
  
1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 1 
 

Overview: Toward the Synthesis and Evolution of Cyclic, 
Unnatural mRNA Display Libraries 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
This chapter is adapted from the following reference (in preparation): 
 
Takahashi, T.T., Millward, S.W., Roberts, R.W. (2007) Unnatural Display Libraries  

 



  
2 

Abstract 
 
 The development of ligands that disrupt protein-protein interactions remains a 

major challenge in the post-genomic era.  Compounds that bind to protein surfaces with 

high affinity and specificity are potential tools for chemical genetics, molecular 

diagnostics, and therapeutic development.  Traditionally, lead compounds for these 

applications have been designed by computational chemistry or by screening thousands 

of compounds from small molecule libraries based on natural products.  Biological 

display methodologies, which can access enormous molecular diversity, are generally 

considered suboptimal for the design of compounds with high cellular permeability and 

biological stability, properties that are required for “drug-like” molecules.  One of the 

major goals of biological display is the generation of high-diversity libraries that are 

biased toward evolving compounds with improved pharmacological properties.  The 

incorporation of unnatural amino acids into peptide libraries in conjunction with 

macrocyclization is the first step toward the selection of highly potent compounds that 

reside comfortably within “drug space”.  Strategies to incorporate unnatural monomers 

are reviewed along with their application to unnatural biological display.  The advantages 

of cyclic peptides are discussed as well as recent efforts to generate redox-insensitive 

macrocyclic peptide libraries.  The parallel developments of unnatural amino acid 

incorporation and macrocyclization may lead to wholly unnatural display libraries that 

can access the chemical diversity of natural products while retaining the evolvability 

characteristic of biological display. 
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Introduction  
 

The size of the human proteome (>21000 proteins (1)) and the complexity of 

biological growth and development indicate vast networks of protein-protein interactions 

within the cell.  The ability to selectively disrupt or attenuate these interactions is 

essential for understanding the global control circuits that regulate cellular behavior.   

One of the goals of chemical biology (chemical genomics) is the development of ligands 

that selectively abrogate protein-protein interactions in vivo, obviating the need for 

genomic manipulation (e.g., knockout models).  In the absence of detailed structural 

information for novel protein targets, combinatorial methods are particularly suited to the 

task of rapidly designing and synthesizing high-affinity ligands. 

  Combinatorial design methods attempt to sample regions of chemical and 

conformational space using a library of diverse ligands, which can then be sieved or 

screened to isolate target-binding molecules.  Combinatorial libraries can be crudely 

divided into small molecules and “biologics.”  Small molecule libraries are typically 

synthesized by solid-phase or solution-phase organic methodologies, while biologics are 

assembled by living organisms or from material derived from living organisms.   

Small molecule libraries utilize a wide array of diverse chemical functionalities and 

contain low molecular weight compounds based on the scaffolds and chemical properties 

of known drugs and pharmacologically relevant natural products (2-4).  Small molecule 

libraries are particularly appropriate for the design of substrate mimics for enzyme 

inhibition, however their utility as modulators of protein-protein interactions (typically 

involving ~1,600 Å2 of buried surface) remains uncertain (5).  The structural elucidation 
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of “hit” compounds also remains a daunting task for high-complexity small molecule 

libraries. 

In contrast, biologics are comprised of polymerized monomers: 20 natural amino 

acids for peptides and proteins, and four nucleotides for DNA and RNA.  The library 

complexity achievable in biological display technologies (e.g., mRNA, phage, and 

ribosome display) is several orders of magnitude greater than synthetic small molecule 

libraries (compare 109-1013 for in vitro display libraries (6) versus 107 for small molecule 

libraries (7)), in large part due to the facile manipulation of genetic information tightly 

associated with each functional molecule and the great efficiency and fidelity with which 

the material is polymerized (Figure 1.1).  Biological display can also utilize folded 

macromolecular scaffolds to present large surface areas for the disruption of protein-

protein interactions (8, 9).  Since the functional library member is linked to the genetic 

material that directs its assembly, the lead compounds obtained from biological display 

libraries can be readily identified and characterized.  More importantly, the use of genetic 

material enables the evolution of the ligand through multiple rounds of selective pressure 

and affinity maturation, increasing the probability of finding a high affinity ligand for the 

target (10-12). 

Unfortunately, these ligands often have poor pharmacokinetics owing to their low cell 

permeability and poor in vivo stability.  To convert these initial leads into useful 

biological probes and/or pharmacological agents, medicinal chemistry must be employed 

to improve stability, solubility, and permeability without sacrificing the molecule’s 

original function.  While medicinal chemistry has had a number of successes (13), 

compound optimization is non-trivial and the stepwise nature of chemical substitution  
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Figure 1.1:  Biological display Methodologies.  The scale shows the maximum practical 
initial diversity for the most common biological display methods.   
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often precludes access to co-variation effects between two or more positions.  Indeed, one 

of the most powerful aspects of biological display is the ability to vary the chemical 

composition of multiple synergistic positions simultaneously, effectively identifying 

positions that are energetically coupled (14-16).   

 
The Goals of Unnatural Biological Display 
 
 Instead of optimizing the physical characteristics of a lead molecule after it has 

been isolated, a more facile approach is to construct libraries from a monomer set that 

accurately reflects the chemical characteristics of “drug space”: in effect, medicinal 

chemistry at the front end.  While some medicinal chemistry will likely be employed on 

unnatural biologics after isolation, judicious choice of the monomer alphabet used to 

construct the library coupled with selection for improved physicochemical properties 

(such as protease resistance) may result in “pre-optimized” lead compounds.  An ideal 

technology platform for ligand selection would combine the superior library complexities 

and evolvability in biological display systems with the more drug-like properties of 

unnatural amino acids (Uaas), including non-natural backbone linkages (N-methyl amino 

acids, α-hydroxy acids), α-carbon stereoisomers (D-amino acids), and non-natural side 

chains. We believe that this platform will generate high-affinity, bioactive ligands with 

superior pharmacokinetic properties, as compared to natural display methodologies.   

This chapter describes the current progress and steps required for the creation of 

unnatural display libraries.  We begin by addressing the chemical functionalities present 

in known pharmacaphores and potential routes for incorporating these functionalities into 

proteins as unnatural amino acids.  Next, we review efforts to integrate these properties 

into biological display libraries using co-translational unnatural amino acid incorporation 
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and post-translational chemical modification.  Finally, we discuss macrocyclization as a 

means to limit the conformational flexibility of peptides and its emergence as a tool for 

biological display.   

In Vitro Selection as a Tool for Drug Design 
 
 Combinatorial methods for ligand isolation are currently the best approach for 

obtaining functional molecules.  In vitro selection harnesses the power of biological 

synthesis and genetic amplification to enable the creation of libraries in excess of trillions 

of unique molecules (Figure 1.1).  Typically, a library of biologics is sieved against a 

target and the functional molecules amplified, eventually resulting in subset of molecules 

that bind the target.  SELEX enables the selection of RNA and DNA (17), while methods 

such as phage display (18), DNA display (19), ribosome display (20), and mRNA display 

(21) allow the selection of peptides and proteins.  In general, much larger libraries can be 

generated using totally in vitro methods, since in vivo techniques, such as phage display, 

require transformation of the library into cells.  Previous reviews have highlighted the 

many successes of these methods in generating ligands to a diverse set of targets (6, 22). 

 In order to make these biological libraries more drug-like, Uaas must either be 

incorporated during the synthesis of the library, or chemically derivatized after library 

synthesis.  While unnatural amino acids can be incorporated into phage display libraries 

(23), it is difficult to incorporate more than a few Uaas because each Uaa must have its 

own orthogonal synthetase and tRNA.  Likewise, techniques such as phage display, 

ribosome display, and CIS require associated proteins, which make the libraries difficult 

to modify post-translationally.  mRNA display thus represents the most flexible method 

for synthesis of totally unnatural libraries since Uaas can be introduced either co-
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translationally or through post-translational modification.  Additionally, since the linkage 

between mRNA and peptide in mRNA display is mediated by a small molecule, the 

conversion of natural mRNA display to unnatural mRNA display only requires that the 

translation system be adapted to incorporate unnatural monomers. 

 
Choosing an Unnatural Alphabet  
 

One of the challenges in constructing an unnatural display library lies in choosing an 

alphabet of natural and unnatural monomers to localize the library within “drug space”.  

Unfortunately, this begets the more complex problem of defining drug space within the 

nearly infinite boundaries of chemical space.  Statistical surveys of known 

pharmacaphores have identified recurrent molecular frameworks and chemical moieties 

that provide an empirical sketch of drug space (24-26).  Alternatively, pharmacaphores 

may be described by a set of physico-chemical parameters correlated with favorable 

solubility and permeability (e.g., Lipinski’s Rule of 5) (27).  While these principles may 

suggest which Uaa side chains may be useful, their bias toward small molecule drug 

discovery somewhat mitigates their applicability in peptide-based drug design.   

Given the bias in drug discovery toward small molecules with molecular weights less 

than 500 Da, it may prove useful to use known bioactive peptides as models for designing 

unnatural peptide display libraries.  Nonribosomal peptides fall outside many of the 

parameters used to define small molecule drug space, yet remain potent bioactive 

compounds. (Figure 1.2A)  For example, the cyclic undecapeptide cyclosporin violates 

two of Lipinski’s rules, yet functions as an orally bioavailable immunosuppressant (28).  

Nonribosomal peptides are synthesized by large multi-enzyme complexes and contain a 

wide variety of nonproteogenic side chains and connectivities (reviewed in (29, 30)).   
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Figure 1.2: (A) Bioactive nonribosomal peptides and (B) approved therapeutic peptides.  
Unnatural (nonproteogenic) amino acids are shown in red. (35, 64, 66, 67, 79, 80) 
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Enzymatic macrocyclization (31) is a characteristic of many nonribosomal peptides and 

has previously been shown to impart higher affinity and/or biological activity to linear 

peptide sequences (Reviewed in (32)).  D-amino acids, and to a lesser extent, N-methyl 

amino acids, are frequently found in nonribosomal peptides and have been shown to 

greatly enhance the stability of linear peptide sequences to proteolytic digestion (33, 34). 

Unnatural side chains, such as the electrophilic N-methyldehydroalanine residue in 

microcystin, also contribute to the bioactivity of nonribosomal peptides (35) (Figure 

1.2A).  Combinatorial biosynthesis of NRPS gene clusters has been proposed as means to 

generate NRP libraries (36), although technical challenges significantly limit their 

diversity (37). 

Rewriting the Genetic Code 
 

Currently, most unnatural amino acids are introduced co-translationally into 

proteins and peptides through nonsense suppression.  In nonsense suppression, a Uaa is 

first charged onto a suppressor tRNA that recognizes a stop codon (UAG, UAA, or UGA) 

then the charged tRNA is translated in the presence of an mRNA containing a stop codon 

at the desired site of Uaa incorporation.  In essence, the Uaa “fills in a blank” in the 

genetic code, which exists because most organisms lack nonsense suppressor tRNAs.  

Extension of this method would allow the incorporation of up to three additional Uaas at 

each of the three stop codons.   

However, a different strategy must be employed to synthesize wholly unnatural 

peptides or proteins, since there are no other natural blanks in the genetic code.  First, a 

synthetic blank in the genetic code must be introduced: i.e., a sense codon that does not 

code for a natural amino acid must be generated.  This newly blank sense codon is then 
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reassigned and suppressed by a Uaa.  Using sense suppression, several or possibly even 

all the codons could be recoded for Uaas. 

 In order to generate a codon that is a synthetic blank in the genetic code, the 

endogenous aminoacyl-tRNA charged with the natural amino acid must be prevented 

from entering the ribosome.  Several strategies are possible:  (1) removal of the tRNA 

and/or natural amino acid, (2) competition with an exogenously added Uaa or Uaa-

charged tRNA, (3) Inhibition or removal of the aminoacyl synthetase, or (4) a 

combination of two or more of the above strategies.   

Removal of the endogenous tRNA can be achieved through the use of a column 

that binds to tRNA selectively.  Jackson and coworkers describe the use of an 

ethanolamine-sepharose column that is effective in depleting >90% of the tRNA from the 

rabbit reticulocyte lysate (38).  The cationic resin is specific for negatively-charged tRNA 

and does not bind ribosomes.  Addition of tRNA restores the activity of the depleted 

lysate.  However, aminoacyl tRNA-synthetases (AARS) are not removed by this 

procedure and any exogenously added aminoacyl-tRNA may be edited by the 

synthetases. 

Suppression of natural amino acid incorporation may be accomplished either by 

addition of Uaas or Uaa-charged tRNAs.  By adding high concentrations of the Uaa, the 

natural amino acid can be totally replaced.  Most of the work detailing competition 

experiments is performed by addition of Uaas to minimal media used to grow E. Coli, 

resulting in the nearly complete replacement of the natural amino acid (39).  While the 

replacement of a natural amino acid depends partly on the concentration of Uaa added, it 

is also dependent on the codon bias present in cells.  In nature, not all codons exist in 
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equal concentrations; some codons are used more (or less) frequently than the average.  

In theory, the codons that are used less frequently could be reassigned with minimal 

incorporation of the natural amino acid.   

Frankel and Roberts performed a selection in rabbit reticulocyte lysate to identify 

codons that would be the most amenable for substitution (40).  mRNA display was used 

to select GNN codons that would allow higher levels of incorporation of a tRNA charged 

with biocytin.  The selection identified the Val GUA codon as the most amenable to 

sense suppression.  Further experiments recoded the GUA and GCU codons to N-methyl 

Phenylalanine, resulting in peptides with marked protease resistance (41) (Chapter 3).   

While competition can be used to reassign several sense codons, it is impractical 

for rewriting the complete genetic code with a fidelity approaching that of natural 

translation.  Suppression is often incomplete (leaky) and the natural amino acid can be 

incorporated, resulting in the synthesis of heterogeneous products.  Also, large amounts 

of aminoacyl tRNA or Uaa must be added to the translation mixture in order to drive Uaa 

incorporation.   

 Alternately, elimination of endogenous aminoacyl-tRNA synthetases precludes 

the formation of natural aminoacyl tRNA while preventing deacylation of unnatural 

aminoacyl-tRNA.  Prokaryotic (42, 43) and eukaryotic (44) reconstituted translation 

systems have been developed where the essential translation components (initiation 

factors, elongation factors, and ribosomes) are purified away from amino acids, tRNAs, 

and AARSs.  These minimal translation systems allow any combination of amino acids 

(both natural and unnatural), aminoacylated tRNA, and AARSs to be added back to the 

system.  Initial experiments using an E. Coli derived translation system focused on 
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reconstitution of the translation system with natural amino acids.  The PURE system was 

reconstituted with all twenty AARSs and demonstrated that microgram-quantities of 

proteins could be synthesized (43).  Omission of release factor 1, which recognizes the 

UAG stop codon, increased the incorporation of valine via a UAG-suppressor tRNA.  

Independently, Forster and Blacklow demonstrated that supplementing the core 

translation system with charged tRNAs allowed the synthesis of short peptides (42). 

More recently, several sense codons have been reassigned for unnatural amino 

acid incorporation.  Addition of three Uaa-charged tRNAs to a reconstituted extract 

enabled the synthesis of unnatural tetrapeptides, which were analyzed by HPLC (45).  

Several backbone analogs, such as N-methyl (methyl on the amide nitrogen), α-methyl 

(methyl on the Cα carbon), and α-hydroxy (OH- instead of NH2-), have been 

incorporated (46).   

The Szostak lab utilized the PURE system in the context of mRNA display to 

rewrite twelve sense codons with unnatural amino acids, generating a wholly unnatural 

mRNA-peptide fusion whose identity was confirmed by MALDI-MS (47).  These 

experiments demonstrated the feasibility of constructing wholly unnatural mRNA display 

libraries using sense codon suppression in a reconstituted translation extract. 

Generating the Aminoacyl-tRNAs 
 
Once a synthetic blank is generated in the genetic code, this blank codon can then 

be reassigned to another amino acid.  To do this, a cognate tRNA charged with the amino 

acid must be added to the translation reaction.  This aminoacyl tRNA can either be 

synthesized chemically or generated through catalysis with aminoacyl tRNA synthetases 

or ribozymes. 
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 Most UAA-charged tRNAs are generated by chemical methods (Figure 1.3).  

First, the UAA is attached to the dinucleotide pdCpA and then ligated via T4 RNA 

Ligase to the 3’ end of a tRNA lacking the last two nucleotides (-rCrA).  This method has 

been described in detail and allows the greatest flexibility, as virtually any amino acid 

can be charged onto a tRNA (48-51).  However, the method is time consuming and 

costly, thereby limiting the number of UAA-acylated tRNAs that can be synthesized. 

Another strategy for obtaining Uaa-charged tRNA is to modify a natural amino 

acid after it is charged on the tRNA, but before it is used in translation.  N-methyl amino 

acyl-tRNAs have been synthesized by methylation of bulk aminoacylated E. coli tRNA 

(52).  Unfortunately, since the transformation is carried out indiscriminately on the bulk 

tRNA, this method forces the user to choose between an entirely natural amino acid 

library and an entirely N-methylated amino acid library  

In nature, aminoacyl tRNAs are synthesized by the aminoacyl synthetases 

(AARSs), which enforce the genetic code by ensuring that a specific amino acid is 

charged to its cognate tRNA.  AARSs can be evolved to charge an orthogonal tRNA with 

a specific Uaa (53), or can be engineered to broaden their substrate specificity, often by 

either expanding the amino acid binding pocket or by mutating editing domains (54, 55).  

Many non-intuitive UAAs are charged by the synthetases, as discovered by a MALDI-

TOF MS-based screening of AARS charging activities (56).   

One advantage of this strategy is that the aminoacyl tRNAs can be generated in 

situ merely by adding the UAAs and synthetases to the translation reaction, and is 

therefore technically easy to implement.  This strategy has been used to synthesize 

peptides containing twelve UAAs (47).  However, this method is limited to UAAs that  
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Figure 1.3: Chemical aminoacylation of nonsense suppressor tRNA.  The α-amino group 
on 1 is protected with a photolabile NVOC group and the carboxylate is activated as a 
cyanomethyl ester to form compound 2.  Coupling to the pdCpA dinucleotide generates 
compound 3 (note the 2’ adduct is shown although reaction may occur at either the 2’ or 
3’ position).  The NVOC-aminoacyl-pdCpA is enzymatically ligated to a suppressor 
tRNA lacking the terminal CA dinucleotide.  The NVOC-aminoacyl-tRNA is deprotected 
by irradiation at 350 nm. to form the aminoacyl-tRNA 4.  Adapted from (48-51) 
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are recognized by the synthetases, and therefore Uaas similar to the natural amino acids.  

Also, it is not possible to introduce multiple analogs of the same amino acid type, at the 

same time (for example, two methionine analogs).   

Joining Unnatural Amino Acids and Selection 
  
 Once the ribosome can be coaxed into synthesizing libraries of unnatural peptides, 

these peptides must be then selected for function.  The amalgam of these two powerful 

methods was first demonstrated using nonsense suppression and mRNA display (57).  In 

this proof of concept experiment, Roberts and coworkers charged a UAG-suppressor 

tRNA with biocytin (biotinyl-lysine) and selected for binding for streptavidin.  After two 

rounds of selection, the library was primarily composed of sequences containing the 

UAG stop codon, demonstrating that the unnatural amino acid was incorporated in the 

peptide and was functional (Chapter 2). 

Recently, a selection was performed using a 24-amino acid alphabet.  Muranaka 

et al. used three tRNAs containing four-base codons and one UAG-suppressor tRNA to 

perform a selection involving four UAAs (58).  Selection for binding to streptavidin 

resulted in one peptide containing p-benzoylphenylalanine.  However, when a 10-mer 

peptide derived from the winning sequence was synthesized chemically, it lacked 

binding, suggesting that the whole peptide is necessary for activity. 

Selections using mRNA display with wholly unnatural alphabets are imminent.  

Szostak and coworkers were able to rewrite twelve sense codons by introducing amino 

acid analogs that were charged by the AARSs (see above) (47).  Peptides containing up to 

twelve unnatural amino acids were synthesized as mRNA-peptide fusions, and the 

identities of the displayed peptides confirmed by MALDI-TOF MS.  Although some side 
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products (most likely resulting from incorporation of natural amino acids) are seen, these 

experiments demonstrate the feasibility of selecting a wholly unnatural peptide from a 

biological display library. 

Cyclization and Drug Design 
 

Macrocyclization of a linear peptide sequence often confers desirable biochemical 

and pharmacological properties.  The conformational constraint imparted by cyclization 

can reduce the conformational entropy lost upon binding (59).  This property has been 

exploited to increase the affinity/potency of natural linear peptide sequences for their 

biological targets (60, 61).  Conformational constraint, in conjunction with unnatural 

amino acid incorporation, has been shown to increase the stability of linear peptide 

sequences to proteolytic degradation (Reviewed in (62)).  Macrocyclization has also been 

found to increase the cell permeability of peptides and peptidomimetics.  Recent work by 

Lokey and co-workers suggests that the conformational restraint in hexapeptide 

macrocycles facilitates the formation of intramolecular hydrogen bonds leading to an 

increase in membrane permeability (63).   

 Many peptide-based drugs employ macrocyclization as a means to reduce 

conformational constraint and improve bioavailability (Figure 1.2B). Octreotide 

(Sandostatin), an unnatural analog of somatostatin, is considerably more selective for a 

subset of SST receptors than its parent compound (64).  Integrelin (Eptifibatide) is a 

disulfide-cyclized peptide derived from barbourin, a large (73 mer) peptide found in 

rattlesnake venom (65).  The conformational constraint imparted by the disulfide cross-

link is essential for this compound’s high affinity and specificity for GPIIb-IIIa integrin 

(66).  Daptomycin, a potent cyclic lipopeptide antibiotic from Streptomyces roseosporus, 
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has been approved for the treatment of both MRSA and VRSA infections (Reviewed in 

(67)). 

Cyclization and Biological Display 
 
 Disulfide-mediated cyclization has been routinely employed in phage display 

selections, and at present remains the only practical method for constraining phage 

display libraries (68-70).  While disulfide-linked macrocycles can be employed as 

pharmacaphores (e.g., Octreotide, Eptifibatide, Oxytocin), their utility in the selection of 

intracellular ligands is limited by the oxidative lability of the disulfide bond (71).  

Alternate methods of cyclization, akin to those found in natural products, could generate 

redox-insensitive macrocycles with expanded chemical and structural properties. 

 It has previously been observed that peptide-nucleic acid conjugates can be 

subjected to a wide range of chemical transformations without modification of the nucleic 

acid component (72, 73).  Li and Roberts exploited this property to chemically append a 

small molecule drug to a linear mRNA display library (74).  While the yield for this 

reaction was modest, the experiment indicated that a judicious choice of reagents could 

enable the specific chemical modification of bulk mRNA display libraries.  This work 

also suggested that the submicromolar concentrations of peptide library typically 

encountered in biological display are compatible with organic reactions normally carried 

out at millimolar concentrations. 

 Millward and co-workers extended this methodology by employing a 

homobifunctional cross-linker to cyclize large mRNA display libraries via the N-terminal 

amino group of methionine and the ε-amino group of a lysine side chain (75).  In the 

absence of a functional assay, the extent of cyclization in model peptide fusions was 

 



  
19 

determined by incorporating a α-hydroxy acid between the cross-linking positions and 

using NH4OH to cleave non-cyclized molecules.  Formation of the desired product was 

confirmed by MALDI-TOF MS.  Finally, a series of libraries were constructed and the 

number of residues between the cross-linking positions varied to determine the effect of 

cycle size on cyclization efficiency.  In this way, it was determined that libraries with up 

to ten random positions could be efficiently cyclized using the optimized reaction 

conditions (Chapter 4).  This methodology has since been employed in the selection of 

cyclic peptides with high affinity for Gα subunits (Chapter 5). 

 Seebeck and Szostak (76) have recently developed a second cyclization strategy 

for biological display based on the previously reported cross-linking of reactive cysteines 

by α, α’-dibromo-m-xylene (77).  The peptide used in this study was synthesized using a 

reconstituted translation system and the resulting macrocyclic product was verified by 

MALDI-TOF MS.  It is reasonable to expect that this methodology is adaptable to 

mRNA display and provides another alternative to the redox-labile disulfide bond. 

 Current strategies for the post-translational cyclization of biological display 

libraries are limited to chemistries that are compatible with the reactive groups of the 20 

natural amino acids.  However, the facile incorporation of multiple unnatural amino acids 

in reconstituted translation extracts will greatly expand the options for generating peptide 

macrocycles.  For instance, the [3+2] Huisgen cycloaddition between azides and terminal 

alkynes (“click” chemistry) represents a highly specific, thermodynamically favorable 

chemistry for the macrocyclization of peptide libraries.  Both azides (23) and terminal 

alkynes (47) have been incorporated into peptides within a biological display context.  
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Incorporation of both functionalities within a peptide sequence offers the possibility of 

macrocyclization via a 5-membered triazole ring.   

Future Outlook 
 
 Recent experiments have demonstrated that the elements for unnatural display–in 

vitro selection and unnatural peptide synthesis by the ribosome–have been established.    

Once an unnatural selection is completed, we should be able to address the question as to 

how much of an improvement an unnatural alphabet confers upon a library and its 

resultant compounds.  The choice of monomer alphabet will likely be important and it is 

possible that multiple selections using different alphabets will be needed to address this 

issue.  Intellectually, unnatural selection can experimentally address why nature chose the 

natural 20 amino acids and if the natural alphabet is optimized for the procurement of 

functional protein-interacting molecules, or if it is indeed a “frozen accident” as 

suggested by Crick (78).  In any case, the compounds resulting from these unnatural 

libraries are likely to be superior lead compounds for chemical genetics and therapeutic 

applications. 

 This thesis is divided into chapters where a different aspect of unnatural display is 

described.  A brief summary of each chapter is described below: 

Chapter 2 

Chapter 2 is adapted from the first published account of unnatural amino 

acid incorporation in a biological display system.  The incorporation of biocytin 

into mRNA-peptide fusions and the subsequent selection for streptavidin binding 

confirm that nonsense suppression is compatible with mRNA display technology. 
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Chapter 3 

This chapter describes previously published work where sense suppression 

is employed to direct the synthesis of N-methyl phenylalanine polymers in the 

context of an mRNA-peptide fusion.  These “encodamers” display considerable 

resistance to proteolytic degradation and provide evidence that multiple unnatural 

amino acids may be incorporated within a single mRNA-peptide fusion. 

 Chapter 4 

This chapter includes previously published work describing a post-

translational route for cyclizing mRNA-peptide fusions.  The cyclization 

chemistry was confirmed by MALDI-TOF MS and represents one of the first 

published applications of this technique to biological display systems.   The 

incorporation of an α-hydroxy acid by nonsense suppression enabled a 

quantitative evaluation of the cyclization chemistry in both model mRNA-peptide 

fusions and trillion-member mRNA display libraries. 

Chapter 5 

This chapter presents experiments which unify unnatural amino acid 

incorporation, post-translational cyclization, and mRNA display.  Selection 

against Gαi1 with a trillion-member macrocyclic library resulted in an extremely 

high-affinity cyclic peptide (Ki = 1 nM) with marked protease resistance.  These 

experiments suggest that mRNA display, coupled with unnatural amino acid 

incorporation and post-translational macrocyclization, have the potential to 

generate potent, bioactive lead compounds for chemical biology and drug 

development. 
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