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1.1 Protein Biosynthesis 

An elegant hereditary informational system is evolutionarily conserved 

throughout all organisms to precisely synthesize proteins in a timely and controlled 

manner.  Proteins are composed of linear chains of amino acids which fold into three-

dimensional structures to form active species.  The basic genetic material, DNA, encodes 

the amino acid sequence of the protein; that sequence is transcribed into a messenger 

RNA (mRNA) molecule from the DNA, and finally, the mRNA is decoded by transfer 

RNA (tRNA) during processing by the ribosome.  The tRNAs bind to a particular 

sequence of three nucleotides within the mRNA (codons), and their correct transfer of 

amino acids maintains the desired sequence in the nascent polypeptide.  This central 

dogma of biology is illustrated in Figure 1-1. 

 

 Figure 1-1.  Diagram depicting the central dogma of biology. DNA is transcribed 

to mRNA. mRNA is shuttled to the ribosome and decoded by tRNAs bearing an amino 

acid for extension of the protein chain. 
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High fidelity of protein synthesis is due not only to high affinity recognition of the 

a codon by the correct tRNA, but also the correct addition of amino acid to cognate 

tRNA.  The fidelity of the latter function is ensured by the enzymes that form the 

aminoacyl-tRNA conjugate, the aminoacyl-tRNA synthetases.  In most organisms, every 

amino acid is appended to its cognate tRNA by a single synthetase, and these enzymes 

discriminate among the twenty naturally occurring amino acids through active site 

recognition.  Some aminoacyl-tRNA synthetases have another level of quality control; 

post-transfer editing domains remove amino acids that have been incorrectly acylated to 

the substrate tRNA.[1, 2]  

 Despite the safeguards designed for high fidelity of protein synthesis in all 

orgnisms, evidence for the infiltration of the protein synthesis machinery of bacteria by 

amino acid analogs was first noted in the 1950s.[3, 4]  During the 1960s, the 

incorporation of 5,5,5-trifluoroleucine, p-fluorophenylalanine, azatryptazan, canavanine, 

4-methyltryptophan, 2-thienylalanne, and m-fluorotyrosine into proteins in E. coli was 

accomplished.  In the last 30 years, biochemical interest in harnassing the new properties 

of non-canonical amino acids for protein engineering has increased and led to a variety of 

methods to introduce them into proteins. 

 

1.2 Methods for the introduction of non-natural amino acids to proteins 

1.2.1 Chemical Aminoacylation of tRNA 

In the late 1970s, Sidney Hecht developed a groundbreaking method for 

chemically aminoacylating tRNA molecules.[5]   The use of RNA ligase to conjugate an 

acylated dinucleotide to an abbreviated tRNA enabled the introduction of non-natural 
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amino acids into proteins using in vitro translational systems.  The chemical acylation of 

natural tRNAs allowed global incorporation of a photoreactive amino acid analog in 

place of a natural one throughout a protein synthesized in vitro.[6]  One limitation of this 

method is that a tRNA-free cellular extract is required; otherwise, the chemically 

synthesized tRNAs are forced to compete with naturally charged tRNAs for ribosomal 

occupation.  This method of replacement in vitro has recently been extended by Sando et 

al to remove the requirement for tRNA-free translational systems.  They reduced the in 

vitro aminoacylation of a target tRNA through small molecule inhibition of the tRNA 

synthetase, thus allowing complete replacement of a natural amino acid without using a 

tRNA-free translation system.[7] 

In order to circumvent competition for ribosomal insertion and to allow the 

introduction of a 21st amino acid with the twenty natural amino acids represented in 

protein synthesis, researchers turned to suppressor tRNAs.[8, 9]  Within the genetic code, 

three stop codons, known as the amber, opal and ochre codons, signal the termination of 

protein synthesis. In some strains of bacteria, tRNAs have been identified that recognize 

amber codons and insert an amino acid, often glutamine or selenocysteine, rather than 

halting translation.  These tRNAs are considered “suppressors” because they prevent or 

suppress the termination of protein synthesis in the ribosome. Recognizing this feature, a 

number of research groups have sought to reassign these stop codons to non-natural 

amino acids by mis-acylation of suppressor tRNAs.  These tRNAs have no natural 

cognate tRNA to compete for codon recognition during protein synthesis.[9]  The use of 

chemically aminoacylated suppressor tRNA to infiltrate translation in cell-free systems, 



 5 
although limited in the production of protein, has been effectively used to study detailed 

aspects of protein biochemistry through a variety of analytical methods.[8, 10]  

The reassignment of amber stop codons in proteins through chemically mis-

acylated tRNA molecules has also been extended from in vitro to in vivo methods 

through the use of microinjection into living cells.  In the Dougherty lab, suppression 

with microinjected Tetrahymena tRNA in Xenopus oocytes was used to probe the 

biophysical and structural properties of expressed ion channels.[11] 

An alternative to the recognition of a stop codon by a mis-acylated tRNA for site-

specific incorporation is frameshift interpretation by a mis-acylated suppressor tRNA. 

Sisido, Hohsaka and others have developed a number of suppressor tRNAs that will 

recognize four- and five-base codons, instead of the normal three-base ones.[12, 13] 

These methods require the removal of any natural occurrences of the four base sequence 

to prevent unwanted insertion of the non-natural amino acid into the protein sequence.  A 

variety of interesting amino acids have been introduced with these methods, particularly 

fluorescent amino acids such as 2,6-dansyl-aminophenylalanine and 2-

acridonylamine.[14, 15] 

 

1.2.2 Enzymatic aminoacylation and site-specific incorporation into proteins 

One of the limitations of chemical aminoacylation is the effort required to 

produce a large quantity of aminoacylated-tRNA.  As such, in vivo enzymatic 

aminoacylation of non-natural amino acids and subsequent incorporation through the 

native translational machinery provides an alternative route for increased production of 

modified proteins.  However, the aminoacylation of non-natural amino acids is limited by 
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the permissivity of tRNA synthetases and, at the same time, is forced to compete with the 

cognate amino acid itself for synthetase activity.  To circumvent substrate competition, an 

orthogonal tRNA and synthetase pair that will not interact with the native synthetases and 

tRNAs can be introduced.  This orthogonal tRNA can then be used to reassign a 

suppressor codon for the non-natural amino acid.  This type of reassignment was first 

accomplished by Furter using an orthogonal phenylalanyl-tRNA synthetase (PheRS) and 

tRNAphe pair from S. cerevisiae in E. coli  to incorporate p-fluorophenylalanine site-

specifically into proteins.  The non-canonical amino acid was incorporated into murine 

dihydrofolate reductase (mDHFR), a highly expressed model protein, at an amber stop 

codon.[16]  Background misincorporation from the endogenous E. coli PheRS was 

reduced by its inability to acylate p-fluorophenylalanine due to a mutation at residue 294 

that reduces the size of the active site.[17]  Phenylalanine was replaced with the 

fluorinated analog at the amber codon in 64-75% of the protein produced with this 

system.  

In order to improve the fidelity of the in vivo approach, Schultz and coworkers 

have developed powerful screening methods to engineer mutant synthetases for site-

specific introduction of a wide variety of non-natural amino acids via nonsense 

suppression.[18]  Positive selection relies on the ability of the desired mutant synthetase 

to incorporate the target non-natural amino acid and allow suppression of an amber codon 

in an antibiotic resistance gene.  The sustained translation of chloramphenicol 

acetyltransferase (CAT) in the presence of the antibiotic chloramphenicol allows the host 

cell of the mutant synthetase to survive.  The mutant synthetases surviving the positive 

screen were then transferred into a strain containing barnase, a lethal gene that encodes a 



 7 
ribonuclease.  This copy of barnase contains an amber stop codon that if suppressed, 

allows the production of active enzyme.  Thus, a synthetase that charges a natural amino 

acid onto the suppressor tRNA will kill its host cell.  Multiple rounds of screening will 

generate a synthetase mutant selective for a non-natural amino acid in the presence of 

natural amino acids.  Introduction of o-methyltyrosine into DHFR was achieved for this 

method and has been adapted to identify synthetases for incorporation of more than thirty 

amino acids in vivo.[18, 19]  Subsequent screens derived from this method have also 

relied upon different techniques, including phage display and high-throughput flow 

cytometry screens for selective synthetases.[19] 

 

1.2.3 Replacement of natural amino acids with non-natural surrogates 

Despite the advances in site-specific placement of non-natural amino acids in 

vivo, the production of large quantities of protein remains a challenge.  The global 

introduction of a novel chemical moiety will not only affect bulk material characteristics, 

but also achieve production yields close to wild-type levels of protein expression in 

microbial hosts.[20]  This method follows from the classic amino acid replacement 

experiments from the 1950s.[3, 4, 21-23]  Essentially, bacteria in a culture grown in 

minimal medium are deprived of an amino acid upon induction of expression of a target 

protein.  The non-natural amino acid is then added to the medium and it is utilized in 

place of the missing natural substrate by the tRNA synthetase.  This method specifically 

exploits the permissivity of both the tRNA synthetase and the ribosomal apparatus of the 

microbial host.  With this method, the extent of incorporation can be enhanced by 

washing the cells before induction to remove any residual natural amino acid.[11, 17, 24, 
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25]  The global replacement of a natural amino acid can also be achieved through 

fermentation, which allows the growth of cultures to higher cell densities and therefore 

higher protein yields.  The fermentation method, also called the selective pressure 

incorporation (SPI) method, requires that the bacteria survive in the presence of the non-

natural amino acid.  The cultures are grown to mid-log phase in media containing limited 

amounts of the cognate amino acid, and once that amount is thought to be depleted, the 

addition of the non-canonical amino acid and induction of expression with IPTG are 

instigated simultaneously.[20]  Both of these methods can be readily extended to a more 

diverse set of analogous molecules by concomitant over-expression of either a natural or 

modified synthetase.[26-30]  In 1990, Hendrickson and Ogata revisited the classic 

selenium replacement experiments by Cowie and Cohen to solve the phase problem in x-

ray crystallography using multiwavelength anomalous diffraction.[3, 25]  This method 

has contributed heavily to the abundance of crystal structure elucidation in the last 15 

years.[31] 

 

1.3 Protein degradation and the N-end rule pathway 

The control of biological processes by proteins is not limited to their catalysis of 

necessary reactions, but also by their temporal and spatial activity. A subtle method for 

the control of protein activity is through constant degradation of the active enzyme, the 

cessation of which allows a rapid burst of protein activity at a designated time and 

place.[32]  Control of protein activity through degradation has been observed in 

prokaryotes for signaling of morphological changes during cell cycle progression and for 

responses to environmental stresses such as heat shock.[33, 34]  One pathway for 
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processive or complete protein degradation is the N-end rule pathway, which is found in 

both prokaryotes and eukaryotes.  The N-end rule states that the half-life of any given 

protein is dictated by its N-terminal residue.[35, 36]   Essentially, the N-terminal residue 

of a protein can be recognized as a signal for degradation by chaperone proteins 

(recognins) who will shuttle it to an ATP-dependent protease for processive degradation. 

The N-terminal residue that is directly recognized and induces degradation without 

further modification is considered a primary destabilizing residue.  In mammals and 

yeast, the primary destabilizing residues are lysine and arginine (Figure 1-2), while in 

prokaryotes, the primary destabilizing residues are leucine, phenylalanine, tyrosine, and 

tryptophan.[37, 38]  In addition to the primary destabilizing residues, proteins containing 

a “secondary destabilizing residue” at the N-terminus are modified with a primary 

destabilizing residue to induce degradation.  This N-terminal modification is performed 

by aminoacyl-tRNA protein transferases, which can convey amino acids from an 

aminoacyl-tRNA to a protein.[39, 40]  These transferases are found in both prokaryotes 

and eukaryotes, although with slightly variant specificities, as expected from the 

difference in primary destabilizing residues (Figure 1-2).  In mammals and yeast, the 

arginyl-transferase appends arginine to the N-terminus of proteins bearing oxidized 

cysteine, glutamic or aspartic acid, the secondary destabilizing residues.  

In prokaryotes, leucine and phenylalanine are appended to the N-termini of 

proteins bearing secondary destabilizing residues by enzymes called leucyl, phenylalanyl-

transferases.  Some bacteria, such as Vibrio vulnificus, harbor two separate transferases 

that recognize different N-terminal residues on their substrates, but both append the 

primary destabilizing residue, leucine (Figure 1-2).[41]  In E. coli, only the L,F-
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transferase encoded by the aat gene (denoted as Aat in this chapter) is present.  The 

specificity of Aat towards its aminoacyl substrates is permissive and it can transfer not 

only leucine, but also phenylalanine and methionine from aminoacyl-tRNA to a protein 

substrate in vivo.[42-44]  In E. coli, the N-end rule recognin is hypothesized to be solely 

the ClpS chaperone protein; however, some evidence has shown that ClpS is not required 

for the degradation of N-end rule substrates.[45, 46]  The ClpAP protease complex is 

required for processing N-end rule substrates, as demonstrated by the disruption of the 

degradation pathway in clpA knockout strains.[47]  Despite the elegant simplicity of the 

N-end rule pathway in  E. coli, no substrates of Aat or unmodified degrons of the 

pathway have been identified to date.  As Bernd Bukau writes, “The N-end rule pathway 

has not lost its glamour and will still surprise with new twists and turns[48].” 
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Figure 1-2. Diagram of  the N-end rule pathway. Adapted from Graciet et al., PNAS, 

2006, 103(9): p3078-3083.  The N-end rule pathway in A) E. coli, B) mammals and 

yeast, and C) V. vulnificus. 
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1.4 Outline of thesis 

In this thesis, a new method for the in vitro post-translational modification of 

proteins with non-canonical amino acids using the E. coli enzyme, the L,F-transferase, is 

developed.  An analytical method for the evaluation of amino acids as candidate 

aminoacyl-tRNA substrates of the L,F-transferase is described using a peptide-

aminocoumarin conjugate as the acceptor protein.  The product is a tripeptide 

aminocoumarin that can be separated from the substrate by HPLC and verified by 

electrospray ionization mass spectrometry.  Twenty-seven different non-canonical amino 

acids are evaluated as aminoacyl substrates of the L,F-transferase; twenty-four of them 

are transferred.  The results of the peptide modification assay can be extended to the in 

vitro modification of a model protein. Five reactive analogs are appended to E. coli 

dihydrofolate reductase bearing an arginine N-terminus in vitro.  The utility of the 

method for the creation of protein bioconjugates was demonstrated by the addition of p-

ethynylphenylalanine to the N-terminus of the model protein for ligation to both a 

fluorescein-polyethylene-glycol conjugate and a biotin affinity tag.  The total yield of 

modified protein was found to be above 80% after addition of the amino acid and ligation 

to the polymer using copper-catalyzed [3+2] azide-alkyne cycloaddition. 

Progress towards the extension of the in vitro method to an in vivo modification 

system was made.  A screen was designed to identify a mutant leucyl, phenylalanyl-

tRNA transferase selective for the desired non-canonical amino acid, p-

ethynylphenylalanine.  The L,F transferase gene in the host E. coli strains was removed 

by chromosomal recombination, and a library of mutant L,F-transferases was 
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synthesized.  A DNA construct encoding a protein fusion of ubiquitin and green 

fluorescent protein that will be used as a reporter in the screen was also produced. 

M13 bacteriophage were produced with coat proteins bearing a methionine 

analogue, azidohomoalanine, which was introduced through codon reassignment during 

coat protein over-expression.  The resultant Aha-bearing phage remained infectious and 

were modified with alkyne tags using either copper-catalyzed or strain-catalyzed [3+2] 

cycloaddition.  After copper-catalyzed modification, the phage lost infectivity; however, 

strain-catalyzed modification was not deleterious to phage infection.  
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