive selection 

were cultured in the absence of nonnatural amino acids, the cells containing MjTyrRS 

variants recognizing natural amino acids resulted in cell death due to expression of the 

barnase protein.  Another method for evolving MjTyrRS specificity to nonnatural amino 

acids involves an amplifiable fluorescent reporter, a green fluorescent protein.24 Amber 

codons were introduced at various sites in a T7 RNA polymerase gene that controlled 

expression of a green fluorescent protein. In the positive screening, the MjTyrRS library 

cells were cultured in the presence of a nonnatural amino acid. The cells containing 

MjTyrRS variants that recognized the nonnatural amino acid and suppressed the amber 

codons in T7 RNA polymerase gene became fluorescent and were collected with a 

fluorescence-activated cell sorter (FACS). In the negative screening, the cells collected 

from the positive screening were cultured in the absence of the nonnatural amino acid; the 

cells containing MjTyrRS variants that did not recognize any natural amino acid were not 

fluorescent and collected with a FACS. Therefore, the cells collected from the positive and 

negative screenings contained the MjTyrRS variants that can selectively charge the 

nonnatural amino acid into the cognate tRNA.  One advantage of the latter method is that 

both reporter genes are encoded in a single plasmid, which eliminates the need for DNA 

isolation after each selection step. However, the method requires a FACS for high-

throughput screening.         

Most attempts to evolve aminoacyl-tRNA synthetase substrate specificity have 

been limited to prokaryotic or archaeal aminoacyl-tRNA synthetases. Recently, Tirrell and 
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colleagues have evolved a eukaryotic aminoacyl-tRNA synthetase, yPheRS, to change its 

substrate specificity towards a hydrophobic phenylalanine analog, 2-naphthylalanine (see 

Chapter 6). The yPheRS library was constructed by randomizing four residues (N412, 

T415, S418, and S437) that contact the Phe substrate inside the binding pocket (Figure 5a). 

The screening consisted of a series of positive and negative screenings (Figure 5b), and 

involved expression of a GFP reporting folding status. The active synthetases would allow 

incorporation of either 2Nal or other natural amino acids at non-permissive sites of a GFP, 

which resulted in poorly-folded GFP showing weak fluorescence. Therefore, in the positive 

screening, the library cells were cultured in the presence of 2Nal and then the cells 

containing active synthetases were collected by high-throughput screening with a FACS. 

The yPheRS variants with very low activity toward natural amino acids will not 

misincorporate any natural amino acid at Phe sites in GFP and so GFP would retain full 

intensity of fluorescence. In the negative screening, the cells obtained from the positive 

screening were cultured in the absence of 2Nal and then the cells containing selective 

synthetases were collected with a FACS.  

 

New Codon-Anticodon Interactions 

Among the sixty-four codons, sixty-one (sense codons) are assigned to one of the 

twenty natural amino acids. The other three codons (nonsense codons) are stop codons that 

terminate protein translation. In order to incorporate a nonnatural amino acid into proteins 

in vivo, we need to either re-assign an existing codon or generate a new codon for the 

nonnatural amino acid. Until now three distinct approaches have been explored, re-
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assignment of a stop codon, reassignment of a degenerate codon, and assignment of a 

frameshift codon.  

 

Nonsense Suppression. In 1989 incorporation of a nonnatural amino acid into proteins in 

vitro was demonstrated by two independent groups, the Chamberlin group75 and the 

Schultz group.76 Nonsense suppression means that one of the stop codons (nonsense 

codons) can be read by a suppressor charged with an amino acid. Otherwise protein 

translation will be terminated at the stop codon. Three stop codons, amber 

(UAG),46,68,70,74,77 ochre (UAA),23,78,79 and opal (UGA) stop codons,23,78 have been 

reassigned for nonnatural amino acids. The amber codon has been used most 

widely,22,40,42,43,48,70,74,76,80-83 because it is the least common stop codon in E. coli, and 

because several naturally occurring suppressor tRNAs recognize it efficiently.84,85 Use of 

the amber codon to encode nonnatural amino acids requires outfitting the cell with an 

“orthogonal pair” comprising a suppressor tRNA and a cognate aminoacyl-tRNA 

synthetase (aaRS) that operate independently of the endogenous synthetase-tRNA pairs in 

E. coli as described in previous sections. To date, more than thirty nonnatural amino acids 

have been incorporated into proteins in response to the amber stop codon with high 

fidelity.27,28,70   

 

Breaking the Degeneracy of the Genetic Code.  Suppression of the amber stop codon has 

worked well for single-site insertion of novel amino acids. However, the utility of this 

approach is limited by moderate suppression efficiency. Competition between elongation 

and termination produces mixtures of full-length and truncated chains, and protein yields 
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are reduced accordingly. Efficient multi-site incorporation has been accomplished by 

replacement of natural amino acids in auxotrophic E. coli strains,1,6,9-11,86,87 and by using 

aminoacyl-tRNA synthetases with relaxed substrate specificity4 or attenuated editing 

activity.11  Although this method provides efficient incorporation of analogs at multiple 

sites, it suffers from the limitation that one of the natural amino acids must be excluded 

from the engineered protein. Efficient multiple-site-specific incorporation can be achieved 

by re-assignment of a sense codon, if the sense codon can be efficiently distinguished from 

other sense codons. Tirrell and colleagues investigated re-assignment of a degenerate 

codon for a nonnatural amino acid. As a test case for establishing the feasibility of breaking 

the degeneracy of the code, phenylalanine codons were investigated (see Chapter 5).   

Although 2Nal incorporaton was biased to UUU codons in the first study, 

misincorporation of 2Nal at unwanted sites (UUC codons) could not be avoided due to 

ambiguity in codon recognition by the AAA anticodon of ytRNAPhe
AAA. Misincorporation 

of a nonnatural amino acid at unwanted sites might cause perturbation or loss of function of 

a target protein.20,21 Based on experimental findings88-95 and stereo-chemical modeling96-99 

of codon-anticodon interactions, an expanded wobble rule was proposed by Lim and 

Curran.90 The expanded wobble rule indicates that A in the first position of the anticodon 

can recognize all four bases in the third position of the codon, although its affinity to C is 

lower than that to U. The observed incomplete discrimination of UUU from UUC codons 

by the AAA anticodon of ytRNAPhe motivated us to explore a different set of degenerate 

codons. Several considerations recommend the UUG codon. First, Leu is encoded by six 

codons: UUA, UUG, CUA, CUG, CUU, and CUC. Discrimination of UUG from CUN (N 

= A/U/G/C) codons might be highly efficient due to discrimination at the first position in 
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the codon.  Second, our existing yeast orthogonal pair should be readily adapted to the 

incorporation of Phe analogs in response to UUG codons. Third, according to the expanded 

wobble rules, C in the first position of the anticodon can recognize only G in the third 

position of the codon (see Chapter 6). 

 

Frameshift Suppression. The utility of stop or degenerate codons might be restricted by 

limited number of codons. In order to overcome this limitation, extended codons have been 

investigated. Although three-base codons are universal for most living organisms, 

frameshift suppression of a four-base codon occurs is a regulatory mechanism in viruses 

and bacteria, and is mediated either by slipping of normal tRNAs at the ribosome or by 

natural frameshift suppressor tRNAs with four-base anticodons. Sisido and colleagues have 

pioneered frameshift suppression for incorporation of nonnatural amino acids into proteins 

in E. coli.100-103 In this approach, four-base codons were inserted into a target protein at 

programmed sites. When the four-base codons are read by a modified tRNA that is charged 

with nonnatural amino acid and contains the corresponding anticodon, the full length target 

protein can be synthesized. If the four-base codons are read as three-base codons, truncated 

proteins will be formed due to early termination of protein translation. Four-base codons 

were usually derived from rarely used codons to minimize reading as three-base codons by 

the endogenous tRNAs. The translation efficiencies of some four-base codons were higher 

than those of three-base stop codons. In particular, a GGGU codon showed 86% translation 

efficiency,104 while the suppression efficiencies of an amber codon were ca. 20-60%.75,105 

A number of four-base codons; CGGG, GGGU, CGGU, AGGU, CCCU, and CUCU have 

been generated.101-103,106-108 The four-base codon strategy has also been applied to 
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incorporate two different nonnatural amino acids into two programmed sites in a protein, 

which showed orthogonality of each four-base codon to other four-base codons as well as 

three-base codons.103,104,109 The frameshift suppression method has been extended to five-

base codon to incorporate nonnatural amino acids.110 Recently, Sisido and colleagues have 

demonstrated frameshift suppression of a four-base codon (UAGN) in mammalian cells 

using tRNA containing NCUA anticodon.108   

Schultz and colleagues developed a combinatorial approach to select efficient 

suppressors of four-base codons; AGGA, UAGA, CCCU, and CUAG.23,111  This approach 

has been extended to five- and six-base codons with tRNAs containing 6-10 nucleotides in 

the anticodon loops.112 They identified suppressors of several five-base codons, such as 

AGGAU, CUACU, and CUAGU. However, translation efficiency of five-base codons was 

ca. 10%, which was lower than that of four-base codons. Suppression of six-base codons 

was too weak to be detected.112 Recently, Schultz and colleagues have shown that a four-

base codon can be used to incorporate a nonnatural amino acid into proteins in E. coli 

outfitted with a heterologous tRNA/synthetase orthogonal pair.  In particular, L-

homoglutamine was charged into archeal tRNALys by the evolved archeal lysyl-tRNA 

synthetase, and then was inserted into proteins in response to an AGGA codon in E. coli.113      

 

Conclusions 

In 1989 the concept of site-specific incorporation in vitro was independently 

demonstrated by the Chamberlin group and the Schultz group. Recently, several groups 

achieved site-specific incorporation of nonnatural amino acids into proteins in vivo using 

E. coli hosts outfitted with a twenty-first orthogonal pair of tRNA/aaRS. Schultz and 
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colleagues altered the substrate specificity of TyrRS, which was derived from M. 

jannaschii, to various nonnatural amino acids via high-throughput screening of a MjTyrRS 

library. Tirrell and colleagues altered yPheRS substrate specificity toward Phe analogs, 

which led to site-specific incorporation of Phe analogs in E. coli.  The moderate 

suppression efficiency of amber codons has motivated exploration of alternative codons 

that encode nonnatural amino acids. Breaking the degeneracy of the genetic code or 

frameshift suppression greatly expands the theoretical number of codons that can be 

assigned to nonnatural amino acids.  
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Figure 1: Nonnatural amino acids that have been genetically incorporated into proteins in 

bacteria, yeast or mammalian cells. This figure is reprinted, with permission, from the 

Annual Review of Biophysics and Biomolecular Structure, Volume 35, Wang, L.; Xie, J.; 

Schultz, P. G., Expanding the genetic code, 225,27 Copyright (2006) by Annual Reviews 

www.annualreviews.org.   
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Figure 2: Structures of yeast tRNAPhe (left) and E. coli tRNAPhe (right). This figure is 

reprinted from Dudock, B. S.; Diperi, C.; Michael, M. S. J. Biol. Chem. 1970, 245, 2465-

2468,114 Copyright 1970 with permission from the American Society for Biochemistry and 

Molecular Biology. 
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Figure 3: (a) Anticodon-loop tRNA library (left) and all-loop tRNA library (right) derived 

from M. jannaschii tRNATyr
CUA (N means all four nucleotides (A/U/G/C)). (b) A general 

selection scheme for suppressor tRNAs that are orthogonal to the E. coli endogenous 

systems and charged efficiently by a cognate synthetase. These figures are reprinted from 

from Chem. Biol., 8, Wang, L.; Schultz, P.G., A general strategy for orthogonal tRNA, 

883,25 Copyright (2001) with permission from Elsevier.  
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Figure 4: (a) Crystal structure of the T. thermophilus PheRS (tPheRS, pdb 1B70) in ribbon 

model.  Only (αβ) monomeric portion of structure is shown.   (b) Active sites of tPheRS.  

Only residues within 6 Å of substrate Phe are shown.  Substrate is shown as space-filling 

model, while residues surrounding the substrate are shown in stick model.  (c) Sequence 

alignment of PheRS from 21 different organisms. Only residues flanking equivalent 

residues of V261 and A314 in T. thermophilus are represented.  The shaded residues are the 

conserved residues equivalent to V261 and A314 from T. thermophilus.  Sequences 

adjacent to V261 and A314 are also highly conserved.  The sequences are obtained from 

aminoacyl-tRNA synthetase database (http://rose.man.poznan.pl/aars/). These figures were 

adapted from Wang’s thesis (2003).41  
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Figure 5: (A) Phe substrate (red) and four residues (blue) within 7 Å of the para-position 

of the phenyl ring of the substrate inside the binding pocket of a homology model of 

yPheRS. (B) A screening scheme for yPheRS library. GFP6 in yPheRS expression library 

E. coli cells outfitted with ytRNAPhe
AAA and yPheRS library was expressed in the presence 

of 2Nal (a). Weakly fluorescent cells that contain active yPheRS variants were enriched by 

FACS (b). GFP6 in the collected cells was expressed in the absence of 2Nal (c). Highly 

fluorescent cells that contain selective yPheRS variants were enriched by FACS (d). After 

two rounds of screening, ten colonies were isolated from the enriched cells and 

characterized (e).     
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Figure 6: A schematic diagram describing the concept of breaking the degeneracy of the 

genetic code.  
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