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ABSTRACT

EXPANDING AND EVALUATING SENSE CODON REASSIGNMENT

FOR GENETIC CODE EXPANSION

Genetic code expansion is a field of synthetic biology that aims to incorporate non-canonical amino
acids (ncAAs) into proteins as though they were one of the 20 “natural” amino acids. The amino acids
which naturally make up proteins are chemical limited, and ncAAs can carry new chemical functionality
into proteins. Proteins are of interest because they are simple to produce with good consistency and have
immense potential due to the diversity of structure and function. Incorporating ncAA into proteins

expands the scope of function of proteins even further.

Two methods have been widely used for genetic code expansion, global amino acid replacement
and amber stop codon suppression. Global amino acid replacement exchanges one of the natural amino
acids for a ncAA, producing an altered 20 amino acid genetic code. Amber stop codon suppression
incorporates ncAA in response to the UAG stop codon making a 21 amino acid genetic code, but is
limited in incorporation efficiency and producing proteins with multiple instances of a ncAA is
challenging. We wanted to use a third genetic code expansion system called sense codon reassignment
which has not been widely employed at all but should enable multisite incorporation of ncAAs. When the
work presented in this dissertation was started, a single report of sense codon reassignment existed in the
literature. We set out to improve and expand sense codon reassignment for the incorporation of multiple
copies of ncAAs into proteins. We quickly discovered disparities in what was known regarding the
variables that could be used to manipulate genetic code expansion, and the focus of our work shifted to

systems for improving sense codon reassignment using quantitative measurements.

The first chapter of this dissertation is an introduction to genetic code expansion and the processes

of translation and gene expression that are likely involved or could be involved in genetic code expansion.



The three following chapters will build upon the fundamentals described in Chapter 1. The second chapter
is a complete story about how a screen to quantify sense codon reassignment was developed. The
fluorescence based screen was used in a high throughput fashion to screen a directed evolution library of
variants for increased sense codon reassignment efficiency at the Lys AAG sense codon. While
evaluating various sense codons for potential reassignment efficiency, the AUG anticodon was found to
be incapable of discriminating between the CAU and CAC codons. This was anomalous relative to the
other anticodons we tested. Chapter 3 describes how unintended modifications to an engineered tRNA
were identified and then how the fluorescence based screen was used to engineer the tRNA further for
increased sense codon reassignment efficiency and to avoid the unintentional modification. Most
applications of genetic code expansion rely on modifications to tRNAs but few reports actually consider
them, The final chapter of this dissertation is a manuscript in preparation describing the reassignment of a
rare sense codon to incorporate ncAAs. The chapter focuses on how improvements made in a system
specific for an amino acid can be transferred to systems specific for other ncAAs. Over 150 different
ncAAs have been incorporated into proteins using genetic code expansion technologies, but the extent to

which the various systems are combinable has barely been evaluated.

This dissertation is a story about developing sense codon reassignment to functional levels and

quantifying the effects of different variables along the way.
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CHAPTER 1

INTRODUCTION: EXPANDING THE GENETIC CODE

CHEMICAL DIVERSITY OF NATURAL PROTEINS

Carbohydrates, nucleic acids, and proteins are the functional polymeric materials that perform all of
the critical functions in living systems. Proteins are ubiquitous in industrial applications, medical
diagnostics and therapeutics, and as tools for understanding biochemistry and cellular biology. The
primary sequence of proteins is genetically encoded and DNA base pairs can be precisely mutated,
making it possible to modify protein sequences with a high degree of precision. As the ability to
manipulate DNA is continually becoming cheaper and easier, the ability to engineer novel proteins with

unique and diverse sequences has improved.

While the de novo design of proteins is also continually improving, designing structure, stability,
and function still present obstacles for the field of protein engineering. The space of possible protein
sequences is inconceivably vast, and the rules that determine protein folding and stability are not known
with the precision needed for design. Nature does not use rational design, but rather relies on evolution to
navigate the space of functional proteins. The tools of DNA manipulation now available have enabled
high throughput studies where millions or billions of protein candidates can be made and evaluated in
parallel. Proteins combine 20 natural amino acids into primary sequences that fold into specific secondary
and tertiary structures based largely on the hydrophobic packing interactions of the amino acids. The
primary sequence of the amino acids control not only the structure of the protein, but positions chemical
functionality precisely on protein surfaces and in pockets to define the interactions and enzymatic
functions of the protein. Although proteins are sufficient for the functions of living systems and have
found utility in solving problems in science, health, and engineering, the set of chemical functionalities
found in natural proteins is very limited. The 20 natural amino acids, although sufficient for the proteins

of life, are limited to three categories of chemical functionality: acid/base chemistry using primarily



amines and carboxylic acids, polar non-ionic residues which include hydroxyl and amide side chains, and
nonpolar hydrophobic residues with aliphatic side chains of different steric shapes. Genetic code
expansion (GCE) is one of the more promising techniques for incorporating non-natural chemical
functionality into proteins. Genetic code expansion involves using the natural machinery that produces
proteins to incorporate non-canonical amino acids (ncAAs) with diverse chemical side chains in response
to specific nucleic acid sequences. The “expansion” of the genetic code involves modifying the process of
protein translation such that additional or repurposed sequences of nucleic acids signal the incorporation

of additional (beyond the 20 natural) amino acids into proteins.

An example of the utility of genetic code expansion is the expansion of the binding ability of
antibodies. Antibodies are well known for their role in binding and identifying foreign materials in higher
living organisms. Biotechnologically, the process of antibody development can be used to raise antibodies
to bind a great diversity of targets. However, there are some targets that antibodies cannot bind well. A
large and important class of molecules that typically produce weak antibody responses and generate
weakly binding antibodies are glycan moieties.!™ The difficulty in binding glycans is in large part due to
the limited set of the chemical functionality of the natural amino acids. When antibody libraries with
amino acid diversity in their binding domains are challenged with glycans, the chemical functionality
present in the side chains of the 20 natural amino acids is not sufficient to produce tight binding
antibodies. The original problem that motivated the work described in this thesis, was to pursue directed
evolution of peptides containing non-canonical amino acids specifically able to target glycan moieties.
Boronic acids have been shown to form tight, reversible covalent bonds with germinal and vicinal diols,
like those found in the carbohydrates.** By including boronic acid in the side chain of an ncAA (para-
boronophenylalanine, pBF) in large libraries of antibody variants screened against glycans, anti-glycan
antibodies could be evolved. The idea was to potentially employ multiple copies of boronic acids in
antibodies to target and interact specifically and tightly with glycans. None of the methodologies for

genetic code expansion available at the time would have enabled incorporation of multiple ncAAs into



genetically encoded libraries. We set out to combine already established methods for the incorporation of
pBF into proteins in response to non-sense codons and sense codon reassignment to direct incorporation

of pBF at sense codons in vivo.

As we started working on the project to develop boronic acid for directed evolution libraries, it
became clear that there were large gaps in knowledge surrounding the engineering of orthogonal
translation systems (OTS), and although we set out to build antibodies, we ended up spending much more
time evaluating orthogonal translation systems and the biochemistry of translating proteins with
orthogonal components. This dissertation describes efforts to modify and engineer critical components of
translation to enable genetic code expansion using the relatively new technique termed sense codon
reassignment. Additionally, this dissertation describes several examples of quantitative evaluations of

factors that affect the efficiency of sense codon reassignment.

The first chapter of the thesis provides a detailed description of the critical steps in the in vivo
process of producing proteins, and highlights the component parts and variables that can be manipulated
to alter the translation mechanism to expand the genetic code. Current methods for genetic code
expansion including nonsense codon suppression (NCS) and global amino acid replacement (GAAR) are
briefly reviewed. The discussion of the GCE techniques is focused on the benefits, limitations, and details
of NCS and GAAR relative to other techniques which can be used to add to the chemical diversity of
proteins. Finally, a discussion regarding how genetic code expansion systems have typically been

quantified and why quantification of GCE systems is important will be presented.

FUNDAMENTALS OF TRANSLATION

Translation is one of the most central processes in living organisms. In rapidly growing cells, such
as bacteria, maintenance of the translation apparatus and the synthesis of proteins accounts for
approximately 75 percent of the cells energy budget.® The amount of energy (measured as tri-phosphate

bonds) devoted to gene expression is an indicator of how important the process of protein biosynthesis is.



The process of protein biosynthesis is remarkably similar across all domains of life, nearly identical
mechanisms employing similar proteins and complex machinery are employed. There are some
differences between translation in prokaryotes, archaea, and eukaryotes, particularly in the mechanism of
initiation but similarities greatly outweigh differences. The work described in this thesis exclusively
employed prokaryotic translation system, that of the model bacterium Escherichia coli (E. coli), and the

following discussion of translation will be focused on the E. coli system.

The central dogma of information transfer in molecular biology states that genetic information
stored in DNA is transcribed into RNA, which is then translated into proteins. Organisms across all
domains of life use the same genetic code where specific triplet nucleic acid codons encode the
incorporation of specific amino acids into polypeptides. Protein synthesis is the result of interactions
between an mRNA transcript, and aminoacyl-tRNA molecules, coordinated by ribosomes and additional
cellular factors involved in initiation, control, and termination of the process. Three protein factors are
involved in assembling the mRNA, initiator tRNA and ribosome to initiate translation of an mRNA
transcript. The process of elongation is mediated by two protein factors and involves cycles of tRNA
selection, amino acid addition and ratcheting of the mRNA in the ribosome to introduce the next codon
for translation. The process of termination is mediated by two protein factors that recognize stop codons
and hydrolyze the completed peptide chain from the tRNA. Additional protein factors disassemble and
recycle ribosomes after the process of translation is complete. Further protein factors monitor the process
of translation to hydrolyze peptides from stalled ribosomes and assist in the forming of nascent peptide
chains. Beyond the set of proteins that are directly involved in the process of translation, multiple protein
factors are responsible for maturation and modification of tRNAs and ribosomes. A set of proteins, the
amino acyl tRNA synthetases (aaRSs) are responsible for selecting and attaching the appropriate amino
acid to the appropriate tRNA. Several of the critical components and processes of translation will be
discussed in greater detail below, with a focus on how each of the processes may be involved in or

targeted for genetic code expansion. The material presented in the following sections is an in-depth



description of the molecular biology of translation. The description is presented because an understanding
of the complex and interconnected process of translation is critical to understanding how genetic code

expansion systems function and can be engineered.

Transcription

To be expressed, genes—sequences of DNA that encode proteins or functional RNA molecules,
which can be either in the genome of the cell or on extrachromosomal elements (e.g. plasmids)—must
first be transcribed into mRNA by RNA polymerase (RNAP). The extent to which different genes are
expressed is dependent on the amount of mRNA that is produced and the extent that mRNA can compete
for ribosomes. Specific DNA sequences called promoters bind RNAP. Both the binding strength of the
promoter for a given gene as well as the number of copies of that gene in the DNA of a cell influence the
amount of mRNA transcribed. The relative abundance of a specific mRNA in the intracellular pool of
mRNA molecules along with the relative strength of the ribosome binding site (RBS) on that mRNA,
which determines the extent of interaction with ribosomes control the extent of protein production. One
common approach to affecting the expression of the genetic code is the overexpression of altered
translation components, by having them expressed from a high copy number plasmid with a strong
promoter and ribosome binding site. Most reported systems for genetic code expansion involve the over
expression of an aminoacyl-tRNA synthetase (aaRS) and its cognate tRNA, to increase the overall
concentration of engineered components in the cell. The extent that commonly used systems increase
concentrations relative to natural components has not been widely investigated. A few examples exist of
plasmid design experiments that suggest that overexpression increases the effects of genetic code

expansion systems.’#

Additional factors in the sequence of an mRNA that can affect translation rates include secondary
structure in the mRNA, particularly hairpin formation that inhibits ribosome binding, and mRNA
structures which can stall or terminate translation. The particular choice of synonymous codons can also

affect the rate of translation; the use of specific rare codons have been suggested to decrease translation



rate and highly expressed genes typically employ codons read by the most abundant tRNAs in the cell.”!"!
While not commonly considered, mRNA secondary structure and codon usage may provide handles to

control the expression of genes using engineered genetic codes.

Although outside the scope of this thesis, one could imagine expanding the genetic code at the
nucleic acid level by expanding the number of nucleic acid bases that are employed in the cell. The
natural genetic code is in part limited by the fact that there are only 64 possible triplets of the 4 nucleic
acid bases. By expanding the set of nucleotides used in DNA and RNA to 5 (involving an orthogonal self-
pair) or 6 bases the number of available triplet codons increases to 125 or 216. The development of
expanded sets of nucleic acids is an active area of research that has only recently reached the stage where
altered nucleotides in DNA can be replicated in cells and transcribed into RNA.'>"'* Using increased
nucleic acid diversity systems to expand the set of amino acids that can be encoded has not yet been
demonstrated. Almost all reports of genetic code expansion to date have employed natural nucleic acids

and modified other components of the translation system.

Translation

After a gene has been transcribed into mRNA, the ribosome binding site on the mRNA, in
conjunction with initiating protein factors, binds to the small ribosomal subunit and assembles the full
ribosome charged with the initiator tRNA on the initiating codon of the mRNA. The mRNA signal that
initiates translation is usually an AUG codon which typically codes for methionine. A special N-
formylated methionyl-tRNA is a component of the initiating complex that assembles the ribosome on an
mRNA to begin the translation process. The process of amino acid addition is sequential and involves
repeated cycles of aminoacyl-tRNA selection, peptide bond formation (that functionally transfers the
growing peptide chain from one tRNA to the next), and translocation of the tRNAs and mRNA to
sequentially introduce the next codon into the ribosome. Aminoacyl-tRNA molecules are composed of an
amino acid covalently linked to a tRNA molecule which acts as a decoder between the mRNA codon and

a specific amino acid. The tRNA molecule is the physical link in the genetic code, and the correct



coupling of amino acids to tRNA molecules is carried out by a suite of enzymes called aminoacyl-tRNA
synthetases (aaRSs). After a tRNA is aminoacylated, it is transported into the ribosome near the active
mRNA codon as a ternary complex EF-Tu and a molecule of guanosine triphosphate (GTP). The EF-Tu
complex associates with the ribosome where the anticodon of the tRNA base-pairs with the mRNA
codon. Ifthe codon and anticodon base-pair with high enough affinity, the tRNA and the amino acid it
carries are accepted into the ribosome. Once inside, the ribosome catalyzes the formation of a new peptide
bond between the growing polypeptide chain and the amino acid just brought into the ribosome. After the
formation of the peptide bond, the ribosome ratchets forward and the process repeats, with aminoacyl-
tRNAs decoding codons and adding to the polypeptide chain until a termination signal (stop codon) is
reached. Stop codons are recognized by release factors instead of aminoacyl-tRNAs, and release factors
carry no amino acid. Upon termination of protein synthesis, the ribosome cleaves the protein from the last
tRNA, dissociates from the protein and the mRNA, and is recycled into the cell to start protein synthesis

on a new mRNA strand.

Ribosomes

Ribosomes are the factories which facilitate protein biosynthesis in cells and are the location where
the peptide bond formation is catalyzed to produce proteins from individual amino acids. The ribosome is
among the most complex molecular machines in the cell and composed of both ribonucleic acids and
proteins. The small subunit of the ribosome (30S subunit) is a riboprotein complex composed of the 16S
ribosomal RNA (rRNA) and 22 proteins. The role of the small subunit is to bind mRNA and read the
interaction between codons and anticodons. The 16S rRNA contains a region of nucleotides that
specifically recognize and pair with the mRNA and orient the initiating tRNA in the appropriate position
to assemble complete ribosomes. The 16S RNA contains a specific sequence that is complementary to the
Shine-Delgarno sequence contained in the ribosome binding site (RBS) of an mRNA. The pairing of the
30S subunit of the ribosome and the mRNA occurs due to the creation of effectively double stranded

RNA from the 16S rRNA and the RBS in the mRNA. The alignment of the Shine-Delgarno sequence and



the complimentary region in the 16S rRNA helps to position the start codon in the A site of the completed
ribosome complex. After the 30S subunit binds to the mRNA, the larger subunit of the ribosome (50S
subunit) binds to the 30S subunit assembling the intact ribosome. The 50S subunit is a complex of two
rRNA molecules (23S and 5S) and 31 proteins. The catalytic peptidyl transfer reaction of the ribosome is
carried out by a specific domain of the 23S rRNA. The protein components of the 50S subunit play a
critical role in protein folding both in vivo and in vitro as the protein components of the subunit provide a
hydrophobic surface for the nascent polypeptide to interact with as it exits the ribosome.'>!® This mode of
protein folding is used especially for proteins that are translated at slower rates.!” The production of the
translational apparatus and particularly, ribosomes requires a large fraction of the cellular resources. A
bacterial cell with a typical doubling time of 30 minutes will contain approximately 45,000 ribosomes. '*
With 53 proteins per ribosome, 45,000 ribosomes represents a huge proportion of the millions of proteins
estimated in a typical E. coli cell.'” In the process of expanding the genetic code and reassigning the
meaning of codons, it becomes likely that mutations could be introduced in some of the proteins in the
ribosome. This could lead to organisms with defective ribosomes, but previous studies on missense
incorporation in vivo suggest that high levels of reassignment of codons nearing 25 % can still result in
viable, although challenged cells.?*?! Even with the abundance of protein components in the ribosome,
when random missense mutations are introduced into ribosomes cells are surprisingly tolerant.?> While
specific missense mutations could present issues in the ribosome, in general codon reassignment should

not dramatically affect the structure or function of the ribosome.

Although the ribosome is frequently considered the catalyst and central organizing component of
translation, the overall fidelity of the translation process is the result of multiple components outside of
pairing of codon to anticodon that occur in the ribosome. What has been termed the second genetic code
involves the multiple competing interactions between amino acids, tRNAs and the aaRSs that result in the
appropriate amino acids being acylated onto the correct tRNA molecules. Additional protein components

selectively modify both the tRNA and ribosomal RNAs to modulate the translation process.



tRNAs

The molecules of RNA responsible for carrying amino acids into the ribosome are termed transfer
RNAs (tRNAs). tRNA molecules are relatively short segments of RNA with between 77 nucleotides and
as many as 90 nucleotides.?® The variability in nucleotide count is centered on one arm of the clover leaf
secondary structure of tRNA molecules. The overall tertiary structure of tRNA molecules is conserved
across all domains of life. All tRNAs have five defined regions: acceptor stem, T arm, D arm, anticodon
arm, and the variable loop region (Figure 1.1A). The nucleotides of tRNA molecules are arranged in such
a way that three hairpin-like stem-loops are generated and tRNAs are frequently referred to as
“cloverleaf” structures, even though the physiological structure of the tRNA is well defined as a closely
packed “L” shape (Figure 1.1B). The anticodon stem loops of tRNAs contain the three nucleotides that

make up the anticodon which decode the complimentary mRNA codons in the ribosome.
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Figure 1.1 A) Secondary structure of tRNA molecule in the cloverleaf structure, showing the 5
characteristic regions of tRNA molecules. B) Cartoon representation of crystal structure of the Phe-

tRNAyuc from Yeast (pdb: 1ehz).!” Colors are coordinated between the two images to show the location of

regions in the “L” structure. Figure adapted from reference 110

On the opposite end of the tRNA from the anticodon is the acceptor stem which is a series of about

5-8 pairs of nucleosides and a conserved cytidine-cytidine-adenosine (CCA) tail. The CCA tail is



transcribed in the tRNA gene for some tRNA species and some tRNAs are modified by editing enzymes
to have the CCA tail, but all tRNAs have the CCA tail which serves as an acceptor for the amino acid.
Aminoacyl tRNA synthetases covalently link an amino acid to the tRNA, forming an ester linkage
between either the 2’ or 3” hydroxyl group on the ribose of the terminal adenosine and the carbonyl in the
amino. Theoretically modifications to the acceptor stem of the tRNA could result in changes in the overall
structure of the tRNA-AMP-ncAA in the aaRS which could lead to higher aminoacylation efficiency for a

ncAA which would lead to a higher efficiency of genetic code expansion.

Specific examples of engineering approaches to modify the tRNA to increase genetic code
expansion will be discussed later in the chapter, but most reports have focused primarily on changing the
anticodon residues. However changes at other positions in the tRNA can result in changes in the

recognition of the tRNA by the components of the translation machinery.

tRNAs from all domains of life contain modified nucleotides other than the canonical guanosine,
cytidine, adenosine, and uracil. Modified nucleosides are found at positions throughout the tRNA but are
especially common in the anticodon stem loop (Figure 1.2). Modifications of tRNA nucleotides allow for
differentiation between the structurally similar tRNAs, some modified nucleotides are known to alter the
structure of tRNAs and to enable specific interactions between modified tRNAs and amino acyl tRNA
synthetases. tRNA modifications are also important in codon recognition in the ribosome. For example,
the nucleotide at position 37 of most natural tRNAs is a conserved purine and is frequently modified to be
methylated but can also include modifications with some small polar groups.>* Even though position 37 is
adjacent to the anticodon and does not participate directly in hydrogen bonding interactions with the
codon, the modifications enforce a particular structure in the anticodon loop that orients the anticodon so
that all 6 nucleotides of the codon and anticodon can interact.?*** Modifications of position 37 in tRNAs

26-28

also prevent frameshifting mutations in translation**°, which come about when nucleotides in the tRNA
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Figure 1.2 Location and frequency of modified nucleosides in prokaryotic tRNA molecules. Circles
represent nucleosides in the standard cloverleaf formation. Universal tRNA numbering system from
reference 1. Positions which are known to have modified nucleosides are shown as blue circles. Blue
shaded circles have are more frequently modified (at least 25% of known prokaryotic tRNA contain
modified nucleosides), and filled blue circles represent positions where more than 75% of prokaryotic
tRNAs have modified nucleosides. The 5 absolutely conserved prokaryotic residues, U37, C56, and the
CCA tail (74-76) are highlighted. Figure adapted from reference ',

anticodon stem loop outside of the anticodon interact with the mRNA transcript. If four nucleotides of the
tRNA anticodon stem loop base-paired with four nucleotides of the mRNA, a +1 frameshift would result.
Most nucleotide modifications are the result of post transcriptional modification by RNA editing enzymes
which recognize specific features or structures of tRNAs. Modified nucleotides in the anticodon itself
enable a single tRNA to decode more than one codon. For example, one of the E. coli arginyl-tRNAs is
transcribed with an ACG anticodon corresponding to positions 34-36 in the tRNA. An ACG anticodon
would be able to decode only a CGU codon employing normal Watson-Crick base pairing rules:
adenosine and uracil base pair using 2 pairs of hydrogen bond donors and acceptors and cytidine and
guanosine pair together with 3 hydrogen bonds. In E. coli, the adenosine at position 34 is deaminated by
an RNA editing enzyme (tadA) to produce the modified base inosine®. The nucleoside inosine can base
pair with uracil, adenosine, or cytidine, so the modified tRNA with an ICG anticodon is then capable of
decoding the original CGU codon as well as GCC and GCA codons. Knocking out the tadA gene results

in cells that are not viable, likely due to the inability to efficiently decode GCC and GCA codons.?

11



Controlling the type and extent of tRNA modification is a general strategy for tuning genetic code
expansion. Unanticipated tRNA modification can also present challenges for orthogonality. Although no
reports currently describe actively engineering modified nucleosides into tRNAs for the purpose of
genetic code expansion, specific modifications could help to increase the affinity of a tRNA for its aaRS,
or for other components of the translation machinery like EF-Tu. Further, modifications to tRNA
nucleosides in the anticodon could be used to restrict wobble base decoding to more finely target specific
codons. Although all tRNA molecules likely contain modified nucleosides, genetic code expansion
experiments have largely failed to consider the presence or absence of modifications in introduced
orthogonal tRNAs. Chapter 3 of this dissertation presents a description of how tRNA modifications can
affect genetic code expansion, how modifications were identified, and ultimately how the efficiency and

fidelity of orthogonal translation components can be modulated by controlling the extent of modifications.

Aminoacyl tRNA synthetases

Aminoacylation of an amino acid to a tRNA is a two-step reaction catalyzed by an aminoacyl tRNA
synthetase (aaRSs). Most organisms have exactly 20 aaRSs, one for each amino acid. Although an aaRS
is specific for a single amino acid, most aaRS recognize more than one subtype of tRNA molecule as
substrates. There are 49 tRNA species in E. coli*® and only 2 of the 20 aaRS recognize single tRNA
species, meaning the other 18 aaRS have on average two tRNAs which are substrates. The aaRSs are
responsible for correctly linking anticodons on tRNAs, with specific amino acids. Properly aminoacylated
tRNAs are then selected in the ribosome complementary to mRNA codons. In the first step of the
aminoacylation reaction, an amino acid and a molecule of adenosine triphosphate (ATP) bind to the aaRS
in the amino acid binding pocket (Figure 1.3, reaction 1) to form aminoacyl-adenosine monophosphate
(AMP) and a molecule of inorganic pyrophosphate. Subsequently, the tRNA binds to the aaRS, making
nonspecific interactions between the D-arm and the surface of the aaRS, and specific interactions with the
identity elements of the tRNA3!32, The anticodon and the acceptor stem of the tRNA are usually identity

elements, although several aaRS do not use anticodons of substrate tRNAs as identity elements*~°, aaRS
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which do not recognize the anticodon of a tRNA as an identity element for aminoacylation present an
opportunity for codon reassignment to expand the genetic code. By altering the anticodon of a tRNA to
decode a new codon, without significantly impacting the recognition of an aaRS for the tRNA,

aminoacyl-tRNAs may be prepared with non-standard anticodons.

Proper binding of a tRNA by the aaRS positions either the 2’ or 3” hydroxyl groups on the terminal
adenosine in the C-C-A acceptor stem adjacent to the aminoacyl-AMP molecule and the aaRS catalyzes
the substitution of the tRNA for the AMP to covalently link the amino acid to the tRNA (Figure 1.3,
reaction 2). Misacylation occurs when an aaRS charges its amino acid onto a tRNA which is not a
canonical substrate, or when an aaRS activates the incorrect amino acid and attaches it to the cognate
tRNA substrate. Misacylation events that result in errors in translation where amino acids are covalently

linked to noncognate tRNAs occur on the frequency of 1 in 10000, depending on the rate of translation.*®
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aaRSs are multiple domain enzymes that typically contain a catalytic domain to bind ATP and
activate an amino acid, a separate domain is typically present to facilitate binding to the appropriate tRNA
and aaRSs often contain editing domains to hydrolyze misacylated tRNAs. It has been shown that aaRSs
can have relatively promiscuous amino acid binding pockets. The Ile aaRS (IleRS) can readily activate
valine (which differs by only a single methyl group) and the combination or the relative concentrations
and of Ile and Val in the cell and the relatively high efficiency of valine activation can lead to very high
levels of val-tRNA'™ if the editing domain of IleRS is inactivated.** aaRSs have evolved two general
editing strategies to minimize the extent of tRNA misacylation. Pretransfer editing occurs when the
activation domain is able to hydrolyze a misacylated aa-AMP before transfer to the tRNA. Post-transfer
editing employs a second domain that is able to hydrolyze misacylated tRNAs before dissociation from
the aaRS. Post-transfer editing relies on a double sieve mechanism to select inappropriately acylated
tRNAs.* The first steric sieve occurs in the activation, where amino acids smaller than the appropriate
amino acid can enter the activation domain and become attached to tRNA (i.e. Val is activated by IleRS).
The second sieve does not allow the appropriate amino acid to enter the binding pocket but does allow
smaller amino acids to enter and get hydrolyzed. Pre and post transfer editing of certain aaRSs is

augmented by non-aaRS editing enzymes that surveil the tRNA pool.*!#?

aaRS have evolved to control the level of misacylation of natural amino acids (and natural
metabolic amino acid precursors.*** Many aaRS in nature are able to accept non-canonical amino acids
(ncAAs) as substrates and aminoacylate their tRNAs with the alternate amino acid. For example, the E.
coli Methionyl-tRNA synthetase (MetRS) is known to activate multiple structural analogues of
methionine when methionine is unavailable.*>*’ Probably the first broad application of genetic code
expansion involved the incorporation of the ncAA selenomethionine into proteins in place of

methionine.®
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Elongation factor EF-Tu

Once a tRNA has been aminoacylated, the aminoacyl-tRNA needs to be transferred to the acceptor
site of the ribosome (A site) where the exposed codon on the mRNA is available for binding. To bring
tRNAs into the ribosome, a highly-conserved elongation factor called EF-Tu binds in a ternary complex
with a guanosine triphosphate (GTP) molecule and an aminoacyl-tRNA (Figure 1.3, Reaction 3).
Ribosomes bind very quickly to the EF-Tu-GTP-aminoacyl-tRNA complexes (ternary complex) near the
A site regardless of what the aminoacyl-tRNA or the mRNA codon in the A site is (Figure 1.4). Once the
ternary complex is in the A site, the strength of hydrogen bonding interactions between the anticodon and
codon are used as a screen for aminoacyl-tRNA selection. The more strongly associated the anticodon and
codon are, the longer the tRNA will remain in the active site. Ternary complexes that do not bind to the
codon in the A site dissociate away from the ribosome at rates approximately 85 times faster than those
aminoacyl-tRNAs which bind to the codon, based on calculations with empirically determined
equilibrium constants.’” Many tRNAs are sampled before one complimentary to the codon in the A site is
found. An aminoacyl-tRNA which binds to the codon with enough stabilization energy in the A site of the
ribosome induces a structural change in the EF-Tu molecule which directs the GTPase domain towards
the GTP molecule. Once a ternary complex is stabilized in the A site, indicating a match between codon
and anticodon, GTP is hydrolyzed to guanosine diphosphate (GDP) which results in a structural
rearrangement of EF-Tu leading to dissociation of EF-Tu'GDP and a phosphate molecule from the A site.
The aminoacyl-tRNA bound to the codon in the A site has one final opportunity for proofreading. In the
absence of EF-Tu stabilization, the free aminoacyl-tRNA can either dissociate from the A site or remain
in the A site and be accommodated into the peptidyl transferase site (P site). The accommodation process
involves conformational changes in the tRNA and ribosome. Once the aminoacyl-tRNA in the A site
moves towards the peptidyl-tRNA in the P site, the transfer of the growing peptide chain to the

aminoacyl-tRNA is catalyzed very quickly.
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To complete a cycle of peptide elongation as the ratchet completes, the newly selected tRNA will
now be covalently attached to the peptide chain and occupy the P site, while the recently released tRNA
which was occupying the P site will be in the exit site (E site) and will dissociate from the ribosome to be

recycled in the cytoplasm and re-charged with a new amino acid.

The fine details of the rates of all the steps in the process are largely unknown, it is clear that
differences in tRNAs and amino acids affect the kinetics of the various steps but the extent of the
differences and their relative importance are unclear. The process of genetic code expansion has typically
focused on producing non-canonical aminoacyl-tRNA molecules. These non-canonical adapters between
codons and the ncAA need to not only be successfully aminoacylated, they need to interact with all of the
components of the translation machinery efficiently. EF-Tu serves as a transport molecule but is also

involved in the proofreading of aminoacyl-tRNAs in that EF-Tu binding involves contributions from both
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Figure 1.4 Schematic representation of selection of an aminoacyl-tRNA in the A site of the ribosome (as
ternary complex) and subsequent steps resulting in catalysis of peptide bond formation and elongation of
polypeptide chain.
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the tRNA and amino acid. Bulky or charged amino acids decrease the affinity of EF-Tu for aminoacyl-
tRNA complexes.*®*. Engineering EF-Tu may be necessary for genetic code expansion with some
ncAAs and tRNAs. Alternately the tRNA molecule itself or potentially even the A site of the ribosome

could be engineered to accommodate different ncAAs and anticodon codon interactions.

Engineering Orthogonal Translation Systems

Gene expression is the cyclic process of aminoacylation of tRNAs, transport of aa-tRNAs into the
ribosome after forming the ternary EF-Tu-GTP-aa-tRNA complex, selection and rejection of aa-tRNAs
based on structure and anticodon binding in response to the mRNA codon, and finally catalysis of the
peptidyl transfer reaction and exit and folding of the protein from the ribosome. In bacterial systems
protein synthesis occurs at a speed of about 20 amino acids per second, highlighting how finely tuned the
entire gene expression system is.>® Methods to expand the genetic code and try to incorporate additional
amino acids into proteins using ribosome based protein synthesis machinery in vivo must engineer these
systems to accept new amino acids, yet also remain compatible with all of the existing components. tRNA
modifying enzymes, high energy molecules like ATP and GTP, and initiation, elongation, and termination
factors are all involved in protein synthesis, but the subsystems of translation that have been engineered

for genetic code expansion involve amino acids, tRNAs, aaRSs, EF-Tu and the ribosome.

Several approaches have been taken to engineer the components of translation in order to produce
orthogonal translation systems (OTS). Translation components have been engineered, with rational
approaches in concert with directed evolution approaches. To date it remains unclear which components
of translation hold the greatest potential for improving genetic code expansion technologies. The field of
genetic code expansion is largely pursuing codon reassignment as the dominant technology, but other

groups are working on diverse projects which may prove to be more impactful.
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COMMONLY USED METHODS FOR GENETIC CODE EXPANSION

Non canonical amino acids (ncAAs) are amino acids that are not naturally encoded in the canonical
genetic code or incorporated into proteins in the process of ribosomal protein synthesis. The terms
unnatural or non-natural amino acid are sometimes used to refer to ncAAs, but there are over 500 amino
acids which occur in natural systems that are not ribosomally incorporated into proteins.' Genetic code
expansion technologies seek to add ncAAs as though they were one of the 20 canonical genetically
encoded amino acids. Genetic incorporation of ncAAs enables the production of proteins with non-natural
chemical functionality. Some of the most widely used ncAAs include amino acids with side chains that
contain azide and alkyne functionality, photocaged natural amino acids that produce a wildtype protein
only after exposure to specific wavelengths of light, and analogues of natural amino acids with different
structures in the side chain of the amino acid which enables studying how a particular residue interacts
structurally. The current modern iteration of genetic code expansion technology is only 20 years old, but

in this time has enabled the incorporation of over 150 different types of ncAA into proteins in vivo.

Although major improvements have been made in the last two decades, genetic code expansion is
not a new technology. The longer history of genetic code expansion can be traced back to experiments
that were performed in the process of elucidating the genetic code. Cohen and Cowie showed that
auxotrophic cells could use structural analogues of natural amino acids, replacing methionine with
selenomethionine.*>>? Weisblum and Benzer used Raney nickel to convert Cys-tRNA®Y into Ala-tRNA®*
to rewrite the code and show that tRNAs sequence determined what amino acid was incorporated in
response to a particular codon.*® There was an extended period in the 1980s and 1990s when the dominant
methods for genetic code expansion involved chemical amino acyclation of tRNAs in vitro.>* The modern
in vivo methods for genetic code expansion began with the development of orthogonal synthetases in
1998.555¢ Several different methodologies have been developed to expand the genetic code, and three
major classes of genetic expansion technologies will be discussed: global amino acid replacement,

nonsense codon suppression, and sense codon reassignment.
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Global Amino Acid Replacement

One of the first bioengineering technologies to expand the genetic code was global amino acid
replacement (GAAR). In the 1950s Cohen and Cowie discovered that some endogenous aaRS were
relatively promiscuous with regard to their amino acid substrate*-2. By either increasing the
concentration of an aaRS, or by decreasing the relative concentration of its natural amino acid substrate,
the aaRS will aminoacylate its cognate tRNA with structural analogues of the amino acid if they are
available. For practical applications, GAAR usually requires using cell lines that are auxotrophic for the
given amino acid and depleting the growth medium of the amino acid after cells have reached a
reasonable cell density. Methionine is a frequently targeted residue for replacement. The methionyl-tRNA
synthetase in E. coli (and other organisms) can aminoacylate different structural analogues of methionine
including azidohomoalanine, homopropargylglycine, and selenomethionine. Efficiencies of up to 98%

incorporation of methionine analogues with unsaturated side chains have been reported.”’

As with all genetic code expansion technologies, the ncAA to be incorporated must be soluble and
accessible to the cell, either by crossing the cell membrane or being produced inside the cell. GAAR
exchanges all instances of a natural amino acid for a ncAA, resulting in an altered 20 amino acid genetic
code. Methionine is a special case in E. coli in that there is only one codon which encodes methionine and
only one tRNA which decodes it. Other aaRS are available and can be engineered for GAAR, including
aaRS from exogenous sources and endogenous aaRS which have been engineered to have activity
towards ncAAs. When using an aaRS which aminoacylates multiple tRNAs, this again results in all of the
instances of a particular amino acid being replaced by the ncAA. Methionine is frequently targeted for

GAAR because methionine is rare in the genome; only 2.6 out of every 100 codons in the E. coli.>®

Global amino acid replacement was originally used to incorporate heavy selenium atoms (as
selenomethionine) into proteins of interest to solve phasing problem in protein crystal structure

determination.® Replacement of methionine with selenomethionine resulted in ribonuclease H that could
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be purified with complete substitution at the three methionine codons, resulting in a unique signal for

multiwavelength anomalous diffraction.>

The Tirrell lab recently reported using GAAR in a technique called BONCAT (Bio Orthogonal Non
Canonical Amino acid Tagging) to label proteins that were produced as a result of heat shock to an
organism. Working in vegetative Aridopsis thaliana the ncAA azidohomoalanine (Aha) was incorporated
into proteins in response to the Met AUG codon®. By adding the Aha in timed pulses, Aha is only
incorporated into newly synthesized proteins. Proteins can then be either labeled or purified using the
azido functional group not present in any other proteins in the cell. Because the handle used to label or
purify the proteins was pulsed into the cells. Temporal resolution from pulse-chase addition of the ncAA
label can be combined with proteomic approaches to investigate the differential protein expression of an
organism in response to physiological events. In the case of this study with Aridopsis, BONCAT was
used to evaluate how protein expression levels changed as a function of heat shock, but BONCAT using

GAAR has been used for studies of newly synthesized proteins in plants, bacteria, and mammals®-%,

Methionine is not the only residue which can be replaced using GAAR. In attempt to push the
limits of genetic code expansion using residue replacement, Merkel and co-workers simultaneously
incorporated three analogues of natural amino acids (Pro, Phe, and Trp) into a protein of interest using a
polyauxotrophic cell line. Using the endogenous aaRSs , 4(S)-fluoroproline, 4-fluorophenylalanine, and
6-fluorotryptophan were reassigned at six, sixteen, and two positions simultaneously in a single
enzyme.**%* Fluorinated ncAAs are useful for ’F-nuclear magnetic resonance studies of protein
structure>® and studying biophysical properties of proteins®, or for trying to create “Teflon-like” enzymes

with enhanced solvent stability and specific activity.%

Global amino acid replacement traditionally uses endogenous aaRS in the host organism that have
substrate promiscuity to aminoacylate ncAAs. Engineered aaRS can also be expressed in cells to
aminoacylate tRNAs which expands the ncAAs which can be incorporated in vivo. Auxotrophic cells are

still required in order to eliminate the competition with the natural amino acid to be replaced.
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Nonsense Codon Suppression

Codon reassignment is a method for changing the way in which the 64 triplet codons are decoded in
an organism. GAAR effectively recodes all the codons for a specific residue simultaneously by
aminoacylating all of the tRNA isoacceptors for a natural amino acid with a ncAA. Selective
reassignment experiments focus on engineering the anticodon of only specific tRNA molecules to have
altered decoding relative to the canonical genetic code. Over the last two decades nonsense codon
suppression, and specifically the incorporation of ncAAs in response to the UAG amber stop codon has
been extensively used to expand the genetic code. Simultaneously developed in multiple labs and most
extensively developed in the Schultz laboratory®®®"-% amber stop codon suppression involves using a
tRNA with CUA anticodon which decodes the UAG codon which typically codes for termination of
protein synthesis. Typically, stop codons are recognized by release factors in the A site of the ribosome
which recruit a water molecule into position to hydrolyze the polypeptide chain from the tRNA in the P
site of the ribosome.” The amber stop codon is the least frequently used codon in the E. coli genome,

making it a logical choice for codon reassignment.*®

Fewer reassigned codons in the proteome lead to
fewer missense mutations that may affect cell health, and typically codons that are used less frequently

will have fewer cellular factors to compete with.

Recoding of the stop codon allows for the incorporation of a 21% amino acid into proteins
translationally. Natural stop codon suppressors are found in organisms from all domains of life. Mutations
to the anticodon of a tRNA allow base pairing with a stop codon in the ribosome A site. Most suppressor
tRNAs are those requiring only a single mutation in the anticodon to provide recognition of a stop codon.
The resulting protein then contains the natural amino acid the suppressor tRNA was aminoacylated with.
These natural systems for stop codon suppression along with the substrate permissivity of aaRSs served
as inspiration for the first report of engineered genetic code expansion in response to stop codons in vivo.
Yeast use a modified Phe tRNAcua and the canonical phenylalanyl tRNA synthetase (PhrRS) to suppress

amber stop codons (UAG) with Phe residues. Furter combined the PheRS and Phe-tRNA cua from yeast
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into a special E. coli strain that contained a mutant PheRS>¢. It was already known that the yeast PheRS
would aminoacylate the ncAA para-fluoro-phenylalanine(pFPhe)”!, and that the mutant E. coli PheRS
would not.”” Using site directed mutagenesis, an amber stop codon was introduced in the reading frame of
a reporter protein in place of a sense codon. When pFPhe was introduced into the growth media, the stop
codon in the reporter protein was suppressed with approximately 65% efficiency based on protein
yields®®. Although yields of protein were low, and there were high levels of natural amino acid (Phe)
contamination at the desired location, nonsense codon suppression (NCS)technology was realized as a
promising technique and has become the predominant method for incorporating ncAA into proteins site-
specifically. Since the first report, several other aaRS/tRNA pairs have been engineered to aminoacylate
over 150 ncAAs.”. Aminoacyl-tRNA synthetases and their cognate tRNAs have also been engineered to
increase their orthogonality to the endogenous aaRSs and tRNAs of model organisms.’”*7® The Schultz
lab discovered that the Tyrosyl tRNA synthetase (TyrRS) and the cognate tyr-tRNA from the
methanogenic archaea Methanocaldococcus jannaschii (MJ) is orthogonal to the set of aaRS and tRNA in
E. coli.”’ The M. jannaschii TyrRS does not aminoacylate any of the tRNA species in E. coli and the tyr-
tRNA from M. jannaschii was not aminoacylated by any of the 20 E. coli aaRSs. Additionally, it was
discovered that unlike many aaRSs, the MJ TyrRS does not rely heavily on the anticodon of its cognate
tRNA as an identity element.> When the anticodon of MJ tyr-tRNA is changed from GUA to CUA in
vitro aminoacylation decreases 15 fold.”® Changing the anticodon of the Tyr-tRNA to CUA in vivo

resulted in aminoacyl-tRNAcua that suppressed amber stop codons in E. coli.

In order to incorporate ncAA in response to the stop codon, the amino acid binding pocket of the
M;j aaRS was engineered to aminoacylate the ncAA L-3-(2-napthyl)alanine (NapA) and not to accept
tyrosine.” A library of aaRS variants with diversity at the residues lining the amino acid binding pocket
in MJ TyrRS was screened using a selection system that depends on the suppression of a stop codon in an
essential gene.® Orthogonal aaRS/tRNA pairs have now been engineered to suppress each of the three

nonsense codons which encode stop signals as well as decoding quadruplet codons as sense codons
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instead of resulting in frame shifts”*%%2, The Mj Tyr-tRNA has been engineered by to try to increase
suppression efficiency, and decrease the interactions of the tRNA with endogenous translation machinery.
There is some evidence of minor interactions between the MJ TyrRS/tRNA pair and E. coli proline tRNA
and aaRS. Most work with the Mj Tyr-tRNA has focused on mutating the identity elements in the
acceptor stem and the T arm to find optimized variants.”®*? One particular variant(tRNA°Pcy4) has been
widely used for nonsense suppression. Over 100 ncAA have been incorporated using the Mj aaRS/tRNA
pair. Several other aaRS/tRNA pairs are also being developed for ncAA incorporation, most notably the
pyrolysyl pair from Methanosarcina barkeri (MB) or Methanosarcina mazei.”* The MB pair is of
particular interest as the anticodon of the tRNA does not interact with the aaRS, which means that

engineering the anticodon stem loop should have only limited effects on aminoacylation efficiency.?>8¢

Suppression of nonsense codons allows for the incorporation of a ncAA at a particular location in a
protein and has enabled the design of specific protein interactions and protein labeling schemes. Nonsense
suppression is somewhat limited by the low relative efficiency of the orthogonal components, and the
competition of suppressor tRNAs with release factors. Release factor 1 (RF1) binds in the A site of the
ribosome complementary to the UAG and UAA stop codons.?” Attempting to incorporate an ncAA at
more than one stop codon in a protein typically results in truncated proteins and low yields of
incorporated protein in general because of competition with release factors. Class 1 release factors bind to
stop codons in the A site of the ribosome and lead to hydrolysis of the peptide chain and disassociation of
the ribosome. Efficient nonsense suppression relies on an aminoacyl suppressor tRNA complexed with
EF-Tu outcompeting release factors to decode the stop codon. The Chatterjee group measured the
efficiency of suppressing multiple stop codons in E. coli strains and found that suppression of a second
stop codon decreases protein yield by 60%, and four or more stop codons results in 99% decrease in
protein yield.®® Three different groups have recently reported different approaches to remove RF1 from
bacterial cells to eliminate competition between an orthogonal suppressor tRNA and the release factor.

The Wang lab reported mutations to release factor 2 (RF2) that increased its efficiency to terminate UAA
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codons and restore fitness to cells when RF1 was knocked out.®” Although the cells were able to grow
with the modified RF2 in the absence of RF1, the suppression of UAG codons in the genome could lead
to issues from proteins that are not terminated appropriately. Issacs et al reported a strategy to completely
free the amber sense codon from any meaning in the genetic code by recoding the 314 naturally occurring
UAG codons in the E. coli genome with alternate stop codons. After tour de force genome re-engineering
project, RF1 was knocked out of cells to eliminate competition for the orthogonal suppressor tRNA.*
However, even with massive undertakings to eliminate termination pressure at the amber stop codon—
more than 5 research groups were collaboratively involved in the refactoring of the E. coli genome—
there still exists termination pressure and recent reports suggest that when trying to suppress more than a
few amber stop codons in the same gene leads to significant loss of efficiency.?*°! In addition to the
apparent termination pressure at nonsense codons, the expansion of the genetic code to more than 21
amino acids will require additional codons. With the removal of RF1, it is unlikely that suppression of the
other two stop codons will be efficient. Recent work has focused on the reassignment of sense codons to

expand the genetic code.

Sense Codon Reassignment: Breaking the Degeneracy of the Genetic Code

In a triplet codon translation system using 4 nucleobases, there are 64 possible codons. Three of
these codons are recognized by E. coli as stop signals and do not typically code for amino acids. Some
organisms, including some strains of E. coli have evolved suppressor mechanisms that decode one of the
three stop codons as a sense codon, typically incorporating one of the 20 canonical amino acids. The
remaining 61 sense codons are decoded by approximately 46 tRNA species in E. coli, with an average of
two tRNA species per amino acid.’? The majority of the tRNA species decode multiple mRNA codons
which leads to one element of degeneracy in the genetic code; multiple codons encode the same amino
acid. The deciphering of multiple codon sequences by a single tRNA species is accomplished using non-
Watson-Crick base-pairing interactions in the third position of the mRNA codon, where non-typical

t.%

hydrogen bond donors and acceptors interact.” The guanosine-uridine wobble pair is the most common
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non-Watson-Crick base pair found in translation and has a Gibbs free energy of melting (AG®37) of 4.1
kcal/mol®*. In contrast, canonical guanosine-cytosine base pairs and adenosine-uracil base pairs have

AG®37 of 6.5 and 6.3 kcal/mol, respectively.**

The Tirrell group reported reassigning one of the two phenylalanine codons in E. coli to direct the
incorporation of the ncAA NapA.” In E. coli Phe is incorporated into proteins by one tRNA with a GAA
anticodon sequence which recognizes the mRNA codons UUC and UUU. The UUC codon is decoded
with three canonical base pairs and the UUU codon is decoded with two Watson-Crick pairs and a G-U
wobble pairing. By supplying an orthogonal aaRS engineered to aminoacylate NapA onto its cognate
tRNA, and by mutating the tRNA to have an AAA anticodon which base pairs in a canonical fashion with
the UUU Phe codon, the ncAA was incorporated at UUU codons while leaving the UUC codon to be
decoded by the natural Phe-tRNAgaa (Figure 1.5). The canonical base pairing interactions between A-U
and C-G bases have Gibbs free energies of melting (AG®37) of 6.3 and 6.5 kcal/mol respectively. The G-U

wobble interaction has a AG®37 of only 4.1 kcal/mol®*

. Using the relation between Gibbs free energy and
equilibrium constants for these base pairing reactions at 37°, changing from a G-U basepair to an A-U
basepair produces an increase in binding affinity for this specific nucleotide position which translates to a
35-fold greater k.. When Kwon and co-workers introduced an AAA anticodon to compete against the
endogenous AAG anticodon, they reported near quantitative incorporation of a ncAA in response to
multiple UUU codons in the same reporter protein.”® Sense codon reassignment combines the suite of
promiscuous and engineered aaRS/tRNA pairs that have been developed for global amino acid

replacement and nonsense suppression techniques with the directed anticodon mutations of stop codon

reassignment.
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Figure 1.5 Breaking the Degeneracy of the Genetic Code. Supplying a ncAA-tRNA with an anticodon with
greater binding affinity for a codon typically read through wobble interactions leads to incorporation of a ncAA
in a site specific manner while maintaining the ability to code for all 20 proteinogenic interactions. Adapted
from reference **.

Breaking the degeneracy of the genetic code following the method of Tirrell avoids the problems of
lower protein yields with suppression based methods and the elimination of natural amino acids as in the
global amino acid replacement technique. Because a sense codon can be decoded by either an endogenous
tRNA bearing a natural amino acid or by an engineered tRNA, the proteins produced in sense codon
reassignment systems have some probability of mixed amino acids at reassignment positions; a single
codon can direct incorporation of two amino acids. Improving the efficiency of aminoacylation of the
engineered tRNA and increasing the overall concentration of the aminoacyl-tRNA for reassignment in the
intercellular pool can bias competition with endogenous tRNAs to favor incorporation of the ncAA.
Compared to either NCS or GAAR, little work has been done to evaluate sense codon reassignment using
exogenous aaRS/tRNA pairs and still only a few reports describe reassigning sense codons in vivo to
incorporate ncAAs.”* % Most of the reports of sense codon reassignment to date have focused on
reassigning rare codons in the genome which will likely have aminoacyl-tRNA concentrations that are

lower and also produce fewer mutations in the proteome that could lead to unhealthy cells.
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This dissertation focuses on methods for sense codon reassignment that measure and increase the
efficiency of reassignment of multiple sense codons. The variable which control to what extent a sense
codon may be reassigned to an alternate amino acid are not well understood. We assumed that sense
codon reassignment efficiency (the frequency with which a specific codon is successfully reassigned)
would depend largely on the concentration of the competing endogenous tRNA and the efficiency of

aminoacylation reaction for the engineered aaRS/tRNA pair.

OTHER METHODS FOR INCREASING CHEMICAL DIVERSITY OF
PROTEINS

Solid Phase Synthesis

Several technologies that do not rely on in vivo translation have been used to introduce extra
chemical functionality into proteins, and although less relevant to this dissertation the limits and benefits
of some popular methods are described here for comparison and reference. Solid phase peptide synthesis
(SPPS) has been used extensively to build peptides with defined primary sequences, and because of the
nature of the reaction any amino acid that can be protected can be incorporated into peptides.” In a
typical SPPS reaction, the first amino acid residue in the peptide is covalently linked to a solid support by
making an ester linkage with the carboxylic acid of the amino acid. All of the reactive functional groups
in the amino acids must be protected—amines are usually protected as Fmoc carbamates, carboxyl
residues are usually protected as tert-butyl esters—except for the carboxylic acid of the residue to be
coupled next. After covalently linking the first residue to the solid support, the Fmoc protecting group is
removed from the first residue, and an Fmoc N-protected residue is added to the reaction. The carboxylic
acid on the second residue is activated and reacts with the unprotected amine on the first residue to
produce a natural peptide bond. Free unreacted amino acid and activating agents are washed away from
the immobilized support, the N-terminus of the peptide is deprotected, and a third amino acid (with
reactive carboxylic acid) is added to the solution. This process is repeated as many times as necessary to

produce the desired peptide. Because of the reaction process, any amino acid, natural or non-canonical
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can be incorporated into peptides. Due to less than 100% efficiency, SPPS can produce side products that
require purification steps, and SPPS is limited in the number of amino acids that can be incorporated into
peptides. Due to the cyclic nature of this reaction, although the efficiency of each coupling step is high,
the overall efficiency is amplified exponentially across all the coupling steps. The necessary purification
to get the final peptide product isolated from side products becomes logistically challenging for peptides
with more than about 50 residues. The overall yield of peptides suffers greatly as well, assuming a 99%

efficiency for each coupling, a 50-mer peptide would have an overall yield of 60%.

Techniques like native chemical ligation allow for connection of multiple smaller peptides, to make
polypeptides the length of proteins!®, but the ligation must occur at cysteine residues. Native chemical
ligation reacts a non-natural thioester from the C terminus of the first peptide with an N-terminal cysteine
residue from the second peptide. A thioester exchange reaction initially links the two peptides covalently
using a non-peptide bond. Near pH 7, the free amine from peptide second peptide attacks the carbonyl of
the thioester from the c-terminus of the first peptide and an S,N acyl chain shift results, restoring the
peptide backbone and leaving a cysteine residue at the position of the covalent link between the peptides.
Some proteins will not have cysteine residues in convenient locations in the primary sequence for NCL,
and alterations to the primary sequence may be necessary to use native chemical ligation. Some proteins

may not be able to tolerate the addition of cysteine residues.

Cell Free Translation Systems

Cell free systems for in vitro translation can be used to expand the genetic code. Specific translation
components can be included or omitted from in vitro systems which provides some control over
translation. For example, removing an endogenous tRNA from the in vitro reaction may decrease the
competition an exogenous tRNA may encounter when trying to decode a codon.'”" Unfortunately, the
more controlled and specialized an in vitro translation experiment becomes, the more expensive, time
consuming and fragile it becomes as well. The PURE (protein synthesis using recombinant elements)

system reported by Shimuzu et al is a finely tunable system, where each of 32 necessary components for
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translation are purified and then added separately to the translation reaction.! Most cell free translation
reactions work by producing crude cell lysates, removing contaminating mRNA and then adding
additional components (new mRNA, orthogonal translation systems) back into the lysate.!”® The PURE
system produces complete control over the genetic code, but the cost to purify all the components is

prohibitively expensive for most research laboratories.

While both SPPS and in vitro translation allow a wide variety of amino acids to be included in
peptides, polypeptides, and proteins, there are additional drawbacks to these methods. Frequently in vitro
produced proteins have folding and solubility issues'¢, and in vitro synthesized proteins can only be used
to study biochemistry in vivo or in situ. Additionally, the yield of in vitro methods for producing peptides
and proteins is limited and cannot compete logistically with in vivo techniques. However, the expression
of proteins that would be toxic to a host, or issues of undesired reassignment of codons in the proteome of

the host become non-issues with in vitro systems.

QUANTIFYING GENETIC CODE EXPANSION

While interest in genetic code expansion technologies has burgeoned over the last two decades,
methods to quantitate the levels of efficiency of codon reassignment systems have not been well
developed. Most reports of GCE in the literature do not provide quantitative measurement of efficiency
and present qualitative evidence of the incorporation of the ncAA as the only measurement. In the case of
nonsense suppression, most reports assume that there are two options for a GCE experiment: either the
desired ncAA is incorporated and a full-length protein will be produced or the ncAA will not be
incorporated, resulting in a truncated or frameshifted (and likely truncated) protein. However, a likely
third option is frequently observed, the suppression of a nonsense codon with a natural amino acid
(several reports have shown that engineered aaRS have residual activity towards the natural amino acid
they were derived from as well as other amino acids usually at lower levels).” Engineering orthogonal
translation system components results in multiple cellular interactions being affected. In an ideal

experiment, the magnitude of the changes of aminoacylation efficiency, expression levels of the

29



orthogonal aaRS and tRNA, the altered interaction between the aminoacyl-tRNA and the EF-Tu, and the
change in affinity for the altered anticodon and the mRNA codon would all be measured. The
determination of all of the changes made in an in vivo system simultaneously are not practical, and even
when working in in vitro systems interactions between translation components must effectively be
measured one at a time. More holistic approaches to the quantitation of orthogonal translation will enable
comparisons of systems and provide insight towards the reactions which may provide the most control
and opportunity for increasing genetic code expansion efficiencies. For nonsense suppression
experiments, comparing the protein yield of a reporter protein produced in both the presence and absence
of ancAA gives an estimate of how efficient the entire suppression system is.”*® The relative efficiency
of a system when changes to the amino acid binding pocket in the aaRS, or mutations in the tRNA
molecule are made could be measured in vifro, but rarely are. When new ncAA specificity is engineered
into aaRS, rarely is the activity of the new aaRS towards the new ncAA compared to other quantified
systems. When efficiency is evaluated in reports of GCE it is frequently qualitative (suppression of a
nonsense codon in a gene for a resistance marker results in colonies that are capable of growing on a

given antibiotic).!%

The problem of quantitation becomes even more difficult when trying to measure sense codon
reassignment systems. Unlike nonsense suppression, the null result of a sense codon reassignment
experiment is a full-length protein meaning that production of a protein cannot be used as an indicator of
codon reassignment. In the limited reports of sense codon reassignment in the literature, efficiency of
reassigning a sense codon has been accomplished either by mass spectral characterization or by
comparative Western Blot responses. When the ncAA to be incorporated installs a reactive handle in the
protein, sense codon reassignment efficiency can be measured by comparing the amount of a reactive
label (a fluorescent probe, a radioisotope, or a reactive antibody coupled to an enzymatic reporter) in a
protein sample to the total amount of protein present.”® Using antibodies as reporters for sense codon

reassignment presents challenges in comparing identical concentrations of proteins, and having linear
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signals from western blot probes. When using mass spectrometry to identify and attempt to quantify the
incorporation of ncAAs in peptides, electrospray ionization mass spectrometry (ESI-MS) or matrix
assisted laser desorption ionization mass spectrometry (MALDI-MS) are typically used as these methods
have high mass resolution and are relatively cheap. However, as changes in peptide identity can interfere
with ionization efficiency, these methods are not quantitative unless heavy isotope internal standards are
used as well. Further, the sensitivity of these methods can be low enough that small amounts of protein or
peptide with masses reasonably close to the target protein can be “hidden” under the curve of the target
protein. Many reports rely on mass spectral results to quantitate the level of reassignment in a GCE
experiment, but without expensive internal standards for the proteins being produced, or isotopically
labeled standards, mass spectrometry by itself is barely quantitative.'%1% Coupling the separation of
digested peptides using liquid chromatography followed by tandem mass spectrometry (LC-MS/MS) can
provide high level resolution of incorporated amino acids in peptide fragments, including primary
sequence of the peptides. With enough of a protein sample, quantitation of peptide fragments could be
achieved using UV spectroscopy after LC separation, but this requires complex equipment setups and an
impractically large concentration of peptides. Instead, quantitation using LC-MS/MS uses
radioisotopically labeled standards of a protein as internal standards from which response curves can be

generated. 07108

The second chapter of this dissertation will describe in depth a fluorescence based screen that
enabled quantitation of sense codon reassignment at any non-tyrosine codon using the frequently used MJ

TyrRS/tRNA pair.

DISSERTATION OUTLINE

In this dissertation three complete stories regarding sense codon reassignment will be described, all
of which revolve around a quantitative screen described in detail in Chapter 2. The green fluorescent
protein based screen that was developed enabled quantitative measurement of the reassignment of several

codons in vivo as well as how well a given anticodon discriminates between two codons. The screen was
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then used to improve sense codon reassignment at a specific lysine codon using directed evolution and

fluorescence activated cell sorting.

In attempting to reassign histidine codons, anomalies in codon discrimination were discovered.
Chapter 3 of this dissertation deals with how an tRNA that may be orthogonal in regard to a set of
endogenous aaRS$ can still be a substrate for other host enzymes. Specifically in this case, engineering the
anticodon of the MJ Tyr-tRNA to be AUG resulted in the modification of the tRNA by the enzyme tadA.
The GFP based screen was used to measure the effects of this modification, as well as to screen directed
evolution libraries for tRNAs with altered sequences that would not be modified by tadA but still be good

substrates for the aaRS.

The third story of sense codon reassignment evaluates how directed evolution can be used to
improve and enable ncAA incorporation in response to sense codons, particularly the AGG arginine
codon in E. coli. One important question for GCE that has received insufficient attention, is to what extent
can improvements made in one system for GCE be transferred to other orthogonal translation systems.
For example, mutations in an aaRS sequence that increase sense codon reassignment for a specific amino
acid may or may not improve sense codon reassignment for other amino acids based on that same aaRS.
Over 100 different ncAAs have been incorporated into proteins using variants of the M. jannaschii
TyrRS/tRNA pair’®, and the mutations to allow this diverse substrate scope revolve around changes in
only a few residues in the binding pocket for the specific ncAA. To increase sense codon reassignment
efficiency, modifications were focused on regions outside of the amino acid binding pocket that interact
with the anticodon. It is unclear how or if mutations that increase sense codon reassignment for one
synthetase variant will transfer to other variants of the aaRS that activate other ncAAs. Using the
fluorescence screen for TyrRS sense codon reassignment activity and also by quantifying the
incorporation of the ncAA para-azidophenylalanine (pAzF) into proteins the transferability of orthogonal

translation system modifications was evaluated.
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Sense codon reassignment has great potential as a method for genetic code expansion, both in
industrial improvements to proteins with unique chemical capabilities, but also as a tool for understanding

the biochemistry of the translation process.
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CHAPTER 2
EVALUATING SENSE CODON REASSIGNMENT WITH A

SIMPLE FLUORESCENCE SCREEN!
OVERVIEW

Understanding the interactions that drive the fidelity of the genetic code and the limits to which
modifications can be made without breaking the translational system has practical implications for
understanding the molecular mechanisms of evolution as well as expanding the set of encodable amino
acids, particularly those with chemistries not provided by Nature. Because 61 sense codons encode 20
amino acids, reassigning the meaning of sense codons provides an avenue for biosynthetic modification
of proteins, furthering both fundamental and applied biochemical research. We developed a simple screen
that exploits the absolute requirement for fluorescence of an active site tyrosine in green fluorescent
protein (GFP) to probe the pliability of the degeneracy of the genetic code. Our screen monitors the
restoration of the fluorophore of GFP by incorporation of a tyrosine in response to a sense codon typically
assigned another meaning in the genetic code. We evaluated sense codon reassignment at 4 of the 21
sense codons read through wobble interactions in E. coli using the Methanocaldococcus jannaschii (M.
Jjannaschii) orthogonal tRNA/aminoacyl tRNA synthetase pair originally developed and commonly used
for amber stop codon suppression. By changing only the anticodon of the orthogonal tRNA, sense codon
reassignment efficiencies between 1% (Phe UUU) and 6% (Lys AAG) were achieved. Each of the
orthogonal tRNAs preferentially decoded the codon traditionally read via a wobble interaction in E. coli
with the exception of the orthogonal tRNA with an AUG anticodon, which incorporated tyrosine in
response to both the His CAU and His CAC codons with approximately equal frequency. We applied our

screen in a high throughput manner to evaluate a 10° member combined tRNA/aminoacyl tRNA

1. The text in this chapter is reprinted with permission from Biddle, W.; Schmitt, M.A.; Fisk, J.D.;
Biochemistry 2015, 54, 7355-7364. Copyright 2015 American Chemical Society

43



synthetase library to identify improved sense codon reassigning variants for the Lys AAG codon. A
single, rapid screen with the ability to broadly evaluate reassignable codons will facilitate identification
and improvement of the combinations of sense codons and orthogonal pairs that display efficient

reassignment.

INTRODUCTION

One of the driving motivations of both chemical and synthetic biology is the expansion of the set of
building blocks that can be employed in the templated synthesis of biopolymers. The expansion of the set
of amino acids that can be utilized in translation is particularly challenging. Nature expends a great deal
of energy to maintain the fidelity of translation: 75% of a bacterial cell’s energy budget is spent in the
production of proteins, and much of that energy is devoted to proofreading at multiple steps in the
translation process.!” Genetic code expansion is further hampered by the fact that all 64 codon triplets
have an assigned function. However, the genetic code is degenerate: 61 sense codons specify 20 canonical
amino acids. While the amino acid specified by each triplet of nucleotides has not changed during
evolution (with some rare exceptions), codon usage frequencies and the complements of adapter tRNA
molecules used to translate the code have diverged considerably.* > The fact that codon usage varies
widely across organisms and that different species employ different sets of tRNAs to decode their

genomes implies that a fair degree of plasticity exists in the machinery that specifies the genetic code.®’

Breaking the degeneracy of the genetic code and reassigning the meaning of sense codons has the
potential to expand the genetic code to 22 (or more) amino acids, greatly increasing the encodable
properties of proteins. Genetic code expansion via nonsense (i.e. amber stop (UAG) or four-base codon)
suppression has been limited to incorporation of non-canonical amino acids (ncAAs) at a single site
because competition with termination signals or frameshift mutations curtail the amount of protein
produced when multiple suppressions are attempted in a single protein.®!! Recently, the Sakamoto, Wang,

and Church laboratories each engineered genomic changes in Escherichia coli (E. coli) that mitigate the
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usual cytotoxic effect of deletion of the release factor that competes for decoding the amber stop signal.'*
4 These efforts have produced cells where the meaning of the amber codon is “free” and can be utilized
to encode multiple copies of a non-canonical amino acid, generating a 21 amino acid genetic code.

However, none of the methods is easily extendable to additional codons.

An alternative approach to genetic code expansion, residue specific reassignment, allows multisite
incorporation of ncAAs, but requires replacement of every occurrence of one natural amino acid with the
ncAA. Reassignment is controlled by switching the growth medium such that the targeted natural amino
acid is removed and replaced by a ncAA that is a close structural analog.'>!” The ncAA is utilized in
translation in place of the removed natural amino acid, resulting in proteins with high levels of non-
canonical amino acid incorporation at multiple sites without appreciable reductions in yield. The resulting
genetic code is an altered 20 amino acid genetic code because one natural amino acid must be removed

entirely.

Using a strategy that combines aspects of the amber suppression and residue specific methods,
Kwon, Kirshenbaum, and Tirrell broke the degeneracy of the genetic code and demonstrated that one of
two codons specifying phenylalanine (Phe) in E. coli could be reassigned to allow multisite incorporation
of ncAAs.'® 1 E. coli utilize one tRNA species with a GAA anticodon to decode two Phe codons: UUU
and UUC. Naphthylalanine was incorporated in response to the UUU codon (usually read by a wobble
interaction) by supplying an orthogonal yeast tRNA modified with an AAA anticodon and an orthogonal
yeast aminoacyl tRNA synthetase. The UUC codon continued to direct incorporation of Phe, resulting in

a 21 amino acid genetic code.

Expanding the genetic code by reassigning the meaning of sense codons should be broadly
generalizable. Unfortunately, predicting which sense codons are amenable to reassignment and which
orthogonal machinery is best suited for the task is made challenging by the largely unknown and

idiosyncratic recognition and discrimination features of each organism’s complement of tRNAs and
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aminoacyl tRNA synthetases (aaRSs). The interactions between the tRNA and aaRS molecules that drive
the fidelity of the genetic code have only partially been mapped, and the space between these interactions,
the extent to which additional orthogonal tRNA/aaRS pairs can be added, is largely unknown.
Understanding the limits to which modifications can be made without breaking the translational system
has practical implications beyond the expansion of the set of encodable amino acids. Measurements of the
global effects of translational system modifications where the reading of specific sense codons is altered,
including the extent to which a given sense codon is naturally subject to errors, contribute to

understanding the molecular mechanisms of translation-related diseases and certain cancers.?*

Five key conditions must be met in E. coli in order to break the degeneracy of the genetic code. 1)
A natural amino acid must be specified by multiple codons such that one of the codons can be reassigned
to the ncAA. In the standard genetic code, 18 of the 20 natural amino acids are encoded by more than one
codon. 2) The codon targeted for sense codon reassignment should be read by the set of natural E. coli
tRNAs via a wobble interaction in which the tRNA anticodon is able to decode a codon triplet through
recognition of two positions by Watson-Crick base pairing.?* The third codon position is recognized via
an energetically less favourable wobble pairing of nucleotide bases other than G with C or A with U. In E.
coli, 40 tRNA species decode 61 sense codons.?* The subset of 21 codons that are read through wobble
interactions are potential targets for sense codon reassignment.'® 3) The orthogonal tRNA must be able to
outcompete the natural translational system for the codon to be reassigned. A combination of increased
concentration, preferential energetic interactions of the Watson-Crick vs wobble base pairing, and more
subtle effects of precise geometry of the decoding hairpin in the codon-anticodon interaction contribute to
the ability of tRNAs to compete for decoding the same sense codon.* ?° 4) The nucleotide changes in the
anticodon of the orthogonal tRNA required to read the selected sense codon must not abrogate the
interaction with the cognate orthogonal aminoacyl tRNA synthetase. The anticodon is often an important
identity element that allows a specific aaRS to recognize its appropriate tRNA. Changing the anticodon

can affect the efficiency with which the ncAA is attached to the sense codon reassigning tRNA.2 5)
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Orthogonality of the tRNA/aaRS pair must be maintained as the tRNA anticodon is modified and the
aaRSs is evolved to recognize the new tRNA. The complete set of tRNA/aaRS interactions is not known
even for E. coli, and how each modified heterologous pair will interact with the natural system is

extremely difficult to predict.

In this report we describe a simple screen to evaluate the reassignment of sense codons in E. coli
through the introduction of modified forms of an orthogonal tRNA/aminoacyl tRNA synthetase pair. Our
system employs the orthogonal tyrosine-incorporating tRNA and aaRS pair from Methanocaldococcus
Jannaschii (M. jannaschii), and a GFP reporter protein with modifications to the codon specifying the
fluorophore tyrosine residue. We use the fluorescence-based screen to evaluate the reassignment of four
E. coli sense codons and improve the extent of reassignment of one codon through the directed evolution
of tRNA and aaRS variants. Because our intent was to improve the interactions between an orthogonal
tRNA with an altered anticodon and the orthogonal aminoacyl tRNA synthetase, rather than change the
identity of the amino acid charged to the tRNA, libraries were designed to explore the space of the
anticodon loop of the tRNA and the anticodon binding domain of the aaRS. The expansion of the genetic
code via sense codon reassignment can be viewed as a two part problem. The simple screen we developed
addresses the first facet: identification of the particular sense codons that can be most productively
targeted by a particular orthogonal pair. The second facet of the problem involves modulating the levels
of aminoacyl tRNA synthetase function (through adjustments in expression levels or activity) and
controlling protein expression conditions to effectively compete with the natural translational apparatus.
Our screen allows improvement of the aminoacylation efficiency for a specific tRNA by providing a high

throughput measurable for incorporation.

The selection of initial codons to evaluate was guided by the eventual goal of using variants of the
M. jannaschii tRNA/aaRS pair to incorporate non-canonical amino acids in response to sense codons. The
M. jannaschii pair has been subjected to repeated directed evolution experiments, leading to identification

of variants capable of incorporating nearly 100 ncAAs into proteins in response to the amber stop codon.®
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The choice of codons for this initial evaluation also considered maintenance of orthogonal pair function
with anticodon modification, cellular codon usage, tRNA levels, and the cellular tolerance toward
substitution of the amino acid targeted for reassignment. Beyond the utility of the fluorescence screen for
evaluating sense codon reassignment, the screen is sufficiently sensitive to measure natural background

levels of missense incorporation of tyrosine.

EXPERIMENTAL PROCEDURES:

General Methods

Reagent details and sources, DNA manipulation and mutagenesis details, and vector and

oligonucleotide primer sequences are described in the Supporting Information.

Antibiotics for Vector Maintenance

Spectinomycin was used at 50 pg/mL to maintain the vectors harbouring the tRNA and aaRS genes.
Carbenicillin was used at 50 pg/mL to maintain the vectors harbouring the GFP reporter gene. Unless

otherwise noted, these antibiotics were present in all liquid and solid media.

GFP Fluorescence-Based Sense Codon Reassignment Efficiency Assays Reassignment

Efficiency In Vivo

Superfolder green fluorescent protein (GFP) reporter plasmids (pGFP66xxx, where xxx specifies
the codon at position 66) were co-transformed with vectors expressing the modified orthogonal
translational components (pWB_Ultra-Tyr-yyy, where yyy indicates the anticodon on the tRNA) into
SB3930 E. coli cells (4-, 4hisB463). After overnight growth, colonies were picked into 200 uL. LB media
in a 96 well plate. Cells were grown to saturation (usually 12 hours) with shaking at 37 °C. Cells were
diluted 10-fold into LB media with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for induction of
aaRS and GFP reporter. Assays were performed in a Fluorotrac 200 clear bottom 96 well plate (Greiner

655096) and monitored in a BioTek Synergy H1 plate reader at 37 °C with continuous double orbital
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shaking. The optical density (OD600) and fluorescence of each well was measured every 20 minutes;
optical density was measured at 600 nm, and fluorescence was measured with an excitation at 485 nm and
detection at 515 nm with an 8 nm band pass. The relative fluorescence of each 200 pL culture was
calculated by dividing the LB media-blanked fluorescence by the OD600. The 100% relative fluorescence
unit (reported as fluorescence units per unit optical density at 600 nm, RFU) value for sense codon
reassignment efficiency was defined by taking an average of three cultures expressing wild type sfGFP
(pGFP66tat) in cells harboring a negative control translational machinery plasmid (pWB_ Ultra-Tyr-
no_tRNA) to maintain a similar metabolic burden on the cell. Sense codon reassignment efficiency for
each tRNA variant was calculated by dividing the individual RFU values from each of three colonies by

the average 100% reference RFU value and then averaging the results.

Protein Purification and Quantification for Reassignment Efficiency

Colonies of SB3930 cells harboring vectors expressing both the orthogonal translational
components and a GFP reporter gene were picked into 200 pL of LB and grown to saturation with
shaking at 37 °C. An 80 uL aliquot from each culture was diluted with 3 mL of LB media containing 1
mM IPTG. The aaRS and reporter protein were expressed with shaking at 37 °C for 12 hours. 2.6 mL of
each expression culture was pelleted by centrifugation at 17,000 xg for 2 min, and the supernatant was
discarded. Cell pellets were frozen overnight at -80 °C. The pellets were thawed at room temperature and
200 pL of B-PER lysis reagent (Thermo Scientific) was added to each cell pellet and vortexed to mix.
Lysis reactions were incubated at room temperature for 30 minutes, and whole cell lysates were clarified
by pelleting at 17,000 xg for 5 minutes. Ni-NTA spin columns (Qiagen) were equilibrated with NPI-10
buffer (50 mM NaH,POs, 300 mM NaCl, 10 mM imidazole pH: 8.0). 200 uL of cleared lysate was loaded
onto the columns and eluted following the recommendations from Qiagen. Proteins were washed twice
with NPI-20 buffer (50 mM NaH»POj, 300 mM NaCl, 20 mM imidazole pH: 8.0), and then eluted twice
with 350 uL of NPI-500 (50 mM NaH,POs, 300 mM NacCl, 500 mM imidazole pH: 8.0) for a total elution

volume of 700 pL. Imidazole and other salts were removed from the eluted protein samples using
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Amicon® 3,000 molecular weight cut-off spin columns (Millipore, 0.5 mL volume). Briefly, 150 pL of
each protein elution was combined with 350 pL of phosphate buffered saline (PBS) and spun through the
filter at 17,000 xg at 4 °C for 30 minutes. After the first spin, approximately 50uL of condensate
remained, to which 450 pL of PBS was added. After the second spin identical to the first, 150 uL. of PBS
was added to the 50 puL of condensate and the filter was inverted. The dilute condensate was spun out of
the filter for 2 minutes at 1,000 xg, resulting in a final imidazole concentration of 3.8 mM. Two samples
of 200 pug/mL bovine serum albumin (BSA) were diluted in NPI-500 elution buffer and desalted using the
filtration process described above to prepare a standard curve for protein quantification using the Pierce

Micro BCA Protein Assay Kkit.

4 and 8-fold dilutions of each protein sample (150 uL each) were placed into a Fluorotrac 200 clear
bottom 96 well plate, and the fluorescence of each sample was measured (excitation at 485 nm, emission
read at 515 nm). Following quantification of fluorescence, 150 uL of BCA working reagent (25:24:1) was
added to each well to determine the protein concentration. The plate was shaken for 30 seconds to mix
and was then incubated at 37 °C for 2 hours before reading the absorbance of each well at 562 nm.

Protein concentrations were determined based on a BSA standard curve (see supporting information).

Construction of 256 Member tRNA Anticodon Loop Library

Primer GX (see supporting information) was used to construct a small (256 member) library of
tRNA anticodon loop variants via Kunkel mutagenesis.?” 2® The mutagenic primer was designed to
simultaneously randomize tRNA positions 33, 34, 38 and 39 flanking the anticodon (Figure 2.2a) and
change the anticodon from AUG to CUU. We created the library using vector pWB_Ultra-Tyr-AUG as a
template in order to reduce background fluorescence from non-library members; the AUG anticodon in
the starting material tRNA would not recognize the AAG codon in the GFP reporter fluorophore position
and therefore Lys would be incorporated into a non-fluorescent protein. The library was transformed into

NEB 5-alpha cells harboring the pGFP66aag reporter plasmid and plated onto LB agar with 0.5 mM
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IPTG to induce expression of the aaRS and reporter proteins. Out of 295 colonies on a 10,000 fold dilute
plate (2.95 x 10° total unique transformants), 7 were visibly fluorescent when viewed on a dark reader
(DR46B Transilluminator, Clare Chemical Research). Colonies from this plate, including the seven
visibly fluorescent colonies, were evaluated using the in vivo assay described above. Clones from the
library with fluorescence on the same order as pWB_Ultra-Tyr-CUU with the same pGFP66aag reporter
were colony purified on LB agar plates. Colonies from these plates were then analyzed to evaluate

colony-to-colony variation.

Construction of Combined tRNA Anticodon Loop and aaRS tRNA Binding Domain

Library

The starting material for the large combined tRNA/aaRS library was pWB_Ultra-Xhol-Inactive, a
variant of pWB_ Ultra-Tyr-AUG that contains two Xhol restriction sites within the aaRS gene and an
additional Xhol site in the anticodon position of the tRNA. Restriction sites were introduced using
primers GZ, HA, and HB (see supporting information). The primers used to construct the library remove
the Xhol restriction sites, providing a facile method to determine the efficiency of mutagenesis. Most
library members will not be green because most mutations will be deleterious to tRNA/aaRS or
tRNA/mRNA recognition. The library was created using primer GX (anticodon loop randomization) and
primers HE, HF, and HG, which target nine amino acid residues in three regions in the aaRS. The amino
acids chosen for randomization (Y230, C231, P232, A233, F261, H283, P284, M285, and D286) are
within 5A of the tRNA anticodon in the crystal structure of the M. jannaschii TyrRS complexed with the
M. jannaschii tyrosyl-tRNA (pdb 1J1U) (Figure 2.2b).?° In designing the library, we used PyMol software
to approximate the tRNA anticodon as CUU (instead of the Tyr GUA).?® Degenerate codons for each
position of the library were chosen to include the original wild type residue for both the aaRS and the
tRNA anticodon loop. The theoretical diversity of the combined library is 1.77 x 10'°. The library was
generated using Kunkel mutagenesis and then transformed into SS320 cells in order to remove the ss dU

DNA template. The transformation was allowed to recover in 50 mL of SOC without antibiotics for 60
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min at 37 °C. A small aliquot was plated on LB agar (50 pg/mL spectinomycin) to determine mutation
efficiency (1 x 10° unique transformants). The remainder of the transformation recovery was diluted up to
150 mL of 2xYT media with 0.2% glucose (to mimic SOC recovery media) and 50 pg/mL spectinomycin
and allowed to grow for another 60 min at 37 °C. 18.4 pg DNA was isolated using a Qiagen maxi prep kit
(Product 12162). 16 ug of this DNA were digested with Xhol to remove unmutated template DNA. The
resulting DNA was transformed into NEB 5-alpha cells harboring the pGFP66aag reporter plasmid and
recovered in 50 mL of SOC media at 37 °C for 60 min. A small aliquot was plated on LB agar with 1 mM
IPTG to determine transformation efficiency (2.5 x 10® unique transformants). The remainder of the
transformation recovery was transferred into 600 mL of LB media with 1 mM IPTG and grown overnight
to a final ODego of 1.7. The LB agar plates from each transformation were analyzed and PCR fragments
amplified from individual colonies were restricted with Xhol to determine mutation efficiency. After
transformation into SS320 cells (to remove uridine-containing template DNA), only 3 out of 11 colonies
analyzed were library members (3/3 Xhol restriction sites in the starting material had been removed). The
maxiprep-restrict-retransform step eliminated the remaining starting material: 10/10 colonies analyzed

had all 3 Xhol restriction sites removed.

Flow Cytometry and Cell Sorting.

Approximately 1.6 x 10° cells from a 600 mL library culture (final ODsgo of 1.7) were pelleted in a
benchtop centrifuge at 8,000 xg for 3 minutes and then resuspended in sterile 0.9% NaCl solution. These
cells were sorted via fluorescence-activated cell sorting (FACS) on a Dako-Cytomation MoFlo Legacy
using the 488 nm laser line. To remove non-cell particles and cell clumps, cells were initially gated on
forward and side scatter. Accepted cells were then gated on fluorescence using a 530/40 nm band pass
filter in front of the GFP emission detector. Cells were sorted using the Purify 1-2 mode and either a 70
um or a 100 pm flow cell tip. As a control, we used NEB 5-alpha cells harboring the most efficient clone
from the 256-member anticodon loop library and the unmodified Tyr aaRS, pWB_Ultra-Tyr-CUUY and

the pGFP66aag reporter expressed in an identical fashion to the combined library. Approximately 6 x 107
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library cells were analyzed in the first sort, and 3 x 10° cells with fluorescence greater than 100
fluorescence units were collected in PBS. The collected cells were diluted directly into LB media and
incubated with shaking overnight at 37 °C. The saturated culture of FACS-enriched cells was plated on
LB agar with 1 mM IPTG to yield isolated colonies. The remainder of the library culture was frozen in
35% glycerol at -80 °C. Isolated colonies from the first round of FACS screening were evaluated using

the in vivo fluorescence assay described above.

For the second round of FACS, 1 mL of the cells frozen after the first sort (representing
approximately 10% of the enriched clones) was diluted into 20 mL of LB with 1 mM IPTG and grown
with shaking at 37 °C for 10 hours. 200 pL of the cell culture (approximately 1.4 x 10° cells) was pelleted
at 8000 xg for 3 min and resuspended in 0.9% NaCl. 3.7 x 107 of these cells were sorted using a narrowed
collection gate, and 1.0 x 10° cells with fluorescence greater than the top 5% of our control cells were
collected. These cells were diluted into LB, amplified, and plated on LB agar with 1 mM IPTG.

Individual clones were screened using the in vivo fluorescence assay as described above.

RESULTS AND DISCUSSION

Principle of the GFP-Based Screen

Our screen evaluates the ability of anticodon-modified tRNAs to incorporate tyrosine (Tyr) in
response to a sense codon that is assigned another identity in the standard E. coli genetic code. Residues
65-67 of superfolder GFP specify the Thr-Tyr-Gly sequence that autocatalytically folds into the tripeptide
fluorophore. Replacement of Tyr at position 66 with any other natural amino acid effectively abolishes
the fluorescence of the protein. (Phenylalanine or histidine substitution lead to proteins with greatly
reduced and shifted fluorescence.?! Tryptophan incorporation without additional mutations leads to
unfolded protein and no fluorophore formation.) We generated a series of reporter plasmids in which the
fluorophore tyrosine position in GFP was mutated to each sense codon under evaluation for reassignment.

Amino acids incorporated into the fluorophore tyrosine position by the E. coli translational machinery
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lead to proteins that are not fluorescent; when the orthogonal translational machinery incorporates
tyrosine, fluorescent proteins are produced (Table of contents image). The amount of fluorescence
observed for each reporter is a measure of the extent to which the orthogonal aaRS is able to recognize
and aminoacylate its cognate tRNA with a modified anticodon and the ability of the orthogonal tRNA to
compete with an E. coli tRNA to decode the sense codon specifying the fluorophore Tyr. Similar gain of
function via missense mutation enzyme reporter systems have been employed to measure natural levels of
missense incorporation.®>3> The levels of sense codon reassignment measured under the conditions of this
screen (e.g. rich media) represent the lower limit of reassignment that should be achievable under the
controlled conditions utilized for typical protein expression employing the residue specific reassignment
strategy. Even low level sense codon reassignment is useful because missed incorporations do not lead to
termination, and multiple non-canonical amino acids can be incorporated into a single protein, producing

a statistical mixture, but in high yield.

Selection of Sense Codons for Initial Evaluation

We selected 4 of the 21 sense codons that are read through wobble interactions by endogenous E.
coli tRNAs: lysine (Lys) AAG, histidine (His) CAU, asparagine (Asn) AAU, and phenylalanine (Phe)
UUU for our initial evaluation of sense codon reassignment. Our choice of codons considered cellular
codon usage, tRNA levels, and the cellular tolerance toward substitution of the amino acid targeted for
reassignment as well as the predicted efficiency of aminoacylation of anticodon-modified M. jannaschii
tRNAs. The recognition elements that define the M. jannaschii tRNA have been mapped through kinetic
measurements of tRNA variants.>® Based on an assumption of additivity in the effects of measured
changes in the anticodon sequence on aminoacylation, we calculated expected aminoacylation efficiency
reductions for tRNA species with altered anticodons.* Predicted losses in aminoacylation efficiency
across the anticodon sequences directed at the 61 sense codons range between 1 and 3,600-fold relative to
the natural tyrosine anticodon. The nucleotide changes required to convert a Tyr (GUA anticodon) to an

amber suppressor (CUA anticodon) tRNA result in a 97-fold decrease in the recognition of the tRNA
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species by the aaRS. The sense codons we selected for our initial evaluation have predicted losses in
aminoacylation efficiency of 116-fold (Lys AAG), 108-fold (Asn AAU), 360-fold (His CAU), and 864-
fold (Phe UUU). These reductions in predicted aminoacylation efficiency reflect at most a 9-fold decrease
in expected tRNA charging efficiency relative to the amber suppressor (predicted 97-fold reduction),

suggesting that the altered tRNA species should be charged by the aaRS.3

Evaluation of Sense Codon Reassignment

We prepared variants of a form of the M. jannaschii tRNA gene (optimized for amber
suppression)*’”- ¥ in which the anticodon was modified to either CUU, AUG, AUU, or AAA in order to
base pair via Watson-Crick interactions with the codons for Lys (AAG), His (CAU), Asn (AAU), or Phe
(UUU) which are read through wobble interactions by endogenous E. coli tRNAs. In all cases, both the
GFP reporter and orthogonal aaRS genes were under the control of an inducible promoter.*® 3 A single
plasmid containing the M. jannaschii tRNA and aaRS genes was cotransformed into SB3930 E. coli cells

along with a GFP reporter plasmid.

The observed relative fluorescence (reported as fluorescence units per unit optical density at 600
nm, RFU) for the four sense codons ranges from 1% to 6% of the relative fluorescence of wild type GFP
(Figure 2.1a). The trend in sense codon reassignment efficiencies, reported as the relative fluorescence
observed in each of the test cases divided by the relative fluorescence of wild type GFP, loosely correlates
with the predicted reductions in aminoacylation of anticodon-modified M. jannaschii tRNAs by the M.
jannaschii aaRS. Reassignment of the Lys AAG codon has an average effeciency of 6%, the Asn and His
codons AAU and CAU were reassigned with 4% efficiency, and the Phe UUU codon with 1% efficiency.
The 1-6% levels of sense codon reassignment we observe are similar to the levels seen in other systems
designed to force missense incorporation.’?-** 4% The variation in sense codon reassignment levels between
colonies on a given day is small, typically less than 5% of the measured value. Variation in observed

reassignment efficiency for a given codon between tests performed on different days is up to 16% of the
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measured values, with the exception of a high outlier for Lys AAG and a low outlier for Phe UUC. The

day-to-day variability is primarily due to variations in the amount of wild type GFP produced.
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? Codon discrimination is the ratio of reassignment percentage for the sense codon read by an E.
coli tRNA through wobble interactions relative to the reassignment percentage for the sense codon
read by an E. coli tRNA through Watson-Crick base pairing.

Figure 2.1. Reassignment efficiencies reported as the observed optical density-corrected fluorescence
divided by the optical density-corrected fluorescence of wild type GFP for each combination of orthogonal
pair and GFP reporter. a) Representation of day-to-day variation in observed reassignment efficiencies.
Data are grouped by the anticodon of the tRNA utilized in each evaluation. Labeled blue bars represent the
average reassignment efficiency observed for each codon. Data for each of the eight codons from five
different experiments are shown. Data for Day E are those for which protein samples were also isolated and
quantified (see Figure 2.1b). b) Data are grouped by the anticodon of the tRNA utilized in each evaluation.
Green bars represent data for the reassigned codon (i.e. Watson-Crick base pairing to the orthogonal
tRNA). Rose bars represent data for the alternative sense codon specifying the replaced amino acid (i.e.
wobble base pairing to the orthogonal tRNA). Solid bars represent reassignment efficiencies determined
from the in cell screen. Hashed bars represent reasignment efficiencies determined from purified protein
samples. ¢) Values for reassignment efficiencies of each codon evaluated. Codon discrimination for each
orthogonal tRNA is reported based on an analysis of purified protein. Both in cell and purified protein data
were collected for the same set of cell cultures. Error bars represent variation across 3 individual colonies
for each of the eight sense codons and wild type GFP.
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Comparison of Fluorescence-Based Screen with Purified Protein

In our screen, the fluorescence observed in a bacterial culture is an absolute measurement of the
production of GFP with a functional tyrosine-containing fluorophore. The reassignment efficiency
calculation assumes that the normalization of fluorescence per cell approximates fluorescence per protein
(i.e. the amount of all forms of GFP produced in all cases are comparable). In order to confirm that cell
density relates to protein production level, we isolated and quantified the GFP produced in each
reassignment system. Sense codon reassignment efficiencies determined from protein concentration-
corrected fluorescence measurements parallel those determined from the in cell assay (Figure 2.1b). The
reassignment efficiencies determined from purified protein samples are based not on the amount of
protein obtained, but on the relative fluorescence of approximately equal amounts of protein obtained in
all cases. The sensitivity of the in cell assay is hampered by the background fluorescence of cells and
growth medium. The limit of detection in cells allows the facile identification of sense codon
reassignments of about 1 part in 1,000. The isolated protein assay has an expanded detection limit due to
decreased background. Sense codon substitutions can be detected at 1 part in 25,000, corresponding to a
substitution frequency of 4 x 10°. The background missense incorporation rate is generally estimated at
between 107 and 10 per codon.’>*! Using isolated proteins, this fluorescense assay should be sensitive
enough to measure background incorporation of tyrosine at sense codons in E. coli. The sensitivity of the
purified protein assay is based on the absolute detection of fluorescence in a sample and could be further

improved by evaluating larger protein samples.

Evaluation of Codon Discrimination

The guiding principle of breaking the degeneracy of the genetic code is that wobble vs Watson-
Crick base pairing can be used to specifically reassign one of two (or more) codons decoded by a single
tRNA species. To examine the ability of the anticodon-modified orthogonal tRNAs to discriminate
between decoding the reassigned codon and the alternative sense codon specifying the replaced amino

acid, we evaluated the same set of anticodon-modified tRNAs in GFP gene reporter systems in which the
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fluorophore Tyr is specified by the alternative Lys (AAA), His (CAC), Asn (AAC), and Phe (UUC)
codons which are read via Watson-Crick interactions by the endogenous E. coli tRNAs. For the sense
codons in our initial evaluation, codon discrimination measured using purified proteins ranges across 3
orders of magnitude from 1.5-fold for the CAU vs CAC histidine codons to 2,275-fold between the lysine
AAG and AAA codons (Figure 2.1c). Codon discrimination between Lys AAG and AAA requires
discrimination between a G and an A in the codon by a C at position 34 (see tRNA numbering in Figure
2.2a) of the anticodon-modified M. jannaschii tRNA. For His, Asn and Phe codons, discrimination
between the Watson-Crick and wobble pairings involves an A at position 34 of the anticodon recognizing
a U or C in the codon. A-C pairs are expected to be energtically unfavorable.'® 2> Despite the A-C pairing,
and in contrast to the levels of discrimination observed for Asn and Phe, the AUG anticodon-modified M.
Jjannaschii tRNA does not discriminate well between the two His codons. The lack of discrimination may
be due to modification of A34 in the tRNA to inosine. An IUG anticodon would recogize the CAU (His),
CAC (His), and CAA (Glu) codons with similar efficiencies.?® The only E. coli tRNA with an A to I
modification is the Arg2 tRNA which contains an ACG anticodon.*? The exact substrate determinants of
the A to I deaminase tadA responsible for tRNA Arg2 modification have not been mapped, but the
anticodon and anticodon loop sequences appear to be important recognition elements.*> With the
exception of the central anticodon position (35), 6 of 7 nucleobases in the E. coli Arg2 and AUG

anticodon-modifed M. jannaschii tRNA anticodon and anticodon loop sequences are identical.

High Throughput in Cell Fluorescence Evaluations

In the M. jannaschii system, the tRNA anticodon changes required for sense codon reassignment
are expected to adversely affect aminoacylation and may also change the anticodon stem loop geometry,
impacting decoding on the ribosome. In order to achieve useful levels of sense codon reassignment for
orthogonal aaRSs that incorporate non-canonical amino acids, we expect that the aminoacylation
efficiencies of the anticodon-modified tRNAs will need to be improved. We applied our fluorescence-

based screen in a high throughput manner for the directed evolution of improved sense codon reassigning
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Figure 2.2 Library design and improvement of sense codon reassignment at the Lys AAG codon. a)
Enlargement of the M. jannaschii tyrosyl-tRNA anticodon stem loop with anticodon nucleotides shown in
stick representation and remaining nucleotides in the anticodon loop shown in space filling
representation (pdb 1J1U). The two-dimensional cartoon representation is color coded to match the
backbone trace of the tRNA, and nucleotides in the anticodon loop are numbered. The four anticodon
loop positions that flank the anticodon nucleotides were randomized in a 256 member tRNA anticodon
loop library. b) Crystal structure of M. jannaschii tyrosyl-aaRS complexed with the M. jannaschii tyrosyl-
tRNA (pdb 1J1U) with positions targeted for diversity in the combined tRNA/aaRS library shown in
space filling representation. We have altered the anticodon of the tRNA to CUU. Our combined
tRNA/aaRS library for Lys reassignment includes diversity at the four positions in the tRNA anticodon
loop as well as the amino acids on the aaRS that are within 5A of the anticodon. c) Increase in efficiency
of sense codon reassignment for the best tRNA identified from our initial 256 member tRNA library (5’
CU CUU AU 3’) as well as an improved orthogonal pair variant identified via a FACS sort of the
combined tRNA/aaRS library (clone F7 in Figure 3b, tRNA 5’ CU CUU AC and aaRS H283L, P284C,
M285C, D286P). Fluorescence data for the alternative sense codon specifying the replaced amino acid
(i.e. wobble base pairing to the orthogonal tRNA) is also shown to demonstrate retention of codon
discrimination by improved variants.
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tRNA/aaRS pairs. We first prepared a small library of tRNA anticodon loop variants of the lysine AAG
codon reassigning M. jannaschii tRNA (CUU anticodon). All of the nucleotides in the anticodon loop
flanking the anticodon (nucleotides 32, 33, 37, and 38) were varied to produce a library of 256 variants
(Figure 2.2a). Similar tRNA libraries have been employed to improve the efficiency and orthogonality of
amber codon reassigning variants with different levels of success.***> The tRNA library was transformed
into cells containing the reporter plasmid with a lysine AAG codon specifying the fluorophore Tyr
position. Fluorescent clones from the transformed mini-library were grown up in 96 well plates and their
fluorescence was measured. The most fluorescent clone analyzed from this library showed a surprisingly
large improvement in sense codon reassignment efficiency of 2.8-fold over the starting tRNA (Figure
2.2¢). The improved tRNA maintained the high level of discrimination between the AAG and AAA
codons. The selected variant had a single modification at position 38 from U to A and maintained the G
37 A modification previously identified when optimizing the M. jannaschii tRNA for amber

suppression.’’ 4

In order to evaluate co-evolution of the orthogonal tRNA and aminoacyl tRNA synthetase, we
generated a combined M. jannaschii tyrosyl-aaRS tRNA binding domain/tRNA library (Figure 2.2b). The
combined library included the 256-member tRNA anticodon loop library and diversified 9 amino acid
residues that are within 5A of the tRNA anticodon in the co-crystal structure of the M. jannaschii
tRNA/aaRS complex (pdb 1J1U).?° The library employed restricted codon sets at the 9 varied positions to
keep the total library theoretical diversity to 10'. The library was prepared via Kunkel mutagenesis,
unmutated template was removed by restriction enzyme digestion, and the library was transformed into
cells harboring the GFP reporter plasmid with AAG specifying the fluorophore tyrosine position.
Restriction analysis of randomly picked clones after digestion and transformation revealed minimal carry-
through of unmutated starting template DNA: 10/10 clones were full library members. The library was
sorted via FACS; the distribution of fluorescence observed for the initial sort of 7 x 107 cells included a

long tail of many highly fluorescent variants (Figure 2.3a). The top 0.5% of cells were collected,
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Figure 2.3 a) Distribution of fluorescence of sorted cells with counts normalized to 500,000 to show multiple
sorts on the same axes. Reference cells express the tRNA variant identified the first 256 member library. In
our first sort of 6.5 x 107 cells from the combined tRNA/aaRS library, we collected all cells that showed
fluorescence greater than 100 fluorescence units (library sort 1 trace). We amplified the fraction collected in
sort 1 and resorted (library sort 2 trace). Cells in the second sort with fluorescence greater than that
displayed by our reference cells were collected for further analysis. b) Relative fluorescence (RFU) for 33
randomly picked clones after plating FACS sort 2. Data for the tRNA variant identified from the mini-library
(control) are shown for comparison. Clone F7 was selected for further characterization (see also, Figure 2.2¢).

amplified, and resorted. The cell population for the second sort showed a large increase in average
fluorescence. The top 3% of these cells were collected. Randomly picked isolated clones were grown in
96 well plates and their fluorescence was quantified (Figure 2.3b). The majority of the analysed clones
(17/33, 52%) were more fluorescent than the positive control cells from the mini-library selected
modified tRNA with unmodified aaRS. The most fluorescent clone from the analysed variants (clone F7)
appeared to be nearly twice as fluorescent (Figure 2.3b). The liquid culture of clone F7 was replated for
further analysis. Seven replicate colonies of clone F7 were analysed, and reassignment efficiency
improved 4.9-fold relative to the starting tRNA/aaRS pair, which included only an anticodon modification
(Figure 2.2c¢). In both the tRNA mini-library hit and in clone F7, position 38 in the tRNA changed from
the original A, but the two variants did not share the same mutation; position 38 of the tRNA from the
mini-library is U and from clone F7 is C. The aaRS from the clone F7 pair included changes to 4 out of 9
amino acids. Amino acids at positions 230-233 in the aaRS are closest to position 36 of the tRNA. This
region of the library was represented by minimal diversity and contained only 256 protein sequence
variants. That none of the amino acids at these positions changed from the wild type M. jannaschii aaRS
is not surprising. Greater diversity was allowed at position 261 (15 amino acids + 1 stop), but a mutation

from the wild type Phe was not present in clone F7. The majority of diversity in the library was available
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for amino acids 283-286, and clone F7 does include mutations at these positions. The His-Pro-Met-Asp in
the wild type aaRS changed to Leu-Cys-Cys-Pro. These mutations suggest backbone rearrangements in

the structure. Movement of the proline from position 284 to 286 suggests a shortening of an a-helix.

The fact that the tRNA anticodon loop and aaRS evolve together to improve sense codon
reassignment highlights the fact that the effects of changing the aaRS and the tRNA are not
independent. Using the GFP-based screen for directed evolution of the orthogonal tRNA and aminoacyl
tRNA synthetase together allows identification of improved pairs that balance many factors, including
discrimination, efficiency, and orthogonality. The extent to which tRNA and aaRS modifications that
affect the efficiency of sense codon reassignment are transferable between aaRSs evolved for different
non-canonical amino acids is difficult to assess. Attempts to identify tRNA modifications that improve
amber suppression efficiency by modulating interactions with Ef-Tu identified tRNAs that produced
generally improved suppression for multiple aaRSs evolved to incorporate different ncAAs. However,
some tRNA modifications appeared to be beneficial to only one aaRS.* Additional studies looking at the
transferability of modifications to the aaRS anticodon-binding domain suggest that transferability is
related to the similarity between the ncAA sizes.* Regardless of the transferability, measurement and
improvement of tyrosine-incorporating orthogonal aaRS variants provides a probable high end estimate
for the efficiency of ncAA incorporation attainable at a particular sense codon and will be useful as
starting points for future studies employing non-canonical amino acid incorporating aaRSs. Our
expectation is that each orthogonal tRNA/aaRS pair will have a different set of idiosyncratic cross

reactions with the translational system into which it is transplanted.

Comparison to Reported Levels of Missense Incorporation

The extent of sense codon reassignment obtained with the evolved lysine AAG-decoding
tRNA/aaRS pair (clone F7) is among the highest reported to date in rich medium. Doring and Marliére

described an editing-deficient mutant of the valine aaRS that allows incorporation of aminobutyric acid in
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response to valine codons at a level of 24%.°* Min and Séll reported the introduction of a non-
discriminating archeal aspartyl tRNA synthetase into E. coli. This change results in the aminoacylation of
the aspartyl tRNA with both Asp and Asn.>* The Asp for Asn substitutions of between 16% and 38% are
detected using a screen that monitors restoration of enzyme function as a result of missense incorporation.
Ruan and So6ll expanded on the work of Min and evaluated four different missense substitutions (Cys for
Pro, Glu for Gln, Ser for Thr, and Asp for Asn).>* For these systems, levels of replacement are between
1.8% and 28%. Together, these reports describe the highest levels of missense incorporation observed in

cells without controlling the medium composition or employing auxotrophic strains.

Effect of Sense Codon Reassignment on Cell Health

A possible complicating factor in our screening and selection strategy is the effect of sense codon
reassignment on cell health. Of the four codons for which data are presented in this manuscript, cell
growth is significantly negatively impacted only when either the directed evolution-improved machinery
for reassignment of lysine AAG codons (clone F7) or the machinery to reassign His codons is expressed
(supplementary Figures S4-S5). Only minor effects on the growth of cells are observed for all other
reassignment systems. In general, cell growth rates are slowed slightly relative to control systems in
which no reassignment takes place. Cell growth rate decreases are within the ranges of the wild type GFP
producing control systems for all reassignment systems, except His and clone F7 for Lys AAG. The
standard deviation in the calculated exponential growth rates is approximately 5 to 7.5% of the measured
values. The final optical densities observed in culture are slightly reduced for the majority of systems in
which reassignment takes place. Final optical densities for cells expressing either the directed evolution-
improved machinery for Lys AAG codons (clone F7) or for histidine reassignment decreased further. This
observation may suggest cumulative effects of incorporation of tyrosine at histidine or lysine codons

throughout the E. coli genome.
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Our results are consistent with several reports that measure the tolerance of bacterial cells toward
missense incorporation. In the series of reports describing directed attempts to induce high levels of
missense incorporation in E. coli, only minor effects on growth were noted. Ruan and Soll specifically
evaluated growth effects on E. coli cells with normal protein quality control machinery and missense
incorporation systems that led to as much as 28% missense incorporation. No effects on cell growth were
observed. However, upon evaluation of the missense incorporation systems in E. coli cells with
compromised protein quality control mechanisms, Ruan and So6ll report pronounced growth inhibition

effects when high levels of missense mutations are induced.

The lysine AAG codon encodes 22% of the lysine residues in the E. coli genome. Our observed
levels of sense codon reassignment, and even nearly complete reassignment of the AAG codon, would be
within the range of misssense levels generally tolerated by bacteria. Approximately half of the codons
read via wobble interactions are used in fewer than a third of the instances in which a given amino acid is
specified in the E. coli genome. This subset of wobble codons represents target codons for ready
reassignment. We expect that the cell growth effects will correlate with the relative use of the particular
codon targeted for reassignment and the catalytic importance of the substituted amino acid (e.g. histidine).
The exact extent to which either of these factors plays a role in observed effects on cellular health has not
been established. Our screen could be readily applied to evaluate the relative importance of particular

amino acids in living systems.

CONCLUSIONS

We developed a simple, high throughput screen to measure and improve sense codon reassignment
by the most commonly employed orthogonal tRNA/aaRS pair for non-canonical amino acid incorporation
at amber stop codons. By changing only the anticodon of the orthogonal tRNA, sense codon reassignment
efficiencies between 1% (Phe UUU) and 6% (Lys AAG) were achieved. Each of the orthogonal tRNAs

preferentially decoded the codon traditionally read via a wobble interaction in E. coli with the exception
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of the orthogonal tRNA with an AUG anticodon, which incorporated tyrosine in response to both the His
CAU and His CAC codons with approximately equal frequency. We applied our screen in a high
throughput manner to evaluate a 10° member combined tRNA/aminoacyl tRNA synthetase library to
identify improved sense codon reassigning variants for the Lys AAG codon. We believe that a single
screen with the ability to broadly evaluate sense codons and the available set of orthogonal tRNA/aaRS
pairs will facilitate quick identification of the combinations that can be employed to efficiently reassign

the meaning of sense codons.

Producing proteins using expanded genetic codes combines exquisite positional control over sites
of modification with a large toolbox of encodable functionalities. Unlike amber stop codon suppression
methodology, sense codon reassignment has the potential to expand the genetic code further by allowing
the reassignment of more than one codon in the same system. With the present suite of nearly 100 aaRSs
evolved to incorporate ncAAs, there are 100 possible 21 amino acid genetic codes. We are interested in
employing the set of previously-evolved aminoacyl tRNA synthetase variants to incorporate multiple
copies of non-canonical amino acids in response to sense codons in E. coli. As a first step toward this
goal, we developed a simple, high throughput screen to measure and improve sense codon reassignment
by the most commonly employed orthogonal tRNA/aaRS pair for non-canonical amino acid incorporation
at amber stop codons. We began our evaluation of sense codon reassignment in E. coli using the M.
Jannaschii tyrosyl-tRNA/aaRS pair, but the fluorescence-based screen will be applicable to other
organisms and to other orthogonal pairs that can be evolved to incorporate tyrosine. Differences in the
complements of tRNAs, codon usage and vagrancies in determinants of aminoacylation between
organisms may require targeting alternative sets of sense codons across different organisms. At present,
three well-studied, mutually orthogonal sets of tRNA/aaRSs can be employed for stop and four-base
codon-directed ncAA incorporation (two orthogonal pairs derived from the M. jannaschii pair and the
Methanosarcina barkeri pyrrolysyl-tRNA/aaRS pair).*-*® The Methanosarcina barkeri pyrrolysyl-

tRNA/aaRS pair is evolutionarily closely related to phenylalanine aaRSs and has been evolved to
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introduce para-substituted phenyl ring containing amino acids. Several other pairs have been described,
but not widely employed.'" #-52 Extending the sense codon reassignment strategy to exploit these ncAA-
incorporating orthogonal pairs is a step towards generating expanded genetic codes where multiple copies
of multiple ncAAs can be incorporated into proteins simultaneously. The ability to incorporate more than
one type of ncAA in the same protein expands the genetic code exponentially to 10,000 possible 22 amino
acid genetic codes. Beyond the utility towards expanded genetic codes, the screening system is sensitive
enough to measure natural rates of tyrosine missense incorporation, and evolved tyrosine-incorporating
aaRSs will allow the evaluation of the biological effects of high level directed amino acid substitutions at

various codons of interest.

ASSOCIATED CONTENT

Supporting Information. Methods and results for the following: General methods, reagent details
and sources, DNA manipulation and mutagenesis details, vector and oligonucleotide primer sequences.

This material is available free of charge via the Internet at http://pubs.acs.org as well as in Appendix 1 in

this dissertation.
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CHAPTER 3
MODIFICATION OF ORTHOGONAL tRNAs: UNEXPECTED

CONSEQUENCES FOR SENSE CODON REASSIGNMENT?

OVERVIEW

Breaking the degeneracy of the genetic code via sense codon reassignment has emerged as a way to
incorporate multiple copies of multiple non-canonical amino acids into a protein of interest. Here we
report the modification of a normally orthogonal tRNA by a host enzyme and show that this adventitious
modification has a direct impact on the activity of the orthogonal tRNA in translation. We observed
nearly equal decoding of both histidine codons, CAU and CAC, by an engineered orthogonal M.
Jjannaschii tRNA with an AUG anticodon: tRNA®', We suspected a modification of the tRNAPyg
anticodon was responsible for the anomalous lack of codon discrimination and demonstrate that
adenosine 34 of tRNACP, is converted to inosine. We identified tRNACP'yy anticodon loop variants
that increase reassignment of the histidine CAU codon, decrease incorporation in response to the histidine
CAC codon, and improve cell health and growth profiles. Recognizing tRNA modification as both a
potential pitfall and avenue of directed alteration will be important as the field of genetic code

engineering continues infiltrate the genetic codes of diverse organisms.

INTRODUCTION

Genetic code engineering, expanding the set of non-canonical amino acids (ncAAs) that can be
biosynthetically incorporated into proteins, is of increasing interest as a means of precisely endowing
proteins with chemical functionalities that are not present in the natural set of 20 amino acids . The

genetic code is often thought of as the straightforward pairing of mRNA codon with tRNA anticodon that

2. The text in this chapter is reprinted with permission from Biddle, W.; Schmitt, M.A.; Fisk, J.D.;
Nucleic Acids Research 2016, 44, 10042-10050. Copyright 2016 Biddle, Schmitt, Fisk
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specifies the amino acid sequence of a protein. A broader view of the genetic code includes the complete
set of interactions that are involved in the conversion of information contained in the genome of an

organism into the functional protein molecules that ultimately produce phenotypic behaviors.

The genetic code operates on at least 3 distinct levels where different sets of interactions affect the
information transfer that is described in the code table. The pairing of mRNA codon with tRNA anticodon
represents the primary genetic code. The idiosyncratic set of interactions between the complement of
tRNA species and the suite of aminoacyl tRNA synthetase (aaRS) enzymes in an organism represents a
second level of the genetic code* °. The combined interactions between tRNA species and aaRSs specify
that the appropriate amino acid is attached to the appropriate tRNA molecule. The set of protein-tRNA
interactions that determine the extent and positioning of modified nucleobases in tRNA molecules
represents a third level of the genetic code. tRNA modification influences each level of the genetic code,
including the interactions of mRNA codons with tRNA anticodons and the interactions of tRNAs with
their aaRSs’. In addition, modified tRNAs serve regulatory roles modulating the interactions between the
process of translation and cellular stress and metabolism’ 8, The three levels of the genetic code are
tightly connected: the pairing of tRNA anticodon to mRNA codon as a means of information transfer is
limited by the efficiency of the joining of an amino acid to the appropriate tRNA, and the effectiveness of

both processes are modulated by the modification of tRNA species.

Over 100 different modified nucleobases have been found in the various forms of RNA®. The
deamination of adenosine to inosine is the most common type of directed modification seen in RNA and
is catalyzed by two classes of adenosine deaminases acting on RNA or tRNA (ADARs or ADATSs)!* 11 A
to I editing of mRNA is pervasive in eukaryotes and occurs at over 100 million sites in the majority of
human genes'?. The overwhelming majority of A to I changes in mRNA occur in untranslated regions,
and their precise functions, presumably regulatory, have not yet been discerned. A to I editing is essential
for development of the brain and is implicated in increasing the diversity of neuronal transporters and ion

channels'3.
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Figure 3.1 (A) Sequence and secondary structure of E. coli tyrosyl tRNA molecule. Modified nucleobases are
indicated. (B) Backbone trace of tRNA structure (pdb 1EHZ), color coded to match secondary structural
elements in (A).

Modification of tRNA is widespread and essential for the proper functioning of the translational
apparatus in all kingdoms of life. In Escherichia coli (E. coli), one of the three model systems for which
the full extent of modifications has been mapped, the 46 tRNA species contain an average of 7.5 modified
bases, approximately 10% of the entire tRNA molecule®. All E. coli tRNAs contain the modified bases
ribothymidine and pseudouridine in the T-Psi-C loop, and 90% of E. coli tRNAs contain at least one
dihydrouridine in the D stem loop (Figure 3.1). Although the most prevalent modifications occur in the T-
Psi-C and D stem loops, the greatest diversity of modifications occurs in the anticodon loop. E. coli
anticodon loops, tRNA positions 32-38, contain 21 different nucleobase modifications. In the complement
of E. coli tRNAs, position 34, which recognizes the wobble position of a codon, may be modified to 1 of
14 non-AUGC bases to allow a single tRNA to read multiple codons. A single E. coli tRNA, tRNAA,
includes inosine modification of position 34, which allows one tRNA to decode three arginine codons:

CGU, CGC, and CGA. Position 37, directly 3’ of the anticodon, may be modified to 1 of 7 non-AUGC
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bases'*!6, The large diversity of modifications that occur in the anticodon loop often have direct effects
on the fidelity of translation, particularly modulating the reading of codons at the wobble position and

helping to maintain the reading frame.

The introduction of an orthogonal tRNA/aminoacyl tRNA synthetase pair into a host organism
enables the mRNA-directed incorporation of a non-canonical amino acid'”-'¥. An orthogonal aaRS does
not recognize the natural complement of the host organism’s tRNAs, and an orthogonal tRNA is not
recognized by the host organism’s suite of aminoacyl tRNA synthetase enzymes. In in vivo translational
systems, the orthogonal tRNA interacts with the proteins that constitute the host’s translational system
(e.g. endogenous aaRSs, elongation factors, and tRNA modifying enzymes). To date, the majority of
work expanding the genetic code has focused on re-engineering existing orthogonal tRNA/aaRS pairs to
activate additional non-canonical amino acids and improving levels of ncAA incorporation using these
orthogonal pairs'® 2. These efforts target advancing systems with expanded genetic codes at the first and
second levels of the genetic code: improving interactions between the orthogonal tRNA species and the
mRNA codon, typically the amber stop, and enhancing interactions between the orthogonal tRNA and its
cognate aaRS in order to increase the concentration of aminoacylated tRNA available to decode an

mRNA codon.

The number of codons that may be utilized for ncAA incorporation presently is limited. Most
commonly, ncAAs are incorporated in response to the UAG amber stop codon. The amber stop codon is
employed principally because it is the least commonly used codon in the E. coli genome. The introduction
of an ncAA in response to a stop codon has the benefit of truncating any protein that fails to incorporate
the ncAA, leading to high purity of the modified protein. The disadvantage of suppressing a stop codon is
that competition with the normal termination functions leads to exponentially reduced protein yields when
attempting to incorporate more than one copy of an ncAA. In general, the suppression of stop codons
limits ncAA incorporation to a single position in a given protein. The Sakamoto, Wang, and Church

laboratories engineered different sets of genomic changes in E. coli that mitigate the usual cytotoxic effect
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of deletion of the release factor that competes for decoding the amber stop signal?'-*, These efforts have
produced cells where the meaning of the amber codon is “free” and can be utilized to encode multiple
copies of a non-canonical amino acid, generating a 21 amino acid genetic code. However, none of the

methods is easily extendable to additional codons.

An alternative approach to incorporation of non-canonical amino acids, residue specific
reassignment, allows for the multisite incorporation of ncAAs, but requires replacement of every
occurrence of one natural amino acid with the ncAA. Residue specific reassignment operates through
precisely controlling the growth medium such that the targeted natural amino acid is removed and
replaced by a ncAA that is a close structural analog®*?’. The ncAA is utilized in translation in place of the
removed natural amino acid, resulting in proteins with high levels of non-canonical amino acid
incorporation at multiple sites without appreciable reductions in yield. The genetic code under
reassignment conditions is an altered 20 amino acid code rather than an expanded code because one

natural amino acid must be removed entirely.

A recently developed strategy combines aspects of the amber suppression and residue specific
methods: breaking the degeneracy of the genetic code in order to reassign the meaning of individual sense
codons. Sense codon reassignment has the potential to enable the simultaneous incorporation of multiple
copies of multiple ncAAs into proteins®®. The genetic code is degenerate: the 61 sense codons specify 20
canonical amino acids. 18 of the 20 canonical amino acids are encoded by more than one codon. In E.
coli, 43 tRNA species decode the 61 sense codons. The subset of 21 codons that are read through wobble
interactions are potential targets for sense codon reassignment. Tirrell and co-workers reported the first
example of breaking the degeneracy of the genetic code by incorporating ncAAs in response to one of
two Phe codons®® ?°. Recent reports have described the incorporation of ncAAs in response to reassigned

rare arginine, isoleucine, and serine codons®-3*,
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We recently reported sense codon reassignment at lysine AAG, histidine CAU, asparagine AAU
and phenylalanine UUU codons*®. Our evaluation utilized the orthogonal Methanocaldococcus jannaschii
(M. jannaschii) tyrosyl tRNA and aaRS pair, most commonly employed for the introduction of ncAAs.
The M. jannaschii pair has been evolved to recognize and activate over 100 different ncAAs> °. We
found that the degeneracy of the genetic code could be broken at each of the four sense selected codons
with between 1% and 6% efficiency simply by introducing a variant of an engineered M. jannaschii
tyrosyl tRNA (tRNAOP 3¢) with an altered anticodon designed to recognize one of the selected codons
through Watson-Crick base pairing. The levels of sense codon reassignment can be improved through
directed evolution. The finding that many sense codons could be reassigned with the M. jannaschii
system is significant because the anticodon is often an important identity element that allows a specific
aaRS to recognize its appropriate tRNA. Changing the anticodon may affect the efficiency with which an
amino acid is attached to the tRNA. In order for sense codon reassignment to be possible, the nucleotide
changes in the anticodon of the orthogonal tRNA required to read the selected sense codon must not

abrogate the interaction with the cognate orthogonal aminoacyl tRNA synthetase.

Breaking the degeneracy of the genetic code is likely optimal when the anticodon of the orthogonal
tRNA pairs with a single sense codon on the mRNA. We utilized our GFP-based screen to evaluate the
tendency of the M. jannaschii tyrosine-charged tRNA® with an altered anticodon to decode other codons
via non-Watson-Crick base pairing®. For three of the four codons, Lys AAG, Asn AAU, and Phe UUU,
we found that tRNA® with an altered anticodon discriminated between the two sense codons that specify
each canonical amino acid. However, when tRNA® was altered to include an AUG anticodon
(tRNA°P,y6) to decode one of two histidine codons, both the targeted CAU and the CAC histidine

codons were decoded to approximately equal extent.

Relative to efforts to improve the behavior of orthogonal translational components through
engineering mRNA codon/orthogonal tRNA anticodon interactions and orthogonal tRNA/aaRS

interactions, little effort has been devoted to consideration of the third level of the genetic code:
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interactions between the orthogonal tRNA and host tRNA modifying enzymes. In this report, we describe
experiments that identify a modification of tRNA®P'y; as the cause of the aberrant lack of discrimination
between the two histidine codons. tRNAP'syc is a substrate for the A to I deaminase TadA that is
essential for maturation of the E. coli tRNA”2, The resulting tRNA°P 1y has inosine at the first
anticodon position and is capable of incorporating the amino acid it carries in response to both the CAU
and CAC codons. We utilized directed evolution and our fluorescence-based screen to identify orthogonal
tRNA variants that are not substrates for TadA and allow increased reassignment of the histidine CAU
codon with high discrimination for the CAC codon. The unexpected modification of an orthogonal tRNA
is, to our knowledge, the first described instance of a clash between genetic code engineering and tRNA
modifications. These results highlight the fact that tRNA modifications should not be disregarded, as they

may be both an obstacle to and target for genetic code engineering.

MATERIAL AND METHODS

Cell strains and vector composition and construction have been described in detail previously*?;
brief summaries are provided as supporting information (S.1-S.3). pWB_Ultra plasmids used in this study
differ from those reported only in the nucleotides corresponding to positions 32 through 38 of the
tRNACP genes (Table S1). Variants of pGFP reporters used in this study differ from those reported only
in the sense codon that specifies the fluorophore position 66 (Table S2)*”. Each histidine residue in GFP is
encoded by a CAC codon in our reporter constructs; the only CAU codon in the reporter vectors occurs at
position 66 to specify the critical fluorophore position. The GFP-based screen utilized to quantify sense

codon reassignment has been described*’; details are provided as supporting information (S.4).

Identification of Inosine in tRNA Anticodons

The complement of tRNA molecules was extracted from NEB 5-alpha cells harboring a pWB_Ultra
plasmid*®. Briefly, RNA was precipitated by phenol:chloroform extraction from cell lysates; a detailed

protocol is provided in the supporting information (S.5). 2.5 pL of extracted RNA solution was used as
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the template for reverse transcription with primers specific for either E. coli tRNAA™? (primer LW, Table
S3) or M. jannaschii tRNACP (primer LZ, Table S3). Reverse transcription was performed using
SuperScript IV reverse transcriptase (Thermo Scientific) according to the manufacturer’s instructions.
Duplicate reactions to which no reverse transcriptase was added were included as negative controls to
ensure subsequent PCR amplification resulted from tRNA as opposed to contaminating DNA. The cDNA
products from the reverse transcription reactions were amplified with Taq polymerase (New England
Biolabs) using primer LX and either primer LY or primer CC (Table S3). PCR products were purified
using the GeneJET PCR Cleanup kit (Thermo Scientific) and analyzed by agarose gel electrophoresis.
Amplified cDNA products were sequenced with primer LX (M. jannaschii tRNA°P products) or primer
LY (E. coli tRNA%®?) (Genewiz LLC). Sanger sequencing.abl files were converted to .xml files using
abi2xml.exe (freely available at www.abi2xml.sourceforge.net. Figures were created by importing data

lines from the .xml file into Microsoft Excel.

Construction of the tRNA Anticodon Loop Library

A 64 member library of nucleotide variants at positions 32, 37, and 38 of the M. jannaschii
tRNAP,yG (Figure 3.1a) was generated via Kunkel mutagenesis using primer JQ (Table S3). Plasmid
pWB_Ultra-Tyr-(Xhol) has an Xhol restriction site in the anticodon position of the tRNA and was used as
an inactive template for library construction. Primer JQ allows A, C, G, or U to be incorporated at
positions 32, 37 and 38 and restores the AUG anticodon. Nearly all domains of life feature a conserved
uridine at position 33 #16; this position was not varied. 5 ug of pWB_Ultra-Tyr-(Xhol) ss dU DNA were
used as template for library construction. Library DNA was electroporated into SS320 cells. 10 pL of the
1000 pL transformation recovery were plated to determine transformation efficiency. The electroporation
yielded 4 x10° unique transformants. PCR products from 8 of 13 of these colonies were not able to be

digested by Xhol, suggesting a mutagenic efficiency of approximately 60%.

80



tRNA molecules are inherently highly structured, and mutation of these polynucleotides is
challenging. The introduction of an Xhol restriction site into the template DNA provides a handle for
improving the efficiency of mutation in addition to utilization of uridine-enriched template DNA*., The
remaining 990 pl of the library transformation recovery media was diluted 5-fold into LB/spectinomycin
50 pg/mL media and grown for 5 hours at 37 °C with shaking. Isolation of DNA from 5 mL of culture
yielded 7.4 ug of double stranded DNA, 2 pg of which were restricted using Xhol (New England
Biolabs) at 37 °C for 1 hour. Following PCR spin kit cleanup and elution in 35 pL ultrapure water, one-
half of the restricted DNA was transformed into SB3930 cells harboring the pGFP66cau reporter plasmid.
The electroporation yielded 4 x10°® unique transformants. PCR products from 13 of 13 evaluated colonies

were susceptible to Xhol digestion, suggesting that all transformants were library members.

RESULTS AND DISCUSSION

Motivated by a general interest in reassigning the meaning of sense codons for incorporation of
ncAAs into proteins in vivo, we recently reported a screen to evaluate the sense codon reassignment
potential of the M. jannaschii tyrosyl tRNA/aaRS orthogonal pair®®. The screen exploits the absolute
requirement for an active site tyrosine in green fluorescent protein (GFP). The screen monitors the
restoration of GFP fluorescence by incorporation of tyrosine at position 66 in response to a sense codon
typically assigned another meaning in the genetic code (Figure 3.2). When the sense codon at position 66
is read by M. jannaschii tyrosine-charged tRNA®P, tyrosine is incorporated, and the resulting protein is
fluorescent. When the sense codon is decoded by an endogenous E.coli tRNA, another canonical amino
acid is incorporated, and the resulting protein is not fluorescent. The screen provides a quantitative
measurement of sense codon reassignment by providing a combined measurement of the extent to which
the orthogonal M. jannaschii tyrosyl aaRS recognizes and aminoacylates an M. jannaschii tRNA with an
alternative anticodon and the extent to which the altered orthogonal tRNA competes against E. coli tRNA

species to decode the codon specifying the essential tyrosine position of GFP.
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Our initial evaluation assessed the levels of codon reassignment and synonymous codon
discrimination at phenylalanine, histidine, asparagine, and lysine codons. Unlike the high levels of codon
discrimination observed for the Phe, Asn, and Lys codons, tRNA®Py ¢ reassigned the CAU codon with
an efficiency of 5% and the CAC codon with an efficiency of 4%. The lack of discrimination between
histidine codons was initially puzzling. The nominal interactions determining discrimination for the
synonymous Phe, Asn and His codons are identical. For sense codon reassignment of His CAU, Phe
UUU, and Asn AAU, we introduced an orthogonal tRNA°P with an adenosine in the first anticodon
position to specifically pair with the uridine-ending codon read via a wobble interaction by the E. coli
tRNA. The energetic preference for Watson-Crick over wobble interactions was expected to strongly bias
reassignment of one of the two degenerate codons?® %°. For histidine, phenylalanine and asparagine, E.
coli contains a single tRNA species with a guanosine in the first anticodon position, position 34, that
decodes two codons: one codon is read via a canonical Watson-Crick base pairing interaction (G-C), and
the other codon is read via an energetically less favorable wobble interaction (G-U). In the case of Asn

and His tRNAs, the guanosine is modified to queosine (Q), a nucleobase that pairs equally with C and U.
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< M. jannaschii Tyr tRNACP! F‘Jé Tyr f;"COfPOfatlonf
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'I ' Endogenous E. coli tRNA

Figure 3.2 Depiction of the fluorescence-based screen utilized to evaluate sense codon reassignment.

The supplied sense codon suppressing tRNAP' sy, tRNAP 44, and tRNAOP'syy each include an
adenosine at position 34, a feature uncommon in E. coli tRNAs. Only a single E. coli tRNA, tRNAE is

genetically-encoded with an adenosine at position 34. Although the anticodon of tRNAA™? is genetically
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encoded as ACG, the functional form requires modification of the anticodon to ICG, where “I” is the
deaminated adenosine base, inosine. Inosine pairs with U, C, and A, and the presence of inosine in an
anticodon allows a single tRNA species to decode three codons, in this case CGU, CGC, and CGA*"*2,
The enzyme responsible for A to I deamination of position 34 of the E. coli tRNA”? TadA, was recently
identified**. The set of interactions important for modification of a tRNA by TadA have not been
definitively mapped, but have been localized to the anticodon stem loop. E. coli TadA was unable to
deaminate the typically-deaminated yeast and human tRNAA® species. Full TadA activity was maintained
on truncated stem loop substrates with the Arg2 tRNA sequence, but TadA did not deaminate an

adenosine equivalent to position 34 of a full tRNA in truncated stem loop substrates with a subset of

nucleotide variations at positions 35 or 36 4.

Evaluation of Inosine Modification of M. jannaschii tRNA°Psuc

In comparing the sequences of the E. coli tRNA*® and the orthogonal M. jannaschii tRNA with an
AUG anticodon, marked similarities and differences were apparent. The anticodon stems of the two tRNA

species were largely different in sequence, sharing only one of five base pairs. The anticodon loops of

M. jannaschii E coli tRNAATE2

tRNACPY, 6
G6—© ©—6G
() 0O—®
G—C C—G
G—C G—©
A—U) G6—0©
A % A
A GA U *
U | oG

34 35 36 34 35 36

Legend of tRNA modifications:

I: inosine

*: ms2i6A

%?2-thiocytidine

Figure 3.3 Comparison of anticodon stem loop sequences of M. jannaschii tRNA°P'suc and E. coli tRNAA®yg.
Modified bases in the E. coli tRNA are labelled. The inosine modification of A34 confirmed in this work is the
only modification noted in M. jannaschii tRNA tRNA®Psuc. Other modifications that have not yet been
identified may exist.
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precursor tRNAA g and tRNAP sy were remarkably similar in sequence, differing only by a single
nucleotide, position 35, the middle of the anticodon (Figure 3.3). We hypothesized that tRNAyyg was a
substrate for TadA, resulting in tRNA°P 6. An IUG anticodon would theoretically be able to decode
CAC, CAU, and CAA codons and would explain the lack of discrimination observed for the 2
synonymous histidine codons. Phe and Asn codon reassigning tRNAP's 44 and tRNAPyy differ from

the precursor tRNAA™ ¢ at both positions 35 and 36. The combined differences make modification of

tRNAOPy a4 and tRNACPsyy by TadA less likely.

A M. jannaschii tRNACPt, ;¢
T T C ACTA G --A

\
\

\

\
\
\
\

\
\

c M. jannaschii tRNA®Pt, ;s Variant BS

AC CA T A A 0

Figure 3.4 Sequence traces of reverse transcribed isolated tRNA species for (A) M. jannaschii tRNA°P'syg,
(B) E. coli tRNAA™2, and (C) M. jannaschii tRNAOptAUG variant B5 identified from the anticodon loop
library (traces of additional isolated tRNA variants are shown in Figure S1). The sequenced stand
corresponds to the reverse complement of the tRNA sequence. The portion of the chromatograms that
correspond to the anticodon are italicized and bolded. The position corresponding to first anticodon

position of the A to I modification is underlined. At position 34, observation of C is indicative of inosine
modification; observation of T is indicative of unmodified adenosine.
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Inosine modification of RNA may be detected by reverse transcription, amplification and
sequencing of the resulting cDNA*> 4. Unmodified adenosine at position 34 of the tRNA is expected to
trigger incorporation of only thymidine during reverse transcription. Inosine pairs most stably with
cytidine and is expected to trigger significant incorporation of cytidine during reverse transcription. The
complement of tRNAs was isolated from overnight cultures by phenol:chloroform extraction. Sanger
sequencing of cDNA products replicated from the isolated tRNA fraction confirmed the incorporation of
cytidine in response to the nucleotide at position 34 of both the E. coli tRNAA"® ¢ and the M. jannaschii
tRNAP,y6. The chromatogram for the E. coli tRNA*®, which is presumably nearly quantitatively
modified, shows almost exclusive incorporation of cytidine, indicating the presence of inosine (Figure
3.4B). The chromatogram for the original tRNA®P'y;6 shows an approximate 50:50 mixture of cytidine
and thymidine (Figure 3.4A), suggesting that this tRNA is partially modified to inosine at position 34.
The chromatograms for the tRNA®Py variants selected from the library show exclusive incorporation of
thymidine (Figure 3.4C and S1), indicating that the tRNA is unmodified. The tRNA sequencing traces
suggest that the lack of discrimination observed for the M. jannaschii tRNA®P'Ayc was the result of

anticodon modification to IUG, leading to increased decoding of the CAC codon.

The canonical wobble rules suggest that inosine should pair with U, C and A. The ability of the M.
Jjannaschii Tyr-tRNACP g to incorporate tyrosine in response to the CAA glutamine codon was
examined, but no fluorescence was detected when the reporter GFP variant included a CAA codon
specifying the fluorophore tyrosine residue at position 66. The lack of incorporation in response to CAA
codon is likely due to the high abundance of E. coli Glu-tRNAyuyg relative to the amount of Tyr-
tRNAPy; in the cell. The tRNASM 6 which directly decodes the CAA codon is the second most

abundant E. coli tRNA?,
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Directed Evolution of the M. jannaschii tRNACP'suc Anticodon Loop Increases Sense

Codon Reassignment and Prevents Inosine Modification of Adenosine 34

The TadA substrate recognition elements in tRNA*™* have not been fully mapped, but the
anticodon loop was shown to be an important factor*. We have reported that alterations to nucleotides
flanking the anticodon are capable of increasing sense codon reassignment of Lys AAG codons by
tRNA®P'cyy . We hypothesized that variation within the anticodon loop of tRNA%Psys could
simultaneously increase the efficiency of sense codon reassignment at CAU codons and decrease
deamination of position 34 by TadA, leading to increased discrimination between CAU and CAC codons.
We constructed a focused library of 64 tRNAPsy¢ variants with diversity at nucleotide positions 32, 37,

and 38 in the anticodon loop. The universal U33 was maintained.

The tRNA anticodon loop library was screened using a sfGFP reporter with a CAU codon at
position 66. In a screen of 85 colonies from the library, 34 samples had detectable fluorescence and 17
colonies showed fluorescence equal to or greater than the original tRNA°Psyc. The highly fluorescent
colonies appeared to be clustered in groups of approximately equal fluorescence and 6 colonies
representing the apparent groups were selected for further characterization. The vector DNA specifying
the orthogonal translational machinery from each of these colonies was isolated and sequenced (Table
3.1). Colony G10 was identified as the original tRNA®P'yc with no mutations to the anticodon loop; this
variant was not characterized further. Each of the other 5 variants had at least one mutation in the
anticodon loop, and five of these clones had multiple mutations. Alterations at each position included in

the library (32, 37, and 38) result in improved reassignment of the CAU codon.
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Table 3.1 Sanger sequencing of reverse transcribed cDNA from isolated tRNA fractions

Variant tRNA Nucleotide Number
32 33 34 35 36 37 38
tRNACPY g Cc U I U G A A
tRNAA92,c6 ca U I C G A A
Colony B5 u U A U G G U
Colony C1 cC U A U G A C
Colony E2 c U A U G A U
Colony G10 c U I U G A A
Colony G11 A U A U G A C
Colony H2 c U A U G G A
a Position is modified to thyocytidine
b Position is modified to 2-methylthio-N6-isopentenyladenosine

The five selected tRNA anticodon loop variants were evaluated for their ability to discriminate

between the CAU and CAC codons. Each variant showed improved codon discrimination, suggesting that

the mutations that improved the efficiency of sense codon reassignment of CAU also mitigated the A341

modification (Figure 3.5). The original tRNA®Pyys incorporated tyrosine in response to 5.1% of histidine

codons, with a 3:2 preference for CAU over CAC codons. The incorporation of tyrosine in response to the

CAC codon by the five tRNA®P'y; library variants was at or below the limit of detection for our in cell

assay, 0.2% reassignment. The most improved systems expressing the tRNA variants selected from the

library exhibit at least a 98:2 preference for CAU over CAC codons, a significant improvement compared
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Figure 3.5 Codon discrimination for selected tRNA variants. Reassignment efficiencies reported as the
observed optical density-corrected fluorescence divided by the optical density-corrected fluorescence of wild
type GFP for each orthogonal pair and measured in response to CAU and CAC histidine codons specifying

Y66 of GFP reporters.



to the 3:2 preference observed with the original tRNA®"'syg. The tRNA fraction from cells expressing the
tRNACP, g variants was isolated and sequenced. Sanger sequencing of reverse transcribed cDNA from
the isolated tRNA fractions showed that all five clones had adenosine in position 34 rather than inosine
(Figures 3.4C and S1). Although not all possible combinations of mutations were observed, mutations at
positons 32, 37, or 38 of the tRNA°PsyG appear to eliminate recognition of tRNA%P Ay as a substrate for

TadA and improve the reassignment efficiency of the targeted CAU codon.

Prevention of Inosine Modification Improves Health of Sense Codon Reassigning Cell

Systems

In general, cell growth rates for sense codon reassigning systems are slowed slightly relative to
control systems in which no sense codon reassignment occurs. The maximum optical densities (carrying
capacity) for cells expressing the M. jannaschii tRNAP g average 75% of the maximum ODgo of the
two control systems (Figure S2). Each tRNA®Py variant identified from the tRNA anticodon loop
library grows to an increased relative maximal optical density, ranging from 84%-90% of the two control
systems. The wildtype GFP 100% and 0% “no reassignment” controls each include an amber suppressing
M. jannaschii tRNA®P'cya and aaRS which introduce tyrosine in response to amber stop codons. Inclusion
of the machinery to reassign amber codons in the controls was intended to place a similar metabolic
burden on all reassignment systems and attempt to minimize differences in growth profiles that could be a

result of cells growing under different antibiotic conditions or with different expressed protein content.

The two synonymous histidine codons appear with approximately equal frequency throughout the
E. coli genome; 55% of histidine is encoded by CAU and 45% of histidine is encoded by CAC. The
orthogonal M. jannaschii tRNA°Pyc incorporated tyrosine in response to 3% of the CAU codons and 2%
of the CAC codons in the GFP reporter, suggesting replacement of approximately 5% of the histidine
codons throughout the E. coli genome. Given that the histidine side chain serves many important catalytic

functions in proteins, we hypothesized that the decreased growth rates were symptomatic of cumulative
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negative effects of replacement of histidine with tyrosine. A more complicated explanation appears to be
required, however, as each of the variants identified in the tRNA anticodon loop library exhibit both
improved growth profiles and increased reassignment of histidine CAU codons throughout the E. coli
genome. Variants H2, C1 and BS5 appear to be reassigning twice as many histidine codons in the E. coli
genome, yet exhibit more robust growth. Cell health and growth in reassignment systems is complicated
and is not simply explained by the level of substitution of critical amino acids throughout the host’s

genome.

CONCLUSIONS

The in vivo modification of tRNAs by endogenous host enzymes must be taken into account when
considering the utility and orthogonality of exogenous translational machinery. Over 100 different
modified RNA nucleobases have been identified in RNA, and the majority of these modifications are
found in tRNA molecules. The greatest diversity of modification centers around the tRNA anticodons and
have direct effects on fidelity of translation. We observed an anomalous lack of histidine codon
discrimination by the M. jannaschii tRNA®"'syc and demonstrated that tRNACP'syG is a substrate for the
E. coli deaminase TadA. M. jannaschii tRNA°Pyg was able to direct incorporation of the amino acid it
carries in response to both the CAU and CAC codons. Sanger sequencing of cDNA products replicated
from the in vivo tRNA transcripts confirmed that A34 is modified to inosine. We identified several M.
Jjannaschii tRNACP'syc anticodon loop variants from a focused library that simultaneously improved
reassignment of the histidine CAU codon to tyrosine and decreased incorporation of tyrosine in response
to the histidine CAC codon. The variations in the anticodon loop prevented recognition by TadA,
resulting in maintenance of A34 in the first position of the anticodon. Despite higher overall levels of
sense codon reassignment at the His CAU codon throughout the E. coli genome, sense codon
reassignment systems featuring non-inosine modified orthogonal tRNAs showed improved cell health and

growth profiles relative to the original M. jannaschii tRNAPyg.
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Variants of the M. jannaschii tyrosyl aaRS and tRNA are one of the most commonly utilized
orthogonal pairs for incorporation of ncAAs into proteins. Although unintentional modification of
orthogonal tRNA molecules has not yet been suggested as a factor influencing the incorporation of
ncAAs in response to stop codons, the extent to which orthogonal tRNA molecules are substrates for
endogenous host tRNA modifying enzymes has not been systematically investigated. The alteration of
orthogonal tRNA molecules to direct ncAA incorporation in response to different sense codons is a next
step in the expansion of the genetic code from 21 to 22 amino acids (and beyond). Alteration of tRNA
sequences will expose orthogonal translational machinery to additional interactions with endogenous host
tRNA modifying machinery and may result in the unintentional generation of substrates for endogenous
host enzymes. The resulting modified tRNAs may demonstrate anomalous and unexpected behavior in the

process of protein translation.

Recognizing tRNA modification as both a potential pitfall and avenue of directed alteration to
improve systems with expanded genetic codes will be important as the field of genetic code engineering
continues to progress. The hypermodification present in tRNA species across all domains of life will
undoubtedly produce other complications in translation systems, but the modifications of tRNAs will also

serve as a potential handle to increase ncAA incorporation systems.

ASSOCIATED CONTENT

Supporting Information is available in Appendix 2 in this dissertation.
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CHAPTER 4
MEASURING TRANSFERABILITY OF MODIFICATIONS TO
ORTHOGONAL TRANSLATION SYSTEMS FOR GENETIC

CODE EXPANSION?®

OVERVIEW

Methods to expand the genetic code to increase the chemical diversity of proteins have recently
been widely developed. Many methods rely on genomic modifications to host cells and may be
combinable with other methods to produce even higher efficiency genetic code expansion systems. We
recently reported on an analytical method to quantitate the extent of reassignment of sense codons in vivo
that enables screening of directed evolution libraries. Our screen relies on the incorporation of the natural
amino acid Tyr from the commonly used orthogonal aminoacyl -tRNA synthetase (aaRS) and tRNA pair
from Methanocaldococcus jannaschii. In order to incorporate non-canonical amino acids (ncAA) in
response to sense codons, we attempted to transfer improvements to the TyrRS and tRNA°P identified in
a Tyr incorporating library to variants of the same aminoacyl tRNA synthetase and tRNA°P specific for
the ncAA para-azidophenylalanine (pAzF). Improvements identified in the Tyr library which increased
sense codon reassignment (SCR) efficiency two-fold also increased reassignment efficiency for the pAzF
specific variant almost two-fold. We combined our improvements from the directed evolution approach
with a genomic engineering strategy to knockout the competing arg-tRNAccu from E. coli encoded by the
gene argW. When we attempted to quantify the effects of removing arg-tRNAccu on SCR, we discovered
that argW does not significantly affect SCR at Arg AGG codons. This was confirmed by performing

experiments using materials provided by the original authors of the argW knockout paper. In the process

3. This chapter is a manuscript in preparation for publication. Contributing authors: Biddle,W.,
Schmitt, M.A., Schwark, D.G., and Fisk, J.D.
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of evaluating their system, quantitation of SCR for the pEVOLI plasmid backbone showed very high
levels of reassignment efficiency: over 90%. This high level of reassignment efficiency could have
contributed to the confusion about the effects of argW knockout. We attempted to combine our improved
aaRS/tRNA pair from the directed evolution library with the high level of reassignment observed in the
pEVOLI plasmid system. Surprisingly, although unmodified aaRS specific for Tyr and pAzF reassign the
AGG codon with high efficiency in this system, the library improvements which doubled incorporation in
our pWB_Ultra plasmid system lead to a decrease in reassignment efficiency in the pEVOLI backbone.
This emphasizes that more work is needed to understand the variables that affect transferability of

engineered improvements for orthogonal translation systems for genetic code expansion.

INTRODUCTION

Increasing the chemical diversity of proteins through the genetically encoded introduction of non-
canonical amino acids (ncAAs) is a powerful tool for the precise modification of proteins. Two general
approaches to expand the genetic code, nonsense suppression and global amino acid reassignment, have
been widely employed. Advances in both technologies have improved the efficiency with which a 21*
amino acid can be genetically encoded. Nonsense suppression technology has been improved through
genomic modifications enabling the elimination of the translation factor that competes for decoding of the
amber stop codon as a termination signal. The global amino acid reassignment strategy has been updated

by breaking the degeneracy of the genetic code to enable the reassignment of individual sense codons.

Nonsense suppression targeting one of the codons typically read as a stop signal has been the most
widely used method for introduction of a 21* amino acid into the genetic code. The amber stop codon is
employed principally because it is the least commonly used codon in the E. coli genome. In vivo nonsense
codon suppression involves the introduction of an orthogonal aaRS engineered to recognize and attach a
ncAA onto its cognate, orthogonal tRNA. The orthogonal tRNA is not recognized by the set of E. coli
aaRSs and the orthogonal aaRS does not recognize the complement of E. coli tRNAs. Orthogonal pairs

are typically derived from phylogenetically distant organisms, and more recently, engineered orthogonal
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aaRS/tRNA pairs have been identified.!* Most amber stop codon suppression in E. coli is achieved using
derivatives of only two orthogonal pairs: the tyrosyl tRNA synthetase (TyrRS) and its cognate tRNA
(tRNAOPY) from M. jannaschii and the pyrrolysine pair from the archaeal Methanosarcina genus. Variants
of these two pairs that recognize, aminoacylate, and incorporate over 100 different ncAAs have been

developed (reviewed by Dumas ef al. °).

The efficiency of nonsense suppression has been limited as a result of competition with the natural
termination machinery, which reads the codon as a stop signal, and also because engineered ncAA-
activating orthogonal aaRSs are not as efficient as natural aaRSs. The introduction of an ncAA in
response to a stop codon has the benefit of truncating any protein that fails to incorporate the ncAA,
leading to high purity of the modified protein. The disadvantage of suppressing a stop codon is that
competition with the normal termination functions leads to exponentially reduced protein yields when
attempting to incorporate more than one copy of an ncAA. Typical efficiency of incorporation of ncAAs
in response to stop codons averages about 25% per position. The low substitution frequency and high
frequency of termination render incorporation of multiple ncAAs into a single protein difficult. Recent
reports from the Wang, Church, and Sakamoto labs have each described different £. coli genome
engineering strategies to improve the efficiency of nonsense suppression. All three methods involve
compensating modifications to enable the removal of the ribosomal release factor 1 (RF1) that recognizes
the amber stop codon.®'? All three methods essentially eliminate termination pressure and enable multiple
copies of non-canonical amino acids to be introduced into the same protein in response to the amber stop
codon. However, these methods are difficult to extend to other organisms or to expand to more than one
“freed” codon. The performance of the various engineered cell lines in other applications suggest that

some limitations on the efficiency of nonsense suppression are still present.!!*12

Global amino acid reassignment involves growing cells under conditions in which one of the
natural amino acids is replaced with a close structural analog. Global amino acid reassignment produces

an altered 20 amino acid genetic code where every instance of one of the natural amino acids in a protein
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is substituted with a ncAA. The most widely employed use of global amino acid reassignment is
replacement of methionine by selenomethionine in proteins for X-ray crystallographic phasing.'* Global
amino acid reassignment typically requires an auxotrophic strain and relies on controlled minimal media
to force substitution of the ncAA. The auxotrophic cell requirement and minimal media conditions can
limit the expression of proteins relative to typical over expression systems. The approach has been
expanded through the use of editing deficient, binding pocket modified and/or exogenous orthogonal

aminoacyl tRNA synthetase pairs to increase the set of ncAAs that can be employed.

The use of orthogonal pairs to direct the incorporation of ncAAs in response to single sense codons
allows the degeneracy of the genetic code to be broken. 18 of the 20 canonical amino acids are encoded
by more than one codon. Reassigning a sense codon to an ncAA while leaving one (or more) other sense
codon available to direct incorporation of the natural amino acid expands the genetic code to 21 amino
acids. The original demonstration of breaking the degeneracy of the genetic code reassigned the Phe UUU
codon, leaving the UUC codon available for incorporation of Phe.!* Sense codon reassignment should be
broadly generalizable. Unfortunately, predicting which sense codons are amenable to reassignment and
which orthogonal machinery is best suited for the task is made challenging by the largely unknown and
idiosyncratic recognition and discrimination features of each organism’s complement of tRNAs and

aaRSs.

Recent reports of breaking the degeneracy of the genetic code have targeted codons that are used
infrequently in the E. coli genome. One of the factors affecting the efficiency of reassignment is the
relative rate of tRNA sampling by the ribosome; rare codons are often read by low abundance tRNA
species that should be easier to outcompete. Additionally, abundant substitution at rarely used codons is
expected to limit the proteome-wide effects of reassignment. Incorporation of ncAAs in response to Ser

AGU, Leu CUG, Ile AUA, Phe UUU, and Arg AGG and AGA codons has been investigated. '+’

In E. coli, the rarely used Arg AGG and AGA codons are decoded by two rare tRNAs with either a

CCU or UCU anticodon. Both of the codons are expected to be read by the tRNA with the UCU
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anticodon based on wobble pairing rules. The tRNA with the CCU anticodon should contribute to
decoding only the AGG codon. As a result, the Arg AGG codon has been a target for sense codon
reassignment in E. coli. Both of the most commonly used orthogonal pairs have been engineered to utilize
a tRNA with a CCU anticodon. Two research groups have reported AGG reassignment using the
orthogonal pyrrolysyl aaRS/tRNA pair. The Liu group reported reassignment levels of approximately
90% by using media where the Arg concentration was controlled.”” The Sakamoto group reengineered a
strain of E. coli to reassign the 38 AGG codons found in essential genes and subsequently removed the
gene for tRNAccu from the genome, allowing incorporation of a close structural analogue of Arg at very
high levels.!® The Yoo group described AGG codon reassignment using the M. jannaschii TyrRS/tRNACP
pair.!” To remove competition for the AGG codon, the E. coli genome was modified to remove the gene

encoding arg-tRNAccu, argW, which resulted in high levels of incorporation.

That argW knockout cells were viable and exhibited only a slightly reduced growth effect,
suggesting that the remaining Arg tRNA with a UCU anticodon can read AGG codons to some extent;
double knockouts of both rare Arg tRNAs are not viable. '® Lee and co-workers reported that by removing
the argW gene encoding the endogenous E. coli Arg-tRNAccu, the AGG codon could be nearly
quantitatively reassigned using the para-azidophenylanine (pAzF) aaRS.!” The quantitative reassignment
efficiency assessment was based on Western Blots and electrospray ionization mass spectrometry (ESI-

MS) analysis.

Although the technologies for genome modification are continuously improving, genetic code
expansion as a result of genomic changes limits the selection of targetable sense codons and requires
reengineering and optimization in order to expand the genetic code of other organisms. Single gene
knockouts tend to be of minimal difficulty, but removal of targeted codons from the genome or larger
scale genome refactoring often require a prohibitive amount of work. Wholesale genome rewriting and
adjustment of codon usage ratios may have unintended consequences on the life cycle of an organism.

Changes to DNA sequence can result in changes to regulatory elements including binding sites and
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secondary structural propensities may disrupt the delicate balance of replication, transcription and

translation an organism has optimized through evolution.

Improving the interactions between an orthogonal aaRS/tRNA pair via directed evolution is another
strategy for increasing the efficiency of codon reassignment. The anticodon is often an important identity
element that allows a specific aaRS to recognize its appropriate tRNA. Changing the anticodon to target
different codons can affect the efficiency with which an amino acid is attached to the tRNA. Increasing
the recognition between the altered anticodon of the tRNA and the anticodon binding domain of the aaRS
is expected to lead to a higher concentration of aminoacylated tRNA, which is expected to lead to better

kinetic competition against endogenous tRNAs capable of decoding the targeted codon.

Here we discuss our efforts to improve reassignment of the AGG codon in E. coli by improving the
interactions between the M. jannaschii tRNACP with a CCU anticodon and the orthogonal M. jannaschii
tyrosyl-tRNA synthetase (TyrRS).?! Utilization of a fluorescence-based screen that measures the
efficiency of introduction of Tyr in response to non-Tyr sense codons allowed the screening of a large
library of tRNA and aaRS variants via fluorescence activated cell sorting (FACS).?? The fluorescence-
based screen relies on the reassignment of an AGG codon in the critical fluorophore position of green
fluorescent protein (GFP) to Tyr (instead of the naturally encoded Arg) in order to produce a mature
fluorophore. In this system, GFP fluorescence serves as a direct measurement of reassignment of the
AGG codon as proteins produced as the result of endogenous E. coli Arg-tRNA decoding will incorporate
Arg into the fluorophore and will produce a non-fluorescent, full length protein. Although we are directly
measuring only a single AGG codon in a reporter protein, we assume that sense codon reassignment
occurs at AGG codons across the proteome and that the GFP screen approximates proteome-wide
reassignment. The extent to which mutations to aaRS/tRNA pairs that improved reassignment of AGG
codons to tyrosine were transferable to aminoacyl tRNA synthetases evolved for ncAAs was also
examined. As aaRS/tRNA mutations and genomic modifications should be complementary, the ability to

combine improved orthogonal pairs with tRNA-deleted cell strains was evaluated.
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Our attempts to combine selected improved synthetase and tRNA variants with genome
modifications suggest the surprising conclusion that competition with endogenous rare tRNAs is not an

important contributor to the efficiency of sense codon reassignment.

RESULTS AND DISCUSSION

Directed Evolution of M. jannaschii tRNAccu/TyrRS for Improved Reassignment of AGG
Codons

A previously described fluorescence-based screen was used to evaluate the in vivo efficiency of
reassigning the AGG codon from Arg to Tyr by monitoring the recovery of fluorescence in GFP reporter
protein variants where the central fluorophore Tyr position is encoded by a non-Tyr codon.?? The
efficiency of AGG reassignment was quantified in cells expressing the M. jannaschii tyrosyl aaRS
(TyrRS) and its cognate tRNA®P'ccy in combination with a GFP variant including an AGG codon at
position 66. Simply altering the anticodon of the tRNA to Watson-Crick base pair with the AGG codon
results in highly efficient reassignment of 56.6% (Figure 1B). The high efficiency of sense codon
reassignment is evident in rich media without any modifications to the genome or orthogonal TyrRS or

tRNAOP genes beyond the anticodon change.

To improve the efficiency of AGG reassignment, a 10'° member library combining M. jannaschii
tRNA anticodon loop and aaRS anticodon binding domain variants was constructed and screened. The
library included diversity at nine amino acid positions in the aaRS and three of four nucleotides in the
tRNA anticodon loop outside of the anticodon (positions 32, 37, and 38; Figure 4.1A). The varied amino
acid positions were chosen based on proximity to the nucleotides of the anticodon in the co-crystal
structure of the M. jannaschii tyrosyl aaRS/tRNA orthogonal pair (Figure 4.1B, pdb reference 1j1u)*.
Amino acid diversity at each of the positions was limited in order to keep the library size close to the
number of variants that could be readily screened. Degenerate codons for each position were chosen to

include the wild type M. jannaschii aaRS sequence. A similar library strategy was previously used to
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select M. jannaschii tyrosyl aaRS/tRNA variants with improved reassignment of the Lys AAG codon.*
Four of the positions were allowed to vary between four amino acids, and greater diversity was included
at the remaining five positions in the aaRS where between 9 and 15 amino acids were available (Table
4.1). Three of the four nucleotides flanking the anticodon in the tRNA were allowed to vary; the
universally conserved U33 was preserved. The library had a theoretical diversity of 1.7 x10'°. The
constructed library contained 3.0 x 10® unique transformants, which was amplified approximately 25-fold
to 7.2 x 10° cells in order to express GFP. Approximately 108 cells were screened in the first round of

fluorescence activated cell sorting (FACS).

The combined tRNA anticodon loop/aaRS anticodon binding domain library was subjected to three
rounds of FACS screening through which the brightest 1.4%, 0.6% and 1.76% (approximately 1%) of
cells were collected, amplified and rescreened. After the third round of FACS screening, collected cells
were plated on IPTG, and 84 of the most visibly green colonies were selected for single colony analysis in
the 96 well plate fluorescence-based screen. 75 of the 84 clones showed increased fluorescence relative to
the starting variant. Overall, the clones showed a wide range of reassignment efficiencies, with the vast

majority reassigning the AGG codon at greater than 75% efficiency.
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Figure 4.1. A) Cartoon schematic showing the anticodon-stem-loop of the orthogonal tRNA? used in this
study. The anticodon nucleotides are shown in cyan, and the orange nucleotides indicate diversity positions
in the library. U37 was conserved as this position is a uridine in all prokaryotes, and previous libraries did
not show diversity at this position. B) A portion of the crystal structure of the MJ TyrRS complexed with its
tRNA. The anticodon has been modified using PyMol software to represent the CCU anticodon. Residues
represented as spheres show positions of diversity in the library; orange in the tRNA and green in the
TyrRS. C) Sense codon reassignment efficiencies for eight clones from a combined TyrRS/tRNA library. SM
represent the starting material for the library (TyrRS and tRNA®Piccy). Variant titles represent clones
selected from the directed evolution library and correspond to variants in Table 1. Values represent
averages of three individual colonies of each variant. All values are given relative to the fluorescence level of
a wtGFP reporter expressed in the same cells with the same pWB_Ultra reassignment vector.
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Table 4.1 Library diversity and sequences of aaRS/ tRNA library residues from eight selected clones

aaRS anticodon binding domain tRNA anticodon loop
TyrRS 4 Y C P A F H P M D ¢c u €C C U a a
Position ? 230 231 232 233 261 283 284 285 286 32 33 34 35 36 37 38
Diversity in Library 4 4 4 4 15 13 12 9 12 4 1 1 1 1 4 4
(Number of
Residues/Nucleotides)
Diversity ¢ YADS CYSF PTKQ AFSV ADEFH RNDQE ARDCG MLRW RNDQE 1 n n
(Available IKLNP GHILK HLFPS CFIT GHKPS
Residues/Nucleotides) QSTVY M5V v > A
Consensus ¢ + ++ - -+ -+ -+ +
Clone C3 ** Y F Q A F L R S G a u C C U a ¢g
Clone F3 ** S F T A F L R S A a u C C U a ¢g
Clone F8 D F T A F L R T A a u C C U a ¢g
Clone C8/H1 A Y T A F L R S A a u C C U a g
Clone D1 D Y T A Y L R S H a u C C U a g
Clone E3/F6 S Y K A Y L R S N a u C C U a ¢g
Clone D6 A Y A F Y R S H a u C C U a ¢g
Clone G4 ** D C K F I R S A H g u C C U a g

2 Residues and nucleotides in the wild type TyrRS and tRNAOP'ccy that was the starting point for the library

> Numbers correspond to either residue number for aaRS sequences or nucleotide number for tRNA sequences

¢ One letter abbreviations for amino acid residues or nucleotides available in the library based on codons used

4 Similarity of clones selected in library based on properties of amino acid residues and available diversity at each position.
** indicates clones with additional mutations outside of residue positions varied in the library, see text.
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In order to verify that the variants were functionally improved, and to further characterize their
behavior, the aaRS/tRNA library plasmid was isolated from the cells for 10 of the AGG reassigning
systems. DNA from the five most efficient apparent reassigning systems and five other representative
highly efficient systems was isolated. Preparation of DNA from these cells resulted in a mixture of both
the aaRS/tRNA vector and the GFP reporter plasmid with an AGG codon specifying the fluorophore Tyr
residue. Unique DNA sequences within the regions flanking the aaRS/tRNA allowed complete
sequencing of this region of the plasmid from the mixed preparation. Of the 10 clones selected, eight
unique combined sequences for the M. jannaschii aaRS/tRNA were discovered (Table 1). DNA
specifying the orthogonal translational machinery for the eight unique reassignment systems was
separated from the plasmid encoding the GFP reporter via restriction digest. Clone H1 was selected to
represent the sequence identified in both H1 and C8; clone F6 was selected to represent the sequence
identified in both F6 and E3. Restriction sites unique to the GFP reporter were used to functionally
eliminate that vector, and the restriction digests were transformed into cells. Transformations were plated
onto antibiotics selective for one or both vectors to verify that the GFP reporter had been digested. Plating
the transformed cells on spectinomycin, the antibiotic for which the orthogonal translation machinery
plasmid confers resistance, yielded thousands of viable colonies. No viable colonies grew on the plates
containing both spectinomycin and carbenicillin; the latter is an antibiotic selective for the GFP reporter,

confirming successful digestion of the reporter.

The process of isolating the aaRS/tRNA vector from the GFP reporter vector with which it was
selected in FACS, followed by another round of co-transformation with the GFP reporter and examination
of reassignment efficiency, allowed analysis of multiple colonies of the same reassignment system. The
process also served as verification that improvements in observed sense codon reassignment efficiency
are related to the modifications in the aaRS/tRNA pair as opposed to a mutation or bias in the reporter
plasmid or in the cell in which screening originally occurred. Analysis of three colonies of each of the

eight selected aaRS/tRNA variants suggested a successful library selection process, as each variant
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reassigned the AGG codon to Tyr with high efficiency (Figure 4.1C). Additionally, the colony to colony
variation observed for each system was typical of that observed for these reassignment evaluations,
suggesting that the aaRS/tRNA variants themselves were responsible for the increased reassignment
efficiency. The variant with the highest reassignment efficiency, clone C3, reassigned the AGG codon to
Tyr with 96% efficiency. This is a 1.6-fold improvement over the starting material, which reassigns the
AGG codon to Tyr with 56% efficiency. When the same library strategy was used to evolve the
TyrRS/tRNACP pair to reassign the Lys AAG codon, a five-fold improvement was observed over the
starting material, but this is likely due to the low efficiency of the Lys starting material (6%).%* The high
level of reassignment of the AGG codon by Clone C3 suggests efficiencies comparable to natural E. coli

aaRS/tRNA pairs, and to the levels of reassignment described by Lee and Mukai. %!’

Strong consensus was apparent across the unique clones identified. In the case of the tRNA
anticodon loop, the nucleotides identified at position 32, 37, and 38 were identical for seven of the eight
aaRS variants: 5’-auCCUag-3’ (loop positions shown as lower case letters and upper case letters
corresponding to the anticodon). The starting tRNA sequence was 5’-cuCCUaa-3’. None of the variants
included a change at position 37, which is a conserved purine residue in prokaryotes.>*?* The single clone
(G4) that showed a different anticodon loop sequence was 5’-guCCUag-3’. Only position 32 differed
from the other seven variants, and this change was accompanied by unique residues in the selected aaRS.
The amino acids selected at six of nine varied positions in clone G4 are not identified in any of the other

variants.

Three out of the eight unique clones we selected contained mutations in the aaRS sequence outside
of the nine library positions we varied. Clones G4 and F3 had K228N mutations, and clone C3 showed
E221K and R223G. All three of these mutations exist in an a-helix of the aaRS near the anticodon
binding domain. The co-crystal structure of the M. jannaschii TyrRS complexed with its cognate tRNA
with a GUA anticodon shows the &- amine of K228 is within 2.9A of a carbonyl oxygen in the tRNA

phosphate backbone at position 29. In its most extended conformation, the Asn side chain is 24 shorter
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than a Lys side chain. Mutation of position 228 to Asn from Lys could be bringing the tRNA closer to the
aaRS. This spontaneous mutation was also discovered in three of ten selected clones of the same library
with a CUU Lys anticodon.?? The E221K and R223G mutations in clone C3 occur near the distal end of
the a-helix relative to the tRNA. These mutations may make structural changes to the a-helix, but likely

do not interact directly with the tRNA molecule.

Effect on Cell Health/Growth

Although the high levels of sense codon reassignment could have resulted in reduced doubling
times of the selected clones from the library due to damaged cell regulatory elements, this was not
observed. In fact, the instantaneous doubling times of cells in their exponential phase of growth are faster
than the doubling times for the starting material. Bacterial cells are largely tolerant of induced missense
mutations, and growth defects only appear when the protein quality control machinery is
overwhelmed.?®?” The tolerance toward almost complete reassignment of AGG codons is likely due to the
low usage of the AGG codon in the E. coli genome. Additionally, the conditions of the screen used to
select clones with high reassignment efficiencies, involving repeated selections and amplifications, are

also selecting against slow-growing cells.

Transferability of Mutations to the aaRS that Improved Reassignment Between aaRSs for
Different Amino Acids

The primary goal for genetic code expansion is the incorporation of ncAAs. Just two orthogonal
aaRS/tRNA pairs have been employed to incorporate the vast majority of ncAAs in response to amber
stop codons: the M. jannaschii tyrosyl aaRS/tRNA pair and the pyrrolysine aaRS/tRNA pair from either
M. barkeri or M. mazei. Our fluorescence based screen utilizes the M. jannaschii Tyr-incorporating aaRS
as a stand-in for M. jannaschii aaRSs variants that activate ncAAs. The extent to which the anticodon
binding domain (varied based upon the codon targeted for reassignment) and amino acid activation
domain (varied based upon the amino acid being incorporated) of the aaRS interact in aminoacyl tRNA

synthetases has not been intensely studied. The extent that modifications improving incorporation via
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recognition between the tRNA and aaRS can be transferred between synthetase variants has not been
investigated. The extent that tRNA mutations that improve selected ncAA incorporation in response to
amber codons transfer between synthetases specific for different ncAAs suggest that the extent of transfer

is idiosyncratic.>?!

The M. jannaschii tyrosyl aaRS evolved for incorporation of para-azidophenylalanine (pAzFRS)
has been used to incorporate pAzF in response to both amber stop and Arg AGG codons.!”?® pAzF has
been widely used for protein crosslinking and derivatization via copper catalyzed Huisgen cyclization
with alkynes. Additionally, pAzF produces an altered but observable fluorescence when incorporated into
the fluorophore of GFP?*3%3!, Fluorescence from pAzF incorporation into the fluorophore results in a

slightly blue shifted fluorescence relative to the maximum wavelengths of sfGFP.*!

The extent to which improvements in reassignment efficiency selected using the TyrRS can be
transferred to the pAzFRS was evaluated both using the both the fluorescence-based screen and mass
spectrometry. The mutations found to improve Tyr incorporation in response to AGG codons in clone C3
were transferred to a pAzF specific synthetase.® The fluorescence of cells expressing GFP with an AGG
codon specifying the fluorophore position 66 in combination with either pAzFRS/tRNAccu or the clone
C3 pAzFRS/tRNAccu mutations was monitored in the presence and absence of pAzF. Meaningful in vivo
fluorescence was not observed for these cultures, possibly as a result of the azide not reducing to the
amine in vivo as had been noted previously, or possibly because measurements were being made in cells
in rich media, both of which have a level of background fluorescence. The modified fluorophore of sfGFP
with an amine group replacing the hydroxyl side chain of the Tyr results in a blue shifted and decreased
fluorescence. The quantum yield of pAzF containing sfGFP that had been reduced to the amine side chain
was measured to be approximately 27% of the wild type sfGFP when quantum yield is measured at the
maximum wavelengths for both protein species.?! A slight increase in fluorescence was observed after
irradiation of the cell cultures with UV light as described by Reddington, et al., however it was difficult to

control this method for uniform irradiation of each culture. Instead, proteins from cell cultures where
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pAzF was incorporated into the fluorophore of sfGFP either at an AGG codon or at a UAG stop codon
were purified via an N-terminal hexahistidine tag. The fluorescence of the purified proteins was
evaluated, and the concentration of protein in each sample was estimated from PAGE gels using GFP
standards as a calibration curve. The observed fluorescence of each purified protein sample was
normalized using the estimated protein concentration to derive a value for fluorescence per protein. The
assumption that every protein produced from a control system in which the GFP reporter includes an
amber stop UAG codon at position 66 contains the pAzF in the fluorophore is required to identify a value
for 100% pAzF incorporation. This assumption is somewhat invalidated by clear evidence of Tyr
incorporation in systems to which no pAzF was added. The amount of incorporation is low, but

detectable.

The pAzFRS/tRNAccu pair was able to reassign the AGG codon in the fluorophore of sfGFP to
pAZzF at 29% in rich media relative to the fluorescence / protein of stop codon incorporated pAzF-sfGFP
expressed under the same conditions (Figure 4.2b). In the absence of the ncAA in the growth medium,
fluorescence corresponding to 6% reassignment was detected, which likely represents misaminoacylation
of the tRNAccu by the pAzFRS. The pAzFRS/tRNA variants with the improvement mutations from clone
C3 were able to reassign the AGG codon at 50%, a 1.7-fold improvement over the original
pAZzFRS/tRNAccu pair. The clone C3 variant pair also had two-fold higher background in the absence of
ncAA. This improvement is consistent with the increase in reassignment efficiency we observed for the
TyrRS and tRNA pair (Figure 4.2a), suggesting that improvements made to the aaRS and tRNA for
reassigning Tyr at AGG codons also increased the efficiency of reassigning AGG codons to the ncAA

pAzF.

In order to confirm the increase in efficiency of pAzFRS and tRNAccy variants with mutations
from clone C3, electrospray ionization mass spectrometry (ESI-MS) was used to approximate the levels

of incorporation. The Z domain of proteinA is a small 8.3 kDa peptide and can be expressed
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Figure 4.2 Transferability of modifications for a TyrRS/tRNA pair to a pAzZFRS/tRNA pair. A) Sense
codon reassignment of TyrRS/tRNA®Piccy and the clone C3 improved variants in pWB_Ultra backbone
relative to levels of wtGFP expressed from the same system. B) Sense codon reassignment of pAzF
incorporation at AGG codons expressing pAzFRS and tRNACPccy and the clone C3 improved variants
from pWB_Ultra. Reassignment percent is determined from fluorescence per protein estimates from
clarified lysates, relative to suppression of an amber stop codon using tRNA®Pcua. C-F) ESI MS of the Z-
domain peptide with incorporation of either Tyr (+7Da) or pAzF (+32Da) at the single AGG codon.
Calculated mass of the Z domain peptide with arginine at the single AGG codon is 8308 Da. The +14Da
shift seen on all peaks is likely due to a methylation of the Z-domain. Dotted lines in E) and F) represent
proteins expressed in the absence of ncAA and solid lines in these figures were expressed in the presence of
2mM pAzF. C) TyrRS/tRNACPiccy reassigning AGG codons to Tyr. D) Clone C3 improved variant of
TyrRS/tRNAccu reassigning Tyr at the AGG codon. E) pAzFRS/tRNAccu reassigning AGG codons to
pAzF. F) pAzFRS/tRNAccu with improvement mutations from clone C3 reassigning AGG to pAzF.

independently as a soluble tri helix peptide.* This reporter protein had already been shown to work well
with ESI-MS techniques.!” The Z domain peptide with an FSR mutation to the AGG codon (see sup info

for protein sequence) was expressed in cells reassigning the AGG codon to tyr or pAzF using both the
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unimproved and clone C3 improvements to the aaRSs and tRNAs. Z domain proteins were purified and
analyzed using ESI-MS of the intact peptide followed by deconvolution of the mass spectra using the
Maximum Entropy algorithm (MassHunter Software, Agilent Technologies). Figures 4.2¢c-f show the
deconvoluted mas spectra for Z domain proteins produced from various codon reassignment systems. In
both of the systems with unimproved aaRS/tRNAccu pairs, reassignment of the AGG codon is not
detectable in the mass spectrum (Figures 4.2c and 4.2¢). However, we see approximately the same level
of reassignment of for the TyrRS and pAzFRS with clone C3 mutations in the aaRS and the tRNAccu
(Figures 4.2d and 4.2f). Although we cannot reconcile the apparent difference in reassignment
efficiencies in the Z domain peptide as measured by ESI-MS and the sfGFP fluorescence screen, the
trends in both reporter systems suggest that improvements selected from a library for the reassignment of

Tyr at AGG codons also increase the reassignment of pAzF at AGG codons.

Combining Genome Modifications with Directed Evolution Improvements (argW

knockout)

The improvements to sense codon reassignment efficiency made via modifying tRNA and aaRS
interactions should be separate from and compatible with improvements that result from removing
competition through genomic engineering approaches. The improved AGG-reassigning aaRS/tRNA clone
C3 pair was evaluated in a cell strain with one of the simplest of the genome modifications: removal of
the rare Arg tRNAccu that Watson—Crick base pairs with the AGG codon and competes against the M.
jannaschii tRNA for decoding the codon. The ArgW knockout of DH10B cells was prepared via the
lambda red recombinase method to mimic the BSO1 knockout cells reported by Lee and coworkers.!” This
cell strain has been designated BS01-Fisk. An additional knockout of argA renders the cells auxotrophic
for Arg. The argW/argA dual knockout mimics the previously reported BS02 cells; this cell strain has
been designated BS02-Fisk. Sequencing of the PCR amplifications of relevant segments of the
chromosome in knockout cells and as well as tRNA amplification tests from cellular tRNAs indicated that

the genomic knockouts were successful in removing the arg-tRNAccu from DH10B cells (Supp Info).
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Surprisingly, the reassignment of AGG to Tyr was less effective in the BS02-Fisk cells than in the
parent strain DH10B (Figure 4.3). Additional argW knockouts were constructed from different starting
strains. In all cases examined, E. coli DH10B, Top10, and C321.AA.exp argW tRNA knockout strains

appeared to be less effective at AGG sense codon reassignment than argW " parent strains.
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Figure 4.3 A)Effect of competing knocking out competing endogenous tRNA on sense codon reassigment.
Sense codon reassignment efficiency of reassigning AGG codons to tyr using the TyrRS/tRNAccu in strains
of E. coli (Solid bars) and in the same strains with argW gene knocked out (hashed bars). BS02 cells are
derivative of DH10B cells, and BS02-Yoo were obtained from the Yoo lab, BS02-Fisk were engineered in
our lab. B) Growth curves of a representative expression experiment for the 7 strains of E. coli in Figure
3a. All strains are harboring the same plasmids to reassign the AGG codon in the fluorophore of sfGFP to
Tyr.

We obtained an original sample of BS02 cells (designated BS02-Y00) and the (pEVOL1/pQE-80)
plasmid system employed for para-azidophenylalanine (pAzF) incorporation (generous gifts from Tae
Hyeon Yoo0). Sequencing and tRNA amplification tests suggested that both BS02-Yoo and BS02-Fisk
cells were indeed ArgW knockouts. Multiple AGG codon reassignment experiments were performed

using both Tyr and pAzF incorporating aaRSs and evaluated using the GFP based screen and by ESI-MS
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of the Z domain peptide. In none of the tests did we find that the removal of argW from the genome of E.
coli led to an increase in sense codon reassignment levels outside of standard deviations of the
experiments. In most incorporation scenarios, incorporation efficiency was decreased in the absence of
argW. Unexplainably we saw no significant difference in the growth rate of cells when we compared the
strains with argW and their argW knockout counterparts (Figure 4.3b). Reports from the Yoo lab
suggested that knocking out the argW gene from DH10B cells resulted in severe growth defects, which

we did not observe.

We concluded that knocking argW out of cells was not a major contributing factor to sense codon
reassignment efficiency. The lack of growth rate defect in argW knockout cells suggests that the Arg-
tRNAuycy is largely capable of decoding the AGG codons and that it compensates for Arg-tRNAccu
removal. Zeng and co-workers (Liu 2014) attempted to reduce the effective concentration of tRNA ccu by
introducing an antisense RNA and found that it had an insignificant effect on sense codon reassignment
efficiency. Mukai et al. reported cells that cells were viable after knocking out argW, but were unable to
survive after knocking out the genes for both the Arg-tRNAccy and Arg-tRNAycu. Supplemental
information in Lee et al. suggests that very high levels of AGG codon reassignment are present in ArgW ™"

parent cells consistent with the AGG reassignment efficiencies measured by our GFP screen.

Effect of Plasmid Backbone on Reassignment Efficiency

All of our attempts to reassign the AGG codon in both argW* and argW- cells was done using our
pWB_Ultra plasmid backbone to express the TyrRS and tRNAccu. We wanted to make sure that the
difference in argW results we observed relative to the results reported by Lee et al. was not due to some
unknown difference between our plasmid systems. We cloned our TyrRS gene into the pEVOL1 plasmid
and measured the reassignment efficiency of AGG codons to Tyr in DH10B, BS02-Y 0o, and BS02-Fisk
cells (Figure 4.4a). We also ruled out any differences from the plasmid backbone for the reporter stGFP
plasmid by cloning our sfGFP reporter protein into the pQE-80 plasmid used by the Yoo lab to express

the Z-domain reporter in their paper.!” Results of Tyr incorporation using the pEVOL1 backbone
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Figure 4.4 Reassignment of AGG codons using the pEVOL1 backbone to express orthogonal translation
components. A) Reassignment of an AGG codon in the fluorophore of sfGFP to Tyr in three cell lines. Hashed
boxes are argW". The sfGFP gene is the same in both reporter plasmid backbones. B) — D) Deconvoluted ESI-
MS spectra for Z domains incorporating pAzF in response to a single AGG codon from three different cell
lines. Dashed lines represent proteins expressed without ncAA, solid lines were expressed with 2mM pAzF. B)
DH10B cells. C) BS02-Yoo Cells. D) BS02-Fisk Cells.

supported our previous findings that removal of argW did not lead to increased sense codon reassignment
at AGG codons, but surprisingly sense codon reassignment with the pEVOL1 backbone was significantly
higher than sense codon reassignment from the pWB_Ultra plasmid backbone. Regardless of the argW
phenotype of the cell or the plasmid backbone from which the reporter was expressed, the pEVOL1
backbone expressing the TyrRS and the tRNAP'ccy reassigned AGG codons at approximately 90%

efficiency relative to a wtGFP protein under the same expression conditions. We also compared
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incorporation of pAzF into the AGG codon in the Z domain peptide using ESI-MS analysis (Figure 4.4b-
d). The mass spectra of pAzF incorporated at the AGG codon supports high levels of reassignment form
the pEVOL1 backbone, showing small peaks corresponding to Arg and predominantly incorporation of

pAZF in all three cell types.

Although argW did not appear to be a significant contributor to the efficiency of AGG codon, the
efficiencies of reassignment were dependent on plasmids that expressed the TyrRS and tRNA. Using the
same aaRS and tRNA, reassignment efficiencies were consistently higher when expressed from the
pEVOLI1 as opposed to the pWB Ultra system. The high efficiency as a starting point would be difficult
to improve, and is likely partially responsible for the confusing results that made it appear as though argW

had an effect.

We tried to combine the high starting efficiency of the pEVOL1 plasmid system with the
improvements discovered in our directed evolution library to reach even higher levels of incorporation. In
the pEVOL1 bases system, the selected improved variant performed worse than the starting aaRS. The
selected variant showed a sense codon reassignment efficiency of only 76% relative to the unmodified
TyrRS and tRNA®Pcy which incorporate at 90% (Figure 4.5a). Although ESI-MS is not quantitative the
trends it reveals agree with the decrease seen in the sfGFP screen for TyrRS expressed from pEVOLI. the
pEVOLI system, the starting material with the unmodified TyrRS incorporates at such a high level that
no arg incorporation is detectable (Figure 4.5c). The TyrRS/tRNA pair with clone C3 modifications
selected from the library, show a decrease in sense codon reassignment efficiency as incorporation of Arg
as well as Tyr is plainly detected (Figure 4.5d). Arg incorporation results in the 8308 Da peak (as does the
8322 which has a +14Da methylation in the z-domain). Substituting Tyr for Arg results in a +7Da mass

shift (8315 and 8329)

We evaluated the unmodified pAzFRS/tRNAccu and clone C3 library improvements to pAzFRS
and tRNAccu expressed from the pPEVOLI1 plasmid. As we saw with the TyrRS screen however, the

pAzFRS/tRNA pair with the library improvements led to a decrease in sense codon reassignment
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efficiency when expressed from the pEVOL1 plasmid (Figure 4.5b). This is likely due to the same
variables that limited reassignment in the pEVOL1-TyrRS system, and could also stem from the already

very high levels of reassignment. Evaluation of the pAzFRS and tRNAccu pair with and without library
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Figure 4.5 Transferability of improvements for a TyrRS / tRNACCU library evolved in pWB_Ultra,
expressed in pEVOLI1. A) Sense codon reassignment of TyrRS in pEVOL backbone relative to levels of
wtGFP expressed from the same system. B) Sense codon reassignment of pAzF incorporation at AGG
codons expressing pAzFRS and the tRNA from pEVOL. Reassignment percent is determined from
fluorescence per protein estimates from clarified lysates, relative to suppression of an amber stop codon
using tRNACP‘cya. C) ESI MS of the Z-domain peptide with Tyr incorporated in response to an AGG
codon. Left, the tRNACPiccy and the TyrRS, Right, Clone C3 variants of the TyrRS and tRNAPccy.
Calculated mass for the Z domain with Arg is 8308 Da. Substitution of Tyr for Arg results in a +7Da mass
shift. D) ESI MS of purified Z domain peptides in the presence (Solid line) or absence (dashed line) of
2mM pAZzF. On the left is the pAzFRS and the tRNA®P'ccu Substitution of pAzF for an Arg residue
results in a +32Da mass shift. The +14Da shift is likely due to a methylation of the Z-domain.
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modifications using ESI-MS analysis of Z domain peptides confirms a decrease in sense codon

reassignment in systems with mutations originally identified in PWB-Ultra libraries (Figure 4.5¢ and f).

We assume that the loss in reassignment efficiency for aaRS/tRNA pairs with clone C3
modifications in the pEVOL1 backbone is because of the kinetic differences which come about from the
different concentrations of translation components. The genes for the aaRS, the tRNA, and the reporter
protein are identical in each scenario, while the plasmid copy number and the promoters driving those
genes is variable across the systems. It remains unclear which factors are the most important for the
transferability of improvements to aaRS and tRNAs, and expression systems clearly play some role in
efficiency. While mutations which increased sense codon reassignment efficiency in the pWB_Ultra
plasmid backbone were transferrable between aaRS with different amino acid specificities, the same
mutations did not lead to an increase in sense codon reassignment in the pEVOL1 backbone. The
maintenance of the trend of decreasing reassignment did however transfer between the TyrRS/tRNA ccu
pair and the pAzFRS/tRNAccu pair in the pEVOL1 backbone. This suggests that when using the same
plasmid backbones, improvements to and decreases in sense codon reassignment efficiency may be

transferable.

Although the library improvements did not increase pAzF sense codon reassignment in pEVOL1
plasmid system, the levels of pAzF reassignment in both the starting material and the library
improvements were quite high. This once again supports the argument that different plasmid backbones
can have different efficiencies for sense codon reassignment. One interesting result from the comparisons
of these two different aaRS/tRNA plasmid expression systems is that although the sfGFP reporter gene
was expressed from the same plasmid in all of the expression tests (pGFP-Y 66aag), the expression levels
of the reporter protein were dramatically different between the two plasmid systems, and also between the

reassignment of an AGG codon and the suppression of an amber stop codon at position 66 (Figure 4.6).
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Figure 4.6. Coomassie stained PAGE Gel of clarified lysates of sfGFP
expressing cultures with orthogonal translation systems expressed from two
different backbones. Far right samples are purified protein samples
representing 110ng, 225ng, 550ng, or 1100ng of sfGFP

Although our library modifications we identified from the pWB_Ultra plasmid system did not lead
to improvements in the pEVOL1 for AGG sense codon reassignment future work with directed evolution
libraries in alternate plasmid systems should lead to increased incorporation efficiencies at sense codons.
The fact that library improvements do not transfer well between plasmid systems suggests that expression
of orthogonal translation components is quite sensitive and that care should be taken to optimize
expression systems for a given aaRS and tRNA in each scenario, including libraries for directed
evolution. We are particularly interested in working with the pDULE plasmid system and autoinducing
media, as comparative testing has shown this system to have very high levels of ncAA incorporation in
response to stop codons as well as very high levels of protein yield. Although we have started working
with pDULE, the plasmid construction is not amenable to high diversity DNA library construction, and so

far we have not produced a library of mutants in pDULE based plasmids.

CONCLUSIONS

These results suggest that although directed evolution is in fact a valuable tool for improving GCE,
and that modifying the interaction between the aaRS and tRNA can have positive effects on sense codon
reassignment efficiency, there is no guarantee that those improvements will transfer outside of the in vivo
reassignment system used for directed evolution. Further, there is large variability in reassignment values
between different incorporation systems (as seen in this work, as well as in reports from several other
groups). Not many reports directly compare plasmid or cellular systems for incorporation in the way we

have (they don’t have a good enough screen for it?)
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More work to understand which individual components are important variables in these systems
needs to be performed, not only to optimize genetic code expansion for a given system, but also to have
better understanding a priori about moving GCE systems between organisms and ncAA and aaRS

systems.

While genome engineering can lead to high levels of incorporation at sense codons, it is a
challenging method that requires specific modification of a given strain of an organism. There is also
some question as to the extent to which removing competition from endogenous tRNAs increases or
changes sense codon reassignment, particularly at the AGG codon. Directed evolution can be used to
realize high level incorporation efficiency of ncAA into proteins in response to sense codons. Reassigning
the AGG Arg codon does not lead to high levels of toxicity in cells even when high levels of reporter
protein are expressed with ncAA incorporations in rich LB media. This produces a simple method for the
expansion of the genetic code that can be combined with other more complex methods if necessary, but

can also be used in a standalone fashion.
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Cell Strains
NEB 5-alpha (New England Biolabs): fhud2 A(argF-lacZ)U169 phoA ginV44 @80 A(lacZ)M15
gyrA96 recAl relAl endAl thi-1 hsdR17

SB3930 (Yale CGSC): 1, 4hisB463

SS320 (MC1061 F’°, Lucigen): [F'proAB+laclglacZAM15 Tnl0 (tetr)] hsdR mcrB araD139
A(araABC-leu)7679 lacX74 galUgalK rpsL thi

CJ236 (New England Biolabs): FA(HindlIlI)::cat (Tra" Pil" Cam®)/ ung-1 relAl dut-1 thi-1 spoTI
mcrA4

S.1 General Materials and Reagents

All restriction enzymes, DNA polymerases, and T4 kinase were purchased from New England
Biolabs and used according to the manufacturer’s instructions. ATP was purchased from Fisher (BP413-
25) and dNTPs were purchased form New England Biolabs (N0447S). DNA isolation was performed
using either a Thermo Scientific GeneJET plasmid miniprep kit (K0503) or Sigma Aldrich GenElute
plasmid miniprep kit (PLN350) according to the manufacturer’s protocols. Purification of PCR and
mutagenesis reactions were performed using either a Thermo Scientific GeneJET PCR purification kit
(K0702) or Sigma Aldrich GenElute PCR clean-up kit (NA1020) according to the manufacturer’s

instructions.

LB liquid media (per liter: 10 g tryptone, 5 g yeast extract, 5 g NaCl) and LB agar plates with 15
g/L agar (TEKNova, A7777) were used unless otherwise noted. Isopropyl-beta-D-thiogalactoside (IPTG)
was purchased from Gold Bio (12481C5). Spectinomycin (Enzo Life Science, BML-A281) was used at 50
pg/mL to maintain the pUltra-based vectors harboring the tRNA and aaRS genes. Carbenicillin
(PlantMedia, 40310000-2) was used at 50 pg/mL to maintain the vectors harboring the GFP reporter

gene. All bacterial cultures were grown at 37 °C unless otherwise noted.

Electrocompetent stocks of all strains were prepared in-house according to the method of Sambrook
and Russell'. Typical transformation efficiencies for electrocompetent cells produced in this way are 10°

cfu/pg of supercoiled DNA. All electroporation transformations were recovered in SOC (20 g/L tryptone,
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5 g/L yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCl,, 20 mM Glucose) for 1 hour at 37 °C with

shaking prior to transfer to media containing appropriate antibiotics.

All oligonucleotides were purchased from Integrated DNA Technologies (Iowa, USA) in 25 nmol

scales with standard desalting.

S.2 DNA Mutagenesis Protocols
QuikChange Style Site-Directed Mutagenesis

Non-library site directed mutagenesis for routine cloning and mutation of tRNA anticodons and
GFP fluorophore codons was accomplished using a method adapted from the Stratagene QuikChange
Multi-Site Directed Mutagenesis protocol. For each 25 pl reaction, 125 ng of mutagenic oligonucleotide
was combined with 100 ng of plasmid DNA isolated from NEB 5-alpha cells in 1x Q5 High Fidelity
Polymerase with 1x High GC Buffer, 200 uM dNTPs, and 1 unit of Q5 High-Fidelity Polymerase.
Reactions were cycled in a PeqSTAR thermocycler (peqLab) for 18 cycles: 98 °C for 20 seconds, and
72 °C for 15 seconds/kb of template plasmid. A final extension at 72 °C was carried out for 5 minutes. 20
units of Dpnl enzyme was added directly to the PCR reaction and incubated at 37 °C for 2 hours.

Reactions were transformed into electrocompetent NEB 5-alpha without cleanup.

Isolation of single stranded deoxy-uridine containing DNA

DNA libraries were produced with Kunkel Mutagenesis using a method adapted from Sidhu and
Weiss?. Briefly, cultures of CJ236 cells harboring the phagemid to be mutated were grown to an ODgoo of
0.5 and infected with M13K07 helper phage at a multiplicity of infection of 10:1. The infected culture
was transferred into 50-100 mL of LB media with 5 pg/mL chloramphenicol, appropriate antibiotic to
maintain the phagemid, and 0.25 pg/ml uridine. Cultures were grown overnight at 30 °C or 37 °C. Cells
were pelleted at 17,000 xg at 4 °C for 12 minutes in a Sorvall RC 6+ with a Thermo FIBERLite F13-
14x50cy rotor. Phage particles were isolated by decanting the supernatant from the pelleted cells into 1/5
volume of 20% 8,000 molecular weight polyethylene glycol and 2.5M NaCl in water. Solutions were

incubated on ice or at 4 °C for 2 hours or overnight (respectively). Phage particles were isolated by
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pelleting at 17,000 xg at 4 °C for 20 minutes in a Sorvall RC 6+. The supernatant was decanted and the

phage pellet was spun for an additional minute to collect all the remaining supernatant, which was then

removed using a pipette. The phage pellet was resuspended in approximately 1 mL of Phosphate or Tris
buffered saline, pH=7.4. Insoluble material was pelleted out of the phage solution at 17,000 xg for 5

minutes. Single stranded DNA was isolated from phage particles using a Qiagen M13 spin kit.

Kunkel Style Site-Directed Mutagenesis

Mutagenic primers were phosphorylated for 1 hour at 37 °C using T4 polynucleotide kinase.
Phosphorylated primers were annealed to 1 pg of single stranded template DNA at a 10:1 molar ratio by
incubating at 90 °C for 2 minutes, 50 °C for 3 minutes, and then 25 °C for 5 minutes. The annealed
mixture was extended using T7 DNA polymerase in the presence of T4 DNA Ligase and 670 um ATP
and 330 pm dNTPs (each) at room temperature overnight. Reactions were cleaned up using a PCR spin
kit and transformed into electrocompetent NEB-5alpha cells. This procedure typically yields 10°

transformants with 40-80% mutation efficiency.

Construction of GFP Reporter Vectors
Reporter plasmids containing sfGFP gene variants (S30R, Y39N, F64L, S65T, F99S, N105T,

Y145F, M153T, V163A, 1171V, and A206V relative to the wtGFP sequence?) with codon modifications
at position 66 (fluorophore Tyr) were constructed using standard DNA manipulation techniques. The
sfGFP gene in our reporter vectors differs from the protein reported by Pédelacq et al. at the N-terminus
of the protein; our sfGFP reporter has an N-terminal hexa-histidine tag followed by Ala-Leu-Glu in place
of the first three residues of the wild type sequence Met-Ser-Lys. In addition in our sfGFP reporter
variant, the Thr at position 9 is a His residue and glutamine 80 is an arginine. All other reporter plasmids

used in this study vary only by the DNA codon corresponding to amino acid 66 (Tyr in sfGFP).

We used a modified pQE-40 protein expression plasmid (Qiagen) as the backbone for the reporter
plasmids. Briefly, the unique EcoRI site in pQE-40 was moved upstream of the hexa-histidine tag, and a

unique Pacl site was inserted between the Xbal site and the M 13 origin. The sfGFP gene was amplified
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out of Np3-TAT-GFP (Gift from A. Bradbury*) and assembled into a highly repressed, IPTG-inducible
cassette with a TS5 promoter, 2 LacO operator sites, and an engineered strong ribosome binding site from
the Registry of Standard Biological Parts (BBa_B0030). The sfGFP gene cassette was inserted into the
vector backbone using Notl and the repositioned EcoRI site. Strong repression of the sfGFP reporter was
achieved by incorporating a Lacl gene cassette amplified from pBbB1a-GFP (Addgene plasmid #35340)°
and cloned into the backbone using the Xbal and Pacl sites. The camR gene cassette was removed from
the reporter vector by digesting the DNA with Nhel and Xbal and ligating the overhanging ends together.

The entire DNA sequence of the sftGFP expressing reporter plasmid is given in S.3.

Construction of tRNA/aaRS Translational Components Vectors

The pWB_Ultra-Tyr-AUG vector expressing the orthogonal translational components was
assembled from several vectors and modeled after pUltra plasmids reported by Chatterjee et al.®. The M.
Jjannaschii tRNACP expression cassette was amplified out of pEVOL-pBpF (Addgene plasmid #311990)’.
We assembled a vector backbone containing a medium copy number ClodF13 origin of replication,
spectinomycin resistance gene, and Lacl gene cassette from pCDFDuet-ADAT1-ADAT3 (Addgene
plasmid #15917)8. The E. coli codon optimized M. jannaschii tyrosyl- tRNA synthetase (TyrRS) gene
was obtained by changing the specificity of the p-azidophenylalanine incorporating aaRS (from pEVOL-
pAzF, Addgene plasmid #31186)° to tyrosine by site directed mutagenesis. Quikchange-style mutagenesis
was used to mutate the T32Y, N107E, P157D, L1581, Q162L and R286D in the pAzF-RS gene to restore
TyrRS activity (based on GenBank accession no. Q57834). The TyrRS gene was cloned into our
backbone under the control of an IPTG inducible tac promoter. The entire DNA sequence is provided for

clarity in S.6

127



AmpR 5072..4413

pGFP66tat
5223 bp

e

T5-2xLacO Promoter 4005..3902

rrnB Terminator 3130..2973
rmB T2 2832..2805

Figure S1. Graphic map for Reporter Phagemid pGFP66tat

S.3 DNA Sequence of pGFP66tat
> [pGFP66tat WtGEP reporter - 5223 bp]

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCAATTGTGAGCGGATAACA
ATTTCACACAGAAAACATTAAAGAGGAGAAAGAATTCTATGCACCACCACCACCACCACGCACTCGAGGGAGAAGAA
CTTTTCCACGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCCGTGGAGA
GGGTGAAGGTGATGCTACAAACGGAAAACTCACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGC
CAACACTTGTCACTACTCTGACCTATGGTGTTCAATGCTTTTCCCGTTATCCGGATCACATGAAACGGCACGACTTT
TTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGACCTACAAGACGCG
TGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAGGGTATTGATTTTAAAGAAGATGGAA
ACATTCTTGGACACAAACTCGAGTACAACTTTAACTCACACAATGTATACATCACGGCAGACAAACAAAAGAATGGA
ATCAAAGCTAACTTCAAAATTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCAGACCACTATCAACAAAATAC
TCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCACTACCTGTCGACACAATCTGTCCTTTCGAAAGATCCCA
ACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACACGGCATGGATGAGCTCTAC
AAATAAGCGGCCGCGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATGCCGA
ACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCA
AATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTA
GGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAA
ACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTTGTTTAT
TTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCGATGATCCCGGGTCGACCTGCAGCCAAGCTT
AATTAGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTC
GGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGCTAGACCCCGAAAAGTGCCACCTGACGTCGACACCATCG
AATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCA
GTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCA
CGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAAC
AACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTC
GCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGC
CTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGG
ATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCGTCAAC
AGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGC
GCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATC
AAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAAT
GAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTC
CGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGT
TAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAG
GCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGC
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CTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGC
AACGCAATTAATGTAAGTTAGCGCGAATTGATCTGGTTTGACTTAATTAAGCGGCATCAGAGCAGATTGTACTGAGA
GTGCACCATATGTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACC
AATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGG
AACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACT
ACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCC
CCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGLT
AGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGL
GTCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTC
ACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCAC
AGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGT
TGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAAC
CCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCT
TACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTT
CGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGT
AACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAG
AGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTG
GTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCT
GGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTT
TTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCT
TCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGT
TACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGT
CGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCAC
CGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCC
TCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGC
CATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGC
GAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTG
GCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTC
TGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAA
TACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTC
TCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTAC
TTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAAT
GTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATA
TTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGA
AACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAC

129



Table S1: Reporter Protein Plasmid Designations and Usage

Reporter Position 66 Naturally Encoded Usage

Plasmid Codon Amino Acid

pGFP66tat UAU Tyr Wild type GFP vector
pGFP66¢cac CAC His Codon discrimination vector
pGFP66¢cat CAU His Sense codon reassignment codon
pGFP66aaa AAA Lys Codon discrimination vector
pGFP66aag AAG Lys Sense codon reassignment codon
pGFP66aac AAC Asn Codon discrimination vector
pGFP66aat AAU Asn Sense codon reassignment codon
pGFPo66ttc uucC Phe Codon discrimination vector
pGFP66ttt uuu Phe Sense codon reassignment codon
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SpecT 5051..4260

T7 Terminator 4043..4090
pWB_Ultra-tac-Tyr-AUG
5190 bp

Lacl 952..1908

MJ_TyrRS 3017..3937

Tac 2943..2996

ProK Promoter 2884..2823
MJ_tRNA_Opt 2822..2746
ProK Terminator 2745..2711

'M13 Origin 2156..2536

Figure S2. Graphic Map of pWB_Ultra-Tyr-AUG aaRS and tRNA expression vector

S.4 DNA Sequence of pWB_Ultra-Tyr-AUG (5190 bp)

GCGCTGCGGACACATACAAAGTTACCCACAGATTCCGTGGATAAGCAGGGGACTAACATGTGAGGCAAAACAGCAGG
GCCGCGCCGGTGGCGTTTTTCCATAGGCTCCGCCCTCCTGCCAGAGTTCACATAAACAGACGCTTTTCCGGTGCATC
TGTGGGAGCCGTGAGGCTCAACCATGAATCTGACAGTACGGGCGAAACCCGACAGGACT TARAGATCCCCACCGTTT
CCGGCGGGTCGCTCCCTCTTGCGCTCTCCTGTTCCGACCCTGCCGTTTACCGGATACCTGTTCCGCCTTTCTCCCTT
ACGGGAAGTGTGGCGCTTTCTCATAGCTCACACACTGGTATCTCGGCTCGGTGTAGGTCGTTCGCTCCAAGCTGGGC
TGTAAGCAAGAACTCCCCGTTCAGCCCGACTGCTGCGCCTTATCCGGTAACTGTTCACT TGAGTCCAACCCGGAAAA
GCACGGTAAAACGCCACTGGCAGCAGCCATTGGTAACTGGGAGT TCGCAGAGGATTTGT TTAGCTAAACACGCGGTT
GCTCTTGAAGTGTGCGCCAAAGTCCGGCTACACTGGAAGGACAGATTTGGTTGCTGTGCTCTGCGARAGCCAGTTAC
CACGGTTAAGCAGTTCCCCAACTGACTTAACCTTCGATCAAACCACCTCCCCAGGTGGTTTTTTCGTTTACAGGGCA
AAAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACTGAACCGCTCTAGATTTCAGTGC
AATTTATCTCTTCAAATGTAGCACCTGAAGTCAGCCCCATACGATATAAGTTGTAATTCTCATGTTAGTCATGCCCC
GCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGC
TAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAAT
CGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAAC
AGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGT TGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAR
ATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATGT
CCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATC
GCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCG
TTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAAC
TTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCT
TCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGC
AGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGAT
TGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCG
GCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGT GGCAACGCCAATCAGCAA
CGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTT
CCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGARACGGTCTGATAAGAGACACCGGCATACTCT
GCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCAAGCT
TTGAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATACAGATCCTGA
CGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC
TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTARATCGG
GGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCARAAAACTTGATTAGGGTGATGGTTCACG
TAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGT
TCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTAT
TGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAGGATCTGTATG
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GTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGCCT
CGACCTGCAGCTAGCAAAAAAGCCTGCTCGTTGAGCAGGCTTTTCGAATTTGGTCCGGCGGAGGGGATTTGAACCCC
TGCCATGCGGATTCATAGTCCGCCGTTCTGCCCTGCTGAACTACCGCCGGAATGCGGGGCGCATCTTACTGCGCAGA
TACGCCCTCGTCAATCCCTTAATAGCAAAATGCCTTTTGATCGGCGAGAAAGTCAGCGGATCCATCTGCAGATCTCC
CGGGTAGGCTACTAGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA
GGAAACAGAATTCATGGACGAGTTCGAAATGATTAAACGCAACACCAGCGAAATTATCTCTGAAGAAGAGCTGCGCG
AGGTGCTGAAGAAAGACGAGAAGAGCGCGTATATTGGCTTTGAGCCGTCCGGTAAAATTCACCTGGGTCACTACCTG
CAAATCAAGAAGATGATTGATCTGCAAAACGCTGGTTTTGACATCATTATCCTGCTGGCGGACCTGCACGCCTACCT
GAATCAAAAGGGCGAGCTGGATGAGATTCGCAAGATCGGCGACTACAATAAGAAAGTCTTCGAAGCCATGGGTTTGA
AGGCTAAATACGTCTACGGTAGCGAATTTCAGCTGGATAAGGATTACACGTTGAATGTGTACCGTCTGGCGCTGAAA
ACCACGCTGAAACGCGCCCGTCGTTCCATGGAGCTGATTGCGCGCGAGGATGAGAATCCAAAAGTTGCTGAGGTTAT
TTACCCTATTATGCAAGTTAATGATATTCACTACCTGGGTGTTGATGTTGCAGTCGGTGGTATGGAGCAACGCAAAA
TTCACATGCTGGCACGTGAACTGCTGCCGAAAAAGGTTGTCTGTATTCACAATCCGGTCCTGACCGGCCTGGATGGC
GAGGGTAAAATGAGCAGCAGCAAGGGTAACTTTATTGCAGTTGACGATAGCCCGGAAGAAATCCGTGCGAAGATCAA
GAAAGCGTACTGCCCGGCAGGCGTGGTTGAGGGTAACCCGATCATGGAAATCGCCAAGTATTTTCTGGAATACCCAC
TGACGATTAAGCGCCCGGAGAAATTTGGCGGCGACCTGACCGTCAACAGCTACGAGGAGCTGGAAAGCTTGTTTAAG
AACAAAGAACTGCACCCGATGGATCTGAAAAACGCCGTGGCGGAAGAGCTGATTAAGATTCTGGAACCAATTCGCAA
ACGTCTGTAAGCGGCCGCGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATG
TTAATTAACCTAGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGG
GTTTTTTGCTGAAACCTCAGGCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAAACCGGTAAACCAG
CAATAGACATAAGCGGCTATTTAACGACCCTGCCCTGAACCGACGACCGGGTCATCGTGGCCGGATCTTGCGGCCCC
TCGGCTTGAACGAATTGTTAGACATTATTTGCCGACTACCTTGGTGATCTCGCCTTTCACGTAGTGGACAAATTCTT
CCAACTGATCTGCGCGCGAGGCCAAGCGATCTTCTTCTTGTCCAAGATAAGCCTGTCTAGCTTCAAGTATGACGGGC
TGATACTGGGCCGGCAGGCGCTCCATTGCCCAGTCGGCAGCGACATCCTTCGGCGCGATTTTGCCGGTTACTGCGCT
GTACCAAATGCGGGACAACGTAAGCACTACATTTCGCTCATCGCCAGCCCAGTCGGGCGGCGAGTTCCATAGCGTTA
AGGTTTCATTTAGCGCCTCAAATAGATCCTGTTCAGGAACCGGATCAAAGAGTTCCTCCGCCGCTGGACCTACCAAG
GCAACGCTATGTTCTCTTGCTTTTGTCAGCAAGATAGCCAGATCAATGTCGATCGTGGCTGGCTCGAAGATACCTGC
AAGAATGTCATTGCGCTGCCATTCTCCAAATTGCAGTTCGCGCTTAGCTGGATAACGCCACGGAATGATGTCGTCGT
GCACAACAATGGTGACTTCTACAGCGCGGAGAATCTCGCTCTCTCCAGGGGAAGCCGAAGTTTCCAAAAGGTCGTTG
ATCAAAGCTCGCCGCGTTGTTTCATCAAGCCTTACGGTCACCGTAACCAGCAAATCAATATCACTGTGTGGCTTCAG
GCCGCCATCCACTGCGGAGCCGTACAAATGTACGGCCAGCAACGTCGGTTCGAGATGGCGCTCGATGACGCCAACTA
CCTCTGATAGTTGAGTCGATACTTCGGCGATCACCGCTTCCCTCATACTCTTCCTTTTTCAATATTATTGAAGCATT
TATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGCTAGCTCACTCGG
TCGCTACGCTCCGGGCGTGAGACTGCGGCGG

132



Table S2: pWB_Ultra aaRS/tRNA expression vectors

Phagemid aaRS  \ ticodon Anticodon  Recognized Coded Primer used to
gene Loop Codon Amino Acid Comments mutate anticodon
) His Reassignment |CA, CB, CC, CG,
pWB_Ultra-Tyr-AUG TyrRS AUG His Vector CE. and CF f
WB_Ultra-Tyr-CUU TyrRS  |cuu Lys Lys Reassignment |
PIVE 4 y 4 Vector
pWB_Ultra-Tyr-AUU TyrRS  [AUU Asn Asn Reassignment W
Vector
pWB_Ultra-Tyr-AAA TyrRS |AAA Phe \F/’he Reassignment Ep
ector
pWB_Ultra-Tyr-no_tRNA TyrRS  |no tRNA - - Negative Control |
Vector
2x Xhol - 1Xhol Inactive Libra
pWB_Ultra-Xhol-Inactive Inactive [restriction - Y GZ
. Template
TyrRS |[site
Sequenced clone
pWB_Ultra-Tyr-CUUAY TyrRS |CUU Lys from 256 member [GX
tRNA library
TyrRS Sequenced clone
pWB_Ultra-Tyr(LCCP)-CUU*® |Library |CUU Lys from aaRS/tRNA  |GX
Hit combined Library

1) The amber suppression optimized M. jannaschii tRNA with AUG anticodon was assembled
using thermally balanced inside out PCR synthesis°.

2) The tRNA cassette was removed using restriction and ligation to leave a single Pstl site in the
backbone.
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Figure S3. Standard Curve of Bovine Serum Albumin for BCA MicroAssay

Table S3: Design for combined aaRS/tRNA Library for CUU anticodon
tRNA nt Positions

aaRS Amino Acid Positions

Diversity

Position 230 231 232 233 261 283 284 285 286 33 34 38 39
wild type seq. Y C P A F H P M D c U A A
degenerate nucleotide kmt tnt mmg kyc nhh vds bnt wbb vvw N N N N
Codon Diversity 4 4 4 4 36 18 12 18 18 4 4 4 4 1.65E+11
Residue Diversity 4 4 4 4 16 13 12 9 12 4 4 4 4 1.77E+10
Possible Amino Acids Y C P A * R A M A
A Y T F A N R L R
D S K S D D D R N
S F Q V E Q C W D
F E G C Q
H G H F E
| H L | G
K | F T H
L L P S K
N K S P
P M Y S
Q S V T
S V
T
Y,
Y
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Table S4: Primers Used for Mutagenesis
S4.1 Mutagenic primers for mutating GFP fluorophore codons

Primer code Primer sequence Primer name

DL AAAGCATTGAACACCaTgGGTCAGAGTAGTGAC QC GFP Y66H (cat) DL
Fl AAAGCATTGAACACCgTgGGTCAGAGTAGTGAC QC GFP Y66H (cac) FI
FT GGAAAAGCATTGAACACCaaAGGTCAGAGTAGTGAC QC GFP Y73F (ttt) FT
FU GGAAAAGCATTGAACACCattGGTCAGAGTAGTGAC QC GFP Y73N (aat) FU
FV GGAAAAGCATTGAACACCCttGGTCAGAGTAGTGAC QC GFP Y73K (aag) FV
FY GGAAAAGCATTGAACACCgaaGGTCAGAGTAGTGAC QC GFP Y73F (uuc) FY
Fz GGAARAAGCATTGAACACCQLtGGTCAGAGTAGTGAC QC GFP Y73N (aac) FZ
GA GGAARAAGCATTGAACACCLLtGGTCAGAGTAGTGAC QC GFP Y73K (aaa) GA

$4.2 Mutagenic primers for mutating the anticodon of the MJ tRNA°®!

Primer code Primer sequence Primer name

FX GGCAGAACGGCGGACTCcttAATCCGCATGGCAGG QC tRNA Opt cuu anticodon FX
FW GGCAGAACGGCGGACTattAATCCGCATGGCAGG QC tRNA Opt auu anticodon FW
FP GGCAGAACGGCGGACTaaaAATCCGCATGGCAGG QC tRNA Opt aaa anticodon FP
CA TATGATCAGTGCACGGCTAACTAAGCGGCCTGCTGACTTTCTCGCCGATCAAAAGGCA tRNA TBIO CA

CB CTCGCCGATCAAAAGGCATTTTGCTATTAAGGGATTGACGAGGGCGTATCTGCGCAGTAA  tRNATBIO CB

CcC GGCGTATCTGCGCAGTAAGATGCGCCCCGCATTCCGGCGGTAGTTCAGCAGGGCAGAACG tRNA TBIO CC

CG CGGAGGGGATTTGAACCCCTGCCATGCGGATTCATAGTCCGCCGTTCTGCCCTGCTGAAC tRNA TBIO CG

CE AAAAAGCCTGCTCGTTGAGCAGGCTTTTCGAATTTGGTCCGGCGGAGGGGATTTGAACCC tRNA TBIO CE

CF CTGAGCTGCTCGAGCATGCAAAAAAGCCTGCTCGTTGAG tRNA TBIO CF

GZ GCAGAACGGCGGACTctcgAgCCGCATGGCAGG tRNA_Xhol_Inact GZ

GX GGCAGAACGGCGGANNCTTNNTCCGCATGGCAGG tRNA_CUU Lib GX

S$4.3 Primers for mutating aaRS genes

Primer code Primer sequence Primer name

HA CCTGCCGGGCAGCctCGagTTCTTGATCTTCGCACGG aaRS_1 Xhol_Inact HA
HB CCACGGCGTTTTTCAGcTCgAgcgggtgCAGTTC aaRS_2 Xhol_Inact HB
HE CCCTCAACCACGCCGRMCKKANAAKMCGCTTTCTTGATCTTCGCAC aaRS AC Lib #1 HE

HF CAGGTCGCCGCCDDNTTTCTCCGGGCGC aaRS AC Lib #2 HF

HG CCACGGCGTTTTTCAGWBBVVWANVSHRCAGTTCTTTGTTCTTAAACAAGCTTTC aaRS AC Lib #3 HG
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Figure S4. Representative optical density versus time plots for sense codon reassignment
systems.

Data in each panel were collected on the same day. a) Growth profiles for £. coli SB3930 cells harboring anticodon-
modified orthogonal translation machinery for the four codons targeted for reassignment and the related codon read
via Watson-Crick interactions by an E. coli tRNA. Error bars represent variation across 3 colonies for each system.
b) Growth profiles for E. coli NEB 5alpha cells harboring improved orthogonal translation machinery for
reassigning the Lys AAG codon. Error bars represent variation across 7 colonies for each system. Control cells in
which no reassignment can occur due to absence of the orthogonal tRNA and with reporter vectors containing either
GFP with a Tyr codon in the fluorophore (wtGFP) or murine dihydrofolate reductase (mDHFR, a non-fluorescent
control) are also shown. The vectors expressing the orthogonal translation machinery in the control cells lack the
tRNA but do express the orthogonal aaRS in an effort to maintain a similar burden on the cells (e.g. required to
produce a gene to confer antibiotic resistance).
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Figure S5. Conversion of optical density measurements plotted above into instantaneous

doubling time versus time plots for sense codon reassignment systems. EQ S1 was used to
convert the data and is provided below. Data in each panel were collected on the same day. a) Instantaneous
doubling times for cells calculated between each measured optical density point for data collected over the first six
hours of the experiment depicted in S4a. Error bars represent variation across 3 colonies for each system. b)
Instantaneous doubling times calculated at each measured optical density point for data collected over the first 6
hours of the experiment depicted in S4b. Error bars represent variation across 7 colonies for each system. c)
Enlarged view of the first approximately 2 hours of instantaneous doubling time values for data shown in Figure
S5a. Data are spread across distinct time values to allow clear discernment of the error bars; however data for each
grouping as shown in S5a were collected at the same time. d) Enlarged view of the first approximately 2 hours of
instantaneous doubling time values for data shown in Figure S5b. Data are spread across distinct time values to
allow clear discernment of the error bars; however data in each grouping as shown in S5b were collected at the same
time. Control cells in which no reassignment can occur due to absence of the orthogonal tRNA and with reporter
vectors containing either GFP with a Tyr codon in the fluorophore (WtGFP) or murine dihydrofolate reductase
(mDHFR, a non-fluorescent control) are also shown. The vectors expressing the orthogonal translation machinery in
the control cells lack the tRNA but do express the orthogonal aaRS in an effort to maintain a similar burden on the
cells (e.g. required to produce a gene to confer antibiotic resistance).
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S.1. Cell Strains
NEB 5-alpha (New England Biolabs): fhud2 A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15 gyr496
recAl relAl endAl thi-1 hsdR17

SB3930 (Yale CGSC): 4", 4hisB463

SS320 (MC1061 F’, Lucigen): [F'proAB+laclglacZAM15 Tnl0 (tetr)] hsdR mcrB araD139 AlaraABC-
leu)7679 lacX74 galUgalK rpsL thi

CJ236 (New England Biolabs): FA(HindIIl)::cat (Tra® Pil" Cam®)/ ung-1 relA1 dut-1 thi-1 spoT1 mcrA

S.2 General Materials and Reagents
All restriction enzymes, DNA polymerases, and T4 kinase were purchased from New England

Biolabs and used according to the manufacturer’s instructions. ATP was purchased from Fisher (BP413-
25) and dNTPs were purchased form New England Biolabs (N0447S). DNA isolation was performed
using a Thermo Scientific GeneJET plasmid miniprep kit (K0503) according to the manufacturer’s
protocols. Purification of PCR and mutagenesis reactions were performed using either a Thermo

Scientific GeneJET PCR purification kit (K0702) according to the manufacturer’s instructions.

LB liquid media (per liter: 10 g tryptone, 5 g yeast extract, 5 g NaCl) and LB agar plates with 15
g/L agar (TEKNova, A7777) were used unless otherwise noted. Isopropyl-beta-D-thiogalactoside (IPTG)
was purchased from Gold Bio (12481C5). Spectinomycin (Enzo Life Science, BML-A281) was used at 50
pg/mL to maintain the pUltra-based vectors harboring the tRNA and aaRS genes. Carbenicillin
(PlantMedia, 40310000-2) was used at 50 pg/mL to maintain the vectors harboring the GFP reporter

gene. All bacterial cultures were grown at 37 °C unless otherwise noted.

Electrocompetent stocks of all strains were prepared in-house according to the method of Sambrook
and Russell (Sambrook, J., and Russell, D. W. (2001) Molecular cloning: a laboratory manual. Cold
Spring Harbor Laboratory press). Typical transformation efficiencies for electrocompetent cells produced
in this way are 10° cfu/pg of supercoiled DNA. All electroporation transformations were recovered in
SOC (20 g/L tryptone, 5 g/L yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, 20 mM glucose)

for 1 hour at 37 °C with shaking prior to transfer to media containing appropriate antibiotics.
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All oligonucleotides were purchased from Integrated DNA Technologies (Coralville, [owa, USA).

All DNA sequencing was performed by Genewiz (Plainfield, NJ, USA).

S.3. DNA Mutagenesis Protocols

QuikChange type Site-Directed Mutagenesis
Non-library site directed mutagenesis for routine cloning and mutation of tRNA anticodons and

GFP fluorophore codons was accomplished using a method adapted from the Stratagene QuikChange
Multi-Site Directed Mutagenesis protocol. For each 25 ul reaction, 125 ng of mutagenic oligonucleotide
was combined with 100 ng of plasmid DNA isolated from NEB 5-alpha cells in 1x Q5 High Fidelity
Polymerase with 1x High GC Buffer, 200 uM dNTPs, and 1 unit of Q5 High-Fidelity Polymerase.
Reactions were cycled in a PeqSTAR thermocycler (peqLab) for 18 cycles: 98 °C for 20 seconds, and

72 °C for 15 seconds/kb of template plasmid. A final extension at 72 °C was carried out for 5 minutes. 20
units of Dpnl enzyme was added directly to the PCR reaction and incubated at 37 °C for 2 hours.

Reactions were transformed into electrocompetent NEB 5-alpha without cleanup.

Isolation of single stranded deoxy-uridine containing DNA
DNA libraries were produced with Kunkel mutagenesis using a method adapted from Sidhu and

Weiss (Sidhu, S., and Weiss, G. (2004) Phage display: a practical approach (Clackson, T. and Lowman,
H.B., Ed.). Oxford University Press, USA). Briefly, cultures of CJ236 cells harboring the phagemid to be
mutated were grown to an ODggo of 0.5 and infected with M13K07 helper phage at a multiplicity of
infection of 10:1. The infected culture was transferred into 50-100 mL of LB media with 5 pg/mL
chloramphenicol, appropriate antibiotic to maintain the phagemid, and 0.25 pg/mL uridine. Cultures were
grown overnight at 30 °C or 37 °C. Cells were pelleted at 17,000 xg at 4 °C for 12 minutes in a Sorvall
RC 6+ with a Thermo FIBERLite F13-14x50cy rotor. Phage particles were isolated by decanting the
supernatant from the pelleted cells into 1/5™ volume of 20% 8,000 molecular weight polyethylene glycol
and 2.5M NaCl in water. Solutions were incubated on ice or at 4 °C for 2 hours or overnight
(respectively). Phage particles were isolated by pelleting at 17,000 xg at 4 °C for 20 minutes in a Sorvall

RC 6+. The supernatant was decanted and the phage pellet was spun for an additional minute to collect
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remaining supernatant, which was then removed. The phage pellet was resuspended in approximately 1
mL of phosphate or Tris buffered saline, pH=7.4. Insoluble material was pelleted out of the phage
solution at 17,000 xg for 5 minutes. Single-stranded, uridine-enriched DNA (ss dU DNA) was isolated
from phage particles using a Qiagen M13 spin kit.
Kunkel Site-Directed Mutagenesis

Mutagenic primers were phosphorylated for 1 hour at 37 °C using T4 polynucleotide kinase.
Phosphorylated primers were annealed to 1 pg of single stranded template DNA at a 10:1 molar ratio by
incubating at 90 °C for 2 minutes, 50 °C for 3 minutes, and then 25 °C for 5 minutes. The annealed
mixture was extended using T7 DNA polymerase in the presence of T4 DNA Ligase and 670 uM ATP
and 330 pM dNTPs (each) at room temperature overnight. Reactions were cleaned up using a PCR spin
kit and transformed into electrocompetent NEB-5alpha cells. This procedure typically yields 10°
transformants with 40-80% mutation efficiency.
S.4. GFP Fluorescence-Based Sense Codon Reassignment Efficiency Assays

Superfolder green fluorescent protein (GFP) reporter plasmids (pGFP66xxx, where xxx specifies
the codon at position 66) were co-transformed with vectors expressing the modified orthogonal
translational components (pWB_Ultra-Tyr-yyy, where yyy indicates the anticodon on the tRNA) into
SB3930 E. coli. After overnight growth, colonies were picked into 200 uL LB media in a 96 well plate.
Cells were grown to saturation (usually 12 hours) with shaking at 37 °C. Cells were diluted 10-fold into
LB media with antibiotics to maintain the pWB_Ultra and pGFP plasmids and 1 mM isopropyl -D-1-
thiogalactopyranoside (IPTG) for induction of aaRS and GFP reporter. Assays were performed in a
Fluorotrac 200 clear bottom 96 well plate (Greiner 655096) and monitored in a BioTek Synergy H1 plate
reader at 37 °C with continuous double orbital shaking. The optical density (OD600) and fluorescence of
each well was measured every 20 minutes; optical density was measured at 600 nm, and fluorescence was
measured with an excitation at 485 nm and detection at 515 nm with an 8 nm band pass. The relative
fluorescence of each 200 pL culture was calculated by dividing the LB media-blanked fluorescence by

the OD600. The 100% relative fluorescence unit (reported as fluorescence units per unit optical density at
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600 nm, RFU) value for sense codon reassignment efficiency was defined by taking an average of three
cultures expressing wild type sfGFP (pGFP66tat) in cells harboring a negative control translational
machinery plasmid (pWB_Ultra-Tyr-CUA) to maintain a similar metabolic burden on the cell. Sense
codon reassignment efficiency for each tRNA variant was calculated by dividing the individual RFU
values from each of three colonies by the average 100% reference RFU value and then averaging the
results.
S.5. Phenol:Chloroform Extraction of RNA

NEB 5-alpha cells harboring a pWB_Ultra vector were grown overnight with shaking at 37 °C in
LB/spectinomycin (50 ug/mL) media. Cell cultures were diluted 10-fold in fresh media to an approximate
OD 600 nm = 0.1) and grown with shaking at 37 °C. When cellular cultures reached an OD600 of 0.5, 4
mL of cell culture were harvested by centrifugation in a microcentrifuge at 17000 xg for 1 minute. The
supernatant was decanted, and the cell pellets were frozen at -20 °C overnight. The following day, cell
pellets were thawed and mixed with 200 uL of B-PER lysis reagent (Thermo Scientific) at room
temperature for 30 minutes. 200 puL of 0.3 M NaOAc, 10 mM EDTA, pH 4.5 were added to the lysis
reactions to ensure the pH was close to 4.5. 450 uL of water-buffered phenol:chloroform (5:1 ratio) was
then added to the lysate and vortexed three times for 60 seconds, 60 seconds, and 30 seconds, with lysates
held on ice for 60 seconds between each step. The layers were then separated by centrifugation at 15000
xg at 4 °C for 15 minutes. The aqueous layer containing RNA was transferred 2.5 volumes of 100%
EtOH for precipitation of nucleic acids. The mixture was vortexed briefly and stored overnight at -20 °C.
The nucleic acids were recovered by centrifugation at 15000 xg at 4 °C for 30 minutes. The supernatant
was aspirated, and the pellet was allowed to air dry prior to resuspension in 100 uL of 1x DNAsel Buffer
(Thermo Scientific). One unit of DNasel was added, and the solution was incubated at 37 °C for 20
minutes. DNasel was inactivated by phenol:chloroform extraction and ethanol precipitation as described
above. RNA was resuspended in 20 pL of 0.3 M NaOAc, 10 mM EDTA, pH 4.5 and quantified using a

BioTek Synergy H1 plate reader. Each RNA extraction yielded 12-20 pg of RNA.
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Table S1: pWB_Ultra aaRS/tRNA Expression Vectors

aaRS/tRNA Plasmid Anticodon Codon Read via Use
Watson-Crick

Interactions
pWB_Ultra-Tyr-AUG AUG CAU Reassignment of His CAU codons to Tyr*
pWB_Ultra-Tyr-(Xhol) N/A N/A Starting template for tRNA library
pWB_Ultra-Tyr-CUA CUA UAG Vector for sense codon reassignment controls®. Used

in combination with a GFP reporter with a sense
codon at position 66.

a) Biddle, W., Schmitt, M. A., and Fisk, J. D. (2015) Evaluating sense codon reassignment with a simple
fluorescence screen, Biochemistry, 54, 7355-7364.

b) Chatterjee, A., Sun, S. B., Furman, J. L., Xiao, H., & Schultz, P. G. (2013). A versatile platform for single-and
multiple-unnatural amino acid mutagenesis in Escherichia coli. Biochemistry, 52, 1828-1837.

145



Table S2: Reporter Protein Plasmid Designations and Usage

Reporter Plasmid Codon at Canonically Encoded
Position 66 Amino Acid

pGFP66tat UAU Tyr
pGFP66¢cac CAC His
pGFP66cau CAU His
pGFP66¢caa CAA Gln

Use

Wild type GFP vector for 100% fluorescence
reference

Vector for evaluating CAC codon
discrimination

Vector for evaluating reassignment of CAU
sense codon

Vector for evaluating CAA codon
discrimination

Vector design and construction reported in: Biddle, W., Schmitt, M. A., and Fisk, J. D. (2015) Evaluating
sense codon reassignment with a simple fluorescence screen, Biochemistry 54, 7355-7364.
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Table S3: Oligonucleotide Primers
Primer for focused anticodon loop library of the M. jannaschii tRNA®,y¢

Primer code Primer sequence Primer name

IQ CGG CGG ANT atg NNT CCG CAT GGC AGG M;jtRNA ATG His Lib JQ
GGT TCA AAT CC

Primers for reverse transcription, amplification, and sequencing of E. coli tRNA*"¢? and M. jannaschii
tRNAP,y; variants

Primer code Primer sequence Primer name
LW GAC ACG GTA CCA CAC AAC TGG GCA ACG RT-PCR tRNA-Arg2 LW
CAA CCT AGC TAA TGG TGC ATC CGG GAG
GAT TCG
LX GAC ACG GTA CCA CAC AAC TGG Wolf* Arg2 Primer LX
LY GCA TCC GTA GCT CAG CTG G Wolf* Arg3 Primer LY
LZ GAC ACG GTA CCA CAC AAC TGG GCA ACG RT-PCR tRNA Opt LZ
CAA CCT AGC TAA TGG TCC GGC GGA GGG
GAT TTG
ccC GGC GTA TCT GCG CAG TAA GAT GCG CCC tRNA TBIO CC
CGC ATT CCG GCG GTA GTT CAG CAG GGC
AGA ACG

a) Wolf, J., Gerber, A. P., and Keller, W. (2002) TadA, an essential tRNA-specific adenosine deaminase from
Escherichia coli, Embo Journal 21, 3841-3851.
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Figure S1

--A

A M. jannaschii tRNA®Pt, ;. VariantC1
G T T

c M. jannaschii tRNA®Pt, . Variant G11
G T ¢ AT

Figure S1. Sequence traces of the additional reverse transcribed M. jannaschii tRNA“P'Auq
variants isolated from the tRNA anticodon loop library. The portion of the chromatogram that
corresponds to the tRNA anticodon sequence is italicized and bolded. In all cases the DNA

encoded A34 is not modified to inosine.
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Figure S2
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Figure S2: Optical density at 600 nm (ODsoo) versus time profile for the M. jannaschii
tRNAOP,uG variants evaluated in this manuscript. The original tRNA variant in which only the
anticodon was changed exhibits the least carrying capacity. Each of the variants that result in
improved discrimination between the CAU and CAC codons exhibit improved growth profiles
more similar to those of the control systems.
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