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Abstract

The thioredoxin (Trx) system provides the cell with robust defense against
oxidative stress and regulates the function of most cellular process through the reduction-
oxidation (redox) regulation of proteins. The Trx system is involved in the development
of many diseases ranging from cancer to cardiovascular disorders. Thioredoxin reductase
(TrxR) is the key enzyme in the Trx system and contains the 21 genetically encoded amino
acid, selenocysteine (Sec). There were multiple experimentally identified TrxR acetylation
sites with an unknown effect on TrxR activity. My thesis tested the hypothesis that
programmed protein acetylation will enhance the activity of TrxR1. I used genetic code
expansion (GCE) to produce Sec-containing and site-specifically acetylated TrxR variants
to biochemically characterize their effect TrxR1 activity.

First, I review GCE and the function of the Trx system and relevance to disease. I
combined two GCE systems to produce pure Sec-containing, site-specifically acetylated
human TrxR variants from Escherichia coli and demonstrate that acetylation increases
TrxR activity by reducing the formation of low activity TrxR oligomers. In oxidizing
conditions, the TrxR population shifted towards low activity TrxR oligomers resulting from
covalent linkages between non-productive TrxR subunits. I demonstrated that site-specific
acetylation protects TrxR from oxidative inactivation by reducing the formation of low
activity TrxR oligomers and drastically reducing oxidation productions that covalently
linked TrxR subunits. I also demonstrate TrxR can be non-enzymatically acetylated by
aspirin, which does not stimulate TrxR activity but does protect TrxR from oxidation. I
produced and purified Sec-containing TrxR fused to a cell penetrating peptide (CPP). I
showed the CPP-linked TrxR was efficiently delivered to mammalian cells. A fluorescent
TrxR-specific activity reporter demonstrated cytosolic activity from the CPP-tagged
TrxR1. The approach provides a novel route to use GCE in bacteria, and study site-

specifically modified human proteins in the homologous context of mammalian cells.
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Summary for Lay Audience

Many people have heard of the beneficial effects of antioxidants for health.
Antioxidants protect your cells against highly reactive molecules called reactive oxygen
species (ROS). ROS can be bad for your health because they ‘steal’ electrons from
proteins and deoxyribonucleic acid (DNA) in your cells, causing damage to these
important molecules. ROS are generated as your cells produce energy, and can also be
generated by other factors, such as exposure to sunlight. Damage caused by ROS can
contribute to various diseases such as cancer and heart disease. Antioxidants prevent this
damage by providing electrons to ROS before they have a chance to ‘steal’ electrons from
your DNA and proteins and provide electrons to molecules in your body that have been
damaged by losing an electron to ROS to repair the damage caused by ROS.

Most people think antioxidants come from healthy foods such as fruits and
vegetables, but your cells also produce antioxidants of their own. Our cells have a
network of proteins that defend the cell against ROS and repairs damage caused by ROS.
One of these naturally occurring antioxidant systems in your cells is the thioredoxin (Trx)
system, which is largely dependent on a protein called thioredoxin reductase (TrxR). The
Trx system transfers electrons to ROS to prevent damage to your cells, and also transfers
electrons to proteins and DNA molecules damaged by ROS to repair them.

When TrxR and the Trx system are not functioning properly, damage from ROS
can accumulate, leading to the development of many diseases. TrxR and the Trx system
are regulated by complex cellular processes to fine-tune the Trx system to defend against
ROS. My thesis focuses on understanding how protein modifications regulate TrxR to
control its activity and ability to defend itself and the cell against ROS. My thesis
developed a new method to produce the TrxR protein in differentially active forms, and I
efficiently delivered the TrxR protein to human cells to study the enzyme in its native

environment.
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Chapter 1
1. Natural and Synthetic Genetic Code Expansion

1.1. Discovery and Evolution of the Genetic Code

1.1.1. Discovery of the Genetic Code.

Following the discovery of the structure of deoxyribonucleic acid (DNA), Francis Crick
proposed the central dogma of molecular biology that describes that the genetic
information in cells can flow from DNA and RNA to proteins but not vice versa [1]. Crick’s
sequence hypothesis envisioned that the sequence of nucleic acids corresponds to the
amino acid (AA) sequence of proteins and is used as a template for amino acid insertion
during protein synthesis [1]. Indeed, in all cells, the DNA of a protein coding gene is
converted into ribonucleic acid (RNA) known as messenger RNA (mMRNA) through a
process called transcription, and used by the ribosome as a template to direct AA insertion
during protein synthesis [2]. The ribosome is a large ribonucleoprotein particle made up of
one large and one small subunit that facilitates protein synthesis by creating peptide bonds
between each AA to produce a polypeptide chain using the mMRNA sequence as a template
to direct AA insertion [3], according to the genetic code (Fig 1.1), which was deciphered
by the Nirenberg [4] and Khorana [5] labs in 1965.

The genetic code consists of 64 nucleotide triplets, called codons, 61 of which
correspond to one of the 20 naturally occurring AAs and 3 of which (UAG, UGA, and
UAA) are termination signals, marking the end of the protein sequence [6] (Fig 1.1).
Adapter molecules called transfer RNAs (tRNAs) bring AAs to the ribosome and
determine the AA sequence of the polypeptide chain by binding to a specific codon or set
of codons in the MRNA with a complementary tRNA anticodon [7] (Fig 1.1C). Aminoacyl-
tRNA synthetases (aaRSs) catalyze the ligation of AAs to tRNAs though an adenosine
triphosphate (ATP) dependent reaction, producing aminoacyl-tRNA substrates for the

ribosome [8] (Fig 1.1A, B). Accurate translation of the genetic code requires that tRNAs
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Figure 1.1. Schematic of protein production by mRNA translation at the ribosome.
The mRNA is translated to proteins at the ribosome, which catalyzes the formation of
peptide bonds between AAs. AAs are brought to the ribosome by charged tRNAs and the
AA sequence is determined by the tRNA anticodon binding to complementary codons on
the mRNA. tRNAs are charged with AAs by aaRSs, which are specific for a certain AA
and the tRNAs responsible for decoding codons corresponding to that AA, ensuring faithful
translation of the genetic code. This is depicted with the AAs serine (Ser) (A) and lysine
(Lys) (B). Ser is loaded onto tRNAS®" by seryl-tRNA synthetase (SerRS) (A), while Lys is
loaded onto tRNAMSS by lysyl-tRNA synthetase (LysRS) (B). SerRS specifically
recognizes Ser and tRNAS® and does not recognize other AAs or tRNAs (for example,
SerRS does not recognize Lys or tRNAM) and vice versa for LysRS — LysRS specifically
recognizes Lys and tRNAYS, but not other AAs or tRNAs. (C) Once charged, tRNAs enter
the ribosome and bind the mRNA codon, and their AA is incorporated into the growing
polypeptide chain by the ribosome. The uncharged tRNA is then released from the
ribosome, is charged again by its corresponding aaRS, and the cycle repeats.



are aminoacylated by a specific aaRS with the correct AA corresponding to the codon
complementary to the tRNA anticodon [8] (Fig 1.1). Identity elements in tRNAs are
nucleotides that recognized by the cognate aaRSs and ensure the correct AA is added to
tRNAs that decode codons associated with that specific AA, ensuring faithful translation

of the genetic code [9].

1.1.2. Exceptions to the Standard Genetic Code: Selenocysteine.

The genetic code was originally thought to be universal in all species. Overtime, diverse
exceptions to the universal genetic code emerged [10]. While there are examples of codons
taking on different meanings (codon reassignment), it was thought that only 20 different
kinds of AAs were incorporated into proteins in cells. In the late 1980s, some UGA
termination codons were found to site-specifically direct the co-translational incorporation
of the 21% AA, selenocysteine (Sec), into proteins in some species representing all three
domains of life [11-13].

Two distinct naturally occurring mechanisms in bacteria relative to archaea and
eukaryotes to site-specifically change the meaning of UGA from translational termination
to Sec insertion have been discovered [13-15]. In all Sec-decoding organisms, Sec is
synthesized from serine (Ser) on its tRNA (tRNAS®); tRNAS® is first aminoacylated by
an endogenous seryl-tRNA synthetase (SerRS) to give Ser-tRNAS® [16, 17] (Fig 1.2).

In bacteria, selenocysteine synthase (SelA) converts Ser-tRNASC to
Selenocysteinyl-tRNAS® (Sec-tRNAS®) [18], while in eukaryotes and archaea the Ser-
tRNAS® s first phosphorylated by O-phosphoseryl-tRNAS kinase (PSTK) [19, 20],
followed by conversion of phosphoseryl-tRNAS® to Sec-tRNAS® by O-Phosphoseryl-
tRNA:selenocysteinyl-tRNA synthase (SepSecS) [21-23] (Fig 1.2). An RNA hairpin
structure, the Selenocysteine Insertion Sequence (SeclS) occurs downstream of the Sec-
encoding UGA codon (directly downstream of UGA in the open reading frame (ORF) in

bacteria, and in the 3” untranslated region (UTR) in eukaryotes and archaea) [24] (Fig 1.2).



Specialized elongation factors (SelB in bacteria [25], elongation factor Sec (EFSec) in
eukaryotes [26], or archaeal SelB (aSelB) in archaea [27]) bind Sec-tRNAS® and bring it
to the ribosome. In bacteria, SelB directly binds both Sec-tRNAS® and SeclS to position
Sec-tRNAS® at UGA [25] (Fig 1.2). In eukaryotes, an additional protein, SeclS binding
protein 2 (SBP2), binds SeclS [28] and then binds EFSec bound to Sec-tRNAS to localize
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Figure 1.2. Schemata of naturally occurring Sec insertion systems. {RNA is
aminoacylated with Ser by SerRS. In bacteria, SelA converts Ser to Sec on RNA (A),

while in eukaryotes, Ser on tRNASec is phosphorylated by PTSK, followed by conversion
to Sec by SepSecS (B). Sec-tRNA is localized at the UGA codon by specialized elongation
factors that bind an RNA hairpin loop, SeclS, that occurs following the UGA codon. SeclS
is present directly downstream of UGA in the ORF in bacteria (A), while in eukaryotes,

SeclS is present in the 3°’UTR (B). In bacteria, SelB binds Sec-tRNASec and localizes it at
the UGA codon by binding SecIS (A). In eukaryotes, SBP2 binds SeclS, then binds a

specialized elongation factor, EFSec, which binds Sec-‘[RNASec to localize Sec-‘tRNASec at
the UGA codon.



Sec-tRNAS to the UGA codon [26] (Fig 1.2). In archaea, Sec insertion is similar to
eukaryotes; aSelB binds tRNAS® [27] and positions it at the UGA codon by interacting

with a currently unidentified SeclS binding protein [29].

1.1.3. Exceptions to the Standard Genetic Code: Pyrrolysine.

More recently, in the early 2000s, the UAG termination codon was found to be decoded as
an unusual lysine derivative, Pyrrolysine (Pyl), in the methanogenic archaeon
Methanosarcina barkeri [30] (Fig 1.3). Pyl was found in the active site of 3 archaeal
methyltransferases [31] in several species of the Methanosarcinaceae family and the Pyl
residue is crucial for utilizing methylamines as a carbon source [32]. Pyl is incorporated
into proteins by reassignment of the UAG codon. This natural expansion of the genetic
code requires the pyrrolysyl-tRNA synthetase (PyIRS) and cognate tRNAP' that includes
a°"CUA™ anticodon to decode *"UAG™" codon, where tRNAPY' is aminoacylated with free
Pyl through an ATP dependent reaction [33, 34] (Fig 1.3). Pyl-decoding organisms also
biosynthesize Pyl from lysine with the activity of three genes, PylIB, PyIC, and PyID [35].
Since its discovery in M. barkeri [30], several other species were found to decode UAG as
Pyl [36], including in other members of the archaeal Methanosarcinaceae family such as
Methanosarcina mazei [37], Methanogenium frigidum [38], Methanococcoides burtonii
[38], Methanosarcina acetivorans [39], Methanomassiliicoccus luminyensis [40],
Candidatus methanomethylophilus alvus [40], and Candidatus methanomassiliicoccus
intestinalis [40] and in several methanogenic bacterial species such as Desulfitobacterium
hafniense [34], Acetohalobium arabaticum [41] and D. dehalogenans [41]. So far, over

150 species show evidence of Pyl-decoding, including diverse archaea and bacteria [42].
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Figure 1.3. Expanding the genetic code using pyrrolysyl-tRNA synthetase. (A) Genetic

code expansion schematic showing how the PyIRS and {RNA"" pair reassign UAG stop
codons to Pyl. Pyl is biosynthesized by the action of the py/BCD genes (not shown), and

in an ATP-dependent reaction free Pyl is ligated to {RNA"" by the catalytic action of PyIRS.

The resulting Pyl—‘[RNAPyl product is a substrate for elongation factor Tu (EF-Tu). The
resulting complex enables decoding of UAG codons as Pyl on the ribosome to produce
Pyl-containing proteins.

1.2. Genetic Code Expansion to Produce Recombinant

Proteins with non-Canonical Amino Acids

Discovery of exceptions to genetic code in nature, such as recoding of selected UGA
codons to Sec, or reassignment of UAG to Pyl, provided both the inspiration, and the
molecular machinery required, for a new field of biotechnology called genetic code
expansion (GCE). GCE is a technique used to produce proteins with the site-specific co-
translational incorporation of an additional or non-canonical amino acid (ncAA) beyond
the 20 standard AAs normally used in protein synthesis. Today, a wide variety of ncAAs
with diverse functions can be installed by GCE, permitting many applications. GCE
enables the inclusion of unique functional groups intro proteins and involves a range of
applications including site-directed post-translational modifications (PTMs) with N-
acetyl-lysine (acK) [43], O-phosphoserine (pSer) [44], O-phosphothreonine (pThr) [45, 46]
and O-phosphotyrosine (pTyr) [47], cross-linking ncAAs [48] allowing studies of protein-



protein interactions [49], fluorescent ncAAs [50] that enable imaging and localization
studies [51], and more.

Several different GCE systems are available to produce proteins in a variety of host
organisms, ranging from bacteria to human cells [52]. GCE often relies on the expression
of exogenous aaRS/tRNA pairs that are already, or are engineered to be, orthogonal to the
aaRSs and tRNAs in the host cell to accurately insert a desired ncAA at a reassigned codon
[53]. ldeally, orthogonal aaRS (0-aaRS)/tRNA pairs do not cross react with endogenous
aaRS/tRNA pairs [53]. An orthogonal tRNA will not be recognized and aminoacylated by
endogenous aaRSs, and an 0-aaRS must not recognize and aminoacylate endogenous
tRNAs. A common strategy to identify 0-aaRS/tRNA pairs is to import an aaRS/tRNA pair
from a phylogenetically distant organism compared to the host expression system [53],
where differences in identity elements as a result of phylogenetic distance can help prevent
the 0-aaRS/tRNA pair from cross-reacting with endogenous aaRS/tRNA pairs [54]. Often,
further engineering is needed to improve orthogonality to further reduce, or

completely prevent, cross-reactions with endogenous aaRSs and tRNAs [55].

1.2.1. Archaeal PyIRS/tRNAPY Pairs for Genetic Code

Expansion.

The Pyl system discovered in the early 2000s [34] has become one of the main tools
of the GCE field [53]. Most PyIRS/ARNAP! pairs used for GCE are developed from the
naturally occurring M. barkeri or M. mazei PyIRS/tRNAPY pairs [56]. Expression of the
PyIRSARNAP! pair from M. barkeri allowed all instances of UAG to be decoded using
Pyl-analogs in Escherichia coli [57]. Multiple PyIRS/{RNAP! pairs from several species
can decode UAG with Pyl-analogs in E. coli, including PyIRSs from M. mazei [58] and M.
bakeri [57] and M. alvus [59]. These naturally occurring PyIRS/tRNA pairs are capable of

inserting multiple Pyl-analogues in response to UAG codons in E. coli [60]. Several mutant



variants were quickly developed following the discovery of PylIRS [37, 60-62], to vastly
increase the number of ncAAs that can be inserted to over 200 [63], making the Pyl system
the most versatile orthogonal translation system (OTS) known [64]. Expression of the M.
mazei PyIRS/tRNAPY! pair and its variants in mammalian cells allows reassignment of
UAG to ncAAs [65] The PyIRS/tRNAPY pair also functions as an orthogonal pair in

mammalian cells to decode UAG codons [66].

1.2.2. Methanocaldococcus jannaschii TyrRS/tRNA™' Pair for

Genetic Code Expansion.

Another commonly used 0-aaRS/tRNA pair in E. coli was developed from the
tyrosyl-tRNA synthetase (TyrRS)/tRNA™" pair from Methanocaldococcus jannaschii [48,
55]. This is the most popular 0-aaRS/tRNA pair after PyIRS variants, and over two thirds
of all ncAAs incorporated are done by wildtype or engineered PyIRS/tRNA™' or M.
jannaschii TyrRS/ARNAT™" pairs [63]. Mutation of the M. jannaschii tRNA™" anticodon
allowed decoding of UAG as tyrosine (Tyr) in E. coli [67], and further directed evolution
experiments created up to 38 different M. jannaschii TyrRS variants each specific for a
different ncAA [68]. This pair functions for ncAA incorporation in bacteria like E. coli,
Salmonella [69], Mycobacterium tuberculosis [70], and Streptomyces venezuelae [71], but
is not functional as an orthogonal pair in eukaryotic cells due to overlapping identity

elements with the eukaryotic TyrRS/tRNA™" pair [63].

1.2.3. Other Orthogonal aaRS/tRNA Pairs Adapted for ncAA

Insertion.
Other aaRS/tRNA pairs, based on leucyl-, lysyl-, glutaminyl -, seryl-, histidyl-,
prolyl-, and phenylalanyl-tRNA synthetases have been used to incorporate ncAAs into

proteins in various different host species [72]. Several aaRS/tRNA pairs from



Saccharomyces cerevisiae are orthogonal in E. coli and have been adapted ncAA insertion
in E. coli [68], such as the S. cerevisiae tRNA/aaRS pairs for aspartyl- [73], glutaminyl-
[74], phenylalanyl- [74], and tryptophanyl- [75] tRNA synthetase/tRNA pairs adapted for
ncAA incorporation in E. coli. Several E. coli aaRS/tRNA pairs have also been adapted

for ncAA insertion in S. cerevisiae or mammalian cells [72].

1.3. Genetic Code Expansion Applications

1.3.1. Translational Control of Gene Expression.

GCE has been used to regulate translation by controlling stop codon suppression within a
target gene [76-78]. Normally, a UAG stop codon is inserted into the gene of interest at a
permissive site for ncAA incorporation into the target protein. An 0-aaRS/tRNA pair
designed to recognize and insert ncAAs in response to UAG stop codons is co-expressed
[79]. When no ncAA is present, the in-frame UAG codon stops translation of the target
gene, preventing full-length protein production. An ncAA is added to induce translation of
the target gene, allowing the 0-aaRS/tRNA pair to decode the in-frame UAG codon,
resulting in full translation of the target gene [76-78]. This technique has been used to for
several applications, including biocontainment [80, 81], generating live attenuated virus
vaccines [79, 82, 83], and to control expression of therapeutic proteins in mammalian cells
[84].

A limitation to this technology is that 0-aaRSs are often promiscuous and can mis-
charge the suppressor tRNA with endogenous AAs [85], leading to leaky expression of the
target gene in the absence of ncAAs [81, 85]. This limitation has been alleviated using split
0-aaRSs, where an 0-aaRsS is split into two genes, and each 0-aaRS fragment is fused to
chemically inducible dimerization domains which dimerize in the presence of small
molecules [86]. Rapamycin or abscisic acid were used to induce dimerization between o-

aaRS fragments fused to FK506 binding protein (FBP) and FKBP-Rapamycin binding



domain of mammalian target of Rap (FRB), or to pyrabactin resistance (Pyr) and PYR1-
like domains (PYL), respectively [86]. The 0-aaRS remains inactive until the small
molecule which induces dimerization is added, preventing aminoacylation of the
suppressor tRNA with endogenous AAs in the absence of ncAA, allowing stringent control

of gene expression [86].

1.3.2. Determining Protein-Protein interactions.

GCE can be used to elucidate protein-protein interactions (PPIs) by installing
photocrosslinking ncAAs site-specifically into proteins [49, 87]. Photocrosslinker ncAAs
contain side-chains that become highly reactive in response to UV light, and form covalent
bonds with nearby molecules [49, 87]. Four commonly used photocrosslinker groups used
are arzyl azide, alkyl diazirine, trifluoromethylphenyl diazirine, and benzophenone [88],
and ncAA containing these crosslinking groups include several phenylalanine derivatives
[87] (P-benzoyl-L-phenylalanine  [89], p-azido-L-phenylalanine [48], 4'-[3-
(trifluoromethyl)—3H-diazirin-3-yl]-I-phenylalanine [90]) and lysine derivatives [87] ((3-
(3-methyl-3H-diazirine-3-yl)-propaminocarbonyl-N®-1-lysine [91], 3'-azibutyl-N-
carbamoyl-lysine [92], and N?-[((4-(3-(trifluoromethyl)—3H-diazirin-3-yl)-
benzyl)oxy)carbonyl]-I-lysine [93]). GCE-mediated insertion of these photocrosslinker
ncAAs have allowed for the study of PPIs in both eukaryotic cells and in microbes. These
approaches have been used to elucidate mammalian receptor-ligand [94, 95] and kinase-
adapter interactions [96, 97], as well as interactions between bacterial membrane proteins
[98-100] and E. coli chaperone substrate interactions [91, 101, 102].

Split 0-aaRS can also be used to detect PPIs with a green fluorescent protein (GFP)
reporter that includes an in-frame stop codon [86]. Each fragment of the split 0-aaRS is
fused to suspected interacting peptides, and if an interaction occurs, the 0-aaRS becomes
active, charges the suppressor tRNA and by causing full-length GFP translation, allows the

PPI to be quantitatively monitored by GFP fluorescence [86]. This technique has been used
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to monitor the interaction between proteins that mediate infection by severe acute
respiratory syndrome coronavirus 2 and anti-apoptotic proteins involved in the

development of cancer [86].

1.3.3. Controlling Protein Function with Caged ncAAs.

Protein function can be optically controlled by site-specifically replacing a natural AA with
a photo-caged version of the same AA [103-105]. The caging group blocks protein
function relying on that AA until it is exposed to light, which de-cages the AA and restores
protein function [103-105]. Photo-caged versions of Tyr [106, 107], cysteine (Cys) [108-
110], Ser [111], and lysine (Lys) [58, 66, 112] can be incorporated into proteins via GCE.
Photo-caged Lys has been used to optically control the function of T7 RNA polymerase
[113], isocitrate dehydrogenase [114], Cas9 nuclease [115], mitogen-activated protein
kinase kinase (MEK) [116, 117] and lymphocyte-specific protein kinase (LCK) [118]
kinases. Optical control of nuclear import has been achieved by inserting a photocaged
lysine in the nuclear localization sequence (NLS) of p53 [66] and SatB1 [119], and in an
NLS fused to GFP [66]. Caged Cys has been used to control the activity of potassium
channels in the neurons of the brain of mouse embryos [120], Renilla luciferase [121], and
Tobacco etch virus protease [109]. Caged Tyr was used to used to control the activity of
T7 RNA polyermase [122], a zinc finger nuclease [123], and Cre recombinase [124], and
to control the phosphorylation of signal transducer and activator of transcription (STAT1)
[107, 111]. Finally, caged Ser was used to control the phosphorylation of STAT1 and the

transcription factor Pho4 [111].
1.3.4. Other Applications of Genetic Code Expansion.

There are several other applications of GCE [103, 125, 126], including the study of

oxidative damage by genetically encoding nitrated Tyr [127, 128], visualizing protein
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localization in live cells using ncAAs that can be conjugated to fluorescent dyes [129], and
for the tagging and purification of newly synthesized proteins in mammalian cells by bio-
orthogonal ncAA tagging [130]. The incorporation of ncAAs with unique absorption
spectra can serve as infrared probes [131, 132] for the study of ligand binding [131] and
conformational changes [132, 133], and as probes for nuclear magnetic resonance studies
[134-137]. As detailed below, another major application of GCE is the study of PTMs
[138].

1.4. Genetic Code Expansion to Program Post-

Translational Modifications

Following protein synthesis on the ribosomes, PTMs are chemical groups that are
covalently added to the certain side chains of amino acids to regulate protein function
[139]. Phosphorylation and acetylation are two of the most common PTMs observed [140].
Protein phosphorylation is an important regulatory mechanism in nearly all cellular
processes, and is most well-known for its role in regulating signal transduction through
cascades of protein kinases [141]. Proteins can be phosphorylated at Ser, Thr, and Tyr
residues, and also at histidine (His) or aspartate (Asp) residues [142]. Protein
phosphorylation is a reversible PTM that is regulated by kinases which phosphorylate
proteins and phosphatases, which remove protein phosphorylation, and often regulates
signalling pathways through regulating protein interactions with proteins containing
phospho-binding domains [143].

Lysine acetylation is another reversible PTM that is mediated by addition of acetyl
groups to lysine residues by acetyltransferases from acetyl coenzyme A (acCoA), and
removal of acetyl groups by deacetylases [144, 145]. Lysine acetylation neutralizes the
positive charge of lysine, which can disrupt electrostatic interactions between the lysine

residue and other macromolecules such as proteins and nucleic acids [146]. Acetylation
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controls protein function by regulating protein stability, enzymatic activity, protein
localization, and by controlling protein-protein and protein-DNA interactions [147].

Programmed PTM incorporated into proteins using GCE allows for detailed studies
of how acetylation, or phosphorylation, at a specific residue can affect proteins, expanding
our knowledge on the functional acetylatome and phosphoproteome. The enzymes
responsible for acetylating or phosphorylating specific AA residues are often unknown,
making homogenous production of proteins with site-specific PTMs difficult or impossible
[103]. GCE bypasses this barrier by site-specifically genetically encoding PTMs by co-
translational incorporation at UAG codons [103]. Multiple PTMs, including pSer [44],
pTyr [47], pThr [45], and acK [43] can be co-translationally inserted into recombinant
proteins site-specifically in E. coli utilizing GCE. The PyIRS system has been adapted for
insertion of exogenously provided acK at UAG stop codons [43, 148]. The first OTS to
incorporate a phosphorylated amino acid into proteins [44] was derived from an archaeal
pathway for cysteinyl-tRNASY® biosynthesis [149, 150]. That pathway involves a
phosphoseryl-tRNA intermediate [149, 150] that was engineered to produce phospho-
proteins in E. coli [44]. The system requires a phosphoseryl-tRNA synthetase (SepRS) and
tRNASep pair [44] in addition to a mutated elongation factor thermo unstable (EF-Tu)
called EFSep [151, 152].

1.4.1. N.-acetyl-Lysine Insertion via Genetic Code Expansion.

Reassignment of the UAG codon to acK in E. coli was achieved by the development
of N.-acetyl-lysyl-tRNA synthetases (acKRSs) tRNA*K pairs by mutation of either M.
barkeri PyIRS [148] or M. mazei PyIRS [43]. Transient transfection of mammalian cells
with the M. bakeri derived acKRS tRNA*X pair [148] allowed ack insertion into proteins
in mammalian cells [65]. However, heterogenous expression from transient transfections
was a challenge. Genomic incorporation of acKRS tRNA*X (derived from the M. mazei

PYIRS/tRNAP! pair) created stable mammalian cell lines with homogenous expression to
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allow acK insertion at specific sites in histones [153] . Reassignment of UAG to acK was
achieved in a multicellular organism by creating transgenic mice expressing a genomically
integrated M. mazei derived ackRS/tRNAXK pair [154].

The effect of Lys acetylation on several proteins has been determined using GCE
to insert acK in response to UAG codons [138]. Using GCE to insert acK in response to
UAG codons in E. coli, it was found that aceytaltion of human peroxiredoxin 1 increases
its oligomerization and chaperone activity [155], acetylation of E. coli Malate
dehydrogenase increases its activity [156], acetylation impairs the activity of E. coli TyrRS
[157], E. coli isocirtrate dehydrogenase [158], and E. coli Aconitase A [159], acetylation
at K283 increases E. coli Citrate synthetase activity by increasing acCoA binding while
acetylation at K295 decreases activity by decreasing AcCoA binding [160], acetylation
increases E. coli Aconitase B activity [159], and acetylation of human ubiquitin alters
ubiquitin patterns with different substrates, depending on the lysine residue acetylated

[161].

1.4.2. Phosphorylated Amino Acid Insertion via Genetic Code
Expansion.

Site-directed insertion of pSer was achieved by adapting the M. jannaschii tRNA®YS
and M. maripaludis SepRS to produce an aaRS/tRNA pair orthogonal to E. coli that
decodes UAG as pSer in the presence of EFSep, a mutant form of EF-tu [44]. Two
mutations of the M. jannaschii tRNA®* changes the anticodon to decode UAG stop
codons, and an additional mutation in the D-loop allowed the tRNA to be more efficiently
aminoacylated by M. maripaludis SepRS, producing the M. jannaschii tRNAS® M.
maripaludis SepRS pair, which can provide tRNAS® charged with pSer in cells [44].
However, this alone was not enough to allow decoding of UAG as pSer. EF-tu poorly

binds tRNAs carrying negatively charged AAs [162], and molecular dynamics simulations
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suggested pSer-tRNAS® is not bound by EF-tu [163], preventing pSer incorporation, even
with an orthogonal aaRS-tRNA pair providing the cell with tRNAs charged with pSer [44].
To overcome this, 6 mutations were introduced into EF-tu to produce EFSep, which can
bind pSer-tRNAS® efficiently, allowing pSer incorporation at UAG codons by the M.
jannaschii tRNAS®, M. maripaludis SepRS pair in E. coli [44]. Insertion of pSer via GCE
allowed site-specific phosphorylation to produce active human kinases, including mitogen-
activated ERK activating kinase 1 kinase [44], protein kinase B (Aktl) [164], and ubiquitin
[165].

pTyr insertion at UAG was achieved by directed evolution of the TyrRS system
from M. jannaschii and simultaneously engineering the E. coli elongation factor EF-tu
[166]. Further engineering of the SepRS tRNAS® pair developed for pSer insertion
produced the pThrRS-tRNAP™ pair which allows pThr insertion at UAG codons in E. coli
[45]. Expression of the Salmonella enterica kinase PduX in E. coli allowed biosynthesis of
pThr from Thr to supply pThr for insertion at UAG codons by the pThrRS/ARNAP™ pair
in E. coli [45]. GCE mediated pThr insertion was optimized further to increase the

efficiency of pThr insertion [46].

1.5. Limitations of Genetic Code Expansion

1.5.1. Mutual Orthogonality of aaRS/tRNA Pairs.

A vast number of ncAAs can be inserted site-specifically into proteins using OTSs [63,
68, 167]. Hundreds of different ncAAs [63] can be incorporated into proteins by GCE, but
over two-thirds of these are incorporated by variants of the TyrRS or the PyIRS systems
[63]. Each 0-aaRS/tRNA pair can only insert one ncAA, so although the PyIRS/tRNAPY
pair can co-translationally insert many Pyl analogues [60], on its own, the system can only
be used to insert one of these reliably into a protein. A decade ago, a major limitation of

GCE that engineering efforts are working to overcome is the incorporation of multiple

15



ncAAs simultaneously [63]. More recently, up to 5 mutually orthogonal PyIRS/tRNAPY!
pairs have been developed [168]. One example of a mutually orthogonal PyIRS pair
involves the discovery of tRNAP! with A73 rather than the typically G73 discriminator
base identity element. The unusual tRNAPY' is found in Halophilic microbes, and the two
different PyIRS/tRNA! pairs, one with G73 and one with A73, were used to incorporate
two different ncAAs (3-iodo-Phe at a UAG codon and Boc-lysine at a UAA codon) into

the small archaeal ubiquitin-like modifier protein [169].

1.5.2. Codon Availability.

The availability of codons that can be reassigned to ncAAs remains a limiting factor
for GCE, making production of proteins simultaneously containing two or more ncAAs
difficult or inefficient. GCE has mostly focused on using the one of the three stop codons
(UAG, UAA, and UGA) [170]. By mutating the tRNA™" anticodon, the PyIRS/tRNAPY!
system can reassign UAG, UAA, or UGA stop codons [171]. Indeed, production of a single
protein containing two ncAAs incorporated via GCE simultaneously in E. coli was
achieved using the Pyl system to reassign UAA stop codons and using the M.
jannaschii TyrRS system to reassign UAG stop codons [172]. The approach used three
stop codons in the ORF with two of the three stop codons being used to insert ncAAs, and
the third (UGA) to direct translational termination.

So far, up to three different ncAAs have been simultaneously inserted site-
specifically into a single polypeptide chain in E. coli by either reassigning all 3 stop codons
[173], or by reassigning 2 stop codons and using UAU as a start codon (instead of AUG)
to insert a ncAA at the N-terminal of proteins using an engineered initiator tRNA [174].
To reassign all 3 stop codons, a PyIRS/tRNA™!yua pair decoded UAA to BocK, E. coli
tryptophanyl-tRNA synthetase (TrpRS)/tRNATYPphan(T®) ;o\ decoded UGA to 5-
hydroxytryptophan, and M. jannaschii TyrRS/ARNA™'cua decoded UAG to p-azido-
phenylalanine in the engineered E. coli strain ATMWL1 [173], which has had the
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endogenous E. coli TrpRS/tRNA™™yca substituted with its yeast counterpart to allow
insertion of ncAA with the E. coli TroRS/tRNAT™Pyca pair [175]. Translational termination
can be achieved by multiple consecutive stop codons even in the presence of an orthogonal
pair capable of decoding the stop codon [176]. Three consecutive UAA stop codons were
used to direct translational termination, and a self-cleaving tag was used to remove partial
ncAA insertion by the PyIRS/IRNAP!yua at the C-terminal translational termination site
[173]. Drawbacks to this system includes the lack of a dedicated stop codon resulting in
the need for a self-cleaving tag to ensure C-terminus homogeneity [173], the need for an
engineered E. coli strain [173] which may be difficult to duplicate in other host systems,
and is difficult to combine with other engineered E. coli strains, such as the C321.AA E.
coli strain [177] developed to increase ncAA insertion efficiency at UAG codons by
deletion of the release factor 1 (RF1) gene to reduce competition at UAG with orthogonal
tRNAs, and mutation of all native UAG stop codons to UAA [177]. Another drawback is
the low yield of ncAA containing protein, e.g., proteins containing 3 ncAAs were produced
with only 2% of the yield of wildtype protein [173], which could be a result of competition
of the orthogonal tRNAs with endogenous release factors, or toxic effects perhaps from
elongated endogenous proteins produced due to endogenous stop codon readthrough, as
seen with pSer insertion at UAG codons [178].

Another approach reassigned a UAG codon and two quadruplet codons (AGGA
and AGTA) with the help of an orthogonal and engineered ribosome with improved
efficiency in the decoding UAG and quadruplet codons [179]. However, frame-shifting at
the site of the 4-base codon is well documented [180, 181], and it is unclear if, and why,

this orthogonal and engineered ribosome would be immune to this effect.

1.5.3. Sense Codon Reassignment Limitations.

Due to the degeneracy of the genetic code, it is widely believed that many sense codons

(>20) should be available for recoding/reassignment to ncAAs [170]. In 2013,

17



Krishnakumar et al. tested this by attempting to use the Pyl system to reassign the CGG
arginine (Arg) codon in Mycoplasma capricolum [170]. The CGG codon in M. capricolum
has been called an unused or “open” sense codon [182], because the M. capricolum genome
only contains 6 CGG arginine (Arg) codons and lacks a tRNA dedicated to decoding CGG
[170]. Unfortunately, expression of PylRS and tRNAP' with an CCG anticodon
(tRNAP'cc6) in M. capricolum resulted in loading of tRNAP'cce with Arg by endogenous
ArgRS and decoding of CGG as Arg [170]. tRNAP! variants with CCG anticodons are
aminoacylated in E. coli while tRNA™! variants with CUA and GAG anticodons were not
[170], suggesting that cross-reactivity with endogenous translation machinery may prove
to be an additional barrier when attempting to decode sense codons.

A major identify element of ArgRS in E. coli and S. cerevisiae is the tRNA C35
anticodon base [120, 183, 184]. Every tRNA that is charged with a given canonical AA
(iso-acceptor tRNAS) can be charged by a single aaRS [185], and unfortunately, 16 of the
20 endogenous aminoacylation systems used in E. coli use the tRNA anti-codon as an
identity element [9]. This makes it difficult to reassign most sense codons to ncAAs of
interest because altering the anticodon of orthogonal tRNAs eliminates their orthogonality
and makes them targets for endogenous aaRSs. A comprehensive study of sense codon
reassignment in E. coli found that orthogonal M. jannaschii TyrRS [186] and M. bakeri
PyIRS [187] pairs could effectively outcompete many sense codons, providing up to 65%

missense suppression of the Arg AGG codon.

1.6. Genetic Code Expansion with Selenocysteine

The E. coli Sec insertion system provides molecular machinery to bypass barriers to
installing ncAAs at sense codons. Instead of reassigning all codons to Sec globally, this
system can site-specifically recode a single UGA stop codon to Sec (Fig 1.2A) in nature.

Examples of Cys codons and other sense codons that are recoded to Sec have also been
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identified [188]. This system recodes a single instance of a codon to Sec in a site-specific
manner (Fig 1.2A). A hairpin loop structure, SeclS, forms on the mRNA downstream of
the recoding site [189]. SeclS is bound by an elongation factor SelB, which localizes the
Sec-tRNA at the UGA codon [189].

The dependence of this system on the presence of SeclS downstream of the
recoding site to direct Sec insertion by binding SelB presents challenges to using this
system for Sec insertion [190]. For some proteins with Sec occurring at the C-terminal,
bacterial SecIS can be inserted into the 3’-UTR to allow recombinant production without
changes to the ORF [16, 189]. A mammalian selenoprotein was recombinantly produced
by fusing an engineered bacterial SeclS element with the rat thioredoxin reductase (TrxR)
gene without causing changes to the protein sequence [191]. Recombinant production of
human TrxR as well was achieved without changing the amino acid sequence with a similar
method [189, 192] (Fig 2.1).

For production in a bacterial host, other Sec-containing proteins with internal Sec
residues require a SeclS present in the protein ORF, and have been produced by
engineering artificial SeclSs that minimize changes to the ORF to reduce or eliminate
unintended effects on the protein [16]. A Sec-containing glutathione S-transferase was
produced recombinantly in E. coli by inserting a shortened bacterial SeclS from the E. coli
fdhF gene downstream of the Sec codon, which resulted in 6 point mutations that had no
effect on enzyme activity or substrate binding [193]. In another case, a Sec-containing
human Methionine Sulfoxide Reductase B1 (MsrB1) was produced by mutating the ORF
downstream of the UGA Sec codon to generate a SeclS functional in E. coli [194]. This
engineered SeclS mutated 4 residues in MsrB1, but these mutations were shown to have
little to no effect on enzyme activity [194]. More recently site-specific Sec incorporation
was engineered into yeast for the first time, and the functional and Sec-containing human
MsrB1 protein was produced [195]. An interesting aspect of the E. coli Sec insertion

system is the ability to change the meaning of sense codons. By simply changing the
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tRNAS®® anticodon, Sec can be inserted at 58 of the 64 possible codons with some
efficiency, and can completely convert all 3 stop codons, and 15 different sense codons,
to encode Sec [189]. By combining the Sec system with other OTSs like the PyIRS system,

2 or more ncAAs could be inserted into a single polypeptide chain co-translationally.

1.7. The Mammalian Thioredoxin System Function and

Role in Disease

1.7.1. Thioredoxin Reductase, a Critical Selenoprotein in Redox
Biology.
Mammalian TrxR is a key redox regulator in mammalian cells and is a selenoprotein that
is a powerful oxidoreductase containing selenium (Se) in the form of Sec [196]. TrxR,
along with its major substrate, thioredoxin (Trx), make up one of the major disulfide
reduction systems in the cell [197]. Sec is an analog of cysteine with Se taking the place of
sulfur [198]. Se makes Sec a much more powerful nucleophile than Cys, making Sec-
containing reductases better electron donors for redox reactions due to their lower redox
potential [199]. Cys to Sec substitutions in Cys-containing reductases reduce redox
potential and increase enzyme activity [199], while Sec to Cys substitutions in TrxR
eliminates its activity with some substrates and drastically reduces its activity with other
substrates [200, 201]. Due to its high nucleophilicity, Sec is also targeted in many
medically relevant TrxR inhibitors, providing a unique mechanism to specifically target
the activity of this selenoprotein [202-205] . These TrxR inhibitors include the platinum-
containing compound, cisplatin, which is a widely used chemotherapeutic drug, and the
gold-containing compound, auranofin, which is used to treat rheumatoid arthritis [206],
and has been identified as a potential anti-cancer drug [207].

TrxR is the main driver of the thioredoxin (Trx) system, which is involved in

oxidative stress responses in eukaryotes, bacteria, and archaea [208]. In addition to ROS
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defense, the Trx system has diverse roles in many different species, garnering interest in
Trx research from a diverse range of fields. Much research on the Trx systems have been
done by both the agricultural and medical community [209]. The plant Trx system plays a
role in plant growth, controlling rates of photosynthesis, and detecting levels of sunlight,
garnering interest from the agricultural community [209]. In mammalian cells, the Trx
system is involved in disease progression, including in diabetes, Alzheimer’s disease, and
the formation of various types of cancer [210], garnering interest from the medical

community.

1.7.2. The Mammalian Thioredoxin System.

In addition to glutathione system, the Trx system is one of the two main redox regulatory
systems in mammalian cells [211] (Fig 1.4). The Trx system consists of several electron-
transferring enzymes that work together to transfer electrons from nicotinamide adenine
dinucleotide phosphate (NADPH) to a wide range of substrates to maintain the redox
balance of the cell, protect against oxidative damage and reactive oxygen species (ROS),
such as hydrogen peroxide (H20), and to control the function of various proteins through
redox regulation [211] (Fig 1.4).

In the Trx system, TrxR transfers electrons from NADPH to thioredoxin (Trx) [212-
214]. After being reduced by TrxR, Trx reduces cellular proteins, such as peroxiredoxin
(Prx), before being recycled again by TrxR [211] (Fig 1.4). Similarly, after receiving an
electron from Trx, Prx can then reduce ROS such as H20- before being recycled again by
Trx [215] (Fig 1.4). Prx can reduce several different ROS [216] including H20- [217],
peroxynitrate [218], alkyl hydroperoxide [219], and peroxynitrate [220]. Some ROS can
also be directly reduced by TrxR (lipid hydroperoxides [221] and H2O2 [200]) and Trx
(hydroxyl radicals [222]), providing multiple layers of oxidative defense (Fig 1.4). TrxR
can also reduce several other proteins besides Trx [214], and Trx can reduce several

proteins besides Prx [223] (Fig 1.4).
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In addition to oxidative defense, the Trx system regulates many other cellular
processes including gene expression, embryonic development, cell proliferation, and
apoptosis [224]. The Trx system is involved in so many diverse processes because of redox
regulation of a wide range of protein substrates such as ribonuclease reductase,
peroxiredoxin, glucocorticoid receptors, transcription factors, and protein tyrosine
phosphotases [225]. In mammalian cells, there are three genes encoding three main TrxR
isoforms, TrxR1, TrxR2, and TrxR3 [226]. TrxR1 localizes to the cytosol, TrxR2 localizes

to the mitochondria, and TrxR3 is present primarily in the testes [226].
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Figure 1.4. Electron flow through the thioredoxin system. Electron flow through the
thioredoxin (Trx) system is mediated by TrxR using electrons from NADPH. TrxR reduces
Trx before the oxidized TrxR is reduced again using electrons from NADPH. Trx then
reduces Prx, or other target proteins, before oxidized Trx is reduced again by TrxR. Prx
then reduces ROS such as H,0,, before oxidized Prx is reduced again by Trx. TrxR and

Trx can also directly reduce ROS, providing the cell with a powerful ROS defence system.
TrxR and Trx also reduce a wide variety of other proteins, with diverse functions, resulting
in the Trx system being involved in nearly every aspect of cellular function. TrxR contains
a highly nucleophilic Se atom in its active site in the form of Sec, making it a powerful
reductase, capable of driving electrons through this system.
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1.7.3. The Thioredoxin System and Disease.

Because the flow of electrons into the Trx system depends on TrxR activity, and
because of the diverse roles of the Trx system, TrxR is involved in the development and
progression of many diseases [223, 227-229]. Aberrations to the Trx system has been
observed in many diseases, such as Alzheimer’s disease [230], rheumatoid arthritis [231],
asthma [232], various forms of cardiovascular disease [233], and in many more diseases
[223, 227-229], including in several types of cancer (non-small cell lung carcinoma [234],
renal cell carcinoma [235], thyroid cancer [236], breast cancer [236], cervical carcinoma
[237], colorectal cancer [238], and many more [239]). Overactive TrxR activity is linked
to chemotherapeutic resistance of some cancer cells by helping to defend against ROS
generated by radiation-based chemotherapies [240]. The activity of TrxR is also used as a
diagnostic maker for the early detection of lung [241] and breast cancers [242]. Anti-
cancer drugs, such as ethaselen, that target TrxR activity, have been developed to combat

drug-resistant lung cancers [243].

1.7.4. TrxR and Post-Translational Modifications.

In a mouse model of age-related macular degeneration and glaucoma, overexpression of
amyloid B was correlated with increased TrxR activity without changes to total TrxR
protein levels [244]. Differential total TrxR activity and alterations to TrxR1 acetylation
was also associated with a cardiomyopathy phenotype in transgenic mice [245]. These
studies suggest that PTMs, such as acetylation, regulate TrxR1 activity. At the time my
thesis work began, TrxR1 was known to be acetylated at three specific lysine residues that
had been experimentally identified in multiple studies in humans and mice [246-248], but
there were no data regarding the functional impact of these acetylation sites on TrxR

activity.
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1.8. Thesis Project, Goals, and Hypothesis

The Sec system has the potential to bypass barriers to installing unnatural amino acids at
nonsense or sense codons, and if combined with other OTSs, may permit the production of
proteins with 2 or more ncAAs installed in the same polypeptide. | produced recombinant
and active human TrxR1 in E. coli containing two different ncAAs simultaneously by using
the E. coli Sec insertion system to recode a single UGA stop codon to Sec, and a mutant
PyIRS/ARNAP! system to reassign the UAG stop codon to acK at three specific sites in
TrxR1[192]. My work produced a selenoprotein with programmed acetylation for the first
time and demonstrated that the Sec insertion system is compatible with the versatile Pyl
OTS.

I hypothesized site-specific acetylation will modify TrxR1 activity in vitro and
affect redox activity in live cells. My biochemical characterizations uncovered a model
whereby acetylation regulates TrxR1 activity by modulating oligomerization of TrxR1
monomers [192]. Further research demonstrated the acetylation prevents the irreversible
inactivation of TrxR1 by oxidation-induced covalent linkages of TrxR1 subunits,
demonstrating acetylation protects the Trx system from oxidative damage [249]. Finally,
in the last chapter, | pioneered the use of a cell penetrating peptide (CPP) derived from the
human immunodeficiency virus (HIV) transactivator of transcription (TAT) protein to
allow delivery of active and Sec-containing TrxR1 produced in E. coli to the cytosol of
human cells in culture [250], paving the way for studies of human proteins with
programmed modification produced via GCE in engineered bacteria in the native and

homologous context of the mammalian cell.
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Chapter 2
2. Acetylation Regulates Thioredoxin Reductase
Oligomerization and Activity

2.1. Introduction

Human cells naturally defend against reactive oxygen species (ROS) using a network of
redox enzymes including the selenoprotein thioredoxin reductase 1 (TrxR1) [1].
Selenoproteins contain the 21% genetically encoded amino acid, selenocysteine (Sec). In
cells, the Sec550 residue in TrxR1 is required for most of its activity [2] in reducing
oxidized compounds, e.g., ubiquinone [3], and oxidatively damaged cellular proteins via a
redox coupled reaction with thioredoxin (Trx). TrxR1 catalyzes the transfer of electrons
from NADPH to Trx1. The reduced Trx1 in turn resolves oxidized species and reduces
cellular proteins. The resulting oxidized Trx1 is then recycled by the TrxR1 enzyme. In
addition to ROS defense, the Trx system is involved in regulating gene expression,
embryonic development, cell proliferation, and apoptosis [4].

Overactive TrxR1 is associated with chemotherapeutic resistance, and TrxR1
activity is co-opted by cancer cells to defend against ROS generated by therapeutic
compounds [5]. TrxR1 activity levels are diagnostic for early detection of lung [6] and
breast cancers [7], and TrxR1 has emerged as a target to combat drug resistant lung cancers,
e.g., ethaselen [8]. In mouse models of age-related macular degeneration and glaucoma,
overexpression of amyloid B was associated with increased TrxR1 activity despite
unperturbed TrxR1 protein abundance, implicating posttranslational modifications in
regulating TrxR1 activity [9]. Differential total TrxR activity and changes in TrxR1
acetylation status were also associated with a cardiomyopathy phenotype in transgenic

mice [10] and in retinal tissue from diabetic rat models and human post-mortem patient
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samples [11]. TrxR1 is acetylated on at least 3 specific sites on the protein surface that have
been experimentally identified in humans and mice [12-14].

Due to the emerging association of TrxR1 acetylation, cellular redox status and
disease, we investigated how acetylation signaling modulates TrxR1 activity. Because the
acetyl transferase(s) that acetylate TrxR1 in the cell are unknown, it was not possible to
produce site-specifically acetylated TrxR1 variants using an upstream enzyme or from
expression in human cell culture. We overcame this barrier by using two genetic code
expansion systems (Fig 2.1) that enabled co-translational incorporation of both Sec and N,-
acetyl-lysine (acK) residues at specific sites, resulting in site-specifically acetylated and

differentially active human TrxR1 selenoprotein variants.

2.2. Results

To biochemically characterize the impact of site-specific acetylation on the reduction
activity of TrxR1, we produced TrxR1 variants in Escherichia coli with 22 different
genetically encoded amino acids, including the non-canonical amino acids (ncAAs) acK
and Sec (Fig 2.1). The data show, for the first time, that we produced protein with 22
different amino acids with equal efficiency and fidelity to protein production with the 20

standard amino acids (Table 2.1).

2.2.1. E. coli Host Strain Alters Expression of TrxR1 with 22 Amino
Acids.

We combined two genetic code expansion systems in E. coli to produce site-specifically
acetylated TrxR1 variants (Fig 2.1). We reassigned UAG codons from stop to acK using a
mutant UAG-decoding pyrrolysyl-tRNA synthetase known as Ng-acetyl-lysyl-tRNA
synthetase (acKRS) and tRNAPY' pair [15], and we simultaneously recoded a specified

UGA codon from stop to Sec with the native E. coli Sec insertion system (Fig 2.1). We
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produced and purified wild type (WT) TrxR1 with Sec at position 550, and 3 site-
specifically acetylated TrxR1 (acTrxR1) variants (acTrxR1K", acTrxR1K%®, and
acTrxR1%%) (Fig S2.1). Production of these protein variants required the two-plasmid

system depicted in Fig 2.1 and described in Methods.

ATP +Oﬁ ptRNASec +

IACUS

"G
IRC'[F>2NAPY' + + ATP
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I-Rcs)er-tRNASec
ACU
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ACU
6xHis-TrxR1 (human)

TAG
TGA .ackRs

tRNAPY

Figure 2.1. Schematic for genetically encoding 22 amino acids. (A) Genetically
encoding acK and Sec: ackRS ligates acK to tRNAP! which reassigns all UAG stop codons
to acK. This allows insertion of acK at a specific UAG codon in TrxR1. For Sec insertion,
tRNAS® is aminoacylated with serine (Ser) by seryl-tRNA synthetase (SerRS), followed
by conversion of Ser-tRNA to Sec-tRNA by selenocysteine synthase (SelA). The
elongation factor SelB binds Sec-tRNAS as well as the Sec Insertion Sequence (SeclS),
which we designed into the 3° UTR of the TrxR1 mRNA. The SecIS localizes Sec-tRNASE
at the UGA codon, allowing for Sec insertion at a single UGA stop codon. (B) The two-
plasmid system used for production of acetylated TrxR1: the pTech vector expresses
ackRS and tRNAP!, required for reassignment of UAG codons to acK. The pET vector
expresses TrxR1 with a TAG at the desired acetylation sites (141, 200, or 307), as well as
SeclS in the 3> UTR (see methods). In this system, UAG genetically encodes acK, while
SeclS following down-stream of the UGA codon is required for Sec insertion. The Sec
synthesis and insertion system is endogenous to E. coli, encoded in the E. coli genome
(SelA, SelB, SelC, SelD, SerRS).
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We tested the expression of TrxR1 and acTrxR1 variants in E. coli BL21 DE3 and
inan E. coli strain (C321.AA.exp) that lacks release factor 1 (RF1) and all genome encoded
UAG codons (E. coli ARF1) [16]. RF1 terminates translation at UAG. E. coli ARF1 should
allow for more efficient reassignment of UAG to acK, since there is less competition
between acK-tRNAP! and RF1 for binding UAG. With the acK incorporation system (Fig
2.1A), we demonstrated efficient UAG read-through per cell using a green fluorescent
protein (GFP) reporter in E. coli ARF1 (Fig S2.2). Unfortunately, and concordant with our
previous work [17], the E. coli ARF1 strain produces significantly less recombinant TrxR1
(Table 2.1) due to phenotypic defects resulting in slow growth and markedly reduced cell
densities [16, 17]. Potential benefits from RF1 deletion are subsumed by the more efficient
protein producing stain BL21, which produces more overall UAG translation per | E. coli
culture.

Fascinatingly, BL21 protein production efficiency was indistinguishable (2-2.6
mg/l culture) for variants of TrxR1 containing 20 (Sec550Tyr), 21 (wildtype, WT), or 22
(acTrxR1%%%) genetically encoded amino acids (Table 2.1). In BL21, we observed yields
for protein containing 22 genetically encoded amino acids of up to 2.6 mg/l culture,
whereas the E. coli ARF1 showed a maximal protein production of 0.6 mg/l culture. BL21

produced 1.2 to 5-fold more TrxR1 or acTrxR1 compared to E. coli ARF1 (Table 2.1).

2.2.2. Physical Characterization of TrxR1 Variants.

We confirmed insertion of Sec and acK into the same protein variants by multiple
independent mass spectroscopic methods. Independent mass spectrometry (MS)
techniques confirmed quantitative incorporation of Sec and/or acK in each TrxR1 variant
(Fig 2.2, Fig S2.3, S2.4, S2.5, S2.6). Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS) analysis of the acTrxR1 variants confirmed site-specific
acetylation at each of the anticipated sites (Fig S2.3) and verified Sec incorporation in WT
TrxR1 (Fig S2.4). Additionally, we found no evidence of de-acetylation in the MALDI MS
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Table 2.1. TrxR1 and acTrxR1 protein yields and activity.

DTNB assay 9,10- Insulin linked Trx1
phenanthrequinone assay
TrxR1 ARF1 BL21 assay
variant protein | protein — - — - — -
yield yield Initial | Relative Initial Relative Initial Relative
(mg/L) | (mg/L) velocity | activity velocity | activity | velocity | activity
(pmol (x-fold) (pmol (x-fold) (pmol (x-fold)
TNBY/s) NADPH NADPH
consumed/s) consumed/s)
WT TrxR1 0.4 2.4 024+ 1.0 1.23+0.03 1.0 0.22 £ 0.02 1.0
0.01
acTrxR1K4 0.4 0.7 042+ 1.8 1.53+0.05 1.2 0.41+0.01 1.8
0.03
acTrxR1K20 0.5 2.6 0.49 = 2.1 1.78+0.14 14 0.42 £0.01 1.9
0.01
acTrxR1K37 0.6 0.7 0.64 + 2.7 1.61+0.08 1.3 0.43+0.01 2.0
0.07
TrxR1SecS50Tyr | nd, 2.1 n.d. - - - n.d.
(inactive)

Protein yield was measured using the Bradford assay and noted above in mg of TrxR1
produced per liter of E. coli culture from the indicated strain. TrxR1 growth and
purification conditions are indicated in Methods section. Initial velocity for the TrxR1
variants on each substrate was calculated from the data shown in Fig 2 (Fig 2A for the
DTNB assay, Fig 2B for the 9,10-phenanthrequinone assay, and Fig 2C for the insulin
linked Trx1 assay). The relative activity of the TrxR1 variants for each substrate was
calculated by setting the velocity (TNB/sec or NADPH consumed/sec) of WT TrxR1 to 1
(Fig 2D).

n.d. — not determined

data (Fig S2.3). To verify Sec incorporation, and to determine the number of active
molecules in each sample, we quantified the amount of selenium (Se) in the TrxR1 variants.
Because Sec is required for TrxR1 activity, the amount of Se covalently bound to the
protein indicates the amount of active TrxR1. Inductively coupled plasma mass
spectrometry (ICP-MS) verified quantitative insertion of Sec in the TrxR1 variants (Table
S2.1). LC-MS/MS revealed acK incorporation (Fig 2.2, Fig S2.6) and Sec incorporation
(Fig 2.2, Fig S2.5) at the desired locations for acTrxR1K*! (Fig S2.5B, S2.6A),
acTrxR1%%% (Fig 2.2), and acTrxR1K%7 (Fig S2.5C, S2.6B) as well as Sec incorporation
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for WT TrxR1 (Fig S2.5A). In each MS experiment, we were unable to detect de-

acetylation or mistranslation at the UAG or UGA encoded loci.
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Figure 2.2. Physical identification of acK and Sec in acTrxR1X?%, MS data for other
TrxR1 variants is shown in Figs S2.3-S2.6. Liquid chromatography mass
spectrometry/mass spectrometry (LC-MS/MS) of polypeptides from trypsin digested
acTrxR1%?% demonstrating (A) acK and (B) Sec incorporation at the desired locations.

2.2.3. Reversible Activation of TrxR1.

The enzymatic activity of TrxR1 was assessed on three substrates: 5,5’-Dithiobis-(2-
nitrobenzoic acid) (DTNB), 9,10-phenanthrequinone, and thioredoxin 1 (Trx1) in an
insulin coupled assay [18]. DTNB is a long established artificial substrate for TrxR1 [18],
while 9,10-phenanthrequinone and the Trx1 insulin linked assays are dependent on the
presence of Sec in TrxR1 [19]. DTNB and the quinone assays measure TrxR1 reduction
activity directly, while the insulin linked assay also includes Trx1 and recapitulates a model

TrxR1 redox pathway in vitro.
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In comparison to WT TrxR1, each acTrxR1 variant had statistically significantly
higher activity on all substrates tested (Fig 2.3, Table 2.1). acTrxR1%3%” was most active
on DTNB assays, while acTrxR1K?% showed the highest activity on the quinone substrate
(Fig 2.3D, Table 2.1), suggesting acetylation may affect TrxR1 substrate preference.
Although TrxR1 lacking the Sec residue is still active with DTNB at a low level, 9,10-

phenanthrequinone reduction by TrxR1 is Sec-dependent [20]. We observed that a disabled

A 2 - B s ACTrXR1K200
s 3CTrXR1K307
— oD — acTrxR1K307 — 8 — ocTrxR1K141
B 15 5 o e TrxR1
g s 2CTrXR1K141 g 6 |
= m— CTrxR1K200 =
2 1 :
i TrxR1 ] TrR1
= — 9( 4 Sec550Tyr (inactive)
] Z
0.5 F 5
0 0 T T
0o 25 50 0 50 100
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dedkk
TrxR1
C 0.2 1 o — acTrxR1K307 D 3 m acTrxR1K141
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@] ©
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0 . 5 10 0 X
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Figure 2.3. Activity of TrxR1 and acTrxR1 variants. In vitro activity assay of WT and
acTrxR1 variants using a colorimetric (A) DTNB reduction assay measuring TNB
production (412 nm) with 50 nM of each TrxR1 variant, (B) a 9,10-Phenanthrenequinone
reduction assay with 100 nM of each TrxR1 variant monitoring NADPH depletion (340
nm), or (C) a Trx1-insulin linked assay using 200 nM of TrxR1 and 6 uM Trx1 monitoring
NADPH depletion (340 nm). In the Trx1-insulin linked assay, TrxR1 reduces Trx1, which
then reduces insulin before being reduced again by TrxR1. (D) The relative activity of the
TrxR1 variants for each substrate, where the velocity (TNB/sec or NADPH consumed/sec)
of WT TrxR1 is set to 1. These velocities were calculated from the data shown (A-C). (*
indicates a p < 0.05, ** p-value < 0.01, *** p-value < 0.005.) Error bars represent one
standard deviation based on triplicate measurements. A no enzyme control has been
subtracted from all enzyme assays shown.
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TrxR1 variant (Sec550Tyr) shows basal activity in the quinone assay (Fig 2.3B). In
agreement with the MS data, the activity data demonstrate WT and acTrxR1s all contain
Sec (Fig 2.3B). Co-translational incorporation of acK had no apparent effect on the proper

folding of the enzyme (Fig 2.4).

il s0
= w9 _ | a0
= 30 1 E 30
= 20 4 WT TI’XR1 = 20 aCTrXR1 K141
S | 10 G| 10
Al A
B | 402 220 ) 260 _'___v- Ao 2 . 260
.20 4 -20
E 30 4 g -30
D | .50 Q@ -4
-s0 J so J
S0 S0
% 40 1 = e0 4
8 | ®1 acTrxR 1420 £| %o { acTrxR1K307
E B/ 0]
¥ K -
= = 10294 40 260
g BN
= =  -30
o} D -4

-50

Figure 2.4. Circular dichroism (CD) spectra of TrxR1 variants. CD spectra
demonstrates properly folded WT TrxR1 and acTrxR1 variants, indicating no changes in
protein folding caused by co-translational incorporation of acK. Data are collected in units
of mean residue ellipticity (in deg cm?/dmol).

We performed a series of TrxR1 activity assays with or without pre-incubation with
histone deacetylase 3 (HDAC3). HDAC3 decreased the activity of the acTrxR1K*! and
acTrxR1 %37 variants to WT TrxR1 levels, but HDAC3 did not alter WT TrxR1 activity
(Fig 2.5). HDACS3 caused a slight decrease in the activity of acTrxR1K?%, but this decrease
was at the borderline of statistical significance (Fig 2.5). Although not evident in the MS
data, these data suggest acTrxR1%?% may be either partially de-acetylated or perhaps less

accessible to HDAC3. The data show conclusively that acetylation is a reversible
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mechanism to enhance TrxR1 activity at sites K141 and K307. A single acetylation at K307
leads to 2.7-fold increased TrxR1 activity (Fig 2.3, Table 2.1).
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| [
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0

TrxR1 acTrxR1K141 acTrxR1%200 g¢cTrxR1K307

Figure 2.5. Effect of histone deacetylase on TrxR1 variants. The in vitro activity of
TrxR1 variants, using 3.75 nM TrxR1 incubated with or without HDAC3, was measured
by monitoring TNB production (412 nm). The relative activity for each variant incubated
with (filled bars) or without (open bars) HDAC3, where the initial velocity of unacetylated
TrxR1 incubated without HDACS is set to 1. Error bars represent one standard deviation
(* indicates a p < 0.05, ** p-value < 0.01, *** p-value < 0.005, ns - not significant). All
error bars represent one standard deviation of triplicate measurements.

2.2.4. Acetylation Alters TrxR1 Quaternary Structure.

In solution, catalytically active dimeric TrxR1 exists in equilibrium with inactive tetramers
and higher order multimers [20]. A structure of the TrxR1 tetramer [20] revealed that all 3
lysine acetylation sites are localized at the dimer-dimer interface (Fig 2.6, PBD 4KPR [20]
and 3EAN [21]). In fact, acetylation will interfere with charge balanced hydrogen bond

networks of glutamate or aspartate and lysine residues lining the tetramer interface (Fig
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2.6B, C). Acetylation at K141 disrupts a symmetrical hydrogen bond network at the core
of the dimer-dimer interface between K141 and E143 (Fig 2.6B). Additionally, acetylation
at K200 or K307 likely perturbs a distinct and extensive hydrogen bond and salt bride
network between glutamate and lysine residues at the edges of the tetramer (Fig 2.6C). In
fact, a recent report identified acetylation at K147, which is also located in the TrxR1

dimer-dimer interface, in human lung treated with the HDAC inhibitor suberoylanilide

hydroxamic acid (52).

de-acetylation (HDAC3)
oxidation

s
83 >

inactive TrxR1 multimers active Tl dimers ‘ - —
Figure 2.6. Mechanistic basis for acetylation-dependent enhanced TrxR1 activity.
(A) Acetylation of K141 (blue), K200 (purple) or K307 (red) on the surface of TrxR1
dimers interferes with salt bridges and hydrogen bonds (B-C) in the TrxR1 tetramer
interface. Close up view of the interactions at the tertramer interface with (B) K141, (C),
K200 and K307 (PBD: 4KPR (39) and 3EAN (5)).

Catalytically active TrxR1 dimers were separated from low activity monomers and
tetramers for each TrxR1 variant by native size exclusion chromatography (Fig 2.7). DTNB
activity assays demonstrated the TrxR1 variants were successfully separated. In agreement
with a previous study on the role of Trp114 oxidation in driving TrxR1 tetramer formation
[20], the highest activity fractions contained dimers, while fractions containing monomers
or tetramers showed markedly reduced activity (Fig 2.7B). The oxidation of Trp114 also
leads to a covalent linkage between two TrxR1 monomers [20], forming a non-productive
and covalently linked dimer. As evident in the Western blot (Fig 2.7), we observed fewer
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Figure 2.7. Characterization of WT TrxR1 and acTrxR1 oligomerization.
(A) Different oligomeric states of the TrxR1 variants were separated in native conditions
on asize exclusion column. Hise-TrxR1 present in the fractions was visualized by Western
blotting (anti-His). Arrows indicate TrxR1 subunits (*) or covalently linked and non-
productive TrxR1 dimers (**) formed during tetramerization. M indicates a molecular
weight marker. (B) DTNB activity assays (100 nM TrxR1) demonstrated that high activity
dimers were successfully separated from low activity tetramers and monomers. Relative
activity is based on initial velocity (TNB/sec), where the unacetylated dimer is set to 1.
Error bars represent one standard deviation based on triplicate experiments. (C) The
percent of TrxR1 existing as dimers, tetramers, monomers, or covalently linked inactive
dimers was plotted for each TrxR1 variant. Percentages are calculated based on
densitometry of the Western blot (A).

covalently linked inactive TrxR1 subunits in the acetylated TrxR1 variants compared to
WT TrxR1 (Fig 2.7A, C). Western blot analysis of the fractions confirms that a larger
fraction of the acTrxR1s eluted as catalytically active dimers compared to WT TrxR1 (Fig

2.7C, Table S2.2).The data further suggest that the acTrxR1 and WT TrxR1 dimer fraction
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have similar activity (Fig 2.7B), and the increased activity observed in the bulk
measurements (Fig 2.3) are attributable to the increased population of active dimers in
acTrxR1, decreased tetramer formation in acTrxR1 (Fig 2.7C, Table S2.2), and decreased
amounts of non-productive covalently linked dimer in acTrxR1 compared to WT TrxR1
(Fig 2.7C). The data suggest a novel mechanism (Fig 2.6), whereby acetylation reduces

tetramer/multimer formation and promotes the formation of active TrxR1 dimers.

2.3. Discussion

2.3.1. Acetylation Controls TrxR1 Structure and Activity.

Lysine acetylation is found in all domains of life [23-25] with 36,000 acetylation sites
identified in human, rat, and mouse cells [13, 14]. The human acetylome is enriched in
proteins that form macromolecular complexes [13]. Acetylation of p53 blocks its
oligomerization leading to nuclear export [26]. Histone acetylation prevents
oligomerization, inhibiting chromatin condensation and increasing transcriptional activity
[27]. Although not previously known for thioredoxin reductase, our data indicate that a
similar mechanism may allow cells to control the pool of active molecules by suppressing
TrxR1 oligomerization (Fig 2.6). Acetylation of TrxR1 may also counteract oxidative
inactivation of the enzyme. Oxidative modification at Trp114 [20], centrally located in the
dimer-dimer interface, was shown to reduce TrxR1 activity by promoting TrxR1
oligomerization, which represents a counter-acting mechanism relative to acetylation [20]
(Fig 2.6). Indeed, the data suggest that TrxR1 acetylation may enable reactivation of
oxidatively damaged TrxR1 multimers (Fig 2.7). Additionally, acetylation of the TrxR1
substrate, Trx1, increases the activity of Trx1 through a currently unknown mechanism
[28]. Acetylation of another protein target of the Trx system, peroxiredoxin (Prx), prevents
superoxidation of the Prx protein, increases its reduction activity, and prevents the

formation of high molecular weight complexes with Prx and other proteins [29].
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2.3.2. Relevance to Human Disease.

The ability to regulate TrxR1 activity via acetylation will have relevance to major human
diseases, including neurodegeneration, cancer, diabetes, and aging [30], which are
characterized or complicated by elevated ROS. Decreased TrxR1 activity without changes
in TrxR1 levels has been implicated in age-related macular degeneration and glaucoma
resulting from overexpression of amyloid B peptides [9], indicating post-translational
modifications control TrxR1 activity. Differential acetylation of TrxR1 was also
documented in human cells [13] and in a mouse model of cardiomyopathy [10]. Initial
findings have implicated TrxR1 regulation by de-acetylation in diabetes. In hyperglycemic
rats, physical association with HDACG6 and decreased acetylation of TrxR1 correlated with
reduced TrxR1 activity [11] in agreement with our data.

In several forms of cancer, TrxR1 expression and activity are used as diagnostic
markers for early detection [6, 7]. As our data indicate, acetylation increases TrxR1
activity, and future work will include investigating TrxR1 acetylation as a potential
diagnostic marker. Cells can overcome ROS generating cancer therapies and turn off
apoptotic pathways by over-expressing TrxR1 [31]. Additionally, inhibiting the Trx system
has been shown to increase the effectiveness of radiation therapy in treating some forms of
breast cancer [32]. Oxidative stress is known to reduce TrxR1 activity by inducing tetramer
formation [20]. Previous data suggest the cell responds to oxidative stress by acetylating
TrxR1, perhaps enabling resistance to therapies that generate ROS [10]. We hypothesize
that, in the cell, acetylation of TrxR1 reduces the oxidative stress induced tetramerization
of TrxR1 [20] generated by radiation and chemotherapies [33]. Together these studies
suggest that identifying and inhibiting TrxR acetylases may serve as another route to

increase the effectiveness of cancer therapies.
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2.3.3. Impacts of enhanced TrxR activity on cellular signaling.

The Trx system is directly involved in cellular signaling linked to cell proliferation and
viability [4]. A classic example includes the role of reduced Trx1 in inhibiting apoptosis.
Reduced Trx1 inhibits apoptosis signal-regulating kinase (ASK1) by directly binding to
the kinase [31]. Inhibition of TrxR with 1-chloro-2,4-dinitrobenzene in human embryonic
kidney 293 (HEK?293) cells activated ASK1 leading to apoptosis [31]. This provides a
direct link between TrxR activity and its negative regulation of apoptosis. Additionally,
Trx1 activity is involved in activating transcription factors involved in cell proliferation
[4], such as nuclear factor-kB [34], and activator protein 1 [35]. We have definitively
shown that acetylation increases the intrinsic activity of TrxR1 (Fig 2.3A, B) which leads
to an increased rate of Trx1 reduction, thus increasing the activity of the Trx system in
reduction of cellular targets, such as insulin (Fig 2.3C). Together these observations
suggest acetylation signaling on TrxR1 may be involved in inhibiting apoptosis and

regulating cell viability by increasing the overall activity of the Trx system.

2.3.4. Codon Recoding and Codon Reassignment Mechanisms

are Mutually Orthogonal.

Efficient protein production with more than 20 amino acids is a major challenge in the area
of genetic code expansion. Protein production at 1.5 mg/l culture with 2 different ncAAs
in the cell was recently demonstrated by reassigning a UAG codon and a quadruplet codon
(AGUA) in the same gene [36]. This experiment relied on co-expression of a mutant
orthogonal ribosome alongside the endogenous ribosome. Translation products without
one or both of the 2 ncAAs were also observed [36], and it is unclear why this mutant
ribosome would be immune to frame-shifting at the site of the 4-base codon, which is well-

documented [37, 38].
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In an independent experiment, a GFP reporter containing 2 different ncAAs was
produced at 1-10 mg/I culture by reassigning both UAG and UAA stop codons [39]. The
corresponding ‘wild type” GFP variant was produced at 56 mg/L culture [40]. These data
suggest that GFP with 22 different amino acids was produced at 6-50 fold lower levels
compared to a GFP containing only the 20 natural amino acids. In contrast, here we
established protein synthesis with 22 different amino acids in a recombinant human protein
for the first time at > 2 mg/l culture. Our data indicate we achieved equal efficiency to
standard protein production with 20 amino acids.

A key bottleneck in genetic code expansion is a limited availability of
‘reassignable’ codons [41]. Traditional genetic code expansion systems alter the meaning
of the UAG codon at each instance of that codon in the entire transcriptome [42, 43]. The
Sec insertion machinery recodes the UGA codon only at genetic loci that are specified by
a downstream Sec insertion sequence element (SeclS) [44] (Fig 2.1). This means that UGA
normally stops protein synthesis, but at specific sites determined by the position of SeclS,
the Sec machinery is recruited to change the meaning of UGA from stop to Sec. Sec is not
hardwired to UGA [45, 46], and we have previously shown that by simply mutating the
tRNAS® anti-codon, each stop codon and 15 sense codons can be recoded with high fidelity
to Sec [45]. A recent study showed that recoding UAG to Sec using a Sec-tRNAS with
the corresponding UAG-decoding anticodon results in increased UAG translation with Sec
in a RF1 deficient E. coli strain [47]. We have shown here (Table 2.1), and previously [17]
that despite enhanced UAG read-through per cell in the same RF1 deficient E. coli strain
(Fig S2.2), we are able to produce ncAA-containing proteins more efficiently in BL21 as
evidenced by 5-100 fold higher protein yields per liter E. coli culture. This is likely due to
the decreased fitness of the RF1 deficient E. coli strain, resulting in slower growth [16],
and less overall protein production. Together these data suggest that with an efficient

genetic code expansion system, RF1 competition (and translational stopping at UAG) is
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off-set by higher cell densities and overall more efficient protein production in BL21
compared to RF1 deficient E. coli.

Because the Sec system shows surprising efficiency at stop codon [47] and sense
codon recoding [45], we are currently engineering this system to incorporate other ncAAs
[48]. The data here are vital to this engineering effort as they demonstrate that the Sec
codon recoding machinery is compatible with, and orthogonal to, traditional genetic code
expansion systems based on UAG codon reassignment. In addition, because our system for
protein synthesis with 22 amino acids uses normal 3-base codons and the native ribosome,
it is highly efficient and will be portable to other host expression systems, including

mammalian cells [49, 50] with minimal intervention.

2.3.5. Innovation.

Proteins are normally synthesized in cells with 20 amino acids, but most are post-
translationally modified at many sites with unknown consequences to protein function. We
used two mutually orthogonal translation systems to incorporate 22 genetically encoded
amino acids into a single protein with efficiency and fidelity identical to normal protein
synthesis. In doing so, we produced a purified human enzyme in a native and more fully
active form, and importantly, we uncovered acetylation as a novel mechanism of enhancing
TrxR1 activity that has broad implications for cellular signaling and disease pathways

related to deregulation of the cellular redox status.

2.4. Methods and Materials

2.4.1. Bacterial Strains and Plasmids.

Site-specific insertion of acK into proteins relies on translational read-through of the stop
codon UAG (Fig 2.1). In an attempt to enhance UAG translation with acK, we expressed

TrxR1 variants in an Escherichia coli release factor 1 (RF1) deletion strain and in E. coli
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BL21 (DE3) (C2527H; New England Biolabs, Ipswich, MA, USA). We employed an E.
coli ARF1 strain (C321.AA.exp, from G. Church [16] via Addgene strain #49018) that also
has all genomic TAG codons mutated to TAA [16]. pET-pylT-GFP, containing superfolder
GFP (sfGFP) with an in frame UAG codon at position 2, and pylT as described previously
[51], was used for accessing acK incorporation in E. coli ARF1 (Fig S2.2).

Site-specific insertion of Sec relies on the translational read-through and site-
specific recoding of the stop codon UGA (Fig 2.1). E. coli’s native Sec insertion machinery
was used to site-specifically insert Sec as previously [45]. E. coli naturally produces Sec-
tRNASca that binds to a specialized elongation factor (SelB), which in turn recognizes
a RNA-hairpin loop (Sec insertion sequence, SeclS) downstream of the recoded UGA
codon (Fig 2.1). Human TrxR1 was recombinantly expressed in E. coli by placing an E.
coli SeclS sequence (derived from the E. coli fdhF gene) in the 3’ untranslated region
(UTR) of the TrxR1 expression construct, as previously [45].

In order to develop a system capable of co-translational incorporation of both Sec
and acK in the same polypeptide, human TrxR1 (isoform 4), including the 3* fdhF SeclS
and an in-frame UGA codon (Sec550), was PCR amplified from pRSF-TrxR1-SerS [45]
with primers (TRXF-Ndel 5’-CATATGTCCTGCGAAGACGGTCGTGCGC-3’, TRXR-
Sacl 5’-GAGCTCTCGGCCGCATAGGCTAACGATTG-3’). The PCR product was
digested Ndel/Sacl (NEB) and ligated to pET-pyIT [51] digested with Ndel/Sacl to give
pET-pylT-TrxR1 (WT). Quickchange PCR, as described previously [52], was conducted
on pET-pylT-TrxR1 (WT) to introduce UAG codons in the TrxR1 expression construct at
positions 141, 200, or 307 (residues numbers are based on isoform 4 numbering). pKTS-
ackRS1 [53] containing an engineered N -acetyl-lysyl-tRNA synthetase (acKRS) [15, 51],
or pTech-acKRS containing acKRS and tRNAPY!T-%Pt [54] was also required for site specific
acK incorporation. pRSF-TrxR1-SerS [45] containing UAC at codon 550 was used for
producing inactive TrxR1 Sec550Tyr.
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2.4.2. TrxR1 Production and Purification.

The human TrxR1 variants were overexpressed from the plasmids pET-pylT-
TrxR1in E. coli ARF1 [16] or E. coli BL21 DE3 that had been co-transformed with pKTS-
ackRS1 [53] or pTech-acKRS [54]. Starting from a single colony after transformation on
selective agar plates, cells were grown at 37°C overnight in a 25 mL preculture containing
LB selective medium (ampicillin 100 pg/ml, kanamycin 25 pg/ml for pKTS-acKRS1, or
ampicillin 100 pg/ml, chlorophenical 34 pug/ml for pTech-acKRS). Cells were grown at
37°C in 1 L LB selective medium (ampicillin 100 pg/ml, kanamycin 25 pg/ml for pKTS-
ackKRS1; or ampicillin 100 pg/ml, chlorophenical 34 pg/ml for pTech-acKRS)
supplemented with 10 uM sodium selenite (sigma, 214485) and 2.5 mM N;-acetyl-lysine
(sigma, A2010) following inoculation with a 25 ml pre-culture. An additional 1.5 mM N,-
acetyl-lysine was added at ODeoo = 1.0, for a total of 4 mM N.-acetyl-lysine. Because
optimal selenoprotein expression requires late induction [45], at ODego = 1.2 the
temperature was shifted to 20°C and protein expression was then induced at ODesgo = 1.5
with 100 uM or 1 mM lIsopropyl B-D-1-thiogalactopyranoside (IPTG, sigma 16758) and
continued for 18 h shaking at 20°C.

After the cells were harvested by centrifugation, the cell pellet was re-suspended in
30 mL phosphate buffer (100 mM potassium phosphate, pH 7.2, 10% glycerol). The cells
were supplemented with lysozyme (0.05 mg/mL, Biobasic, LDB0308) and subsequently
disrupted by sonication (Q125, QSonica). The centrifuged lysate (6250xg, 1 hour, 4°C)
was purified by affinity chromatography using 1 mL nickel nitrilotriacetic acid (Ni-NTA)
resin (Qiagen, 30230) in a gravity flow column equilibrated with 25 mL phosphate buffer.
After washing with 50 mL phosphate buffer supplemented with 45 mM imidazole the
proteins were eluted with 5 x 1 mL phosphate buffer (230 mM imidazole). Protein
concentration was assessed by Bradford protein assay (Bio-Rad, #5000006) at 595 nm

according to manufacturer’s instructions.
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Following affinity chromatography, the TrxR1 variants were further purified by
size-exclusion chromatography. TrxR1 variants were purified in a AKTA Pure L1 Fast
Protein Liquid Chromatography (FPLC) system (GE Heatlhcare, 29018225) using a
Superdex™ 200 Increase 10/300 GL column (GE Healthcare, 28990944) pre-equilibrated
in 20 mM sodium phosphate, 150 mM sodium chloride, pH 7.5, with a flowrate of 0.3

mL/min. Elutions were collected in 0.5 mL fractions.

2.4.3. In vitro TrxR1 Activity Assay: DTNB.

Enzymatic activity of purified TrxR1 variants was assessed colorimetrically by monitoring
B-Nicotinamide adenine dinucleotide 2'-phosphate (NADPH, sigma, N7505) dependent
reduction of Ellman’s reagent (DTNB, 5,5’-Dithiobis-(2-nitrobenzoic acid); Sigma,
D8130). A plate reader (Syngery H1 Hybrid Multi-Mode Reader, Biotek, 11-120-534)
auto-dispenser was used to add DTNB (in phosphate buffer) to each well to start the
reactions, which included final concentrations of 5 mM DTNB, 300 uM NADPH, and 50
nM (Fig 2.3A) or 100 nM (Fig 2.7B) TrxR1 in a final volume of 100 ul per well. Reduction
of DTNB produces thiobis-(2-nitrobenzoic acid) (TNB), which has an absorption of 421
nm. This reaction was monitored at 412 nm every minute for 50 minutes. Reactions were
performed in triplicate. For all activity assays, error bars display 1 standard deviation based
on at least triplicate experiments. A control lacking the TrxR1 enzyme was conducted in

triplicate, and has been subtracted from all enzyme assays.

2.4.4. In vitro TrxR1 Activity Assay: 9,10-phenathrene Quinone.

Enzymatic activity of purified TrxR1 variants were assessed colorimetrically by following
oxidation of NADPH resulting from TrxR1 mediated and Sec-dependent reduction of 9,10-
phenathrene quinone (Aldrich, 275034). NADPH consumption was monitored by
incubating 100 nM TrxR1 with 300 uM NADPH and 50 uM 9,10-phenanthrene quinone
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in phosphate buffer (100 mM potassium phosphate, pH 7.0, 1 mM
Ethylenediaminetetraacetic acid (EDTA, Sigma, E9884)). TrxR1 and NADPH in
phosphate buffer with EDTA was added to the wells of a 96 well plate. A 96 well plate
reader auto-dipsenser was used to add 9,10-phenanthrene quinone in phosphate buffer to
each well to start the reaction with a final volume of 100 ul. The assay mixture was
monitored at 340 nm every minute for 2 hours, in a 96 well plate reader. A no enzyme
control was conducted in triplicate, and subtracted from the TrxR1 reactions. Reactions

were performed in triplicate.

2.4.5. Histone Deacetylase 3 (HDAC3) Assays.

Partially purified (Ni-NTA resin purified) WT and acTrxR1 variants (0.75 uM) were
incubated with 4 uM Histone Deacetylase 3 (HDAC3, SRP2072 Sigma) for 2 hours at
37°C. Following this incubation, the enzymatic activity of TrxR1 variants incubated with,
or without HDAC3, was assessed colorimetrically by the in vitro DTNB activity assay
described above with a final TrxR1 concentration of 3.75 nM. Reactions were performed

in triplicate, and error bars represent one standard deviation.

2.4.6. Insulin Linked TrxR1 Activity Assays.

The enzymatic activity of TrxR1 on recombinant human Trx1 (Sigma, T8690) was
assessed by following the oxidation of NAPDH (340 nm) resulting from TrxR1 mediated
reduction of Trx1. In this insulin linked assay, Trx1 then reduces human recombinant
insulin (Sigma, 91077C) before being reduced by TrxR1 again. 200 nM TrxR1 was
incubated with 50 uM NADPH, 1 mM EDTA, 80 uM Insulin, and 6 uM Trx1 in phosphate
buffer in a volume of 200 ul in wells of a 96 well plate. The reaction was started by the
addition of Trx1 and insulin. The reactions were monitored at 340 nm every minute for 10

minutes using a plate reader. Reactions were performed in triplicate. Error bars represent
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one standard deviation. A no TrxR1 control (performed in triplicate) has been subtracted

from all reactions.

2.4.7. Statistical Analysis.

All errors bars represent one standard deviation. All p-values were derived from an Anova
one way statistical analysis of data produced in triplicate. Initial velocity calculations in

Table 2.1 are calculated from the linear phase of the activity curves (Fig 2.3).

2.4.8. Mass Spectrometry.

Mass spectrometric analyses of purified TrxR1 variants were performed at the MALDI
mass spectrometry facility (The University of Western Ontario) for tandem Matrix-
Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-MS/MS) and the UWO
Biological Mass Spectrometry Laboratory (The University of Western Ontario) or the W.
M. Keck Biotechnology Resource Laboratory (Yale University) for tandem Liquid
Chromatography Mass Spectrometry (LC-MS/MS). TrxR1 variants were run on a 15%
sodium dodecyl sulfate (SDS) gel, coomassie stained, and prepared for MALDI-MS/MS
or LC-MS/MS by digestion with trypsin protease. A MassPREP automated digester station
(PerkinElmer) was used to digest the TrxR1 variants with 5 ng/ul trypsin (Promega).
Coomassie stained gel pieces were de-stained with 50 mM ammonium bicarbonate and
50% acetonitrile. TrxR1 variants were then reduced with 10 mM dithiothreitol (DTT) and
alkylated with 55 mM acrylamide and digested with trypsin. LC-MS/MS was performed
using a Q-Tof Micro mass spectrometer (Waters) equipped with a Z-spray source and run
in positive ion mode (+0.1% formic acid) or using Thermo Scientific LTQ-Orbitrap XL
mass spectrometer. MALDI-MS/MS was performed using an AB Sciex 5800 TOF/TOF
system, MALDI TOF TOF (Framingham, MA, USA) equipped with a 349 nm Nd:YLF

OptiBeam On-Axis laser using a laser pulse rate of 400 Hz and reflectron positive mode.
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The MALDI matrix used was a—cyano—4—hydroxycinnamic acid, prepared as 5 mg/ml in
6 mM ammonium phosphate monobasic, 50% acetonitrile, 0.1 % trifluoroacetic acid, and
was mixed with the samples at a 1:1 ratio (v/v). Inductively coupled plasma (ICP) mass
spectroscopy was performed to quantify the amount of selenium per amount of protein for

TrxR1 variants at Biotron Analytical Services (The University of Western Ontario).

2.4.9. Western Blot analysis of TrxR1 Expression.

Purified TrxR1 proteins were re-suspended in 1 x SDS loading buffer (250 mM Tris/HCI
pH 6.8, 40% glycerol (v/v), 10% SDS (w/v), 0.05% bromphenol blue (w/v), 5% 2-
mercaptoethanol) and loaded in 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). The blot was carried out with a TransBlot Turbo Transfer System (Biorad). Anti-
His antibodies (from Mouse, Sigma, H1029) and Mouse IgG HRP linked (from Sheep, GE
Healthcare, GENA931) were used. Chemiluminescent signal detection was performed on

a ChemiDoc MP system (Biorad).

2.4.10. Size Exclusion Chromatography.

TrxR1 variants and proteins from a high molecular weight calibration kit (GE Healthcare,
28403842) were individually separated in a AKTA Pure L1 Fast Protein Liquid
Chromatography (FPLC) system using a Superdex ™ 200 Increase 10/300 GL column pre-
equilibrated in 20 mM sodium phosphate, 150 mM sodium chloride, pH 7.5. Elutions were
collected in 0.5 mL fractions. The high molecular weight calibration kit used the following
proteins: Ovalbomin (43 kDa, 3 mg/mL), Conalbumin (75 kDa, 3 mg/mL), Aldolase (158
kDa, 3 mg/mL), Ferritin (440 kDa, 1 mg/mL), Thyroglobulin (669 kDa, 3 mg/mL), and
Blue Dextran (2000 kDa, 1 mg/mL).
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2.7. Chapter 2 Appendix —

Supplementary Tables & Figures

2.7.1. Supplementary Tables.

Table S2.1. ICP-MS selenium (Se) content determination for TrxR1 preparations.

TrxR1 variant Protein | Selenium | Sec Occupancy
(M) [ (HM) (%)*
TrxR1WT 25.8 21.5+24 1839
acTrxR1K4 24.2 25.0 103
acTrxR1K200 25.2 255+23 101+9
acTrxR1K3Y7 22.6 21.8+2.2 196 +10

*The Sec-occupancy is calculated as a ration of the amount of Se detected by ICP-MS to
the amount of protein in each sample. The data are based on triplicate measurements.

Table S2.2. Percentage of total TrxR1 existing in high activity dimers, or low activity
tetramers or monomers.

TrxR1 TrxR1 Tetramer | TrxR1 Dimer TrxR1 Monomer
variants (% Total TrxR1) |(% Total TrxR1) (% Total TrxR1)
WT 29 57 14

acTrxR1K4! 24 70 6

acTrxR1K200 22 59 22

acTrxR1K307 19 66 12

A western blot was conducted on 0.5 mL elutions of TrxR1 variants from a size exclusion
column (Fig 2.7). DTNB activity assays were used to determine where catalytically active
dimers and inactive tetramers and monomers eluted from the size exclusion column (Fig
2.7). The percentage of TrxR1 existing as tetramers, dimers, and monomers was calculated
based on densitometry of the Western Blots (Fig 2.7).
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2.7.2. Supplementary Figures.

kDa M WT TrxR1 acTrxR1K141 acTrxR1K200 acTrxR1K307
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Figure S2.1. Purified WT and acTrxR1 variants. His-tagged WT TrxR1 and acTrxR1
variants were visualized on a Coomassie stained SDS gel showing successful purification
of full-length (62 kDa) TrxR1 variants (isoform 4). The variants are indicated above each
lane, while M represents a molecular weight marker.
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Figure S2.2. GFP reporter detecting UAG read-through. Protein expression levels for
GFP reporters in E. coli ARF1. GFP fluorescence levels were measured in an E. coli ARF1
background strain expressing acKRS and tRNAP'. Expression of WT GFP and GFP with
a UAG codon at position 2 (2TAG) were compared in the presence or absence of acK.
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Figure S2.3. MALDI MS analysis confirms acetylation of acTrxR1 variants. Peaks for
tryptic peptides corresponding to acetylated lysine at position 141 (A), 200 (B), and 307
(C) were observed. The expected average mass reported refers to the monoisotropic mass

(all carbons '2C). Peptides containing 1, or 2, *C isotope(s) are also shown, and should
have the expected average mass + 1, or +2, respectively.
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Figure S2.4. Confirmation of Sec incorporation in WT TrxR1 by MALDI MS analysis

of the tryptic digested protein. Peaks for peptides containing two Se isotopes ("8Se, 8°Se)
were observed.

69



>

C&
RJSGAS AG G
N \\

K \ F \ F
) [ 25044
o -
[ 2.0e+4
- s = g
o ~ : -
2 5 -3 — C ]
@ S |- 15et4 o
© -3 - g
2 — = C z
‘e m © = [ 10e+4 =
® = = o - -
[— 5.0e+3
I b 1l | ] ! ll F
T T I T T T I T T I T T I De+0
400 00 800 1200 ghserved
m/z
B s an
/ A 'SE
CG
<
\\\
100 — -
L 15es5
50
<
© = -
g s [ 10es5
ﬂm.I B [}
c
3 3
« 40 . e
© m B -
® = - 5.0e+4
20— _ - [
) 2
r-1
0 L ] 0000
L L E E e e e L
200 1000 1200 observed
RS G A
‘. \:- \\\ \b
100 — .
() |- 3.0e+5
]
30— . N
=
é = - |- 30e+5
o so—] = _ - E]
2 o 2 o= [ =]
@ =0 = pa <
£ = = 5 2 w5 -0 3
« 40— =) — - @
o © N «Q - 1
ES 3} m L
0] S [ 10ees
1 w B
] l L nj nl L L [
o — = = A 0.0e+0
200 600 800 1000 1200 observed
m/z

Figure S2.5. LC-MS/MS confirming Sec incorporation for WT TrxR1, acTrxR1K?,
and acTrxR1K37 variants. Trypsin digested WT and acTrxR1 variants were analyzed by
LC-MS/MS. A peptide from trypsin digested TrxR1 demonstrating Sec incorporation for
WT TrxR1 (A), acTrxR1%** (B), and acTrxR1%%" (C). Sec is shown as C with Se
superscript, while Cysteine is noted as C with CA superscript.
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Figure S2.6. LC-MS/MS confirming genetically encoded acK incorporation into
acTrxR1Xl and acTrxR1K3Y7, Trypsin digested WT and acTrxR1 variants were analyzed
by LC-MS/MS. A peptide from trypsin digested TrxR1 demonstrating acK incorporation
for acTrxR1K¥ (A), and acTrxR1K3%" (B). Acetylated lysine is indicated by K with AC
superscript.
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Chapter 3

3. Acetylated Thioredoxin Reductase 1 Resists Oxidative
Inactivation

3.1. Introduction

Human cells actively eliminate reactive oxygen species (ROS) and resolve oxidative
damage to proteins using multiple pathways, including the glutathione or thioredoxin (Trx)
systems [1]. The Trx system includes the selenocysteine-containing protein (selenoprotein)
thioredoxin reductase (TrxR1). TrxR1 is a disulfide reductase with specificity for the redox
mediator Trx. TrxR reduces a disulfide bond in Trx by catalyzing the oxidation of
nicotinamide adenine dinucleotide phosphate (NADPH). The reduced Trx transfers
electrons to oxidatively damaged proteins or ROS directly. For example, a pathway that
resolves oxidation of methionine residues uses Trx-dependent enzymes to protect the
proteome [2]. The resulting oxidized Trx can then be reduced again by TrxR1.

The Trx system is involved in regulating gene expression, embryonic development,
cell proliferation, apoptosis, and many other cellular processes [3]. In addition to Trx,
TrxR1 can also directly reduce other cellular proteins, such as p53, protein disulfide
isomerase, glutathione peroxidase, and NK-lysin [4, 5] as well as low molecular weight
ROS, including hydrogen peroxide, lipoic acid, selenite, 15-HPETE, and more [6]. The
Trx system provides a defense mechanism against ROS generated during oxidative stress,
and consequently, alterations in the Trx system are associated with various diseases. TrxR1
IS over-active in many aggressive cancers and is an early diagnostic marker [7, 8]. TrxR1
is also an established anti-cancer drug target [9], and increased TrxR1 production or
activity provides chemotherapeutic resistance to treatments that rely on the production of

ROS to kill cells [10].
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TrxR1 exists in an equilibrium of several different quaternary structures [7, 11-13].
TrxR1 can exist as inactive monomers, or as low active tetramers or higher order oligomers
[11-14]. Catalytically competent dimers are the most active form of TrxR1, while inactive
cross-linked dimers form because of covalent linkage between opposing subunits in
associations between TrxR1 tetramers [11, 12] (Fig 3.1). In cells, oxidative stress generated
by Reactivating p53 and Inducing Tumor Apoptosis (RITA) induces TrxR1 tetramerization
and covalent linkage, resulting in reduced activity or inactivation of TrxR1 [12]. Thus, as
oxidative stress increases, one of the cell’s major oxidative stress defense mechanisms is

prone to become increasingly ineffective.

oxidation acetylation
_ #

ROS resistant

cross-linked TrxR1 TrxR1 acTrxR1
inactive dimer tetramers & multimers active dimer active dimer

- —@eeeeEEEEEEETTT

Figure 3.1. TrxR1 activity is regulated by oxidation and acetylation. With increasing
levels of reactive oxygen species, TrxR1 shows increased propensity to form low activity
tetramers and higher order multimers [11]. Oxidation ultimately leads to the formation of
a covalent linkage between non-productive TrxR1 monomers, forming inactive cross-
linked dimers [12]. Acetylation of TrxR1, on the other hand, is associated with increased
TrxR1 activity, reduced cross-linked dimer formation [11], and here we show that
acetylated TrxRL1 is resistant to oxidation and peroxide-induced multimerization.

Multiple reports document regulation of the Trx system without changes in total
protein levels. These studies implicate post-translational modifications as potent regulators
of the activity of different Trx system components [15-18]. Three members of the Trx

system can be acetylated to increase their activity, including TrxR1 [11], Trx1 [16], and
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peroxiredoxin (Prx) [19]. Acetylation inhibits super-oxidation of Prx, preventing its
oligomerization into higher molecular weight complexes with low peroxidase activity [19].
In the context of disease, TrxR1 acetylation levels correlated positively with the level of
oxidized cellular proteins in a mouse model of cardiomyopathy [15]. The oxidative stress
generating anti-cancer compound RITA reduces TrxR1 activity in cell cultures by altering
the oligomerization status of TrxR1 and increasing levels of inactive and cross-linked
dimers [12]. These reports suggest a relationship between acetylation, oligomerization, and
oxidative damage in components of the Trx system. Although TrxR1 is known to be
acetylated in response to oxidative stress [15], the function of TrxR1 acetylation under
oxidizing conditions is unknown.

Proteomic studies in Jurkat T lymphocytes, A549 cells and related non-small cell
lung cancer cell lines have identified acetylation of TrxR1 at five distinct sites [12, 17, 20].
We showed that single acetylation at three of these sites in TrxR1 resulted in a 1.5 to 3-
fold increase in enzyme activity [11]. Because acetylated TrxR1 shows increased activity,
we hypothesized that the acetylation of TrxR1 may serve as a mechanism to maintain
TrxR1 activity under oxidizing conditions associated with increased ROS levels. To test
this hypothesis, we used protein biochemistry to precisely measure the activity of
acetylated TrxR1 variants over a broad range of peroxide concentrations that models the
relevant range of ROS levels encountered by cells. We also generated non-specifically
acetylated TrxR1 using aspirin as a model acetyl donor. Together our findings suggest that
acetylation is a potent mechanism to regulate TrxR1 activity that also allows the enzyme

to evade oxidative inactivation.
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3.2. Materials and Methods

3.2.1. Plasmids and Strains.

The plasmid pET-pyIT-TrxR1 contains a His-tagged Human TrxR1 (isoform 4) with an in-
frame UGA codon (Sec551) followed by the Escherichia coli selenocysteine insertion
sequence (SECIS) RNA-hairpin loop (derived from the E. coli FdhF gene) in the 3’
untranslated region (UTR), which directs Sec-insertion at the UGAS551 codon in
recombinantly produced human TrxR1 variants from E. coli (Fig 3.2) [11]. UAG stop
codons inserted at positions 141, 200, or 307 in the TrxR1 gene allows for site-specific
insertion of Ng-acetyl-L-lysine (acK) when co-expressed with plasmids bearing a
pyrrolysyl-tRNA synthetase mutant specific for acK (acKRS) [21] and an optimized [22]

UAG-decoding tRNAM! (pTech-acKRS-tRNAP"Y (Fig 3.2) [11].

ackRS
+ ATP + tRNAPopt )

SerRS

@ + ATP + tRNASee )

Figure 3.2. Genetic code expansion to incorporate acK and Sec in TrxR1. Expressed

from a plasmid in E. coli, (A) acKRS ligates the UAG-decoding tRNAPY-Ptwith acK, (C)
allowing insertion of acK at UAG codons. (B) In the endogenous Sec incorporation
pathway (reviewed in [23]) in E. coli, SerRS ligates tRNAS® with Ser, selenophosphate
synthetase (SelD) produces selenophosphate (pSe), and selenocysteine synthase (SelA)
uses the products of these reactions to convert Ser-tRNAS® to Sec-tRNAS®. An
endogenous E. coli elongation factor (SelB) recruits Sec-tRNAS to a UGA codon by also
binding to a selenocysteine insertion sequence (SECIS) included in the 3’ untranslated
region of the TrxR1 mRNA, allowing Sec incorporation at a specific UGA codon (C).
Together the acK and Sec systems can be used to produce active human TrxR1 protein
with 22 genetically encoded amino acids.
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3.2.2. TrxR1 and acTrxR1 Protein Purification.

E. coli BL21 (DE3) (Invitrogen) was co-transformed with pET and pTech vectors.
Preparative cultures (1 I) for each transformed strain were incubated with shaking at 37 °C
in lysogeny broth (LB) supplemented with 5 mM acK (A4021-5G Sigma), 10 uM sodium
selenite (10102-18-8, AlfaAesar), and appropriate antibiotics (100 pg/ml ampicillin
(BP1760-25, Fisher) for pET and 34 pg/ml chloramphenicol (02930-100G, Ampresco) for
pTech). We employed a previously optimized protocol for production of the selenoproteins
in E. coli [11]. At Aesoo = 1.2, the temperature was reduced to 20 °C. At Asoo = 1.5, 1 mM
isopropy! B-d-1-thiogalactopyranoside (IPTG) (BP1755-10, Fisher) was added and the
cells then produced protein for a further 16 to 24 hours. Cells were harvested by
centrifugation and stored at -80°C until further use. TrxR1 variants were purified as
previously [11]. Briefly, cell pellets were resuspended in 30 mL phosphate buffer (100 mM
potassium phosphate (PB0445, Biobasic), pH 7.2, 10% glycerol (CA97063-892, VWR))
supplemented with lysozyme (1 mg/ml) (12650-88-3, Biobasic) and disrupted by
sonication. Following centrifugation at 6250 x g, cell lysate was purified by affinity
chromatography using Ni?*-Nitrilotriacetic acid (NTA) resin (HisPur™ Ni-NTA Resin,
P188222, Fisher), as previously [11]. Purified TrxR1 variants were stored in 100 mM
potassium phosphate, pH 7.2, 50% glycerol at -80 °C until use.

3.2.3. TrxR1 Activity Assays.

TrxR1 activity was assessed using 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) (D8130-
5G, Sigma) also known as Ellman’s reagent to detect the rate and level of reductive activity
from TrxR1. The colorimetric reaction is followed by measuring reduction of DTNB to 2-
nitro-5-thiobenzoate (TNB), which absorbs at 412 nm (Aas12). Each reaction contains 250
nM TrxR1, 300 uM nicotinamide adenine dinucleotide phosphate (NADPH) (N5130-

25MG, Sigma) and 5 mM DTNB in buffer containing 100 mM potassium phosphate, 1
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mM Ethylenediaminetetraacetic acid (EDTA) (E4378-25G, Sigma), pH 7.0. Reactions
were started by the addition of DTNB to a solution containing TrxR1 and NADPH, for a
final volume of 100 ul in a 96 well plate. Measurements were taken in a Biotek Synergy
H1 microplate reader every 1 minute over a one-hour time course. All assays were

performed using three independent enzyme reactions for each condition tested.

3.2.4. Peroxide and Aspirin Incubations.

TrxR1 variants were also incubated with increasing concentrations of peroxide and then
assessed as above for activity. Each TrxR1 and acTrxR1 enzyme variant (1 pM) was
incubated in phosphate buffer (100 mM potassium phosphate, 1 mM EDTA, pH 7.0) with
increasing peroxide concentrations (0 UM to 500 uM H20> (16911-250ML-F, Sigma)) for
1 hour in a total volume of 200 pl at 37 °C. To generate non-site-specifically acetylated
TrxR1, 500 nM TrxR1 was incubated with increasing concentrations (0 to 15 mM) of
aspirin (A5376-250G, Sigma) in phosphate buffer for 1 hour at 37 °C. Activity assays with

aspirin-treated and untreated TrxR1 were conducted exactly as above.

3.2.5. Western Blotting.

Purified protein samples were suspended in 1 x sodium dodecyl sulfate (SDS) loading
buffer (250 mM Tris-HCI pH 6.8, 40% glycerol (v/v), 10% SDS (w/v) (SB0485, Biobasic),
0.05% bromophenol blue (w/v) (0449-25G, Amresco), 5% 2-mercaptoethanol (M6250-
100ML, Sigma)) and heated for 5 minutes at 95°C. Samples were then loaded in 15% SDS-
polyacrylamide gels and electrophoresed. Following this, a polyvinylidene difluoride
(PVDF) membrane was soaked in methanol for 1 minute. Both the SDS gel and membrane
were soaked in transfer buffer (0.025M Tris-HCI (TRS001.5, Bioshop Canada), pH 9.5,
0.192M Glycine (56-40-6, Fisher), 20% (v/v) Methanol (CA71007-742, VWR), 0.5%

(w/v) SDS) for 15 minutes. The blot was carried out with a TransBlot Turbo Transfer
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System (BioRad) at 15 V with 1.3 A for 15 min. The membrane was incubated in blocking
solution (5% (w/v) skim milk powder (LP0031, Oxoid), 0.1% (v/v) Tween20 (9005-64-5,
Ampresco), 1x PBS (137 mM NaCl (BP358-212, Fisher), 0.027 mM KCI (7447-40-7,
Anachemia), 10 mM Na;HPO. (SDB0487, Biobasic), and 2 mM KH2PO4) for 1 hour,
shaking, at room temperature. Then the membrane was incubated overnight with the
primary antibody (anti-acetyl Lysine antibody from rabbit, Abcam ab80178; or anti-TrxR1
antibody, Santa Cruz Biotechnology sc28321) at 1:1000 in blocking solution at 4 °C
overnight. Three 10-minute washes with wash solution (0.5% (w/v) skim milk powder,
0.1% Tween20, 1x PBS) were conducted, shaking, at room temperature, followed by a 2
hour incubation with a secondary antibody (Rabbit IgG HRP Linked F(ab")2, GENA9340;
Sigma) at 1:5000 in wash solution at room temperature shaking. Next, three 10-minute
washes with PBS-tween (0.1% (v/v) Tween20, 1x PBS) were conducted, followed by a
final wash with 1x PBS, shaking at room temperature. Clarity Western ECL Substrate
(1705061; Biorad) was used for signal detection and chemiluminescent imaging was

performed on a Chemidoc XRS+ (Biorad).

3.2.5. Mass Spectrometry.

For the MS/MS analysis of the aspirin acetylated and untreated TrxR1, gels were
loaded with 0.31 pg of purified TrxR1 protein. Following SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), a 1 mm circular slice was picked from the gel using an Ettan
Robotic Spot-Picker and submitted for proteolytic digestion (Trypsin) and peptide
extraction at the Functional Proteomics Facility at the University of Western Ontario.
Liquid chromatography and tandem mass spectrometry (LC-MS/MS) analyses of TrxR1
and aspirin-acetylated TrxR1 were performed at the Biological Mass Spectrometry
Laboratory at The University of Western Ontario. Gel slices were de-stained with 50 mM
ammonium bicarbonate (09830, Sigma) and 50% acetonitrile (00687, Sigma). The protein
samples were reduced with 10 mM dithiothreitol (BP25641, Fisher), alkylated with 55 mM

78



acrylamide (BP1406-1, Fisher), and digested with 5 ng/ul trypsin (Promega). LC-MS/MS
was performed using a Q-Tof Micro mass spectrometer (Waters) equipped with a Z-spray
source in positive ion mode (+0.1% formic acid) or using Thermo Scientific LTQ-Orbitrap
XL mass spectrometer. The data were analyzed and visualized using PEAKS software

(Bioinformatic Solutions, Inc, Waterloo, Ontario).

3.2.6. Statistical Analysis.

All activity assays were conducted in at least three independent enzyme reactions,
including enzymes from independent preparations. A no enzyme (-TrxR1) control was
subtracted from all reactions. All error bars represent one standard deviation, and p-values

were calculated from a one-way analysis of variance.

3.3. Results

3.3.1. Purification of acK and Selenocysteine-Containing TrxR1

Variants.

We used genetic code expansion to produce TrxR1 variants in E. coli with 22 different
genetically encoded amino acids, including the non-canonical amino acids (n\CAAS) N.-
acetyl-lysine (acK) and selenocysteine (Sec) (Fig 3.2). We previously described
purification, biochemical characterization and mass spectrometry analysis of each of
TrxR1 variants to determine activity and verify incorporation of acK at K141, K200, or
K307 as well as Sec incorporation at the key active reside Sec550 [11]. Briefly, we used a
genetic code expansion system based on a PyIRS mutant with activity for ligating acK to
tRNAPY! which decodes amber (UAG) stop codons. Thus, by placing a UAG codon at the
positions 141, 200 or 307 in our expression construct (Fig 3.2), we generated site-

specifically acetylated TrxR1 variants.
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Our TrxR1 expression construct also has a E. coli SECIS appended to the 3-
untranslated region of our recombinant human TrxR1 gene. The SECIS element recruits
the endogenous Sec-incorporation machinery to recode a UGA codon at position 551 from
stop to Sec (Fig 3.2). Bacterial cultures must be supplement with sodium selenite to enable
Sec formation (see Materials and Methods). The data generated below are based on
multiple independent enzyme preparations, of which representative purified samples were

visualized by SDS-PAGE (Fig S3.1).

3.3.2. Resistance of Site-Specifically Acetylated TrxR1 to

Oxidative Damage.

Because our work showed increased activity of site-specifically acetylated TrxR1 [11] and
previous studies implicated increased TrxR1 acetylation as a response to oxidative damage
[15], we hypothesized that acTrxR1 may be more active under oxidizing conditions or even
resistant to oxidative damage. In cells, there are many sources of ROS, including
superoxide, hydroxy and nitric oxide radicals as well as H.O2, which is also an important
signaling molecule [24].

In mammalian cells, physiological concentrations of H.O> usually range from 0.1
to 10 uM, while cell stress responses are associated with greater peroxide concentrations
in range of 10 to 500 uM [25]. In apoptotic or necrotic human melanoma cells, peroxide
levels can rise to more than 500 M [26]. To mimic oxidative damage that occurs in cells,
we designed a series of experiments to measure the activity and initial velocity of purified
TrxR1 and acTrxR1 variants under a range of peroxide concentrations (0 to 500 uM)
encountered by normal as well as stressed cells. We first measured the catalytic activity of
site-specifically acetylated TrxR1 (acTrxR1) variants as well as the wild-type (WT) TrxR1
(Fig 3.3). As previously [11], we found that under normal conditions (0 M H2O>), each

of the acTrxR1 variants showed substantially more activity (~1.5-fold) than the un-
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modified TrxR1 (Fig 3.3). Increased activity of acTrxR1 variants is evident in both the
maximal level of DTNB reduced (Fig 3.3) as well as the initial velocity observed during

the reaction time course (Fig 3.4).
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Figure 3.3. Activity of un-modified TrxR1 and acTrxR1 variants with increasing
peroxide levels. Purified TrxR1 variants were incubated with varying concentrations of
buffer or H,O2 ranging from 0 to 500 uM for 1 hour at 37°C. Following incubation, enzyme
activity with the TrxR1 substrate DTNB was determined by following absorbance at 412
nm (As12). Activity was measured for (A) wild-type (WT) TrxR1 and site-specifically
acetylated variants (B) acTrxR1K!!, (C) acTrxR1K?® and (D) acTrxR1%%%. Error bars
represent + 1 standard deviation about the mean of three independent enzyme reactions.

All TrxR1 variants showed reduced catalytic activity with increasing
concentrations of hydrogen peroxide (H20.). At all concentrations of H20., we observed
significantly more absolute activity of each acTrxR1 variant compared to WT TrxR1 (Fig
3.4A). Even at the highest peroxide concentrations, the absolute maximal activity level of

acTrxR1 variants was still higher than that we observed for WT TrxR1, even without
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peroxide treatment (Fig 3.3). The data suggest that the acTrxR1 variants are resistant to

oxidation.
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Figure 3.4. Initial velocity of un-modified and specifically acetylated TrxR1 variants
with increasing oxidative damage. (A) Initial velocity of each TrxR1 variants under the
indicated H20O> concentrations was calculated from the kinetic data (Fig 3.3). (B) To show
relative changes in activity, the initial velocities were normalized by the activity of each
variant under normal conditions (0 UM H20.). Error bars represent + 1 standard deviation
about the mean of three independent enzyme reactions. Significant differences are
annotated (* p < 0.05; ** p < 0.01; *** p < 0.001) to compare activity at each peroxide
concentration to the O uM condition.

Based on the initial velocity observed in the DTNB reduction reactions, we then
calculated the absolute (Fig 3.4A) and relative (Fig 3.4B) reduction in catalytic rate

observed in WT compared to acTrxR1 variants with increasing peroxide concentration.
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The absolute reaction rates responded to oxidation similarly as noted above. Namely, the
acTrxR1s showed reduced initial velocities with increasing peroxide that was always
significantly greater than the observed for the wild type TrxR1 (Fig 3.4A). The acTrxR1
variants also show robust or partial resistance to oxidation even when the maximal catalytic
rates for TrxR1 and acTrxR1 are both normalized to 1.0. After normalization to WT TrxR1,
both acTrxR1%*! and acTrxR1K?% showed significantly less relative activity reduction at
each peroxide concentration tested (Fig 3.4B). The data demonstrate that acTrxR1¥4! and
acTrxR1K2% are significantly more resistant to oxidation than the un-modified enzyme. For
the acTrxR1K%" variant, we found similar resistance to oxidation in the normalized relative
activity rates at about half of the peroxide concentrations tested from 200 — 450 uM HOx.
The data indicate that site-specific acetylation of TrxR1 is protective against the effects of
oxidative damage. Of the acTrxR1 variants, the acTrxR1¥?® variant had the highest level
of protection against oxidation induced activity loss compared to the unmodified enzyme,
while the acTrxR1%%% variant had the lowest level of protection against oxidation-induced
activity loss compared to the unmodified enzyme (Fig 3.4B)

We also monitored the TrxR1 variants in the above reactions using SDS-PAGE.
We visualized the TrxR1 variants under each condition using Coomassie staining and
Western blotting with an anti-TrxR1 antibody (Fig S3.2). At the highest peroxide
concentration, we observe some degradation of the TrxR1 protein. The western blot
revealed the presence of covalently linked high molecular weight TrxR1 oligomers
following oxidation with H.O> (Fig S3.2, S3.3). For unmodified TrxR1, the high molecular
weight complexes are visible already at 100 uM peroxide (Fig S3.2A). Each of the acTrxR1
variants showed less accumulation of the TrxR1 multimers at each peroxide concentration.
For the acTrxR1 variants, we observed a similar level of oligomerization to un-modified
TrxR1 only at 500 uM peroxide (Fig S3.2B-S3.2D). Quantification of the western blots
confirmed that all acTrxR1 variants had a statistically significant reduction in the

accumulation of higher molecular weight TrxR1 complexes compared to un-modified
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TrxR1 at all peroxide concentrations tested for acTrxR1%%%7, from 100 to 400 uM H2O; for
acTrxR1%?% and from 200 to 400 uM H20; for acTrxR1K¥*! (Fig S3.3).

3.3.3. Aspirin Acetylates TrxR1 and Provides Robust Resistance

to Oxidative Damage.

Protein acetylation can occur specifically in cells resulting from the activity of
acetyltransferases, but also non-specifically through interactions with acetyl donors
including acetyl-CoA or certain drugs, such as aspirin [27]. We hypothesized that like
specific or programmed acetylation of TrxR1, general or non-specific acetylation of the
enzyme may also provide resistance to oxidative damage.

A previous report used incubated HeLa cells with a range of aspirin concentrations
from 0.5 mM to 20 mM to generate aspirin-mediated and non-specific acetylation of many
cellular proteins, including TrxR1 [27]. Thus, we used western blotting to detect
acetylation of purified TrxR1 resulting from incubation with aspirin over a similar
concentration range (Fig 3.5). To estimate the level of acetylated TrxR1, we used our site-
specifically modified acTrxR1X!* as control. The untreated and un-modified TrxR1
showed no reactivity with an anti-acK antibody, while robust detection was evident with
the acetylated control sample (acTrxR1X!4!). Lower concentrations of aspirin did not lead
to detectable acetylation, but at higher concentrations significant acTrxR1 is clearly present
in the blot (Fig 3.5A). We then used the Coomassie stained gel to normalize the amount of
protein loaded and determined the relative intensity of bands in the anti-acK immunoblot.
We showed previously that acTrxR1K! has stoichiometric incorporation of acK at the 141
site [11]. Thus, based on comparison to the control, the relative level of acetylation
following aspirin incubation reached a level ~65% of that observed in acTrxR1K*! (Fig

3.5B).
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We next compared the activity of TrxR1 and non-specifically acetylated TrxR1 following
incubation with aspirin. In contrast to site-specifically acTrxR1 variants, aspirin incubation
results in a slight decrease to ~70% of WT TrxR1 activity that was significantly lower only
at the highest aspirin concentrations (> 5 mM) (Fig 3.6B). Controls lacking enzyme (-
TrxR1) and with or without aspirin showed no ability to catalytically reduce DTNB (Fig
3.6A\). To test the ability of non-specifically acetylated TrxR1 to resist oxidative damage,
unmodified TrxR1 was incubated with or without aspirin, followed by a second incubation
of 1 hour with increasing peroxide concentrations (0 to 500 uM H»0O;) before DTNB
reduction activity assays were conducted. In contrast to un-treated TrxR1, TrxR1 incubated
with aspirin showed no statistically significant decrease in relative activity in response to
any of the H2O> concentrations tested (Fig 3.6C). The data suggest that aspirin mediated

TrxR1 acetylation provides robust resistant to oxidative damage.

A Aspirin (mM)
000501025051 25 5 7.5 10 15 AcK141

(Control)
- -
MW
(kDa) a-AcK immunoblot
100
75 . » = : sy PR e —y
50 =
B Coomassie

B 0.6 | k:

relative
TrxR1 04
acetylation g o | % &
o

0 .."A.I T T
0 5 10 15

Aspirin (mM)

Figure 3.5. Aspirin acetylates TrxR1. TrxR1 was incubated with varying concentrations
of aspirin (0 to 15 mM) for 1 hour at 37°C. Following incubation, 0.31 ug of protein
samples were separated on a 15% SDS-PAGE and visualized (A) after immunoblotting
with an anti-acetyl-lysine antibody (a-acK) or staining with Coomassie blue dye. The
acTrxR1%! produced with genetic code expansion served as a positive control. Based on
these data, we calculated the relative level of TrxR1 acetylation compared to the
acTrxR1K control (B), which increased linearly with increasing aspirin concentration.
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Figure 3.6. TrxR1 activity following aspirin incubation. (A) TrxR1 was incubated with
0 to 15 mM aspirin for 1 hour at 37°C, followed by TrxR1 activity assays using DTNB.
Negative controls containing no TrxR1 (-TrxR1) with 0 or 15 mM aspirin was also
incubated for 1 hour at 37°C, followed by the DTNB assay. (B) Initial velocity was
calculated for TrxR1 activity based on the data in (A). Statistical analysis comparing the
activity at each aspirin concentration (B) to the untreated enzyme showed significant
reductions in activity only at 10 and 15 mM aspirin (* p < 0.05; ** p < 0.005). (C) TrxR1
was incubated with 15 mM aspirin for 1 hour at 37°C, followed by incubation with 0 to
500 pM H20. for 1 hour at 37°C. Following incubations, the initial velocity of TrxR1
activity was determined from TrxR1 activity assays and normalized to the initial velocity
with 0 uM H20.. Statistical analysis comparing the activity at each peroxide concentration
show significant reductions in activity in the un-modified TrxR1 only and not in the aspirin
treated enzyme (* p < 0.05). Error bars represent £+ 1 standard deviation about the mean of
three independent enzyme reactions.
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3.3.4. Location of TrxR1l Acetylation Sites Following Aspirin

Treatment.

We used tandem mass spectrometry to identify acetylation sites in purified WT TrxR1
following incubation with or without aspirin. Following incubation, the purified protein
samples were digested with trypsin and analyzed by LC-MS/MS. We searched the spectra
for the possibility of multiple modifications, including lysine acetylation. In the un-treated
sample, we identified acetylation only at K307 according to a single peptide hit (Table
S3.1), perhaps due to acetylation by acetyl-phosphate in E. coli [28]. Based on our
observations in the acK immunoblot (Fig 3.5), we can conclude that the untreated TrxR1
has low levels of acetylation at this site.

In contrast, mass spectrometry on aspirin treated TrxR1 identified many new and
different lysine acetylation sites supported with multiple, high quality peptides hits to the
spectra (Fig 3.7, S3.4, Table S3.1). These data provide strong evidence that aspirin
incubation with TrxR1 leads to acetylation at K28, K31, K52, K88, K176, K307, K351,
and K360 (Figs 3.7A, S3.4, Table S3.1).

3.4. Discussion

3.4.1. Interplay Between Acetylation and Oxidation in the Trx

System.

Many proteins are acetylated or hyper-acetylated in conditions of oxidative stress
characterized by elevated levels of ROS [29]. Increased acetylation of lysine residues is a
common response to oxidative stress documented in diverse proteins, including histones
[30], FoxO [31] and zinc-finger [32] transcription factors, tRNA synthetases [33], and
superoxide dismutase [34]. The acetylation status of the Trx system in conditions of
oxidative stress is not yet completely characterized, however, increased acetylation of

TrxR1 has been linked to oxidative stress in a mouse model of cardiomyopathy [15].
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Figure 3.7. Mapping acetylation sites in TrxR1 to the quaternary structure. (A)
Coverage map showing acetylation sites identified by LC-MS/MS following incubation of
TrxR1 with the non-specific acetyl donor aspirin. (B) Lysine acetylation sites were mapped
onto the TrxR1 tetramer structure (PDB codes 4KPR and 3EAN [12],): K176 (gold), K307
(red), K360 (green), and K307 (red). Sec551 (yellow) was modeled based on data from the
structure 3ean [13]. The FAD co-factor is highlighted (grey). Close-up views show
interactions with (C) K176, (D), K307 (E), and K360. Structures were drawn using VMD
[35].

88



Different components of the Trx system, including TrxR1, Trx and Prx are
acetylated at multiple lysine residues in mammalian cells [12, 17, 20]. We and others have
found that acetylation increases the activity of TrxR1 [11], Trx1 [16], and Prx1 [19]. Data
from these studies suggest an emerging theme for how acetylation regulates the activity of
the Trx system. Our work documented the ability of site-specific acetylation to increase
TrxR1 activity by reducing oligomerization [11], and here we found acetylation also
provided robust resistance to oxidative damage and peroxide-induced TrxR1 oligomer
formation.

In studies of Trx, TrxR1, and Prx [19], oxidation leads to the formation of low
activity oligomers [12, 19], while acetylation provide resistance to oxidative damage and
oligomerization [11, 19]. Trx acetylation was linked to increased Trx activity in post-
mortem diabetic retinas [16]. Much like Prx and TrxR1, Trx oligomerization is induced by
oxidation, whereby Trx forms inactive dimers [36]. The potential for Trx acetylation to
counteract oxidation is not yet known. Acetylation of Prx prevents overoxidation and
oligomerization [19], while TrxR1 acetylation also provides resistance to oxidative
inactivation (Figs 3.4, 3.5) and prevents oligomerization (Figs S3.2, S3.3) [11]. Thus,
acetylation may play a similar for Trx, which is an interesting area of future study.

The peroxiredoxins, Prx1 and Prx2, are both acetylated by histone acetyltransferase
(HAT) in vitro, leading to increased activity and resistance to oxidation [19]. Human
prostate cancer cells (LAPC4) readily acetylate Prx1 as Lys197, and these cells as well as
another prostate line (LNCaP4) exposed to 25 uM to 100 uM H20 produced increasing
amounts of high molecular mass Prx oligomers [19], which are associated with reduced
Prx peroxidase activity [37]. In order to measure the ability of the acetylated enzyme to
resist oxidative stress, the activity of acetylated recombinant Prx1 was measured in up to 2
mM H20:. In the presence of 100 uM H202, a 20% increase in Prx1 activity was associated

with acK197 compared to the unmodified enzyme. Compared to our measurements with
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TrxR1 at the same peroxide concentration, we found 60-70% increased rate of activity in
the acTrxR1 variants compared to the unmodified enzyme.

Here, we presented novel biochemical evidence that acetylation prevents TrxR1
activity loss in response to oxidative damage. Similarly to findings regarding Prx [19], our
studies suggest that site-specific acetylation increases TrxR1 activity [11] and regulates
TrxR1 oligomerization to prevent oxidative inactivation due to covalently linked multimer
formation. TrxR1 forms these inactive cross-linked dimers due to oxidation at Trp114 in
the dimer-dimer interface [12]. Taken together, these studies highlight acetylation as a
potent regulatory mechanism for Trx system activity that may provide protection against
oxidative damage in cells at a time when the Trx system is most in need. The crosstalk
between acetylation and oxidation is an open area of research for future work in the Trx

system and beyond.

3.4.2. Non-Specific Acetylation of Proteins in the Context of

Oxidative Stress.

We also demonstrated acetylation by the non-specific acetyl-donor aspirin provides TrxR1
with resistance to oxidative damage. We did not detect non-specific acetylation at the K141
or K200 sites, indicating these sites may not be accessible to aspirin. We previously found
that acK307 reduces the formation of low activity tetramers and cross-linked inactive
dimers [11]. K176 is also in the dimer-dimer interface and participates in interactions with
E300 of the opposing subunit (Fig 3.7C). K307 is localized close to K176 and in the dimer-
dimer interface (Fig 3.7D). Both K176 and K307 participate in salt bridge interactions with
the opposing subunit, and acetylation of these sites will weaken or eliminate key
interactions that stabilize the TrxR1 tetramers. Other aspirin-mediated acetylation sites,
K351 and K360, are located near the Flavin adenine dinucleotide (FAD) cofactor binding

site close to the active site of TrxR1 (Fig 3.7). Acetylation of K351 may disrupt interactions
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with the FAD co-factor, while acetylation of K360 may disrupt salt bridge interactions
between K360 and E215 and E393, which are in the vicinity of the FAD co-factor (Fig
3.7E). Because the position and environment of FAD is critical for TrxR1 function,
acetylation at K351 and K360 may be responsible for the marginal loss of TrxR1 activity
we observed at high aspirin concentrations (Fig 3.6B).

Various metabolic compounds can non-enzymatically acetylate proteins, including
acetyl-CoA [38]. Mitochondrial proteins show increased non-enzymatic acetylation by
acetyl-CoA produced alongside energy metabolism [39]. In addition to metabolites, certain
drugs, such as aspirin, can lead to acetylation of many proteins [27]. Indeed, the ability of
aspirin to reduce inflammation and relieve pain is due to acetylation of the cyclooxygenases
COX-1 and COX-2 in their active sites [40]. Studies in mammalian cells demonstrated
aspirin-mediated acetylation of p53 and many other cellular proteins using radiolabeled
aspirin and immunodetection [41]. These studies provide a direct link between non-
enzymatic acetylation of proteins under conditions that generate ROS or in response to
certain medications. Non-enzymatic acetylation may play an important role in TrxR1 and
other proteins that maintain the balance between oxidative damage and antioxidant

defense.

3.4.3. Relevance of Trx System Acetylation to Disease.

Resistance to oxidative damage is of particular interest in cancer biology and therapeutics
[42]. The Trx system is overactive in many cancer cells [7, 8, 10]. The reductive power of
the Trx system provides resistance to certain chemotherapies relying on the generation of
oxidative stress [10]. For example, the anti-cancer agent RITA induces oxidative stress in
HCT116 colon cancer cells leading to increased TrxR1 tetramer and cross-linked dimer
formation [12]. Newly developed direct inhibitors of TrxR1 have shown efficacy in
combination with the cancer chemotherapeutic cisplatin in colon cancer cells [43]. Various
other small compounds targeting TrxR1 activity are also of interest for cancer treatments
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[44]. Fascinatingly, pre-treatment of the cells with a ROS scavenger and acetate source
[45], N-acetyl-I-cysteine, reduced ROS generation, cell death and deoxyribonucleic acid
(DNA) damage associated with TrxR1 inhibition.

Higher levels of TrxR1 in the serum correlates with shortened overall survival in
patients with non-small cell lung cancer [46]. Proteomic studies of similar cell lines have
consistently identified acTrxR1 in Henrietta Lacks (HeLa) cells, A549 cells and related
non-small cell lung cancer cell lines [12, 17, 20, 28]. Together our data and other studies
suggest that TrxR1 acetylation is a potential mechanism to maintain higher Trx system
activity. These findings have relevance for the role of TrxR1 acetylation in cancers with

poor survival [46] as well as chemotherapeutic resistance [47, 48].

3.5. Conclusion

We demonstrated both site-specific and non-specific acetylation of TrxR1 provides robust
resistance to oxidative damage even under oxidizing conditions that represent the full range
of ROS experienced by TrxR1 in cells. Because TrxR1 plays a vital role in resolving
oxidative damage on Trx and other target proteins, TrxR1 and the activity of the Trx system
activity is most important to the cell under conditions of oxidative stress or
chemotherapeutic assault. Acetylation of TrxR1 provides a route to increase redox activity,
enabling TrxR1 to resist oxidative damage associated with the very reactive oxygen species

that the enzyme is tasked to resolve.
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3.11. Chapter 3 Appendix —

Supplementary Tables and Figures

3.11.1. Supplementary Tables.

Table S3.1. MS/MS identified peptides showing lysine acetylation sites in TrxR1.

Residue Peptide identified -10logP | observed
number m/z
TrxR1 + aspirin
28 |ALEGTLSELAAETDLPVVFVK(+42.01)QRK(+21.98)| 67.56 |1339.7255
31 K(+42.01)IGGHGPTLK 68.67 | 525.3088
52 LLK(+42.01)M(+15.99)NGPEDLPK 82.5 | 706.8766
88 YGK(+42.01)KVM(+15.99)VLDFVTPTPLGTR 63.00 | 727.3947
176 K(+42.01)VVY (+42.01)ENAYGQFIGPHR 68.26 | 654.6655
176 K(+42.01)(+43.99)VVYENAYGQFIGPHR 75.22 | 655.3327
176 K(+57.02)(+42.01)VVYENAYGQFIGPHR 78.52 | 659.6704
307 QFVPIK(+42.01)VEQIEAGTPGR 81.28 | 637.6832
351 K(+27.99)(+42.01)IGLETVGVK 60.77 | 557.3230
360 IGLETVGVK(+42.01)INEK 64.32 | 721.4198
TrxR1 (un-modified)
307 K(+57.02)(+42.01)VVYENAYGQFIGPHR 70.47 | 659.6697
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3.11.2. Supplementary Figures.
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Figure S3.1. Purified TrxR1 and site-specifically acetylated TrxR1 variants.
Unmodified and acetylated TrxR1 (acTrxR1) variants were purified by nickel column and
run on a 15% SDS PAGE, followed by staining with Coomassie. Lanes labels: M indicates
a molecular weight marker; wild-type TrxR1 (WT), acTrxR1K*! (acK141), acTrxR1K2%°
(acK200), and acTrxR1K*%7 (acK307).
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Figure S3.2. Oxidation of TrxR1 and site-specifically acetylated TrxR1 variants.
Purified (A) unmodified TrxR1 or (B-D) acetylated TrxR1 variants were incubated with
buffer or buffer containing increasing concentrations of H.O> ranging from 0 to 500 uM
for 1 hour at 37°C. Following incubation, the proteins were visualized by SDS-PAGE
followed by Western blotting (anti-TrxR1, above) or Coomassie staining (below).
Annotations indicate the molecular weight of TrxR1 monomers and peroxide-induced
multimers.
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Figure S3.3. Quantification of TrxR1 western blot. The anti-TrxR1 blots (Fig. S2) were
used to quantify the level of TrxR1 (A) high molecular multimeric complexes or (B)
monomers for wild type (WT) and acTrxR1 variants incubated with 0 to 500 uM H2O..
Densitometry from the anti-TrxR1 western blot was normalized by the level observed for
wild type TrxR1 (A) multimer or (B) monomer. Error bars represent £+ 1 standard deviation
about the mean of three independent enzyme incubations. Statistical analysis (ANOVA)
comparing the amount of protein for each acTrxR1 variant to wild-type TrxR1 at nearly all
H>02 concentrations demonstrated consistent and significant reductions (by 2 to 5- fold) in
high molecular weight complexes (A) for acTrxR1 variants compared to unmodified
TrxR1. At 500 uM peroxide, only the acTrxR1¥*%7 remains resistant to significant
multimerization. Except for a modest and less than 1.5-fold increase in the level of
monomeric acTrxR1%%! at 0 pM peroxide, the level of monomer observed was not
significantly different between wild type and acTrxR1 at each peroxide concentration
tested. Significant differences are annotated (* p < 0.05; ** p < 0.005; n.s. — not
significant).
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Figure S3.4. MS/MS spectra of representative TrxR1 peptides showing lysine
acetylation following aspirin incubation. Unmodified TrxR1 was incubated with 15 mM
aspirin and then the digested with trypsin and analyzed by LC-MS/MS. These spectra are
representative of the complete list of high confidence acetylated peptides identified (Table
S3.1).
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Chapter 4
4. Delivery of the Selenoprotein
Thioredoxin Reductase 1 to Mammalian Cells

4.1. Introduction

Mammalian thioredoxin reductases (TrxRs) are an important enzyme family that helps to
protect cells from damage caused by reactive oxygen species (ROS) [1] and serves critical
roles in redox signaling [2]. TrxR1 is the most abundant member of the TrxR family and
is expressed in the cytosol [1]. TrxR1 is also a validated cancer target, and several efforts
are underway to generate new inhibitors of TrxR1 that can compromise the rapid growth
of cancer cells [3, 4]. For example, recent work on compounds with a 4,5-
dichloropyridazinone core structure were identified as irreversible TrxR1 inhibitors that
displayed potent toxicity in a series of cancer cells [5].

TrxR1 is a selenoprotein [6], and its activity relies on the efficient incorporation of
selenocysteine (Sec, U) in response to the UGA codon at position 550. TrxR1 is a complex
enzyme that catalyzes the transfer of electrons from a bound nicotinamide adenine
dinucleotide phosphate (NADPH) cofactor, with the aid of a second flavin adenine
dinucleotide (FAD) cofactor, to a disulfide N-terminal active site. From there, TrxR1
transfers electrons to the C-terminal selenylsulfide active site (GCUG). The enzyme then
reduces the selenylsulfide to selenolthiol that subsequently acts to reduce oxidized
substrates in the cell. Thus, the Sec residue forms a critical part of the TrxR1 active site
and is necessary for its enzymatic reduction of the oxidized thioredoxin (Trx), a major
TrxR1 substrate [7]. The reduced Trx1 is then able to resolve oxidative damage in cellular
proteins [8]. TrxR1 itself is also able to directly reduce protein disulfide substrates [9] and
small molecule ROS, including hydrogen peroxide (H202) [10], lipoic acid [11], selenite
[12], and quinones [13].
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Because of the vital role of TrxR1 in human biology and applications in medicine,
there is a continuing need to generate mammalian cells with precise levels of TrxR1
activity. Applications of these cell lines will provide insight into how TrxR1 activity
regulates redox biology in human cells and provide a critical platform to screen new
inhibitors of TrxR1. One roadblock in this area involves the challenges of generating
mammalian cell lines that over-express TrxR1. Unfortunately, normal approaches to
genetically over-express TrxR1 in mammalian cells lead to increased cell death. Over-
expression of TrxR1 by stable transfection produced a > 2-fold increase in cell death in
Michigan cancer foundation-7 (MCF-7) cells compared to empty vector control [14]. A
form of TrxR1 that stops at the UGAS550 codon, and lacks the C-terminal Sec-Gly
dipeptide, is toxic and induces cell death in human A549 cells [15]. In human embryonic
kidney (HEK) 293T cells, one recent report generated a stable cell line over-expressing
TrxR1, yet no experiments were provided to demonstrate incorporation of Sec in TrxR1 or
to evaluate apoptosis [16]. Direct lipid-mediated transfection of TrxR1 protein lacking the
two C-terminal residues caused a significant increase in cell death, while transfection of
the full-length and Sec-containing TrxR1 showed no change in cell toxicity [15]. These
observations may result from selenium compromised thioredoxin reductase-derived
apoptotic proteins (SecTRAPS) [17]. Indeed, inhibition of genetically encoded TrxR1 in
mammalian cells can also produce SecTRAPs and induce apoptosis [18].

We previously developed a genetic code expansion approach with Sec to generate
recombinant human TrxR1 from Escherichia coli containing stoichiometric incorporation
of Sec at position 550 (Fig 4.1) [7, 19, 20]. Here we used the same approach and produced
a novel form of recombinant human TrxR1 that also contains a N-terminal cell penetrating
peptide (CPP) tag derived from the human immunodeficiency virus (HIV) Trans-Activator
of Transcription (TAT) protein [21-23]. The TAT protein binds to the HIVV promoter to
recruit transcription complexes and is essential for transcription of viral genes and HIV

replication [24]. TAT is also excreted from infected cells and can cross the plasma
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membrane of various eukaryotic cells to alter their gene expression and cellular function
[25], which can help HIV to spread to neighboring cells and contributes to the development
of comorbidities associated with HIV infection, such as the development of acquired
immunodeficiency syndrome, cancers, accelerated aging, cardiovascular diseases, and
neurocognitive disorders [26]. A small basic domain allows the TAT protein to penetrate
cellular membranes, permitting cellular uptake, and this basic TAT domain has since been
widely used as a CPP to allow for transduction of recombinant proteins other than TAT

into various mammalian and plant cells [25].

[human selenoprotein synthesis in E. col/] [:» {Trxm studies in human cells}

protein mammalian
Sec-tRNASee purification = cell delivery
TAT
= TaTS” L o

ribosome,

Figure 4.1. Production of recombinant selenocysteine containing TrxR1 in E. coli and
delivery to mammalian cells. Recombinant production of human TrxR1 containing
Sec550 was accomplished by fusing a bacterial Sec insertion sequence (SeclS) hairpin to
the 3’ untranslated region of the human TrxR1 gene [20]. We have previously confirmed
that the approach leads to the stoichiometric installation of Sec and the production of
abundant and active human TrxR1 from bacterial cells [7, 19, 20]. The construct used here
also contains an N-terminal TAT peptide fusion (YGRKKRRQRRRPQ) that enables
efficient delivery of purified recombinant TAT-TrxR1 to mammalian cells.

CPPs, such as the TAT peptide, include a diverse and growing catalog of small
peptide tags that can be used to deliver proteins [27], mRNAs [28], and small molecules
[29], including pharmaceutical compounds, directly to mammalian cells [30]. We used a
CPP tag to circumvent the need to genetically over-express TrxR1 due to the pitfalls

associated with expressing TrxR1 in mammalian cells. Using a genetically encoded red
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fluorescent TrxR1 activity reporter (redox sensitive red fluorescent protein (RFP) fused to
Trx1 (TrxRFP1)) [31], we found that TAT-dependent uptake was rapid and led to robust
TrxR1 activity in mammalian cells. The TAT-tag provides a greatly needed platform to
study TrxR1 biology and our technology will enable future studies to identify novel TrxR1

inhibitors for applications in cancer and other human diseases.

4.2. Materials & Methods

4.2.1. Plasmids and Molecular Cloning.

Wild-type (WT) TrxR1 was expressed in E. coli from the plasmid pET-TrxR1, previously
described [7], that contains N-terminally Hise-tagged human TrxR1 (isoform 4) with a
UGA codon at residue Sec550. The TrxR1 gene is followed by selenocysteine insertion
sequence (SeclS) RNA hairpin loop, which is derived from the E. coli fdhF gene, in the 3’
untranslated region (UTR) [7, 19, 20]. Site-specific insertion of Sec at the UGA550 codon
depends on recruitment of the native E. coli Sec insertion machinery that decodes the
UGADBL50 codon as Sec due to the adjacent SeclS in the 3> UTR, as previously [7, 19, 20].

The bacterial expression vector pTAT-HA, a kind gift from Steven Dowdy
(Addgene plasmid #35612), was used to produce TAT fused TrxR1 protein. The pTAT-
HA vector includes an N-terminal Hiss-tag upstream of the adjacent TAT peptide sequence
(YGRKKRRQRRR) [32]. The TrxR1 gene including the 3’UTR SeclS was polymerase
chain reaction (PCR) amplified using primers with Ncol and EcoRlI restriction sites on the
5” and 3 ends, respectively. Following digestion of the pTAT-HA vector and TrxR1 insert,
T4 DNA ligase (New England Biolabs, Ipswich, MA, USA) was used to clone TrxR1 into
the Ncol and EcoRl sites in the pTAT-HA vector. The resulting construct was verified by
DNA sequencing (Azenta Life Sciences, New Jersey, USA). Sequences of the TrxR1 and

TAT-TrxR1 gene constructs are available in the Appendix.
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4.2.2. TrxR1 Protein Purification.

E. coli strain BL21 (DE3) was transformed with pET-TrxR1 or pTAT-TrxR1 plasmid.
Following selection on lysogeny broth (LB) agar plates containing 100 pg/mL ampicillin,
at least 3 independent single colonies were inoculated into separate overnight 10 mL pre-
cultures in LB with 100 pg/mL ampicillin. The pre-cultures were then used to inoculate
preparative 1 L cultures in LB containing 100 pg/mL ampicillin and 10 uM sodium selenite
and were incubated with shaking at 37 °C. We followed a previously optimized protocol
for the production of selenoproteins in E. coli [7, 19, 20]. At Asoo = 1.2, the temperature
was decreased to 20 °C. At Asoo = 1.5, 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG)
was added to the culture with shaking for 18 hours to induce protein production. Cell pellets
were harvested by centrifugation and stored at -80 °C until purification. TrxR1 proteins
were purified as previously described [7]. Briefly, cell pellets were resuspended in 30 mL
phosphate buffer (100 mM potassium phosphate, pH 7.2, 10% glycerol), supplemented
with lysozyme (1 mg/mL), and disrupted by sonication with 70% amplification. After
centrifugation at 6250 x g for 1 hour, clear cell lysates were purified by affinity
chromatography using Ni?*-Nitrilotriacetic acid (NTA) resin (HisPur Ni-NTA Resin,
P188222, ThermoFisher Scientific, Mississauga, ON, Canada) as detailed before [7].
Purified TrxR1 proteins were kept in storage buffer containing 100 mM potassium

phosphate pH 7.2 and 50% glycerol at -80 °C until use.

4.2.3. TrxR1 in vitro Activity Assays.

TrxR1 activity was monitored, as we did before [7], using 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB) to detect the level of reductive activity from TrxR1 and TAT-TrxR1. Active
TrxR1 reduces DTNB to 2-nitro-5-thiobenzoate (TNB?), which absorbs at wavelength 414
nm (As14). Each reaction mixture contained 50 nM or 100 nM TrxR1, 300 uM
Nicotinamide adenine dinucleotide phosphate (NADPH) and 5 mM DTNB in buffer
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containing 100 mM potassium phosphate, 1 mM Ethylenediaminetetraacetic acid (EDTA)
pH 7.0. Protein concentration was assessed by the Bradford protein assay (Catalog
#5000006; Bio-Rad) at 595 nm according to the manufacturer's instructions. Reactions
were initiated in a 96 well micro-plate by the addition of DTNB to the reaction mixture
containing TrxR1 (at 50 nM or 100 nM, as indicated) and NADPH in a final volume of 100
pL. Measurements were taken in a Biotek Synergy H1 microplate reader every 1 minute
for an 80 min time course. All assays were performed in triplicate using three independent

enzyme reactions for each condition tested.

4.2.4. Endogenous TrxR1 Activity in Live Cells and Fluorescence

Microscopy.

TrxR1 activity biosensor (TrxRFP1) was used to monitor the TrxR1 activity in live cells
by measuring the changes in red fluorescence of the reporter [31]. The pcDNA3-TrxRFP1
was a kind gift from Huiwang Ai (Addgene plasmid # 98996). HEK 293T cells were
cultured in Dulbecco's Modified Eagle Medium (Cellgro DMEM, ThermoFisher
Scientific) containing 10% fetal bovine serum and 1% penicillin/streptomycin in 5% CO-
at 37 °C. Equal numbers of HEK 293T cells were seeded onto a 6 well culture plates
containing media and transfected with Lipofectamine 2000 (Invitrogen) and 2 pg/mL
plasmid DNA bearing the TrxRFP1 reporter according to manufacturer’s instructions. In
three biological and three technical replicates, un-transfected cells and transfected cells
were monitored by fluorescent microscopy (excitation 542 + 20 nm, emission 593 + 40
nm) using an EVOS FL Cell Imaging System (ThermoFisher Scientific). At 24 hours after
transfection, cell images were acquired every 1 min for a 60 min time course. At the 10
min time point, the TrxR1 inhibitor aurothioglucose (ATG) was added to the media at a

concentration of 100 pM.
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4.2.5. TAT-TrxR1 Delivery and Activity in Live Cells.

HEK 293T cells were transfected with the plasmid bearing the TrxRFP1 reporter as above.
At 24 hours after transfection, cells were incubated with no protein or with 0.5 uM of
TrxR1 or TAT-TrxR1 protein. Immediately before addition of the protein and at 30 mins
and at 24 hours after incubation with protein or no protein, bright field and fluorescent
(excitation 542 + 20 nm, emission 593 £ 40 nm) cell images for each condition were
acquired EVOS FL Cell Imaging System. Fluorescence intensities were analyzed by image
J software and statistical analysis was based on 3 biological replicates with 3 technical

replicates each using pairwise single factor analysis of variance (ANOVA).

4.2.6. Western Blotting.

HEK 293T cells were cultured in DMEM (Cellgro) media containing 10% fetal bovine
serum and 1% penicillin/streptomycin in 5% CO; at 37 °C. Equal number of cells were
plated onto 6 well culture plates and incubated with buffer only or with 1 uM TrxR1 or
TAT-TrxR1 protein. After a 1-hour incubation, cells were washed with phosphate buffered
saline (PBS) and cell pellets were collected by centrifugation. Cells were resuspended in
lysis buffer containing (50 mM NaxHPOs, 1mM NasP207, 20 mM NaF, 2 mM EDTA, 2
mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA), 1 mM
dithiothreitol, 300 uM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor tablet
(Catalog number 04 693 159 001, Roche Canada, Mississauga, ON, Canada). Pellets were
kept on ice for 10 minutes and vortexed every 2 minutes. Supernatant was collected from
cells representing three biological replicates by centrifugation at 15,000 x g for 15 mins at
4 °C.

Protein concentration was measured by Bradford assay and extracted proteins were
diluted to 5 pg/pL, and 50 pg of protein was separated using 10% sodium dodecyl sulfate-

poly acrylamide gel electrophoresis (SDS-PAGE). The protein was transferred to a
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polyvinylidene difluoride (PVDF) membrane using Turbo-Blot Turbo transfer system
(Bio-Rad). The membrane was blocked in PBS with 0.1% (v/v) Tween 20 (PBST) and 5%
(w/v) skim milk powder for 1 hour at room temperature. The membrane was
immunoblotted with specific anti-TrxR1 (B-2) mouse monoclonal primary antibody (sc-
28321, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 °C followed by 3
x 10 minutes washes with agitation in PBST with 1% (w/v) skim milk powder. The
membrane was then incubated in fluorescent secondary antibody (Goat-anti-mouse
#AQ127, Sigma Aldrich, Oakville, Canada) for 1 hour at room temperature with agitation
and washed 3 x 10 minutes in PBST. The membrane was stored in PBS for further analysis
and bands were visualized using a LiCor (LiCor Biosciences, Lincoln, Nebraska USA)
fluorescence imager (693 nm emission, 700 nm excitation). A glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (#ab8245, abcam, Toronto, Canada) and secondary
fluorescent antibody (Goat-anti-mouse #AQ127, Sigma Aldrich, Oakville, Canada) were
used to establish loading controls.

In identical and independent experiments, additional western blots were performed
by chemiluminescence imaging with the Hiss and Vinculin antibodies. Briefly, the
membrane was immunoblotted with specific mouse anti-His antibody (#H1029; Sigma,
Oakville, Canada) overnight at 4 °C followed by 3 x 10 minutes washes with agitation in
PBST with 1% (w/v) skim milk powder. The membrane was then incubated in sheep anti-
mouse immunoglobulin G horseradish peroxidase linked antibody (#GENA931, GE
Healthcare, Oakville, Canada) for 1 hour at room temperature with agitation and washed 3
x 10 minutes in PBST. The membrane was stored in PBS for further analysis and
chemiluminescent signal detection was performed on a ChemiDoc MP system (BioRad).
Mouse anti-vinculin antibody (#sc25336, Santa Cruz Biotechnology, Dallas, Texas, USA)
and secondary antibody sheep anti-mouse immunoglobulin G horseradish peroxidase
linked antibody (#GENA931 GE Healthcare, Oakville, Canada) were used to establish

loading controls.

109



4.3. Results

4.3.1. Purification and Activity of TrxR1 and TAT-TrxR1 Variants.

In previous work [7, 19, 20], we developed a facile approach to produce human TrxR1 in
E. coli. The method involves recombinant expression of the human TrxR1 gene with a
bacterial SeclS derived from the E. coli fdhF gene was appended to the 3> UTR (Fig 4.1).
As we have demonstrated using mass spectrometry (MS) [7, 20], elemental analysis with
inductively coupled plasma mass spectrometry (ICP-MS) [7, 20], and biochemical activity
[7, 19, 20], our method leads to a yield of ~2 mg/L E. coli culture of active TrxR1 with
stoichiometrically incorporated Sec at the UGAS550 codon [7, 19, 20]. We previously
characterized the incorporation of Sec in recombinant TrxR1 using tandem MS/MS
analysis to demonstrate Sec incorporation, and we also conducted ICP-MS, which
demonstrated quantitative incorporation at a level of 98.5% Sec in the recombinant TrxR1
protein [20]. In independent work, we again provided tandem MS/MS analysis to
demonstrate Sec incorporation in TrxR1, and we also performed matrix-assisted laser
desorption/ionization (MALDI)-MS analysis to demonstrate Sec incorporation at UGA550
[7]. Finally, we again employed ICP-MS to demonstrate quantitative incorporation of Sec
in the recombinant TrxR1 protein [7].

Here, we modified this original TrxR1 construct to include a TAT peptide at the N-
terminus of the TrxR1 construct that produces a TAT-TrxR1 protein. Following
purification, we confirm similar purity and yield of the TAT-TrxR1 protein compared to
the wild-type (WT) TrxR1 enzyme (Fig 4.2A). We previously characterized recombinant
TrxR1 activity using Ellman’s reagent (5,5'-Disulfanediylbis(2-nitrobenzoic acid, DTNB),
9,10-phenanthrequinone, as well as an insulin linked Trx1 assay [7]. We found that
recombinant TrxR1 showed similar and robust activity with each of these substrates [7].
Because of this fact and because reduction of DTNB is a straightforward assay for TrxR1

activity that is monitored at As14 by the yellow color of the reduced form of DTNB (2-
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nitro-5-thiobenzoate anion, TNB?), we chose to characterize the TAT-TrxR1 activity using
DTNB.

Thus, to compare the activity of the WT and TAT-tagged TrxR1 enzymes, we
measured the DTNB reduction activity of TrxR1 and TAT-TrxR1 at 50 nM and 100 nM
concentrations over a time course (Fig 4.2B). In comparing the initial velocity of the
reactions at 50 nM or 100 nM TrxR1 or TAT-TrxR1 concentrations, we recorded no
significant difference between the wild-type or TAT-tagged TrxR1 proteins (Fig 4.2C).
The TAT-TrxR1 has activity that is robust and indistinguishable from the recombinant
TrxR1 protein and because the activity of TrxR1 relies critically on Sec550 incorporation,
we can confirm the TAT-TrxR1 protein contains the same level of Sec as in TrxR1, which
we documented before using multiple mass spectrometry methods [7, 20]. Thus, the TAT-
tag does not significantly affect that activity of the TrxR1 enzyme, and the TAT-tagged
version of the protein will provide an appropriate model of TrxR1 activity that can be

readily delivered to mammalian cells.

4.3.2. Assessing the TrxRFP1 Reporter in Mammalian Cells.

Before attempting to deliver the TrxR1 or TAT-TrxR1 proteins to mammalian cells, we
characterized the response of a live-cell reporter for TrxR1 activity. The TrxRFP1 reporter
was engineered and developed previously [31]. We obtained a plasmid that genetically
encodes the TrxRFP1 reporter, which is a fusion protein of RFP with the natural substrate
of TrxR1, Trx1. In TrxRFP1, Trx1 was fused to the N-terminal of an engineered RFP
protein where native cysteine residues (Cys) were replaced in the protein and a new redox
coupled pair of Cys residues was introduced near the N- and C-terminus of the RFP
domain. Thus, following reduction of the Trx1 domain by TrxR1, the Trx1 moiety can then
reduce the engineered Cys redox couple in the RFP domain and eliminate red fluorescence
of RFP. Once expressed in mammalian cells, TrxRFP1 fluorescence is inversely correlated

with TrxR1 activity. In the reduced form, the Trx1 domain of the reporter disrupts the
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normal red fluorescence of the fused RFP, while in the oxidized form of Trx1 the red
fluorescence of RFP is restored in proportion to the amount of oxidized Trx1. Because
Trx1 is a selective substrate of TrxR1 [31], the system provides a specific and robust
biosensor to monitor TrxR1 activity in live cells (Fig 4.3A).

B OTrxR1 50 nM OTrxR1 100 nM C

OTAT-TrxR1 50 nM OTAT-TrxR1 100 nM

1.5 - 1
. 0.04 O— n.s.
o £
3 I BTAT-TrxR1
< T 0.03 -
c
S <
© 2
° S 0.02 -
o Ko} n.s.
Q0.5 s
z ©
= = 1
5 g 0.01
0.0 & : : : ; 0.00 ' .
0 20 40 60 80 50 nM 100 nM
Time (min) [TrxR1]

Figure 4.2. Purity and biochemical activity of TrxR1 and TAT-TrxR1 variants. The
wild-type (WT) TrxR1 and TAT-tagged TrxR1 (TAT-TrxR1) were produced in E. coli
according to our established approach [7, 19, 20] (Fig 4.1). Both the WT and TAT-TrxR1
variants were produced at high yield (~2 mg/L E. coli culture). We used the reduction of
Ellman’s reagent (DTNB) monitored by absorbance at 414 nm (As14) to assay (B) the
activity of the WT (green curves) or TAT-TrxR1 (purple curves) at a concentration of 50
nM or 100 nM enzyme. Based on linear regression to the linear phase of the enzyme
reactions, we derived (C) the initial velocity (As1s/min) of each reaction and determined
that there was no significant different between WT TrxR1 and TAT-TrxR1 activity at 50
nM or 100 nM concentrations. Error bars represent 1 standard deviation of 3 independent
enzyme reactions and statistical analysis was based on pairwise single factor ANOVA (n.s.
— not significant).

To test the reporter in our hands, we transiently transfected the plasmid bearing
TrxRFP1 into HEK 293T cells, and we used cells transfected without plasmid as a control.
At 24 hours after transfection, we began monitoring red fluorescence in the control cells
and in cells transfected with the TrxRFP1 plasmid. After 10 minutes, we then added the

well-established TrxR1 inhibitor aurothioglucose (ATG) [33] to the media at a
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concentration of 100 uM. Using fluorescence microscopy, we observed a sharp increase in
red fluorescence across 3 biological replicates, only in cells expressing the TrxRFP1
reporter (Fig 4.3B). The data demonstrate inhibition of endogenous TrxR1 in live HEK
293T cells, and in agreement with previous observations [31], confirm the proper function

of the TrxRFP1 reporter.
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Figure 4.3. Measurement of endogenous TrxR1 activity in live cells. HEK 293T cells
were transfected with a plasmid expressing a TrxR1 specific activity reporter. (A) The
reporter (TrxRFP1) is a fusion of RFP with the TrxR1 substrate protein Trx1 [31]. In the
oxidized state (Trx1°¥) the fused RFP (red cylinder) is fluorescent, while in the reduced
state (Trx1Re) the RFP fluorescence (gray cylinder) is lost in proportion to the amount of
TrxR1 activity. (B) The time course begins 24 hours after transfection and records
TrxRFP1 fluorescence (excitation 542 £ 20 nm, emission 593 £ 40 nm) in HEK 293T cells
transfected with (orange circles) or without (blue circles) the plasmid encoding TrxRFP1.
Following application of TrxR1 inhibitor aurothioglucose (ATG) at 10 min after we began
recording red fluorescence, cells with the TrxRFP1 reporter show a strong induction of red
fluorescence that is proportional to the level of TrxR1 inhibition. Error bars represent + 1
standard deviation of three biological replicates.

4.3.3. Delivery of TAT-TrxR1 to Mammalian Cells.

As noted above, genetic approaches to over-express TrxR1 in mammalian cells can lead to
substantial cytotoxicity due to the formation of SecTRAPs, and lipid-based protein
transfection approaches with TrxR1 [15] or other proteins [34] are of limited efficiency.

Furthermore, lipid-based transfection reagents also induce toxicity and immunogenic
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reactions in mammalian cells [34], demonstrating the need for an improved approach to
deliver active TrxR1 to cells.

In the absence of any transfection reagents, we incubated HEK 293T cells with
buffer only, with WT TrxR1, or with TAT-tagged TrxR1. At 1 hour after incubation with
the proteins, cells were washed to remove any extracellular protein and analyzed by
western blotting with anti-TrxR1 and with anti-GAPDH as a loading control (Fig 4.4A). In
the case of TAT-TrxR1, we observed a consistent level of successfully delivered TAT-
TrxR1 to cells, as evident by the larger molecular weight of TAT-TrxR1 compared to the
endogenous protein.

To confirm selective uptake of the TAT-TrxR1, we also performed western blotting
of an identical and independent set of biological triplicate experiments using the anti-Hise
antibody and anti-Vinculin antibody as a loading control. As above, at 1 hour after
incubation of HEK 293T cells with buffer only, with WT TrxR1, or with TAT-tagged
TrxR1, cells were washed to remove any protein remaining outside of the cells. Both the
TAT-TrxR1 and TrxR1 recombinant proteins contain the Hise tag. We detected only the
TAT-TrxR1 as successfully delivered to the interior of the cells (Fig 4.4B).

4.3.4. TAT-tagged Dependent Uptake and Activity of TAT-TrxR1

in Live Cells.

To determine if the successfully delivered TAT-TrxR1 was active in HEK 293T cells, we
conducted a series of experiments using the TrxRFP1 reporter examined above. First, HEK
293T cells were transfected with the plasmid encoding the TrxRFP1 reporter. At 24 hours
after transfection, cells were incubated with buffer only, with WT TrxR1, or with TAT-
TrxR1. We then monitored the changes in red fluorescence of the TrxRFP1 reporter at 0
min, 30 min, and 24 hours after incubation with the TrxR1 protein variants or with no

protein added. At each time point, both brightfield and fluorescent images of the cells were
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captured and quantitated (Fig 4.5). As anticipated, in the case of the WT TrxR1 and the no
protein control, we found no significant change in the TrxRFP1 fluorescence over the 24-
hour time course. In contrast, only the cells incubated with TAT-TrxR1 showed significant

and marked decreases in red fluorescence (Fig 4.5).
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Figure 4.4. Immunoblotting confirms delivery of TAT-TrxR1 to cells. (A) Biological
triplicates of HEK 293T cells were incubated for 1 hour with buffer only (No TrxR1), with
TAT-tagged TrxR1 (TAT-TrxR1), or with TrxR1 lacking the TAT-tag (TrxR1). Following
incubation, cells were washed to remove any protein remaining outside of the cells. The
location of endogenous TrxR1 and TAT-tagged TrxR1 are indicated in a western blot with
anti-TrxR1 antibody (above), and GAPDH was used as a loading control (below). (B) In
an independent set of biological triplicates an identical experiment was performed; HEK
293T cell were incubated for 1 hour with buffer only (No TrxR1), with TAT-tagged TrxR1
(TAT-TrxR1), or with TrxR1 lacking the TAT-tag (TrxR1). Following washing of the
cells, a western blot was performed with the anti-Hise antibody as well as the anti-Vinculin
antibody as a loading control. Both TAT-TrxR1 and TrxR1 protein contain the Hise tag,
yet only the TAT-TrxR1 protein was imported into the cells.
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Figure 4.5. TAT-dependent delivery of active TrxR1 to mammalian cells. At 24 hours
after transfection with a plasmid bearing the TrxRFP1 activity reporter, cells were
incubated with buffer only (no protein), with WT TrxR1 lacking the TAT-tag (TrxR1), or
with TAT-tagged TrxR1 (TAT-TrxR1). (A) Following addition of protein to the media,
brightfield images of the cells and fluorescence images of the TrxRFP1 reporter (excitation
542 + 20 nm, emission 593 + 40 nm) were recorded before addition of protein (0 min), at
30 min after, and at 24 hours after, protein delivery. Decreasing red fluorescence
demonstrates increased TrxR1 activity inside the cells. (B) At the 0 min time point, the
average value of the fluorescence was normalized to 1.0 across each condition. Only the
cells incubated with TAT-TrxR1 displayed a time dependent and statistically significant
decrease in TrxRFP1 fluorescence during the time course. Data points taken from
individual cells treated with no protein (gray circles), TrxR1 (green squares), or TAT-
TrxR1 (purple triangles) are shown overlaid with box and whisker plots indicating the
mean (x), median (line), range (bars), and lower and upper quartiles (boxed) of the data.
Statistical analysis was based on 3 biological replicates and 3 technical replicates each and
pairwise single factor ANOVA (n.s. — not significant; *** p < 0.005; **** p < 0.0001;
*Kkkkk p< 10—5)_
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These data agree precisely with our findings based on western blotting (Fig 4.4).
Because only the TAT-TrxR1 was delivered successfully to the interior of the cells, only
cells treated with TAT-TrxR1 and not those treated with WT TrxR1 showed a significant
increase in TrxR1-specific activity. Thus, together the data demonstrate that only
incubation with TAT-TrxR1 led to robust TrxR1-specific reduction activity inside the live
human cells. The TAT-tag, therefore, represents a facile strategy to deliver active human
TrxR1 selenoprotein to mammalian cells.

As a first demonstration of the TAT-tagging approach to delivery selenoprotein to
human cells, we chose to work with HEK 293T cells. These cells are well established cell
biological model systems that display robust growth and high transfection efficiencies [35].
This aspect was important since we relied on the TrxRFP1 live cell reporter to demonstrate
the activity from the TAT-TrxR1 protein delivered to the human cells. Furthermore, since
HEK 293T cells are derived from kidney cells, where endogenous TrxR1 is abundant and
active (see Figs 4.3 and 4.4), these particular cells are also appropriate models systems to
study TrxR1 biology [36], including in the context of chemotherapeutics where TrxR1 has
been implicated as a major source of adverse effects of cisplatin compounds [37]. In the

future, we will apply these approaches to other human and mammalian cell lines.

4.4. Discussion

4.4.1. Genetic Code Expansion and Codon Reassignment.

Genetic code expansion is a cornerstone application in synthetic biology that enables
protein production with amino acid building blocks beyond the canonical 20 amino acids
that are normally used to make proteins [38]. Here we used a genetic code expansion
approach to incorporate the 21% amino acid, Sec, into a recombinant human protein
produced in E. coli. The genetic code expansion method, which we established previously

[7, 19, 20], involves expression of a synthetic gene construct where we fused SeclS from
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the 3’UTR of an E. coli fdhF gene to a human TrxR1 gene that we codon optimized for E.
coli. The resulting protein product is an active TrxR1 enzyme containing 21 different
amino acids. As a novel extension of our approach, here we employed the CPP TAT-tag to
enable our studies of the recombinant human TrxR1 enzyme in the homologous context of
human cells without any engineering steps to otherwise modify the human cells
themselves.

Genetic code expansion systems enable site-specific incorporation of non-
canonical amino acids (ncAAs) into proteins to introduce 21 [20, 39, 40], 22 [7, 19, 41,
42], or recently, in a few cases, 23 different amino acids into proteins [43, 44]. These
approaches, which normally require engineering a new tRNA synthetase and tRNA pair,
are powerful in their ability to introduce new chemistry into proteins and functionalities
that enable bio-orthogonal protein labeling [45]. Applications include creating new probes
for protein function [46, 47] and protein structure [48] as well as protein and peptide
pharmaceuticals to provide novel antibiotics [49], vaccines [50], and to treat major human
diseases, including cancers [51] and auto-immune disorders [52].

Despite the success of genetic code expansion and its many applications in biology
as well as studies of health and disease, the methods often involve re-assignment of a
particular codon, normally one or more of the stop codons (UGA, UAA, and UAG), not
only in a particular protein of interest but also in every instance of that codon throughout
the proteome. Indeed, this situation leads to the extension of many natural proteins beyond
their normal termination point [53]. When used in a cell free context [54], or simply in a
production host to make proteins for downstream applications, this defect is of less
importance. Genetic code expansion approaches, however, were also deployed in the very
same cells that are the exact object of study. In one example, expanding the genetic code
by reassigning the UAG codon to Ng-acetyl-lysine in mammalian cells to study the impact
of a specific histone modification also caused transcriptome-wide changes in gene

expression ranging from 2 to 100-fold [55]. Thus, the engineered cells were substantially
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more affected by the codon reassignment than by the insertion of a specific acetylation into
histone proteins. The combination of CPPs with genetic code expansion that we
demonstrated here allowed engineering in one kind of cell and then subsequent delivery of
a protein product of genetic code expansion into otherwise naive mammalian cells, thus

minimizing perturbations associated with expanding the genetic code.

4.4.2. Delivery of ncAA-Containing Proteins with Cell Penetrating
Peptides.

Since genetic code expansion can have such a dramatic impact on the nature of the cell
under investigation, we sought to devise a novel approach to deliver proteins containing
ncAAs to mammalian cells, eliminating the need to engineer the mammalian cells
themselves. CPPs represent a diverse and growing catalog of small peptides that have
already demonstrated great utility in facilitating the delivery of proteins [27], MRNAs [28],
and small molecules [29] to mammalian cells [30]. The TAT peptide is derived from the
HIV TAT protein, which is essential for HIV replication [56]. A chemically synthetized 86
amino acid full-length TAT protein was rapidly taken up by HeLa cells, and the protein
delivery activity was localized to the region including residues 37-72 of the synthetic TAT
protein [57]. Shortly thereafter, this same region of the TAT protein was chemically cross-
linked to several different larger proteins, including beta-galactosidase, horseradish
peroxidase, RNase A, and domain Il1 of Pseudomonas exotoxin A that were all shown to
be rapidly delivered to several different mammalian cell types in culture [58].

Our work demonstrated a novel approach to deliver an active and full-length human
selenoprotein to mammalian cells via fusion with a genetically encoded CPP for the first
time. We found that the selenoprotein TAT-TrxR1 was efficiently delivered to cells and
already displayed significant activity 30 minutes after incubation of the protein with HEK

293T cells. We found the TAT-TrxR1 continued to display robust and TrxR1-specific
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reduction activity in the cells for at least 24 hours after protein delivery. To our knowledge,
there are no other examples in the literature using cell penetrating peptides to deliver Sec-
containing full-length proteins to mammalian cells. A recent study successfully engineered
a Sec-containing small peptide, called PSELT (FQICVSUGYR), and demonstrated
efficient delivery of the peptide to human neuroblastoma SH-SY5Y cells [59]. PSELT
protected the cells against oxidative damage associated with Parkinson’s disease,
indicating an important avenue for therapeutic application of Sec-containing peptides.
Indeed, there is just one example of delivering ncAA-containing protein to
mammalian cells using a CPP tag. The report demonstrated production of the murine
dihydrofolate reductase (DHFR) in E. coli containing the ncAA N¢-propargyloxycarbonyl-
lysine [60]. The authors then used click chemistry along with an azide-functionalized TAT
peptide to chemically link the TAT-peptide to the DHFR protein, achieving a 90% vyield.
The DHFR protein was also chemically cyclized to help prevent degradation in HelLa cells.
Although the engineered DHFR protein showed relatively efficient delivery to the cells at
1 hour after incubation with the protein, by the 2-hour time point most of the protein was
degraded. In the case of the linear or non-cyclized TAT functionalized DHFR, nearly all
of the protein was degraded after 2 hours [60]. Thus, our work demonstrates additional
novelty in that the TAT-tag was genetically encoded in E. coli in the same protein as the
ncAA Sec, and no downstream chemical synthetic steps were required. Our simpler
approach also showed a longer lasting effect as we observed robust activity of the TAT-

TrxR1 protein up to the 24-hour time point.

4.4.3. A New System to Study TrxR1-Dependent Activity in

Mammalian Cells.

Our approach to engineering selenoproteins production in E. coli has allowed us to develop

a new system to study TrxR1 redox biology in a homologous context of the mammalian
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cell without engineering the mammalian cells. Our approach also requires no addition of
costly and toxic transfection reagents. Previous work found that lipid-mediated transfection
of TrxR1 was achieved but with limited efficiency [15]. Indeed, compared to standard
protein transfection reagents, including lipofectamine derivates, CPPs, including TAT are
well tolerated in mammalian cells. While lipofectamine can strongly depress cell viability,
induce apoptosis, and generate significant immune responses in human acute monocytic

leukemia cells (THP-1), CPPs were found to be neither toxic nor immunogenic [34].

4.5. Conclusion

We demonstrated a simple and efficient approach to deliver the active human selenoprotein
TrxR1 to mammalian cells. We showed that a genetically encoded TAT-tagged TrxR1 was
produced in E. coli with similar efficiency and activity to an untagged TrxR1 in E. coli that
we already demonstrated had stoichiometric incorporation of Sec550 by multiple methods
[7, 19, 20]. The TAT-tag enabled rapid delivery of the active selenoprotein to mammalian
cells that provided robust Trx1-specific reductive activity for at least 24 hours. Given the
complex nature of selenoprotein synthesis in mammalian cells, our approach represents an
important step forward to aid studies in the native and homologous context of mammalian
cells of other human selenoproteins as well as ncAA-containing proteins produced in
engineered cells with expanded genetic codes. Recent breakthroughs also enable site-
specific incorporation of Sec at any location in a recombinant protein in E. coli [39, 61-
64], thus indicating that our approach with CPPs can be applied to other selenoproteins and
in combination with other genetic code expansion systems.

Finally, because TrxR1 is an important and validated drug target for cancers [3-5]
and other human diseases, including Rheumatoid arthritis [65] and neurodegeneration [66],
the system we developed here will not only be a valuable tool for studying TrxR1 biology

in human cells, but also represents a novel platform to screen inhibitors of TrxR1. Since
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TrxR1 inhibitors have already found application in clinical settings [67, 68], our approach
will facilitate applications in developing the next generation of therapeutics to target TrxR1

activity in human diseases.
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4.11. Chapter 2 Appendix — Supplementary Data

4.11.1. DNA and Protein Sequences for TrxR1 Constructs.

Human His6-TrxR1 (E. coli codon optimized) DNA sequence in pET-TrxR1 vector
[1]

ATGGGCAGCAGCCATCACCATCATCACCACAGCCAGGATCCGAATTCGTCCTGCGAAGACGGTCG
TGCGCTGGAAGGCACCCTGTCCGAACTGGCTGCAGAAACGGACCTGCCGGTGGTATTTGTTAAAC
AGCGTAAAATCGGCGGCCACGGTCCGACTCTGAAAGCGTACCAGGAGGGTCGTCTGCAGAAACTG
CTGAAAATGAACGGCCCGGAAGATCTGCCGAAATCTTACGATTACGATCTGATCATCATCGGCGG
TGGTTCTGGTGGCCTGGCAGCCGCAAAGGAGGCAGCACAGTATGGCAAAAAAGTAATGGTACTGG
ACTTCGTTACCCCGACCCCACTGGGTACCCGTTGGGGCCTGGGTGGTACCTGCGTTAACGTAGGT
TGCATTCCGAAAAAACTGATGCACCAGGCTGCCCTGCTGGGCCAGGCTCTGCAGGACTCCCGTAA
CTACGGTTGGAAAGTGGAAGAAACGGTTAAACATGATTGGGACCGCATGATCGAGGCGGTTCAAA
ACCACATCGGTAGCCTGAACTGGGGCTACCGCGTTGCACTGCGCGAGAAAAAAGTTGTATATGAA
AACGCGTACGGTCAGTTCATTGGCCCGCACCGTATCAAAGCGACTAACAACAAAGGCAAGGAAAA
AATTTACAGCGCAGAACGTTTCCTGATCGCGACCGGCGAACGTCCGCGTTACCTGGGTATCCCGG
GCGATAAAGAATACTGTATCAGCTCCGATGACCTGTTTTCTCTGCCGTACTGCCCTGGCAAAACT
CTGGTCGTGGGTGCATCCTACGTCGCTCTGGAGTGTGCAGGTTTCCTGGCAGGTATTGGCCTGGA
CGTTACCGTTATGGTGCGTTCTATTCTGCTGCGTGGTTTCGACCAAGATATGGCGAACAAAATCG
GTGAACACATGGAAGAACACGGTATTAAATTCATCCGTCAGTTCGTTCCGATCAAAGTAGAACAG
ATTGAAGCCGGTACCCCGGGCCGTCTGCGTGTGGTAGCTCAGTCCACCAACAGCGAGGAAATTAT
CGAAGGCGAATACAACACTGTTATGCTGGCGATCGGTCGCGATGCTTGTACCCGTAAAATTGGCC
TGGAAACGGTAGGCGTTAAAATCAATGAAAAAACCGGTAAAATTCCAGTAACCGACGAAGAACAG
ACCAACGTTCCGTATATCTATGCAATTGGTGATATCCTGGAGGATAAAGTTGAACTGACCCCTGT
TGCTATCCAGGCTGGCCGCCTGCTGGCACAGCGTCTGTATGCCGGTAGCACCGTGAAGTGCGACT
ACGAAAACGTGCCGACCACGGTTTTCACCCCTCTGGAATATGGCGCATGCGGTCTGTCTGAAGAG
AAAGCCGTAGAAAAATTCGGCGAAGAAAACATTGAAGTGTATCACTCTTATTTCTGGCCGCTGGA
ATGGACTATTCCGTCTCGTGACAACAACAAATGCTACGCTAAAATTATCTGCAACACGAAAGATA
ACGAACGTGTGGTTGGCTTCCACGTGCTGGGCCCGAATGCGGGTGAAGTGACTCAAGGTTTCGCG
GCTGCCCTGAAATGCGGCCTGACGAAAAAGCAGCTGGATTCTACCATCGGTATCCATCCGGTGTG
TGCTGAAGTTTTCACCACTCTGTCTGTCACCAAACGTAGCGGTGCGTCCATCCTGCAAGCAGGAT
GCTGAGGCTAATAATCGGTTGCAGGTCTGCACCAATCG

TGA codon = Sec

TAA stop codon

E. coli fdhF SeclIS
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Human His6-TrxR1 protein sequence

MGSSHHHHHHSQDPNSSCEDGRALEGTLSELAAETDLPVVEVKQRKIGGHGPTLKAYQEGRLQKL
LKMNGPEDLPKSYDYDLITIIGGGSGGLAAAKEAAQYGKKVMVLDEVTPTPLGTRWGLGGTCVNVG
CIPKKLMHQAALLGQALODSRNYGWKVEETVKHDWDRMIEAVONHIGSLNWGYRVALREKKVVYE
NAYGQFIGPHRIKATNNKGKEKIYSAERFLIATGERPRYLGIPGDKEYCISSDDLFSLPYCPGKT
LVVGASYVALECAGFLAGIGLDVTVMVRSILLRGEFDODMANKIGEHMEEHGIKEFIRQFVPIKVEQ
IEAGTPGRLRVVAQSTNSEEITIEGEYNTVMLAIGRDACTRKIGLETVGVKINEKTGKIPVTDEEQ
TNVPYIYAIGDILEDKVELTPVAIQAGRLLAQRLYAGSTVKCDYENVPTTVEFTPLEYGACGLSEE
KAVEKFGEENIEVYHSYFWPLEWTIPSRDNNKCYAKIICNTKDNERVVGEFHVLGPNAGEVTQGFA
AALKCGLTKKQLDSTIGIHPVCAEVFTTLSVTKRSGASILQAGCUG

U = Sec residue
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Human His6-TAT-TrxR1 (E. coli codon optimized) DNA sequence in pTAT-HA

vector [2]

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCARATGGG
TCGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCAAGCTTGGCNCECOCONACH

GGTGGATCCACCATGTCCGGCTATCCATATGACGTCCCAGACTAT
GCTGGCTCCATGGCCTCCTGCGAAGACGGTCGTGCGCTGGAAGGCACCCTGTCCGAACTGGCTGC
AGAAACGGACCTGCCGGTGGTATTTGTTARACAGCGTARAATCGGCGGCCACGGTCCGACTCTGA
AAGCGTACCAGGAGGGTCGTCTGCAGAAACTGCTGAAAATGAACGGCCCGGAAGATCTGCCGARA
TCTTACGATTACGATCTGATCATCATCGGCGGTGGTTCTGGTGGCCTGGCAGCCGCAAAGGAGGC
AGCACAGTATGGCAAAAAAGTAATGGTACTGGACTTCGTTACCCCGACCCCACTGGGTACCCGTT
GGGGCCTGGGTGGTACCTGCGTTAACGTAGGTTGCATTCCGARAARACTGATGCACCAGGCTGCC
CTGCTGGGCCAGGCTCTGCAGGACTCCCGTAACTACGGTTGGAAAGTGGAAGAAACGGTTAAACA
TGATTGGGACCGCATGATCGAGGCGGTTCAAAACCACATCGGTAGCCTGAACTGGGGCTACCGCG
TTGCACTGCGCGAGAAARAAGTTGTATATGAAAACGCGTACGGTCAGTTCATTGGCCCGCACCGT
ATCAAAGCGACTAACAACAAAGGCAAGGAAAARATTTACAGCGCAGAACGTTTCCTGATCGCGAC
CGGCGAACGTCCGCGTTACCTGGGTATCCCGGGCGATAAAGAATACTGTATCAGCTCCGATGACC
TGTTTTCTCTGCCGTACTGCCCTGGCAAAACTCTGGTCGTGGGTGCATCCTACGTCGCTCTGGAG
TGTGCAGGTTTCCTGGCAGGTATTGGCCTGGACGTTACCGTTATGGTGCGTTCTATTCTGCTGCG
TGGTTTCGACCAAGATATGGCGAACAAAATCGGTGAACACATGGAAGAACACGGTATTAAATTCA
TCCGTCAGTTCGTTCCGATCAAAGTAGAACAGATTGAAGCCGGTACCCCGGGCCGTCTGCGTGTG
GTAGCTCAGTCCACCAACAGCGAGGAAATTATCGAAGGCGAATACAACACTGTTATGCTGGCGAT
CGGTCGCGATGCTTGTACCCGTAAAATTGGCCTGGAAACGGTAGGCGTTAAAATCAATGAAAAAA
CCGGTAAAATTCCAGTAACCGACGAAGAACAGACCAACGTTCCGTATATCTATGCAATTGGTGAT
ATCCTGGAGGATAAAGTTGAACTGACCCCTGTTGCTATCCAGGCTGGCCGCCTGCTGGCACAGCG
TCTGTATGCCGGTAGCACCGTGAAGTGCGACTACGARAACGTGCCGACCACGGTTTTCACCCCTC
TGGAATATGGCGCATGCGGTCTGTCTGAAGAGAAAGCCGTAGAAARATTCGGCGAAGAAAACATT
GAAGTGTATCACTCTTATTTCTGGCCGCTGGAATGGACTATTCCGTCTCGTGACAACAACAAATG
CTACGCTAAAATTATCTGCAACACGAAAGATAACGAACGTGTGGTTGGCTTCCACGTGCTGGGCC
CGAATGCGGGTGAAGTGACTCAAGGTTTCGCGGCTGCCCTGARATGCGGCCTGACGARAAAGCAG
CTGGATTCTACCATCGGTATCCATCCGGTGTGTGCTGAAGTTTTCACCACTCTGTCTGTCACCAA
ACGTAGCGGTGCGTCCATCCTGCAAGCAGGATGCTGAGGCEARTAATCGGTTGCAGGTCTGCACC
AATCG

TGA codon = Sec

E. coli fdhF SecIS
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Human His6-TAT-TrxR1 protein sequence

MRGSHHHHHHGMASMTGGQQOMGRDLY DDDDKDRWGSKLGHCRNRRRORRR GG S TMSGY PYDVPDY
AGSMASCEDGRALEGTLSELAAETDLPVVEFVKQRKIGGHGPTLKAYQEGRLQKLLKMNGPEDLPK
SYDYDLIIIGGGSGGLAAAKEAAQYGKKVMVLDFVTPTPLGTRWGLGGTCVNVGCIPKKLMHQAA
LLGQALQDSRNYGWKVEETVKHDWDRMIEAVONHIGSLNWGYRVALREKKVVYENAYGOFIGPHR
IKATNNKGKEKIYSAERFLIATGERPRYLGIPGDKEYCISSDDLFSLPYCPGKTLVVGASYVALE
CAGFLAGIGLDVTVMVRSILLRGFDQDMANKIGEHMEEHGIKFIRQFVPIKVEQIEAGTPGRLRV
VAQSTNSEEIIEGEYNTVMLAIGRDACTRKIGLETVGVKINEKTGKIPVTDEEQTNVPYIYAIGD
ILEDKVELTPVAIQAGRLLAQRLYAGSTVKCDYENVPTTVFTPLEYGACGLSEEKAVEKFGEENT
EVYHSYFWPLEWTIPSRDNNKCYAKIICNTKDNERVVGFHVLGPNAGEVTQGFAAALKCGLTKKQ
LDSTIGIHPVCAEVFTTLSVTKRSGASILOAGCUG

U = Sec residue
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