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ABSTRACT 
 

Nolan Brown: Large-scale Library Generation of Unnatural Amino Acid Biosynthetic 
Enzymes 

(Under the direction of Dorothy Erie) 
 
 Unnatural amino acid (UAA) technology offers powerful and flexible tools for 

addressing many issues in human health, scientific research, and industry. However, 

UAA technology is currently limited by prohibitive costs and poor availability. Evolution 

of UAA biosynthetic enzymes can make UAAs much cheaper and more available, but 

previous efforts to evolve or design UAA biosynthetic enzymes have only used low-

throughput methods which are limiting for general use. This thesis presents a 

framework by which large libraries of mutant UAA biosynthetic enzymes can be 

generated for truly high-throughput selections. This thesis also describes the generation 

of chloramphenicol resistance and GFP selection marker genetic constructs optimized 

for performing selections on large libraries of UAA biosynthetic enzymes. The 

combination of this library generation framework and selection markers optimized for 

finding UAA biosynthetic enzymes should greatly facilitate the evolution of UAA 

biosynthetic enzymes and drastically improve the cost and availability of UAA 

technology. 
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CHAPTER 1: INTRODUCTION 

 Unnatural amino acids (UAAs) are proteinogenic amino acids which have not 

been found in nature. The incorporation of UAAs into proteins provides a powerful and 

flexible method to site-selectively add novel catalytic activities and chemical properties 

to proteins in order to address important issues in human health, academic research, 

and industry. In the clinic, UAAs have been used to great effect for the creation of 

bispecific antibodies and antibody-drug conjugates for the treatment of cancer 1–7 and 

for improving the pharmacokinetic properties of therapeutic proteins 8. In research, 

UAAs serve a wide host of roles. For example, UAAs have served as single amino acid 

fluorophores for cellular imaging 9–11. UAAs also have been used as sites for simple and 

specific labelling of proteins through various biorthogonal chemistries 12–14, allowing 

these sites to become a myriad of different chemistries for diverse applications and 

providing alternative approaches for traditionally difficult experiments such as in vitro 

and in vivo single molecule FRET 15–18. Crosslinking UAAs are another useful tool in 

research, having been used to study transient and difficult to capture protein 

interactions and manufacture highly customizable hydrogels 19–24. Protein activity 

regulation can also be achieved through UAAs in various ways, although the primary 

method used so far is obstruction of the protein’s active site or allosteric sites 25–30. In 

addition to function regulation, enzyme properties such as rate, specificity or 

promiscuity, and tolerance to extreme conditions (e.g. heat and organic solvents) can 

be improved with the use of UAAs 31. The incorporation of UAAs can even be used to 
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grant enzymes totally novel catalytic activity beyond what has ever been observed in 

nature32. The abilities to modify enzyme properties and create entirely new catalytic 

activities have great potential for industrial applications as well. These abilities provide a 

possible avenue to make difficult and expensive reactions widely employed in the 

synthesis of pharmaceuticals, plastics, cosmetics, and many other materials much more 

efficient and economical through the use of engineered enzymes, especially for those 

reactions requiring enantioselective chemistry 31,33–35.  

 The incorporation of UAAs site selectively into proteins is performed using 

orthogonal tRNA / tRNA synthetase pairs. These orthogonal pairs act in such a way that 

the orthogonal tRNA is only bound by its respective orthogonal tRNA synthetase, and 

likewise the orthogonal tRNA synthetase doesn’t bind any of the twenty canonical amino 

acids. In this way, the orthogonal tRNA is selectively “charged” only by the orthogonal 

tRNA synthetase and only with UAAs. The orthogonal tRNA contains a specific 

anticodon which allows it to site specifically bind to the mRNA during translation, leading 

to site specific incorporation of whatever UAA is linked to the tRNA into the growing 

peptide chain. The general approach of this orthogonal tRNA / tRNA synthetase pair is 

how the naturally occurring amino acid pyrrolysine is encoded and incorporated into 

proteins within methanogenic archaea 36,37, and soon after the discovery of the 

pyrrolysine tRNA / tRNA synthetase pair they were repurposed for UAA incorporation 38. 

Around the same time, the Saccharomyces cerevisiae glutamyl-tRNA synthetase pair 

and the Methanococcus jannaschii tyrosyl-tRNA synthetase pair were shown to be 

orthogonal in Escherichia coli and demonstrated to be effective systems for the site 

specific incorporation of UAAs as well 39–41. These tRNA / tRNA synthetase pairs 
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typically use an anticodon complementary to the amber stop codon (genetically 

encoded as TAG), effectively “reassigning” that stop codon to instead incorporate UAAs 

42. An alternative approach is to use “frameshift suppression”, in which the coding 

sequence of a protein contains a quadruplet codon at the selected incorporation site 

instead of a triplet codon. Concomitantly, the orthogonal tRNA is made to contain a 

complementary quadruplet anticodon to match this site. This causes the incorporation of 

anything other than a UAA during translation to lead to a frameshift which usually 

causes early peptide termination 43. A number of studies have utilized frameshift 

suppression instead of stop codon suppression due to its greater orthogonality (it 

doesn’t need to overwrite any of the preexisting triplet codons) and due to its ability to 

encode multiple UAAs using two or more quadruplet codons simultaneously. However, 

frameshift suppression remains less common in certain biological systems due to its 

reduced efficiency and protein yield 44–48. The tRNA / tRNA synthetase pairs used for 

UAA incorporation are often inefficient (or totally incapable) of charging a particular UAA 

of interest without optimization and a large number of studies have been performed to 

expand the substrate specificity of various synthetases to accommodate more UAAs 

and to modify tRNAs to increase efficiency and orthogonality 49–54.  

While a large body of work has focused on the creation and optimization of tRNA 

/ tRNA synthetase pairs for UAA incorporation, a number of other factors can interfere 

with efficient UAA incorporation. Ribosomes can act as a limiter on the efficiency of 

UAA incorporation depending on the particular structure of the UAA and orthogonal 

tRNA. In particular, orthogonal tRNAs using a quadruplet codon are inefficiently 

processed by the ribosome. Mutant, orthogonal ribosomes have been generated which 
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can more efficiently decode quadruplet codons at the cost of translational fidelity. To 

prevent these less accurate ribosomes from translating the normal proteome, they only 

recognize mRNAs carrying dedicated orthogonal ribosome binding sites 55. In the stop 

codon reassignment strategy, the orthogonal tRNA is constantly in competition with the 

translation termination factor which recognizes the amber stop codon. This competition 

reduces the efficiency at which the orthogonal tRNA can bind the mRNA and results in 

lower incorporation efficiency of the UAA. To address this, multiple strains of 

Escherichia coli and one strain of HEK293T cells have been engineered to either 

reduce the activity or totally remove the termination factor which recognizes the amber 

stop codon 42,56–58. Another study accomplished a similar effect by generating an 

orthogonal ribosome with higher relative binding of orthogonal tRNAs compared to the 

amber codon termination factor 59. A relatively uninvestigated limiting factor of UAA 

incorporation is the efficiency at which UAAs are taken up by cells. A small number of 

studies have shown that UAAs demonstrate varying propensities to be taken up by 

cells, with UAAs more closely resembling canonical amino acids being taken up the 

most efficiently 39,60. Only one study has attempted to increase the uptake of UAAs 

through biological means. Mutation of the leucine binding protein in Escherichia coli 

cells was used to create a UAA specific cell membrane transporter 60. Similarly, only 

one study has shown increased uptake through chemical alteration of UAAs, specifically 

esterification which lead to increased cellular uptake in HEK293T cells 61. To date, no 

studies have investigated the intracellular stability of UAAs. 

 UAAs have been successfully incorporated into proteins within a wide range of 

biological systems. The most commonly used system is bacteria, with most studies 
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using Escherichia coli 40, but yeast has also been thoroughly used for studies involving 

UAA incorporation 62–64. The use of UAAs in human cell lines has become increasingly 

more frequent, primarily being performed in HEK293 embryonic kidney cells but also in 

other lines such as HeLa cervical cells, Caco-2 colon cells, A549 lung cells, and HCN-

A94 neuronal stem cells 65–69. A number of non-human mammalian cells have shown 

successful UAA incorporation as well, including mouse primary neurons, IH3T3 mouse 

fibroblasts, and CHO K1 hamster ovarian cells 66,69,70. Xenopus laevis oocytes were 

among the earliest eukaryotic systems to be used, followed by more complex organisms 

such as Caenorhabditis elegans, Drosophila melanogaster, Mus musculus, and 

eventually Danio rerio 46,71–74. Of note, UAAs have be incorporated into proteins 

successfully in plants, but only in a single study using Arabidopsis thaliana 75. Cell free 

expression systems, essentially crude cell lysates supplemented with micro and macro 

nutrients, offer an alternative approach that bypasses concerns of cellular uptake and 

cytotoxicity of UAAs, but are currently limited due to poor expression efficiency and 

scalability issues 76,77. In addition to UAA incorporation in proteins within cellular (and 

cell derived) systems, UAAs have also been incorporated into viral systems. These viral 

systems have been used for studying structural and functional elements of viral 

proteins, creating replication deficient vaccine particles, and also are being applied to 

gene therapy viral vectors 17,78–81 

 While UAAs have great potential for a myriad of uses in human health, research, 

and industry, UAA technology is currently limited by three major problems. First, the 

majority of studies performing UAA incorporation rely on overriding naturally occurring 

codons, usually the amber stop codon. When a codon is overridden, it prevents the 



6 

codon from functioning properly which leads to deleterious molecular behavior. In the 

case of the amber stop codon, open reading frames which are terminated by the amber 

stop codon no longer have a reliable stop signal which causes the transcription and 

translation of long stretches of genetic material downstream of the open reading frames. 

This uncontrolled transcription leads to compromised cell health and reduced protein 

yields 56. Second, the uptake efficiency of UAAs remains poorly characterized. 

Currently, cells are routinely cultured in relatively high concentrations of UAAs (~1 mM) 

to ensure uptake, but this practice wastes large amounts of UAAs and often leads to 

compromised cell health and viability which may in turn reduce the production of the 

protein of interest. Third, the vast majority of UAAs are difficult and time consuming to 

chemically synthesize, which prohibits research laboratories from synthesizing their own 

UAAs and makes commercial UAAs very expensive. Some UAAs of potential research 

interest are even totally impossible to synthesize with current chemical synthesis 

technologies. 

 The ability of cells to biochemically synthesize their own UAAs in vivo would 

circumvent the later two limitations of current UAA technology. Previous work has 

shown that cells are capable of synthesizing UAAs from pre-existing cellular metabolites 

or from cheap, accessible chemical precursors that are efficiently taken up into cells 82,83 

A relatively small set of studies have demonstrated that efficient UAA biosynthesizing 

enzymes can be evolved from naturally occurring enzymes involved in canonical amino 

acid metabolism. Phenylalanine ammonia lyase from various organisms has been 

shown to be capable of generating phenylalanine derived UAAs with much improved 

activity following rational mutagenesis 84–87. The ß subunits of tryptophan synthase from 
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Pyrococcus furiosus and Thermotoga maritima demonstrated efficient generation of 

various tryptophan analogues after evolution via random mutagenesis 88. While 

encouraging, these studies relied on low-throughput selection strategies which severely 

limited the number of mutant enzymes that could be investigated and limited the 

application of these approaches for accessible, on demand creation of UAA biosynthetic 

enzymes. In contrast, a multitude of studies have evolved orthogonal tRNA synthetases 

using high-throughput selection strategies that take advantage of UAA-incorporation 

dependent expression of selection markers 50,53,54. It stands to reason that the same 

high-throughput methods used for the evolution of orthogonal tRNA synthetases could 

also be applied to the evolution of UAA biosynthetic enzymes. Applying these high-

throughput methods to the evolution of UAA biosynthetic enzymes would allow rapid 

and very flexible creation of in vivo UAA biosynthesis strategies which would bypass 

concerns for UAA uptake and UAA cost and availability. Using an iterative approach, 

entire in vivo biosynthetic pathways for UAAs can be developed by evolving the final 

enzyme which produces the UAA of interest and then “walking backwards” up the 

pathway to either an endogenous metabolite or cheap, accessible precursor molecules 

as illustrated in Figure 1-1. To this end, this thesis describes a universally applicable 

framework by which large libraries of mutant UAA biosynthetic enzymes can be quickly 

and easily made to allow for truly high throughput biological selections based on UAA 

dependent expression of selection markers. As a proof-of-concept, a library of 

approximately one million mutants of the Escherichia coli aromatic amino acid 

aminotransferase (ecTAT) encoded by the tyrB gene was generated. The ecTAT 

enzyme catalyzes the reversible conversion of the tyrosine keto acid into the tyrosine 
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amino acid using a nitrogen donor (Figure 1-1). The ecTAT protein was chosen for 

mutagenesis due to it being well characterized and its activity on tyrosine, the base 

amino acid from which many UAAs in literature are derived. Tyrosine derived UAAs are 

also favorable targets due to their unnatural keto acid (UKA) biosynthetic precursors 

being quick, cheap, and easy to chemically synthesize. In addition to the tyrB library, 

genetic constructs for the UAA dependent expression of chloramphenicol acetyl 

transferase and GFP were created to serve as selection markers responsive to 

intracellular UAA abundance. These UAA dependent selection markers can be used to 

select for the upstream mutant ecTAT activity of converting UKA precursor molecules 

into UAAs. When cells are treated with a UKA, the production of these selection 

markers is dependent on the mutant ecTAT activity because their translation depends 

on the presence of UAA which in turn is dependent on the ability of the ecTAT mutant to 

convert the UKA precursor into the UAA (Figure 1-1). The dependence of the selection 

marker expression on UAA presence is achieved by including one or more amber stop 

codons within the coding sequence of the genes, as shown in Figure 1-2. These codons 

are only decoded by the translation termination factor and by the ectopically expressed 

orthogonal tRNA containing a CUA anticodon. A cognate orthogonal tRNA synthetase 

capable of charging the orthogonal tRNA with UAAs but not natural amino acids is also 

expressed. Naturally, the tRNA synthetase is only capable of charging the orthogonal 

tRNA with UAA when UAA is present within the cell. During translation, when the 

ribosome encounters the amber stop codon, the orthogonal tRNA binds the mRNA. If 

the orthogonal tRNA has not been charged, this leads to early termination of the 

selection marker protein because no amino acid with which to extend the peptide chain 
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is attached to the tRNA. Conversely, if the orthogonal tRNA is charged with UAA, the 

ribosome is capable of extending the peptide chain with that UAA when it reaches the 

amber stop codon resulting in the production of functional, full-length protein with the 

UAA site specifically incorporated. These genetic constructs for UAA dependent 

selection marker expression and the presented framework for large scale UAA 

biosynthetic enzyme mutant libraries should allow for the rapid evolution of biosynthetic 

enzymes for virtually any UAA of interest and greatly improve the accessibility of UAA 

technology. 
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Figure 1-1: Biological selections can be used to evolve enzymes for in vivo 
unnatural amino acid biosynthesis. 
Enzymes can be evolved to biosynthesize UAAs and the cellular expression of UAA 
biosynthetic enzymes allows cells to make UAAs from either accessible chemical 
precursors or endogenous metabolites. Iterative evolution of UAA biosynthetic enzymes 
can be used to generate entire pathways for the cellular production of UAAs (top). 
ecTAT catalyzes the conversion of the tyrosine keto acid into the tyrosine amino 
(middle) and was chosen as a proof of concept enzyme for producing a large mutant 
library (see text). By using selection markers whose translation is dependent on UAA 
presence, the upstream ecTAT mutant can be selected for efficient conversion of UKA 
precursor into UAA (bottom). 
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Figure 1-2: Selection marker production is dependent on UAA presence. 
Orthogonal tRNA / tRNA synthetase pairs only interact with each other. The orthogonal 
synthetase recognizes neither the natural 20 amino acids nor any of their natural tRNAs 
(top left). This lets the orthogonal tRNA be specifically charged only with UAA. The 
selection marker genes contain an amber stop codon which serves as the incorporation 
signal for the UAA. The orthogonal tRNA only recognizes this orthogonal stop codon 
and conversely this stop codon is not recognized by any of the natural tRNAs, making 
this site specifically encode only UAAs (bottom left). During translation, if the orthogonal 
tRNA which binds the orthogonal codon is uncharged, then translation will stop 
prematurely leading to a truncated protein product (top right). However, if the orthogonal 
tRNA is charged during translation, then the UAA is site specifically incorporated and 
functional, full length protein is made (bottom right). In this way, selection marker 
expression is dependent on the presence of UAA in the cell. 
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CHAPTER 2: GENERATION AND VALIDATION OF SELECTION SYSTEM 

2.1 Introduction 

 The ability to perform high-throughput selections for UAA biosynthetic enzymes 

will greatly increase the availability of UAAs by allowing on-demand creation of UAA 

biosynthetic enzymes. However, a universal high-throughput selection framework 

requires a robust and highly flexible method for selecting mutants of interest. The 

selection methodology presented in this thesis comprises of two parts. First, the 

chloramphenicol resistance gene provides a primary selection during which only cells 

capable of producing UAA are able to grow. This growth based selection allows for 

virtually any size of library to be used. Second, the GFP reporter serves as a secondary 

selection marker by which improved UAA production compared to the wild type enzyme 

can be confirmed by simple fluorescence intensity measurement. In addition, the GFP 

contains a 6x His tag allowing facile collection and purification of the protein. The 

purified GFP can then be measured by mass spectrometry to directly confirm 

incorporation of specific UAAs. Both selection markers contain an amber stop codon, 

making their expression dependent on UAA presence as illustrated in Figure 1-2. 

Provided that an appropriate tRNA / tRNA synthetase pair is expressed alongside the 

selection markers, these selection markers will allow the selection of a biosynthetic 

enzyme for virtually any UAA from a library of millions, possibly billions, of candidate 

mutants. 
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2.2 Validation of UAA and UKA incorporation 

 Before the selection system could be made and optimized, the incorporation of 

UAAs and UKAs into selection marker proteins needed to be confirmed first to verify 

that the UAA incorporation machinery was functioning as expected. Successful 

production of a selection marker dependent on UAA incorporation when cells are 

treated with a UKA would confirm that all elements of the selection system pathway 

were functioning as expected including the conversion of UKA into UAA by ecTAT (see 

Figure 2-1A). Cells expressing the MJ tRNA / tRNA synthetase pair and a GFP with an 

early TAG codon were grown in the presence of various UAAs and UKAs. O-methyl-

tyrosine UAA served as a positive control. After allowing GFP expression, clarified cell 

lysates were collected and measured for relative fluorescence intensity. The recorded 

fluorescence intensities are shown in Figure 2-1B. Both the o-methyl-tyrosine UAA and 

UKA showed high relative GFP fluorescence, showing that the machinery was working 

including ecTAT conversion of an UKA into an UAA. Based on the crystal structure of 

ecTAT, naphthyl UKA was not expected to be bound efficiently by the enzyme and thus 

was expected to be converted inefficiently. Surprisingly, however, both the naphthyl 

UAA and UKA demonstrated high levels of fluorescence suggesting that ecTAT is more 

promiscuous than anticipated. The biphenyl UAA showed high fluorescence but its UKA 

showed only about half as much fluorescence. Similarly, the trifluoro UAA demonstrated 

moderate-to-high amounts of fluorescence but its UKA showed almost undetectable 

amounts of fluorescence. This suggests that the biphenyl UKA and especially the 

trifluoro UKA are not being efficiently converted into UAAs by ecTAT and would serve 

as promising targets for evolving more efficient ecTAT mutants. 
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 Expression of GFP mediated by the addition of UAA or UKA to the growth 

medium is highly suggestive of incorporation of the UAA or UKA into the GFP protein, 

but direct validation of incorporation can be achieved by measuring the GFP protein 

mass by mass spectrometry. The GFP protein expressed in these experiments includes 

a 6x His tag on the C-terminus, allowing simple purification using nickel or cobalt beads. 

Purified GFP taken from the lysates of cells grown in the presence of either o-methyl-

tyrosine UKA or naphthyl UKA was analyzed by mass spectrometry, the spectra of 

which are shown in Figure 2-2. The measured masses of both GFP proteins were within 

one Dalton of the predicted masses, confirming that these UKAs were both converted 

into UAAs and incorporated into the GFP protein exactly once. 
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Figure 2-1: Functional incorporation of different UAAs and UKAs into GFP was 
confirmed. 
(A) Incorporation of a UKA as a UAA relies on four major steps. The UKA must be taken 
up by the cell, converted into a UAA by ecTAT, be charged onto the orthogonal tRNA, 
and incorporated into the selection marker during translation. A failure at any one these 
steps prevents incorporation and thus selection marker expression. (B) Cells were 
treated with various UKAs and UAAs and the GFP fluorescence intensities of their 
lysates were measured. 
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Figure 2-2: Transamination and Incorporation of UKAs into GFP was confirmed 
by mass spectrometry. 
GFP from cells treated with o-methyl-tyrosine UKA or naphthyl UKA was purified and 
measured by mass spectrometry. The predicted and observed masses are presented 
along with the mass spectra. 
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2.3 Optimization of chloramphenicol resistance selection 

 With the incorporation of both UAAs and UKAs confirmed, the optimization of the 

selection system could begin. The first step was to verify and optimize the ability to 

select cells with high UAA abundance based on chloramphenicol resistance. Initially, 

the resistance of cells against chloramphenicol with and without UAA added was 

checked in liquid culture, but this method was later changed to colony formation assays. 

While not ideal, the initial liquid culture comparison revealed that the cells demonstrated 

a very high chloramphenicol resistance even in the absence of UAA as shown in Figure 

2-3. This high basal level of chloramphenicol resistance would make selection using 

chloramphenicol resistance impossible and so the chloramphenicol genetic construct 

had to be modified to lower the basal level of chloramphenicol resistance. The first step 

was to migrate the CamR gene from its high copy number plasmid (at the time, pET-

Duet) into the low copy number pULTRA. The second step was to introduce a second 

TAG codon into the CamR coding sequence to reduce any “read-through” (erroneous 

incorporation of natural amino acids at the TAG codon instead of UAAs or early 

termination). The third step was to swap the natural CamR promoter for a panel of 

promoters with varying strengths of expression. For this, five members of the Anderson 

promoter collection were chosen and used to create five different CamR constructs. The 

promoter members and their relative strength were:  23119 (100%), 23110 (33%), 

23114 (10%), 23109 (4%), and 23113 (1%). From here on, these promoters will be 

referred to as “AND X” where X is their percentage of relative strength. These changes 

to the CamR gene are graphically summarized in Figure 2-4. 

  



18 

 

Figure 2-3: Cells demonstrated high levels of basal chloramphenicol resistance. 
Cell cultures grown overnight with varying levels of chloramphenicol had their OD600 
measured. The blue “expected” line shows a typical cellular response to 
chloramphenicol when cells do not carry the chloramphenicol resistance construct. The 
dotted line shows the typical working concentration of chloramphenicol (40 µg per mL). 
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Figure 2-4: Chloramphenicol resistance gene and promoter were altered to 
reduce basal resistance. 
The chloramphenicol resistance gene and promoter were moved from the high copy 
number plasmid pET-Duet to the low copy number plasmid pULTRA. In addition, a 
second amber stop codon was introduced near the beginning of the coding sequence to 
reduce readthrough (left). The natural promoter was replaced with five of the promoters 
from the Anderson promoter collection, producing five new constructs with promoters of 
varying expression strength (right). 
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 The five new CamR constructs along with a negative control lacking the CamR 

gene were then tested for chloramphenicol resistance with and without o-methyl-

tyrosine UAA using a colony formation assay. The results of this test are shown in 

Figure 2-5. AND 1% and AND 3% are not shown as they were indistinguishable from 

the negative control. Due to chloramphenicol’s bacteriostatic nature, the sizes of 

colonies were measured instead of comparing the number of colonies between 

treatments. The negative control demonstrated total inhibition of growth even at low 

chloramphenicol concentrations. The AND 10% showed no difference in colony sizes 

between the untreated and treated samples except in the absence of chloramphenicol, 

making the AND 10% unsuitable for selections. The AND 33% construct demonstrated 

a modest difference in colony size in the intermediate chloramphenicol concentrations. 

AND 100% showed resistance in both the untreated and treated cells at lower 

chloramphenicol concentrations, but only the treated cells showed strong resistance at 

high chloramphenicol concentrations. The AND 100% promoter was chosen for the final 

CamR construct as it demonstrated the greatest potential for separating cells proficient 

in UAA incorporation from cells that are not proficient in UAA incorporation based on its 

difference in colony sizes at high chloramphenicol concentrations. The final pULTRA 

construct containing the AND 100% promoter is shown in Figure 2-6. 
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Figure 2-5: Altered chloramphenicol resistance constructs demonstrated reduced 
basal resistance. 
Cells carrying the new chloramphenicol resistance constructs were plated onto LB agar 
plates with or without o-methyl-tyrosine UAA added. In addition, a negative control 
construct lacking the chloramphenicol resistance gene was also plated. Plates 
contained varying amounts of chloramphenicol ranging from 0 to 160 µg per mL. Colony 
size was measured instead of colony number due to chloramphenicol’s bacteriostatic 
nature. The AND 1% and AND 3% constructs are not shown because they were 
indistinguishable from the negative control. 
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Figure 2-6: Map of final pULTRA construct. 
The final pULTRA plasmid contained the chloramphenicol acetyltransferase gene driven 
by the AND 100% promoter, the orthogonal MJ tyrosine tRNA synthetase gene driven 
by the lpp promoter, and the orthogonal tRNA driven by the proK promoter. 
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2.4 Optimization of GFP expression 

 GFP expression is a quick and convenient method of confirming UAA 

incorporation and can be used for secondary verification of a mutant ecTAT having 

greater catalytic activity than the wild type ecTAT. For these purposes, having the 

highest possible expression of GFP is preferred. To achieve high GFP expression, the 

GFP construct was cloned into the pET-3a high copy number vector and was driven by 

the lpp promoter, a very strong constitutive promoter. However, the AND 100% is also a 

very strong promoter and it was hypothesized that the AND 100% promoter may 

facilitate greater GFP abundance compared to the lpp promoter. To compare, an 

identical pET-3a construct was created using mutagenic PCR. Primers flanking the GFP 

gene and containing the adjacent NotI and SphI restriction sites were designed such 

that amplification would lead to the replacement of the lpp promoter by the AND 100% 

promoter. Specifically, the upstream promoter had the AND 100% sequence and the 

adjacent NotI site appended to it as a 5’ end flap. This mutagenesis approach is 

illustrated in Figure 2-7A. The resulting PCR product was then cloned back into the 

vector using standard restriction digest and ligation cloning. The AND 100% and lpp 

constructs were then compared for GFP abundance by growing cells in the presence of 

o-methyl-tyrosine and measuring relative cell lysate fluorescence. The results are 

shown in Figure 2-7B. The AND 100% construct showed approximately double the 

fluorescence signal of the lpp. Based on this, the AND 100% construct was used going 

forward. A map of the pET-3a plasmid containing the AND 100% GFP construct is 

shown in Figure 2-8. 
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Figure 2-7: AND 100% promoter mediated greater GFP fluorescence than lpp 
promoter.  
(A) The lpp promoter driving the GFP gene was swapped for the AND 100% promoter 
using PCR. The left primer annealed to the 5’ end of the GFP gene immediately 
downstream of the lpp promoter. The left primer contained the AND 100% promoter 
sequence appended to its 5’ end along with the NotI restriction site sequence. The right 
primer annealed to the 3’ end of the GFP gene and included the SphI restriction site 
sequence appended to its 5’ end. The primer pair generated a GFP gene with the AND 
100% promoter instead of the lpp promoter which could then be easily cloned back into 
the vector using the NotI and SphI sites. (B) Cells carrying either the lpp GFP or AND 
100% GFP construct were grown in the absence or presence of o-methyl-tyrosine UAA. 
Cell lysates were collected and the GFP fluorescence of the lysates was measured. 
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Figure 2-8: Map of final pET-3a construct. 
The final pET-3a plasmid contained the GFP gene driven by the AND 100% promoter 
and the ecTAT gene driven by the lpp promoter. 
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CHAPTER 3: PRODUCTION OF BIOSYNTHETIC ENYZME MUTANT LIBRARY 

3.1 Selection of mutation sites 

 The first step following the optimization of the selection system was choosing 

which residues of the ecTAT protein to target for mutagenesis. This was done by 

analyzing a crystal structure of the E. coli aspartate aminotransferase (PDB entry 

1AHG). The aspartate aminotransferase crystal structure was chosen because 

aspartate aminotransferase and ecTAT are incredibly similar in structure (atomic RMSD 

of 1.615 when aligned in PyMOL), are capable of catalyzing each other’s reactions 89, 

and at the time of analysis no ecTAT crystal structure with a bound intermediate was 

available but such a crystal structure for aspartate aminotransferase was available. 

Based on the structural and catalytic similarity, the aspartate aminotransferase crystal 

structure should serve as a functional proxy for the exTAT crystal structure. Four 

residues in the substrate binding pocket were chosen based on their proximity and 

theoretical ability to hydrogen bond with the side chain hydroxyl of the tyrosine 

intermediate. These residues were aspartic acid 11, asparagine 133, arginine 281, and 

serine 285. The binding pocket and selected residues are shown in Figure 3-1. In 

addition, the location of the mutagenesis sites within the tyrB gene are shown. 
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Figure 3-1: Four residues were selected for mutagenesis based on proximity to 
intermediate’s side chain hydroxyl group. 
The binding pocket of the Escherichia coli aspartate aminotransferase is shown in green 
with the bound PLP-tyrosine intermediate shown in cyan. The four magenta residues 
were selected for mutagenesis based on their proximity to the hydroxyl group of the 
PLP-tyrosine intermediate’s side chain. Yellow dashed lines with numbers are 
measurements of distance between the selected residues and the PLP-tyrosine 
intermediate’s side chain hydroxyl in angstroms. At the bottom is a cartoon of the tyrB 
gene showing where the four residues are encoded within the gene (red vertical lines) 
as well as the approximate locations of mutagenic primer annealing during PCR (black 
arrows). 
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3.2 Optimization of library construction 

 Construction of the tyrB library was performed in two steps. First, four fragments 

containing random mutations were generated via independent PCRs. These PCRs used 

primers containing homology with the ends of adjacent fragments to allow future overlap 

PCR resulting in the four fragments being joined together into one complete tyrB mutant 

gene. These initial primers also contained NNK codons at the selected residue positions 

in order to mutate those residues randomly. NNK codons are codons where the first two 

nucleotides can be any of the four nucleotides and the third nucleotide can be either 

guanine or thymine. NNK codons were chosen because they allow for encoding all 20 

natural amino acids but require less mutants in the library to reach high statistical 

coverage compared to totally random codons. The second step after generation of the 

four fragments is to join them together using overlap PCR which is illustrated in Figure 

3-2A. In overlap PCR, the homologous ends of the fragments can anneal to each other, 

allowing the fragments to serve as primers for one another. During extension, annealed 

adjacent fragments are permanently spliced together. Repeated cycles of melting, 

annealing, and extending lead to all four fragments being assembled together into a 

single functional tyrB gene which can then be amplified using standard PCR. Bulk 

mixture and assembly of the fragments by overlap PCR results in a random joining of 

adjacent fragments, leading to a completely random mutagenesis of the selected four 

residues. 
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Figure 3-2: Efficient and specific library production was achieved through 
optimization of mutagenic overlap PCR. 
(A) Individual mutagenized fragments of the tyrB gene are stitched together using 
overlap PCR. Each fragment (black horizontal lines represent each strand of DNA) has 
homology at its ends (colored blocks) that is shared with adjacent fragments. The 
fragments are mixed together and cycled through melting, annealing, and extension 
steps as done in standard PCR. During annealing, some homologous ends will anneal 
with the ends of adjacent homologous fragments instead of annealing back to a totally 
complementary strand. Then, these annealed ends will serve as primers during 
extension, causing the two fragments to become one entirely double stranded fragment 
of DNA comprising of both original sequences. Through repeated cycles, all fragments 
will be stitched together in this manner to form full length, functional tyrB genes 
containing a random assortment of mutations at the four selected sites. These full 
length genes can then be amplified using standard PCR. (B) Gels lanes showing the 
progression of tyrB gene amplification as optimizations are made to the protocol. The 
arrow shows where the tyrB gene band should appear on the gel based on DNA length. 
Bands that are not at the height indicated by the arrow are non-specific products. 
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 While overlap PCR is a relatively quick and simple approach for assembling the 

tyrB mutant fragments together, it is prone to low yields and the generation of 

unintended products if not well optimized. A plethora of conditions and optimizations 

were tested in order to develop a consistent protocol with high yields and high 

specificity. The conditions tested were: 

• Single pot” reaction for both assembly and amplification compared to sequential 

assembly and amplification in separate reactions 

• Assembly and amplification annealing temperatures from 50 to 72 degrees 

• Assembly and amplification extension times from 30 seconds per kilobase pair to 

120 seconds per kilobase pair 

• Assembly and amplification initial denaturation time from zero seconds to 300 

seconds 

• Assembly fragment concentrations at 1 nM, 10 nM, and 100 nM 

• Amplification primers sequences 

• Amplification primers concentrations at 200 nM, 500 nM, and 1 µM 

• Amplification template concentration at 1 µL, 2 µL, 5 µL, and 10 µL of raw 

assembly reaction 

• Flanking sequence length past restriction sites at 6 bp, 50 bp, and 300 bp 

• Phusion high fidelity polymerase compared to Q5 high fidelity polymerase 

• Phusion HF buffer compared to Phusion GC buffer 

• Dimethyl sulfoxide concentration from 0% to 5% 

• Betaine concentration from 0 M to 2.5 M 

• Final extension time from 0 seconds to 600 seconds 
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• Amplification and assembly cycle numbers from 15 to 50 

 The progression of the library construction optimization is shown in Figure 3-2B. 

Initially, the library generation had high yield but a large number of off-target products. 

After extensive optimization, the yield was moderately reduced but the library production 

was entirely specific. The final conditions are detailed in the Methods chapter. The 

single most important optimization was the switch from a single pot reaction to separate 

assembly and amplification reactions. This change drastically improved the specificity in 

exchange for only a modest decrease in yield. The annealing temperature played only a 

moderate role in specificity, but the initial fragment concentration for assembly played a 

major role in specificity with the lowest concentration giving much greater specificity with 

slightly decreased yield. As expected, greater cycle numbers resulted in greater yield 

and specificity wasn’t compromised until cycle numbers increased over 40 for both the 

assembly and amplification reactions. All other conditions resulted in little to no changes 

in the specificity or yield of the reactions. 

3.3 Optimization of library ligation 

 Once the library production was optimized, the library needed to ligated into the 

pET-3a vector and transformed into cells. This was accomplished using traditional 

restriction digest and ligation cloning using the NotI and SphI sites flanking the tyrB 

gene site on the pET-3a vector. One complication of this approach was the short end 

fragments that were cleaved from the library PCR product during the restriction digest. 

These fragments were long enough to be retained during purification of the PCR 

product and would contain the complementary overhangs that matched the cleaved 

ends of both the PCR product and cleaved vector. It was hypothesized that these small 
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contaminating fragments would interfere with the ligation of the PCR product into the 

vector by being ligated to the ends of the PCR product and vector fragments, effectively 

capping their ends making them unable to participate in the desired ligation reaction. 

This hypothesis is illustrated in Figure 3-3. The ends of the PCR product could not be 

shortened because primers targeting those sites were less efficient and less specific. 

Thus, a method for determining the impact of these small fragments on ligation and 

transformation efficiency was required. This method is illustrated in Figure 3-4. The 

library assembly was performed using two sets of amplification primers: one normal and 

one that also had biotin covalently linked to the 5’ end. The two libraries were digested 

and purified as normal. Then, both libraries were mixed with ferrous beads conjugated 

to streptavidin. This was done in order to bind any library fragments made with 

biotinylated primers that did not have both ends cleaved off as well as the small end 

fragments. The beads were pulled down by magnet and the supernatant which should 

contain only the fully cleaved library was taken and purified. The purified supernatant 

was then ligated into the pET-3a vector as normal and transformed into NEB-10b cells 

using electroporation. The transformed cells were plated onto LB agar plates and the 

number of resulting colonies was counted and compared between the biotinylated and 

unbiotinylated libraries. The unbiotinylated library showed an average colony count of 

28 per plate while the biotinylated library showed an average colony count of 84 per 

plate (a three-fold increase). This suggests that the contaminating end fragments 

reduce ligation and transformation efficiency and should be removed during cellular 

library production. 
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Figure 3-3: Contaminating cleavage fragments may interfere with ligation 
reaction. 
The tyrB gene library (top left) is cloned into the vector (top right) using traditional 
restriction digest and ligation cloning. The first step is to cleave off the ends of tyrB 
library PCR product using the NotI and SphI restriction enzymes. The vector is cut with 
the same enzymes. The fragment produced from the vector cleavage was 
dephosphorylated and thus shouldn’t interfere with ligation. However, the ends of the 
PCR product could not be dephosphorylated and were large enough to remain after 
PCR cleanup. Thus, the ends contaminated the ligation reaction. It was hypothesized 
that these contaminating end fragments would ligate to the vector fragment or back onto 
the PCR product and prevent full ligation of the PCR product into the vector. 
Theoretically, in addition to the desired circular plasmid product, a mixture of four 
possible linear products “capped” with the contaminating end fragments would also be 
produced and lead to reduced yield of the desired plasmid. 
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Figure 3-4: Removal of contaminating fragments by streptavidin conjugated bead 
pulldown. 
In order to remove the contaminating end fragments, the tyrB library PCR was 
performed with primers having biotin covalently linked to their 5’ ends (top left). The 
library was then digested, theoretically producing a mixture of undigested, partially 
digested, and fully digested tyrB products along with the contaminating end pieces. The 
restriction digest product was mixed with a molar excess of ferrous streptavidin beads. 
Any DNA with biotin still attached after the digest was bound by the ferrous streptavidin 
beads and then pulled down using a magnet. This effectively removes any incompletely 
digested tyrB fragments as well as any contaminating end fragments, leaving only the 
fully digested tyrB in the supernatant. 
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3.4 Verification of library diversity in cells 

 After the library production protocol was optimized, the ability to transform and 

recover mutants from cells needed to be confirmed. A large preparation of the tyrB 

library was generated and ligated into vector as described in the previous sections. The 

plasmid library was transformed into NEB-10b cells using electroporation in ten 

replicates and the transformed cells were plated onto separate LB agar plates. The total 

number of transformants across all transformations was estimated by counting the 

number of colonies on the LB agar plates and multiplying by the dilution factor. The 

estimated total was 2,400,000 transformants. GLUE is a program for predicting the 

fraction of all possible mutants that is contained in a mutant library based on the number 

of possible mutants and the number of mutants contained within a library 90. The GLUE 

webserver was used to predict the tyrB library coverage, which returned an estimated 

90.93% library coverage. To confirm mutation of the tyrB gene sequence, seven 

colonies were selected, grown, and had their plasmid DNA collected using the Qiagen 

QIAprep Spin Miniprep Kit. The purified plasmids were sent for sequencing to 

GENEWIZ (now Azenta). Table 3-1 shows the residues encoded by the mutant 

sequences at the four selected mutagenesis sites as they compare to the wild type 

sequence. The sequencing demonstrated that the seven mutants had variations at all 

four residues, indicative of successful mutagenesis and transformation of the library. Of 

note, the residues encoded by the sequences recovered seem to have biases to 

particular amino acids, most notably the aspartic acid 11 residue being primarily 

mutated to serine or proline. These biases may be due to non-uniform sequence 



36 

distribution in the mutagenic primers or could be due to biological effects such as 

certain residues granting growth advantages.  

  



37 

Wild Type GAC (Asp 11) AAC (Asn 133) CGC (Arg 281) TCC (Ser 285) 

Mutant #1 TCT (Ser) AGG (Arg) GTT (Val) TCC (Ser) 

Mutant #2 TGT (Ser) TGT (Cys) GGG (Gly) TAT (Tyr) 

Mutant #3 CCC (Pro) AAC (Asn) TGG (Trp) GGG (Gly) 

Mutant #4 TGT (Ser) GGT (Gly) GGT (Gly) GAT (Asp) 

Mutant #5 TCT (Ser) CAT (His) TGT (Cys) AAG (Lys) 

Mutant #6 CCT (Pro) GGT (Gly) GTG (Val) TCG (Ser) 

Mutant #7 TTT (Phe) TTG (Leu) GGG (Gly) AAG (Lys) 

 

Table 3-1: Transformed library demonstrated diversity in recovered mutants. 
Seven colonies of the transformed tyrB library were picked and sequenced. The wild 
type tyrB sequence at the four codons encoding the four mutated residues is shown at 
the top along with the encoded amino acid in parentheses. Mutants are listed below, 
likewise with the nucleotide sequence at the four mutation sites and the corresponding 
encoded amino acid in parentheses. 
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CHAPTER 4: DISCUSSION 

4.1 Discussion 

 UAAs are powerful and flexible tools for a wide host of applications spanning 

medicine, research, and industry. To date, they have been used to fight cancer, improve 

the pharmacokinetic properties of therapeutic proteins, and have been used for a 

myriad of purposes in scientific research. UAAs have been successfully incorporated 

into functional proteins in a wide host of systems spanning from prokaryotic cells to 

mammals. However, despite their success over the past two decades, UAAs still have 

not become nearly as ubiquitous as they could due to prohibitive costs and lack of 

availability. Previous studies have sought to evolve enzymes for the biosynthesis of 

UAAs, but these studies have used low through-put and laborious methods which 

severely limit their ability to find efficient mutant enzymes. This dissertation sought to 

overcome these limitations of UAAs by creating a large proof-of-concept mutant library 

of amino acid biosynthetic enzymes from which mutants could be selected to 

biosynthesize any given tyrosine derived UAA in vivo. 

 First, the ability of the cellular system to convert UKAs into UAAs and incorporate 

them into functional proteins was validated through UKA dependent GFP expression. 

Differential GFP production between the biphenyl and trifluoro UKAs and UAAs 

suggests that the wild type ecTAT is not completely promiscuous and that these UKAs 

may serve as favorable targets for expanding the substrate specificity of the enzyme. 

The high basal chloramphenicol resistance granted by the initial genetic constructs was 
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tuned down by transferring the chloramphenicol resistance gene to a low copy plasmid, 

introducing a second TAG stop codon to limit read-through, and replacing the natural 

chloramphenicol resistance promoter with promoters from the Anderson promoter 

collection. These steps and their converse are generally applicable for tuning antibiotic 

resistance and may be useful for the optimization of other selection systems. Similarly, 

replacement of the GFP gene’s lpp promoter with the AND 100% lead to greater 

fluorescence, suggesting that the AND 100% promoter could be suitable as an even 

higher expression alternative to the very ubiquitous lpp promoter. 

 After the selection system was finalized, the protocol for the mutant library 

construction was optimized across numerous parameters. The most notable of these 

optimizations was using an approach that separated the fragment assembly and library 

amplification steps into two separate reactions. This is likely due to the presence of 

primers in the assembly reaction causing the amplification of incompletely assembled 

fragments or possibly serving as bridge oligos which transiently hold non-adjacent 

fragments together due to non-specific interactions. The initial fragment concentrations 

and the annealing temperatures were the only other two major factors influencing 

amplification specificity, with annealing temperatures showing a relatively minor 

influence. All other optimization parameters showed little to no improvement on 

specificity or yield. Which condition optimizations are most important will likely very 

drastically from system to system based on gene and primer sequences, but the 

separation of the assembly and amplification reactions is likely universally superior to a 

single pot approach. Following production of the library, the library PCR product needed 

to be efficiently ligated into the vector for transformation. It was hypothesized that small 
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contaminating end fragments left over from restriction digest of the library PCR product 

would interfere with the ligation by capping the ends of the substrates. Removal of these 

end fragments by streptavidin conjugated beads lead to a three fold increase in 

transformants, suggesting that small fragments sharing overhangs with ligation inserts 

or vectors can reduce ligation efficiency and should be removed or avoided when high 

ligation efficiency is required. Finally, transformation and recovery of the library from 

cells demonstrated that the mutagenesis of the tyrB gene was successful and 

maintained in vitro. Confirmation of this cellular library serves as evidence for the 

feasibility of the generation of large mutant libraries of UAA biosynthetic enzymes on the 

order of millions of mutants, far larger than libraries previously generated. 

 The work presented in this thesis serves as the foundation for a universal 

framework by which high throughput selections for UAA biosynthetic enzymes can be 

performed quickly, cheaply, and easily. Future efforts to generate UAA biosynthetic 

enzymes can follow the methods presented here-in for generating a cellular library of 

mutants which then allows the discovery of mutants of interest with simple, traditional 

biological selection using chloramphenicol. The GFP construct allows confirmation of 

selected mutants by direct comparison of fluorescence between selected mutants and 

the wild type enzyme. The GFP protein also can be quickly and easily pulled down via 

its 6x His tag for confirmation of UAA incorporation using mass spectrometry. These 

elements make selection and confirmation of mutant UAA biosynthetic enzymes quick 

and easy, allowing the creation of tailored UAA biosynthetic enzymes on demand for 

virtually any desired application. The ability to rapidly make on demand UAA 

biosynthetic enzymes will vastly increase the availability of UAA technology in general 
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by making UAA acquisition much cheaper and by allowing the creation of UAAs that are 

not amenable to purely chemical synthesis. This framework is not specific to any 

particular enzyme or organism, and can be applied to any process which leads to the 

accumulation of intracellular UAA whether that process be enzymatic or otherwise. The 

rapid and facile nature of the framework also lends itself to iterative approaches by 

which upstream enzymes of a particular UAA precursor can be evolved sequentially to 

produce an entire biosynthetic pathway. 
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CHAPTER 5: METHODS 

5.1 Standard PCR amplification 

 Unless otherwise noted, all PCRs were performed under the following conditions. 

Reactions were 50 µL in volume with a final primer concentration of 500 nm (per 

primer), 200 nm of dNTPs (each) (NEB, Catalogue: N0447S), 1X Phusion HF buffer 

(NEB, Catalogue: B0518S), 1 unit Phusion HF polymerase (NEB, Catalogue: M0530S), 

and 1 ng of DNA template. The reactions were heated to 98 degrees for 45 seconds 

then cycled forty times through the following steps: 98 degrees for 15 seconds, 60 

degrees for 30 seconds, and 72 degrees for 120 seconds. A final extension step of 72 

degrees for 300 seconds was also performed. 

5.2 Library generation 

5.2.1 Library overlap PCR 

First, four fragments of the tyrB gene were individually amplified using mutagenic 

primers following the standard PCR amplification conditions (primer sequences given 

below). These fragments were purified using the Qiagen QIAquick PCR Purification Kit 

(Qiagen, Catalogue: 28104) following the manufacturer’s protocol, except that DNAs 

were eluted in 50 µL of water. Then, these four fragments were combined into a 

standard PCR reaction at equal molar ratios totaling a combined mass of 7.0 ng (1.0 ng 

for fragment #1, 1.5 ng for fragment #2, 2.0 ng for fragment #3, and 2.5 ng for fragment 

#4) except that no primers were added. After the completion of this PCR, 5 µL of the 

reaction was immediately used as template in a secondary PCR, this time with primers 
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added which amplify the entire library construct. Other than using the first round PCR as 

template, the secondary PCR followed the standard PCR methodology. Once the 

secondary PCR completed cycling, it was immediately purified using the Qiagen 

QIAquick PCR Purification Kit following the manufacturer’s protocol, except the DNA 

was eluted in 50 µL of water. 

Fragment #1 primers: 

Forward: CGACTTAAGCATTATGCGGCCGC 

Reverse: GCCAGCGTAGGCGTCAACTTTTTG 

Fragment #2 primers: 

Forward: AAGTTGACGCCTACGCTGGCNNKCCGATTCTTACGCTTATGGAGCGTTTT 

Reverse: TTCCCAGGTAGGATCGCTGACC 

Fragment #3 primers: 

Forward: GGTCAGCGATCCTACCTGGGAANNKCACGTAGCAATATTCGCCGGGG 

Reverse: AACTGTTGCTTTCAATTGCCCCAGTAC 

Fragment #4 primers: 

Forward: ACTGGGGCAATTGAAAGCAACAGTTNNKCGCAACTACNNKAG 

CCCGCCGAATTTTGGTG 

Reverse: TAGGTTGAGGCCGTTGAGCAC 
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Complete library amplification primers: 

Forward: TGTATACCTCCTTCTTATACTTAACGCTAG 

Reverse: CAGACTTTACGAAACACGGAAACC 

5.2.2 Restriction digestion of library DNA 

 The purified library DNA was mixed with NEB’s rCutSmart buffer (NEB, 

Catalogue: B6004) to a final buffer concentration of 1X using water. Then, 1 µL of each 

NotI-HF (NEB, Catalogue: R3189S) and SphI-HF (NEB, Catalogue: R3182S) restriction 

enzymes were added and mixed. The reaction was incubated at 37 degrees overnight 

(approximately 16 hours) then heat inactivated at 80 degrees for 20 minutes. The DNA 

was then purified using the Qiagen QIAquick PCR Purification Kit following the 

manufacturer’s protocol, except the DNA was eluted in 50 µL of water. 

5.2.3 Removal of inhibitory restriction digest fragments 

 750 µg of M-280 Dynabeads (Invitrogen, Catalogue: 11205D) were washed with 

1 mL of 1X Bind and Wash Buffer (5 mM Tris-HCl and 1.0 M NaCl at pH 7.5). The buffer 

was aspirated from the beads and 50 µL of digested library DNA was mixed with 50 µL 

of 2x Bind and Wash Buffer, then the combined mixture was added to the beads. The 

beads and DNA were incubated at room temperature for 30 minutes with occasional 

gentle mixing by pipette (about every five minutes). Then, the beads were pelleted with 

a magnet and the supernatant was removed. The supernatant containing the fully 

digested library was purified using the Qiagen QIAquick PCR Purification Kit following 

the manufacturer’s protocol, except the DNA was eluted in 50 µL of water. 
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5.3 Plasmid production and digestion 

5.3.1 Vector maxiprep 

pET3a and pULTRA plasmids were maintained and grown in NEB10b cells 

(NEB, Catalogue: C3019H). Cells carrying the plasmid were inoculated into 500 mL of 

Lysogeny Broth [Miller] (LB) in a 2 liter cell culture flask directly from frozen glycerol 

stocks. The culture was incubated at 37 degrees for 18 hours with shaking at 225 

RPMs. DNA was then extracted and purified using the Qiagen HiSpeed Maxiprep Kit 

(Qiagen, Catalogue: 12662) following the manufacturer’s protocol, except that the DNA 

was collected in 1 mL of water. 

5.3.2 Vector digestion 

 pET3a vector was digested by mixing 1 µg of purified DNA with rCutSmart Buffer 

to a final concentration of 1X buffer in a total reaction volume of 50 µL. Then, 1 µL of 

each NotI-HF and SphI-HF were added to the reaction. The reaction was incubated at 

37 degrees overnight. Next, the reaction was heat inactivated by incubating at 80 

degrees for 20 minutes. Then, 1 µL of recombinant shrimp alkaline phosphatase (NEB, 

Catalogue: M0371S) was added and mixed. The reaction was incubated for another 

hour at 37 degrees and then heat inactivated again at 80 degrees for 20 minutes. The 

digested DNA was then purified using the Qiagen QIAquick PCR Purification Kit 

following the manufacturer’s protocol, except that the DNA was eluted in 50 µL of water. 

5.4 Ligation of library into vector 

Purified pET-3a vector and library insert DNAs were mixed at a 1:3 molar ratio 

with a total of approximately 10 ng of DNA per µL in forty 50 µL reactions. Each reaction 

contained 1X T4 DNA Ligase Buffer (NEB, Catalogue: B0202S) and 400 units of T4 
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DNA Ligase (NEB, Catalogue: M0202S). The reactions were incubated at 16 degrees 

for 16 hours, then heat inactivated at 65 degrees for 20 minutes. Then, the reactions 

were combined and purified using the Qiagen QIAquick PCR Purification Kit following 

the manufacturer’s protocol, except that DNAs were eluted in 60 µL of water. During 

purification, ten ligation reactions were combined over each single PCR purification 

column. 

5.5 Transformation of ligated DNA 

For each transformation, an electroporation cuvette with a 1 mm gap was pre-

chilled on ice for 30 minutes. 50 µL of electrocompetent NEB10b cells were mixed with 

5 µL of ligation DNA (~1 µg) then placed in the chilled electroporation cuvette. The cells 

were electroporated at 1800 volts using a Bio-Rad MicroPulser electroporator 

(Catalogue: 1652100) and immediately recovered by mixing the cells with 1 mL of SOC 

medium. The cells were incubated for 45 minutes at 37 degrees with shaking at 225 

RPMs in a 1.7 mL centrifuge tube. After incubation, cells were plated by taking 15 µL of 

culture, creating four 1:10 dilutions in 100 µL of LB, then spreading each dilution onto 

LB agar plates with appropriate antibiotics. Plated cells were used to estimate the 

number of viable transformants. For library transformations, in addition to plating cells, 

the remaining recovery cultures were pooled into a single 250 mL LB liquid culture with 

antibiotics and incubated at 37 degrees and 225 RPMs until the culture reached an 

OD600 of 1.0 (approximately 10 hours). The library culture was then frozen into glycerol 

stocks by mixing equal parts culture and 50% glycerol (in water) and aliquoting. 
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5.6 Preparation of competent cells 

NEB10b cells were inoculated into a 5 mL LB culture with 50 µg per mL 

streptomycin in a 15 mL culture tube and incubated overnight at 37 degrees and 225 

RPMs. Then, four 500 mL LB cultures with 50 µg per mL streptomycin in 2 liter culture 

flasks were each inoculated with 1 mL of overnight culture. The large cultures were 

incubated at 37 degrees and 225 RPMs until they reached an O.D. 600 of 0.6. The cells 

were pelleted for 10 minutes at 4,500 RCF at 4 degrees. Pellets were washed in 500 

mL of 15% glycerol at room temperature. The cells were pelleted and washed again 

with 500 mL of 15% glycerol and then pelleted and washed again with 50 mL of 15% 

glycerol. Then, cells were resuspended in 5 mL of 15% glycerol and frozen at -80 

degrees as 50 µL aliquots. 

5.7 Cell culture 

 For liquid cultures, NEB-10b cells were grown in Lysogeny Broth [Miller] (LB) 

which comprised of 10 grams per liter sodium chloride, 5 grams per liter yeast extract, 

and 10 grams per liter tryptone dissolved in water. For solid cultures, NEB-10b cells 

were grown on LB agar plates containing LB plus 15 grams per liter agar at 37 degrees. 

Cultures also contained 50 µg per mL streptomycin. Unless otherwise specified, cells 

were grown in 5 mL cultures inside 15 mL culture tubes at 37 degrees with shaking at 

225 RPMs. When required for plasmid maintenance, additional antibiotics were added 

to the following concentrations: ampicillin at 100 µg per mL, chloramphenicol at 40 µg 

per mL, and kanamycin at 50 µg per mL. 
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5.7.1 UAA and UKA dependent GFP expression 

 Cells were grown until an O.D. 600 of approximately 0.5. Then, an UAA or UKA 

was added to a final concentration of 1 mM. The cells were incubated overnight (16 

hours) at 37 degrees and 225 RPMs to allow protein expression. 

5.7.2 Measurement of GFP expression by fluorimetry 

 Grown cell cultures were pelleted by spinning at 4,000 RCF for 15 minutes at 4 

degrees. The supernatants were removed and the pellets were each resuspended in 1 

mL of bacterial lysis buffer (10 mM Tris-HCl, 50 mM potassium chloride, 1 mM EDTA, 

1.0% Triton-X 100, 0.5% IGEPAL-CA-630, and 200 mg per liter of lysozyme; pH 8.0). 

The cells were incubated at 37 degrees with shaking at 225 RPMs for one hour. The 

cell debris was pelleted at 12,000 RCF and 200 µL of each supernatant was transferred 

to a well of a black 96 well plate. The GFP fluorescence was measured using a TECAN 

M1000 plate reader using the default GFP profile. 

5.7.3 Chloramphenicol resistance colony formation assay 

 Cells were grown overnight in a 5 mL culture as described above. Then, a fresh 5 

mL culture was inoculated with 50 µL of the overnight culture and incubated at 37 

degrees with shaking at 225 RPMs until an O.D. 600 of 0.5. From this new culture, four 

1:10 dilutions (1:10, 1:100, 1:1000, 1:10000) were made in LB in a total volume of 5 mL. 

These dilutions were then plated onto LB agar plates containing streptomycin (50 µg per 

mL), ampicillin (100 µg per mL), kanamycin (50 µg per mL), o-methyl-tyrosine UAA or 

UKA (1 mM), and varying concentrations of chloramphenicol: 0, 10, 20, 40, 80, and 160 

µg per mL. For each plate, 100 µL of diluted culture was spread using a cell spreader. 
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The plates were incubated overnight at 37 degrees. Then, cell colony size was 

measured manually and averaged. 

5.8 Verification of UAA conversion and incorporation by mass spectrometry 

 Cells were grown in the presence of o-methyl-tyrosine or naphthyl UKA to allow 

GFP expression as detailed in section 5.7.1. Lysate was then prepared as described in 

section 5.7.2. 500 µL of clarified lysate was purified using 200 µL of HisPur Cobalt 

Resin (Thermo Scientific, Catalogue: 89964) at room temperature following the 

manufacturer’s batch method protocol. After purification, the GFPs were buffer 

exchanged into water by diluting the GFPs to 4 mL with water and spinning in a 10,000 

MWCO concentrator at 4500 RPMs at 4 degrees for 15 minutes. The buffer exchange 

was repeated twice more. GFP concentrations were measured by UV spectrometry and 

250 µL samples were prepared at 50 µM in water. Samples were filtered through glass 

wool before loading on the high performance liquid chromatography instrument. Liquid 

chromatography-mass spectrometry was performed by collaborator Tim Schwochert. 
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