Resolving the Limitations of Genetic Code

Expansion Platforms

Katherine Taylor Grasso

A dissertation submitted to the Department of Chemistry
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Boston College
Morrissey College of Arts and Sciences
Graduate School

March 2021



© 2021 Katherine Taylor Grasso



RESOLVING THE LIMITATIONS OF GENETIC CODE EXPANSION PLATFORMS
by
Katherine Taylor Grasso

Advisor: Professor Abhishek Chatterjee, Ph.D.

Abstract

Over the past twenty years, the site-specific incorporation of unnatural amino acids (UAAs)
into a target protein through genetic code expansion (GCE) has emerged as one of the foremost
technologies to selectively modify proteins in their native cellular context. This technology relies
on engineered aminoacyl-tRNA synthetase (aaRS)/tRNA pairs that are orthogonal to the host cells’
endogenous aaRS/tRNA pairs. Traditionally, scientists look towards evolutionarily distant
domains of life to identify orthogonal aaRS/tRNA pairs that can be further engineered for GCE
applications in the host system. For example, bacterial aaRS/tRNA pairs are used for GCE in
eukaryotes. The directed evolution of orthogonal aaRS/tRNA pairs for eukaryotic GCE has been
less fortuitous due to the cumbersome nature of established yeast-based selection platforms.
Recently, our lab circumvented this platform-based limitation by developing “altered translational
machinery” (ATM) Escherichia coli strains that enabled the directed evolution of bacterial
aaRS/tRNA pairs for eukaryotic GCE applications. In the ATM-tyrosyl (ATMY) E. coli strain,
reintroduction of the E. coli tyrosyl-tRNA (tRNAFTY'¢y,) as a nonsense suppressor led to cross-
reactivity with the endogenous E. coli glutaminyl-tRNA synthetase (EcGInRS), restricting the
activity range of aaRSs that could be selected, ultimately diminishing the scope of incorporable

UAAs. To recover the dynamic range of this platform, cross-reactivity of the tRNAX Ty was



eliminated through directed evolution of the tRNA acceptor stem. This new, orthogonal tRNA
revealed weak mutant aaRSs whose suppression efficiencies were boosted through additional
rounds of directed evolution. Improved aaRS mutants exhibited higher solubility, thermal
stability, and suppression efficiency than their predecessor.

While the newly engineered, orthogonal tRNAZTY'cys gave access to novel aaRS/tRNA
pairs for eukaryotic GCE, some notable UAAs were still missing that could be incorporated with
the archaeal Methanococcus jannaschii tyrosyl-tRNA synthetase (MjTyrRS)/tRNA pair in
bacteria. Following a systematic investigation into the discrepancy between the E. coli tyrosyl-
tRNA synthetase (EcTyrRS)/tRNA and MjTyrRS/tRNA pairs, we found that it can be partially
attributed to the low structural robustness of the EcTyrRS. This limitation was overcome by
rationally designing chimeric TyrRSs composed of EcTyrRS and a structural homologue from the
thermophilic bacterium Geobacillus stearothermophilus. The chimeric scaffolds demonstrated
enhanced stability, activity, and resilience to destabilizing active site mutations, offering a

potentially more attractive scaffold for GCE.
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Chapter 1

Introduction



1.1 Genetic code expansion

Proteins are the workhorses of the cell, facilitating chemical transformations, enabling the
transport of molecules across cell membranes, and regulating cell-signaling.! Due to proteins’
integral role in cellular biology their aberrant production and regulation are usually the cruxes of
a disease.>® Over the past two decades, the ability to identify new proteins has increased
exponentially through scientific advances in the field of proteomics.”® Unfortunately, our ability
to discern the relationship between a protein’s structure and its function has not kept pace.
Tremendous efforts have been put forth to fill this gap in knowledge because of the key roles that
proteins play in cellular biology. Thus far, developed technologies have focused on the chemical

10,11 and the co-

modification of naturally expressed proteins,’ the synthesis of full-length proteins,
translational incorporation of chemically unique unnatural amino acids (UAAs) into a target
protein through genetic code expansion (GCE).”® Over the past two decades, GCE has emerged
as the foremost technology for the selective modification of proteins because of its specificity and
ability to modify proteins of any size. The repertoire of UAAs currently accessible with GCE
gives access to unique biorthogonal handles that can be site-specifically modified following

installation,'?> 3

post-translational modification (PTM) mimics that enable studies of different
protein interactions in the cell,!* 1> and photoaffinity probes that covalently capture different
transient protein interactions.'® 7 This dissertation focuses on GCE advancements made in two
major areas: (1) the selection platforms used for aminoacyl-tRNA synthetase (aaRS)/tRNA pair

engineering for mammalian GCE and (i1) how to best approach choosing a parental aaRS scaffold

for engineering.



1.1.1 Protein translation

Across all three domains of life, 64 degenerate codons (Figure 1.1) are used to encode the
20 canonical amino acids (Figure 1.2) and three stop codons are used to terminate protein
synthesis.": "8 While canonical amino acid derivatives have been identified in natural proteins, all
but two (selenocysteine!® and pyrrolysine!®) are due to post-translational modifications (PTM:s).

This lack of chemical diversity is especially astounding considering the broad range of roles that

proteins play in cell biology.!
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Figure 1.1. Amino acid mRNA codon chart.
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Figure 1.2. The structures of the twenty canonical amino acids.?’

Individual amino acids are polymerized into proteins during a process called protein
translation. During protein translation an aminoacyl-tRNA synthetase (aaRS) first charges a tRNA
with the appropriate amino acid (Figure 1.3).2! Then, the acylated tRNA shuttles the amino acid
to the ribosomal machinery where the tRNA anticodon interfaces with its corresponding codon on
the mRNA, polymerizing the amino acid into the growing peptide chain.?! These full-length
proteins can then be further modified in the cell through the covalent addition of other chemical

groups or small protein modifiers called PTMs (Figure 1.4).%?
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Figure 1.3. Protein translation.?! Step 1: In the aminoacyl-tRNA synthetase active site an amino
acid is coupled to AMP and aminoacyl-AMP is formed followed by the loss of two phosphate
groups from the initial ATP structure (top left). Step 2: The uncharged tRNA binds to the
aminoacyl-tRNA synthetase and the aminoacyl-tRNA synthetase transfers the amino acid from
aminoacyl-AMP to the tRNA (top right). Step 3: The aminoacylated-tRNA is shuttled to the
ribosome where it can covalently link the amino acid to the growing peptide chain (bottom).
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Figure 1.4. Common post-translational modifications.”” The installation of different PTMs
provide alternative methods to regulate cellular biology. For example, transient PTMs (e.g.,
phosphorylation) can regulate enzymatic activity. Other modifications (e.g., ubiquitylation) can
target proteins for degradation.

1.1.2 Strategies to study protein structure/function relationships

Many strategies have emerged over the past 60 years to study, alter, or even improve upon
the chemical activity of proteins. One of the first employed methods was the chemical modification
of full-length, folded proteins, termed chemical mutagenesis.” > However, our ability to mimic
the precision observed in nature through a chemical mutagenesis approach is limited due to the
lack of unique chemical handles afforded by the canonical amino acids. In fact, most developed
chemical mutagenesis methods to date rely on the reactivity of just a few nucleophilic amino acid
residues (Figure 1.5).>%® Selective targeting of a canonical amino acid generally proves fruitless
as they are commonplace within the protein structure.
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Figure 1.5. Chemical modification of full-length proteins. In 1966, both Koshland and Bender
reported on the first point mutation of an enzyme.” > 2% 2> They had independently found
chemical methods to selectively modify the subtilisin active site serine to a cysteine (top). This
seminal discovery has been attributed to kick-starting the field of protein chemical mutagenesis.
Since this discovery, other chemical modifications of the canonical amino acids have been
identified such as cysteine Sprotein-C bonds (bottom), cysteine Sprotein-S bonds, and lysine Nprotein-C
bonds, among others.’

An alternate approach created to obtain residue-level selectivity in protein modification
was through the chemical synthesis of native proteins. A few different tactics have been adapted
for the chemical synthesis of proteins including solution-based synthetic chemistry,!!' solid-phase
peptide synthesis (SPPS),!! and native-chemical ligation (NCL)!%!! (Figure 1.6). However, all of

these synthetic methods are limited by either the high-cost of production, time-consuming



protocols for synthesizing proteins, limited solubility of intermediates, a lack of high-resolution
purification methods, an inability to make peptides larger than 50 amino acid residues, or site-

modification requirements.!'® !

Solid-phase peptide synthesis (SPPS) o
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Figure 1.6. Approaches for chemically synthesizing full-length proteins.!®'! SPPS relies on
the C-terminal attachment of an amino acid to a solid resin that is subsequently condensed with
iterative rounds of protected amino acids (top).!' In NCL, unprotected peptide segments are joined
together through a thiol/thioester exchange, followed by a nucleophilic rearrangement, that results
in the polypeptide product that is linked by a native peptide bond.!°



1.1.3 Principles of GCE

Twenty years ago, genetic code expansion (GCE) was introduced as a new methodology
to selectively modify a target protein. This technology harnesses the power of protein translation
to introduce unnatural amino acids (UAAs) site-specifically into a protein of interest providing
access to novel chemical modalities such as new enzymatic functions, imaging probes,

bioconjugation handles, and PTM mimics.” % 26

Three components are required for this
technology to function: (i) an orthogonal aaRS/tRNA pair that can be engineered for UAA
incorporation, (ii) a blank codon that can be assigned for the site-specific insertion of the UAA,
and (iii) efficient transportation of the UAA into the cell (Figure 1.7).”-32° Traditionally, we look
to evolutionarily distant organisms from alternate domains of life to find an orthogonal aaRS/tRNA
pair.”-32% This strategy is based on early reports that in vitro cross-species aminoacylation is often
low.?” For GCE to be successful, it is imperative that the orthogonal aaRS does not acylate any of
the endogenous tRNA, and that it only charges the orthogonal tRNA with the UAA (Figure 1.7).”
8,26 Additionally, the orthogonal tRNA should not be acylated by any of the endogenous aaRSs,
should only be charged with the UAA, and should decode the blank codon assigned to it (Figure
1.7)"- 826 The UAA also cannot be a substrate for the endogenous aaRS/tRNA pair.” % 2° Any
issues of cross-reactivity can result in toxicity problems for the host-organism from the non-

specific insertion of the UAA throughout the proteome and the non-specific insertion of canonical

amino acids into the protein of interest.” %26
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Figure 1.7. aaRS/tRNA pair orthogonality requirements for GCE.” * 2° (1) The orthogonal
aaRS can only charge the orthogonal tRNA with the UAA. (2) The endogenous aaRS cannot
charge the orthogonal tRNA with a canonical amino acid (cAA). (3) Only the charged orthogonal
tRNA can recognize the reassigned codon (typically the amber stop codon—TAG).

Once an orthogonal aaRS/tRNA pair is identified, a simple workflow can be used to modify
the substrate specificity of the aaRS for the UAA of choice through directed evolution. First, the
orthogonal aaRS/tRNA pair is imported into the host organism that will be used for GCE.” % 26

Second, the anticodon of the orthogonal tRNA can be reassigned to a blank codon that isn’t used

for any of the twenty canonical amino acids.” ® 26 Typically, this is the amber stop codon (TAG),
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but other nonsense codons and quadruplet codons have been used.”  16-28-33 Third, the key active
site residues in the aaRS are randomly mutagenized followed by a subsequent selection scheme to

).7 826 Generally, discontinuous selection

enrich for the desired activity (UAA incorporation
schemes have relied on both positive and negative selective pressures that enrich for active and
orthogonal aaRS mutants, respectively.” ® 2 This approach can be used for any genetically
tractable organism, making this technology extremely powerful and easily translatable. In fact,

over the past twenty years GCE has emerged as the most attractive technique for the selective

modification of proteins.

b Loon
o

-IIEI-

9 ncAA selective
L ™ tRNA/aaRS pair!
\/j[

> Randomize key active site
@) residues in the aaRS

Change the tRNA into a

nonsense suppressor
Figure 1.8. Engineering aaRS/tRNA pairs for UAA incorporation.” ® ?® The paradigm for
incorporating UAAs first relies on importing an aaRS that won’t cross-react with the host cells
endogenous tRNAs and synthetases (left). These aaRS/tRNA pairs are usually imported from an
evolutionarily distant organism. Then, the anticodon of the tRNA can be switched to a codon that
is not assigned to any of the twenty canonical amino acids (left). Key residues for amino acid
recognition are randomly mutagenized (center). A selective pressure is applied to identify aaRSs
that only charge the desired UAA (right).

1.1.4 GCE in bacteria

Escherichia coli was presented as an ideal host organism to initially test out the theory of

GCE because its translational machinery had been extensively studied and the genetic
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manipulation of E. coli is efficient and relatively straightforward.” % 26 The first aaRS/tRNA pair
identified for GCE use in E. coli was the tyrosyl pair from the methanogenic archaeon
Methanococcus jannaschii (MjTyrRS/tRNA).** The MjTyrRS/tRNA pair was chosen because of
the lack of an editing domain on the MjTyrRS, making it incapable of removing the charged UAA
from the tRNA, and because the tRNA anticodon was not a main recognition element for the
MjTyrRS, so it could be more easily reassigned.* Initial UAAs incorporated with MjTyrRS/tRNA
pair were substituted at the para position of the phenyl ring, but the substrate specificity was not
limited to these types of structural derivatives and soon meta and ortho derivatives were
incorporated.®  Since then, the pyrrolysyl pairs from methanogenic Methanosarcina mazei and
Methanosarcina barkerii have been added to the repertoire of commonly used aaRS/tRNA pairs
for bacterial GCE (Figure 1.9).% Unlike most aaRS/tRNA pairs that have codon-specificities, the
19, 34a, 34b

M. mazei and M. barkerii naturally evolved as amber stop codon (TAG) -suppressors.

Therefore, no tRNA codon reassignment is necessary.

OH

\ HN.
.

OH

M. jannaschii M. mazei/ M. barkeri

tyrosyl-tRNA synthetase/tRNA pyrrolsyl-tRNA synthetase/tRNA

Figure 1.9. Commonly used aaRS/tRNA pairs for GCE in bacteria.”® The two most frequently
used aaRS/tRNA pairs for bacterial GCE are predominantly based on the MjTyrRS/tRNA pair and
the pyrrolysyl-tRNA synthetase/tRNA pairs.
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In most E. coli applications, reassignment of the amber stop codon (TAG) for UAA
incorporation is used because it is the most infrequent among the three stop codons in E. coli.®
Additionally, amber suppressor tRNAs have been identified or engineered in E. coli to read
through the amber codon with little to no growth penalty.® While the use of amber-suppression
has been more than successful, expanding the number of usable blank codons for GCE gives access
to unique applications for pull-down experiments,*> working towards the development of a fully

1,36

orthogonal genetic code in the cell,”® probing protein function in a cellular context, amongst other

applications. In fact, work demonstrated by our lab3! 337

and numerous other groups®®*! has
provided insight into the unique biochemical space that multi-site incorporation can enable
researchers to explore.

The facile engineering strategies of orthogonal aaRS/tRNA pairs in E. coli has given us
access to a whole host of novel chemical space.”® 2° These engineering platforms benefit from E.
coli’s fast growth-rate, E. coli’s ability to maintain and propagate DNA, and the ease of isolating
the DNA encoding an engineered aaRS displaying desired activities from E. coli.® The commonly
used selective pressures and selection platforms for the directed evolution of bacterial aaRS/tRNA
pairs will be discussed in more detail in chapter 3 of this dissertation. Historically, these platforms
have an antibiotic-based positive selection and a toxic barnase gene-based negative selection that
enrich for UAA-active aaRSs.» 3> A newer, alternate platform termed phage-assisted continuous
evolution (PACE) has been used to engineer orthogonal aaRSs by linking the activity of a
biomolecule to the survival of bacteriophages infecting a pool of E. coli that is continuously being
turned over.*>*  This selection strategy enables the directed evolution of multiple generations in

a matter of hours. Both of these approaches have been highly successful, resulting in the

incorporation of > 150 UAAs in bacteria. A comprehensive list of all of the UAAs that have been
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incorporated in E. coli through 2015 has been compiled in a review by Ben Davis.® Since 2015, a
few other notable UAAs have been incorporated such as the PTMs phosphoserine!® and
phosphotyrosine.'* To depict the broad chemical space, provided through bacterial GCE, some of
the UAA structures and functional applications have been included below (Figure 1.10).% Further
developing new aaRS/tRNA pairs, beyond the MjTyrRS and MmPyIRS/MbPyIRS, for bacterial
GCE will give access to new chemical structures that are currently inaccessible with the structural

limitations of the MjTyrRS and MmPyIRS/MbPyIRS active sites.
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Figure 1.10. Representative list of the UAAs incorporate in E. coli and their functional
applications.® This is only a subset of the >150 UAAs incorporated in E. coli to-date.
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1.1.5 GCE in eukaryotes

While the development of the MjTyrRS/tRNA pair significantly expanded the chemical
space available in E. coli, it’s orthogonality is not transferrable to eukaryotes. Therefore,
alternative aaRS/tRNA pairs needed to be scrutinized for orthogonality for eukaryotic GCE
applications. By turning to the established paradigm of finding orthogonal aaRS/tRNA pairs in
evolutionarily distant domains of life, the lab of Paul Schimmel identified that the E. coli tyrosyl-
tRNA synthetase (EcTyrRS)/tRNA pair was orthogonal in the model organism Saccharomyces
cerevisiae.** Subsequent work by Kensaku Sakamoto* and Jason Chin'® demonstrated that the
EcTyrRS/tRNA pair could function as an amber suppressor for the incorporation of UAAs in
eukaryotes. Since then, three other aaRS/tRNA pairs have been commonly used for eukaryotic
GCE: the M. mazei/M. barkeri pyrryolysl-tRNA synthetase/tRNA pair, the E. coli leucyl-tRNA

synthetase/tRNA pair, and the E. coli tryptophanyl-tRNA synthetase/tRNA pair (Figure 1.11).7-%

26
OH —
o IR NP
( i T $ B HN
WOH \T/M\OH K% o ‘
HN NH, NH; \T)\OH “ (f
NH, ~ OH

E. coli E. coli E. coli M. mazei/ M. barkeri
tryptophanyl-tRNA synthetase/tRNA leucyl-tRNA synthetase/tRNA tyrosyl-tRNA synthetase/tRNA pyrrolsyl-tRNA synthetase/tRNA

Figure 1.11. The four aaRS/tRNA pairs predominantly used for GCE in eukaryotes.®
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Directed evolution of the E. coli aaRS/tRNA pairs for GCE in eukaryotes has been generally
carried out in S. cerevisae.” 3 1626 Unlike higher eukaryotes, S. cerevisiae is amenable to the same
directed evolution strategies that are used in E. coli. Single mutant library members can be
efficiently delivered through transformation of the DNA into the cell and subsequently isolated for
characterization.!® The standard dual-sieve selection scheme for S. cerevisiae was developed by
Jason Chin and relies on the transcriptional activation of the GAL4-responsive HIS3, URA3, and
lacZ reporter genes (Figure 1.12).!° This strategy has enabled the successful incorporation of a
narrow range of UAAs for eukaryotic GCE.” 3 2° The S. cerevisae platform’s main limitations are

the organism’s low transformation efficiency and slow propagation time.

v V' %

/- T/ +UAA |
' orthogonal - his '_JL ) 'C:})i}@ )
2aRS/ARNA g i I
Cross- & t% pan -ura CUA CUA CUA

Teactive
aaRS tRNA CUA

CUA

‘ = ' inactive
d 2aRS/RNA
- ™ x /

—a -UAA

0.1% 5-FOA ' gy r :
9=

CUA CUA

B = GAL promoters/binding sites

Figure 1.12. Directed evolution platform in S. cerevisiae.'® S. cerevisiae are co-transformed
with a GAL4 reporter plasmid and a plasmid containing a randomized aaRS library. Any active
aaRS library members will cause full length expression of the GAL4 transcriptional regulator
protein. In the positive selection (top), S. cerevisiae is plated in the presence of the UAA and the
absence of ura and his. If the GAL4 gene has been successfully suppressed then the cell should
be able to biosynthesize these essential nutrients (HIS3 and URA3 genes). In the negative selection
(bottom), yeast is plated in the presence of 0.1% 5-fluorootic acid (5-FOA), but the absence of
UAA. Cells that express URA3, because of GAL4 suppression by canonical amino acids, convert
5-FOA to a toxic product, killing the cell and eliminating cross-reactive aaRS variants.

Typically, archaebacterial aaRS/tRNA pairs are cross-reactive with their eukaryotic

counterparts due to the evolutionary conservation of key identity elements of their aaRS/tRNA
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pairs.® However, the M. mazei and M. barkeri pyrrolysl-tRNA synthetase
(MmPyIRS/MbPyIRS)/tRNA pairs are orthogonal to eukaryotic aaRS/tRNA pairs due to their
naturally evolved cognate recognition of the amber stop codon, amongst other unique structural
features.!”** As mentioned previously, both of these methanogenic archaebacterial aaRS/tRNA
pairs are also orthogonal in bacteria.® This enables our ability to first engineer the
MmPyIRS/MbPyIRS/tRNA pairs in the more facile E. coli selection platform and subsequently use
the engineered MmPyIRS/MbPyIRS for GCE applications in eukaryotes. In fact, this approach has
become so favored by the community that over the past ten years, eukaryotic GCE has been
dominated by the MmPyIRS/MbPyIRS/tRNA pairs (Figure 1.13).7-% 26:46 Such heavy reliance on
the active site of one-type of aaRS/tRNA pair greatly confines the incorporable UAA structural

adaptations available for eukaryotic GCE, limiting the power of this technology.
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1.2 Altered Translational Machinery E. coli strains

1.2.1 Limitations of current GCE platforms

The two in vivo-selection systems (E. coli and S. cerevisiae) developed for the generation
of UAA-specific aaRS variants have jointly led to the successful incorporation of >160 UAAs
through GCE.”> %2596 Yet, a limited set of these UAAs are available for eukaryotic incorporation
because of the cumbersome nature of the S. cerevisiae platform relative to the E. coli platform.
Furthermore, the majority of incorporated UAAs for eukaryotic GCE are accomplished with the
MmPyIRS/MbPyIRS. This results in structural limitations of the UAAs because they have to be
based around the same few core motifs of the pyrrolysine structure. Unless new orthogonal
aaRS/tRNA pairs are added to the repertoire, many structures and functionalities cannot be
incorporated. For instance, there are many naturally occurring PTMs, or close structural mimics,
that cannot be incorporated in eukaryotes through GCE because no orthogonal aaRS/tRNA pair
exists. One noticeably missing example is phosphotyrosine, which has been successfully
incorporated in E. coli.'* Tyrosine phosphorylation is an important PTM that plays key roles in the
mechanisms used to control a wide variety of biological processes,'**”! but how they specifically
function remains poorly understood. The ability to site-specifically incorporate phosphotyrosine,
amongst other PTMs, will help give us insight into their physiological roles by studying them in
their native context. Efforts towards overcoming this limitation for eukaryotic GCE will be
discussed in more detail in chapters 2-4 of this dissertation.

Another challenge faced in the field of GCE has been creating streamlined platforms to
improve the suppression efficiency of UAA-specific aaRS variants. Current selection platforms
rely heavily on qualitative measurements of aaRS suppression efficiency (e.g., cell survival),

making it difficult to discern between the dynamic range in activity of different aaRS variants.>?
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Little effort has been made towards transitioning these platforms to quantitative measurements.>>
>4 In this dissertation, I disclose efforts made to improve the suppression efficiencies of engineered
aaRS variants through two separate approaches: (i) the development of quantitative selection

platforms and (ii) through choosing an optimal parental aaRS prior to directed evolution.

1.2.2 Engineering of ATM E. coli strains

Dominance of the MmPylRS/MbPyIRS pairs for eukaryotic GCE has limited the structural
diversity of incorporated UAAs. As mentioned before, this impairs our ability to harness the power
of'this technology for understanding the physiological roles of proteins in their native context. The
slanted preference for the MmPyIRS/MbPyIRS pairs in eukaryotic GCE is due to their natural

orthogonality in both prokaryotes and eukaryotes,>* >3

enabling them to be initially engineered in
the much more facile E. coli system to genetically encode new UAAs. These UAA-selective aaRS
variants can be subsequently used in any type of eukaryotic application.

Our lab sought to overcome the inherent limitations of having two separate platforms for
bacterial and eukaryotic GCE by engineering E. coli strains that could serve as host organisms for
the directed evolution of any aaRS/tRNA pair, regardless of its domain of origin. This strategy
relied on the functional replacement of an endogenous aaRS-tRNA pair of E. coli with an archaeal
or eukaryotic counterpart. Work towards generating strains of a similar nature was accomplished
previously, but these strains frequently experienced growth defects making them unamenable to
GCE platforms.>> Our novel approach focused on first optimizing the performance of the
substituted aaRS/tRNA pair in E. coli to alleviate any possible growth penalties. Previously
engineered archaeal/eukaryotic aaRS/tRNA pairs were targeted as candidates for functional

replacement.?”- 3} Once that had been accomplished, the replaced E. coli a2aRS/tRNA pair could be

reintroduced as an amber suppressor and engineered for UAA incorporation (Figure 1.14). This
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strategy was successfully applied to create two separate “altered translational machinery” (ATM)
E. coli strains for the engineering of EcTyrRS and E. coli tryptophanyl-tRNA synthetase
(EcTrpRS).%%%7

Archaeal/eukaryotic

aaRS/tRNA Liberated E. coli
aaRS/tRNAE-°li pajr
hg orthogonal both in ATM E. coli and
. eukaryotes
GUA /\JL_()
Import ¢ ATM E. coli

o
4 { \/75
ij) Endogenous
RS/tRNA
Remove E. coli tﬂ: " paitrs

aaRS/tRNA

E. coli
GUA aaRS/tRNA

Figure 1.14. General strategy to create ATM E. coli strains. %" An evolutionarily distant
aaRS/tRNA pair is imported into E. coli so that it can functionally replace one of the aaRS/tRNA
pairs. This “liberated” pair can now be reintroduced into the strain as a nonsense suppressor.

1.2.3 Limitations of ATMY E. coli

Even though we engineered these ATM E. coli strains with minimal growth penalty,
reintroduction of the tRNAZ < a5 an amber suppressor, in both ATM-tyrosine (ATMY) and ATM-
tryptophan (ATMW), lead to cross-reactivity with the endogenous E. coli glutaminyl-tRNA
synthetase (EcGInRS)/tRNA pair. 3% °7 By altering the tRNA® " to an amber suppressor (TAG),
we were inherently increasing its cross-reactivity with EcGInRS because this aaRS selectively
recognizes the central U residue of its cognate tRNAZ““* (.5 % This hypothesis was confirmed
by MS analysis and with a chloramphenicol resistance-based activity assay in both ATMW and
ATMY with their amber suppressor tRNAs (Figure 1.15). In ATMW E. coli, orthogonality of the
tRNAET? was easily recovered by switching the tRNA to an opal suppressor (UGA).*® However,

this same solution could not be used for the ATMY E. coli strain because reassigning the
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tRNALTY (4 as an opal suppressor would result in loss of recognition by EcTyrRS.>” Instead, we
chose to overexpress the native tRNAFC!" to mitigate the observed cross-reactivity to a level
sufficient enough for the directed evolution of highly active EcTyrRS/tRNA pairs.”’” While we
were able to achieve a “quick fix” for engineering EcTyrRS/tRNA pairs, moving forward a more
sustainable option needs to be created that will eliminate all cross-reactivity with the endogenous

EcGInRS.

ATMY E. coli

' Endogenous
' aRS/tRNA pairs

GijA

c%% Chior (ug/mL) O 15 20 40 60

—qu:{>— - ECTYrRS .... ‘ &

ChlorR

Figure 1.15. Chloramphenicol resistance-based assay to evaluate the cross-reactivity of
EcGInRS with tRNAE<TY cya.>” Each spot is an inoculated cell culture on varying concentrations
of chloramphenicol. The cells are only able to grow up if the amber stop codon tRNA gets charged
with an amino acid. In the absence of its synthetase, the amber stop codon tRNA is being charged
at a high enough level that the cells are able to grow up to 60 pg/mL of chloramphenicol. This is
too high of a concentration of antibiotic to work with for engineering synthetases, ideally, we
would want background suppression level less than or equal to 10 pg/mL of chloramphenicol.
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Chapter 2

Evolution of an orthogonal E. coli tyrosyl suppressor tRNA
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2.1 Introduction

The principles of GCE are described in detail in Chapter 1. This chapter focuses on the
aforementioned ATMY platforms, complications which arose from cross-reactivity, and how that

was overcome.

2.1.1 Reintroduction of tRNA D" o4 results in cross-reactivity with EcGInRS

The development of ATM E. coli strains enabled the successful incorporation of a broad
range of previously inaccessible UAAs in mammalian cells (Figure 2.1)." 2 Pivotal to this
technology was the identification of heterologous aaRS/tRNA pairs that could functionally replace
the endogenous aaRS/tRNA pair.>-> This was achieved for both ATMW and ATMY E. coli strains
by utilizing eukaryotic or archaecal aaRS/tRNA pairs that had been previously engineered for GCE
in E. coli.*? 1In both of these ATM strains, the reintroduction of the respective E. coli tRNAcua
resulted in cross-reactivity with the endogenous EcGInRS (Figure 2.2)."*2 The tRNA anticodon is
a key recognition element for the EcGInRS to identify its tRNAZG 67 Specifically, the EcGInRS
hones in on the central “U” of the anticodon loop.® ” By changing the E. coli tryptophanyl and
tyrosyl tRNA anticodons to “CUA,” they become at risk to cross-react with the EcGInRS. In the
ATMW system, the cross-reactivity of the tRNAZ“C" was easily remedied by reassigning the
suppressor tRNA from the amber stop codon “CUA” to the opal stop codon “UCA.”! However,
reassignment of the anticodon to an opal suppressor was not a translatable solution to the ATMY
system because changing the central nucleotide in the anticodon loop of the tRNAZTY" to a “C”
would render the tRNA inactive.> A “quick fix” for the ATMY system was achieved by
overexpressing the wild-type tRNAZ<GI" 2 While a host of UAAs were incorporated in the ATMY

system, a few notable exceptions were missing. For example, Chin ef al. previously engineered
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the EcTyrRS in §. cerevisiae to incorporate the photoaffinity probe p-benzoyl-L-phenylalanine
(pBPA), but this same EcTyrRS mutant could not be engineered with our ATMY selection-system
due to cross-reactivity between the tRNAZ“Dcys and EcGInRS (Figure 2.2).% Further engineering
of the tRNALTY'cy was required to restore orthogonality and gain access to the full range of
UAAs available for GCE in ATMY.

Genetically Encoded Genetically Encoded
In ATMW In ATMY

Br N3 COOH COOH COOH COOH
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NH; “~NH NHy  —nNH
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Figure 2.1. Structures of the UAAs incorporated with the newly developed ATM E. coli

strains.”: 2 All of the UAAs must be derived from the structure of the cognate amino acid their
aaRS naturally charges.

[Chloramphenicol (ug/mL)]: 0

pRepTrip2.3p2XQ(R + [ ~PBPA . . .

pBKEcTyrpBPARS-1 | +pepa M @8

Figure 2.2. Cross-reactivity of the tRNAZTY"cyas with EcGInRS. A chloramphenicol acetyl-
transferase (CAT)-TAG reporter assay shows that the cross-reactivity of the tRNA®TYcya with
the EcGInRS masks the suppression activity of weakly active aaRSs, such as the EcTyrRS mutant
that charges pBPA. The overexpression of the tRNAZGIM in the pRep reporter plasmid does not

attenuate this cross-reactivity enough for it to function as a viable selection platform for EcTyrRS
directed evolution.
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2.1.2 Structure and role of tRNA*P" in the cell

In the cell, tRNA functions as an adaptor molecule which translates the genetic code into
proteins during protein synthesis.’ Across all kingdoms of life, most tRNAs fold into a cloverleaf-
shaped secondary structure consisting of several stem-loop motifs.!” These tRNA structures play
critical roles in regulating tRNA acylation through interactions with the tRNA’s endogenous aaRS
structures. To engineer the tRNA®™Y'cys for improved orthogonality, these key interactions
between the tRNAZTY" and EcTyrRS must be upheld. For example, bacterial TyrRSs contain an

extra C-terminal domain that is stabilized in between the elbow of the variable loop arm and the

|__— C-terminal domain

———— Variable loop arm

Anti-codon stem

Figure 2.3. The crystal structure (PDB: 1H3E) of tyrosyl-tRNA synthetase from Thermus
thermophilus complexed with its cognate tRNAT™"gua, ATP, and tyrosinol.'? This was the first
time that a bacterial TyrRS C-terminal domain had been successfully crystallized, which was
difficult due to its highly flexible nature.

anti-codon stem during tRNA™"-acylation (Figure 2.3).'" 1> This unique binding pattern, in

bacterial TyrRSs, aids in the recognition of the bacterial tRNA™!!"13 Eykaryotic and archaeal

TyrRSs have evolved either a different or no C-terminal domain, eliminating the possibility of
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cross-reacting with bacterial TyrRSs. Other known key tRNA™" recognition elements are the first
base pair of the cognate acceptor stem (G1-C72 in prokaryotes/mitochondria, C1-G72 in
eukaryotes/archaea) and the anticodon bases C34 and W35 (Figure 2.4).!'"'* As mentioned
previously, we aimed to preserve the elements listed above when engineering the tRNAZDY to

maintain fidelity with the EcTyrRS.
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Figure 2.4. The sequence and secondary structure of the cognate tRNAE<TYr,

2.1.3 Engineering orthogonal tRNAs

Two approaches can be used for engineering orthogonal tRNAs for GCE applications. The
first, more tedious route is to exclusively use rational design based on prior knowledge of the tRNA
recognition elements and host transcriptional/translational processing machinery components.'* 1>
One notable example of this approach was when the Schultz group took a S. cerevisiae-derived
tryptophanyl tRNA (tRNAST™) and introduced it as a nonsense suppressor into bacteria.'®

Reassignment of the tRNAT™ as a nonsense suppressor led to cross-reactivity with the E. coli

endogenous lysl-tRNA synthetase.!® However, modification of the G:C content of the anticodon
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stem, and ultimately the flexibility, recovered orthogonality of the S. cerevisiae tryptophanyl-
tRNA synthetase (ScTrpRS)/ tRNAST™cy4 pair in bacteria.'®

The more powerful route to engineer orthogonal tRNAs is through directed evolution. In
bacteria, it has been repeatedly proven that randomized tRNA libraries, which target key structural
identity elements of the tRNA, can be selected for enhanced tRNA suppression efficiencies and
orthogonality.!”?* The main regions that have successfully generated orthogonal tRNA variants
include the T-stem, anticodon stem, and the variable loops, all of which are critical for EF-Tu
binding or tertiary structural integrity.!”?° The pool of randomized tRNA is designed based on the
conserved loop regions and identity elements of the tRNA in question to maintain both structural
integrity and recognition with its cognate aaRS. Since tRNA-directed evolution using large
libraries has generally been inaccessible in mammalian systems, the development of orthogonal-
tRNAs has been largely limited to the less favorable, rational design approach for mammalian
applications.

Once a tRNA library is built, a robust selection methodology must be employed to sieve
out the active, orthogonal tRNA library members. A viable platform requires an observable output
signal tied to the suppressor tRNAs activity and the ability to subsequently isolate individual
mutant library members following selection. Based on these premises, we hypothesized that
recovery of the orthogonality of the tRNA®“™cys would be feasible through directed evolution in
ATMY E. coli. This would be achieved by first rationally designing a tRNA®TY’cy, library that
maintains key recognition elements of the EcTyrRS,''"!* but is randomized in other of the
tRNAFDT 4 regions that could be cross-reacting with the EcGInRS. Then, a well-established

antibiotic-based screening platform!? would be used to screen the tRNAZTcy,s library.

31



Ultimately, we anticipated that an orthogonal tRNAZTcys would be created through directed

evolution for future use in synthetase engineering applications.

2.2 Results and discussion

2.2.1 Directed evolution of an orthogonal tRNAE Y «ya in ATMYS

The feasibility of evolving suppressor tRNAs for novel functions has been shown on numerous
occasions.!® 1-21:22 Additionally, key EcTyrRS recognition elements- such as Ade73 and the base-
pair Gual:Cyt72- of the tRNAXD" have been well characterized through x-ray crystallography.'!-
13 With this knowledge in hand, we designed a scheme to engineer a more orthogonal tRNAZTY 5
in ATMY5 E. coli (EcNRIGT pUltraBR-MjY dtyrS tryTV:tRNAFTY .0 tyrU::tRNAETY
lambda::tolc) (Figure 2.5).2 First, a tRNAZTY'y4 library was generated (theoretical diversity 1.05
x 10%,>99% coverage) in which five base pairs of the acceptor stem (2-6, 67-71) were randomized
without consideration for base-pairing interactions. Enrichment of the tRNA library for active hits
was conducted with an established chloramphenicol-acetyl transferase-TAG (CAT-TAQG)
expression assay in the presence of an EcTyrRS mutant previously engineered to incorporate o-
methyl-L-tyrosine (EcTyr-OMeYRS) (Figure 2.6).> The EcTyr-OMeYRS was chosen due to its

high suppression efficiency of the tRNAZTY"cya with OMeY.
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Figure 2.5. Strategy to evolve the tRNAF“™Y"cya. The acceptor stem of the tRNAZTYcya was
randomized through directed evolution. Positive selection conditions in the presence of 1 mM
OMeY led to the suppression of the CAT-TAG reporter and, ultimately antibiotic resistance.

Tyr37 Aspl82 Phel83 Leul86
EcTyr-OMeYRS Val Ser Met Leu

Figure 2.6. The EcTyrRS active site and the active site mutations of EcTyr-OMeYRS.
Elimination of cross-reactive tRNA library members was accomplished with the TAG-

inactivated toxic barnase gene, accompanied by a subsequent positive selection on the tRNA

library.? 3 Individual library member activities were screened in the presence of EcTyr-OMeYRS

with a CAT-TAG assay to identify tRNAs that afforded orthogonality. Only one tRNA sequence
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(tRNAZTYys-h1) (Figure 2.7) conferred a significant improvement in orthogonality relative to

the wildtype tRNAZTYcya, and survived up to 30 ug/mL of chloramphenicol (Figure 2.8).
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Figure 2.7. The mutant tRNAET¥'cya-h1 sequence. The only identified tRNA library member
with validated orthogonality at 30 pg/mL of chloramphenicol.
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Figure 2.8. Characterization of tRNAETYcys-h1 orthogonality. A chloramphenicol gradient
was used to assess the orthogonality of the mutant tRNAZ“TY'cya-hl relative to its progenitor. In
the absence of any tRNALY! the tRNALTYcya + pBPA-selective EcTyrRS mutant leads to cross-
reactive growth up to 60 pg/mL of chloramphenicol in both the presence and absence of pPBPA
(bottom two rows). Cross-reactivity is completely eliminated with the new tRNAZT™cya-hl +
pBPA-selective EcTyrRS mutant (top two rows).

The mutant tRNAZT"cya-h1 contained a G24A point mutation in the D-stem. This point
mutation eliminates base-pairing interactions in the D-stem, most likely leading to tRNA structural
integrity issues. To gain insight into how the G24A point mutation in the D-stem affected the
tRNA activity, this point mutation was introduced into the progenitor tRNAZTcys. Additionally,
the tRNAETya-h1 A24 point mutation was reverted to G24. The tRNAs’ suppression efficiency
was then measured with an sfGFP-151-TAG reporter in ATMYS E. coli (Figure 2.9). It was
observed that the introduction of the A24 mutation in the D-stem leads to decreased activity in
both the tRNAZTY"cya-h1 and progenitor tRNAE Ty, Further studies would need to be carried

out to fully understand how this mutation fundamentally affects the tRNA structure.
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Figure 2.9. Characterization of the tRNAE™Yrcys-hl D-stem point mutation. The
tRNAEDTya-h1 (h1 tRNA) and tRNAZTYcya (wt tRNA) were co-transformed with the EcTyr-
OMeYRS into ATMYS5. The suppression efficiencies of the tRNA were measured as the
normalized fluorescence output of full-length sfGFP in the presence and absence of OMeY.

2.2.2 Engineering of pBPA-selective EcTyrRS mutants

To demonstrate the value of having an orthogonal tRNAZTcy, available for directed
evolution in ATMY E. coli, we sought to engineer alternative UAA-selective EcTyrRSs that could
be used to investigate protein-protein interaction (PPI) networks. PPIs are critical components in
numerous biological networks. However, their apparent functions are difficult to decipher due to
their transient nature.?? To overcome this limitation, further methodology must be developed to
capture these interactions in their native context. Currently, most methods rely on affinity

purification of these transient interactions, which can break down during the purification process
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since they are not linked through covalent bonds.>* ?* This hurdle can be overcome through the
introduction of an unbreakable covalent bond, creating a more accurate picture of these protein
interaction networks.

Benzophenone photophores provide an attractive strategy to capture protein-protein
interactions in vivo due to their stability, ability to be manipulated in ambient light, activation at
350-360 nm (which is gentler on proteins), and preferential reactivity with unreactive C-H bonds.?¢
An amino acid analog, pBPA has been successfully incorporated through GCE in both bacteria
and eukaryotes.>3 However, previous selections with the ATMY3 selection platform yielded no
mutant EcTyrRSs that were capable of incorporating this UAA.?> Ultimately, incorporation was
not possible due to high levels of background cross-reactivity between the tRNAET ¢y, and
EcGInRS (Figure 2.2). With the new, orthogonal tRNAF™cya-hl, we hypothesized that the
engineering of these weaker, currently inaccessible mutant EcTyrRSs with our ATMY5 platform
could be achieved. To accomplish this feat, an EcTyrRS library was constructed based on the
available crystal structure (PDB: 1X8X), and six key amino acid residues (Tyr37, Leu71, Asn126,
Aspl82, Phel83, Leul86) in the active site of EcTyrRS were randomized by site-saturation
mutagenesis (theoretical diversity 1.06 x 107, > 99% coverage) (Figure 2.10).2” Additionally, a C-
terminal residue (Asp265) was mutated to Arg to enhance TAG-codon recognition.?® The EcTyrRS
library was subjected to a two-tier selection scheme in ATMYS. First, a positive selection (+ 1
mM pBPA) was used to enrich mutants that charged pBPA. A negative selection (- pBPA) was
used to remove EcTyrRS variants that charged canonical amino acids. After one round of selection,
the mutant library exhibited a significant pBPA-dependent survival, suggesting pBPA-selective

EcTyrRS mutants’ successful enrichment.
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Y37 L71 N126 D182 F183 L186 D265
FLIMVSTAYHCG NBT NSPTACGDH  NST NNK NNK R

Figure 2.10. Active site residues of EcTyrRS. The active site was randomized through site-
directed mutagenesis.

Individual mutant library member activities were characterized with a CAT-TAG assay (+
1 mM pBPA), identifying two unique EcTyrRS sequences (Table 2.1). Tyr37 goes from a large,
nonpolar amino acid to a small, nonpolar amino acid (Gly/Ala). Leu71 went to a smaller, nonpolar
amino acid (Val). Asnl126 remained the same. Aspl82 is a key residue in the active site that forms
a hydrogen bonding network with the phenol -OH in tyrosine.!! The Asp182 residue was expected
to drastically change in order to accommodate the benzophenone structure. In fact, Asp182
changed from a polar, acidic amino acid to smaller amino acid (Ser/Ala). Phel83 remained a large,

nonpolar, aromatic amino acid (Phe/Tyr). Leul86 remained a nonpolar amino acid (Ala/Tyr).
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Clones Tyr37 Leu7l Asnl26 Aspl82 Phel83 Leul86
pBPARS-1*  Gly Leu Asn Gly Phe Ala

pBPARS-7 Gly Val Asn Ser Tyr Ala
pBPARS-8  Ala Val Asn Ala Phe Tyr

*engineered by Chin ef al.

Table 2.1. The active site mutations for the two newly identified mutants, pPBPARS-7 and
pBPARS-8. Both mutants had exhibited active sites with residues similar to the previously
identified pBPARS-1 active site.

Suppression efficiencies of the three mutants were characterized in ATMY4 (EcNRIGT
pUltraBR-M;jY dtyrS try TV::tRNAETY cya tyrU::tRNAETY -y lambda::tolc) with an sfGFP-151-
TAG reporter (Figure 2.11).> Successful incorporation of pBPA into sfGFP-151-TAG was
confirmed by fluorescence (Figure 2.11), and all three mutants were observed to have comparable
activities. The engineered pBPA-selective EcTyrRS mutants were cloned into the previously
described mammalian expression plasmid pB1U to characterize suppression efficiencies in

HEK293T cells (Figure 2.11).2 Expression efficiencies of EGFP-39-pBPA was confirmed through

fluorescence imaging (Figure 2.12).
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Figure 2.11. Suppression efficiencies of the engineered pBPA-selective mutants. The
suppression efficiencies were characterized by stGFP-151-TAG reporter fluorescence in ATMY4.
The two new mutants exhibited similar activity to the previously identified pBPARS-1.
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+ pBPA - pBPA

Figure 2.12. Fluorescence microscopy images of HEK293T cells with pBPARS-7 (+/- 1 mM
pBPA). These images depict pBPA-dependent EGFP-39-TAG expression.

2.3 Conclusions

In summary, we have engineered an orthogonal tRNAZTY"cys for GCE in ATMYS5 E. coli.
The mutant tRNAZ™cya-h1 had an A:U rich acceptor stem and an erroneous G24A mismatch
point mutation in the D-stem. It was observed that the introduction of A24 into the D-stem of the
tRNALTYya-h1 led to lower suppression efficiencies of both the tRNAZ™cys-hl and its
progenitor. Further investigation is required to fully understand the mechanisms behind this
observation.

By rescuing the tRNA®“™ 4 orthogonality, we demonstrated that weakly active EcTyrRS
mutants are accessible with the “universal” ATMY 5 platform, furthering its utility. While we have
gained access to a broader dynamic range of EcTyrRS mutants, these weakly active variants have
little value for mammalian cell applications. However, the ATMY5 platform can now be adapted

to improve the weakly active mutants.

2.3.1 Ongoing and future directions

This new ATMY5 platform will be used to evolve novel bacterial TyrRS/tRNA pairs to
incorporate a broader range of UAAs in eukaryotes. There are still PTMs, bioconjugation, handles,

and other important chemical modalities that have evaded us (e.g., phosphotyrosine?®). It will also
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be adapted for enhancing EcTyrRS mutant suppression efficiencies through directed evolution,

among other applications.
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2.5 Experimental procedures

All cloning and plasmid propagation was done in DH10B E. coli cells. Restriction enzymes,
Phusion HS II High-Fidelity DNA polymerase, and IPTG were obtained from Fisher. T4 DNA
ligase was obtained from Enzymatics. DNA extraction and PCR clean up were conducted with
Macherey-Nagel Binding Buffer NTI and Epoch mini spin columns from Thermo Fisher

Scientific. Media components were obtained from Fisher Scientific.

2.5.1 Strains, cell lines

ATMYS5 and ATMY4 E. coli cells were obtained from the Chatterjee lab glycerol stocks. These
strains were originally engineered by a previous student in the Chatterjee lab, Dr. James Italia. A
detailed description of how ATMYS and ATMY4 E. coli were engineered has been published in

Dr. Italia’s Cell Chemical Biology manuscript.?
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HEK293T cells (ATCC) were maintained at 37 °C and 5% CO2 in DMEM-high glucose (HyClone)
supplemented with penicillin/streptomycin (Hyclone, final concentration of 100 U/L penicillin and

100 pg/mL streptomycin) and 10% fetal bovine serum (Corning).

2.5.2 Plasmids

All primer and plasmid sequences can be found in the Appendix.

pRepTrip2.3-EcOMeYRS was constructed by first PCR amplifying ECOMeYRS-VSML out of
pBK EcOMeYRS-VSML? with the primers BKrep-Spel-F and BKrep-BglII-R. The PCR product
was digested with Spel/BgllII and inserted into the pRep vector backbone.
pRepTrip2.3p-EcYtR-h1 was created by PCR amplifying EcYtR-h1 from pBK EcYtR-hl with
BKrep-Spel-F and BKrep-BgllI-R. The PCR product was digested with Spel/BglII and inserted
into the pRep vector backbone.

pNeg-EcYtR-h1-barnase-2X TAG was created by PCR amplifying EcYtR-hl from pBK EcYtR-
h1 with NEGrep-Sphl-F and BKrep-Ncol-R. The PCR product was digested with Sphl/Ncol and
inserted into the pNeg backbone that was digested with the same restriction enzymes.
pNeg-NoYtR was propagated from a former student’s stocks.

The pEvol-sfGFP151-TAG reporter construct was propagated from Dr. James Italia’s plasmid
stocks by transforming it into DH10B cells, inoculating a culture, and mini-prepping the plasmid
DNA.

All pB1U-aaRS plasmids were generated by PCR amplifying the mutant EcTyrRS from its pBK
plasmid with primers EcYRS-Nhel-F and EcYRS-Xhol-R, followed by digestion with Nhel/Xhol.

The digested product was then inserted into the pB1U vector backbone.
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2.5.3 Unnatural amino acids

The o-methyl-l-tyrosine used in the present experiments was obtained from Fisher Scientific
(catalog number AAH6309606).
para-benzoyl-l-phenylalanine was purchased from Chem-Impex International (catalog number

05110).

2.5.4 Assessment of aaRS-tRNA activity using a chloramphenicol reporter

Inoculated 5 mL LB media cultures of ATMYS5 harboring pRepTrip2.3-EcYtR-h1 and pBK aaRS
were grown overnight. Following overnight growth, the ATMY5 LB media cultures were diluted
to an OD600 of 0.03 then 3 pl of this dilution was inoculated on LB agar plates supplemented with
kanamycin, spectinomycin, tetracycline, carbenicillin, 0.02% arabinose, varying chloramphenicol
concentrations, and +/- 1 mM of UAA. Growth on the plates was analyzed 24 hours following

inoculation.

2.5.5 Assessment of aaRS-tRNA activity using a sfGFP-151 reporter

The pEvol-sfGFP-151-TAG reporter and pBK aaRS plasmids were co-transformed into ATMY4
for expression.”> A 5 mL overnight culture was inoculated with a single colony from the
transformation plates. Following overnight growth, 200 UL of the overnight culture was used to
inoculate a 20 mL LB media culture supplemented with spectinomycin, kanamycin, and
chloramphenicol. This culture was then grown at 37 °C with shaking (250 rpm) to a final OD600
of 0.6 then induced with IPTG (1 mM) and incubated for 16 hours at 30 °C with shaking (250
rpm). The cultures were then spun down (4,500 g, 10 min, 4 °C), the LB media was removed, and

the pelleted cells were resuspended in 1X PBS buffer. The resuspended cultures were diluted with

43



1 X PBS (15 YL culture added to 135 yL 1 X PBS) and fluorescence readings were collected in a
96 well-plate using a SpectraMAX M5 (Molecular Devices) (ex = 488 nm and em = 510 nm).

Mean of two independent experiments were reported, and error bars represent standard deviation.

2.5.6 Construction of the pBK tRNA®Y" 4 library

Site-directed mutagenesis was used to randomize five base-pairs of the acceptor stem of the EcTyr-
tRNA to create the library (theoretical diversity 1.05 x 10%). Two PCR products of the EcYtR-
tRNA were amplified with Phusion HSII with the following primers: pBKseqtF, mutiR, mutiF,
and JI MCS sqR. The 5° and 3° PCR products were joined together by primerless overlap
extension. The full-length PCR product was gel purified (1% agarose gel, 150 V) followed by
amplification with the terminal primers pBKseqtF and JI MCS sqR. The PCR amplified insert
was digested with BamHI/Ncol and ligated by T4 DNA Ligase into pBK vector digested with the
same restriction enzymes. The ligation mixture was ethanol precipitated with Yeast-tRNA
(Ambion) and transformed into DH10B electrocompetent cells. The library was covered using >

107 distinct CFU.

2.5.7 Selection for an orthogonal tRNA" -y

ATMY 5 was co-transformed with the pBK tRNAFTY"y library and the positive selection reporter
plasmid pRepTrip2.3-EcOMeYRS. This reporter construct contains a glnS-promoted EcTyr-
OMeYRS, a CAT reporter mutagenized at Q98 to a stop codon (TAG), an arabinose inducible T7
RNA polymerase mutagenized at positions 8 and 114 to stop codons (TAG), and t7 promoted wild-
type GFPuv. Successful suppression of the TAG codons by active tRNAET ¢y library members
leads to full-length expression of the CAT-reporter conferring chloramphenicol resistance.
Additionally, suppression of the T7 RNA polymerase drives expression of GFPuv. 2.3 x 10’ CFU
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were plated on LB + 1x Spec/1x Tet/1x Kan/0.5x Amp/0.02% arabinose + chloramphenicol (30
and 50 pg/mL) in the presence of 1 mM OMeY for 24 hours at 37 °C.

Following the positive selection, ATMY5 was co-transformed with the pBK tRNAETY ¢4 library
and the negative reporter plasmid pNeg-noEcYtR. This reporter construct harbors a toxic barnase
gene with stop codons at amino acids 1 and 90 under the control of an arabinose inducible
promoter. 1.8 x 10’ CFU were plated on LB + 1x Amp/Kan/Spec/0.2% arabinose in the absence

of UAA for 12 hours at 37 ° C.

2.5.8 Construction of the pBK EcTyrRS library

Overlap extension was used to introduce the D265R mutation into the previously constructed
EcYRS-libl (theoretical diversity 1.06 x 107).> Two PCR products of the EcYRS-libl were
amplified with Phusion HSII with the following primers: BKrep-Spel-F, EcYRS-D265R-R,
EcYRS-D265R-F, and BkrepBglII-R. The two products were joined together by primerless
overlap extension followed by agarose gel purification (1% agarose gel, 150 V). The purified
product was amplified with the terminal primers BKrep-Spel-F and BKrep-BglII-R and digested
with Ndel/Pstl. This digested product was ligated by T4 DNA ligase into pBK vector digested
with the same restriction enzymes. The ligation mixture was ethanol precipitated with Yeast-tRNA
(Ambion) and transformed into DH10B electrocompetent cells. The library was covered using >

10® distinct CFU.

2.5.9 Assessment of aaRS-tRNA activity using a EGFP39 reporter

HEK293T cells were cultured in Dulbeco’s modified Eagle’s medium (high glucose DMEM)

supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (0.5x) at 37 °C in
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the presence of 5 % CO». The cells were seeded at a density of 600,000 cells per 12-well plate 24
hours prior to transfection. Co-transfection with pAcBacl-EGFP-39-TAG and pB1U aaRS was
carried out when the cells were ~70% confluent. For the co-transfection, PEI (Sigma) and DNA
were mixed at a ratio of 4 uL PEI (1 mg/mL) to 1 pg of total DNA (500 ng of each plasmid) in
DMEM. This PEI/DNA mixture was incubated for 10 minutes and then added to each well (100
uL per well). Then, UAAs were added to each well (1 mM final concentration). Fluorescence
images were taken 48 hours after transfection using a Zeiss Axio Observer fluorescence

microscope.
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Chapter 3

Development of a universal selection platform to improve
aminoacyl-tRNA synthetase suppression efficiency
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3.1 Introduction

3.1.1 Antibiotic-based selection platforms

To carry out directed evolution of aaRS/tRNA pairs, a strategy must be employed that
selectively isolates the desired synthetase library members from a pool of mostly undesirable
options. This is typically accomplished by linking synthetase activity to some type of phenotypic
output that can be used to enrich desired library members.! For example, antibiotic resistance is
frequently used as a selectable marker for the directed evolution of orthogonal aaRS/tRNA pairs
in E. coli.** In this strategy, an amber stop codon is introduced at a permissible location in an
enzymatic protein that confers antibiotic resistance when fully translated (Figure 3.1). It is an
easily generalized approach in bacteria because it does not rely on the UAA’s chemistry to observe
a phenotypic output.* Antibiotic-based selections also provide tunability for selection stringency
through modification of antibiotic concentrations.* Library members that survive this initial
“positive” selection will have the ability to either charge a UAA or a canonical amino acid on its
respective tRNA. To eliminate cross-reactive library members from the pool a “negative”
selection must follow the positive selection. A negative selection would entail using a toxic gene
that has an amber stop codon at a permissible location.* Full-length translation of this gene in the
absence of the UAA, enabled only by cross-reactive synthetase mutants, would result in the death

of their host cells.
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Figure 3.1. A general selection method for mutant aaRS/tRNA pairs that charge UAAs.!™
First, a positive selection is carried out in the presence of UAA that enriches for active library
members (orthogonal and cross-reactive). Second, a negative selection is carried out in the absence
of the UAA to eliminate any cross-reactive library members from the pool of mutants.

Initial antibiotic-based selection strategies utilized the suppression of B-lactamase to select
for orthogonal aaRS/tRNA pairs in the presence of ampicillin.* > The amber nonsense mutation
was introduced into the B-lactamase gene at position Ala-184 because it is not conserved among
B-lactamases, so it was hypothesized that insertion of a UAA at this position would not alter the

enzyme’s activity.® ’

This positive selection has been coupled with the toxic barnase-based
negative selection to enrich for numerous engineered orthogonal aaRS/tRNA pairs.! The main
disadvantage to using a B-lactamase positive selection is that once the enzyme is translated, it is
naturally secreted by the cell into the surrounding media (Figure 3.2).% This potentially helps

neighboring cells survive the ampicillin selection that do not harbor plasmids with active

synthetases.
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Figure 3.2. B-lactamase mechanism of action. In gram-negative bacteria, -lactam antibiotics
localize in the periplasmic space and bind to penicillin-binding proteins (PBPs) weakening the cell
wall. B-lactamases are enzymes that break the -lactam ring open of antibiotics (e.g., penicillins,
cephalosporins, cephamycins, and carbapenems) through hydrolysis, as outlined in the figure
above.®!? These enzymes are localized to the periplasmic space where these antibiotics reside, and
can be secreted from high-level resistant bacteria (> 1,000 ug/mL ampicillin).®

Alternative pairs of antibiotics and antibiotic resistance genes have been explored for
synthetase selection schemes. Over time, chloramphenicol and the chloramphenicol
acetyltransferase (CAT) gene became widely considered as the optimal antibiotic-based selection
platform because of the cytoplasmic localization of CAT and chloramphenicol’s bacteriostatic
properties, which minimize the weeding out of weakly active synthetase hits (Figure 3.3).!!
Currently, it is contentious in the field of directed evolution whether or not the maintenance of
weak hits in a selection pool is advantageous.!*'* However, the rationale of maintaining weakly
active hits caused a shift in the community toward a reliance on CAT amber suppression platforms
for the directed evolution of synthetases in bacteria.!” !! Initial studies comparing ampicillin and

chloramphenicol platforms focused on the ICso values rather than a correlation between cell-
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survival at specific antibiotic concentrations and mutant synthetase suppression efficiencies.!! We
sought to more fully characterize the ability of ampicillin-based and chloramphenicol-based
selection systems to differentiate between synthetase suppression efficiencies. In the future, this
would enable our ability to easily discern strong mutants from weak ones.

chloramphenicol
inhibits transpeptidation

CAT mechanism

Figure 3.3. CAT mechanism of action. Chloramphenicol is a broad-spectrum antibiotic that
inhibits protein synthesis by binding to the A-site of the 50S subunit of the bacterial ribosome.!?
The 3-hydroxyl and 1-hydroxyl of chloramphenicol form key hydrogen bonds with the ribosomal
RNA-structure.!®!” CAT disrupts the bonding of chloramphenicol to the ribosome by transferring

an acetyl group from acetyl-coenzyme A (CoA) to the 3-hydroxyl group of chloramphenicol.!¢-17

3.1.2 Fluorescence-based selection platforms

E. coli is an ideal expression host for library screening platforms because it is possible to
isolate library members within individual cells through transformation, guaranteeing that a cell’s
observed phenotype can be directly linked to the genotype of a single library member (Figure
3.1).1"* Individually screening each clone through antibiotic selection schemes is low-throughput
(< 10* library members), time-consuming, and infrastructure intensive (Figure 3.1).'* A low-
throughput selection scheme is not ideal when approaching directed evolution strategies where
structure-activity relationships of the target protein are poorly understood. This is because the
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probability of identifying a desired mutant with the novel activity becomes even lower since so
few library members can realistically be screened.

High-throughput selection schemes make it easier to identify library mutants with the
desired phenotype when structure/function relationships are unknown.'® These schemes typically
rely on color, fluorescence, luminescence, or turbidity. Synthetases do not directly display any of
these observable phenotypes. However, a synthetases’ enzymatic activity can be tied to
fluorescence in order to facilitate synthetase directed evolution through established schemes.!'**
This is accomplished by using fluorescent genetic reporters such as green fluorescent protein
(GFP)*: 22 and B-galactosidase!® that are mutated to contain amber suppression codons (Figure
3.4). Successful suppression of the amber codon in the fluorescent reporter leads to a fluorescent
output signal that can be used to screen ~10°® library members within 24 hours through fluorescence
activated cell-sorting (FACS).? 2* Additionally, the use of fluorescent reporters removes the
possibility of false positives resulting from survival mechanisms induced by antibiotics.® Current
reported FACS screens for the directed evolution of synthetases require multiple rounds of positive
and negative selection, resulting in a cumbersome selection process.”> We sought to couple the

quantitative power of FACS with the long-established antibiotic-based selection platform to

minimize both of their shortcomings.
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Figure 3.4. General fluorescent reporter-based selection scheme.'”>> A fluorescent reporter
encoded with an amber nonsense codon is suppressed in the presence of an active aaRS. Each
individual cell with full-length fluorescent reporter protein is subsequently sorted through FACS.
Droplets formed through the mixing of two immiscible phases sequester individual cells that can
be sorted based on a fluorescent output signal.

3.1.3 Using directed evolution to improve synthetase activity

Identifying new aaRS/tRNA pairs for GCE is difficult due to the requirement for pairs that are
(1) orthogonal with the host’s endogenous aaRS/tRNA pairs as well as (ii) compatible with the
host’s transcriptional and translational machinery. This limits the accessible chemistries for UAA
incorporation since only a few pairs have been successfully developed for GCE (Figure 3.5).!
Additionally, not every engineered aaRS/tRNA pairs exhibits optimal suppression efficiencies,

further limiting our toolbox of incorporable UAAs for relevant applications.
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M. jannaschii E. coli E. coli M. mazei/ M. barkeri
tyrosyl-tRNA synthetase/tRNA leucyl-tRNA synthetase/tRNA tyrosyl-tRNA synthetase/tRNA  pyrrolsyl-tRNA synthetase/tRNA

Figure 3.5. aaRS/tRNA pairs that have been engineered for genetic code expansion.! The four
synthetase structures shown above account for ~90 % of the UAAs incorporated to-date. The
structures of UAAs that can be incorporated are limited to derivations of these four synthetases’
cognate amino acid structures, which are depicted above each aaRS/tRNA pair.

Suboptimal amber nonsense suppression can be partially attributed to the natural competition
between the ribosomal incorporation of the desired UAA with termination of translation in
response to the stop codon.! Efforts towards rectifying this limitation have mainly focused on
optimizing aaRS/tRNA copy numbers through plasmid construction, engineering the nonsense
suppressor tRNA, modification of the translational machinery (e.g. removal of EF-Tu),
modification of sequence contexts, and genome-wide engineering of the host cell.?®33
Contrastingly, little work has been done towards improving the enzymatic activity of the
synthetase. The only recent developments for next-generation synthetase engineering have been

limited to bacterial applications due to the difficulty of working with eukaryotic GCE platforms."

With the ATMY selection system, we believe that we can expand next-generation synthetase
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engineering technology for eukaryotic applications, ultimately providing access to a broader range

of chemical space.

3.2 Results and discussion

3.2.1 Construction of an ATMY selection platform to improve aaRS suppression

efficiency

Successful engineering of the orthogonal tRNAZ“TY"cya-h1 enabled identification of EcTyrRS
mutants with low suppression efficiencies (EcTyr-pBPARS-7 and EcTyr-pBPARS-8). While
these solutions provide access to unique chemistry in mammalian cells, they are suboptimal in
activity for relevant applications (e.g., in vivo incorporation of multiple UAAs).>* % Prior work by
Arnold et al. showcases the power of altering an enzyme through error-prone PCR for novel
chemical activity, then improved catalytic efficiency.>®*” Additionally, previous efforts have been

E.'> 3 Based on these

made towards improving synthetase suppression efficiencies for GC
precedents, we hypothesized that bacterial aaRSs could be improved through similar strategies for
eukaryotic applications in ATMY E. coli.

The key to creating a successful selection platform for improving aaRS suppression efficiency
is identifying an appropriate selectable marker whose phenotypic output can be quantifiable
relative to synthetase activity. For an antibiotic-based platform, there must be a quantitative linear
relationship between aaRS suppression efficiency and cell survival.  Ampicillin- and
chloramphenicol-based platforms have been pivotal in the engineering of novel orthogonal
aaRS/tRNA pairs for GCE.!** 7 However, no direct comparison has been made, in either of these
platforms, to determine the linear relationship exhibited between antibiotic resistance and
synthetase suppression efficiencies. We sought to determine which antibiotic provides a refined

dynamic range to differentiate between weakly active and strongly active synthetases. This was
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accomplished by screening both ampicillin and chloramphenicol resistance with two EcTyr-
OMeYRSs that have an observed 6-fold difference in activity when evaluated with an sfGFP-151-
TAG assay (Figure 3.6). Based on these antibiotic assays, we observed that ampicillin resistance

depicts a more linear relationship between strong and weak aaRS activities than chloramphenicol

resistance.
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Figure 3.6. Characterization of antibiotic-based selection platforms. The EcTyr-OMeYRS
strong and weak synthetase activities were characterized with a fluorescent reporter (left) where
they exhibited a six-fold difference in activity. This was reflected by a six-fold difference in cell
survival with the ampicillin-based selection (bottom right).

A purely ampicillin-based selection platform could be susceptible to cheaters due to the
natural secretion of B-lactamase following its translation.® !! To mitigate this issue, we decided to
couple the antibiotic selection with a subsequent fluorescent-reporter screen. A selection construct
was designed containing two fluorescent reporters (wild-type mCherry and sfGFP-151-TAQ)
(Figure 3.7). The wild-type mCherry protein fluorescence is used as an internal standard to control

for protein expression variability between individual cells. The amber-suppressed sfGFP

fluorescence is the marker used to quantify synthetase suppression efficiency.
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Figure 3.7. The dual-fluorescent reporter construct. The sfGFP-151-TAG and mCherry WT
were expressed under a T5/lac inducible promoter system. Full-length expression of sfGFP is
contingent upon the successful incorporation of a UAA at the 151-Tyr amber suppressor codon
location. The mCherry WT expression levels are contingent upon nascent expression levels of the
individual cell. The selectable marker for this reporter construct is chloramphenicol (ChlorR).

Characterization of the dual-fluorescent reporter was carried out with the strong EcTyr-
OMeYRS and the weak EcTyr-pBPARS. ATMY4 E. coli (EcNRIGT pUltraBR MjY dtyrS
tyrTV::CUA tyrU::CUA lambda::tolC)? was co-transformed with the dual fluorescent reporter and
one of the synthetases. Expression was induced in the presence of IPTG (1 mM) and UAA (1
mM). Following expression, it was observed that the ratio of sfGFP fluorescence to mCherry
fluorescence exhibited an 8-fold difference between the strongly active EcTyr-OMeYRS and
weakly active EcTyr-pBPARS (Figure 3.8). Consequently, it was concluded that the dynamic

range of this reporter should be large enough to carry out a library selection.
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Figure 3.8. Ratio of sfGFP: mCherry fluorescence for a strong aaRS vs. weak aaRS in
ATMY4. Normalization of the sfGFP fluorescence by the mCherry fluorescence accounts for the
protein expression variability of individual cells.
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To further validate that this construct could be used for aaRS library selections, a mock
selection was carried out. ATMY4 cells harboring the dual fluorescent reporter and the EcTyr-
OMeYRS, or the EcTyr-pBPARS, were cultured, grown, and induced for expression (+ 1 mM
IPTG, + 1 mM UAA). Subsequently, the cells were mixed at a ratio of 100 highly active aaRS
(EcTyr-OMeYRS) to 1 weakly active aaRS (EcTyr-pBPARS). The cells were sorted based on the
ratio of their sfGFP to mCherry fluorescence (Figure 3.9) and collected (~ 6,000 cells). They were
recovered in enriched LB Media and plated in the presence of the appropriate antibiotics
(Spec/Kan/Chlor). Following enrichment, individual colonies were characterized by Sanger
sequencing and fluorescence analysis (Figure 3.10), the majority of which turned out to be the
stronger EcTyr-OMeYRS (80%). The successful enrichment of the strongly active EcTyr-

OMEeYRS validated our ability to use this fluorescent reporter for library selections.
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Figure 3.9. FACS of the EcTyr-OMEYRS + EcTyr-pBPARS mock library. The population
of cells sorted were chosen based on their forward scatter and side scatter light ratio (left). The
sorted cells were further scrutinized for their ratio of stGFP (FITC-A): mCherry (PE-Texas Red-
A) fluorescence. Parameters were outlined as quadrant 2 (Q2), resulting in the collection of only
1.1% of the total parent population (right).
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Figure 3.10. Fluorescence analysis of individual colonies following the mock selection.
Fluorescence analysis validated that the majority of the cells (~80%) sieved through the mock
selection were the expected strongly active EcTyr-OMeYRS. The colonies were characterized
based on their ratios of mCherry fluorescence: OD600 (right), sfGFP fluorescence: OD600
(middle), and sfGFP fluorescence: mCherry fluorescence (left).

3.2.2 Improving the suppression efficiency of the EcTyr-pBPARS mutant

To demonstrate the utility of coupling the established ampicillin-based platform with our
new dual-fluorescent reporter system for directed evolution, we engineered the EcTyr-pBPARS
mutant (EcTyr-pBPARS-1) due to its potential value as an unquenchable photoaffinity probe in

3% 3941 Libraries were generated through error-prone PCR (ePCR)*

mammalian cells.
amplification of the EcTyr-pBPARS-1 (average error rate of 2-4 nt/1275 bp) followed by
polymerase incomplete primer extension (PIPE)* cloning into the pBK vector (~10°
transformants). Following one round of ampicillin-based positive selection (+ 1mM pBPA)
individual library members were characterized by a B-lactamase-TAG assay.* Several mutants
exhibited a 2-fold improvement in activity. After sequencing analysis, it was determined that all

of the screened mutants had a single-point mutation, reversion of Arg265 to Asp. The Asp265

mutant was used as the library template for the second round of mutagenesis, which produced no
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improved hits. An additional round of ePCR mutagenesis followed by a third round of ampicillin-

based selection (+ 1 mM pBPA) and the dual-fluorescent reporter screen yielded two unique

mutants with ~5.5-fold improvement in activity in ATMY4 E. coli (Figure 3.11). Both hits had

point mutations scattered throughout the aaRS (Table 3.1). Their ability to incorporate pBPA into

sfGFP was validated by MS analysis and SDS-PAGE (Figure 3.12).
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Figure 3.11. sfGFP fluorescence characterization of the EcTyr-pBPARS mutants. Over three
generations a ~5.5-fold improvement in suppression efficiency is observed in bacteria.

Clones Tyr37

Gen 1 pBPARS Gly
Gen 2 pBPARS Gly
Gen 3.1 pBPARS Gly
Gen 3.2 pBPARS Gly

Leu71 Asnl26

Leu Asn
Leu Asn
Leu Asn
Leu Asn

Aspl82

Gly
Gly
Gly
Gly

Phel83

Phe
Phe
Phe
Phe

Leul86 Additional mutations

Ala
Ala
Ala
Ala

Asp265Arg
N/A
Ile7Phe, Gly180Ser
Ser366Phe

Table 3.1. EcTyr-pBPARS mutant amino acid sequence modifications.
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The mutations for EcTyr-pBPARS-Gen 3.1 were individually reverted to identify if any of
them conferred the improved activity alone, however, they appeared to be additive when compared
with an sfGFP-151-TAG reporter fluorescence assay performed in ATMY4 (Figure 3.13).
Furthermore, addition of the S366F point mutation from EcTyr-pBPARS-Gen 3.2 into EcTyr-
pBPARS-Gen 3.1 resulted in a lower suppression efficiency of the sfGFP-151-TAG reporter in

ATMY4 (Figure 3.13).
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Figure 3.13. sfGFP fluorescence characterization of the EcTyr-pBPARS-Gen 3.1 reversion
point mutations. The point mutations of the EcTyr-pBPARS-Gen 3.1 were reverted to the wild-
type amino acid. Reversion of each point mutation resulted in reduced suppression efficiency
relative to the parental aaRS (Gen 3.1), suggesting that the mutations were mutually necessary for
enhanced activity. Addition of the S366F point mutation, into Gen 3.1, resulted in decreased
fluorescence.
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EcTyr-pBPARS- Gen 1 and EcTyr-pBPARS-Gen 3.1 were cloned into the mammalian
expression plasmid pB1U for characterization in HEK293T cells. EcTyr-pBPARS-Gen3.1 and
EcTyr-pBPARS-Gen 3.2 maintained their improved suppression efficiencies relative to EcTyr-
pBPARS-Gen 1 and EcTyr-pBPARS-Gen 2 based on fluorescence imaging in HEK293T cells
(Figure 3.14). SDS-PAGE and MS analysis were carried out to validate successful incorporation

of pBPA into the EGFP-39-TAG reporter by EcTyr-pBPARS-Gen 3.1 (Figure 3.15).

+ pBPA
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Figure 3.14. HEK293T fluorescence images. The improved EcTyr-pBPARS mutants (Gen 3.1
and Gen 3.2) maintain their enhanced activity in mammalian cells.
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Figure 3.15. SDS-PAGE and MS analysis of EGFP-39-pBPA.
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3.2.3 Double suppression with the improved EcTyr-pBPARS mutant

Post-translational modifications (PTMs) are used by the cell to expand the chemical space
available to natural proteins beyond the twenty canonical amino acids.** Generally, the addition of
PTMs is used to regulate different types of protein-protein interactions (PPIs) resulting in a cascade
of downstream events (e.g., cell-signaling networks, DNA transcription). A host of PTMs have
been identified as key players in these dynamic PPIs, such as bromodomain recognition of
acetyllysine (AcK),>> but their specific functional and physiological roles remain elusive.
Identification of PPI roles remains a challenge for the scientific community due to the typically
weak interactions between PPIs, making it difficult for them to survive pull-down techniques, and
lack of methods to site-specifically produce homogenously PTM-modified protein at a large scale.

One solution for studying PTMs in their native context is to site-specifically incorporate
multiple UAAs through GCE.?"-3% 3435 By co-translationally incorporating a photoaffinity probe
with a PTM, PPIs can be covalently captured and survive isolation techniques.*® The
Methanococcus jannaschii-derived tyrosyl pair (MjTyr) and Methanosarchina-derived pyrrolysyl
pair (Pyl) have been successfully engineered for co-translational incorporation in E. coli.' In fact,
this platform was previously adapted for the incorporation of a photoaffinity UAA probe and PTM
mimic into a full-length protein to capture known bromodomain-histone binding partners.>

So far, multi-site UAA incorporation technology has been largely limited to E. coli
expression systems.?” 303435 [deally, to better understand how PTMs behave in mammalian cell
biology these recombinant proteins would need to be expressed in mammalian cells. However,
such applications have been limited due to the lack of accessible, orthogonal aaRS/tRNA pairs that
can charge photoaffinity probes and PTM mimics in mammalian cells. We sought to demonstrate

that the more active EcTyr-pBPARS-Gen 3.1 provides access to this unreachable technology in
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eukaryotes. EcTyr-pBPARS-1 and EcTyr-pBPARS-Gen3.1 were cloned into the mammalian
expression plasmid pAcBacl for characterization in HEK293T cells. EcTyr-pBPARS-Gen3.1 and
EcTyr-pBPARS-1 were co-transfected with pAcBac3-MbPyIRS with tRNAMP! ;4 in HEK293T.
Based on fluorescence output (Figure 3.16) and fluorescence imaging (Figure 3.17), double-
suppression was only achieved with the improved EcTyr-pBPARS-Gen 3.1. The ability of our
improved EcTyr-pBPARS-Gen 3.1 to carry out double-suppression applications demonstrated the

utility of further engineering synthetases for enhanced suppression efficiency.
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0.89 +pBPA -BacK
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EcTyr-pBPARS-1 + MbPyIRS EcTyr-pBPARS- Gen3.1 + MbPyIRS

Figure 3.16. HEK293T fluorescence from EcTyr-pBPARS + MbPyIRS. EGFP fluorescence
(0.8% of WT EGFP fluorescence) was only observed in the presence of both UAAs (+ pBPA and
+ BocK) as well as the Gen 3.1 aaRS.
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Figure 3.17. HEK293T cell images. No EGFP fluorescence is observed in the absence of the
UAAs (pBPA and BocK). Only co-transfection of the Gen 3.1 aaRS and the MbPyIRS results in
observable EGFP fluorescence.

3.3 Conclusions

In summary, we created the first selection platform that enhances engineered synthetases
beyond the PyIRS/tRNA pairs for GCE in eukaryotes. Further investigation into the dynamic
range of established antibiotic-based selection platforms informed us that, contrary to popular
belief, ampicillin-based selections were best suited for the directed evolution of synthetases in
bacteria. Additionally, we were able to create a new dual-fluorescent reporter platform that
quantitatively differentiates between weakly active and strongly active synthetases. By coupling
the ampicillin-based platform with our newly created dual-fluorescent reporter system, we were

able to improve the activity of a weakly active EcTyr-pBPARS ~5.5-fold in bacteria. This
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enhanced activity was maintained in HEK293T cells and enabled access to double-suppression

applications.

3.3.1 Ongoing and future directions

The work described here can be further applied to improve other weakly active aaRSs for
novel mammalian applications. An undergraduate researcher, Megan Yeo, was pursuing this by
carrying out this new selection scheme on an azide-specific EcTyrRS. Double suppression
applications are being furthered by another graduate student in the lab, Arianna Osgood. She will
be working towards creating double suppression libraries, eliminating the need to laboriously

rationally design the location of the two nonsense suppression positions.

3.4 Acknowledgements

Rachel Kelemen provided intellectual insight into the design of the dual-fluorescent
reporter system. I was struggling to get this construct to work and her suggestions helped me
overcome the hurdles I was facing in the initial weeks of designing this plasmid. Megan Yeo
assisted with the PIPE cloning of the libraries. Arianna Osgood, one of the newest additions to
the ATM subgroup, carried out the double suppression experiments demonstrating the utility of
having an improve EcTyr-pBPARS mutant. Dr. Patrick Autissier assisted with the FACS sorting

experiments.

68



3.5 Experimental procedures
Reference chapter 2’s experimental procedures section for general materials and methods.

3.5.1 Strains, cell lines

Directed evolution of the EcTyr-pBPARS mutant occurred in the ATMY4 and ATMYS E. coli
strains. These strains were propagated from Dr. James Italia’s glycerol stocks. Engineering of
these strains is outlined in detail in his manuscript.’

All cloning and plasmid propagation were carried out in DH10B E. coli cells.

HEK293T cells (ATCC) were maintained at 37 °C and 5% CO2 in DMEM-high glucose (HyClone)
supplemented with penicillin/streptomycin (HyClone, final concentration of 100 U/L penicillin

and 100 pg/mL streptomycin) and 10% fetal bovine serum (Corning).

3.5.2 Plasmids

All primer and plasmid sequences can be found in the Appendix.

pBK-pBPARS-Genl was propagated from a former student’s DNA plasmid stocks.

The pBK-pBPARS-Gen3 point mutation reversion mutants were made through QuikChange
mutagenesis (Agilent) with the following primers: pBPARS-F7I-F, pBPARS-S180G-F, and
pBPARS-S366F-F.

pEvol-mCherry-sfGFP151-TAG was constructed by PCR amplification of the mCherry-wt from
pET22b-mCherrywt with EcoNI-t7 promoter-F and EcoNI-lambda t0 term-R. The PCR product
was then digested with EcoNI and inserted into the pEvol-sfGFP151-TAG.
pRepTrip2.3p-EcYtR-h1 was created by PCR amplification of EcYtR-h1 from pBK EcYtR-hl
with BKrep-Spel-F and BKrep-BglII-R. The PCR product was digested with Spel/BglII and

inserted into the pRep vector backbone.
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pB1U pBPARS-Genl and Gen3 were made by amplifying the pBPA-RS Gen 1 and Gen 3 from
their respective pBK plasmids with ECYRS-Nhel-F and EcYRS-Xhol-R. The amplified PCR
products were subsequently digested with Ndel/Xhol and ligated into the pB1U vector backbone,
which had been digested with the same restriction enzymes.

The pAcBacl EGFP39-TAG construct was propagated from another student’s plasmid stocks.

3.5.3 Unnatural amino acids

para-benzoyl-l-phenylalanine was purchased from Chem-Impex International (catalog number

05110).

3.5.4 EcTyr-pBPARS library generation through ePCR

pBK-EcTyr-pBPARS Gen 1 was used to ePCR* amplify out the EcTyr-pBPARS with the primers
JIMCS sqR and pBKseqtF. TAQ polymerase was used to amplify the insert under the following
conditions: 0.3 or 0.15 M MnCl,, 0.4 mM dCTP, 0.4 mM dTTP, 0.08 mM dATP, 0.08 mM dGTP,
and 25 ng of DNA. The amplified EcTyr-pBPARS library was inserted into the pBK vector
through PIPE cloning.** To execute the PIPE cloning, the pBK vector was pre-digested with
Ndel/Ncol, agarose gel purified (1%), and amplified with the following primers: pBK-backbone-
F and pBK-backbone-R. The vector and insert PCR products were then mixed at equal volumes

and co-transformed into DH10B cells generating 4.5 x 10° CFU.

3.5.5 Ampicillin selection of ePCR randomized pBPARS mutant library

The pBK EcYRS-pBPARS ePCR randomized library and the positive selection reporter plasmid

pRepTrip2.3-pEcYtR-h1 were co-transformed into ATMYS5. This pRepTrip reporter construct
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contains a proK-promoted mutant tRNAET (4, a B-lactamase reporter mutagenized at the third
amino acid to a stop codon (TAG), a CAT reporter mutagenized at Q98 to a stop codon (TAG), an
arabinose inducible T7 RNA polymerase mutagenized at amino acids 8 and 114 to stop codons
(TAG), and T7-promoted wild-type GFPuv. The incorporation of pBPA at the stop codons by
active ECYRS-pBPARS ePCR library members leads to full-length expression of the f-lactamase
conferring ampicillin resistance. Additionally, suppression of the T7 RNA polymerase drives
expression of GFPuv. 5.7 x 107 CFU were plated on LB + 0.5x Spec/0.5x Tet/0.5x Kan /0.02%
arabinose + ampicillin (400, 600, 800 and 1000 pg/mL) + 3 pg/mL chloramphenicol in the

presence of 1 mM pBPA for 24 hours at 37 °C.

3.5.6 mCherry-sfGFP-151-TAG expression and FACS

The pBK EcYRS-pBPARS ePCR randomized library and the positive selection reporter plasmid
pEvol mCherry stGFP-151-TAG were co-transformed into ATMY4 and grown at 37 °C overnight.
The next day, the plates were harvested and used to inoculate LB media cultures at an OD600 of
0.03 and were grown with shaking to an OD600 of 0.4 (37 °C, 250 rpm). The cultures were
induced with 1 mM IPTG at 30 °C with shaking (250 rpm) for 1.5 hours in the presence of 1 mM
pBPA. Following induction, the cultures were spun down (4,000 g, 10 min) and resuspended in
1X PBS. The cells were diluted to ~1.0 x 10° cells/mL and submitted for FACS analysis. More
than 1.0 x 10° cells were recovered in a 2 mL 2X concentration LB media culture and grown at 37
°C for 4 hours with shaking (250 rpm). The recovered cell culture was then plated on LB agar

media supplemented with antibiotics (1X Spec/Kan/Chlor) and grown overnight.
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3.5.7 sfGFP151-TAG expression and purification

The pBK aaRS and pEvol sfGFP-151-TAG plasmids were co-transformed into ATMY4 E. coli
cells. A single transformant was used to inoculate a 5 mL LB media overnight culture (1X
Spec/Kan/Chlor). The next day, 200 pL of this overnight culture was used to inoculate a 20 mL
LB media culture (1X Spec/Kan/Chlor) that was grown, with shaking, to an OD600 of 0.6 (37 °C,
250 rpm). Once the culture reached the optimal OD600, it was induced with IPTG (final
concentration 1 mM) in the presence of pBPA (final concentration 1 mM) for 18 hours with
shaking (30 °C, 250 rpm). The culture was then spun down, the LB media was removed, and the
remaining cell pellet was resuspended in B-PER lysis buffer (Thermo Scientific), 1 X Halt Protease
Inhibitor Cocktail (Thermo Scientific), and 0.01% Pierce Universal Nuclease (Thermo Scientific).
The resuspension was left at room temperature on a nutator for 30 min and then spun down (5,000
g, 10 min, 4 °C). The clarified lysate was loaded onto a HisPur Ni-NTA resin (Thermo Scientific)
column, and the sfGFP151-pBPA was purified following the manufacturer’s protocol. Protein

purity and mass were validated by SDS-PAGE and LC-MS.

3.5.8 EGFP-39-TAG expression and purification

The pAcBacl-EGFP-39-TAG and pB1U aaRS plasmids were co-transfected into HEK293T cells.
One day before transfection, the HEK293T cells were seeded at a density of 8 x 10° cells per 10
cm dish. Once the cells reached ~90% confluence, they were transfected with a mixture of of PEI
MAX (50 uL PEI MAX: 10 ng DNA), DNA, and DMEM. The transfection mixture incubated for
10 minutes prior to transfection. The transfection mixture was then added to the 10 cm dish,
followed by pBPA (final concentration of 1 mM). After 48 hours of expression, cells were

harvested, washed twice with 1X PBS buffer (spun at 5,000 g, 5 min, 4 °C), and lysed with
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CelLytic M lysis buffer (Sigma) supplemented with 1x Halt Protease Inhibitor and 0.01% Pierce
Universal Nuclease. Following resuspension, the lysed cells were left to incubate at room
temperature for 20 min. The cells were then spun down (spun at 5,000 g, 5 min, 4 °C) and the
EGFP-39-pBPA was purified from the clarified lysate with HisPur Ni-NTA resin following the

manufacturer’s protocol. Protein purity was characterized with both SDS-PAGE and LC-MS.

3.5.9 EGFP-2X-TAG expression and fluorescence analysis

The pAcBacl-EcTyr-pBPARS-Gen3-16X-YtR-TAG and pAcBac3-UbiC-MbPyIRS-8XPytR-
TGA-EGFP-39-TAG plasmids were co-transfected into HEK293T cells. One day before
transfection, the HEK293T cells were seeded at a desity of 8 x 10° cells per 10 cm dish. Once the
cells reached ~90% confluence, they were transfected with a mixture of of PEI MAX (50 yL PEI
MAX: 10 yg DNA), DNA, and DMEM. The transfection mixture incubated for 10 minutes prior
to transfection. The transfection mixture was then added to the 10 cm dish, followed by pBPA
and BocK (1 mM of each). After 48 hours of expression, cells were harvested, washed twice with
1X PBS buffer (spun at 5,000 g, 5 min, 4 °C), and fluorescence analysis was carried out on the cell

suspension (ex = 488 nm, em = 520 nm).
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Chapter 4

Application of the ATMYS selection system to evolve new
UAA-selective EcTyrRS mutants
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4.1 Introduction

4.1.1 Discrepancies between the tyrosyl-derived UAA toolbox in eukaryotes vs.
bacteria

A broad chemical range of UAAs have been incorporated in E. coli with the M. jannaschii
tyrosyl-tRNA synthetase (MjTyrRS)/tRNA pair.!* This includes UAAs that function as
bioconjugation handles, photoaffinity probes, post-translational modification (PTM) mimics, etc.!
* While alternate aaRS/tRNA pairs have enabled access to these chemistries in eukaryotes, some
of the structures (e.g., tyrosine PTM mimics) rely on the unique architecture of the TyrRS active
site structure.!* Unfortunately, the powerful MjTyrRS/tRNA pair cannot be used for eukaryotic
GCE due to its cross-reactivity with the host organism’s aaRS/tRNA pairs. Instead, researchers
rely on bacterial aaRS/tRNA pairs for eukaryotic GCE due to their naturally evolved
orthogonality.!® In fact, two decades ago, the E. coli tyrosyl-tRNA synthetase (EcTyrRS)/tRNA
pair was established for UAA incorporation in eukaryotes.” However, compared to the
MjTyrRS/tRNA pair, the EcTyrRS/tRNA pair has been wildly unsuccessful (Figure 4.1) due to
the challenges associated with the established directed evolution platforms used to engineer the
EcTyrRS/RNA pair.!* To broaden the range of genetically encoded UAAs with the
EcTyrRS/tRNA pair new selection paradigms must be established. If successful, the scope of GCE
technology in eukaryotes will be greatly expanded furthering our ability to investigate the

physiological roles of proteins.

78



Bacterial Expression
(Archaeal tyrosyl-tRNA synthetase)
Methanococcus jannaschii

HT o ET ™Y E“f’

HoN“~ "COH HN™ COZH HgN COH  HN CO;H HN COZH

\,oﬁ

o s O
HZN/[GO7H HNTCOH  HoNT COH  HNT "COH - HN™ COpH
N N X: Cl, Br, |

|/\v CFS(/J "OH LY/L CF;L/j
i I

HaN" COH HoN™ COH HoN“ "COH  HoN™ "CO;H HpN™ "COH

> 50 ncAASs

Eukaryotic Expression
(Bacterial tyrosyl-tRNA synthetase)
Escherichia coli

e A & sl &t
N

- HoN™ "COH HoN™ "COzH HoN™ "COyH
HoN “COH 2 2 2 2 2! 2

o > J0L X: Cl, Br, | NO
O e NO;
jo Yoy T
= | J /L P F
[ [ -
HN™ "COH HoN™ COH HoN™ T COpH FaN- "COH

~10 ncAAS

Figure 4.1. Tyrosyl-derived UAAs incorporated in eukaryotes and bacteria.'*

4.1.2 Efforts towards engineering the EcTyrRS

We hypothesized that engineering the EcTyrRS/tRNA pair was partially less fruitful,

relative to the MjTyrRS/tRNA pair, due to the cumbersome nature of the established EcTyrRS

directed evolution platform in yeast.> ®° This perceived limitation was overcome through the

development of engineered E. coli strains in which the endogenous EcTyrRS/tRNA pair was

functionally replaced with its archaeal counterpart (ATMY strains).%° The engineered ATMY E.

coli strains did not exhibit significant growth penalties and the “liberated” EcTyrRS/tRNA pair

was successfully reintroduced as an orthogonal TAG-codon suppressor.>? Ultimately, we believed

that the ATMY E. coli strains would provide access to a more easily manipulated selection

platform for the engineering of EcTyrRS to expand our UAA toolbox for eukaryotic GCE

applications.
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Although the ability to rapidly engineer the EcTyrRS/tRNA pair using the facile ATMY
E. coli directed evolution platform has provided access to several new UAAs,’ in some instances,
previously engineered mutants were not accessible (e.g., pBPA-selective EcTyrRS”). Eventually,
this observation was attributed to the cross-reactivity of the tRNAZ“Tcys with the endogenous E.
coli glutaminyl-tRNA synthetase (EcGInRS) (Figure 4.2). We remedied the cross-reactivity of the
tRNALTY 4 through directed evolution and subsequently used the orthogonal tRNAZT ¢y, to
engineer the previously inaccessible pBPA-selective EcTyrRS (chapter 2 of this dissertation). The
suppression efficiency of this weakly active pBPA-selective EcTyrRS was further enhanced by
coupling our orthogonal ATMY 5-based selection platform with a dual-fluorescent reporter system
(Figure 4.3). Following these successes accomplished with our ATMYS5 selection platform, we
sought to further engineer the EcTyrRS/tRNA pair for the incorporation of a broader range of

UAAs.

[Chloramphenicol (ug/mL)]: 0 5 15 30 60 120

- pPBPA ’ ¥,
pRepTrip2.3p-tRNAEDLTY - -h1 +

pBK EcTyr-pBPARS-1

+ pBPA
~_ -pBPA

pRepTrip2.3 +

pBK EcTyr-pBPARS-1
+ pBPA

Figure 4.2. tRNAETYTcy, cross-reactivity with the endogenous EcGInRS. A chloramphenicol
acetyl-transferase (CAT)-TAG reporter assay shows that cross-reactivity of the tRNAZ Ty, is
eliminated once it was engineered (top). In the presence of a pPBPA-selective EcTyrRS (EcTyr-
pBPARS-1) the orthogonal tRNAZ“™Ycya-h1 facilitates cell-survival only in the presence of pPBPA
(top). Contrastingly, a reporter plasmid containing the progenitor tRNAZTcy4 has no observed
difference in cell-survival in the presence and absence of pBPA (bottom).

80



Step 1: Antibiotic based selection

Positive Selection

selectable

marker
o aaR§ +UAA
ant_1 iotic library
resistance ——
S2nd + antibiotic

suppressor
tRNA

active aaRS
library members

Step 2: Dual-fluorescent reporter based selection

1.8
1.6
1.4

1.2

0.8
0.6
0.4
0.2

Ratio of GFP: mCherry fluorescence

strong aaRS weak aaRS

AtO
T5/lac O terminator

ChlorR sfGFP 151-TAG mCherry WT

Figure 4.3. Directed evolution platform to improve aaRS suppression efficiency. First, an
ampicillin-based selection is used to eliminate any inactive aaRS library members (Step 1).
Second, a dual-fluorescent reporter construct is used to sort cells based on the ratio of full-length
sfGFP production relative to mCherry production (Step 2).

4.2 Results and discussion

4.2.1 Engineering of pAEY-selective EcTyrRS mutants

The site-specific incorporation of azide-containing UAAs provides a powerful route to

selectively click various tags (fluorescent probes, antibodies, etc.) onto proteins through copper-
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catalyzed azide alkyne cycloaddition (CuAAC) and strain-promoted azide alkyne cycloaddition
(SPAAC) (Figure 4.4).!%'2 Incorporation of p-azido-L-phenylalanine (pAzF) with the
EcTyrRS/tRNAcua pair has enabled access to these chemistries, but at an expense. In the cellular
environment the azide is quickly reduced to the amine, rendering the azide unusable. We
hypothesized the installation of a UAA with an alkyl azide would experience diminished reduction

of the incorporated azide by eliminating resonance of the triazo group with the aromatic ring.!!

N7 N-Rp

Ri H | [cur [CuP®

Ry
‘N
NN
[cu]’K - (H‘j lcup Ny—R,
N___ Ve
— Ry—==—[Cu}*

R Tcu)
Figure 4.4. Azide-alkyne coupling reaction mechanisms.'* 4 Copper-catalyzed azide alkyne
cycloaddition is pictured left and strain-promoted azide alkyne cycloaddition is pictured right.

Based on our hypothesis outlined above, we synthesized p-azidoethyl-tyrosine (pAEY)
(Figure 4.8) as an alkyl-azide UAA alternative to pAzF. To engineer an EcTyrRS mutant that
could incorporate pAEY an EcTyrRS library’ (Figure 4.5) (theoretical diversity 1.06 x 107, >99%
coverage) was subjected to a round of positive selection (+1 mM pAEY) followed by TAG
inactivated toxic barnase negative selection (- pAEY). Enrichment of EcTyrRS mutants that
charged pAEY was observed following this first round of selection. Characterization of individual
library members identified three unique EcTyrRS sequences that incorporated pAEY (Table 4.1).
Tyr37 goes from a large, nonpolar amino acid to a small, nonpolar amino acid (Cys/Gly). Leu71

remained a nonpolar amino acid (Val/lle/Cys). Asn126 was unaltered. Asp182 changed from a
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large polar, acidic amino acid to small amino acid (Ser). Phel83 changed to a large, nonpolar

amino acid (Met). Leul86 became a small, nonpolar amino acid (Gly, Ala, Cys).
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Figure 4.5. EcTyrRS library active site and mutations.

Clones Tyr37 Leu7l Asnl26 Aspl82 Phel83 Leul86 Asp265
pAEYRS-6  Cys Cys Asn Ser Met Ala Arg
pAEYRS-11  Gly Val Asn Ser Met Cys Arg
PAEYRS-16* Cys Ile Asn Ser Met Gly Arg

*contains an additional point mutation D165N
Table 4.1. EcTyrRS pAEY-selective mutants active site mutations.

Suppression efficiencies of the three mutants were characterized in ATMY4° with an
sfGFP-151-TAG reporter.  Successful incorporation of pAEY into sfGFP-151-TAG was
confirmed by fluorescence analysis (Figure 4.6). The engineered pAEY-selective EcTyrRS
mutants were cloned into the mammalian expression plasmid pB1U to characterize suppression
efficiencies in HEK293T cells. Expression efficiencies of EGFP-39-pAEY was confirmed by

fluorescence imaging (Figure 4.7).
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Figure 4.6. sfGFP-151-pAEY fluorescence in ATMY4. Fluorescence signal of full-length
sfGFP was measured in the presence and absence of pAEY for the three pAEY-selective mutants.

+pAEY

Figure 4.7. EGFP-39-pAEY fluorescence images in HEK293T. HEK293T cells were co-
transfected with a pB1U plasmid harboring pAEYRS-11 and a pAcBacl plasmid containing the
EGFP reporter. Fluorescent images were taken in the presence and absence of pAEY.

4.2.2 Creation of a polyspecific EcTyrRS mutant

The selective coupling of electrophilic small-molecule probes with naturally occurring
nucleophilic residues of enzymes has been extensively exploited for activity-based proteomic

15:16 and medicinal chemistry applications.!”!” However, this application has not extended

profiling
greatly into the development of protein-based inhibitors, etc. due to the technical difficulties of
site-specific modification of the desired protein-agonist. GCE circumvents this limitation by
evolving an orthogonal aaRS/tRNA pair for the incorporation of electrophilic UAAs that
selectively react with nucleophilic amino acids in a target protein. In fact, a variety of electrophilic

UAAs have already been genetically incorporated in bacteria, such as, vinyl sulfonamides,

fluoroketones, alkyl and aryl ketones, and acrylamides.!™* 2° However, this technology has been
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generally restricted from mammalian cell applications due to the difficulty of evolving orthogonal
aaRS/tRNA pairs for electrophilic UAA incorporation in mammalian cells.

With our new ATMYS5 directed evolution platform, we sought to identify a mutant
EcTyrRS that was capable of incorporating an electrophilic UAA. The aforementioned EcTyrRS
library (theoretical diversity 1.06 x 107, >99% coverage) and antibiotic-based selection strategy
was used to identify mutants that charged p-acrylamido-(S)-phenylalanine (pAcrF) (Figure 4.8).
One unique mutant was identified by DNA sequencing through these selections. The Tyr37
residue changed from a large nonpolar amino acid to a small nonpolar amino acid (Gly). The
Leu71 remained a hydrophobic amino acid (Val). The Asp182 became Cys. The Phel83 remained
an aromatic amino acid (Tyr). The Leul86 was modified to a smaller amino acid (Cys) (Table

4.2).

Clones Tyr37 Leu7l Asnl26 Aspl82 Phel83 Leul8 Asp265
pAcrFRS-9 Gly Val Asn Cys Tyr Cys Arg

Table 4.2. pAcrF-selective EcTyrRS active site mutations.

Due to similarities between the active site structures of the pAEY-selective EcTyrRS
mutant active sites (Table 4.1) and the pAcrF- selective EcTyrRS mutant active site (Table 4.2),
we evaluated the ability of EcTyr-pAcrFRS-9 to charge pAEY. The polyspecificity of the pAcrF-
selective EcTyrRS mutant was further evaluated for a range of other structurally similar UAAs.
Ultimately, this mutant EcTyrRS was capable of charging numerous UAAs containing unique
biorthogonal handles and photoaffinity probes at high levels (Figure 4.8, Table 4.5, Table 4.6). An
sfGFP-151-TAG reporter fluorescence assay was used to characterize suppression efficiencies of
the pAcrF-EcTyrRS mutant in ATMY4 (Figure 4.9). Fluorescence and MS analysis were used to

validate the successful incorporation of all of the UAAs into sfGFP-151-TAG (Figure 4.10-18).
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The engineered pAcrF-selective EcTyrRS mutant was cloned into the mammalian expression
plasmid pB1U to characterize suppression efficiencies in HEK293T cells. Expression efficiencies
of EGFP-39-UAA was confirmed by SDS-PAGE and MS analysis (Figure 4.19-26). Notably, the
alkyl-azide UAAs experienced minimal to no reduction once incorporated in EGFP in HEK293T
cells (Table 4.6), validating our earlier hypothesis. The incorporation of pCAcF in HEK293T cells

was not achieved due to observed toxicity of the UAA (Figure 4.27).
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Figure 4.8. UAAs incorporated by EcTyr-pAcrFRS.
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Figure 4.9. sfGFP-151-UAA fluorescence analysis in ATMY4. Fluorescence signal of full-
length sfGFP was measured in the presence and absence of each UAA with the EcTyr-pAcrFRS-
9.
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Figure 4.10. sfGFP-151-pAcrF MS analysis and SDS-PAGE.
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Figure 4.11. sfGFP-151-alkene amide MS analysis and SDS-PAGE.
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Figure 4.12. sfGFP-151-propargyl carbamate MS analysis and SDS-PAGE.
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Figure 4.13. sfGFP-151-pAEY MS analysis and SDS-PAGE.
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Figure 4.14. sfGFP-151-pFAcF MS analysis and SDS-PAGE.
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Figure 4.15. sfGFP-151-pCAcF-MS analysis and SDS-PAGE.
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Figure 4.16. sfGFP-151-pAzAcF MS analysis and SDS-PAGE.
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Figure 4.17. sfGFP-151-pAzPrAmF MS analysis and SDS-PAGE.
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Figure 4.20. EGFP-39-alkene amide MS analysis.
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Figure 4.22. EGFP-39-pAEY MS analysis and SDS-PAGE.
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Figure 4.23. EGFP-39-pFAcF-MS analysis and SDS-PAGE.
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Figure 4.24. EGFP-39-pAzAcF MS analysis and SDS-PAGE.
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Figure 4.25. EGFP-39-pAzPrAmF MS analysis and SDS-PAGE.
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Figure 4.26. EGFP-39-pAlkAcF MS analysis and SDS-PAGE.
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250 uM
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Figure 4.27. Toxicity of pCAcF in HEK293T cells. HEK293T cells were co-transfected with
the EGFP fluorescent reporter and AcrFRS-9 in the presence of varying concentrations of pCAcF
(top). Significant levels of cell-death were observed at every pCAcF concentration.

UAA aaRS Yield (mg/L) Expected mass (Da) | Observed mass (Da)
pAEY pAcrFRS 1.3 27665 27666, 27641
Alkene amide pAcrFRS 6 27674 27676
Propargyl carb pAcrFRS 7.8 27674 27676
pAcrF pAcrFRS 16 27650 27956
pFACF pAcrFRS 5.3 27656 27655
pCAcF pAcrFRS 8 27673 27943
pAzAcF pAcrFRS 12 27680 27679, 27653
pAzPrAmF pAcrFRS 1.4 27693 27692, 27666
pAlkACcF pAcrFRS 6 27677 27676
sTyr sTyr-RS-1 34 27678 27677
WT (Tyr) N/A 49 27598 27597
Table 4.3. sfGFP reporter protein expression yields.
UAA aaRS Yield (ug/107 cells) | Expected mass (Da) | Observed mass (Da)
pAEY pAcrFRS 54 29751 29751
Alkene amide pAcrFRS 129 29760 29763
Propargyl carb pAcrFRS 123 29760 29764
pAcrF pAcrFRS 118 29736 29734, 30041
pFACcF pAcrFRS 76 29740 29740
pCACcF pAcrFRS N/A - -
pAzAcF pAcrFRS 148 29766 29764
pAzPrAmF pAcrFRS 88 29779 29778
pAIkACF pAcrFRS 77 29763 29761
sTyr sTyr-RS-1 150 29762 29761
WT (Tyr) N/A 293 29684 29681

Table 4.4. EGFP reporter protein expression yields.
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4.2.3 Engineering of sTyr-selective mutants

The first recorded observation of tyrosine O-sulfation was in bovine fibrinopeptide B by
Bettelheim in 1954.2! However, it wasn’t until the 1980s that the scientific community began to
appreciate the importance of this modification. This was due to the work of Huttner, who
established that a variety of naturally occurring proteins in mammalian cells and tissues contain
this PTM.?? Huttner and Lee further identified the enzymes responsible for the installation of the
sulfate group called tyrosylprotein sulfotransferases (TPSTs).? TPSTs form the tyrosine O*-
sulfate ester by catalyzing the transfer of a sulfate group from 3’-phosphoadenosine 5’-
phosphosulfate to the hydroxyl group of peptidyl tyrosine residues (Figure 4.28).2! These enzymes

reside in the trans-Golgi network and the proteins they modify play important roles in

inflammation, hemostasis, immunity, etc.?!-%*
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Figure 4.28. Natural sulfation of tyrosine residues by TPSTs in cells.’!
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Sulfo-tyrosine (sTyr) presented as an ideal UAA to validate the dynamic range of the
ATMY5-based selection system for numerous reasons. Firstly, while tyrosine O—sulfation has
been identified in a broad range of eukaryotic proteins (~1% of the total proteome) the role that
this modification plays in the functions of these proteins is poorly understood.?> 2° Three
requirements must be met in order to identify the roles of specific tyrosine O-sulfation residues:
(1) the modified protein must be identified and isolated at high enough concentrations to study, (ii)
the individual residues that are sulfated must be characterized based on their degree of sulfation,
and (iii) dynamic studies must be carried out to understand the functional roles of the sulfated
residues. One method that achieves all three of these requirements is GCE. Secondly, sTyr was
an ideal UAA for validating the dynamic range of the ATMY 5-based selection system because our
lab has previously engineered highly active mutant EcTyrRSs that incorporate sTyr, enabling the
study of sulfated proteins in eukaryotes (Table 4.3).°> In summary, the physiological importance
of sTyr and our prior capability of engineering EcTyrRS mutants that could incorporate this UAA

provided the impetus to use it as a control system for testing the ATMY5 platform.

Hit Leu71 Aspl82 Phel83 Leul86 Asp265
sTyr-VGL Val Gly Tyr Leu Arg
sTyr-VGM Val Gly Phe Met Arg

Table 4.5. Active site mutations of previously engineered sTyr-selective EcTyrRS mutants.”
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To engineer an EcTyrRS mutant that charged sTyr the previously engineered EcTyrRS-
D265R library (theoretical diversity 1.06 x 107, > 99% coverage) (Figure 4.5) was subjected to a
double-sieve selection scheme in the presence and absence of sTyr (1 mM). Following this first
round of selection, enrichment of EcTyrRS mutants that charged sTyr was observed (Figure 4.29).
Characterization of individual library members identified four unique EcTyrRS sequences that
incorporated sTyr (Table 4.4). Tyr37 remained unchanged. Leu71 remained a nonpolar amino
acid (Val). Aspl182 changed from a large, polar amino acid to a small amino acid (Gly). Phel83
either remained the same or changed to Tyr. Leul86 remained a hydrophobic amino acid

(Ile/Leu/Val/Met).

- sTyr + sTyr

Chlor (ug/mL) 0 5 1530 50 7590 0 5 1530 50 75 90
sTyr-RS-1 =] |
sTyr-RS-2
sTyr-RS-3
sTyr-RS-4

Figure 4.29. Characterization of sTyr-selective EcTyrRS mutants with a CAT-TAG assay.

Hit Leu71 Aspl82 Phe183 Leul86 Asp265
sTyr-RS-1 Val Gly Tyr Ile Asp
sTyr-RS-2 Val Gly Tyr Leu Asp
sTyr-RS-3 Val Gly Tyr Leu Arg
sTyr-RS-4 Val Gly Phe Val Arg

Table 4.6. Active site-mutations of the sTyr-selective EcTyrRS mutants engineered in
ATMYS.

99



Suppression efficiencies for the four mutants were characterized in ATMY4 with an
sfGFP-151-TAG reporter (Figure 4.30). Successful incorporation of sTyr into sfGFP-151-TAG
was confirmed by SDS-PAGE and MS analysis (Figures 4.31). The newly identified hits
demonstrated similar suppression efficiencies to the previously engineered sTyr-VGM (Figure
4.30). The engineered sTyr-selective mutants were cloned into the pB1U expression vector to
characterize suppression efficiencies in HEK293T cells. Expression efficiencies of EGFP-39-sTyr
was confirmed by fluorescence (Figure 4.32), SDS-PAGE, and MS analysis (Figure 4.33).
Notably, the sTyr-selective mutants engineered with the ATMYS selection platform all exhibited
lower cross-reactivity in HEK293T than the previously engineered sTyr-VGM and sTyr-VGL

variants (Figure 4.32).
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Figure 4.30. sfGFP-151-sTyr fluorescence analysis in ATMY4.
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Figure 4.31. sfGFP-151-sTyr MS analysis and SDS-PAGE.

4500
4000 @+ Sulfoy
O- SulfoY
3500
3000
2500
2000
1500
1000
500
. = ]

sTyr-RS-1 sTyr-RS-2 sTyr-RS-3 sTyr-RS-4 VGM VGL
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Figure 4.33. EGFP-39-sTyr MS analysis and SDS-PAGE.

4.3 Conclusions

Further engineering of the EcTyrRS provides access to structurally unique UAAs in
eukaryotic GCE. By adapting the ATMYS selection platform, we created multiple novel mutant
EcTyrRSs that could incorporate a range of bioconjugation handles, PTM mimics, and
photoaffinity probes (Table 4.5, Table 4.6). While we were able to gain access to all of this
exciting new chemistry, we still could not engineer the EcTyrRS for some notable UAAs (e.g.,
phosphotyrosine). Alternate strategies beyond solely modifying the selection platform must be

considered to overcome this limitation.

4.3.1 Ongoing and future directions

The ability to incorporate azide-containing UAA derivatives with the EcTyrRS has enabled
the AAV project members to work towards engineering the tRNAZ“TY¢y5 in mammalian cells with
an established directed evolution scheme originally developed by Dr. Rachel Kelemen.?’

Additionally, other weakly active EcTyrRS mutants (e.g., EcTyr-pAEYRS) can be further
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engineered for improved suppression efficiencies with our two-tier antibiotic/fluorescent reporter

selection scheme.
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4.5 Experimental procedures

The general materials used for experiments described in this chapter were the same as those

outlined in chapter 2’s experimental procedures.

4.5.1 Strains, cell lines

ATMY4 and ATMYS E. coli cells were obtained from the Chatterjee lab glycerol stocks. This
cell line was originally engineered by Dr. James Italia. A detailed description of how they were

engineered can be found in his manuscript.’

4.5.2 Plasmids

All primer and plasmid sequences can be found in the Appendix.

The creation of the following plasmids is outlined in the experimental procedures section of
chapter 2: pRepTrip2.3p-EcYtR-h1, pNeg-NoYtR, and all pB1U-aaRS plasmids.
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The pEvol-sfGFP151-TAG reporter construct was propagated from Dr. James Italia’s plasmid
stocks by transforming it into DH10B cells, inoculating a culture, and mini-prepping the plasmid

DNA.

4.5.3 Unnatural amino acids

The o-sulfo-L-tyrosine used in the present experiments was purchased from Bachem AG- (Lot no.
1071296).

para-benzoyl-l-phenylalanine was purchased from Chem-Impex International (catalog number
05110).

The following amino acids were synthesized by Dr. Soumya J. Roy: LCA, pAzAcF, pAzPrAmF,

alkene amide, pAcrF, pAlkAcF, pCAcF, pFACcF, and propargyl carbamate.

4.5.4 Construction of the pBK EcTyrRS library

A detailed discussion of the EcTyrRS-D265R library construction can be found in the experimental
protocols of chapter 2.

4.5.5 Selection for synthetases charging UAAs

The antibiotic selection platform is described in the experimental protocols section of chapter 2.

4.5.6 Assessment of aaRS-tRNA activity using a chloramphenicol reporter

The protocol for the CAT-TAG assay is described in the experimental protocols section of chapter
2.

4.5.7 Assessment of aaRS-tRNA activity using a sfGFP-151-TAG reporter

All fluorescence reporter assays used in the present experiments mirrored those performed in the
experimental protocols section of chapter 2.

4.5.8 sfGFP-151-UAA expression and purification
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Protein expressions and purifications completed in the present experiments were homologous
those performed in the experimental protocols section of chapter 2.

4.5.9 EGFP-39-UAA expression and fluorescence analysis

All fluorescence reporter assays used in the present experiments mirrored those performed in the
experimental protocols section of chapter 2.

4.5.10 EGFP39-UAA expression and purification

Protein expressions and purifications completed in the present experiments were homologous
those performed in the experimental protocols section of chapter
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Chapter 5

Stability of the aminoacyl-tRNA synthetase affects its
engineerability

A significant portion of the work described in this chapter has been published in:
Grasso, K.T., Yeo, M.J.R., Hillenbrand, C.M., Ficaretta, E.D., Italia, J.S., Huang, R.L., Chatterjee,
A., Structural robustness affects the engineerability of aminoacyl-tRNA synthetases for genetic

code expansion. Biochemistry 60 (7), 489 (2021).

108



5.1 Introduction

5.1.1 Brief synopsis of TyrRS/tRNA engineering for eukaryotic GCE applications

Selection of the EcTyrRSARNAZ™T pair for eukaryotic GCE applications was
predominantly based on our extensive knowledge of this synthetase’s structure and previous work
demonstrating orthogonality of the tRNAZDY in S. cerevisiae.! Further investigation into the
natural orthogonality of bacterial TyrRSs in eukaryotic organisms attributed a few key recognition
elements in the tRNA acceptor stem to this phenomenon.>* While the EcTyrRSARNAZDT pair
has been successfully engineered for eukaryotic GCE applications, the structural diversity of
UAAs it can incorporate are lacking.>” Initially, we attributed this to limitations of the S. cerevisiae
platform that was historically used for engineering the EcTyrRS.®> However, we overcame this
limitation through the creation of ATMY E. coli strains’ and still could not identify EcTyrRS
variants for a host of UAAs (e.g., phosphotyrosine!?). This led us to believe that alternative

limitations remained undiscovered.

5.1.2 Effects of stability on the directed evolution of synthetases

For bacterial GCE, the MjTyrRS/tRNAM™" pair has been used for the incorporation of
tyrosyl-derived UAAs.>” This pair has successfully encoded a broad range of useful UAAs in E.
coli including those containing bioconjugation handles, photoaffinity probes, biophysical probes,
models for natural post-translational modifications, etc.’”” The main justifications for choosing the
MjTyrRS/(RNAMTY pair were that its tRNA had different identity elements than the E. coli tRNA,
the MjTyrRS had a minimalist anticodon loop binding domain, and that the MjTyrRS did not have
an editing mechanism.!! However, what if there was a fourth benefit to choosing this scaffold that

had gone largely unnoticed by the GCE community?
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In the field of directed evolution, it is a well-established paradigm that when a protein’s
structure is altered to obtain a new function, the stability of the resulting mutants will often be
compromised.'>!*> Consequently, how extensively a protein can be engineered is often limited by
how stable it is. We hypothesized that the MjTyrRS/ tRNAMY" pair could be more successful due
to its hidden benefit of being derived from a thermophilic archaeon. Proteins from thermophilic
organisms are generally more stable up to higher temperatures which could be facilitating the
structural stability of the MjTyrRS variants. Contrastingly, the EcTyrRS/ARNAZTY pair is from a
mesophilic bacterium, which could be causing it to be a less stable scaffold, resulting in fewer

viable, stable variants following directed evolution.

5.2 Results and discussion

5.2.1 Engineered TyrRS mutants exhibit lower activity and stability than the
parental TyrRS

The newly optimized ATMYS E. coli selection platform conferred the ability to engineer
the EcTyrRS/tRNASTY ¢4 pair in a more amenable host organism than yeast. Originally, we
thought overcoming this singular, platform-based limitation would solve the issue of identifying
all glaring, missing UAA-selective EcTyrRSs. Unfortunately, we were sorely mistaken. While we
now had the ability to rapidly engineer the EcTyrRS/ARNA“TY"cya pair for eukaryotic applications,
there were still some notable UAAs missing and for some UAAs only weakly active mutants were
accessible. For example, EcTyrRS mutants engineered with our selection system for the
incorporation of the photoaffinity probe p-benzoyl-L-phenylalanine (pBPA) exhibited
significantly lower suppression efficiencies relative to the parental TyrRS (Figure 5.1). This

observation was not merely the result of our selection system. In fact, one of the EcTyr-pBPARS
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mutants had the same active site structure as the EcTyr-pBPARS previously engineered in yeast®
(Figure 5.2). This observation indicated that the observed set of mutations optimally reconfigure

the EcTyrRS active site for charging pBPA.
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Figure 5.1. The activity of a representative EcTyr-pBPARS is significantly weaker than
EcTyrRS. Activity was evaluated using the sfGFP-151-TAG reporter, expressed in ATMY6 E.
coli, by measuring the characteristic fluorescence of the full-length reporter resuspended in cells.
For EcTyr-pBPARS, the expression was measured in the presence or absence of pBPA (1 mM).
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Clones Tyr37 Leu7l Asnl26 Aspl82 Phel83 Leul86
pBPARS-1*  Gly Leu Asn Gly Phe Ala

pBPARS-7  Gly Val Asn Ser Tyr Ala
pBPARS-8  Ala Val Asn Ala Phe Tyr

Figure 5.2. EcTyr-pBPARS mutant active site mutations.

By developing a dual-sieve antibiotic and fluorescent reporter-based selection system we
showed that we could improve the weakly active mutant EcTyrRSs to functional suppression
activity levels. However, it was unclear how the randomly distributed point mutations in the highly
active mutants were improving the activity of the EcTyr-pBPARS. The mutations were randomly
scattered throughout the aaRS structure (Figure 5.3) and no individual mutation seemed to cause
an improvement in catalytic activity. In fact, the individual removal of each point mutation led to
a drop in the overall suppression efficiency (Chapter 3, Figure 3.14). A systematic characterization
was carried out and we identified that the EcTyr-pBPARS first-generation (Gen 1) mutant was
largely insoluble in E. coli, whereas the EcTyr-pBPARS third-generation (Gen 3.1) mutant was
largely soluble, potentially explaining the differences that we observed in activity. This was

determined through western blot analysis of the soluble and insoluble fractions of cell-free extracts
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of E. coli expressing polyhistidine-tagged EcTyrRS-pBPA-Gen 1 and EcTyrRS-pBPA-Gen 3.1,

revealing that the former was nearly exclusively found in the insoluble fraction (Figure 5.4).

Figure 5.3. Point mutations identified in highly active EcTyr-pBPARS mutants.

EcTyr-pBPARS-Gen 1 EcTyr-pBPARS-Gen 3.1

soluble insoluble soluble insoluble
fraction fraction fraction fraction

Figure 5.4. Western blot analysis of soluble and insoluble fractions of E. coli cell-free extracts
expressing EcTyrRS-pBPA-Gen 1 and EcTyrRS-pBPA-Gen 3.1 reveals that the former is
largely insoluble.

We observed that the EcTyr-pBPARS-Gen 3 exhibited improved solubility relative to its

evolutionary starting point (Figure 5.4) and that none of its point mutations individually conferred

enhanced catalytic activity (Chapter 3, Figure 3.13). It is also common knowledge that altered
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protein structures can become unstable.'?!> Based on this information, we hypothesized that these
mutations enhanced the structural stability of EcTyr-pBPARS-Gen 3. To test this notion, we took
advantage of a modified cellular thermal shift assay (CETSA).!%!7 In this assay, a cell-free extract
expressing a target protein is heated and the amount of protein remaining in the soluble fraction is
subsequently tested by immunoblotting. The temperature range at which a protein is lost from the
soluble fraction provides an estimate of its thermostability. An N-terminal hexa-histidine tag was
appended to the proteins to facilitate their detection in a dot-blot assay using an anti-polyhistidine
antibody. As anticipated, EcTyr-pBPARS-Gen 3 was more thermostable than EcTyr-pBPARS-
Gen 1 (Figure 5.5). The Gen 3 mutant maintained solubility up to 50 °C whereas the Gen 1 mutant
was largely insoluble at room temperature (Figure 5.5). This supported our hypothesis that the

Gen 3 mutant was more active partially due to enhanced stability/solubility characteristics.

O ¢ 9 ¥ 4 4
° gl [—] S S (=] (=
= (o] -t w o ~ [*-]
EcTyr-pBPARS-Gen 1
EcTyr-pBPARS-Gen 3.1 ’ - Q 2

Figure 5.5. Thermal shifty assay of pBPA-selective EcTyrRS mutants. Dot blot was performed
(using an anti-polyhistidine antibody) on the soluble fraction of E. coli cell-free extracts expressing
the indicated TyrRS variants (left), after incubation at the indicated temperature (top).

The observed differences between the EcTyr-pBPARS-Gen 3 and EcTyr-pBPARS-Gen 1
caused us to reevaluate the stability of the other EcTyrRS mutants we have engineered.
Additionally, we hypothesized that a more thermostable synthetase scaffold would result in more

stable mutants. The MjTyrRS presented as an ideal candidate for comparison to the EcTyrRS due

to its homologous structure and extensive history of being engineered for GCE applications.>” We
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chose to evaluate the EcTyrRS, EcTyr-pBPARS, and a polyspecific EcTyrRS mutant (EcTyr-
PolyRS), which exhibits high activity (Figure 5.6). For comparison, we included MjTyrRS, as
well as two of its comparable engineered mutants: one selective for pPBPA!® (MjTyr-pBPARS) and
another that exhibits UAA polyspecificity!® (MjTyr-PolyRS) (Figure 5.7). All of these proteins
contained an N-terminal hexa-histidine tag to facilitate their detection in a dot-blot assay using an
anti-polyhistidine antibody. As anticipated, MjTyrRS was found to be highly thermostable,
maintaining solubility up to 80 °C (Figure 5.8). In contrast, EcTyrRS was much less stable and
was lost from the soluble fraction between 50 and 60 °C (Figure 5.8). These values are consistent
with previously reported thermostability measurements.?’ All of the engineered mutants exhibited
reduced stability relative to their wild-type counterparts. The MjTyr-pBPARS mutant was slightly
less stable than its polyspecific counterpart, but both were soluble at physiological temperature. In
contrast, for EcTyrRS, only the polyspecific mutant was soluble at physiological temperature; the
pBPA-selective mutant was not detected in the soluble fraction even at the lowest temperature
tested (Figure 5.8). These observations support the hypothesis that the lower stability of the
EcTyrRS negatively impacts its engineerability. While some of its active site mutants, such as
EcTyr-PolyRS, are adequately stable and active under physiological conditions, more destabilizing

mutants such as EcTyr-pBPARS are not viable.
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Tyr37 Aspl82 Phel83 Leul86
EcTyr-PolyRS Val Ser Met Ala

Figure 5.6. Active site mutations of EcTyr-PolyRS.

lle159 \
l " Pnetos
Tyr32 >
% Asp158 \/
[

Tyr32 Leu65 Glu107 Phel08 GIn109 Aspls8 lle159
MjTyr-pBPARS Gly Leu Pro Phe Gln Thr Ser

MjTyr-PolyRS Leu Val Glu Trp Met Gly Ala

Figure 5.7. Active site mutations of MjTyrRS mutants.
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Figure 5.8. Thermal shift assay of various TyrRS variants. Dot blot was performed (using an
anti-polyhistidine antibody) on the soluble fraction of E. coli cell-free extracts expressing the
indicated TyrRS variants (left), after incubation at the indicated temperature (top).

5.2.2 Rationally designing chimeric TyrRS scaffolds with improved thermostability

To overcome the challenge of engineering stable UAA-selective EcTyrRS variants, we
sought to identify a better parental scaffold. One potential solution was the tyrosyl-tRNA
synthetase from the thermophilic bacterium Geobacillus stearothermophilus (GsTyrRS). Three
main reasons distinguished the GsTyrRS as an attractive candidate for engineering UA A-selective
mutants: (1) the GsTyrRS has been extensively characterized, (i) the GsTyrRS is more
thermostable than the EcTyrRS, and (iii) the GsTyrRS is homologous to EcTyrRS (Figure 5.9).2"
2 To evaluate its candidacy, we subjected the GsTyrRS to both the CETSA and sfGFP-151-TAG
assays. The CETSA assay reinforced that the GsTyrRS was more thermostable than the EcTyrRS
(Figure 5.10). However, the GsTyrRS displayed lower activity than the EcTyrRS (Figure 5.11).
It was not surprising that the GsTyrRS was less active than EcTyrRS because enzymes from
thermophilic bacteria often exhibit weaker activity at lower temperatures.>* We hypothesized that
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we could marry the two TyrRSs into a chimeric structure, ultimately obtaining a balance between
the stability of the GsTyrRS and the activity of the EcTyrRS. This hope was not unfounded, as
previous work has demonstrated the utility of chimeric enzyme scaffolds for protein engineering.>>
26 Guided by the work of Guez-Ivanier and Bedouelle?’, we engineered multiple chimeric scaffolds
of the GsTyrRS combined with the EcTyrRS. Two of these scaffolds, termed chimera 2 tyrosyl-
tRNA synthetase (Ch2TyrRS) and chimera 6 tyrosyl-tRNA synthetase (Ch6TyrRS) (Figure 5.12),
demonstrated higher activity relative to their parental TyrRSs in ATMY E. coli (Figure 5.11). To
assess whether these chimeric scaffolds were amenable to UAA incorporation we engineered in
the pBPA-selective active site modifications and subsequently characterized them through the
CETSA and sfGFP-151-TAG assays. Excitingly, both the Ch2 and Ch6 pBPA selective TyrRSs
exhibited increased stability in the CETSA assay relative to both of the parental TyrRSs (Figure
5.13) in addition to increased activity (Figure 5.14). The only anomaly in this CETSA assay was
that the pBPA-selective GsTyrRS mutant was largely insoluble when expressed in E. coli. We are
unsure why this occurred; however, it suggests that the chimeric TyrRSs are better suited for

engineering new UAA-selective variants.
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Figure 5.9. Sequence alignment of the EcTyrRS and GsTyrRS.
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Figure 5.10. Thermal shift assay of the TyrRSs in E. coli. Dot blot was performed with an

anti-polyhistidine antibody on the soluble fraction of E. coli cell-free extracts expressing the
indicated TyrRS variants (left), after incubation at the indicated temperature (top).
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Figure 5.11. sfGFP-151-TAG assay of the TyrRSs in E. coli. The TyrRSs were expressed in
E. coli in the presence of the suppressor tRNA, tRNAZTY' 5, and subsequent fluorescence of full-
length sfGFP fluorescence was measured in resuspended cells.
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Figure 5.12. Bacterial TyrRS chimeras created from GsTyrRS and EcTyrRS. The EcTyrRS
crystal structure was used to highlight the progenitor sequences in the two chimeras.
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Figure 5.13. Thermal shift assay of the pBPA-selective TyrRSs in E. coli. Dot blot was
performed with an anti-polyhistidine antibody on the soluble fraction of E. coli cell-free extracts
expressing the indicated pBPA-selective TyrRS variants (left), after incubation at the indicated
temperature (top).
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Figure 5.14. sfGFP-151-TAG assay of the pBPA-selective TyrRSs in E. coli. The pBPA-
selective TyrRSs were expressed in E. coli in the presence of the suppressor tRNA, tRNAETY ¢4,
and subsequent fluorescence of full-length sfGFP fluorescence was measured in resuspended cells.

Ultimately, our goal is to use these bacterial TyrRSs for eukaryotic GCE applications. To
demonstrate the utility of these new chimeras for eukaryotic applications, we tested out their

activities in HEK293T cells. First, we cloned the pBPA-selective EcTyrRS, GsTyrRS, Ch2TyrRS,
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and Ch6TyrRS into a mammalian expression vector that has the aaRS under a UbiC promoter and
contains 16 copies of the suppressor tRNA expression cassette. These plasmids were co-
transfected with a pAcBacl reporter plasmid containing an EGFP with an amber stop codon at
position 39 (EGFP-39-TAG). Full-length expression of the EGFP could by monitored by
fluorescence, in the presence and absence of 1 mM pBPA, and was used to evaluate the activity of
the different TyrRS variants (Figure 5.15). Notably, both chimeras displayed much higher activity
levels than their parental counterparts (Figure 5.16). To validate that the chimeras were selectively
incorporating pBPA into the reporter protein, EGFP-39-pBPA was subsequently isolated using Ni-
NTA chromatography and characterized by SDS-PAGE and MS analysis (Figure 5.17). One
notable observation from the HEK293T expression data was that the pBPA-selective GsTyrRS
was highly active (Figure 5.16), contradicting the E. coli expression data (Figure 5.14). This
observed difference between host organism expression could be attributed to the fact that
eukaryotes have more sophisticated protein folding machinery, allowing them to better process
unstable engineered proteins like pBPA-selective GsTyrRS. This hypothesis was reinforced by a
CETSA expression assay in HEK293T where it was observed that the GsTyr-pBPARS was
expressed at higher levels than both chimeras, however, both chimeras displayed higher activities,

underscoring their higher intrinsic activity (Figure 5.18).
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Figure 5.15. Fluorescence imaging of HEK293T cells expressing EGFP-39-TAG using
various TyrRS/tRNA pairs (shown above) in the presence and absence of UAA.
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Figure 5.16. EGFP-39-TAG assay of the TyrRSs in E. coli. The TyrRSs were expressed in
HEK?293T cells in the presence of the suppressor tRNA and subsequent fluorescence of full-length
EGFP fluorescence was measured in resuspended cells.
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Figure 5.17. SDS-PAGE and MS analysis of EGFP-39-pBPA expressing in the presence of

pBPA-selective Ch2TyrRS.
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Figure 5.18. Thermal shift assay of the pBPA-selective TyrRSs in HEK293T cells. Dot blot
was performed with an anti-polyhistidine antibody on the soluble fraction of HEK293T cell free
extracts expressing the indicated pBPA-selective TyrRS variants (left), after incubation at the
indicated temperature (top).

To validate the generalizability of using the chimeric TyrRS scaffolds for UAA
incorporation we transferred the active site mutations of a polyspecific EcTyrRS into the Ch2
structure. The activity of the Ch2 polyspecific variant was compared to its parental EcTyrRS
scaffold through an EGFP-39-TAG fluorescence assay in HEK293T cells (Figure 5.19). Both of

these TyrRSs exhibited similar activity (Figure 5.19), demonstrating that the chimeric scaffold can
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Figure 5.19. Activity of the polyspecific TyrRSs. Activity was measured in HEK293T cells
using the expression of the EGFP-29-TAG reporter in the presence of OMeY. Characteristic
fluorescence of the full-length EGFP-39-TAG reporter was measured in resuspended cells and
normalized relative to EGFP-WT expression fluorescence.
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re-capitulate the activity of well-behaved bacterially engineered EcTyrRS mutants, while

providing a better scaffold for those with suboptimal activity.

5.2.3 Development of a stability-based FACS selection

Our ability to rationally design chimeric bacterial TyrRSs generated more stable scaffolds
for UAA-selective incorporation. While this strategy proved fruitful, rational design approaches
for engineering aaRSs are limited based on our knowledge of aaRS structure-function
relationships, minimizing the pool of candidates for chimera genesis. We sought to develop a
directed evolution strategy that circumvents the necessity of prior knowledge of the aaRS structure.
Instead, it would rely on the sexual recombination of two aaRS genes to create a library of random
chimeric aaRS variants that can be sieved through stability and activity-based selections. We have
already developed and extensively characterized multiple activity-based selection platforms (e.g.,
the dual-fluorescent reporter system developed in chapter 3 of this dissertation). Therefore, we
only needed to develop and characterize a stability-based selection platform.

The creation of aaRS libraries through homologous and non-homologous recombination
results in a majority of inactive variants.?® 2’ Realistically, larger library sizes (>10”) would need
to be generated and screened in order to identify an active variant. This consideration was central
to the design of our stability-based selection reporter. We would need to achieve high-throughput
screening capabilities if we desired to engineer any active aaRS chimeras through recombination.
This could be achieved if we incorporated a fluorescent-reporter to enable fluorescence activated
cell-sorting (FACS) as part of our platform.

Guided by previous work,>® 3!

we explored the use of a monomeric GFP variant (GFPmut3)
fusion assay. In our construct the GFPmut3 would be fused to the C-terminus of the aaRS (Figure

5.20). Upon expression, well-folded aaRS permits folding of the C-terminal GFPmut3 and
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subsequent chromophore formation. Contrastingly, if the N-terminal aaRS is folded improperly
then the GFPmut3 will not fold and no fluorescence can be detected. To test the dynamic range
of our construct, fluorescence analysis was carried out in ATMYS5 E. coli with TyrRSs of varying
stabilities (Figure 5.21). As anticipated, the EcTyrRS native structure was the most stable,
followed by the polyspecific variant, and the pBPA variants. To validate the utility of this
construct for the directed evolution of TyrRSs we carried out a mock selection with known
unstable and stable EcTyrRS variants, pBPA-selective and polyspecific respectively. A mock
library was generated (1000 pBPA-selective EcTyrRS: 1 polyspecific EcTyrRS) and subjected to
FACS (Figure 5.22). Following one round of enrichment, individual mock library members were
characterized by fluorescence analysis and Sanger sequencing revealing that predominantly the
stable, polyspecific EcTyrRS variant was enriched (Figure 5.23). This demonstrated the feasibility

of selecting more stable chimeric bacterial aaRSs with this platform.

A t0
T5/1ac O terminator

GFPmut3

GSAGSAAGSGEF

fusion peptide
linker sequence

Figure 5.20. pET22b aaRS-GFPmut3 fusion construct. The N-terminal aaRS is linked to the
C-terminal GFPmut3 with a previously reported linker sequence.’!
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Figure 5.21. Fluorescence analysis of the EcTyrRS-GFPmut3 fusion constructs. Expression
of the aaRS was carried out in ATMYS5 and monitored based on the formation of the GFPmut3
chromophore.
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Figure 5.22. FACS selection of the mock library. The population of cells sorted were chosen
based on their forward scatter and side scatter light ratio (left column). The sorted cells were further
scrutinized for GFP fluorescence (right column). Parameters were outlined as quadrant P2,
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resulting in the collection of < 1% of the total parent population. GFP mut 3 (top row) and cell
only controls (middle row) in addition to the mock library (bottom row).
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Figure 5.23. Fluorescence analysis of enriched EcTyrRS variants following FACS selection.
Expression of the aaRS was carried out in ATMYS5 and monitored based on the formation of the
GFPmut3 chromophore.

5.3 Conclusions

In summary, we show that the structural robustness of an aaRS affects its engineerability
for GCE. We provide a solution for creating optimal parental TyrRS scaffolds for directed
evolution by engineering chimeras composed of homologous TyrRSs from mesophilic and
thermophilic bacteria. Furthermore, we describe a platform for the directed evolution of new

chimeric scaffolds so that we are not limited by rational design. The directed evolution of these
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new chimeric TyrRSs with our optimized ATMY platform should give access to new UAA-

selective variants.

5.3.1 Ongoing and future directions

Moving forward, the stability fluorescent reporter construct can be used to engineer new
chimeric aaRS scaffolds. One of our newest graduate students, Chintan Soni, will be working on
the development of identifying the optimal TyrRS scaffold for GCE applications. Additionally,
this stability construct can be further applied to demonstrate how the parental aaRS scaffold affects
the total number of aaRS variants possible. I am currently working towards the creation of three
homologous libraries in TyrRS scaffolds of varying stability (EcTyrRS, GsTyRS, Ch2TyrRS).
These three libraries will be subjected to a stability selection followed by next-generation
sequencing analysis of the library input and output. Comparison of the library input and output
would provide a snapshot of the variability in the number and types of mutants accessible with

each scaffold.
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5.5 Experimental procedures
General materials and methods are described in the experimental procedures section of chapter 2.

5.5.1 Strains, cell lines

ATMY6 E. coli cells were obtained from the Chatterjee lab glycerol stocks. This cell line was
engineered by a current student in the Chatterjee lab, Elise Ficaretta. This strain is derived from
the C321 strain developed by the Church lab.*> The same strategy used to engineer prior ATMY
strains was applied to create this one.

HEK293T cells (ATCC) were maintained at 37 °C and 5% CO2 in DMEM-high glucose (HyClone)
supplemented with penicillin/streptomycin (Hyclone, final concentration of 100 U/L penicillin and

100 pg/mL streptomycin) and 10% fetal bovine serum (Corning).

5.5.2 Plasmids

All primer and plasmid sequences can be found in the appendix.

The pBK G. stearothermophilus tyrosyl-RS was created by amplifying the gene from a gBlock,
provided by IDT, with the terminal primers GsYRS Ndel-F and GsYRS Ncol-R. The amplified
insert was then digested with Ndel/Ncol and inserted into the pBK vector backbone, which had
been digested with the same restriction enzymes. The mutant G. stearothermophilus tyrosyl-RS
mutants were then generated via standard site-directed mutagenesis of the appropriate active site
residues with the following primers: GeobacYRS-Y34G-R, GeobacYRS-D176G-R, GeobacYRS-

GGFL-L180A-R, GeobacYRS-D176G-F, and GeobacYRS-GGFL-L180A-F. The pBK E. coli
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tyrosyl-RS wild type and mutants were previously reported and propagated from a former student’s
stocks, Dr. James Italia.®°

The pBK chimeric H2 and H6 tyrosyl-RS’ were constructed through overlap amplification of
fragments of the E. coli tyrosyl-RS N-terminus and the G. stearothermophilus C-terminus. The
PCR fragments were made with the following primers: EcYRS Ndel-F, H2 EcYRS-iR, H6
EcYRS-iR, H2 GsYRS-iF, H6 GsYRS-iF, and GsYRS Ncol-R. The overlap amplification of these
fragments utilized the terminal primers ECYRS Ndel-F and GsYRS-Ncol-R. This product was
then digested with Ndel/Ncol and inserted into the pBK vector backbone, which was digested with
the same restriction enzymes. The mutant chimeric tyrosyl-RS’ were generated via site-directed
mutagenesis with the following primers: GeobacYRS-D176G-R, GeobacYRS-GGFL-L180A-R,
GeobacYRS-D176G-F, and GeobacYRS-GGFL-L180A-F. The H2 and H6 sequence were
rationally designed based on previously reported in vitro work by Bedouelle et al.?

The pET22b-NtermHis-aaRS constructs were made by PCR amplifying the aaRS’ from their
respective pBK plasmids with the following primers: EcYRS-nterm10XHis-Ndel-F, EcYRS-
HindIII-R, GsYRS-nterm-10XHis-Ndel-F, GsYRS-HindIII-R, MjYRS-nterm-10XHis-Ndel-F,
and MjYRS-HindIII-R. This PCR product was digested with Ndel/HindIII and inserted into the
pET22b vector backbone.

The pB1U-NtermHis-aaRS constructs were made by PCR amplifying the aaRS’ from their
respective pBK plasmids with the following primers: EcYRS-nterm10XHis-Ndel-F, EcYRS-
Xhol-R, GsYRS-nterm-10XHis-Ndel-F, GsYRS-Xhol-R, MjYRS-nterm-10XHis-Ndel-F, and
MjYRS-Xhol-R. This PCR product was digested with Ndel/Xhol and inserted into the pB1U

vector backbone.
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The pEvol T5 EcY-TAG sfGFP151-TAG plasmid was propagated in DH10B cells from a previous
student’s stocks.

Overlap extension was used to create the pET22-aaRS-GFP mut3 constructs. Two separate PCR
products were amplified of the aaRS gene and GFPmut3 gene with Phusion HSII with the
following primers: EcYRS-Ndel-F, EcYRS-linker-GFPmut3-iR, GsYRS-Ndel-F, GsYRS-
GFPmut3-iR, Linker-GFPmut3-Nterm-iF, and GFPmut3-HindIII-R. The two products were
joined together by primerless overlap extension followed by agarose gel purification (1% agarose
gel, 150 V). The purified product was amplified with the terminal primers EcYRS-Ndel-F,
GsYRS-Ndel-F and GFPmut3-HindIII-R and digested with Ndel/HindIII. This digested product

was ligated by T4 DNA ligase into pET22b vector digested with the same restriction enzymes.

5.5.3 Unnatural amino acids

The o-methyl-1-tyrosine used in the present experiments was obtained from Fisher Scientific
(catalog number AAH6309606).
para-benzoyl-l-phenylalanine was purchased from Chem-Impex International (catalog number

05110).

5.5.4 sfGFP-151-TAG fluorescence analysis and expression

The pBK aaRS and pEvol TS EcY-TAG sfGFP151-TAG plasmids were co-transformed into
ATMY6 cells for expression. An LB media culture (5 mL, 1x Spec/Kan/Chlor) was inoculated
with a single colony and grown overnight. The next day, this overnight culture was used to
inoculate another LB media culture (20 mL, 1X Spec/Kan/Chlor) and grown to an OD600 of 0.6.
Once the cultures reached the optimal OD600, they were induced with IPTG (1 mM final

concentration), UAA was added (1 mM final concentration), and they were incubated for 16 hours
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at 30 °C with shaking (250 rpm). Following induction, the cultures were spun down, the LB media
was removed, and the cells were resuspended in 1X PBS. Fluorescence readings were collected
in a 96-well plate using a SpectraMAX M5 (Molecular Devices) (ex = 488 nm, em = 534 nm).

Mean of two independent experiments were reported, and error bars represent standard deviation.

5.5.5 EGFP-39-TAG fluorescence analysis, expression and purification

For EGFP-39-TAG fluorescence analysis, HEK293T cells were seeded at a density of 600,000
cells per 12-well dish 24 hours prior to transfection. A total amount of 1.5 ug DNA (0.75 pg of
pAcBacl EGFP-39-TAG and 0.75 pg of pB1U aaRS) + 3.5 uL PEI + 17.5 uL DMEM was used
for transfection of each well once the cells reached ~70% confluence. Fluorescence images and
readings were performed 48 hours post transfection. Fluorescence images were taken using a Zeiss
Axio Observer fluorescence microscope. Fluorescence readings were collected in a 96-well plate
using a SpectraMAX M5 (Molecular Devices) (ex = 488 nm, em = 510 nm). The mean of four
independent experiments were reported, and error bars represent the standard deviation.

For EGFP-39-TAG expression and purification, HEK 293T cells were seeded at a density of 5
million cells per 100 mm dish 24 hours prior to transfection. A total amount of 12 pg DNA (6pg
of pAcBacl EGFP-39-TAG and 6 pg of pB1U aaRS) + 50 yL PEI MAX + 150 yL DMEM was
used for transfection of each dish once the cells reached ~ 90% confluence. 48 hours post-
transfection, fluorescence images were taken using a Zeiss Axio Observer fluorescence

microscope.

5.5.6 CETSA assay in E. coli
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For bacterial aaRS expression, the pET22b-Nterm10XHis-aaRS was transformed into E. coli cells.
LB media cultures (5 mL, 2X Amp) were inoculated with a single colony and grown overnight at
37 °C with shaking (250 rpm). The next day, 20 mL LB media cultures (2X Amp) were inoculated
with 200 puL of the overnight culture, grown to an OD600 of 0.6 (37 °C, 250 rpm), and then induced
with IPTG (final concentration of 1 mM) for 15 minutes at 30 °C with shaking. The cultures were
then spun down, the LB media was removed, and the cell pellets were resuspended in 500 uL. of
sonication buffer (100 mM NaCl, 25 mM Tris HCI, pH 8.0). The cell pellets then underwent 3x
freeze-thaw cycles followed by sonication (3x, 75% power, 20 pulses). The sonicated lysate was
then spun down (4 °C, 14,000 rpm, 10 min) and the supernatant was collected. Each supernatant
was divided into 50 pL aliquots and heated at varying temperatures for 5 minutes on a Perkin
Elmer Cetus DNA Thermal Cycler 480 and spun down at maximum speed for 10 minutes. Then,
3 uL of the supernatant was inoculated on a nitrocellulose membrane and treated to western blot
analysis following previously described protocols.>* Antibodies used for imaging include: mouse
anti-Histidine 6X tag antibody (1:1000 dilution), chicken anti-mouse IgG secondary antibody-

HRP conjugate (1:5000 dilution).

5.5.7 CETSA assay in HEK293T

One day before transfection, HEK293T cells were seeded at a density of 600,000 cells per well for
a 6-well plate. A total amount of 1.6 ug of DNA + 8.3 uL MAX PEI + 30 uL. DMEM was used
for transfection of each well. The culture media was replaced 24 hours post-transfection. Lysate
preparation, sample heat treatment, and western blot analysis were performed 48 hours following

transfection using the same protocol described in the “CETSA assay in E. coli” procedure section.
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5.5.8 Solubility western

E. coli DH10B cells were transformed with a pET22b-Nterm10XHis-aaRS plasmid. An overnight
5 mL LB media culture (2X Amp) was inoculated with one of the transformants. The subsequent
day, the overnight culture was used to inoculate a 20 mL LB media culture (2X Amp) that was
grown to an OD600 of 0.6 (37 °C, 250 rpm). The 20 mL LB media cultures were then moved to
30 °C and grown for an additional 4 hours with shaking (250 rpm). Cell lysate was prepped from
these cultures following the protocol mentioned in the CETSA assay procedures. The clarified
lysate was resolved on a 12% SDS-PAGE gel and worked up for a western following a previously

1.33

described protocol.”” The antibodies used for this protocol were the same as those used for the

CETSA assay.

5.5.9 Mock FACS stability selection

The pET22b-EcTyrRS wt-GFP mut3 and pET22b-EcYRS-pBPA-Gen 1-GPF mut 3 were
transformed into ATMYS E. coli and grown at 37 °C overnight. The next day, the plates were
harvested and used to inoculate LB media cultures at an OD600 of 0.03 and were grown with
shaking to an OD600 of 0.4 (37 °C, 250 rpm). The cultures were induced with 1 mM IPTG at 30
°C with shaking (250 rpm) for 1.5 hours. Following induction, the cultures were spun down (4,000
g, 10 min) and resuspended in 1X PBS. The cells were diluted to ~1.0 x 10° cells/mL and
submitted for FACS analysis. 5.0 x 10* cells were recovered in a 2 mL 2X concentration LB media
culture and grown at 37 °C for 4 hours with shaking (250 rpm). The recovered cell culture was
then plated on LB agar media supplemented with antibiotics (1X Spec/2X Amp) and grown

overnight.
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6.1 Construction of a T-box riboswitch controlled fluorescent reporter

6.1.1 Introduction

Directed evolution platforms for engineering bacterial aminoacyl-tRNA synthetase
(aaRS)/tRNA pairs for eukaryotic genetic code expansion (GCE) predominantly rely on the
expression of a catalytically active reporter protein.!* A nonsense codon is introduced into the
catalyst (e.g., chloramphenicol acetyltransferase) at a structurally permissible location resulting in
cell survival in the presence of an active mutant aaRS. While this general selection methodology
has been proven successful, it limits our ability to quantitatively observe differences in the
suppression efficiencies of mutant aaRSs. This is because sufficient levels of catalyst translation
for cell survival is not always analogous to how well the tRNA is charged with the UAA by the
mutant aaRS. Identifying more quantitative platforms for bacterial aaRS engineering will enable
us to more easily identify the dynamic ranges of active aaRSs for GCE applications.

The natural regulation of the expression of native aaRSs and their cognate tRNA are
important for maintaining cell health. This is accomplished in gram-positive bacteria through an
evolutionarily conserved mRNA sequence called a “T-box” that modulates aaRS production by
measuring the amount of charged and un-charged tRNA present in the cell.>® The T-box RNA
regulates expression of the adjacent, downstream gene through two main different chemical inputs,
the tRNA anticodon loop and aminoacylation of the 3’-adenosine.>® All T-boxes are composed
of two domains, a 5’ (stem I) domain that recognizes the anticodon loop of the tRNA and a 3’
domain that base-pairs with the uncharged 3’-adenosine end of the tRNA (Figure 6.1).5* In the
presence of uncharged tRNA, a Shine-Dalgarno antisequester (transcription antiterminator) is
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formed enabling the translation of the downstream aaRS (Figure 6.1).>% In the presence of charged

tRNA, a Shine-Dalgarno sequester (transcription terminator) is formed and gene expression is

Antiterminator Terminator
& >
o 7

5’

stopped’”’ (Figure 6.1).

Figure 6.1. T-box structure and regulation mechanisms.>® The tRNA structure is shown as a
3D surface outline. The general T-box RNA leader sequence stem-loop motifs are shown as a
black outline from 5’ to 3’ end. On the left, uncharged tRNA experiences base pairing between
the anticodon (green) and a specifier sequence on the RNA (green) in addition to the tRNA
acceptor end (light purple) and a discriminatory sequence on the RNA (purple). The selective
binding of these regions results in the formation of an antiterminator. On the right, an
aminoacylated tRNA (light blue circle) cannot bind with the specifier sequence, resulting in the
formation of a terminator in the RNA.

The innate ability of the T-box RNA sequence to recognize tRNA-acylation levels makes
it an attractive candidate for developing a quantitative aaRS directed evolution platform. Ideally,
a fluorescent reporter gene could be placed downstream of the T-box. Expression levels of the
fluorescent reporter gene would then be directly tied to the amount of charged suppressor tRNA
and provide access to quantitative suppression-efficiency measurements, as well as high-
throughput selection methods (e.g., fluorescence activated cell-sorting). Efforts towards utilizing
T-box RNA sequences for aaRS directed evolution platforms have been limited due to their natural

lack of occurrence in organisms beyond gram-positive bacteria, and the challenges associated with

engineering them to function with alternate aaRS/tRNA pairs. We believe that the ATM E. coli
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strains we engineered could overcome this hurdle due to their inherent compatibility with gram-

positive transcriptional and translational machinery components.’

6.1.2 Desion and construction of a T-box riboswitch regulated reporter construct

The first T-box regulated selection construct that we sought to design would be used for
the ATMY selection platform. Therefore, we would need a T-box that naturally regulates tyrosyl-
tRNA synthetase (TyrRS) expression to ensure compatibility for engineering bacterial
TyrRS/tRNA pairs. An attractive candidate for our selection construct is the Geobacillus subtilis
tyrS T-box RNA regulation sequence. This T-box was first identified in 1992°, where the T-box
region was initially believed to be a 14-nucleotide sequence stretch upstream of the tyrS gene.
However, by 1993 the full conserved primary sequence and structural elements of the tyrS T-box
were identified (Figure 6.2).!% ! This extensive characterization made us confident in the identity
of the necessary components for transferring the key T-box regulatory elements to our reporter
construct.

To maintain the integrity of the T-box RNA sequence regulation mechanism, we aimed to
conserve the naturally occurring T-box reporter sequence context when placing it in front of the
fluorescent reporter. This was accomplished by ordering a custom designed gblock, supplied by
IDT, that contained the G. subtilis tyrS sequence leader seqeunce'® !! (Figure 6.2). This sequence
was PCR amplified with terminal primers and inserted into the pET22b sfGFPwt reporter plasmid
through polymerase incomplete primer extension (PIPE) cloning. The sequence of the final

reporter construct (Figure 6.3) was validated by Sanger sequencing.
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G. subtilis tyrS RNA leader sequence.'® '! On the left, is the tyrS leader sequence

numbered from the transcriptional start site to end of the transcriptional terminator element. The
terminator/terminator region are highlighted in red and blue. The discriminatory sequence is
highlighted in teal and the anticodon recognition sequence is highlighted in green. Additional
regions of interaction in the stem I loop and AG bulge of the RNA sequence that form binding
interactions with the D-loop and T-loop of the G. subtilis tyrosyl-tRNA are highlighted in orange.
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6623 bp
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Figure 6.3. pET22b T-box sfGFPwt reporter construct. The T-box RNA leader sequence was
cloned into the pET22b sfGFPwt construct following the T5/lac operon and immediately before
the stGFPwt gene sequence. The whole construct map is depicted (top) as well as the sequence of
the T-box leader sequence before the stGFPwt gene (bottom).

6.1.3 Characterization of the T-box riboswitch reporter construct

Following sequence validation of the reporter construct, we characterized the ability of the
T-box RNA sequence to regulate expression of sfGFPwt. To carry this out, a wild-type
Escherichia coli strain (EcCNR1GT), a engineered E. coli strain that contains no tyrS (EcNR1GT
pUltraBR M;jY dtyrS), and a engineered E. coli strain that contains no tyrS or tRNAD™ (pUltraBR

MjY dtyrS tyrTV::inact tyrU::inact lambda::tolC) were transformed with pET22b T-box stGFPwt.
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After 20 hours of expression at 30 °C with shaking (250 rpm) in the presence of IPTG (1 mM),
sfGFPwt fluorescence was measured (Figure 6.4). As expected, no sfGFP fluorescence was
observed in the E. coli wild-type strain, because the native E. coli TyrRS is suppressing the
tRNAEDYT at sufficient levels to impede antiterminator formation in the T-box leader sequence.
Additionally, the engineered E. coli strain that has no tyrS or tRNAD" displayed ~10% of the
fluorescence output of the pET22b sfGFPwt construct without a T-box. This was expected, since
the direct interaction between the tRNAT" and T-box RNA leader sequence is required for
stabilizing the terminator structure formation.'> 3 The only strain that did not behave as anticipated
was the E. coli tyrS deletion strain. In the absence of the tyrS all of the tRNA™ should be
uncharged causing formation of the antiterminator loop upon binding with the T-box leader
sequence, resulting in high levels of sftGFPwt fluorescence. Instead, we observed no fluorescence
signal when this construct was expressed in this intermediate strain. We believe that this could be
due to the loss of genomic integrity of this strain over time, since it was made by a former student

more than 5 years ago.
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Figure 6.4. Fluorescence analysis of the pET22b T-box sfGFPwt reporter construct.
Measured sfGFP fluorescence in resuspended E. coli cell cultures was used to determine if the T-
box leader sequence was regulated by tRNAZTYT,

6.1.4 Conclusions

In summary, we have designed and characterized a T-box regulated reporter construct that
can be used in ATMY E. coli. We demonstrated that expression levels of the fluorescent reporter
can be tuned by the presence and absence of tRNAXTY", Further optimization is required for this

to become a viable selection construct.

Ongoing and future directions

Moving forward, more experiments characterizing the pET22b T-box sfGFP wt construct
in the presence and absence of tRNAZ“D" will be carried out. To circumvent the issue of working
with previously engineered ATMY E. coli intermediate strains, new plasmids containing the

tRNAEDT and E. coli TyrRS will be constructed and co-transformed into ATMYS5 to collect these
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data points. Additionally, experiments will be carried out in more recently engineered C321-
ATMY strains. Future work towards developing this construct into a bacterial TyrRS selection

platform will be carried out by one of my current lab members, Elise Ficaretta.

6.2 Synthesis and proteomic characterization of photocaged aryl diazonium
probes

6.2.1 Activity-based protein profiling

The extensive genomic characterization of organisms has pressed researchers towards
developing new technologies to understand the cryptic field of proteomics.!* Presently, over 2,000
genomic projects are underway, however, assigning the functional relationships of the proteome
encoded by these genomes remains a daunting task.!* Relative to the genome, the proteome
experiences greater temporal variability leading to an exponential increase in complexity, veiling
the purposes of these protein-interaction networks (Figure 6.5). Fortunately, some genomic
technologies such as transcriptional profiling and RNA-interference-based gene silencing have
provided insight into the effects of protein expression on physiological and pathological
processes.'*!8 However, a large gap still remains in our ability to link transcriptional products to

their protein function.
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Figure 6.5. Increasing complexity of the proteome relative to the genome.!® In the human
genome there are roughly 20-25,000 genes whose transcriptional products are altered, step (1)
depicted above, through the use of alternative promoters, alternative splicing, and mRNA editing.
The protein products of these transcripts are further modified following translation through the
addition of post-translational modifications (PTMs), step (2) above. This leads to a proteome of
exponentially greater complexity than the genome that encodes it.

Activity-based protein profiling (ABPP) provides an attractive solution to bridge this gap.
ABPP relies on the use of a probe that targets a subset of functionally active proteins in the
proteome that usually have shared catalytic features. Since the probe exclusively targets
catalytically active proteins, it can illustrate how the state of an enzyme is regulated by various
post-translational modifications (PTMs).?> 2! The probe has three main components: (i) a
reactive/selective warhead, (i1) a tag for visualization and characterization of the proteome, and

(iii) a linker that provides sufficient space between the warhead and the tag (Figure 6.6).!* In

conjunction with isotopic labeling and tandem mass spectrometry, this affinity and activity-based
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probe can be used to distinguish dynamic changes in the proteome under varying conditions

e

(Figure 6.7).1

Reactive
group

00— == —
Spacer/linker

Figure 6.6. General ABPP probe characteristics.!* The reactive group (blue oval) of the probe
will selectively target active forms of a protein, that may be modulated through the addition of
PTMs. The linker (black line) connects the reactive group of the probe to a tag (purple rectangle)
that can be subsequently used for pull-down methods to isolate the labeled protein in the proteome.

ABPP has established itself as a robust technology for the discovery of enzymatic activities

associated with a range of diseases (e.g., cancer, malaria).?> 2

Its ability to interrogate the
proteome based on functional space, rather than abundance, enables our ability to probe previously
inaccessible areas of biomolecular space.!* While this technology has provided numerous
breakthroughs in our understanding of proteome dynamics, it is still greatly limited by the chemical
warheads currently designed and used for ABPP studies. So far, these warheads are generally
electrophilic handles that selectively couple with catalytic active sites.'*?* Among these handles,
there is a disparity between the types of catalytic residues that are easily targeted, limiting our

access to the proteome. We aim to provide additional probes to the repertoire of ABPP to expand

its application to new enzyme classes.
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Figure 6.7. TOP-ABPP pull-down approach.'* In tandem-orthogonal proteolysis (TOP)-ABPP
the simultaneous characterization of the protein targets and the sites of protein labeling is achieved.
Introduction of the alkyne handle on the ABPP probe enables access to click chemistry tools, which
can be utilized to easily append a biotin handle following proteome labeling. The addition of a
Tobacco etch virus (TEV) protease cleavage site between the azide reactive handle and the biotin
tag enables downstream cleavage of the labeled active site peptide following tryptic digest.

6.2.2 Aryl-diazonium ions for selective labeling

Azo-coupling between aryl diazonium ions and activated aromatic residues is a well-
characterized, selective reaction.?>2° The Francis?”?® and Jewett® labs, amongst others>® 3!, have
demonstrated the power of this reaction to label tyrosine residues in a protein at basic pH (>9) with

highly-activated electrophilic analogs of the aryl-diazonium (e.g., 4-nitrobenzenediazonium)
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(Figure 6.8). This reaction is especially advantageous for pull-down studies due to the selective
cleavage of the azobenzene product through reducing conditions.?” ?® 32 Prior work in our lab has
demonstrated the utility of tuning the electrophilicity of the aryl diazonium to gain different
reactivity profiles, ultimately resulting in the design of a new chemoselective probe (Figure 6.9).%
During these studies, it was observed that the selective coupling of 4-carboxybenzenediazonium
(4CDz) with 5-hydroxytryptophan (5-HTP) diminishes as the pH becomes more basic (>9),
because it begins to label tyrosine. Based on these observations, we believe that 4CDz would be
able to selectively target activated tyrosine residues in the proteome, and hopefully a new
enzymatic class. We sought to further tune the electrophilicity of the aryl diazonium probe by
modifying the 4-position. We believe, that it can be altered to exclusively label activated aromatic

residues providing access to a new range of catalytic sites and enzyme classes for ABPP.

CI
Figure 6.8. Azo-coupling mechanism between aryl diazonium ions and aromatic

nucleophiles.
HN__~ HN_ _~
blotm

HoocC HOOC

5-HTP 4CDZ

biotin,
H

Figure 6.9. The chemoselective rapid azo-coupling reaction (CRACR) developed in the
Chatterjee lab. At physiological pH, 5-HTP is the only nucleophilic aromatic amino acid capable
of reacting with the 4CDz probe.
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6.2.3 Synthesis of photocaged aryl diazonium probes

Aryl-diazonium ion integrity is dominated by the thermodynamic and entropically
favorable release of dinitrogen gas (Figure 6.10). To mitigate the spontaneous release of
dinitrogen, and loss of electrophilic handle, we generated aryl-triazabutadiene groups to protect
the diazonium. Addition of the triazabutadiene group enables the selective release of the
diazonium ion under light or low pH (Figure 6.11) therefore, giving us stringent control over the
release of the diazonium ion.** 3> Protocols for the synthesis of the aryl diazonium ions
characterized in this chapter are outlined below. All 'H NMR and '*C NMR can be found in

appendix III and appendix IV of this dissertation.

-N,

Figure 6.10. Dediazotization of aryl diazonium ions.
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Figure 6.11. Mechanism for the photorelease of the aryl diazonium ion.>* 3> Photoinduced
E/Z isomerization increases the kinetics for the protonation of the triazabutadiene backbone
(highlighted red) leading the release of the aryl diazonium ion.

’“i Synthesis of 4-azidobenzoic acid. (1)
L J 4-aminobenzoic acid (5.016 g, 36.58 mmol, 1.000 eq) was dissolved in 25 mL of
D'fl‘-g _ H>01in a 500 mL round bottom flask. 5 mL of sulfuric acid was added to the solution

Ma
dropwise. Then, it was left to stir until it reached 0 °C (30 min). In a separate 125

mL Erlenmeyer flask NaNO> (2.600 g, 37.68 mmol, 1.030 eq) was dissolved in 6 mL H>O. In
another separate 125 mL Erlenmeyer flask, NaN3 (2.900 g, 44.61 mmol, 1.224 eq) was dissolved
in 4 mL of H2O. The NaNO; aqueous solution was then added dropwise to the 4-aminobenzoic
acid aqueous solution (stirring, 0 °C). Next, the NaN3 aqueous solution was added dropwise to the
4-aminobenzoic acid solution (stirring, 0 °C). The white precipitate was vacuum filtered and

desiccated, yielding 4-azidobenzoic acid (5.407 g, 33.14 mmol, 90.60%).
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N, Synthesis of methyl-4-azidobenzoate. (2)
A
[| J 4-azidobenzoic acid (1.020 g, 6.129 mmol, 1.000 eq) was dissolved in 15 mL of dry

.

U,_;LD,J DMF. Cs2COs3 (4.093 g, 12.26 mmol, 2.000 eq) was added to the stirring solution (0
°C). Iodomethane (0.8 mL, 12.26 mmol, 2.000 eq) was then added dropwise to the stirring solution
(0 °C). The reaction was monitored by TLC until it reached completion. Then it was washed with

H>O three times followed by EtOAc. The organic layer was then dried over MgSO4 and

concentrated in vacuo yielding methyl 4-azidobenzoate (0.7732 g, 3.731 mmol, 60.88%).
~7 1./ Synthesis of methyl (E)-4-((((1,3-dimesityl- 1,3-dihydro-2H-

/J
r‘;l L\‘/ imidazol-2-ylidene)amino)methylene)amino) benzoate. (3)

S T

;;:
N =N
. f.{\ N Methyl 4-azidobenzoate (0.599 g, 3.974 mmol, 1.200 eq) was dissolved in 6
\(,JI [,fl.::b mL of dry THF and left to stir on ice under nitrogen for 20 min. Then 1,3-
|

I Bis (2,4,6-trimethylphenyl) imidazolium chloride (1.132 g, 3.311 mmol,

070" 1.000 eq) was added to the solution and left to stir for 5 min. NaH (0.1520
g, 3.300 mmol, 1.000 eq) was then added. The reaction was left stirring overnight at 0 °C under
nitrogen. The progress of the reaction was monitored by TLC. Once it had reached completion
the solution was diluted with EtOAc, washed with H>O and concentrated in vacuo. This yielded
methyl  (£)-4-((((1,3-dimesityl- 1,3-dihydro-2H-imidazol-2-ylidene)amino)methylene)amino)
benzoate (1.436 g, 2.981 mmol, 75.00%). '"H NMR (CDCls, 400 MHz) & 7.68 (d, 2H), § 6.98 (s,

4H), 6 6.61 (s, 2H), 5 6.55 (d, 2H), & 3.84 (s, 3H), 5 2.35 (s, 6H), 5 2.14 (s, 12H) ppm.
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Synthesis of (E)-4-((1,3-dimesityl- 1,3-dihydro-2H-imidazol-2-

o
1\
N /'*'-'-'::,;”J vlidene)triaz-1-en-1-yl)benzoic acid. (4)
S
N7 N Methyl (E)-4-((((1,3-dimesityl- 1,3-dihydro-2H-imidazol-2-
- M
T N N
by, /f 1 ylidene)amino)methylene)amino) benzoate (0.4720 g, 0.9880 mmol,
/ [L[f_; 1.000 eq) was dissolved in a solution of Methanol: DCM (8 mL: 1 mL).
07 0 N Sodium hydroxide was added to the stirring solution (0.1610 g, 1.9601
d

mmol, 2.000 eq). The reaction was then heated to reflux. Once the reaction reached completion
based on TLC, it was cooled to 25 °C and concentrated en vacuo to yield (E)-4-((1,3-dimesityl-

1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)benzoic acid (0.3822 g, 0.8176 mmol, 82.75

%).
o~ Synthesis of 2,5-dioxopyrrolidin-1-yl (E)-4(E)-4-((1,3-
f_;;h-rg’} H‘*’f dimesityl- 1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-
Sy
N Jf\ ’“I‘.:N vl)benzoate. (5)
[
\\}x-” R (E)-4-((1,3-dimesityl- 1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-

T EJ"M‘) I-yl)benzoic acid (0.2040 g, 0.4281 mmol, 1.000 eq) was dissolved in
O DCM under inert conditons at 0 °C. 1-Ethyl-3-
(30dimethylaminopropyl)carbodiimde (0.1400 g, 0.6421 mmol, 1.500 eq) was added dropwise
followed by N-hydroxysuccinimide (0.0840 g, 0.6421 mmol, 1.500 eq). The progress of the
reaction was monitored by TLC. Upon completion the solution was diluted with EtOAc, washed
with water then saturated sodium bicarbonate. It was then dried and concentrated in vacuo to yield
2,5-dioxopyrrolidin-1-yl (E)-4(E)-4-((1,3-dimesityl- 1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-
en-1-yl)benzoate (0.1567 g, 0.2775 mmol, 64.82 %). '"H NMR (CDCls, 400 MHz) § 7.76 (d, 2H),

5 6.99 (s, 4H), 5 6.64 (s, 2H), & 6.59 (d, 2H), & 2.85 (s, 4H), § 2.35 (s, 6H), 5 2.13 (s, 12H) ppm.
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o~ Synthesis of (E)-4-((1,3-dimesityl-1,3-dihydro- 2H -imidazol

.__\_\_\_fl_/ IIIII
. = . . .
{f:- NT - 2-ylidene)triaz-1-en-1-yl)-N-(prop-2-yn-1-yl)benzamide.
N ’fl“:'“N
\\F.'.'::Ji\ I\I'I-C' N (6)
{ .'?_F_F 1
v ﬂf = 2,5-dioxopyrrolidin-1- yl (E)-4(E)-4-((1,3-dimesityl- 1,3-dihydro-
H‘E:; 2H-imidazol-2-ylidene)triaz-1-en-1-yl)benzoate (0.09050 g, 0.1603
0% N7

H S mmol, 1 eq) was dissolved in DMF (3.000 mL, anhydrous) and stirred
at 0 °C. Triethylamine (0.2305 g, 2.2778 mmol, 14.00 eq) was added dropwise to the solution
followed by prop-2-yne-1-amine (0.01400 g, 0.01230 mmol, 1.200 eq). Progress of the reaction
was monitored by TLC. Once the reaction reached completion, the solution was washed with
EtOAc, water, then saturated sodium bicarbonate followed by concentration in vacuo yielding (E)-
4-((1,3-dimesityl-1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)-N-(prop-2-yn-1-
yl)benzamide (0.06782 g, 0.1344 mmol, 83.86 %). '"H NMR (CDCls, 400 MHz) & 7.43 (d, 2H), &

6.94 (s, 4H), 6 6.58 (s, 2H), 6 6.51 (d, 2H), 5 2.26 (s, 6H), 5 2.20 (s, 1H), 5 2.11 (s, 12H) ppm.

N3 Synthesis of 4-azidophenol. (7)

-,
-
P

UHJ;- 4-aminophenol (2.045 g, 18.33 mmol, 1 eq) was dissolved in water (50 mL) at 4 °C.

O Na Hydrochloric acid (15 mL) was added dropwise to the aqueous solution followed by
NaNO; (2.532 g, 36.66 mmol, 2.000 eq). NaN3 (1.471 g, 21.99 mmol, 1.200 eq) was added to the
solution and the progress of the reaction was monitored by TLC. Following completion, the
solution was washed with EtOAc and dried over Na>SOg yielding 4-azidophenol (1.610 g, 11.91

mmol, 65.00%). 'H NMR (CDCls, 400 MHz) & 9.92 (s, 1H), § 7.26 (s, 2H), 6 6.67 (s, 2H) ppm.
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N Synthesis of 1-azido-4-(prop-2-yn-1-yloxy)benzene. (8)

“ j#] 4-azidophenol (1.621 g, 11.91 mmol, 1.000 eq) was dissolved in anhydrous DMF at
{; =% 4°C. Cs2COs (11.41 g, 35.742 mmol, 3.000 eq) was added to the solution followed
by 3-bromopropyne (1.686 g, 14.29 mmol, 1.2 eq). The reaction was monitored by TLC until
completion. It was subsequently quenched with H>O, diluted with EtOAc, and washed with
saturated sodium chloride. The crude product was purified by flash chromatography (4:1,
Hexanes: EtOAc) and concentrated in vacuo yielding 1-azido-4-(prop-2-yn-1-yloxy)benzene

(1.304 g, 7.535 mmol, 63.27%). 'H NMR (CDCls, 400 MHz) 6 6.93 (s, 4H), 6 4.62 (s, 2H), 6 2.56

(s, IH) ppm.
e ‘ Synthesis of (E)-1,3-dimesityl-2-((4-prop-2-yn-1-
e
.y
<r’[\||/ W vloxy)phenyl)triaz-2-en- 1-ylidene)-2,3-dihydro-1 H
NN imidazole. (9)
N ! imidazole.
T’fj{\‘,}. ~ N *N z
"Q“\-r.JJ' ,-fJ:; 1-azido-4-(prop-2-yn-1-yloxy)benzene (0.2000 g, 1.156 mmol, 1.200 eq)

{j .. was dissolved in THF at 0 °C under inert conditions. 1,3-bis(2,4,6-

trimethylphenyl) imidazolium chloride (0.3220 g, 0.9630 mmol, 1.000
eq) was added to the solution followed by NaH (0.03850 g, 0.9630 mmol, 1.000 eq) and monitored
by TLC. Purified through flash chromatography with an alumina column (DCM: MeOH, 10: 1)
and concentrated in vacuo to yield (E)-1,3-dimesityl-2-((4-prop-2-yn-1-yloxy)phenyl)triaz-2-en-
1-ylidene)-2,3-dihydro-1 H imidazole (0.2270 g, 0.4756 mmol, 41.14%). '"H NMR (CDCl3, 400
MHz) 6 6.98 (s, 4H), 6 6.63 (d, 2H), 6 6.54 (s, 2H), 6 6.51 (s, 2H), § 4.61 (s, 2H), 6 2.49 (s, 1H),

62.35 (s, 6H), 6 2.16 (s, 12H) ppm.
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N, Synthesis of (4-azidophenyl)methanolate. (10)

] 4-aminobenzyl alcohol (0.5140 g, 4.060 mmol, 1.000 eq) was dissolved in H,O: HCI

(10: 1, v/v). NaNO (0.4350 g, 6.090 mmol, 1.500 eq) was dissolved in H>O and
Na added dropwise to the solution.
Then, NaN3 (1.435 g, 16.24 mmol, 4.000 eq) was added quantitatively. The reaction was quenched
with NaHCO3;, extracted with EtOAc, washed with saturated NaCl, dried over Na;SOs and
concentrated in vacuo to yield (4-azidophenyl)methanolate (0.4430 g, 3.006 mmol, 74.04%). 'H

NMR (CDCls, 400 MHz) 6 7.24 (d, 2H), 6 6.99 (d, 2H), 6 4.61 (s, 2H), & 2.14 (s, 1H) ppm.

Na Synthesis of 1-azido-4-((prop-2-yn-1-yloxy)methyl)benzene. (11)
(4-azidophenyl)methanolate (0.05000 g, 0.3350 mmol, 1.000 eq) was dissolved
“g-"”‘*a%b in anhydrous DMF. 3-bromopropyne (0.04700 g, 0.4020 mmol, 1.200 eq) was
added to the solution dropwise followed by NaH (0.0120 g, 0.5025 mmol, 1.500 eq). Progress of
the reaction was monitored by TLC. Upon completion, the solution was washed with H>O, dried
over Na,SO4, and concentrated in vacuo to yield 1-azido-4-((prop-2-yn-1-yloxy)methyl) benzene
(0.039 g, 0.2250 mmol, 67.16%). 'H NMR (CDCls, 400 MHz) & 7.34 (d, 2H), 6 7.00 (d, 2H), 6

4.56 (s, 2H), 6 4.15 (s, 2H), 6 2.46 (s, 1H) ppm.

N Synthesis of (E)-1,3-dimesityl-2((4-((prop-2 yn-Iyloxy
-7
S
SN methyl)phenyl)triaz-2-en-1-ylidene)-2,3-dihydro-1 H-
\N An
S rx'l_:N imidazole. (12)
|I\ .'lll —
I\\I“r*’J “”iL“‘ﬁ] 1-azido-4-((prop-2-yn-1-yloxy)methyl) benzene (0,01000 g, 0.05781

LT mmol, 1.000 eq) was dissolved in anhydrous THF and stirred at 0 °C.

1,3-bis(2,4,6-trimethylphenyl) imidazolium chloride (0.01900 g,
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0.05781 mmol, 1.000 eq) was added to the solution followed by NaH (0.002000 g, 0.05781 mmol,
1.000 eq). Progress of the reaction was monitored by TLC. Upon completion, the solution was
washed with H>O, saturated NaCl, dried over NaxSO4 and concentrated in vacuo to yield (E)-1,3-
dimesityl-2((4-((prop-2  yn-lyloxy) methyl)phenyl)triaz-2-en-1-ylidene)-2,3-dihydro-1  H-
imidazole (0.0073 g, 0.01487 mmol, 25.73%). '"H NMR (CDCls, 400 MHz) 6 7.24 (d, 2H), 6 7.01
(s,4H), 6 6.58 (s, 2H), 6 6.55 (d, 2H), 6 4.48 (s, 2H), 6 4.09 (s, 2H), 6 2.42 (s, 1H), 6 2.34 (s, 6H),

6 2.14 (s, 12H) ppm.

6.2.4 HEK proteome labeling profiles of the aryl diazonium triazabutadiene probes

To better understand which aryl diazonium triazabutadiene probe would be the best
candidate for ABPP, their labeling profiles of the HEK293T cell proteome were characterized
relative to an established cysteine-selective ABPP probe, iodoacetamide alkyne.*® We wanted to
identify the probe that would demonstrate selective labeling of a different part of the proteome
than iodoacetamide alkyne at a similar intensity, which could be roughly visualized through the
banding patterns present on an SDS-PAGE gel.

To generate HEK293T cell lysate, the cells were first scraped from their cell culture dishes,
spun down (4,500 rpm, 7 min, 4 °C) and re-suspended in a CelLytic M solution (10 mL CelLytic
M: 100 pL protease inhibitor: 1 puL universal nuclease, v/v). The aryl diazonium triazabutadiene
probes (dissolved in MeOH) were subsequently added to the HEK293T cell lysate (2 mg/mL) to
final concentrations of 20 uM and 50 puM, followed by UV light (365 nm, 10 sec) irradiation. The
iodoacetamide alkyne was dissolved in DMSO and added to the HEK293T cell lysate (final
concentration 10 uM). The samples were left to incubate for one hour at 25 °C. Following labeling

of the lysate with each probe, a rhodium-azide fluorescent marker was clicked to the alkyne handle
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of each probe with a previously optimized copper-click protocol.’” The labeling patterns of each
probe were observed through SDS-PAGE fluorescent gel imaging (Figure 6.13). Notably, the
4CDz-alkyne at 50 pM demonstrated similar labeling intensity of the proteome relative to the
iodoacetamide alkyne at 10 uM. Based on this observation, we believe the 4CDz-alkyne was the

best option for proteomic studies moving forward.
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Figure 6.12. SDS-PAGE analysis of the HEK293T proteome. Reactivity profiles of the 4-
carboxydiazonium (4CDz), 4-methylalcoholdiazonium (4MADz), and 4-methoxydiazonium
(4MDz) were compared relative to the established iodoacetamide alkyne (IA). Based on
fluorescence imaging of the SDS-PAGE gel (left) the 4CDz at 50 pM showed similar labeling
intensity to the standard control of IA at 10 uM.
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6.2.5 Labeling patterns of 4CDz-alkyne relative to 4CDz-biotin

Prior to carrying out the proteomic studies, we sought to further validate that the addition
of the alkyne handle to 4CDz did not alter the reactivity profile of this probe relative to its
previously reported biotinylated analog.’® This was accomplished by attempting to selectively
label sfGFP-151-5HTP in HEK lysate with both the 4CDz-alkyne and 4CDz-biotin. Purified
sfGFP-151-HTP (6 uM final concentration) was spiked into HEK293T cell lysate (2mg/mL) and
subsequently labeled with both 4CDz probes (dissolved in MeOH, 100 uM final concentration)
for one hour at 4 °C. The reaction was quenched with excess 5-HTP followed by copper click of
biotin-azide to the 4CDz-alkyne samples.®’ The samples were then analyzed based on SDS-PAGE
gel western blot analysis (Figure 6.13). Upon examination of the gel, it was obvious that the
4CDz-alkyne was not behaving similarly to the 4CDz-biotin. With the 4CDz-alkyne we were

unable to observe the sfGFP-151-5HTP band in the lysate + sfGFP reaction.
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Figure 6.13. SDS-PAGE analysis of 4Dz-alkyne relative to 4CDz-biotin. Based on the
western blot analysis of the SDS-PAGE gel (top) the 4CDz probe was unable to selectively label
SHTP-sfGFP in the lysate mixture. This contrasted with the previously characterized reactivity
profile of the 4CDz biotin probe (top).

The electrophilicity of the two diazonium probes should be comparable due to their
fundamental structural similarities. The only observable structural difference between the two

diazonium probes is that the 4CDz-alkyne is more hydrophobic relative to 4CDz biotin, which has

a PEG3-linker to help solubilize it in aqueous solutions. We believed that the addition of a PEG3
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linker between the 4-carboxy group and alkyne handle would remedy the differences in reactivity.

Synthesis of the new probe is described in the following paragraph.

W ad Synthesis of (E)-4-((1, 3-dimesityl- 1,3-
)
Va 'wﬁf dihydro- 2H-imidazol- 2- ylidene)triaz-
N
N p.'LN 1-en- 1-yl)- N-(2-(2-(2-(prop-2-yn- I-
| S )
b I L
\}’ 1 T vloxy)ethoxy)ethoxy)ethyl)benzamide.

00 (13)
2,5-dioxopyrrolidin-1-yl (E)-4(E)-4-((1,3-
dimesityl- 1,3-dihydro-2H-imidazol-2-ylidene)triaz-1-en-1-yl)benzoate (0.05000 g, 0.08850
mmol, 1.000 eq) was dissolved in anhydrous DMF at 4 °C. Triethylamine (0.1250 g, 1.239 mmol,
14.00 eq) was added dropwise to the solution followed by propargyl-PEG3-amine (0.02000 g,
0.1063 mmol, 1.200 eq). Progress of the reaction was monitored by TLC. Once the reaction
reached completion, the solution was washed with EtOAc, water, then saturated sodium
bicarbonate followed by concentration in vacuo yielding ((E)-4-((1, 3-dimesityl- 1,3-dihydro- 2H-
imidazol- 2- ylidene)triaz- 1-en- 1-yl)- N-(2-(2-(2-(prop-2-yn- 1-
yloxy)ethoxy)ethoxy)ethyl)benzamide (0.4610 g, 0.07262 mmol, 82.06 %).'H NMR (CDCls, 400
MHz) & 7.44 (d, 2H), 6 6.97 (s, 4H), 6 6.59 (s, 2H), § 6.54 (d, 2H), § 4.11 (d, 2H), & 3.64 (dd,
12H), 6 2.37 (s, 6H), 6 2.13 (s, 12H) ppm.
With the new 4CDz-PEG3-alkyne probe in hand, we repeated the HEK293T/sfGFP-151-

SHTP labeling experiment under the previously used conditions. SDS-PAGE and western blot

analysis showed that the addition of the PEG3 linker restored the expected reactivity profile of our
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4CDz-alkyne (Figure 6.14). This restored our confidence in the ability to use the 4CDz-PEG3-

alkyne for proteomic experiments.
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Figure 6.14. SDS-PAGE gel analysis of the 4CDz-PEG3-alkyne probe. The new 4CDz-PEG3-
alkyne probe (100 uM) was incubated with SHTP-sfGFP, HEK293T cell lysate, and HEK293T
cell lysate + SHTP-sfGFP. Addition of the PEG3 linker restored selective labeling of SHTP-sfGFP
with this aryl diazonium probe (far right lane in fluorescence image).

6.2.6 Selective labeling of tyrosine residues in a synthetic peptide with 4CDz-
PEG3 alkyne

Prior to HEK293T cell proteome analysis, we sought to identify the distinctive MS1 and
MS?2 labeling mass patterns of our 4CDz-PEG3-alkyne conjugated to tyrosine residues. This would
make downstream proteomic analysis easier since we would have a specific numerical value to
search for. To set this standard, we obtained a synthetic peptide (75 uM) (Figure 6.15) from the
Gao lab and labeled it with 4CDz-alkyne (150 uM) for 4 hours at 25 °C in 1X PBS (pH 9). The
labeled peptide was characterized by MS analysis (Figure 6.16), where we observed that the
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reaction had not gone to completion. This labeled sample was further characterized by tandem
mass spectrometry (Figure 6.17) where we observed that both of the tyrosine resides in the peptide
were being labeled. Moving forward, to better understand the MS2 labeling patterns the labeled
peptide needs to be purified by HPLC, or the reaction conditions need to be optimized to observe

100% labeling efficiency.
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Figure 6.16. MS analysis of 4CDz-PEG3-alkyne labeled peptide.
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Figure 6.17. MS2 analysis of the 4CDz-PEG3:alkyne labeled peptide.
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6.2.7 Conclusions

In summary, we created an aryl diazonium probe that can be used for ABPP proteomic
analysis. We demonstrated that the electrophilicity of the probe can be easily tuned through
modification of the 4- position further moderating the biomolecular space accessed by the probe.
The current limitation to this technology is identifying the MS2 peaks. This issue can be rectified

by further optimization of the MS2 ionization energies.

Ongoing and future directions

Further functionalization of the 4CDz structure provides promising avenues to alter its
selectivity for analyzing different biochemical groups in the proteome. Two directions that have
been discussed for future work would be to (i) introduce steric bulk at the ortho position of the
diazonium and (ii) electronically tuning the reactivity of the probe by decorating either the

protecting group mesitylene rings, or the core benzyl ring, with fluorine.
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Chapter 2 Plasmids

pB1U-EcYRS variant

SV40 late polyA,SV4@ Early PolyA(1),+2 F1 ori(1)
F1 ori

M13 origin

ColEl origin

L21 sequence
+1

ué

EcYtR, +1
polyT
+1

Tn7R

+1

pB1U-ECYRS
13922 bp

+1
+1

+1

U6
EcYtR, TGA
polyT
+1

Bst-tR, TGA

U6
EcYtR, TGA
Hllarge promoter,+1
Bst-tR, TGA

T7 promoter
U6 hUbiC-trunc
Hllarge promoter,polyT,+2 Bst-tR
Hllarge promoter

Hllarge promoter,polyT,EcYtR,+4
polyT,EcYtR,U6,Bst-tR, TGA
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Sequence color-coding key

feature Color
VSV-G text
M13 ori text
AmpR text
ColE1 ori text
Tn7R text
EcYRS wt text
EcYtRNA text
Bst-tRNA text
Hllarge text
promoter
U6 promoter -
T7 promoter
hUbiC-trunc
Gentamicin -
resistance
BgH PolYA text

Ec-pBPARS Active site mutations

residue Mutation
Y37 G
D182 G
L186 A
Sequence

tctctgtcacagaatgaaaatttttctgtcatctcttecgttattaatgtttgtaattgactgaa
tatcaacgcttatttgcagcctgaatggcgaatgggacgcgeccctgtagecggecgecattaagecge
ggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgceccctagecgececcgcectect
ttcgctttcttcececcttectttcectecgeccacgttcgecggettteccececgtcaagetctaaatcggg
ggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattaggg
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tgatggttcacgtagtgggccatcgccctgatagacggtttttcecgecctttgacgttggagtcce
acgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctatt
cttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaaca
aaaatttaacgcgaattttaacaaaatattaacgtttacaatttcaggtggcacttttcgggga
aatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgcectcatga
gacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacattt
ccgtgtcgcceccttattecceccttttttgeggecattttgecttectgtttttgetcacccagaaacyg
ctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatc
tcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagcacttt
taaagttctgctatgtggcgcggtattatccecgtattgacgeccgggcaagagcaactcggtcge
cgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacgg
atggcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgcggccaa
cttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggat
catgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtg
acaccacgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcgaactacttac
tctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccacttcectyg
cgctcggccctteccggectggectggtttattgectgataaatctggagecggtgagegtgggtcecte
gcggtatcattgcagcactggggccagatggtaagcccteccecgtatcgtagttatctacacgac
ggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgatt
aagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatt
tttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacyg
tgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcect
ttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagecggtggtttgtt
tgccggatcaagagctaccaactctttttccgaaggtaactggecttcagcagagecgcagatacce
aaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgect
acatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtetta
ccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttce
gtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagcecat
tgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcg
gaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtecctgtcgg
gtttcgccacctctgacttgagecgtcgatttttgtgatgectcgtcaggggggcggagectatgg
aaaaacgccagcaacgcggcctttttacggttecctggecttttgectggecttttgectcacatgt
tctttecectgcegttatceccectgattectgtggataaccgtattaccgectttgagtgagetgatac
cgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagecgaggaagcggaagagegectg
atgcggtattttctccttacgcatctgtgcggtatttcacaccgcagaccagccgecgtaacctg
gcaaaatcggttacggttgagtaataaatggatgccctgcgtaagecgggtgtgggcggacaata
aagtcttaaactgaacaaaatagatctaaactatgacaataaagtcttaaactagacagaatag
ttgtaaactgaaatcagtccagttatgctgtgaaaaagcatactggacttttgttatggctaaa
gcaaactcttcattttctgaagtgcaaattgccecgtcgtattaaagaggggcgtggccaagggce
atggtaaagactatattcgcggcgttgtgacaatttaccgaacaactccgcggeccgggaagccyg
atcteggettgaacgaat toEEEGOE0CGEa e O g a Ee ARG e CACEECEE
ccegtatgeccaactttgtatagagagecactgegggategtcaccgtaatctgcttgeacgta
gatcacataagcaccaagegegttggecteatgettgaggagattgatgagegeggtggeaaty
ccctgectecggtgctegecggagactgegagatcatagatatagateteactacgeggetget

174




acatcgacccacggcgtaacgcgcttgectgettggatgecccgaggcatagactgtacaaaaaaa
cagtcataacaagccatgaaaaccgccactgcgccgttaccaccgctgegttecggtcaaggtte
tggaccagttgcgtgagcgcatacgctacttgcattacagtttacgaaccgaacaggcttatgt
caactgggttcgtgceccttcatccgtttccacggtgtgegtcaccecggcaaccttgggcagcage
gaagtcgaggcatttctgtcctggctggcgaacgagcgcaaggtttecggtcteccacgecategte
aggcattggcggceccttgetgttecttctacggcaaggtgectgtgcacggatctgeccectggettcea
ggagatcggtagacctcggccgtcgecggecgettgecggtggtgectgacceccggatgaagtggtt
cgcatcctcggttttctggaaggcgagcatcgtttgttecgecccaggactctagectatagtteta
gtggttggctacgtacccgtagtggctatggcagggcttgecgecttaatgecgeccgctacagggceg
cgtggggataccccctagagccccagctggttetttecgectcagaag

agtcgacttaacgcgttgaattcttaTTTCCAGCAAATCAGACAGTAATTCTTTTTACCGCGAC
GCAGTAAGGTAAAACGACCAAACAGACGATCTTCTTCTTTAAAGAAGTATTCAGGATCGGACTG
TTTTTCACCGTTAATGGTGATGGCATTGGAGGCGATAGTTTTACGTGCCTGACCACGGGAAGGT
TGCAGTTCAGAATCGACCAGTGCCTGCATCAGGTCTGCGCCCTTTTCCATCTCAACCATCGGTA
CGCCGTCCTGCGCCAGCTGTTCGAAGTCCGCTTCACTCAGCGCACTCAAAGAACCGCTGAACAG
GCATTCGGTAATACGTTTTGCCGCCTGTAAACCTTCTTCACCGTGAACCAGACGAGTCACCTGC
TCCGCCAGTACATACTGGGCGCGCGGTGCTTTACCGCTGTTTTTATCTTCTTCTTCCAGGGCGT
TGATCTCTTCAATGCTCATAAAGGTGAAGAACTTCAGGAAGCGGTAAACGTCGGCATCCGCAGT
GTTGATCCAGAACTGGTAGAATTTGTACGGGCTGGTTTTCTTCGGATCLtAACCAGACTGCGCCG
CCTTCAGTTTTACCAAATTTGGTGCCATCTGCTTTAGTGATCAGCGGAACGGTCAGGCCAAACA
CCTGATTCTGATGCAGACGACGGGTCAGGTCGATACCAGAAGTGATGTTACCCCACTGGTCAGA
ACCACCAATTTGCAGCACCACACCGTACTGTTTGTTCAGACAGGCGAAGTCATAACCCTGCAAC
AGGTTGTAGGAAAACTCAGTGAACGAAATCCCCTGATCTTCACGGTTGAGACGCTGCTTAACCG
CTTCTTTGTTGATCATCTGGTTAACGGAGAAGTGTTTGCCAATATCGCGCAGGAAGGTCAGCAC
ATTCATATTGCCGAACCAGTCATAGTTGTTCGCCGCGATAGCAGAGTTTTCTCCACAGTCGAAA
TCGAGGAACGGGGCAACCTGCTTACGGATTTTGTCCACCCACTCCTGAACAGTTTCTTCGGTGT
TCAGCTTACGCTCGGCAGCTTTGAAGCTCGGGTCGCCAATCAGACCCGTCGCGCCGCCTACCAG
CGCAACCGGCTTGTGGCCCGCCTGCTGGAAGCGTTTCAGGCATAACAATGGAACAAGATGCCCC
AAATGCAAGCTGTCAGCGGTAGGATCGAAGCCGCAATAGAGCGCGATCGGGCCTTGCGCCAGTC
GCTCTGCTAACGCTTCCTCGTCCGTCACCTGGGCTACCAGCCCCCGCTCTTGCAATTGTTTAAT
CAAGTTACTGCTTGCcatGGTGGCgctagccagecttgggtctccecce a
ttcgataagccagtaagcagtgggttctctagttagccagagagct
acagcgatccacaaacaagaaccgcgacccaaatccecggectgcgacggaactagectgtgecaca
cccggcgcgtecttatataatcatcggecgttcaccgecccacggagatecctecgcagaatege
cgagaagggactacttttcctcgcctgttccgctctctggaaagaaaaccagtgeccctagagtc

et
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acccaagtcccgtcctaaaatgtccttctgectgatactggggttctaaggeccgagtecttatga
cagcgggccgctgtectgagegteccgggcggaaggatcaggacgetecgectgegeccttegtet
acgtggcagcgctcgcecgtgaggaggggggcgceccgecgggaggcgccaaaacccggegecggayg
EﬂttcgaacggCCActagcaaaaaa
S e S O OBEEE 5 o . T C TCTGGTCTCATACA
GAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAG
CGACATGCAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGC

ACGCGCGCTGGGTGTTCCCGCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGAC

GTCAGCGTTCGAATTCCTAGCARAAAA ECIGECECRNCENIICCRNCOIICCRNCIOTCHEAT

AATCCARATATCARCCARTCATCEEARATABEOCCTCTNCET - G- TACox -

I o G2 TCTGTGGTCTCATACAGAACTTATAAGATTCCCAAATCCAAAGA
CATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGCAAATATTGCAGGGCGCCACT
CCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCGCCTAGTGA
CACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGAATTCCTAGCAAAAAAY

_GCCCGACctagcaaaaaa
AAAGGGAGCGGATTtgaAGICCGCCGCGTTTAGCCACTICGCTACCCCTCC (r

CTCATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGA

ACACATAGCGACATGCAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGC
CAGGGCGCACGCGCGCTGGGTGTTCCCGCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGG

TTGATGACGTCAGCGTTCGAATTCCTAGCAAAAAAICCHCCEECANCEATICCAANCCTTOCANE

TCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGCAAATATTGCAGG
GCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCG
CCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGAATTCCTAG

Cii/u7iii /i TGGTGGGGGAAGGATTCGAACCTTCGAAGTCTGTGACGGCAGATTTgaAGTCTGCTC
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CACEERATRCEEOOMEIIEEN ; CCCcACctageaaaaaa
CCGAACCCAAAGGGAGCGGATTtgaAGTCCGCCGCGTTTAGCCACTTCGCTACCCCTCC ey

TCTGTGGTCTCATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGAT
TTCCCAGAACACATAGCGACATGCAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCAT

CTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCGCCTAGTGACACTGGGCCCGCGATTCCTT

GGAGCGGGTTGATGACGTCAGCGTTCGAATTCCTAGCAAAAAA HECHCCECEANCEATTCCANG

AACAGCCTTGTATCGTATATGCAAATATGAAGGAATCATGGGAAATAGGCCCTCTTCCT - -

ACCTAGcaaaaaa

B o oG A TCTGTGGTCTCATACAGAACTTATAAGA
TTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGCAAAT
ATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGG
TGTTCCCGCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGA

| CCUAGCAAAAAATGGTGGGGGAAGGATTCGAACCTTCGAAGTCTGTGACGGCAGATTTgaA

ARG BEUOOMBIER - CC G2 Cctagcaaaaaa

oo oGATCTGTGGTCTCATACAGAACTTATARGATTCCCAAATCCARAGACATTTCACGTTT
ATGGTGATTTCCCAGAACACATAGCGACATGCAARATATTGCAGGGCGCCACTCCCCTGTCCCTC
ACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCGCCTAGTGACACTGGGCCCGE
GATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGAATTCCTAGCAAAAAA HECHCECECRNEE

B@cccccaccTaGeaaaaaa

OO EOSOEENEE o 59 o~ TCTGTGGTCTCATACAGAAC
TTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGAC
ATGCAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGC
GCGCTGGGTGTTCCCGCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCA
GCGTTCGAATTCCTAGCAAAAAATGGTGGGGGAAGGATTCGAACCTTCGAAGTCTGTGACGGCA

GATTTgaAGTCTGCTCCCTTTGGCCGCTCGGGAACCCCACH GGG COACRAEA

G ARG GA R AGEOOOER - CCCG7.Cc 2ot caataatcaatqt
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caacgcgtatatctggcccgtacatcgcgaagcagecgcaaaacGGATCCtgcaggtatttGCGG
CCGCggtccgtatactccggaatattaatagatcatggagataattaaaatgataaccatctcecg
caaataaataagtattttactgttttcgtaacagttttgtaataaaaaaacctataaatattcc
ggattattcataccgtcccaccatcgggcgcg”AACTCCTAAAAAACCGCCACCatgaagtgect
tttgtacttagcctttttattcattggggtgaattgcaagttcaccatagtttttccacacaac
caaaaaggaaactggaaaaatgttccttctaattaccattattgcccgtcaagctcagatttaa
attggcataatgacttaataggcacagccttacaagtcaaaatgcccaagagtcacaaggctat
tcaagcagacggttggatgtgtcatgcttccaaatgggtcactacttgtgatttccgectggtat
ggaccgaagtatataacacattccatccgatccttcactccatctgtagaacaatgcaaggaaa
gcattgaacaaacgaaacaaggaacttggctgaatccaggcttccctcecctcaaagttgtggata
tgcaactgtgacggatgccgaagcagtgattgtccaggtgactcctcaccatgtgectggttgat
gaatacacaggagaatgggttgattcacagttcatcaacggaaaatgcagcaattacatatgcc
ccactgtccataactctacaacctggcattctgactataaggtcaaagggctatgtgattctaa
cctcatttccatggacatcaccttcttctcagaggacggagagctatcatccctgggaaaggag
ggcacagggttcagaagtaactactttgcttatgaaactggaggcaaggcctgcaaaatgcaat
actgcaagcattggggagtcagactcccatcaggtgtctggttcgagatggctgataaggatct
ctttgctgcagccagattccctgaatgecccagaagggtcaagtatctectgcteccatctcagace
tcagtggatgtaagtctaattcaggacgttgagaggatcttggattattccctctgccaagaaa
cctggagcaaaatcagagcgggtcttccaatctctccagtggatctcagectatcttgectcectaa
aaacccaggaaccggtcctgctttcaccataatcaatggtaccctaaaatactttgagaccaga
tacatcagagtcgatattgctgctccaatcctctcaagaatggtcggaatgatcagtggaacta
ccacagaaagggaactgtgggatgactgggcaccatatgaagacgtggaaattggacccaatgg
agttctgaggaccagttcaggatataagtttcctttatacatgattggacatggtatgttggac
tccgatcttcatcttagctcaaaggctcaggtgttcgaacatcctcacattcaagacgectgett
cgcaacttcctgatgatgagagtttattttttggtgatactgggctatccaaaaatccaatcga
gcttgtagaaggttggttcagtagttggaaaagctctattgecctcttttttectttatcataggg
ttaatcattggactattcttggttctccgagttggtatccatctttgcattaaattaaagcaca
Cccaagaaaagacagatttatacagacatagagatgaaccgacttggaaagtgataaggccaggc
cggccaagcttgtcgagaagtactagaggatcataatcagccataccacatttgtagaggtttt
acttgctttaaaaaacctcccacacctccccecctgaacctgaaacataaaatgaatgcaattgtt
gttgttaacttgtttattgcagcttataatggttacaaataaagcaatagcatcacaaatttca
caaataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatgtatctta
tcatgtctggatctgatcactgcttgagcctaggagatccgaaccagataagtgaaatctagtt
ccaaactattttgtcatttttaattttcgtattagcttacgacgctacacccagttcccatcta
ttttgtcactcttccctaaataatccttaaaaactccatttccaccecteccagttcecccaacta
ttttgtccgcccacagcggggcatttttecttectgttatgtttttaatcaaacatcctgeccaac
tccatgtgacaaaccgtcatcttcggctacttt
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pBK EcYtRcua

+1

EcYtR

‘ Pstl

+1

’ | pBK-EcYtRcua
{ 2567 bp
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Sequence color-coding key

feature Color
ColE1 ori text
EcYtRNAcua text
KAN text
resistance
lpp promoter text
rmC text
terminator
Sequence

cttttgctgagttgaaggatccgecgcecttgtttcggegtgggtatggtggcaggecceccgtggecg
ggggactgttgggcgctgccggcacctgtcctacgagttgcatgataaagaagacagtcataaqg
tgcggcgacgatagtcatgccccgecgceccaccggaaggagctaccggcagecggtgeggactgtt
gtaactcagaataagaaatgaggccgctcatggcgttctgttgccecgtectcactggtgaaaaga
aaaacaaccctggcgccgcttctttgagcgaacgatcaaaaataagtggcgccccatcaaaaaa
atattctcaacataaaaaactttgtgtaatacttgtaacgctgaattcGGTGGGGTTCCCGAGC
GGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCAC
CACCActgcagatccttagcgaaagctaaggattttttttaagecttggcactggececgtegtttt
acaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgecttgcagcacGAATTCat
ccccectttecgeccagacgetcectececcttatgecgactectgcattaggaagcageccagtagtaggt
tgaggccgttgagcaccgccgceccgcaaggaatggtCCTAGGaAGATCTaaggagcccatggcetyg
cagtttcaaacgctaaattgcctgatgcgctacgcttatcaggcctacatgatctctgcaatat
attgagtttgcgtgcttttgtaggccggataaggcgttcacgccgcatccggcaagaaacagca
aacaatccaaaacgccgcgttcagcggcecgttttttectgecttttettecgecgaattaattececgett
cgcacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcecgttgcectggegtt
tttccataggctccgceccccecceccectgacgagcatcacaaaaatcgacgctcaagtcagaggtggcga
aacccgacaggactataaagataccaggcgtttcceccctggaagcteccecctecgtgegetetectyg
ttccgaccctgececgettaccggatacctgteccgecttteteccttcgggaagegtggegettte
tcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagectgggectgtgtyg
cacgaaccccceccecgttcageccgaccgectgegecttateccggtaactatecgtecttgagtceccaacce
cggtaagacacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggta
tgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggacagta
tttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagectcttgatceccg
gcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaa
aaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaac
tcacgttaagggattttggtcatgaacaataaaactgtctgcttacataaacagtaatacaagg
ggtgttatgagccatattcaacgggaaacgtcttgctcgaggccgcgattaaattccaacatgg
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aatcctgatatgaataaattgcagtttcatttgatgetcgatgagttttotaatcagaattag

ttaattggttgtaacactggcagagcattacgctgacttgacgggacggcggctttgttgaata
aatcgaa
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pBK-MCS EcYRS D265R library

pBK MCS EcYRS
3249 bp
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Sequence color-coding key

feature Color
ColE1 ori text
EcYRS wt text
KAN text
resistance

EcYRS D265R library mutations

residue Mutation

Y37 FLIMVSTAYHCG
L71 NBT

N126 NSPTACGDH
D182 NST

F183 NNK

L186 NNK

D265 R

Sequence

tcagaattggttaattggttgtaacact
ggcagagcattacgctgacttgacgggacggcggctttgttgaataaatcgaacttttgctgag
ttgaaggatccGCGGCCGCtecgggttgtcagectgtececcgecttataagatcatacgeecgttata
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cgttgtttacgctttgaggaatcccatatgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGC
GGGGGCTGGTAGCCCAGGTGACGGACGAGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGAT
CGCGCTCTATTGCGGCTTCGATCCTACCGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTG
TTATGCCTGAAACGCTTCCAGCAGGCGGGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGG
GTCTGATTGGCGACCCGAGCTTCAAAGCTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCA
GGAGTGGGTGGACAAAATCCGTAAGCAGGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAAC
TCTGCTATCGCGGCGAACAACTATGACTGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCG
ATATTGGCAAACACTTCTCCGTTAACCAGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAA
CCGTGAAGATCAGGGGATTTCGTTCACTGAGTTTTCCTACAACCTGTTGCAGGGTTATGACTTC
GCCTGTCTGAACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACA
TCACTTCTGGTATCGACCTGACCCGTCGTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCC
GCTGATCACTAAAGCAGATGGCACCAAATTTGGTAAAACTGAAGGCGGCGCAGTCTGGTTaGAT
CCGAAGAAAACCAGCCCGTACAAATTCTACCAGTTCTGGATCAACACTGCGGATGCCGACGTTT
ACCGCTTCCTGAAGTTCTTCACCTTTATGAGCATTGAAGAGATCAACGCCCTGGAAGAAGAAGA
TAAAAACAGCGGTAAAGCACCGCGCGCCCAGTATGTACTGGCGGAGCAGGTGACTCGTCTGGTT
CACGGTGAAGAAGGTTTACAGGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGA
GTGCGCTGAGTGAAGCGGACTTCGAACAGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGA
AAAGGGCGCAGACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCA
CGTAAAACTATCGCCTCCAATGCCATCACCATTAACGGTGAAAAACAGTCCGATCCTGAATACT
TCTTTAAAGAAGAAGATCGTCTGTTTGGTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTA
CTGTCTGATTTGCTGGAAAtaaccatggctgcagtttcaaacgctaaattgcctgatgcgctac
gcttatcaggcctacatgatctctgcaatatattgagtttgecgtgettttgtaggccggataag
gcgttcacgccgcatccggcaagaaacagcaaacaatccaaaacgceccgegttcageggegtttt
ttctgcttttcttcgcgaattaattcecgettecgcacatgtgagcaaaaggccagcaaaaggecca
ggaaccgtaaaaaggccgcgttgctggegtttttccataggctceccgecccececctgacgagecatceca
caaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggegttt
ccccectggaagcectcecectegtgegetcectectgtteccgacecctgececgettaccggatacctgtecg
cctttctcececttcgggaagecgtggegetttcectcatagectcacgectgtaggtatctcagtteggt
gtaggtcgttcgctccaagctgggctgtgtgcacgaaccceccceccecgttcagecccgaccgcectgegec
ttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcag
ccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtyg
gcctaactacggctacactagaaggacagtatttggtatctgcgctctgctgaagccagttacce
ttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagecggtggttttt
ttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatetttte
tacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgaacaataaa
actgtctgcttacataaacagtaatacaaggggtgttatgagccatatt
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pEvol-sfGFP-151-TAG

3509
ool

pEvol-sfGFP-151-TAG

1 O 4518 bp

T5/lac 0
T7 promoter
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Sequence color-coding key

feature Color
pl5aori text
lacl text
Chlor text
resistance
sfGFP151- text
TAG
lac O text
Jlambda t0 text
terminator
Sequence

gggtggtgcgtaacggcaaaagcaccgccggacatcagecgctagecggagtgtatactggettac
tatgttggcactgatgagggtgtcagtgaagtgcttcatgtggcaggagaaaaaaggctgcacc
ggtgcgtcagcagaatatgtgatacaggatatattccgcttcctecgctcactgactcecgectacge
tcggtcgttcgactgcggcgagcggaaatggecttacgaacggggcggagatttecctggaagatyg
ccaggaagatacttaacagggaagtgagagggccgcggcaaagccgtttttccataggetecge
ccccecctgacaagcatcacgaaatctgacgctcaaatcagtggtggcgaaacccgacaggactat
aaagataccaggcgtttccccctggecggcteccctecgtgegetetectgttectgecttteggtt
taccggtgtcattccgctgttatggcecgegtttgtctcattccacgecctgacactcagttecgg
gtaggcagttcgctccaagctggactgtatgcacgaacccccececgttcagteccgaccgectgegec
ttatccggtaactatcgtcttgagtccaacccggaaagacatgcaaaagcaccactggcagcag
ccactggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaaa
ggacaagttttggtgactgcgctcctccaagccagttacctecggttcaaagagttggtagctca
gagaaccttcgaaaaaccgccctgcaaggcggttttttecgttttcagagcaagagattacgecge
agaccaaaacgatctcaagaagatcatcttattaatcagataaaatatttctagatttcagtgce
aatttatctcttcaaatgtagcacctgaagtcagccccatacgatataagttgtaattctcatg
tttgacagcttatcatcgataagcttgcaatttatctcttcaaatgtagcacctgaagtcagcc
ccatacgatataagttgtaattctcatgttagtcatgccccgecgcecccaccggaaggagectgact
gggttgaaggctctcaagggcatcggtcgagatcccggtgcectaatgagtgagctaacttacat
taattgcgttgcgctcactgcccgcetttccagtcgggaaacctgtcgtgeccagetgcattaatyg
aatcggccaacgcgcggggagaggcggtttgegtattgggecgccagggtggtttttecttttcac
cagtgagacgggcaacagctgattgcccttcaccgectggecctgagagagttgcagcaagcgg
tccacgctggtttgccccagcaggcgaaaatcecctgtttgatggtggttaacggcgggatataac
atgagctgtcttcggtatcgtcgtatcccactaccgagatgtccgcaccaacgcgcagecccgga
ctcggtaatggcgcgcattgcgcccagcgccatctgatcgttggcaaccagcatecgcagtggga
acgatgccctcattcagcatttgcatggtttgttgaaaaccggacatggcactccagtcgecctt
cccgttccgectatcggctgaatttgattgcgagtgagatatttatgccageccageccagacgcag
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gggtgatgctgccaacttactgatttagtgtatgatggtgtttttgaggtgctccagtggecttc
tgtttctatcagctgtccctectgttcagectactgacg
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pNegEcYtR-hl-barnase-2X-TAG

pNeg EcYtR-hl1-barnase-2X-TAG

4851 bp

189

barnase 2X TAG



Sequence color-coding key

feature Color
pl5aori text
araC text
Amp III
resistance
araBAD text
EcYtR-hl text
rrC text
terminator
Ipp promoter -
barnase-2X- text
TAG
Sequence

_tttctccatacccgtttttttgggctagaaataattttgtttaactt
taagaaggagatatacatagttgacggggttgcggattatcttcagacatatcataagctacct

gataattacattacaaaatcagaagcacaagccctcggctgggtggcatcaaaagggaaccttyg
cataggtcgctccggggaaaagcatcggcggagacatcttctcaaacagggaaggcaaactcce
gggcaaaagcggacgaacatggcgtgaagcggatattaactatacatcaggcttcagaaattca
gaccggattctttactcaagcgactggctgatttgcatggcatgcgGATCCgegettgtttecgg
cgtgggtatggtggcaggccccgtggecgggggactgttgggcgectgecggcacctgtectacg
agttgcatgataaagaagacagtcataagtgcggcgacgatagtcatgccccgecgcecccaccgga
aggagctaccggcagcggtgcggactgttgtaactcagaataagaaatgaggccgctcatggceg
ttctgttgcccgtctcactggtgaaaagaaaaacaaccctggecgecgettcectttgagecgaacga
tcaaaaataagtggcgc

B2t cGAAGTGGTTCCCGAGCGGCCAARAGGAGCAGACTCTAAATCTGCCGTCATC
GACTTCGAAGGTTCGAATCCTTCCCACTTCACCActgcagatccttagcgaaagctaaggattt
tttttaagcttggcactggccgtcgttttacaacgtcgtgactgggaaaaccctggecgttacce
aacttaatcgccttgcagcacGAATTCatcccececcectttecgeccagacgecteteeccttatgegactce
ctgcattaggaagcagcccagtagtaggttgaggccgttgagcaccgeccgecgcaaggaatggt
CCTAGGaAGATCTaaggagcccatggccgagcatggggaacgaaaactcacgttaagggatttt
ggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaa

tcaatctaaagtatatatgagtaaacttggtctgacag_
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ctcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatac
atatttgaatgtatttagaaaaataaacaaataggggttccgcgcacatttcccecgtacgtgec
gatcaacgtctcattttcgccaaaagttggcccagggctteccecggtatcaacagggacaccagqg
atttatttattctgcgaagtgatcttccgtcacaggtatttattcggecgcaaagtgegtecgggt
gatgctgccaacttactgatttagtgtatgatggtgtttttgaggtgctccagtggcttectgtt
tctatcagctgtcceccectectgttcagectactgacggggtggtgecgtaacggcaaaagcaccgccyg
gacatcagcgctagcggagtgtatactggcttactatgttggcactgatgagggtgtcagtgaa
gtgcttcatgtggcaggagaaaaaaggctgcaccggtgcgtcagcagaatatgtgatacaggat
atattccgcttcecctecgetcactgactcecgcectacgectcggtegttcgactgecggcgagecggaaatyg
gcttacgaacggggcggagatttcctggaagatgccaggaagatacttaacagggaagtgagag
ggccgcggcaaagccgtttttccataggcectccecgecccececctgacaagcatcacgaaatctgacge
tcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttcccecctggegget
ccctcecgtgcecgcetetectgttectgecttteggtttaccggtgtcatteccgetgttatggeecgeg
tttgtctcattccacgcctgacactcagttccgggtaggcagttcgectccaagectggactgtat
gcacgaaccccccgttcagteccgaccgcectgegecttatceccggtaactatecgtcecttgagtceccaac
ccggaaagacatgcaaaagcaccactggcagcagccactggtaattgatttagaggagttagtc
ttgaagtcatgcgccggttaaggctaaactgaaaggacaagttttggtgactgcgctcctccaa
gccagttacctcggttcaaagagttggtagctcagagaaccttcgaaaaaccgccctgcaaggce
ggttttttcgttttcagagcaagagattacgcgcagaccaaaacgatctcaagaagatcatctt
attaatcagataaaatatttctagatttcagtgcaatttatctcttcaaatgtagcacctgaag
tcagccccatacgatataagttgtaattctcatgtttgacagcattatcatcgataagctttaa
tgcggtagtttatcacagttaaattgctaacgcagtcaggcaccgtgtatgaaatctaacaatg
cgctcatcgtcatcctcecggcaccgtcaccctggatgctgtaggcataggecttggttatgecggt
actgccgggcctcttgecgggatggccacgatgecgtccggegtagaggatctgctcatgtttgac
agcttatcatcgatgcataatgtgcctgtcaaatggacgaagcagggattctgcaaaccctatg
ctactccgtcaagccgtcaattgtctgattcgttaccaattatgacaacttgacggctacatca
ttcactttttcttcacaaccggcacggaactcgctcgggctggeccecggtgcattttttaaata
cccgcgagaaatagagttgatcgtcaaaaccaacattgcgaccgacggtggcgataggcatccg
ggtggtgctcaaaagcagcttcgcecctggctgatacgttggtcectcgegeccagecttaagacgcta
atccctaactgctggcggaaaagatgtgacagacgcgacggcgacaagcaaacatgctgtgcega
cgctggcgatatcaaaattgctgtctgccaggtgatcgectgatgtactgacaagcecctcecgegtac
ccgattatccatcggtggatggagcgactcgttaatcgcttccatgcgeccgcagtaacaattgce
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tcaagcagatttatcgccagcagctccgaatagcgcecccttcecececcttgececggegttaatgattt
gcccaaacaggtcgctgaaatgcggctggtgecgecttcatccgggcgaaagaaccececgtattgge
aaatattgacggccagttaagccattcatgccagtaggcgcgcggacgaaagtaaacccactgg
tgataccattcgcgagcctccggatgacgaccgtagtgatgaatctctecctggecgggaacageca
aaatatcacccggtcggcaaacaaattctcgtccctgatttttcaccacccecctgaccgcgaat
ggtgagattgagaatataacctttcattcccagecggtcggtcgataaaaaaatcgagataaccyg
ttggcctcaatcggcgttaaacccgccaccagatgggcattaaacgagtatcccggcagcaggg
gatcattttgcgcttcagccatacttttcatactccecgeccattcagagaag
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pNeg-No YtR

barnase 2X TAG

pNeg no YtR
5164 bp
: (_—//
250
Sequence

This construct has the same sequence as pNeg EcYtR-h1-barnase-2X-TAG, but is missing the
Ipp-EcYtR-h1 rrnC terminator portion.
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araBAD

pRepTrip2.3-EcOMeYRS

T7-Promoter

pRepTrip2.3-EcOMeYRS

12492 bp
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Sequence color-coding key

feature Color
pl5aori text
Chlor text
resistance
Amp text
resistance
GFPuv text
EcYRSwt text
gInS text
promoter
Tet III
resistance
T7 RNA text
polymerase
araBAD
araC

Ec-OMeYRS active site mutations

residue Mutation
Y37 \%
D182 S
F183 M
L186 A
Sequence

gcccecttcececggetggetggtttattgctgataaatctggageccggtgagegtgggtectecgeggta
tcattgcagcactggggccagatggtaagccctcecegtatecgtagttatctacacgacggggag
tcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagecat
tggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaat
ttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagtt
ttcgttccactgagcgtcagaccceccttaataagatgatcecttecttgagatecgttttggtetgecge
gtaatctcttgctctgaaaacgaaaaaaccgccttgcagggcggtttttcgaaggttctctgag
ctaccaactctttgaaccgaggtaactggcttggaggagcgcagtcaccaaaacttgtccttte
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agtttagccttaaccggcgcatgacttcaagactaactcctctaaatcaattaccagtggcectgce
tgccagtggtgcttttgcatgtctttccgggttggactcaagacgatagttaccggataaggcg
cagcggtcggactgaacggggggttcgtgcatacagtccagcttggagcgaactgcectacccgg
aactgagtgtcaggcgtggaatgagacaaacgcggccataacagcggaatgacaccggtaaacc
gaaaggcaggaacaggagagcgcacgagggagccgccagggggaaacgcctggtatectttatag
tcctgtcgggtttcgccaccactgatttgagegtcagatttecgtgatgecttgtcaggggggcgg
agcctatggaaaaacggctttgccgcggcecctcectcacttececctgttaagtatcttecctggeate
ttccaggaaatctccgeccececgttcecgtaageccatttececgetecgeccgcagtcgaacgaccgagegt
agcgagtcagtgagcgaggaagcggaatatatcctgtatcacatattctgctgacgcaccggtyg
cagccttttttctcctgccacatgaagcacttcactgacaccctcatcagtgccaacatagtaa
gccagtatacactccgctagcgctgatgtccggeggtgettttgecgttacgcaccaccecegte
agtagctgaacaggagggacagctgatagaaacagaagccactggagcacctcaaaaacaccat
catacactaaatcagtaagttggcagcatcacccgacgcactttgcgccgaataaatacctgtg
acggaagatcacttcgcagaataaataaatcctggtgtccctgttgataccgggaageccctggg
ccaacttttggcgaaaatgagacgttgatcggcacgtaagaggttccaactttcaccataatga
aataagatcactaccgggcgtattttttgagttatcgagattttcaggagctaaggaagctaaa
atggagaaaaaaatcactggatataccaccgttgatatatcccaatggcatcgtaaagaacatt
ttgaggcatttcagtcagttgctcaatgtacctataaccagaccgttcagctggatattacggce
ctttttaaagaccgtaaagaaaaataagcacaagttttatccggecctttattcacattecttgece
cgcctgatgaatgctcatccggaattccgtatggcaatgaaagacggtgagctggtgatatggg
atagtgttcacccttgttacaccgttttccatgagcaaactgaaacgttttcatcgectctggag
tgaataccactaggatttccggcagtttctacacatatattcgcaagatgtggcgtgttacggt
gaaaacctggcctatttccctaaagggtttattgagaatatgtttttcgtctcagccaatceccecet
gggtgagtttcaccagttttgatttaaacgtggccaatatggacaacttcttcgeccecececgtttt
caccatgggcaaatattatacgcaaggcgacaaggtgctgatgccgctggcgattcaggttcat
catgccgtttgtgatggcttccatgtcggcagaatgcttaatgaattacaacagtactgcgatyg
agtggcagggcggggcgtaatttttttaaggcagttattggtgecccttaaacgecctggttgcecta
cgcctgaataagtgataataagcggatgaatggcagaaattcgaaagcaaattcgacccggtcg
tcggttcagggcagggtcgttaaatagccgcttatgtctattgectggtttaccggtttattgac
taccggaagcagtgtgaccgtgtgcttctcaaatgcctgaggccagtttgectcaggectctececcece
gtggaggtaataattgacgatatgatcatttattctgcctcccagagcatgataaaaacggtta
gcgcttcgttaatacagatgtaggtgttccacagggtagccagcagcatcectgcgatgcagatce
cggaacataatggActagcggtggcacttttcggggaaatgtgcgcggaacccctatttgttta
tttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaat

aatattgasaaaggaagagtatggogtagagtattcaacatttecgtytegecettattcoctt
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aatagactggatggaggcggataaagttgcaggaccacttctgcgectcggececectteccggetgge
tggtttattgctgataaatctggagccggtgagecgtgggtctecgecggtatcattgcagcactgg
ggccagatggtaagccctccececgtatecgtagttatctacacgacggggagtcaggcaactatgga
tgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagac
caagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctagg
tgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcaCTAGTaattac
gctgacttgacgggacggcggctttgttgaataaatcgaacttttgctgagttgaaggatccGC
GGCCGCtcgggttgtcagcctgtcececgettataagatcatacgeccgttatacgttgtttacget
ttgaggaatcccaTATGatgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGT
AGCCCAGGTGACGGACGAGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTAT
TGCGGCTTCGATCCTACCGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGA
AACGCTTCCAGCAGGCGGGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGG
CGACCCGAGCTTCAAAGCTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTG
GACAAAATCCGTAAGCAGGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCG
CGGCGAACAACTATGACTGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAA
ACACTTCTCCGTTAACCAGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGAT
CAGGGGATTTCGTTCACTGAGTTTTCCTACAACCTGTTGCAGGGTTATGACTTCGCCTGTCTGA
ACAAACAGTACGGTGTGGTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGG
TATCGACCTGACCCGTCGTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACT
AAAGCAGATGGCACCAAATTTGGTAAAACTGAAGGCGGCGCAGTCTGGTTaGATCCGAAGAAAA
CCAGCCCGTACAAATTCTACCAGTTCTGGATCAACACTGCGGATGCCGACGTTTACCGCTTCCT
GAAGTTCTTCACCTTTATGAGCATTGAAGAGATCAACGCCCTGGAAGAAGAAGATAAAAACAGC
GGTAAAGCACCGCGCGCCCAGTATGTACTGGCGGAGCAGGTGACTCGTCTGGTTCACGGTGAAG
AAGGTTTACAGGCGGCAAAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGAGTGCGCTGAG
TGAAGCGGACTTCGAACAGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGAAAAGGGCGCA
GACCTGATGCAGGCACTGGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCACGTAAAACTA
TCGCCTCCAATGCCATCACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAGA
AGAAGATCGTCTGTTTGGTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGATT
TGCTGGAAAtaaggtaccatggctgcagtttcaaacgctaaattgcctgatgcgctacgecttat
caggcctacatgatctctgcaatatattgagtttgcgtgcttttgtaggccggataaggecgtte
acgccgcatccggcaagaaacagcaaacaatccaaaacgccgecgttcageggegttttttetge
ttttcttcgcgaattaattcecgecttecgcacatgtgagcaaaaggccagcaaaaggccaggaace
gtAGATCTaaggagcccgagatgcgccgegtgecggcectgcectggagatggecggacgcgatggatat
gttctgccaagggttggtttgcgcattcacagttctccgcaagaattgattggctccaattett
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acacggtgcctgactgcgttagcaatttaactgtgataaactaccgecat
taaagcttatcgatgataagctgtcaaacatgagaattacaacttatatcgtatggggctgact
tcaggtgctacattgctcaaagatgcaggggtaaaagctaaccgcatctttaccgacaaggecat
ccggcagttcaacagatcgggaagggctggatttgctgaggatgaaggtggaggaaggtgatgt
cattctggtgaagaagctcgaccgtcttggccgcgacaccgccgacatgatccaactgataaaa
gagtttgatgctcagggtgtagcggttcggtttattgacgacgggatcagtaccgacggtgata
tggggcaaatggtggtcaccatcctgtcggctgtggcacaggctgaacgccggaggatecctecg
ggccgttgcttcgcaacgttcaaatccgctcececcggecggatttgtectactcaggagagegttceca
ccgacaaacaacagataaaacgaaaggcccagtctttcgactgagectttecgttttatttgatyg
cctggcagttccecctactctcgcatggggagaccccacactaccatcggegctacggegtttcac
ttctgagttcggcatggggtcaggtgggaccaccgcgctactgccgccaggcaaattctgtttt
atcagaccgcttctgcgttctgatttaatctgtatcaggctgaaaatcttctctcatccgacgt
cttaggcgaaggcgaagtccgactctaagatgtcacggaggttcaagttacctttagccggaag
tgctggcattttgtccaattgagactcgtgcaactggtcagcgaactggtcgtagaaatcagcc
agtacatcacaagactcatatgtgtcaaccatagtttcgcgcactgctttgaacaggttcgcag
cgtcagccggaatggtaccgaaggagtcgtgaatcagtgcaaaagattcgattcecgtacttcte
gtgtgcccacactacagtcttacgaaggtggctaccgtcttggctgtgtacaaagttaggagcg
ataccagactcctgtttgtgtgcatcaatctcgctatectttgttggtgttaatggtaggctgta
agcggaactgaccgaggaacatcaggttcaagcgcgtctgaataggecttecttgtattcctgeca
cacagggaaaccatcaggagttacccaatgcacagcgcaacgcttgcgaagaatctctccagtc
ttcttatctttgacctcagcagccagcagcttagcagcagacttaagccagttcattgecttcaa
ccgcagctaccaccgtcacgctcacagattcccaaatcagecttageccatgtatccagcagectyg
attcggctgagtgaacatcagacccttgccggaatcaatagctggctgaatggtatcttccage
acttgttgacggaagccgaactctttggacccgtaagccagecgtcatgactgaacgcttagtca
cactgcgagtaacaccgtaagccagccattgaccagccagtgeccttagtgecccagettgacttt
ctcagagatttcaccagtgttctcatcggtcacggtaactacttcgttatcggtcccattgatt
gcgtctgcttgtagaatctcgttgactttcttagcaacaatccecgtagatgtecctgaacggttt
cactaggaagcaagttaaccgcgcgaccacctacctcatctcggagcatcgcggagaagtgetyg
gatgccagagcaagacccgtcaaacgccagcggaagggagcagttatagctcaggececgtggtge
tgtaccccagcgtactcaaagcagaacgcaaggaagcagaacggagaatcttgctcagcccacce
aagtgttctccagtggagacttagcgcaagccatgatgttctcgtggttttcctcaatgaactt
gatgcgctcagggaacggaaccttatcgacacccgcacagtttgcaccgtggattttcageccag
tagtaaccttccttaccgattggtttacctttcgccagecgtaagcagtecctttggtcatategt
taccttgcgggttgaacattgacacagcgtaaacacgaccgcgccagtccatgttgtaagggaa
ccagatggccttatggttagcaaacttattggcttgctcaagcatgaactcaaggctgatacgg
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cgagacttgcgagccttgtccttgcggtacacagcagcggcagcacgtttccacgecggtgagag
cctcaggattcatgtcgatgtcttccggtttcatcgggagttcttcacgectcaatcgcagggat
gtcctcgaccggacaatgcttccacttggtgattacgttggcgaccgchAaggactttettgttyg
attttccatgcggtgttttgcgcaatgttaatcgctttgtacacctcaggcatgtaaacgtctt
cgtagcgcatcagtgctttcttactgtgagtacgcaccagcgccagaggacgacgaccgttage
ccaatagccaccaccagtaatgccagtccacggcttaggaggaactacgcaaggttggaacatc
ggagagatgccagccagcgcacctgcacgggttgcgatagcecctcagecgtattcaggtgecgagtt
cgatagtctcagagtcttgacctactacgccagcattttggcggtgtaagctaaccattccggt
tgactcaatgagcatctcgatgcagcgtactcctacatgaatagagtcttccttatgccacgaa
gaccacgcctcgccaccgagtagacccttagagagcatgtcagecctcgacaacttgcataaatg
ctttcttgtagacgtgccctacgecgecttgttgagttgttecctcaacgtttttcttgaagtgett
agcttcaaggtcacggatacgaccgaagcgagcctcgtcecctcaatggecccgaccgattgegett
gctacagcctgaacggttgtattgtcagcactggttaggcaagccagagtggtcttaatggtga
tgtacgctacggcttccggcecttgatttecnnnncaggaactggaaggctgtcgggecgecttgecgce
gcttagctttcacttcctcaaaccagtecgttgatgecgtgcaatcatcttagggagtagggtagt
gatgagaggcttggcggcagcgttatccgcaacctcaccagctttaagttgacgectcaaacatce
ttgcggaagcgtgcttcacccatctcgtaagactcatgctcaagggccaactgttcgecgagecta
aacgctcaccgtaatggtcagccagagtgttgaacgggatagcagccagttcgatgtcagagaa
gtcgttcttagcaatgttaatggtattnnnngtgcacggtaatcatggtcatggttaattcctce
ctgttagcccaaaaaacgggtatggagaaa

cttctctgaatggcggg

ctgggaatgaaaggttatattctcaatctcaccattcgcggtcagggggtggtgaaaaatca
gacgagaatttgtttgccgaccgggtgatattttgctgttcccgeccaggagagattcatcac
acggtcgtcatccggaggctcgcgaatggtatcaccagtgggtttactttcgtcecgecgegectal

cgcaccagccgcatttcagcgacctgtttgggcaaatcattaacgccgggcaaggggaagggc
ctattcggagctgctggcgataaatctgcttgagcaattgttactgecggecgcatggaagcga
aacgagtcgctccatccaccgatggataatcgggtacgcgaggecttgtcagtacatcagecgat

ElepElde e Ioqdl o t  gctgaagcgcaaaatgatccecctgectgeccgggatactecgtttaatgecce
atctggtggcgggtttaacgccgattgaggccaacggttatctcgatttttttatcgaccgacc
ctggcatgaatggcttaactggccgtcaatatttgccaatacggggttctttcgecccggatgaa

=

tctgtcacatcttttccgeccagcagttagggattagecgtcttaagectggcgcgaggaccaac
atcagccaggcgaagctgcttttgagcaccacccggatgcctatcgccaccgtecggtcecgecaa
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cgagttccgtgccggttgtgaagaaaaagtgaatgatgtagccgtcaagttgtcataajshdelens
aacgaatcagacaattgacggcttgacggagtagcatagggtttgcagaatccctgettegtcec
atttgacaggcacattatgcatgccgcttcgecttcgecgegecgaattgatctgetgectegege
gtttcggtgatgacggtgaaaacctctgacacatgcagctcccggagacggtcacagectgecag
caaaaaacccctcaagacccgtttagaggccccaaggggttatgectagttattgetcageggtyg
gcagcagccaactcagcttceccectttcgggetttg

‘
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atgtatatctccttctta
aagttaaacaaaattatttctagagggaaaccgttgtggtctccctatagtgagtcgtattaat
ttcgcgggatcg
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pRepTrip2.3-pEcYtR-hl

prok promoter
EcYtR-h1
rrnC terminator

pRepTrip2.3-pEcYtR-h1
11947 bp "

15a origin'_"'-_.

+1

araBAD

Sequence

This construct has the same sequence as pRepTrip2.3-EcOMeYRS, except the EcYRS/glns portion

of the sequence is replaced with the following sequence:

201



Sequence color-coding key

feature Color
proK text
promoter
EcYtR-hl text
rrnC text
terminator

cactggtgaaaagaaaaacaaccctggcgccgcttectttgagcgaacgatcaaaaataagtgge
gcgtgtgcttctcaaatgcctgaggccagtttgectcaggectctecceccgtggaggtaataattga
cgatatgatcagtgcacggctaactaagcggcctgctgactttctcgccgatcaaaaggcattt
tgctattaagggattgacgagggcgTATCTgcgcagtaagatgcgeccecgcattgaattcGAAG
TGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAA
TCCTTCCCACTTCCCActgcagatccttagcgaaagctaaggattttttttaagcttggcactyg
gccgtegttttacaacgtcgtgactgggaaaaccctggecgttacccaacttaatcgecttgecag
cacGAATTCatccccc
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Chapter 3 Plasmids

pAcBacl EGFP39-TAG

SV40 late polyA,SV4@ Early PolyA(1),+2 F1 ori(1)
F1 ori

M13 origin

ColEl origin

L21 sequence
+1

ué

EcYtR, +1
polyT
+1

Tn7R

+1

pB1U-EcYRS
13922 bp

+1
+1

+1

U6
EcYtR,TGA
polyT
+1
Bst-tR, TGA
U6
EcYtR, TGA

Hllarge promoter,+1
Bst-tR, TGA

T7 promoter
U6 hUbiC-trunc
Hllarge promoter,polyT,+2 Bst-tR
Hllarge promoter

Hllarge promoter,polyT,EcYtR,+4
polyT,EcYtR,U6,Bst-tR, TGA
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Sequence color-coding key

feature Color
VSV-G text
M13 ori text
AmpR text
ColE1 ori text
Tn7R text
Gentamicin -
resistance
WPRE text
CMV
EGFP39- text
TAG
Sequence

ttctctgtcacagaatgaaaatttttctgtcatctcttcgttattaatgtttgtaattgactga
atatcaacgcttatttgcagcctgaatggcgaatgggacgcgccctgtagecggegecattaageg
cggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgeccctagecgeccgetec
tttcgctttcttceccecttectttcectcecgeccacgttcgecggetttecceccgtcaagectctaaatcgg
gggctccctttagggttccgatttagtgectttacggcacctcgaccccaaaaaacttgattagg
gtgatggttcacgtagtgggccatcgccctgatagacggtttttcgecctttgacgttggagtce
cacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctat
tcttttgatttataagggattttgccgatttcggecctattggttaaaaaatgagctgatttaac
aaaaatttaacgcgaattttaacaaaatattaacgtttacaatttcaggtggcacttttcgggg
aaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgectcatg
agacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatt
tccgtgtcgecccttattececttttttgecggecattttgecttectgtttttgectcacccagaaac
gctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggat
ctcaacagcggtaagatccttgagagttttcgeccccgaagaacgttttccaatgatgagcactt
ttaaagttctgctatgtggcgcggtattatccecgtattgacgccgggcaagagcaacteggteg
ccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacg
gatggcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgcggcca
acttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatggggga
tcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgt
gacaccacgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcgaactactta
ctctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccacttcet
gcgctcggceccctteccggcectggectggtttattgectgataaatctggagecggtgagegtgggtet
cgcggtatcattgcagcactggggccagatggtaagccctcececgtatecgtagttatctacacga
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cggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgat
taagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcat
ttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaac
gtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcc
tttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgt
ttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagatac
caaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcec
tacatacctcgctctgctaatcctgttaccagtggctgectgccagtggcgataagtecgtgtett
accgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggtt
cgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagca
ttgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagecggcagggte
ggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcg
ggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagectatyg
gaaaaacgccagcaacgcggcctttttacggttecctggecttttgetggecttttgectcacatyg
ttctttcctgcgttatcececctgattectgtggataaccgtattaccgectttgagtgagectgata
ccgctcgccgcagccgaacgaccgagcecgcagecgagtcagtgagcgaggaagcggaagagcgect
gatgcggtattttctccttacgcatctgtgecggtatttcacaccgcagaccagcecgcgtaacct
ggcaaaatcggttacggttgagtaataaatggatgccctgcgtaagcgggtgtgggecggacaat
aaagtcttaaactgaacaaaatagatctaaactatgacaataaagtcttaaactagacagaata
gttgtaaactgaaatcagtccagttatgctgtgaaaaagcatactggacttttgttatggctaa
agcaaactcttcattttctgaagtgcaaattgcccgtecgtattaaagaggggcgtggccaaggg
catggtaaagactatattcgcggcgttgtgacaatttaccgaacaactccgcggecgggaagcc

satctegget toaacyas - - BEAOGEOACAGEACEEIagECqaEAECAaGEgeAEeACEERE

cgttgctgctccataacatca
aacatcgacccacggcgtaacgcgcttgctgettggatgecccgaggcatagactgtacaaaaaa
acagtcataacaagccatgaaaaccgccactgcgccgttaccaccgctgegttecggtcaaggtt
ctggaccagttgcgtgagcgcatacgctacttgcattacagtttacgaaccgaacaggcttatg
tcaactgggttcgtgccttcatcecgtttccacggtgtgecgtcacccggcaaccttgggcagecag
cgaagtcgaggcatttctgtcctggctggcgaacgagcgcaaggtttcggtctccacgcatecgt
caggcattggcggccttgctgttcttctacggcaaggtgctgtgcacggatctgceccecctggette
aggagatcggtagacctcggccgtcgcecggcgecttgeccggtggtgectgaccececggatgaagtggt
tcgcatcctecggttttctggaaggcgagcatecgtttgttcgeccaggactctagectatagttet
agtggttggcctacgtacccgtagtggctatggcagggcttgegcttaatgegeecgctacaggg
cgcgtggggataccccctagagceccccagctggttetttecgectcagaageccatagageccace
gcatccccagcatgcecctgcectattgtecttecccaatcecteccecttgetgtectgecccaccccac
cccccagaatagaatgacacctactcagacaatgcgatgcaatttecctcattttattaggaaag

gacagtgggagtggcaccttccagggtcaaggaaggcacgggggaggggcaaacaacagatggce
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gcgtatatctggccecgtaca
tcgcgaagcagcgcaaaacGGATCCtgcaggtatttGCGGCCGCggtececgtatactececggaata
ttaatagatcatggagataattaaaatgataaccatctcgcaaataaataagtattttactgtt
ttcgtaacagttttgtaataaaaaaacctataaatattccggattattcataccgtcccaccat
cgggcgcgAACTCCTAAAAAACCGCCACCatgaagtgccttttgtacttagectttttattcat
tggggtgaattgcaagttcaccatagtttttccacacaaccaaaaaggaaactggaaaaatgtt
ccttctaattaccattattgcccgtcaagctcagatttaaattggcataatgacttaataggca
cagccttacaagtcaaaatgcccaagagtcacaaggctattcaagcagacggttggatgtgtca
tgcttccaaatgggtcactacttgtgatttccgectggtatggaccgaagtatataacacattcce
atccgatccttcactccatctgtagaacaatgcaaggaaagcattgaacaaacgaaacaaggaa
cttggctgaatccaggcttcecctectcaaagttgtggatatgcaactgtgacggatgeccgaagce
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agtgattgtccaggtgactcctcaccatgtgctggttgatgaatacacaggagaatgggttgat
tcacagttcatcaacggaaaatgcagcaattacatatgccccactgtccataactctacaacct
ggcattctgactataaggtcaaagggctatgtgattctaacctcatttccatggacatcacctt
cttctcagaggacggagagctatcatccctgggaaaggagggcacagggttcagaagtaactac
tttgcttatgaaactggaggcaaggcctgcaaaatgcaatactgcaagcattggggagtcagac
tcccatcaggtgtctggttcgagatggctgataaggatctctttgectgcageccagattececectga
atgcccagaagggtcaagtatctctgctccatctcagacctcagtggatgtaagtctaattcag
gacgttgagaggatcttggattattccctctgccaagaaacctggagcaaaatcagagcgggtce
ttccaatctctccagtggatctcagctatcttgctcctaaaaacccaggaaccggtectgettt
caccataatcaatggtaccctaaaatactttgagaccagatacatcagagtcgatattgctgcect
ccaatcctctcaagaatggtcggaatgatcagtggaactaccacagaaagggaactgtgggatg
actgggcaccatatgaagacgtggaaattggacccaatggagttctgaggaccagttcaggata
taagtttcctttatacatgattggacatggtatgttggactccgatcttcatcttagctcaaag
gctcaggtgttcgaacatcctcacattcaagacgctgcttcgcaacttcctgatgatgagagtt
tattttttggtgatactgggctatccaaaaatccaatcgagcttgtagaaggttggttcagtag
ttggaaaagctctattgcctcttttttctttatcatagggttaatcattggactattcttggtt
ctccgagttggtatccatctttgcattaaattaaagcacaccaagaaaagacagatttatacag
acatagagatgaaccgacttggaaagtgataaggccaggccggccaagcttgtcgagaagtact
agaggatcataatcagccataccacatttgtagaggttttacttgctttaaaaaacctcccaca
cctccceccectgaacctgaaacataaaatgaatgcaattgttgttgttaacttgtttattgcaget
tataatggttacaaataaagcaatagcatcacaaatttcacaaataaagcatttttttcactgc
attctagttgtggtttgtccaaactcatcaatgtatcttatcatgtctggatctgatcactgcect
tgagcctaggagatccgaaccagataagtgaaatctagttccaaactattttgtcatttttaat
tttcgtattagcttacgacgctacacccagttcccatctattttgtcactcectteccctaaataat
ccttaaaaactccatttccacccctcecceccagtteccaactattttgteccgeccacagecggggeat
ttttcttecctgttatgtttttaatcaaacatcctgccaactccatgtgacaaaccgtcatette
ggctacttt
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pB1U-EcYRS variants

SV40 late polyA,SV40 Early PolyA(1),+2 F1 ori(1)
F1 ori
~ _M13 origin

ColEl origin

L21 sequence
+1
Tn7R

ue
EcYtR, +1
polyT
+1

TGA
+1

pB1U-ECYRS
13922 bp

+1
+1

+1

us
EcYtR, TGA
polyT
+1
Bst-tR, TGA
U6
EcYtR, TGA
Hllarge promoter,+1
Bst-tR, TGA
U6
Hllarge promoter,polyT,+2
Hllarge promoter,polyT,EcYtR,+4
polyT,EcYtR,U6,Bst-tR, TGA

T7 promoter
hUbiC-trunc

Bst-tR

Hllarge promoter
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Ec-pBPARS- Gen I mutations

residue Mutation
Y37 G
D182 G
L186 A
D265 R

Ec-pBPARS- Gen 3.1 mutations

residue Mutation
17 F
Y37 G
G180 S
D182 G
L186 A
Sequence

The sequence for all of these constructs are the same as the pB1U-EcYRS variant shown on page
X of this appendix.
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pBK EcYRS variants

pBK MCS EcYRS
3249 bp
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Ec-pBPARS- Gen I mutations

residue Mutation
Y37 G
D182 G
L186 A
D265 R

Ec-pBPARS- Gen 2 mutations

residue Mutation
Y37 G
D182 G
L186 A

Ec-pBPARS- Gen 3.1 mutations

residue Mutation
17 F
Y37 G
G180 S
D182 G
L186 A

Ec-pBPARS- Gen 3.2 mutations

residue Mutation
Y37 G
D182 G
L186 A
S366 F




Ec-pBPARS- Gen 3.1-F71 mutations

residue Mutation
Y37 G
G180 S
D182 G
L186 A

Ec-pBPARS- Gen 3.1-S180G mutations

residue Mutation
17 F
Y37 G
D182 G
L186 A

Ec-pBPARS- Gen 3.1-S366F mutations

residue Mutation

17 F
Y37 G
G180 S
D182 G
L186 A
S366 F

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The amino acid mutations for the different ECYRS variants are outlined in tables above.
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pBK-MCS EcYRS D265R library

pBK MCS ECYRS v
A 3249 bp

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix
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+1

t7 promoter

pEvol-mCherry-sfGFP-151-TAG

pevol-mCherry-sfGFP-151-TAG
5474 bp

T5/1ac 0
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Sequence color-coding key

feature Color
sfGFP151- text
TAG
mCherry
WT
lac O text
lambda t0 text
terminator
Sequence
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cgaggacggcggcgtggtgaccgtgacccaggactcctcececctgcaggacggcgagttcatctac
aaggtgaagctgcgcggcaccaacttccecctceccgacggecccgtaatgcagaagaagaccatgg
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gctgggaggcctcctccgagcggatgtaccccgaggacggcgcecctgaagggcgagatcaagea

gaggctgaagctgaaggacggcggccactacgacgctgaggtcaagaccacctacaaggccaaqg
aagcccgtgcagctgcccggcgcctacaacgtcaacatcaagttggacatcacctcecccacaacqg

aggactacaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggecggcatgga
fepElofelopselerstelo| 0 O CGCTGAGCt TGgactcctgttgatagatccagtaatgacctcagaactce
catctggatttgttcagaacgctcggttgccgeccgggegttttttattggtgagaat
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pRepTrip2.3-pEcYtR-hl

prok promoter
EcYtR-h1
rrnC terminator

igin_)

pRepTrip2.3-pEcYtR-h1
11947 bp

+1

-t
[
| (=]
m
uy
-

it

+1

araBAD

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
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Chapter 4 Plasmids

pB1U-EcYRS variants

SV40 late polyA,SV4@ Early PolyA(1),+2 F1 ori(1)
F1 ori

M13 origin

ColEl origin

L21 sequence
+1

ué

EcYtR, +1
polyT
+1

Tn7R

+1

pB1U-ECYRS
13922 bp

+1
+1

+1

U6
EcYtR, TGA
polyT
+1

Bst-tR, TGA

U6
EcYtR, TGA
Hllarge promoter,+1
Bst-tR, TGA

T7 promoter
U6 hUbiC-trunc
Hllarge promoter,polyT,+2 Bst-tR
Hllarge promoter

Hllarge promoter,polyT,EcYtR,+4
polyT,EcYtR,U6,Bst-tR, TGA
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EcYRS mutations

variant Y37 L71 D182 F183 L186 D265
pAEYRS-11 G \Y S M C R
pAcrFRS-9 G \Y C Y C R
sTyr-RS-1 Y \Y G Y I D
sTyr-RS-2 Y \ G Y L D
sTyr-RS-3 Y \Y G Y L R
sTyr-RS-4 Y v G F v R
Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The amino acid mutations for the different ECYRS variants are outlined in tables above.
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pBK-MCS EcYRS variants

pBK MCS EcYRS
3249 bp
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EcYRS mutations

variant Y37 L71 D182 F183 L186 D265
pAEYRS-11 G \Y S M C R
pAcrFRS-9 G \Y C Y C R
sTyr-RS-1 Y \Y G Y I D
sTyr-RS-2 Y \ G Y L D
sTyr-RS-3 Y \Y G Y L R
sTyr-RS-4 Y v G F v R
Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The amino acid mutations for the different ECYRS variants are outlined in tables above.
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pBK-MCS EcYRS-D265R library

pBK MCS ECYRS v
A 3249 bp

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix
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pEvol-mCherry-sfGFP-151-TAG

7

pevol-mCherry-sfGFP-151-TAG
5474 bp

+1

t7 promoter

T5/lac 0

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix
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pEvol-sfGFP-151-TAG

)
4500

ool

pEvol-sfGFP-151-TAG

1 (] 4518 bp M

T5/lac 0
T7 promoter

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix
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pRepTrip2.3-pEcYtR-hl

prok promoter
EcYtR-h1
rrnC terminator

igin )

pRepTrip2.3-pEcYtR-h1
11947 bp "

< pl5a ori

+1

araBAD

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix
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Chapter 5 Plasmids

pBK GsTyrRS

constitutive glutamine promotor
rbs

pBK GsTyrRS

3241 bp

terminator

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The only modification is the replacement of the EcTyrRS by the GsTyrRS (sequence below).

ATGGACCTGCTGGCGGAACTGCAATGGCGTGGCCTGGTTAATCAGACCACCGACGAAGATGGCC

TGCGTAAACTGCTGAACGAGGAACGTGTGACCCTGTATTGCGGTTTCGACCCGACCGCGGATAG
CCTGCACATCGGCAACCTGGCGGCGATTCTGACCCTGCGTCGTTTTCAGCAAGCGGGTCACCGT
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CCGATCGCGCTGGTTGGTGGTGCGACCGGTCTGATTGGCGACCCGAGCGGCAAGAAAAGCGAGC
GTACCCTGAACGCGAAGGAAACCGTTGAAGCGTGGAGCGCGCGTATCAAAGAACAGCTGGGTCG
TTTCCTGGACTTTGAGGCGGATGGCAACCCGGCGAAGATTAAAAACAACTATGACTGGATCGGT
CCGCTGGATGTGATTACCTTCCTGCGTGATGTGGGCAAGCACTTTAGCGTTAACTACATGATGG
CGAAAGAGAGCGTTCAGAGCCGTATCGAAACCGGTATTAGCTTCACCGAGTTTAGCTACATGAT
GCTGCAAGCGTATGACTTCCTGCGTCTGTACGAAACCGAAGGCTGCCGTCTGCAGATCGGTGGC
AGCGATCAATGGGGTAACATCACCGCGGGCCTGGAACTGATTCGTAAGACCAAAGGTGAAGCGC
GTGCGTTTGGCCTGACCATCCCGCTGGTGACCAAGGCGGACGGTACCAAGTTTGGCAAAACCGA
AAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTCTATCAGTTTTGGATC
AACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTCTGAGCAAAGAGGAAA
TCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGCGCAAAAAGCGLCTGGC
GGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCGATCCGTATTAGCGAA
GCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAACAAGGCTTCAAGGACG
TGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCTGGTTAGCGCGGGTAT
CAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATTTACGTGAACGGCGAG
CGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAGGTCGTTTTACCGTTA
TCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA
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pBK MCS EcYRS

pBK MCS ECYRS V
3249 bp

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix
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pBK H2TyrRS

constitutive glutamine promotor
rbs

pBK GsTyrRS

3241 bp

terminator

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The only modification is the replacement of the EcTyrRS by the H2TyrRS (sequence below).

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGTCACCGTCCGATCGCGCTGGTTGGTGGTGCGACCGGTCTGATTGGCGACCCGAGCGGCAAGA
AAAGCGAGCGTACCCTGAACGCGAAGGAAACCGTTGAAGCGTGGAGCGCGCGTATCAAAGAACA
GCTGGGTCGTTTCCTGGACTTTGAGGCGGATGGCAACCCGGCGAAGATTAAAAACAACTATGAC
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TGGATCGGTCCGCTGGATGTGATTACCTTCCTGCGTGATGTGGGCAAGCACTTTAGCGTTAACT
ACATGATGGCGAAAGAGAGCGTTCAGAGCCGTATCGAAACCGGTATTAGCTTCACCGAGTTTAG
CTACATGATGCTGCAAGCGTATGATTTCCTGCGTCTGTACGAAACCGAAGGCTGCCGTCTGCAG
ATCGGTGGCAGCGATCAATGGGGTAACATCACCGCGGGCCTGGAACTGATTCGTAAGACCAAAG
GTGAAGCGCGTGCGTTTGGCCTGACCATCCCGCTGGTGACCAAGGCGGACGGTACCAAGTTTGG
CAAAACCGAAAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTCTATCAG
TTTTGGATCAACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTCTGAGCA
AAGAGGAAATCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGCGCAAAA
AGCGCTGGCGGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCGATCCGT
ATTAGCGAAGCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAACAAGGCT
TCAAGGACGTGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCTGGTTAG
CGCGGGTATCAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATTTACGTG
AACGGCGAGCGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAGGTCGTT
TTACCGTTATCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA
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pBK H6TyrRS

constitutive glutamine promotor
rbs

pBK GsTyrRS

3241 bp

terminator

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The only modification is the replacement of the EcTyrRS by the H6TyrRS (sequence below).

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGTTTCAAAG
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CTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCA
GGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGAC
TGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACC
AGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCAC
TGAGTTTTCCTACAGCCTGTTGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTG
GTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTC
GTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAA
ATTTGGCAAAACCGAAAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTC
TATCAGTTTTGGATCAACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTC
TGAGCAAAGAGGAAATCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGC
GCAAAAAGCGCTGGCGGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCG
ATCCGTATTAGCGAAGCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAAC
AAGGCTTCAAGGACGTGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCT
GGTTAGCGCGGGTATCAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATT
TACGTGAACGGCGAGCGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAG
GTCGTTTTACCGTTATCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA

232



pET22bNtermHis-aaRS

pET22b-GsYRS

6931 bp
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Sequence color-coding key

feature Color
Amp text
resistance
pBR322 ori
lacl text
GsTyrRS text
Sequence

tggcgaatgggacgcgccctgtagcggcgcattaagecgcggegggtgtggtggttacgecgcagce
gtgaccgctacacttgccagcgccctagcecgeccgecteectttegetttetteecttecttteteg
ccacgttcgccggcectttccecegtcaagctctaaatcgggggetecctttagggttecgatttag
tgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcg
ccctgatagacggtttttcgeccctttgacgttggagtccacgttctttaatagtggactecttgt
tccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgec
gatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaa
atattaacgtttacaatttcaggtggcacttttcggggaaatgtgcgcggaacccecctatttgtt
tatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttca
ataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgceccttattecectttttt
gcggcattttgceccttcecctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaag
atcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagag
ttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgetatgtggecgeggta
ttatcccgtattgacgccgggcaagagcaactcggtcgecgcatacactattctcagaatgact
tggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatg
cagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggagga
ccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgecttgatecgttggg
aaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgcagcaatggce
aacaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaata
gactggatggaggcggataaagttgcaggaccacttctgcgctcggeccctteccggetggetggt
ttattgctgataaatctggagccggtgagcgtgggtctcgecggtatcattgcagcactggggec
agatggtaagccctcceccecgtatcgtagttatctacacgacggggagtcaggcaactatggatgaa
cgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaag
tttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaa
gatcctttttgataatctcatgaccaaaatcccttaacgtgagttttecgttccactgagegtca
gac
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gttctttcctgcgttatccectgattce
tgtggataaccgtattaccgcctttgagtgagctgataccgectcgccgcagccgaacgaccgag
cgcagcgagtcagtgagcgaggaagcggaagagcgcctgatgecggtattttctecttacgecate
tgtgcggtatttcacaccgcatatatggtgcactctcagtacaatctgctctgatgccgcatag
ttaagccagtatacactccgctatcgctacgtgactgggtcatggctgecgecceccgacacccgcce
aacacccgctgacgcgccctgacgggcecttgtctgecteccecggcatccgettacagacaagetgtyg
accgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagc
tgcggtaaagctcatcagcgtggtcgtgaagcgattcacagatgtctgectgttcatcecgegte
cagctcgttgagtttctccagaagcgttaatgtctggecttctgataaagcgggeccatgttaagg
gcggttttttecctgtttggtcactgatgcecteccgtgtaagggggatttectgttcatgggggtaa
tgataccgatgaaacgagagaggatgctcacgatacgggttactgatgatgaacatgcccggtt
actggaacgttgtgagggtaaacaactggcggtatggatgcggcgggaccagagaaaaatcact
cagggtcaatgccagcgcttcecgttaatacagatgtaggtgttccacagggtagccagcagecatc
ctgcgatgcagatccggaacataatggtgcagggcgctgactteccgegtttccagactttacga
aacacggaaaccgaagaccattcatgttgttgctcaggtcgcagacgttttgcagcagcagtcg
cttcacgttcgctcgcgtatcggtgattcattctgctaaccagtaaggcaacccecgceccagcecta
gccgggtcctcaacgacaggagcacgatcatgcgcacccgtggggeccgecatgececggcgataat
ggcctgcttctcecgecgaaacgtttggtggcgggaccagtgacgaaggcttgagcgagggegtge
aagattccgaataccgcaagcgacaggccgatcatcgtcgegectccagcgaaagecggtectecge
cgaaaatgacccagagcgctgccggcacctgtcectacgagttgcatgataaagaagacagtcat
aagtgcggcgacgatagtcatgccccgcgcecccaccggaaggagectgactgggttgaaggetcte
aagggcatcggtcgagatcccggtgcctaatgagtgagctaacttacattaattgegttgegeg
tggtgaatgtgaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagac
cgtttcccgcecgtggtgaaccaggccagccacgtttctgcgaaaacgcgggaaaaagtggaagcg
gcgatggcggagctgaattacattcccaaccgecgtggcacaacaactggcgggcaaacagtcgt
tgctgattggcgttgccacctccagtctggececctgcacgcgecgtcgcaaattgtecgecggegat
taaatctcgcgccgatcaactgggtgccagecgtggtggtgtcgatggtagaacgaagcggegtce
gaagcctgtaaagcggcggtgcacaatcttctcgecgcaacgecgtcagtgggctgatcattaact
atccgctggatgaccaggatgccattgctgtggaagctgcecctgcactaatgttccggegttatt
tcttgatgtctctgaccagacacccatcaacagtattattttctcccatgaagacggtacgcga
ctgggcgtggagcatctggtcgcattgggtcaccagcaaatcgcgctgttagcgggcecccattaa
gttctgtctcggcgecgtctgegtctggectggctggcataaatatctcactcgcaatcaaattca
gccgatagcggaacgggaaggcgactggagtgccatgtccggttttcaacaaaccatgcaaatyg
ctgaatgagggcatcgttcccactgcgatgctggttgccaacgatcagatggcgctgggecgcaa
tgcgcgccattaccgagtccgggctgecgegttggtgecggatatctcggtagtgggatacgacga
taccgaagacagctcatgttatatcccgeccgttaaccaccatcaaacaggattttcgectgetyg
gggcaaaccagcgtggaccgcttgctgcaactctctcagggccaggcggtgaagggcaatcagce
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tgttgcccgtctcactggtgaaaagaaaaaccaccctggcgcccaatacgcaaaccgectetece
ccgcgcgttggeccgattcattaatgcagctggcacgacaggtttcecccgactggaaagcgggcag
tgacctgaattgactctcttccgggecgctatcatgccataccgcgaaaggttttgegecatteg
atggtgtccgggatctcgacgctctcecttatgcgactcecctgcattaggaagcagecccagtagt
aggttgaggccgttgagcaccgccgccgcaaggaatggtgcatgcaaggagatggcgecccaaca
gtccceccggceccacggggcecctgceccaccatacccacgccgaaacaagcgctcatgageccgaagtyg
gcgagcccgatcttcceccatcggtgatgtcggcgatataggcgccagcaaccgcacctgtggeg
ccggtgatgccggccacgatgcgtceccggecgtagaggatcgagatctcgatecccgcgaaattaat
acgactcactataggggaattgtgagcggataacaattcccctctagagtttgacagcattatce
atcgatctcgagaaatcataaaaaatttatttgctttgtgagcggataacaattataatagatt
caattgtgagcggataacaatttcacacagaattcattaaagaggagaaattacatatgcatca
tcaccatcaccatcatcatcatcacgcaagcagtaacttgattaaacaattgcaagagGACCTG
CTGGCGGAACTGCAATGGCGTGGCCTGGTTAATCAGACCACCGACGAAGATGGCCTGCGTAAAC
TGCTGAACGAGGAACGTGTGACCCTGTATTGCGGTTTCGACCCGACCGCGGATAGCCTGCACAT
CGGCAACCTGGCGGCGATTCTGACCCTGCGTCGTTTTCAGCAAGCGGGTCACCGTCCGATCGCG
CTGGTTGGTGGTGCGACCGGTCTGATTGGCGACCCGAGCGGCAAGAAAAGCGAGCGTACCCTGA
ACGCGAAGGAAACCGTTGAAGCGTGGAGCGCGCGTATCAAAGAACAGCTGGGTCGTTTCCTGGA
CTTTGAGGCGGATGGCAACCCGGCGAAGATTAAAAACAACTATGACTGGATCGGTCCGCTGGAT
GTGATTACCTTCCTGCGTGATGTGGGCAAGCACTTTAGCGTTAACTACATGATGGCGAAAGAGA
GCGTTCAGAGCCGTATCGAAACCGGTATTAGCTTCACCGAGTTTAGCTACATGATGCTGCAAGC
GTATGACTTCCTGCGTCTGTACGAAACCGAAGGCTGCCGTCTGCAGATCGGTGGCAGCGATCAA
TGGGGTAACATCACCGCGGGCCTGGAACTGATTCGTAAGACCAAAGGTGAAGCGCGTGCGTTTG
GCCTGACCATCCCGCTGGTGACCAAGGCGGACGGTACCAAGTTTGGCAAAACCGAAAGCGGTAC
CATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTCTATCAGTTTTGGATCAACACCGAC
GATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTCTGAGCAAAGAGGAAATCGAAGCGC
TGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGCGCAAAAAGCGCTGGCGGAGGAAGT
GACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCGATCCGTATTAGCGAAGCGCTGTTT
AGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAACAAGGCTTCAAGGACGTGCCGAGCT
TTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCTGGTTAGCGCGGGTATCAGCCCGAG
CAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATTTACGTGAACGGCGAGCGTCTGCAA
GATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAGGTCGTTTTACCGTTATCCGTCGTG
GCAAGAAGAAATACTATCTGATTCGTTATGCGTAAaagcttaattagctgagcttggactectyg
ttgatagatccagtaatgacctcagaactccatctggatttgttcagaacgctcggttgccecgece
gggcgttttttattggtgagaatccaagctagcttggcggcggccgcactcgagcaccaccace
accaccactgagatccggctgctaacaaagcccgaaaggaagctgagttggetgectgeccaccgce
tgagcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttgctgaaa
ggaggaactatatccggat

In addition to the GsTyrRS, the following aaRS sequences, and their mutant pBPA variants, were
also put into this construct:
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EcTyrRS:

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGALCG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGCTTCAAAG
CTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCA
GGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGAC
TGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACC
AGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCAC
TGAGTTTTCCTACAACCTGTTGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTG
GTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTC
GTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAA
ATTTGGTAAAACTGAAGGCGGCGCAGTCTGGTTaGATCCGAAGAAAACCAGCCCGTACAAATTC
TACCAGTTCTGGATCAACACTGCGGATGCCGACGTTTACCGCTTCCTGAAGTTCTTCACCTTTA
TGAGCATTGAAGAGATCAACGCCCTGGAAGAAGAAGATAAAAACAGCGGTAAAGCACCGCGLGL
CCAGTATGTACTGGCGGAGCAGGTGACTCGTCTGGTTCACGGTGAAGAAGGTTTACAGGCGGCA
AAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGAGTGCGCTGAGTGAAGCGGACTTCGAAC
AGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGAAAAGGGCGCAGACCTGATGCAGGCACT
GGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCACGTAAAACTATCGCCTCCAATGCCATC
ACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAGAAGAAGATCGTCTGTTTG
GTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGATTTGCTGGAAAtaa

H2TyrRS:

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGTCACCGTCCGATCGCGCTGGTTGGTGGTGCGACCGGTCTGATTGGCGACCCGAGCGGCAAGA
AAAGCGAGCGTACCCTGAACGCGAAGGAAACCGTTGAAGCGTGGAGCGCGCGTATCAAAGAACA
GCTGGGTCGTTTCCTGGACTTTGAGGCGGATGGCAACCCGGCGAAGATTAAAAACAACTATGAC
TGGATCGGTCCGCTGGATGTGATTACCTTCCTGCGTGATGTGGGCAAGCACTTTAGCGTTAACT
ACATGATGGCGAAAGAGAGCGTTCAGAGCCGTATCGAAACCGGTATTAGCTTCACCGAGTTTAG
CTACATGATGCTGCAAGCGTATGATTTCCTGCGTCTGTACGAAACCGAAGGCTGCCGTCTGCAG
ATCGGTGGCAGCGATCAATGGGGTAACATCACCGCGGGCCTGGAACTGATTCGTAAGACCAAAG
GTGAAGCGCGTGCGTTTGGCCTGACCATCCCGCTGGTGACCAAGGCGGACGGTACCAAGTTTGG
CAAAACCGAAAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTCTATCAG
TTTTGGATCAACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTCTGAGCA
AAGAGGAAATCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGCGCAAAA
AGCGCTGGCGGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCGATCCGT
ATTAGCGAAGCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAACAAGGCT
TCAAGGACGTGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCTGGTTAG
CGCGGGTATCAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATTTACGTG
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AACGGCGAGCGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAGGTCGTT
TTACCGTTATCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA

H6TyrRS:

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGTTTCAAAG
CTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCA
GGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGAC
TGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACC
AGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCAC
TGAGTTTTCCTACAGCCTGTTGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTG
GTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTC
GTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAA
ATTTGGCAAAACCGAAAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTC
TATCAGTTTTGGATCAACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTC
TGAGCAAAGAGGAAATCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGC
GCAAAAAGCGCTGGCGGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCG
ATCCGTATTAGCGAAGCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAAC
AAGGCTTCAAGGACGTGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCT
GGTTAGCGCGGGTATCAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATT
TACGTGAACGGCGAGCGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAG
GTCGTTTTACCGTTATCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA
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pET22b-aaRS-GFP mut3

lambda t@ terminator,T7 terminator

pET22b-EcYRS-GFPmut3 fusion
7630 bp

+1
+1

lacl promoter
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Sequence color-coding key

feature Color
Amp text
resistance
pBR322 ori
lacl text
EcTyrRS text
GFPmut3 text
linker
sequence
Sequence

tggcgaatgggacgcgccctgtagcggcgcattaagecgcggegggtgtggtggttacgecgcagce
gtgaccgctacacttgccagcgccctagcecgeccgecteectttegetttetteecttecttteteg
ccacgttcgccggcectttccecegtcaagctctaaatcgggggetecctttagggttecgatttag
tgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcg
ccctgatagacggtttttcgeccctttgacgttggagtccacgttctttaatagtggactecttgt
tccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgec
gatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaa
atattaacgtttacaatttcaggtggcacttttcggggaaatgtgcgcggaacccecctatttgtt
tatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttca
ataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgecccttattecectttttt
gcggcattttgccttcecctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaaqg
atcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagag
ttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgetatgtggecgeggta
ttatcccgtattgacgccgggcaagagcaactcggtcgecgcatacactattctcagaatgact
tggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatg
cagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggagga
ccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgeccttgatcgttggg
aaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgcagcaatgge
aacaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaata
gactggatggaggcggataaagttgcaggaccacttctgcgctcggeccctteccggetggetggt
ttattgctgataaatctggagccggtgagcgtgggtctcgecggtatcattgcagcactggggec
agatggtaagccctcceccecgtatcgtagttatctacacgacggggagtcaggcaactatggatgaa
cgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaag
tttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaa
gatcctttttgataatctcatgaccaaaatcccttaacgtgagttttecgttccactgagegtca
gaccccgtagaaaagatcaaaggatcttce
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aacgccagcaacgcggcecctttt
tacggttcctggeccttttgctggecttttgectcacatgttectttecctgegttatecececctgatte
tgtggataaccgtattaccgcctttgagtgagctgataccgectcgccgcagccgaacgaccgag
cgcagcgagtcagtgagcgaggaagcggaagagcgcctgatgecggtattttctecttacgecatce
tgtgcggtatttcacaccgcatatatggtgcactctcagtacaatctgctctgatgccgcatag
ttaagccagtatacactccgctatcgctacgtgactgggtcatggctgecgecceccgacacccgcce
aacacccgctgacgcgccctgacgggcecttgtctgecteccecggcatccgettacagacaagetgtyg
accgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagc
tgcggtaaagctcatcagcgtggtcgtgaagcgattcacagatgtctgectgttcatcecgegte
cagctcgttgagtttctccagaagcgttaatgtctggecttctgataaagcgggeccatgttaagg
gcggttttttecctgtttggtcactgatgcecteccgtgtaagggggatttectgttcatgggggtaa
tgataccgatgaaacgagagaggatgctcacgatacgggttactgatgatgaacatgcccggtt
actggaacgttgtgagggtaaacaactggcggtatggatgcggcgggaccagagaaaaatcact
cagggtcaatgccagcgcttcecgttaatacagatgtaggtgttccacagggtagccagcagecatc
ctgcgatgcagatccggaacataatggtgcagggcgctgactteccgegtttccagactttacga
aacacggaaaccgaagaccattcatgttgttgctcaggtcgcagacgttttgcagcagcagtcg
cttcacgttcgctcgcgtatcggtgattcattctgctaaccagtaaggcaacccecgceccagcecta
gccgggtcctcaacgacaggagcacgatcatgcgcacccgtggggeccgecatgececggcgataat
ggcctgcttctcecgecgaaacgtttggtggcgggaccagtgacgaaggcttgagcgagggegtge
aagattccgaataccgcaagcgacaggccgatcatcgtcgegectccagcgaaagecggtectecge
cgaaaatgacccagagcgctgccggcacctgtcectacgagttgcatgataaagaagacagtcat
aagtgcggcgacgatagtcatgccccgcgcecccaccggaaggagectgactgggttgaaggetcte
aagggcatcggtcgagatcccggtgcctaatgagtgagctaacttacattaattgegttgege
cactgcccgctttccagtcgggaaacctgtecgtgccagctgcattaatgaatcggeccaacgcgce
ggggagaggcggtttgcgtattgggcgccagggtggtttttcttttcaccagtgagacgggcaa
cagctgattgcccttcaccgcectggecctgagagagttgcagcaagecggtccacgetggtttge
cccagcaggcgaaaatcctgtttgatggtggttaacggcgggatataacatgagctgtcttcgg
tatcgtcgtatcccactaccgagatatccgcaccaacgcgcagcecccggactcggtaatggegeg
cattgcgcccagcecgccatctgatcgttggcaaccagcatcgcagtgggaacgatgecctecatte
agcatttgcatggtttgttgaaaaccggacatggcactccagtcgeccttceccecgttecgetateg
gctgaatttgattgcgagtgagatatttatgccagccagccagacgcagacgcgccgagacaga
acttaatgggcccgctaacagcgcgatttgctggtgacccaatgcgaccagatgctccacgecce
agtcgcgtaccgtcttcatgggagaaaataatactgttgatgggtgtctggtcagagacatcaa
gaaataacgccggaacattagtgcaggcagcttccacagcaatggcatcctggtcatccagecgg
atagttaatgatcagcccactgacgcgttgcgcgagaagattgtgcaccgeccgectttacaggcet
tcgacgccgcttcecgttctaccatcgacaccaccacgctggcacccagttgatcggcgcgagatt
taatcgccgcgacaatttgcgacggcgcgtgcagggccagactggaggtggcaacgccaatcag
caacgactgtttgcccgccagttgttgtgccacgecggttgggaatgtaattcagectccgeccatce
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gccgcttccactttttececcgegttttecgcagaaacgtggectggectggttcaccacgcgggaaa
cggtctgataagagacaccggcatactctgcgacatcgtataacgttactggtttcacattcac
caccctgaattgactctcttccgggecgctatcatgccataccgcgaaaggttttgegecatteg
atggtgtccgggatctcgacgctctcececcttatgecgactcecctgcattaggaagcageccagtagt
aggttgaggccgttgagcaccgccgceccgcaaggaatggtgcatgcaaggagatggcgeccaaca
gtccceccecggceccacggggectgceccaccatacccacgccgaaacaagcecgctcatgageccgaagtg
gcgagcccgatcttcecccatecggtgatgtcggcgatataggcgeccagcaaccgcacctgtggeg
ccggtgatgccggccacgatgcgtceccggecgtagaggatcgagatctcgatccecgecgaaattaat
acgactcactataggggaattgtgagcggataacaattcccctctagagtttgacagcattatce
atcgatctcgagaaatcataaaaaatttatttgctttgtgagcggataacaattataatagatt
caattgtgagcggataacaatttcacacagaattcattaaagaggagaaattacatatgGCAAG
CAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACGAGGAAGCG
TTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTACCGCTGACA
GCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCGGGCCACAA
GCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGCTTCAAAGCTGCCGAG
CGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCAGGTTGCCC
CGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGACTGGTTCGG
CAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACCAGATGATC
AACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCACTGAGTTTT
CCTACAACCTGTTGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTGGTGCTGCA
AATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTCGTCTGCAT
CAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAAATTTGGTA
AAACTGAAGGCGGCGCAGTCTGGTTaGATCCGAAGAAAACCAGCCCGTACAAATTCTACCAGTT
CTGGATCAACACTGCGGATGCCGACGTTTACCGCTTCCTGAAGTTCTTCACCTTTATGAGCATT
GAAGAGATCAACGCCCTGGAAGAAGAAGATAAAAACAGCGGTAAAGCACCGCGCGCCCAGTATG
TACTGGCGGAGCAGGTGACTCGTCTGGTTCACGGTGAAGAAGGTTTACAGGCGGCAAAACGTAT
TACCGAATGCCTGTTCAGCGGTTCTTTGAGTGCGCTGAGTGAAGCGGACTTCGAACAGCTGGCG
CAGGACGGCGTACCGATGGTTGAGATGGAAAAGGGCGCAGACCTGATGCAGGCACTGGTCGATT
CTGAACTGCAACCTTCCCGTGGTCAGGCACGTAAAACTATCGCCTCCAATGCCATCACCATTAA
CGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAGAAGAAGATCGTCTGTTTGGTCGTTTT
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aagcttaattagctgagcttggactcecctgttgat
agatccagtaatgacctcagaactccatctggatttgttcagaacgctcggttgccgeccgggceg
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ttttttattggtgagaatccaagctagcttggcggcggeccgcactcgagcaccaccaccaccac
cactgagatccggctgctaacaaagcccgaaaggaagctgagttggectgcectgeccaccgetgagce
aataactagcataaccccttggggcctctaaacgggtcttgaggggttttttgectgaaaggagg
aactatatccggat

In addition to the EcTyrRS, the following variants were cloned into this construct.

Ec-pBPARS- Gen I mutations

residue Mutation
Y37 G
D182 G
L186 A
D265 R

Ec-pBPARS- Gen 3.1 mutations

residue Mutation
17 F
Y37 G
G180 S
D182 G
L186 A

Ec-pBPARS- Polyspecific mutations

residue Mutation
Y37 VvV
D182 S
F183 M
L186 A
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pB1U-NtermHis-aaRSvariant

SV40 late polyA,SV40 Early PolyA(1),+2 F1 ori(1)
F1 ori
M13 origin

ColEl origin
L21 sequence
3

U6
EcYtR,+1
polyT
+1
TGA

Tn7R

+1

pB1U-EcYRS
13922 bp

+1
+1

+1
U6
EcYtR, TGA
polyT
+1
Bst-tR, TGA
U6
EcYtR, TGA
Hllarge promoter,+1
Bst-tR, TGA T7 promoter
U6 hUbiC-trunc
Hllarge promoter,polyT,+2 Bst-tR
Hllarge promoter,polyT,EcYtR,+4 Hllarge promoter
polyT,EcYtR,U6,Bst-tR, TGA

Sequence

The sequence for this construct is the exact same as the one illustrated on page X of this appendix.
The only modification is the addition of an N-term Histidine tag:

atgCATCATCACCATCACCATCATCATCATCAC

The following aaRS sequences, and their mutant pBPA variants, were also put into this construct:
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EcTyrRS:

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGALG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGCTTCAAAG
CTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCA
GGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGAC
TGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACC
AGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCAC
TGAGTTTTCCTACAACCTGTTGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTG
GTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTC
GTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAA
ATTTGGTAAAACTGAAGGCGGCGCAGTCTGGTTaGATCCGAAGAAAACCAGCCCGTACAAATTC
TACCAGTTCTGGATCAACACTGCGGATGCCGACGTTTACCGCTTCCTGAAGTTCTTCACCTTTA
TGAGCATTGAAGAGATCAACGCCCTGGAAGAAGAAGATAAAAACAGCGGTAAAGCACCGLCGLCGC
CCAGTATGTACTGGCGGAGCAGGTGACTCGTCTGGTTCACGGTGAAGAAGGTTTACAGGCGGCA
AAACGTATTACCGAATGCCTGTTCAGCGGTTCTTTGAGTGCGCTGAGTGAAGCGGACTTCGAAC
AGCTGGCGCAGGACGGCGTACCGATGGTTGAGATGGAAAAGGGCGCAGACCTGATGCAGGCACT
GGTCGATTCTGAACTGCAACCTTCCCGTGGTCAGGCACGTAAAACTATCGCCTCCAATGCCATC
ACCATTAACGGTGAAAAACAGTCCGATCCTGAATACTTCTTTAAAGAAGAAGATCGTCTGTTTG
GTCGTTTTACCTTACTGCGTCGCGGTAAAAAGAATTACTGTCTGATTTGCTGGAAAtaa

GsTyrRS:

atgagtattcaacatttccgtgtcgcceccttattcecececttttttgeggecattttgecttectgttt
ttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtggg
ttacatcgaactggatctcaacagcggtaagatccttgagagttttcgeccccgaagaacgtttt
ccaatgatgagcacttttaaagttctgctatgtggcgcggtattatccecgtattgacgccgggce
aagagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcac
agaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataaccatgagt
gataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgettttt
tgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccat
accaaacgacgagcgtgacaccacgatgcctgcagcaatggcaacaacgttgcgcaaactatta
actggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaag
ttgcaggaccacttctgcgctcggeccttecggectggetggtttattgectgataaatctggage
cggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggtaagccctccececgtate
gtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgaga
taggtgcctcactgattaagcattggtaa
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H2TyrRS:

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGALCG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGTCACCGTCCGATCGCGCTGGTTGGTGGTGCGACCGGTCTGATTGGCGACCCGAGCGGCAAGA
AAAGCGAGCGTACCCTGAACGCGAAGGAAACCGTTGAAGCGTGGAGCGCGCGTATCAAAGAACA
GCTGGGTCGTTTCCTGGACTTTGAGGCGGATGGCAACCCGGCGAAGATTAAAAACAACTATGAC
TGGATCGGTCCGCTGGATGTGATTACCTTCCTGCGTGATGTGGGCAAGCACTTTAGCGTTAACT
ACATGATGGCGAAAGAGAGCGTTCAGAGCCGTATCGAAACCGGTATTAGCTTCACCGAGTTTAG
CTACATGATGCTGCAAGCGTATGATTTCCTGCGTCTGTACGAAACCGAAGGCTGCCGTCTGCAG
ATCGGTGGCAGCGATCAATGGGGTAACATCACCGCGGGCCTGGAACTGATTCGTAAGACCAAAG
GTGAAGCGCGTGCGTTTGGCCTGACCATCCCGCTGGTGACCAAGGCGGACGGTACCAAGTTTGG
CAAAACCGAAAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTCTATCAG
TTTTGGATCAACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTCTGAGCA
AAGAGGAAATCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGCGCAAAA
AGCGCTGGCGGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGCGATCCGT
ATTAGCGAAGCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAACAAGGCT
TCAAGGACGTGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCTGGTTAG
CGCGGGTATCAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATTTACGTG
AACGGCGAGCGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAGGTCGTT
TTACCGTTATCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA

H6TyrRS:

atgGCAAGCAGTAACTTGATTAAACAATTGCAAGAGCGGGGGCTGGTAGCCCAGGTGACGGACG
AGGAAGCGTTAGCAGAGCGACTGGCGCAAGGCCCGATCGCGCTCTATTGCGGCTTCGATCCTAC
CGCTGACAGCTTGCATTTGGGGCATCTTGTTCCATTGTTATGCCTGAAACGCTTCCAGCAGGCG
GGCCACAAGCCGGTTGCGCTGGTAGGCGGCGCGACGGGTCTGATTGGCGACCCGAGTTTCAAAG
CTGCCGAGCGTAAGCTGAACACCGAAGAAACTGTTCAGGAGTGGGTGGACAAAATCCGTAAGCA
GGTTGCCCCGTTCCTCGATTTCGACTGTGGAGAAAACTCTGCTATCGCGGCGAACAACTATGAC
TGGTTCGGCAATATGAATGTGCTGACCTTCCTGCGCGATATTGGCAAACACTTCTCCGTTAACC
AGATGATCAACAAAGAAGCGGTTAAGCAGCGTCTCAACCGTGAAGATCAGGGGATTTCGTTCAC
TGAGTTTTCCTACAGCCTGTTGCAGGGTTATGACTTCGCCTGTCTGAACAAACAGTACGGTGTG
GTGCTGCAAATTGGTGGTTCTGACCAGTGGGGTAACATCACTTCTGGTATCGACCTGACCCGTC
GTCTGCATCAGAATCAGGTGTTTGGCCTGACCGTTCCGCTGATCACTAAAGCAGATGGCACCAA
ATTTGGCAAAACCGAAAGCGGTACCATTTGGCTGGATAAGGAGAAAACCAGCCCGTACGAATTC
TATCAGTTTTGGATCAACACCGACGATCGTGACGTTATTCGTTACCTGAAGTATTTCACCTTTC
TGAGCAAAGAGGAAATCGAAGCGCTGGAGCAGGAACTGCGTGAGGCGCCGGAAAAGCGTGCGGL
GCAAAAAGCGCTGGCGGAGGAAGTGACCAAACTGGTTCACGGTGAGGAAGCGCTGCGTCAGGLCG
ATCCGTATTAGCGAAGCGCTGTTTAGCGGTGATATCGCGAACCTGACCGCGGCGGAGATTGAAC
AAGGCTTCAAGGACGTGCCGAGCTTTGTTCACGAAGGTGGCGATGTGCCGCTGGTTGAGCTGCT
GGTTAGCGCGGGTATCAGCCCGAGCAAACGTCAGGCGCGTGAAGACATCCAAAACGGTGCGATT
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TACGTGAACGGCGAGCGTCTGCAAGATGTTGGCGCGATTCTGACCGCGGAACACCGTCTGGAAG
GTCGTTTTACCGTTATCCGTCGTGGCAAGAAGAAATACTATCTGATTCGTTATGCGTAA
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pEvolTS5-EcY-TAG-sfGFP-151-TAG

+1

pEvolT5 EcY_sfGFP151TAG

1 4832 bp ‘j ”\

+1

T5/1lac 0/lac 0 T7 promoter
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Sequence color-coding key

feature Color
sfGFP151- text
TAG
chlor
resistance
lac O text
lambda t0 text
terminator
lacl text
EcYtR
pl5a ori text
proK text
promoter
Sequence

gggtggtgcgtaacggcaaaagcaccgccggacatcagcgctagecggagtgtatactggettac
tatgttggcactgatgagggtgtcagtgaagtgcttcatgtggcaggagaaaaaaggctgcacc
ggtgcgtcagcagaatatgtgatacaggatatattccgcttcctecgctcactgactcecgectacge
tcggtcgttcgactgcggcgagcggaaatggecttacgaacggggcggagatttecctggaagatyg
ccaggaagatacttaacagggaagtgagagggccgcggcaaagccgtttttccataggetecge
ccccecctgacaagcatcacgaaatctgacgctcaaatcagtggtggcgaaacccgacaggactat
aaagataccaggcgtttccccctggecggcteccctecgtgegetectectgttectgecttteggtt
taccggtgtcattccgctgttatggcecgegtttgtctcattccacgectgacactcagttecgg
gtaggcagttcgctccaagctggactgtatgcacgaacccccececgttcagteccgaccgectgegec
ttatccggtaactatcgtcttgagtccaacccggaaagacatgcaaaagcaccactggcagcag
ccactggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaaa
ggacaagttttggtgactgcgctcctccaagccagttacctecggttcaaagagttggtagctca
gagaaccttcgaaaaaccgccctgcaaggcggttttttecgttttcagagcaagagattacgcge
agaccaaaacgatctcaagaagatcatcttattaatcagataaaatatttctagatttcagtgce
aatttatctcttcaaatgtagcacctgaagtcagccccatacgatataagttgtaattctcecatg
tttgacagcttatcatcgataagcttgcaatttatctcttcaaatgtagcacctgaagtcagcc
ccatacgatataagttgtaattctcatgttagtcatgccccgecgcecccaccggaaggagectgact
gggttgaaggctctcaagggcatcggtcgagatcccggtgcectaatgagtgagctaacttacat
taattgcgttgcgctcactgcccgcetttccagtcgggaaacctgtecgtgeccagetgecattaatyg
aatcggccaacgcgcggggagaggcggtttgecgtattgggcgccagggtggtttttcttttcac
cagtgagacgggcaacagctgattgcccttcaccgectggecctgagagagttgcagcaagcgg
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tccacgctggtttgccccagcaggcgaaaatecctgtttgatggtggttaacggcgggatataac
atgagctgtcttcggtatcgtcgtatcccactaccgagatgtccgcaccaacgcgcagecccgga
ctcggtaatggcgcgcattgcgcccagcgccatctgatecgttggcaaccagcatcgcagtggga
acgatgccctcattcagcatttgcatggtttgttgaaaaccggacatggcactccagtcgectt
cccgttccecgectatcggctgaatttgattgcgagtgagatatttatgccageccageccagacgcag
acgcgccgagacagaacttaatgggcccgctaacagcgcgatttgectggtgacccaatgcgacc
agatgctccacgcccagtcgcgtaccgtcttcatgggagaaaataatactgttgatgggtgtcet
ggtcagagacatcaagaaataacgccggaacattagtgcaggcagcttccacagcaatggcatc
ctggtcatccagcggatagttaatgatcagcccactgacgcgttgcgcgagaagattgtgcacce
gccgctttacaggcttcgacgceccgcecttegttctaccatcgacaccaccacgctggcacccagtt
gatcggcgcgagatttaatcgccgcgacaatttgcgacggecgecgtgcagggceccagactggaggt
gcaacgccaatcagcaacgactgtttgcccgccagttgttgtgccacgecggttgggaatgtaa
ttcagctccgccatcgecgettceccacttttteeccgegttttecgcagaaacgtggectggectggt

(e}

atctcgagaaatcataaaaaatttatttgctttgtgagcggataacaattataatagattcaat
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ctgctgactttctcgccgatcaaaaggcattttgctattaagggattgacgagggcgTATCTge
gcagtaagatgcgccccgecattt

AATTCGAAAAGCCTGCTCAA
CGAGCAGGCTTTTTTGCATGCTCGAGCAGCTCAGGGTCGAATTTGCTTTCGAatttctgccatt
catccgcttattatcacttattcaggcgtagcaaccaggcgtttaagggcaccaataactgect
taaaaaaas
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ccttgcgtataatatttgcccatggtgaaaacgggggcgaagaagttgtccatattggecac

cgacatggaagccatcacahAacggcatgatgaacctgaatcgccagcggcatcagcaccttgtce
tttaaatcaaaactggtgaaactcacccagggattggctgagacgaaaaacatattctcaataa
accctttagggaaataggccaggttttcaccgtaacacgccacatcttgcgaatatatgtgtag
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tttagcttccttagctcctgaaaatctcgataactc

aaaaaatacgcccggtagtgatcttatttcattatggtgaaagttggaacctcttacgtgccga
tcaacgtctcattttcgccaaaagttggcccagggcttecccggtatcaacagggacaccaggat
ttatttattctgcgaagtgatcttccgtcacaggtatttattcggecgcaaagtgecgtcgggtga
tgctgccaacttactgatttagtgtatgatggtgtttttgaggtgctccagtggecttctgttte
tatcagctgtccctcectgttcagectactgacg
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Chapter 6 Plasmids

pET22b T-box sfGFPwt

pET22b T-box sfGFPwt
6623 bp

+1

T7 promoter
T5/lac 0/lac 0

T box riboswitch
T7 terninator
lambda t@ terminator,+1
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Sequence color-coding key

feature Color
sfGFPwt text
amp
resistance
lac O text
lambda t0 text
terminator
lacl text
T-box
pBR322 ori text
Sequence

tcacagatgtctgcctgttcatccgecgtccagctecgttgagtttcteccagaagegttaatgtet
ggcttctgataaagcgggccatgttaagggcggttttttectgtttggtcactgatgecctecgt
gtaagggggatttctgttcatgggggtaatgataccgatgaaacgagagaggatgctcacgata
cgggttactgatgatgaacatgcccggttactggaacgttgtgagggtaaacaactggcggtat
ggatgcggcgggaccagagaaaaatcactcagggtcaatgccagcgcttcgttaatacagatgt
aggtgttccacagggtagccagcagcatcctgcgatgcagatccggaacataatggtgcagggce
gctgacttccgcgtttccagactttacgaaacacggaaaccgaagaccattcatgttgttgetce
aggtcgcagacgttttgcagcagcagtcgcttcacgttcgctecgecgtatecggtgattcattcectyg
ctaaccagtaaggcaaccccgccagcctageccgggtecctcaacgacaggagcacgatcatgege
acccgtggggccgccatgeccggcgataatggcectgettcectegecgaaacgtttggtggecgggac
cagtgacgaaggcttgagcgagggcgtgcaagattccgaataccgcaagcgacaggceccgatcat
cgtcgcgctccagcgaaagcggtectecgecgaaaatgacccagagcgectgecggecacctgtect
acgagttgcatgataaagaagacagtcataagtgcggcgacgatagtcatgcccecgecgcecccacce
ggaaggagctgactgggttgaaggctctcaagggcatcggtcgagatcccggtgectaatgagt
gagctaacttacattaattgcgttgcgctcactgcccgetttccagtcgggaaacctgtegtyge
cagctgcattaatgaatcggccaacgcgcggggagaggcggtttgegtattgggegeccagggtyg
gtttttcttttcaccagtgagacgggcaacagctgattgcccttcaccgecctggeccctgagaga
gttgcagcaagcggtccacgctggtttgccccagcaggcgaaaatcctgtttgatggtggttaa
cggcgggatataacatgagctgtcttcggtatcgtcgtatcccactaccgagatatccgcacca
acgcgcagcccggactcggtaatggcgecgcattgcecgeccagecgecatctgatecgttggcaacca
gcatcgcagtgggaacgatgccctcattcagcatttgcatggtttgttgaaaaccggacatggce
actccagtcgccttcececcecgttecgectatcggectgaatttgattgecgagtgagatatttatgeccag
ccagccagacgcagacgcgccgagacagaacttaatgggcccgctaacagecgcgatttgetggt
gacccaatgcgaccagatgctccacgcccagtcgcgtaccgtcttcatgggagaaaataatact
gttgatgggtgtctggtcagagacatcaagaaataacgccggaacattagtgcaggcagcttcc
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acagcaatggcatcctggtcatccagcggatagttaatgatcagcccactgacgecgttgecgcecga
gaagattgtgcaccgccgctttacaggcttcgacgccgcecttcecgttctaccatcgacaccaccac
gctggcacccagttgatcggcgcgagatttaatcgeccgecgacaatttgcgacggecgegtgcagg
gccagactggaggtggcaacgccaatcagcaacgactgtttgcccgeccagttgttgtgceccacge
ggttgggaatgtaattcagctccgccatcgecgettccacttttteccgegttttecgcagaaac
gtggctggcctggttcaccacgcgggaaacggtctgataagagacaccggcatactctgcgaca
tcgtataacgttactggtttcacattcaccaccctgaattgactctctteccgggegetatecatg
ccataccgcgaaaggttttgcgccattcgatggtgtccgggatctcgacgctecteecttatgeg
actcctgcattaggaagcagcccagtagtaggttgaggccgttgagcaccgeccgeccgcaaggaa
tggtgcatgcaaggagatggcgcccaacagtcccccggeccacggggcectgceccaccataccecacyg
ccgaaacaagcgctcatgagcccgaagtggcgagcccgatctteccecatecggtgatgtecggecga
tataggcgccagcaaccgcacctgtggecgeccggtgatgecggeccacgatgegteccggegtagag
gatcgagatctcgatcccgcgaaattaatacgactcactataggggaattgtgagcggataaca
attcccctctagatcgagaaatcataaaaaatttatttgetttgtgagcggataacaattataa
tagattcaattgtgagcggataacaatttcacacagaattcattaaagaggagaaatta

5" ATGAGCAMAGGAGAAGAACTTTTCA

aagcttaattagctgagcttggactcctgttgatagatccagtaatgacctce
agaactccatctggatttgttcagaacgctcggttgccgeccgggegttttttattggtgagaat
ccaagctagcttggcggcggccgcactcgagcaccaccaccaccaccactgagatccggetget
aacaaagcccgaaaggaagctgagttggctgctgccaccgctgagcaataactagcataaccce
ttggggcctctaaacgggtcttgaggggttttttgctgaaaggaggaactatatccggattggce
gaatgggacgcgccctgtagcggcgcattaagcgcggecgggtgtggtggttacgecgcagegtga
ccgctacacttgccagcgccctagecgeccgcectectttegetttettecettectttectegecac
gttcgccggcectttcecccegtcaagctctaaatcgggggetecctttagggttecgatttagtget
ttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgecct
gatagacggtttttcgccecctttgacgttggagtccacgttctttaatagtggactcttgttcca
aactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgcecgatt
tcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatat
taacgtttacaatttcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatt
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tttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataa
tattgaaaaaggaagag R e R T
cattttgccttcctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatca
ttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagttt
Ccgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtatta
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gagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagt

gagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgcagcaatggcaaca

gctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccga
aggagctaaccgcttttttgcacaacatgggggatcatgtaactcgeccttgatcgttgggaacc
acgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagact

gatggaggcggataaagttgcaggaccacttctgcgctcggcccttceccggectggectggtttat
gctgataaatctggagccggtgagcgtgggtctcgecggtatcattgcagcactggggccaga
gtaagccctccececgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaa
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ctcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatc
ctttttgataatctcatgaccaaaatcccttaacgtgagttttcecgttccactgagecgtcagacce
ccgtagaaaagatcaaaggatcttcttgagatcctttttttcectgecgegtaatctgectgettgea
aacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactecttttt
ccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagt
taggccaccacttcaagaactctgtagcaccgcctacatacctcecgectectgctaatcecctgttacce
agtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccg
gataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacga
cctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggag
aaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttcca
gggggaaacgcctggtatctttatagtcctgtcgggtttcgeccacctctgacttgagecgtecgat
ttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggectttttacg
gttcctggccttttgctggeccttttgectcacatgttctttectgegttatececcctgattectgtyg
gataaccgtattaccgcctttgagtgagctgataccgctcgeccgcagccgaacgaccgagcgea
gcgagtcagtgagcgaggaagcggaagagcgcctgatgcggtattttctecttacgecatctgtyg
cggtatttcacaccgcatatatggtgcactctcagtacaatctgctctgatgccgcatagttaa
gccagtatacactccgctatcgctacgtgactgggtcatggctgecgcecceccgacacccgecaaca
cccgctgacgcecgecctgacgggcecttgtctgeteccggecatececgettacagacaagectgtgaccg
tctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagectgeg
gtaaagctcatcagcgtggtcgtgaagcgat
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Appendix II.

Oligonucleotide primers

Chapter 2 Oligos

Primer name

Oligonucleotide sequence (5°23°)

BKrep-BglII-R

AATAATAagatctGCTCCTTAGATCTTCCT
AGGACCATTCC

BKrep-Ncol-R AATAATAcCcatggGCTCCTTAGATCTTCCT
AGGACCATTCC
BKrep-Spel-F AATAATAactagtATTACGCTGACTTGACG

GGACGG

BKrep-BamHI-F

AATAATAggatccGCGCTTGTTTCGGCGTG
GGTATG

EcYRS-D265R-F

GATCAACACTGCGCGTGCCGACGTTTACCG
CTTCCTGAAGTTCTTCAC

EcYRS-D265R-R

GTGAAGAACTTCAGGAAGCGGTAAACGTCG
GCACGCGCAGTGTTGATC

EcYRS-Nhel-F

TTTGAGGAATCCGCTAGCGCAAGCAGTAAC
TTGATTAAACAATTGCAAGAG

EcYRS-Xhol-R

AATTCTCGAGTTATTTCCAGCAAATCAGAC
ACTAATTC

JI MCS sqR GAGATCATGTAGGCCTGATAAGCGTAGC
mutiF cAAAGGGAGCAGACTCTAAATCTGCCGTCA
TCGACTTCGAAGGTTCGAATCCTTCCNNNN
NCACCACTGCAGATCCTTAGCGAAAGCTAA
G
mutiR cTTCGAAGTCGATGACGGCAGATTTAGA

GTCTGCTCCCTTTGGCCGCTCGGGAACN
NNNNCGAATTCAGCGTTACAAGTATTAC
ACAAAGTTTTTTATG

NEGrep-Sphl-F

AATAATAgcatgecTCGAACTTTTGCTGAGT
TGAAGG

pBKseqtF

AATAATAgcatgeTCGAACTTTTGCTGAGT
TGAAGG
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Chapter 3 Oligos

Primer name Oligonucleotide sequence (5°23°)
pBPARS-F7I-F ATGGCAAGCAGTAACTTGATTAAACAATTG
CAAGAGCGGG
pBPARS-S180G-F GTTTTCCTACAACCTGTTGCAGGGTTATGG
GTTC
pBPARS-S366F-F GATGCAGGCACTGGTCGATTTGAACTGCAA
CCTTCCCGTG
GAAATTAATACGACTCACTATAG
CTTGGATTCTCACCAATAAAAAACGC

Chapter 4 Oligos

Same as chapter 2.
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Chapter S Oligos

Primer

Oligonucleotide sequence (5°23°)

EcYRS-HindII-R

AATTAAGCTTTTATTTCCAGCAAATCAGAC
ACTAATTC

EcYRS-Ndel-F

TTTGAGGAATCCCATATGGCAAGCAGTAAC
TTGATTAAACAATTGCAAGAG

EcYRS-nterm10XHis-Ndel-F

GAAATTACATATGCATCATCACCATCACCA
TCATCATCATCACGCAAGCAGTAACTTGAT
TAAACAATTGCAAGAG

EcYRS-Xhol-R

AATTCTCGAGTTATTTCCAGCAAATCAGAC
ACTAATTC

GeobacYRS-D176G-F

GTTTAGCTACATGATGCTGCAAGCGTATGG
TTTCCTGCGTCTGTACGAAACCGAAGGCTG

GeobacYRS-D176G-R

CAGCCTTCGGTTTCGTACAGACGCAGGAAA
CCATACGCTTGCAGCATCATGTAGCTAAAC

GeobacYRS-GGFL-L180A-F

CAAGCGTATGGTTTCCTGCGTGCCTACGAA
ACCGAAGGCTGCCGTCTG

GeobacYRS-GGFL-L180A-R

CAGACGGCAGCCTTCGGTTTCGTAGGCACG
CAGGAAACCATACGCTTG

GeobacYRS-Y34G-R

GCTATCCGCGGTCGGGTCGAAACCGCAACC
CAGGGTCACACGTTCCTCGTTCAGC

GeobacYS-D176G-F

CAAGCGTATGGTTTCCTGCGTGCCTACGAA
ACCGAAGGCTGCCGTCTG

GsYRS Ncol-R

GCAGCCATGGTACCTTACGCATAACGAATC
AGATAGTATTTC

GsYRS Ndel-F

CAAGCGTATGGTTTCCTGCGTGCCTACGAA
ACCGAAGGCTGCCGTCTG

GsYRS-HindIII-R

AATTAAGCTTTTACGCATAACGAATCAGAT
AGTATTTC

GsYRSnterm-10XHis-Ndel-F

GAAATTACATATGCATCATCACCATCACCA
TCATCATCATCACGACCTGCTGGCGGAACT
GCAATGG

GsYRS-Xhol-R

AATTCTCGAGTTACGCATAACGAATCAGAT
AGTATTTC

H2 EcYRS-iR GCGATCGGACGGTGACCCGCCTGCTGGAAG
CGTTTCAGGCATAACAATG

H2 GsYRS-iF CCTGAAACGCTTCCAGCAGGCGGGTCACCG
TCCGATCGCGCTGGTTG

H6 EcYRS-iR CCGCTTTCGGTTTTGCCAAATTTGGTGCCA
TCTGCTTTAGTGATCAGCGGAACG

H6 GsYRS-iF CACTAAAGCAGATGGCACCAAATTTGGCAA

AACCGAAAGCGGTACCATTTG
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MjYRS-HindIII-R

AATTAAGCTTTTATAATCTCTTTCTAATTG
GCTCTAAAATC

MjYRS-nterm-10XHis-Ndel-F

GAAATTACATATGCATCATCACCATCACCA
TCATCATCATCACgacgaatttgaaatgat
aaagagaaacacatctg

MjYRS-Xhol-R

ATTAACTCGAGttataatctctttctaatt
ggctctaaaatctttataagttcttc

EcYRS-linker-GFPmut3-iR

CAGCAGCGGAGCCAGCGGATCCTTTCCAGC
AAATCAGACAGTAATTC

GsYRS-GFPmut3-iR

GCAGCGGAGCCAGCGGATCCCGCATAACGA
ATCAGATAGTATTTCTTC

Linker-GFPmut3-Nterm-iF

GATCCGCTGGCTCCGCTGCTGGTTCTGGCG
AATTCCGTAAAGGAGAAGAACTTTTCACTG

GFPmut3-HindIII-R

AATAATAAAGCTTTTATTTGTATAGTTCAT
CCATGCCATGTGTAATC
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Chapter 6 Oligos

Primer Oligonucleotide sequence (5°23°)

pET22b4vecKn=F GTTTTTTATTTTaattaaa”AAAGGAGcttLt

atcttcatATGAGCAAAGGAGAAGAACTTT

pET22b4vecKn=R, CTCAATCTTTACCTTTTCATATGAACCTta
atttctcctctttaatgaattctgtgtg

Tbox-F cacacagaattcattaaagaggagaaatta
AGGTTCATATGAAAAGGTAAAGATTGAG

Tbox-R AAGTTCTTCTCCTTTGCTCATatgaagata
aagCTCCTTTtttaattAAAATAAAAAAC
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Appendix ITI. '"H NMR spectra
Chapter 6, 3
"H NMR spectrum
400 MHz, CDCl3
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"H NMR spectrum
400 MHz, CD3:0OD
= *?':?;IL"“!:—.B:—E‘::" = e e === T _3-:.:_
6
3 N |
{ |
/ : i [ ( i
i N \ { | . | =
N
YN 4
1 o
= = : 2, =
T
O OH
o 5
3 o '
o
o
6 QO
2 1 1
| L 1 R
it 'ﬁ T 1 ‘T‘ br ,‘4 }r‘ )1(
g g S8 5 5 g = .
—8f5 8.0 .7.l5 770 6?5 6:0 5:5 5:0 p‘;?n 470 - 3:5 3?0 2.5 2.0 15 1.0 0.5




Chapter 6, 5
"H NMR spectrum
400 MHz, CDCl3
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"H NMR spectrum
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Chapter 6, 7
"H NMR spectrum
400 MHz, CDCls
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Chapter 6, 8
"H NMR spectrum
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Chapter 6, 9
"H NMR spectrum
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Chapter 6, 10
"H NMR spectrum
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Chapter 6, 11
"H NMR spectrum
400 MHz, CDCls
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Chapter 6, 12
"H NMR spectrum
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"H NMR spectrum
400 MHz, CDCl3

Chapter 6, 13
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Appendix IV. BC NMR spectra

Chapter 6, 3
13C NMR spectrum
400 MHz, CDCl3
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Chapter 6, 5
13C NMR spectrum
400 MHz, CDCls
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Chapter 6, 10
13C NMR spectrum
400 MHz, CDCls
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Chapter 6, 13
13C NMR spectrum
400 MHz, CDCl3
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