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serine starvation induced by serine hydroxamate. In cells lacking RelE, the mRNA interferease toxin that



cleaves mRNA in the ribosome A site, we find a dramatic shift away from catalytic protein degradation and
distinct, disparate enrichment of ribosomal proteins in the degradome under stress. These latter results
suggest a new specific role for RelE in regulating ribosome protein abundance under translational stress

conditions.
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CHAPTER 1: INTRODUCTION

Antibiotics

Humans have been locked in a deadly battle with microbial pathogens for the entirety of our existence. We
are constantly besieged by microscopic entities that want to invade and infect us, from viruses, bacteria,
fungi, and parasites. Bacteria are omnipresent in our environment, abundant in our soil, water, and even
on our skin and in our bodies. Most of these do not harm us and some are even beneficial, like those in
our digestive tracts. Yet even here, there is a delicate balance between a commensal relationship and a
pathogenic invasion. Staphylococcus aureus, for example, is a bacterium often found in the natural biota
of our skin and typically thrives there without threat. However, if allowed to enter our bodies, this same
bacterium can cause skin lesions, pneumonia, endocarditis, and sepsis.! We have evolved defenses to
maintain the balance. Our skin prevents pathogens from entering; our immune system attacks those that
slip through; genetic mutations provide diversity in immune responses and targets of pathogens. But we
are not the only ones evolving solutions. Pathogens are constantly evolving along-side of us, developing
better infectivity, greater pathogenicity, and even evading our defenses. And so, we remain locked in this

ever-evolving arms race.

About 100 years ago, we got the upper hand. In 1928, the Scottish physician, Alexander Fleming discovered
a compound that inhibited the growth of bacteria.2* Fleming had just been appointed as the Chair of
Bacteriology at St. Mary’s Hospital in London and was conducting research on Staphylococcus species.®
In September, he returned from a month long vacation with his family to find his culture plates
contaminated.® He noticed that the bacteria growing in close proximity to this contaminant had begun to
turn translucent and were lysing. Further isolation and testing revealed that the mold excreted a compound
that had “marked bactericidal and bacteriolytic properties.”” He named this compound penicillin after the

genus of the mold that produced it, Penicillium. 1t would prove nothing short of a medical miracle.

During the first world war (1914-1918), over 4 million American soldiers were deployed around the world.
The trench warfare that defined this conflict proved to be a breeding ground for infection and disease, with

little meaningful medical recourse. By the end of the war, 57,460 American soldiers had died of disease,



eclipsing the 50,280 deaths from combat related injuries.® When World War Il broke out twenty years later,
penicillin was becoming widely available and utilized in the medical field. ® More than 11 million American
soldiers were deployed throughout the war. All told, 220,823 of these soldiers died of combat injuries and
only 14,904 died of disease. The employment of antibiotics was a pivotal victory over infectious diseases,

which has since not been a significant contributor to American warzone deaths.?

Despite being a landmark discovery in the field of medicine, penicillin was not the first antibiotic to be used
by humans to treat microbes. Traces of tetracycline have been found in Egyptian mummies and skeletons
from Sudanese Nubia from 350 AD.'%-'2 Mold has been used in numerous cultures for wound
treatments.2313 British herbalists commonly used a concoction of moldy bread and milk; Chinese medicine
men used moldy soy beans; and Aboriginal peoples in Australia used mold from eucalyptus trees.' In
1910, a synthetic arsenic-based compound, salvarsan, was discovered and used to treat syphilis.2* This
discovery was the first instance of using a synthetic compound library to screen for substances with
antimicrobial properties, an approach that continues to be used today.® Thus, while not entirely novel,
Fleming’s discovery nonetheless rapidly changed the face of the medical field and kicked off a surge in

antibiotic development.

From 1940-1970, there was a rapid expansion of the antibiotic arsenal that became known as the Golden

Age of Discovery. This generation of drugs were largely isolated natural products (Table 1). These

I - Cell wall .
B-lactams Penicillin G Penicillium synthesis Peptidogylcan
Aminoglycosides Kanamycin Actinomycetes | Protein synthesis 30S ribsomal subunit
Macrolides Erythromycin Actinomycetes | Protein synthesis 50S ribosomal subunit
Tetracyclines Tetracycline Actinomycetes | Protein synthesis 30S ribsomal subunit
. . . Cell wall -
Glycopeptides Vancomycin Actinomycetes synthesis Lipid Il
Lipopeptides Daptomycin Actinomycetes Cell membrane Cell membrane disruption
Polyketides Rifamycin SV Actinomycetes Nucleic ac id RNA polymerase
synthesis
Sulfonamides Sulfamethoxazole Synthetic Folate synthesis Dihydroptreroate
Fluoroquinolones Ciprofloxacin Synthetic DNA synthesis DNA gyrase and
topoisomerase IV
Oxazolidinones Linezolid Synthetic Protein synthesis 508 ribosomal subunit

Table 1. Major classes of antibiotics as determined by molecular structure and target. Classes listed with an
example compound from the class, the originating species, and molecular target of action.
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Figure 1. Representative compound structures of each major antibiotic class. The core structures that
characterize each class are highlighted in red.

compounds targeted bacterial-specific molecules and worked to inhibit essential functions. Seven major
classes of natural antimicrobial compounds were discovered. (Table 1, Figure 1) These classes were

determined by the core structure and molecular target.



Penicillin founded the most well-known class, the B-lactams. These compounds all have a characteristic
four-membered ring in their structure and target the proteins used in peptidoglycan synthesis.
Aminoglycosides, like kanamycin, contain a 2-deoxystreptamine core and two other attached sugar
structures with amino group substitutions. These compounds bind to the 30S subunit of the prokaryotic
ribosome to reduce translational fidelity. Tetracyclines also target the 30S subunit, though at a distinct site
from the aminoglycosides. Characterized by a four fused six-member rings, they inhibit protein synthesis
by preventing stable accommodation of amino acid building blocks into the ribosome. Erythromycin
founded the macrolide class. Macrolides, short for macrolactone polyketide, have a core macrolactone ring
and interact with the 50S ribosomal subunit to block addition of amino acids during protein synthesis. A
related class of polyketides, like rifamycin, have a similar composition to macrolides but are structurally
distinct with a chained “bridge” on one face of the molecule. These inhibit RNA polymerase and prevent
transcription. Glycopeptides, like vancomycin, have a hepta-peptide backbone that is cross-linked to its
sidechains. This forms a cup-like structure that prevents cell wall assembly by binding to the peptidoglycans
used to compose it. Like the glycopeptides, lipopeptides have a polypeptide backbone but are modified
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Figure 3. Antibiotic structure modification by generation. (A) Representative antibiotic structures from
different classes and structural modifications made through each generation (red). Originally
appears in Walsh and Wencewicz 2014. (B) Representative structures of B-lactam subclasses with
core structure in green. Image originally appears in Vrancianu et al. 2020.
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with lipid chains attached. Lipopeptides like daptomycin work to disrupt cell membrane integrity, though

the exact mechanism is not understood.

Fully synthetic antibiotics also appeared early in the discovery age. Sulfonamides, like sulfamethoxazole,
were among the first antibiotic compounds to be used in the clinical setting, even before penicillin.®4 Similar
to their natural counterparts, these targeted bacterial pathways essential to their survival. Sulfonamides
have an azobenzesulfonamide scaffold that works to inhibit the synthesis of folate, a key component of
nucleic acid synthesis. Fluoroquinolones are considered the most successful class of synthetic antibiotics.
They have a core of nalidixic acid and block DNA synthesis through binding to topoisomerase Il enzymes.
By the end of the 1960s, discovery of new drug classes had slowed, but a new era of chemical modification
was on the rise. In the Golden Age of Medicinal Chemistry, development of new antibiotics was focused
on improving the pharmacological efficacy of existing compounds. The originally discovered compounds
(first-generation antibiotics) became the scaffolds for successive generations. The core bioactive structures
remained intact while sidechains and groups were altered. Some modifications were small, while others
were more extensive. For example, the difference between oxytetracycline and doxycycline is the removal
of a single hydroxyl group from the second ring. Through discovery and modification, the 3-lactam class
has expanded to include four structural subclasses. (Figure 2). All maintain the core four-membered lactam
ring with variations in type of fused bicyclic ring structure, chemical side groups, or even the lack of a bicyclic
ring as in the case of monobactams. In more extreme cases, functional groups from multiple classes were
combined into one compound. All of these modifications aimed to improve clinical efficacy, stability,

bioavailability, and pharmacokinetics. Today, we have fourth- and fifth-generation drugs in clinical use.

Antibiotic Resistance

However, these drugs did not go unchallenged by their targeted pathogens for very long. Penicillin
resistance was detected only two years after it became widely available. (Figure 3) Sulfonamide resistance
was discovered within three years on clinical implementation. Methicillin resistant Staphylococcus aureus
(MRSA) was detected in 1960, the same year methicillin was approved for clinical use.® Other resistances
took longer to manifest. Vancomycin, a glycopeptide targeting cell wall synthesis, did not incur resistance

until 30 years after its release. Steadily, resistant bacteria became more prevalent and more deadly. In



2019, the Center for Disease Control (CDC) estimated that MRSA was responsible for over 300,000
infections and more than 10,000 deaths in the US.® Worryingly, multiple-drug resistance (MDR) has also
been on the rise.'®'6 In addition to methicillin, most current MRSA isolates carry resistance to at least one
other class of drug including aminoglycosides, tetracycline, and macrolides.'”-'® In 2018, the United Nations
declared antimicrobial resistance (AMR) as a global threat,'® and a year later, the CDC released its threat

report with 18 resistant microbes reported as either urgent, serious, or concerning threats (Table 2).°

Macrolides Fluoroquinolones
| New Vancomycin

. Tetracyclines Methicillin Imipenem analog
Clinically . ) I 1ol | ) |
Introduced F"em\:llllncI Aminaglycosides | Amphotericin B Extended Spectrum L|pcpep(id§5 Oritavacirl'l;
Discovere penicil Il Cephalsporins (Daptomycin) Dalbavacin
emetin Glycopeptides (Cefotaxime); I
Salvarsan Sulfonamides (Vancomycin} Azw’thromydr; Oxazolidones  Diarylquinolones
111
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|
Resistance Penicillin-resistant Methicillin-resistant [« ime-resistant Daptomycin-resistant Amphotericin B-
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Vancomycin-resistant
Golden Age of Discovery E. Faecium
Imipenem-resistant
K. pneumoniae

Azithromycin-resistant
N. gonorrhea

I Golden Age of Medicinal Chemistry

Figure 3. Timeline of antibiotic developments and first detection of clinically resistant bacterial strains. Top:
years that antibiotic compounds were approved for clinical use. Bottom: year that first resistant species
were detected.

Unfortunately, development of AMR was inevitable. In 2012, a bacterial survey sample was conducted in
a highly isolated section of the Lechuguilla Cave in New Mexico. Lechuguilla is one of the 10 longest caves
in the world with over 148 miles of caverns mapped and is famous for its beautiful gypsum formations
featured in the BBC Planet Earth series.202" Access to the caverns is strictly regulated by the park service,
preserving its pristine environments. Researchers sampled a section of the cave system that they
estimated had been isolated from the surface for over 4 million years. They identified microbes that were
resistant to 14 commercially used antimicrobials including daptomycin, a drug considered to be a last resort
treatment for gram positive bacteria.??2 Even in the near complete absence of human intervention, AMR

was diversely present. Resistance is a natural phenomenon.

During the Golden Age of Discovery, 55% of new antimicrobial compounds were isolated from
Streptomyces, a genus of bacteria commonly found environmentally in soil and water.23 It is hypothesized
that these compounds served as chemical weapons, allowing Streptomyces to out-compete other native

soil-dwelling bacteria for resources or to protect them from predation by other species.?3-25 Production of



these chemicals means that the producer needs to be to resistant to their effects. Most antibiotic-producing
species have multiple ways to evade the mechanism of action of their compound and are considered to

have natural resistance.* With the presence of antibiotic-producing bacteria comes the selective pressure

for co-habitating species to evade these compounds. This is one of the drivers of acquired resistance.

Organisms can use multiple strategies to confer resistance. One of the most common is antibiotic
modification or degradation.?®  Aminoglycoside modification enzymes (AMEs) were first identified in
aminoglycoside-producing Streptomyces.?’28 These are a diverse class of enzymes that modify the

chemical structure through acetylation, phosphorylation or adenylation. While they were first identified as

Urgent Acinetobacter Carbapenem Fluoroquinolones, extended-spectrum {-
lactam, ampicllin, sulbactam
Urgent Candida auris Multiple drugs Azoles, echinocandin, amphotericin B
Urgent Clostridioides difficile Cephalosporins Flluoroqum.olones, erythromycin,
clindamycin
Urgent Enterobacteriaceae Carbapenem All B-lactams
Urgent Neisseria gonorrhoeae Pemcllmz Ciprofloxacin, cefotaxime
tetracycline
Serious Campylobacter Ciprofloxacin Azithromycin
Serious Candida species Multiple drugs Azoles, echinocandin, amphotericin B
Extended bata-lactamase
Serious producing B-lactams Cephalosporins
Enterobacteriaceae
Serious Enterococci Vancomycin
Serious Psewqomonas Multiple drugs Flu_oroqumolpnes, . _ polymyxins,
aeruginosa aminoglycosides, rifampin
Serious Nontyphoidal salmonella | Ciprofloxacin C_eftnaxon_e, azithromycin,  ampicllin,
trimethoprim
Serious Salmonella serotype tyhpi | Ciprofloxacin ChIoramphemcoI, ampicillin, nalidixic acid,
cephalosporin
Serious Shigella Ciprofloxacin Azithromycin
Serious Staphylococcus aureus Methicillin Other B-lactams
Amoxicillin, erythromycin, cefotaxime,
. Streptococcus - . : )
Serious : Penicillin cefuroxime, vancomycin, tetracycline,
pneumoniae )
levofloxacin
Serious Tuberculosis Isoniazid Rifampin, pyrazinamide, ethambutol
Concerning | Group A Streptococcus Erythromycin Clindamycin
Concerning | Group B Streptococcus Clindamycin Eyrthoromycin

Table 2. Global antibiotic threats identified by the CDC in their 2019 report. Threat level of each resistant
species and primary resistance of concern of each species are listed. Other notable resistances include
additional resistances commonly found with primary resistance.



a natural resistance mechanism, AMEs have also been identified in resistant clinical isolates as well.
Modification enzymes are also used to inactivate bleomycin family antibiotics and chloramphenicol. In
contrast, resistance to B-lactams is typically conferred by a hydrolyzing B-lactamase. While B-lactamase
are a diverse family, they all cleave the four-membered lactam ring at the core of the antibiotic. Similar to
AMEs, B-lactamases are also commonly found in Streptomyces as well as other pathogenic and non-

pathogenic bacteria.26:2

Efflux, pumping antibiotic from the cell, is another common resistance strategy. Efflux is typically found in
conjunction with other resistance mechanisms, particularly in producer organisms. Active efflux pumps can
come from several families: ATP Binding Cassette (ABC), major facilitator super family (MFS) transport
proteins, resistance nodulation-division (RND), multidrug and toxin extrusion (MATE), or small multidrug
resistance (SMR). The majority of these pump families rely on ion gradient coupled transport, but the ABC
proteins utilize ATP to pump substrate from the cell.3° While some pumps are specific in their substrate,
like the Tet pump proteins of the MFS family, every family has pumps that exhibit polyspecificity. For
example, OtrC protein from the ABC family is able to transport multiple antibiotic classes such as
oxytetracycline, ampicillin, and vancomycin.?63" Polyspecific pumps can be found in both clinical resistant
isolates and natural produce organisms and can be used in conjunction with specific efflux pumps, resulting

in MDR or decreased sensitivity to particular antibiotics.26:32

Target modification and protection mechanisms are particularly prevalent and diverse resistance
mechanisms in clinical isolates. These can range from target point mutations, enzymatic alterations, post-
translational modifications, to by-passing mechanisms. Many clinical MRSA strains contain a classic
example of target by-pass. MRSA has an exogenous penicillin binding protein (PBP), PBP2a, whose
transpeptidase domain is insensitive to many B-lactams.3 Macrolide resistance on the other hand is often
conferred by one of the erythromycin ribosomal methylation genes, which methylate an adenine in the 23S
rRNA. 26 Target protection is a less common, but effective strategy for resistance. Two of the tetracycline
resistance mechanisms, the Tet(M) and Tet(O) proteins, act to remove tetracycline from the ribosome using

through GTPase activity.



Acquired resistance is resistance that is developed to a compound not produced by the host organism.
This can be either through selective mutation or horizontal gene transfer (HGT).343% Bacteria have multiple
routes for HGT: transformation, transduction, and conjugation. Transduction and conjugation involve direct
transfer of genetic from one organism to another. In transduction, bacteriophage inject genetic material
directly into the host bacteria, while in conjugation, two bacteria directly exchange material. In contrast,
transformation involve bacteria assimilating DNA from the environment. This process is commonly used in

research labs to introduce synthetic plasmids.34.35

While natural resistance mechanisms are placed in the chromosome, acquired resistance mechanisms are
often found on plasmids. Plasmids represent a particular threat for AMR. They often contain a collection
of genes and are capable of self-replicating.’ In addition, plasmids allow for genetic transfer between a
diverse range of bacterial organisms. Recent years have seen a rise in plasmids containing resistance
mechanisms to multiple or nearly all classes of antibiotics.'516:32 Most concerning is that some of these
plasmids contain resistance genes in a transposon element, allowing for recombination and integration into

chromosomal DNA.15.16

It is unclear what proportion of AMR-related HGT is through transformation, transduction, or conjugation.
However, areas with high densities of bacteria, plasmids, and phages are known to be breeding grounds
for resistant bacteria.’® These include waste from hospitals, agriculture, and sewage. In addition to high
microbial populations, these areas are contaminated with antibiotics. The agricultural industry is a main
contributor to environmental antibiotic contamination. Livestock is often fed antibiotics both to treat and
prevent disease in crowded conditions.? Excess antibiotic is excreted through feces and urine, seeping into
the soil, groundwater, and surfaces surrounding the facility. This creates additional selective pressure and

increases the proportion of resistant microorganisms in an already densely populated area.®

Issues in Drug Development

Compounding the issue of increasing resistance, development of new antibiotics has begun to dwindle.
The last new class of antibiotics to be discovered were the oxazolidinones in 1987 after a nearly 30 year
gap.#% The first drug discovered, linezolid, had a completely unique structure to other compounds that

existed at the time. It has become the core structure of the class, with additional compounds being created



from chemical modification. Oxazolidinones are known to bind to the 50S subunit of the ribosome to inhibit
protein synthesis, but the exact mechanism has been difficult to discern. New compounds continue to

release however they primarily are modifications of existing antibiotics.

As the 1990’s dawned, there was new hope for antibiotics on the horizon. The Human Genome project
launched in 1990 and was shortly followed by campaigns for other model organisms, including Escherichia
coli and Bacillus subtilis. In 1995, the first bacterial genome was sequenced, the pathogenic Haemophilus
influenzae. By 1999, genomes for E. coli, B. subtilis, M. tuberculosis, and H. pylori had been sequenced.?”
There was a rush by pharmaceutical companies to capitalize on the new information. In 1995,
GlaxoSmithKline (GSK) launched their new “genomics-derived, target-based approach” to antibiotic
discovery.3® In a combination of bioinformatic analysis and high throughput compound library screening,
GSK investigated hundreds of potential targets. By 2001, not a single viable broad-spectrum compound
had made it to the development pipeline. In 2006, GSK scientists Payne et. al published a retrospective
review of the program and the challenges facing antibiotic development. “Blind spots in target validation
and an inability to find lead compounds from HTS together with the larger problem of making a single
compound that has broad-spectrum activity and is safe at the high serum concentrations needed to cover
the least susceptible organisms have left an empty industrial antibacterial portfolio.”®® They found that
investigating novel chemical structures and continuing pharmacological optimization have been a more

cost-effective and successful avenue for discovery.

Research hurdles are not the only barrier for development of new compounds. Many pharmaceutical
companies have chosen to discontinue antibiotic discovery programs. In 2018, there were 45 new antibiotic
candidates in clinical trials. Only two of them were owned by major pharmaceutical companies.3
Unfavorable return of investment has been cited as a primary reason for the departure.3® Antibiotics are
designed to be taken for short periods of time and historically have had low cost. New drugs with novel
mechanisms of action will likely be reserved as last resort drugs, further limiting potential return of
investment.® In addition, costs and regulatory requirements for bringing a drug to market have drastically

increased. Currently, antibiotic development is primarily performed in academic research labs. 33839
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Recent technological developments have produced promising results. In the Golden Age of discovery, soil-
bacteria were a rich source for antimicrobial compounds. However, soil-bacteria are very difficult to
cultivate in the laboratory setting. One recent advance was the development a miniature isolation chip
based on a diffusion chamber that allowed soil bacteria to be cultured in a natural environment. This
allowed for the isolation of thousands of isolates that were able to be screened and the identification of
antibacterial peptide teixobactin.*® Of the 45 candidate antibiotics in clinical trials in 2018, there were a

total of 12 classes on antibiotics represented in the compounds. Seven of them were completely novel.3

Stress as a Target

To assist the drug development pipeline, novel targets need to be explored. While we have a good
understanding of the primary drug-target interactions for most antibiotics, the downstream and global
metabolic changes in response to antibiotics are less explored. Developing a deeper understanding of the
bacterial stress response could provide potential novel targets and pathways that could be exploited to

increase antibiotic sensitivity.

A key part of the stress response is changes to gene expression. While gene expression can be regulated
on many levels, transcription is a primary control point. Transcription initiation is highly regulated, mediated
by the sigma (o) subunit of RNA polymerase (RNAP; Figure 4A). As RNAP binds to the gene promoter,
o subunit recognizes two key elements: the -35 (E. coli consensus sequence TTGACA) and -10 sites (E.
coli consensus sequence TATAAT).*" Every bacteria has a primary ¢ subunit that regulates transcription
of the housekeeping genes (ie o7 subunit in E. coli). However, there are alternative o-subunits that
recognize alternative sequences and are used to control genes associated with stress response, stationary
growth, and starvation.? As RNAP binds to the promoter, a section of the double-stranded DNA
surrounding the gene start site is melted to allow single-stranded access for transcription. RNAP closes
around one strand of the DNA, which will serve as the template strand for the new RNA. Free
ribonucleotides enter the ribonucleoside tri-phosphate tunnel and stably bind to the template DNA strand
through complementary base pairing. Once bound, the active site hydrolyzes the ribonucleotide to join it
to the 3’ end of the previous nucleotide. The o subunit is ejected after the synthesis of approximately 10

nucleotides, allowing transcription to continue elongating along the template DNA. Transcription
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Figure 4. Gene expression in bacteria. (A) Diagram of bacterial transcription. RNA polymerase (RNAP)
binds to the promoter region, with the o-subunit recognizing the -35 and -10 sequence elements. RNAP
then melts the double-stranded RNA and initiates transcription. RNAP synthesizes mRNA by adding
longation continues until the termination structure is
reached. RNAP then dissociates and the newly synthesized mRNA is ejected. Image originally appears
in Abril et. al 2020.3 (B) Diagram of bacterial translation steps. The 30S subunit of the ribosome binds
to mRNA with the initiator tRNA before recruiting the 50S subunit. Cognate amino-acylated tRNAs bind
to the A-site and binding is stabilized through codon-anticodon interactions. As the tRNA is translocated
into the P-site, the amino acid is added to the growing peptide chain in the peptidyl-transferase center.
Elongation continues until the stop codon is reached. Lastly, release factors are recruited to cleave the
final peptide and release the ribosome subunits. Image originally appears in Agirrezabala and Frank
2010.# (C) Transcriptional-translational complex. NusG interacts with the head of RNAP and NuskE

ribonucleotides from 5’ to 3’. Transcription e

within the ribosome. Image adapted from McGary and Nudler 2013.5
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termination can be performed in three ways. The most common is called intrinsic termination in which
newly synthesized messenger RNA (mRNA) forms a small hairpin. This causes RNAP to pause and
eventually dissociate, either through slipping in the active site or a collapse of the transcription bubble. An
alternative form of termination is Rho-dependent termination which is used on specific genes. Rho is a
homohexameric translocase that binds to the newly formed mRNA and slides along until it hits the Rho-
termination binding site. While the exact mechanism is unknown, evidence suggests Rho remains bound
to the initial binding site and tracks toward RNAP. Once it interacts with RNAP, it may exert a force that

extracts the mRNA from the channel terminating transcription.*3

Translation of the newly transcribed mRNA is the next major avenue of regulation (Figure 4B). As in
transcription, rate of initiation plays a key role in determining translation rate and protein expression level.
Initiation begins with a free 30S ribosomal subunit binding to several protein-based initiation factors and an
initiator tRNA (formylmethionine RNA). This complex binds to a mRNA and scans along until the initiator
tRNA pairs with the AUG start codon. Upstream of the start codon is a ribosome binding sequence (RBS)
that is complementary to the 3’ end of the 16S rRNA within the 50S subunit. As the 50S subunit binds, the
RBS stabilizes the entire translational complex through base pairing. The start codon and initiator tRNA
are positioned within the peptide site (P-site) of the ribosome, where peptidyl-transferase activity takes
place, and the second codon is positioned within the acceptor site (A-site). A complex of aminoacylated
tRNA and elongation factor Tu (EF-Tu) enter the acceptor site and bind to the mRNA through codon-
anticodon pairing. Once successfully bound, elongation factor G (EF-G) hydrolyzes GTP to translocate the
entire complex 3 nucleotides downstream, and in the process, shifting the newly bound tRNA into the P-
site. During translocation, the amino acid attached to the tRNA contacts the peptidyltransfer center (PTC)
and is attached to the initiator methionine. The now de-aminoacylated initiator tRNA moves into the exit
site (E-site) of the ribosome where it dissociates. Translation continues until it reaches a stop codon (UUA,
UAG, UGA), leaving an empty A-site. Release factors will bind to the stop codon and cleave the attached

polypeptide. The ribosomal subunits then dissociate and can form new complexes.
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Quality Control of Gene Expression

Ensuring quality control of both transcription and translation is critical for cell survival. Eukaryotes utilize
compartmentalize these processes to help maintain the quality control. Transcription occurs exclusively
within the nucleus of the cell, while translation occurs in the cytoplasm. Before a mRNA can be exported
to the cytoplasm, it must be modified with a 7-methyl-guanine nucleotide at the 5’ end and a poly-adenylated
tail at the 3’ end. These modifications increase the stability of the RNA, assist in export to the cytoplasm,

and provide scaffolding for eukaryotic ribosomes to initiate translation.

Bacteria lack internal organelles. DNA condenses within the cytoplasm to form a mesh nucleoid structure
with pore sizes of approximately 50nm. The pore sizes are sufficiently large enough for RNAP and free
ribosomes to enter. Ribosomes can begin translation as soon as the RBS of mRNA has exited RNAP,
allowing for transcription and translation to occur simultaneously. Bacteria have streamlined this process
by coordinating these processes through a transcriptional-translational complex (TTC; Figure 4C). Binding
between the lead ribosome (the first translating ribosome) and RNAP are thought to be mediated through
NusG, though the exact binding interface is not entirely clear.#* Data indicates that the N-terminal domain
of NusG binds to the RNAP 3’ and B subunits, while the flexible C-terminal domain associates with the S10
ribosomal protein, and NusA may be involved in stabilizing the TTC.44-46 This coordination allows for rapid
changes to gene expression and provides protection to the mRNA, decreasing the likelihood of cleavage
and degradation. Additionally, it can help moderate transcription dynamics. RNAP is capable of
backtracking during transcription and is particularly prone to it within the first 50 nucleotides proximal to the
promoter. Ribosomes on the other hand move in one direction and thus when engaged in the TTC may

help to push RNAP along and prevent backtracking.

However, coordination of the TTC does not allow for quality control checks of the mRNA before translation
begins. This exposes the system to perturbations at both the transcription and the translational level. RNAP
pausing and backtracking can be important regulatory functions, but it can also cause premature Rho-
dependent termination, resulting in non-stop RNAs. Translation is also prone to pausing. Nearly all mMRNAs
have secondary structure, which can increase RNA stability and moderate translation rates. Because of

this, ribosomes can have RNA helicase activity using the S3 and S4 proteins in the 30S subunit, but rate
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of translation is intrinsically linked to complexity of the secondary structure. Additionally, translation can
pause due to rare codons, proline runs, and programmed stall sequences like SecM. Most translational
pauses are transient, but excessive pausing can lead to decoupling of the TTC. This exposes the mRNA
to cleavage and possible generation of non-stop RNAs. Compounding this, most bacterial genes are
translated as a polysome, with multiple ribosomes translating a single transcript. Any generation of

downstream non-stop transcripts will result in multiple catastrophically stalled translational complexes.

These issues are exacerbated under stress conditions. Nutrient starvation for example interacts with the
TTC on multiple levels. Decreased availability of amino acids increases translational pausing as uncharged
tRNAs bind to the ribosome. The RelA/SpoT family of proteins recognize this binding and produce the
alarmone ppGpp. In turn, ppGpp binds to the # subunit of RNAP to inhibit transcription activity. In addition,
bacteria activate RNase toxins like RelE and MazF that cleave and degrade mRNA transcripts. RelE

cleaves mRNA within the A-site of the ribosome leading to a catastrophically stalled translational complex.

Resolving catastrophically stalled translational complexes is critical to maintaining a functional pool of
ribosomes. 47 Most bacteria have one of two protein-based rescue systems, alternative ribosome-rescue
factor A and B (ArfA and ArfB).*® ArfA binds in the open mRNA channel of the ribosome and recruits RF2.
Peptide release and ribosome dissociation are subsequently induced by canonical factors. In E. coll,
mature ArfA is translated from a non-stop transcript generated by RNase Il cleavage.*® ArfB, on the other
hand, has two functional domains: a positively charged tail region and a catalytic domain homologous to
the GGQ domain of RF2. The tail domain binds to the open mRNA channel of the ribosome, while the
GGQ-domain binds to the peptidyl transfer center of the ribosome to stimulate peptide release. Both ArfA
and ArfB only serve to release the ribosomes from the non-stop translational complex. Bacteria have
evolved a third system, trans-translation, that uses a specialized RNA-protein complex to both release
sequestered ribosomes and tag the aberrant non-stop peptide products for proteolysis.59-52 This system
has been identified in all sequenced bacteria and is the primary method for resolving non-stop translation

complexes.
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Transfer Messenger RNA (tmRNA)

The main actor of trans-translation is a highly specialized and structured RNA molecule, transfer-
messenger RNA (tmRNA) encoded by the ssrA gene.3-%5 While every bacterial species has a unique
tmRNA, they all contain three structural domains: tRNA-like domain (TLD), mRNA-like domain (MLD), and
a ring of pseudoknots (Figure 5A).%657 The TLD contains several structural similarities to a canonical tRNA.
The 5’ and 3’ ends of mature tRNA form an acceptor stem, with the 3’ terminus creating a small CCA
overhang. % This overhang can be charged with an alanine residue by alanyl-tRNA synthetase and is
conserved in all tmRNA sequences.?® The TLD also features a tRNA-like T stem-loop and a reduced D-
loop that serve as the primary binding locations for accessory proteins. The MLD is the least structured
region of the molecule. The MLD contains a tag reading frame (TRF) that encodes an amino acid tag

recognized by proteases. The TRF does not contain a start codon or an upstream ribosome binding site
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Figure 5. Transfer messenger RNA (tmRNA). (A) Structure of tmRNA in E. coli. Locations of the alanyl-
synthetase and SmpB are noted in the tRNA-like domain. Tag reading frame (TRF, orange) is located
within the mRNA-like domain. The resume codon is noted in yellow and the final codon is in red. (B)
Mechanism of trans-translation. Stalled translation complexes are recognized by tmRNA, which is
accommodated into the empty A-site of the ribosome. During accommodation, the TRF is aligned within
the mRNA channel. During translocation, translation shifts from the nascent mRNA to the TRF.
Elongation resumes using the TRF as a template. Translation continues until it reaches the stop codon
within the TRF and translation terminates normally. The peptide sequence encoded in the TRF is how
attached to the C-terminus of the nascent peptide, which is recognized by proteases and degraded.
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like canonical mRNA but instead has a resume codon. Though the length and sequence of the TRF varies
by bacterial species, nearly all tags begin with alanine or glycine and end with at least one stop codon. The
ring of pseudoknots typically consists of four pseudoknots (PKs). PK1 is located upstream of the MLD and
is the only PK required for proper tmRNA function. While PKs 2-4 are not essential, they are thought to

help ensure proper tmRNA folding and anchor tmRNA to the ribosome during trans-translation.8061

Small molecule protein B (SmpB) is responsible for integrating and orientating tmRNA in the ribosome.45:46
SmpB is highly conserved among bacterial species. As the critical binding partner for tmRNA, SmpB
deletion results in the same phenotype as deletion of tmRNA. The body of SmpB binds to the elbow region
of the TLD, stabilizing the structure. The C-terminal tail also contains an RNA binding region that interacts
with the ribosomal mRNA channel. In solution, the tail is unstructured but upon entry into the ribosome

accommodation adopts an alpha-helix.62-65

The TLD region of the tmMRNA-SmpB complex resembles a canonical tRNA. The structural similarities allow
the complex to utilize many of the canonical translation factors to enter and move through the ribosome
(Figure 5B). Prior to accommodation, EF-Tu*GTP interacts with the alanyl-tmRNA-SmpB complex,
primarily contacting the TLD. The quaternary complex is guided to the stalled translational complex akin
to aminoacylated tRNAs.6266 SmpB interacts with the decoding center to mimic the tRNA codon/anticodon
pairing, and the C-terminal tail enters the mMRNA channel.346467 Downstream pseudoknots of tmRNA crowd
the entrance and anchor to the solvent side of the ribosome. GTP hydrolysis releases EF-Tu*GDP to allow
accommodation of the complex. The C-terminal tail allows the main body of SmpB to rotate fully into the
A-site. The acceptor arm of the tmRNA TLD swings into the peptidyl transferase center (PTC), and the
alanine is transferred to the nascent peptide. EF-G binds to SmpB and tilts the head of the ribosome.6®
This translocates SmpB-TLD into the P-site and expels the nascent mRNA fragment and remaining tRNA.
During translocation, the SmpB C-terminal tail moves into the mRNA channel in the E-site. The MLD binds
to the vacant mRNA channel. Following dissociation of EF-G, the components return to the canonical
position. The resume codon is positioned within the A-site, and translation re-registers on the TRF. Some
evidence suggests that the C-terminal tail directly interacts with the MLD and is responsible for the correct

framing of the TRF.%488 The resume codon is decoded with canonical aa-tRNA and moves into the P-site.
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SmpB-TLD does not bind to the E-site but rather passes through and binds to the solvent side of the
ribosome.% Translation of the TRF continues and terminates canonically with the MLD moving through the
RNA channel. SmpB-TLD and the PKD regions remain anchored to the solvent sides of the ribosome.
Following termination, the ribosome dissociates, and the aberrant peptide is released with the encoded tag
sequence attached to the C-terminus. CIpAP and ClpXP recognize the tag sequence and degrade the

aberrant peptides, while the original nonstop mRNA is degraded by RNase R.6%-74

The length and sequence of the TRF varies by species ranging 8-35 codons in length. Nearly all species
use alanine as the resume codon, though there are a few instances when glycine is used. The 5 nucleotides
directly upstream from the resume codon have been shown to be critical in proper frame selection. In E.
coli, the TRF encodes the 10-mer peptide ANDENYALAA. Early studies into degradation of ssrA-tagged
proteins determined that the final two amino acids in the tag were critical for targeted proteolysis.”'-73 CIpAP
and CIpXP are responsible for most of the ssrA-tag mediated degradation. ClpA subunit recognizes the C-
terminal ALA sequence, while ClpX subunit recognizes the LAA C-terminal sequence. More recently, it
was discovered that several other cytoplasmic proteases like Lon can also recognize and degrade tagged
proteins.”®7% Modifying the TRF to encode two aspartic acids (ANDENYALDD) produced proteins that were

unable to be degraded.”™

The TRF has been shown to tolerate more extensive sequence modifications. In 2001, Roche and Sauer
modified the E. coli TRF to introduce an isolation epitope to study which proteins were tagged. They
replaced the final six amino acids with a 6x-histidine motif (ANDEHHHHHH) which stabilized the tagged
proteins and allowed for affinity purification and mass spectrometry analysis. They identified a broad range
of proteins, including Lacl repressor, YbelL, and GalE. Lacl and YbelL were tagged after their native C-
terminus, which implied they were tagged during the termination step.”® Similar approaches have been
used in other organisms to identify native tmRNA substrates, including B. subtilis and C. crescentus.”-"°
These studies have further confirmed the broad spectrum of proteins tagged by tmRNA and the prevalence
of tagging at stop codons.8%81 |nitially it was estimated that 0.4% of all translation events required tmRNA
intervention during exponential growth phase. In E. coli, that is the equivalent of every single ribosome

requiring intervention once per cell cycle. However, it was noted that tmRNA expression did not increase
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with artificial increase of nonstop mRNA, indicating that the system likely operates below its peak tagging
capacity.82 More recent estimates have placed tagging frequency at 2-4% of all translation events. A
deeper understanding of the factors contributing to catastrophic stalling have emerged. Common
substrates often have inefficient translation termination sequences or strings of rare codons or prolines. It
is believed that translational stalling exposes downstream mRNA, which is cleaved by RNase Il and then
chewed to the ribosome edge by endonucleases.?38 Additionally, evidence also suggests that tmRNA
plays a role in targeting misfolded peptides as they are translation, though the mechanism is not

understood.85-87

Studies have shown that tmRNA plays significant roles in cellular regulation and this can vary by species.

Deletion of the ssrA gene in certain species like Neisseria gonnorhoeae and Shigella flexneri are lethal,
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while others like E. coli, B. subtilis, and C. crescentus result in physiological deficiencies.5%-5184 |n E. coli,
deletion of ssrA results in poor growth, weakened cell membrane, and poor stress response. It also plays
a critical role in the stress response. Stress conditions, like antibiotic treatment and starvation, activate a
host of RNases that serve to shut down transcription and translation.88-%° Cleavage by RNases result in
nonstop mRNAs and thus catastrophically stalled translational complexes.®-9%4 |t is essential for rapid
stress response and recovery that the stalled complexes are resolved quickly. Under stress conditions,
transcription of tmRNA increases rapidly to allow for this response and conserve resources.*88284 Rescue
by tmRNA also serves as a regulatory mechanism for alternative rescue factors. ArfA mRNA adopts a
hairpin structure that is cleaved by RNase Ill and produces a non-stop mRNA. Under conditions where
trans-translation is in full capacity, tmRNA rescues the stalled translational complex and degrades the ArfA
protein. However, when tmRNA is inhibited, another ArfA protein will bind to the ribosome and cause
termination and dissociation.*®% Thus, when trans-translation is inhibited, it upregulates expression of

ArfA.

The tmRNA degradome provides unique insight into the combined dynamics of the TTC in bacteria and
plays a critical role in allowing bacteria to respond to and survive stress conditions. Previous studies have
shown that the tmRNA TRF can be modified to stabilize normally degraded products and allow for their
isolation. However, these studies focused primarily on identifying substrates under steady-state growth
conditions. In addition, recent technological advances have drastically increased the sensitivity in protein
detection methods. In this study, | engineered an inducible synthetic tmRNA platform that introduced a 6x-
Histidine motif to tagged proteins. | utilized this platform in combination with multiple purification techniques
and state-of-the-art mass spectrometry equipment to investigate the tmRNA degradome under steady state

and oxidative and translational stress conditions.
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CHAPTER 2: DEVELOPMENT AND OPTIMIZATION OF SYNTHETIC TMRNA-6XHIS PLATFORM

Introduction

The emerging field of synthetic biology has produced a wide array of platforms enabling the re-programming
and robust control of biological systems at all organismal levels.®6%7 The relationship that exists among
sequence, structure, and function has made RNA a highly attractive and versatile molecular basis for
modular synthetic device design, particularly when employed as an engineered regulator of gene
expression. To this end, gene expression regulation by synthetic RNAs has been demonstrated at both
the transcription and translation levels, as well as through tuning of mRNA stability. As the diverse and
complex roles played by native RNAs in directing biological function are better appreciated, naturally
evolved abilities have been increasingly leveraged to develop powerful synthetic modulators and sensors
of cellular behaviors. In particular, the ability of RNA to detect and respond to ranging environmental cues

framework for predictable and programmable design of uniquely capable experimental tools.%6.98-100

We identified transfer messenger RNA (tmRNA) as a target for synthetic modification. Natively, this highly
specialized RNA serves to rescue stalled ribosomes and target the incomplete polypeptides for
degradation.® Briefly, tmRNA recognizes stalled translational complexes on nonstop RNA transcripts
(Figure 5B). Upon accommodation into the ribosome, translation switches from the nascent RNA onto a
short tag reading frame (TRF) contained on tmRNA. When translation resumes, the encoded tag is
attached to the C-terminus of the nascent aberrant peptide product, targeting it for proteolysis by the
protease ClpP.6266.101 These tagged products comprise the tmRNA degradome and are not normally
captured. The TRF offers a modular domain for the synthetic modification of the tag sequence. Thus, a
synthetic tmRNA will allow for the addition of a predefined tag to be introduced at the ribosome in vivo. This

approach allows for undirected tagging, as tmRNA acts universally on any nonstop RNA transcript.

One application of this synthetic approach is to modify the TRF to introduce an isolation motif that will
stabilize tagged products and allow for targeted study. CIpP recognizes the two terminal amino acids in
the TRF. Modification of the C-terminal codons of the TRF to an isolation epitope would prevent proteolysis,
causing tagged products to accumulate, and enable isolation of these products for identification. Bacteria
can regulate translation by altering gene expression, RNA stability, and translation dynamics, which are
further affected under stress with the activation of RNase toxins and changes to nutrient availability.0.102-
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105 tmRNA plays a key role in resolving issues arising from these modifications and preventing aggregation
of the resulting aberrant peptide products.84196.107  Studying the tmRNA degradome could close the
information gap between transcription and translation and provide novel insight into the bacterial stress

response.

Tagged proteins can then be identified using liquid chromatography tandem mass spectrometry (LC-
MS/MS). In a bottom-up proteomics approach, proteins are digested with a protease that cleaves at specific
amino acids to generate peptide fragments (Figure 7).19%8109 The pool of peptide fragments is then
temporarily separated using liquid chromatography. This produces a steady stream of microscopic droplets
that are ionized and injected into the mass spectrometer. Within the mass spectrometer, it first takes a
reading of the mass-to-charge ratio (m/z) of all the peptides contained within the droplet known as the MS1
spectrum. The peptides are then fragmented, and the fragments are separated by m/z before passing to
the detector to create the MS2 spectrum. The peptide sequence determines the way that peptides fragment
and provides a unique fingerprint.1%9-1""  From the MS2 spectrum, the sequence of the peptide can be
inferred. Typically, this is accomplished using a search algorithm that uses the raw mass spectrometry files

along with a reference proteome of the organism the proteins originated from.''2113 Each search algorithm
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Figure 7. Diagram of example bottom-up proteomics using tandem mass spectrometry (LC-MS/MS). Proteins
are digested to form peptides, which are separated using liquid chromatography. Peptides are expelled
from the column as droplets and ionized before entering the mass spectrometer. Mass-to-charge ratios
(M/z) of peptides are measured to generate a MS1 spectrum. Peptides are then selected and
fragmented. The M/z of peptide fragments are measured to generate a MS2 spectra. The peptide
sequence can be derived from MS2 spectra. Image originally appears in Gool et al 2020.8
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coverage. There are three main approaches to creating MS2 spectra. The most common is data-dependent
acquisition (DDA). In DDA, the most abundant peptides are selected for fragmentation. The number of
peptides that can be selected and efficiently resolved depends on the sensitivity and selectivity of the
instrument, though commonly the top 10 or 20 peptides are selected.'® In data-independent acquisition
(DIA), every peptide present in the MS1 is selected for fragmentation, which gives the greatest coverage
of peptide identification. However, this produces an extremely complex MS2 spectra requires a library of
previously collected DDA-based MS1 spectra to resolve. The final approach is targeted acquisition, which

is primarily used for absolute quantitation methods or other specialized mass spectrometry uses.!.114

In this chapter, we designed a synthetic tmRNA-6xHIS platform that allowed us to stabilize and isolate
tmRNA-tagged proteins in E. coli. We verified successful introduction of 6xHIS tags from both constitutively
and inducible expressed tmRNA-6xHIS constructs. We showed a broad molecular weight distribution of
tagged products, and we identified over one thousand proteins in the tagged degradome under steady state

conditions.

Results

Design and generation of tmRNA-6xHIS construct

To study the tmRNA degradome, the tmRNA tag sequence must be modified to stabilize tagged peptides
and allow for isolation. However, the structure of tmRNA is critical for proper function and needs to be
maintained in a synthetic tmRNA variant. In E. coli, the TRF is a 10-mer tag (ANDENYALAA) that begins
in an unstructured region of the MLD and forms part of an extensive hairpin structure in the last four codons.
Two sequential stop codons are positioned in the stem loop (Figure 8A). The hairpin is thought to help with
proper framing and positioning of the TRF and unfold as it threads through the mRNA channel.%6.115 |n
addition, early codons appear to play a role in tagging efficiency. Recoding any of the first three codons
resulted in decreased tagging activity, with the largest deficiency resulting from modification of the resume
codons.%* Thus the ideal isolation epitope would be 7 codons or less to fit within the E. coli TRF and allow

for maintenance of the early codons. The 6x-histidine epitope (6x-HIS) is an attractive candidate for TRF
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Figure 8. E. coli tmRNA-6xHIS design. (A) Native sequence-structure of E. coli tmRNA with the TRF
(yellow) and stop codons (red). Image adapted from Burks et. al 2005.7 (B) Structure of subset
sequence 81-150 of native and 6xHIS modified tmRNA as predicted by mFold. (C) Plasmid map of

tmRNA-6xHIS construct.
modification. The six-codon sequence length fits well within the TRF and there are numerous commercial

products available for isolation and detection. Importantly previous studies have shown that 6-HIS
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modification of the TRF is well tolerated in multiple bacterial species, including E. coli.’87%.116 Following the
design principles set forth by Roche and Sauer, we replaced the final six codons of the TRF with this
modification(ANDEHHHHHH).”® This placement prevents tag recognition by proteases and maintains the
early codons for tagging efficiency. Histidine is encoded by two codons CAT and CAC with a slight codon
bias for CAT (fraction of 0.57 vs 0.43).""7 Due to the slight bias, CAT was utilized wherever possible, except

in cases where doing so would compromise the structure.

We used mFold to predict the structure of our engineered TRF region.''® We selected a subset of the
tmRNA sequence from 80-140 to use for structure prediction. This corresponds to the beginning of the
unstructured region upstream of the TRF and extends through the complementary portion of the hairpin.
The native E. coli tmRNA sequence subset resulted in one predicted structure that corresponded with the
known structure of the region (Figure 8A). Through codon selection and compensatory modifications, we
were able to design a sequence that produced one predicted structure that matched that of the native

sequence (Figure 8B).

The termination sequence of ssrA has not been identified. Additionally, tmRNA undergoes multiple
processing steps before becoming fully functional. The endonuclease RNase P cleaves the 5’ terminus,
while the 3’ terminus is cleaved by RNase E. The result is a 363 nucleotide RNA molecule with a CCA
overhang. Since the native tmRNA promoter drives high constitutive levels of expression, we used it for
our initial studies.’® To maintain both the native promoter and RNase cleavage sites, we included up to
the -60 upstream 5’ leader. We also included the 100-nucleotide sequence downstream of the ssrA gene
to ensure that the native termination structure and RNase E modification sites were includerd. Finally, to
allow for restriction-based cloning into a plasmid, we placed a Xho1 restriction site at the 5’ end and a Mlu1
restriction site at the 3’ end. Our construct was synthesized as a gene block by Integrated DNA Technology

(IDT).

For our plasmid backbone, we used the PZA31-MCS plasmid from Expressys.'2 This is a medium copy
plasmid using the p15A replication origin with a chloramphenicol resistance selection marker. We used a
restriction enzyme-based cloning and ligation protocol to insert the synthetic tmRNA-6xHIS gene block

within the MCS of the plasmid (Figure 8C). We transformed our plasmid into two different cellular
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backgrounds: wildtype E. coli MG1655 (WT) and E. coli MG1655 AssrA. The AssrA strain was generated
using the pKD46 Lambda-red recombinase method with a kanamycin resistance marker. Expression of
our synthetic construct was well tolerated in wildtype cells (Figure 9A). As expected, AssrA cells exhibited
inhibited growth kinetics. In previous studies, introduction of plasmid-based tmRNA constructs have
rescued growth phenotype in E. coli. Unexpectedly, introduction of our synthetic construct exacerbated the

growth defect.(Figure 9A)
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Figure 9. Comparison of expression of tmRNA-6xHIS in WT and AssrA cells. (A) Growth curve of strains with
and without synthetic construct. (B) Gel electrophoresis analysis of total cell lysates (T) and affinity
purified elution fractions (E). 2 ug of protein were loaded on each gel. a-6xHIS western blot was
performed with 1:10000 dilution of antibody. Total protein was visualized using SimplyBlue Safe Stain.

Purification and assessment of 6xHIS tagging

To assess a baseline level of tagging, cells containing our synthetic construct were grown for 4.5 hours until
they reached near stationary phase. Cells were then pelleted, lysed, then affinity purified, using Co?* HisPur
affinity columns from Thermo Fisher. Cobalt has a weaker binding interaction with the 6x-Histidine residue
compared to nickel, resulting in a higher specificity of binding and ease of elution. Initially, we started with
small scale purifications of several hundred micrograms of total protein lysate (~300-800 ug). However,
we found that we could not reliably measure the protein concentration of the purified elution as it was close
to the limit of detection (data not shown). To obtain reliable results, more than 2 mg of total protein was
required. The concentration of the elution showed that approximately 2% of the total protein loaded was

bound and purified by the column, suggesting low concentration of tagged proteins in the total lysate (Table
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3). Most of these proteins eluted in the first elution, and generally the third elution did not yield reliable

protein concentrations.

WT 3060.20 90.31 52.12 39.33 36.35 1.19
WT + tmRNA-6xHIS 3022.50 127.20 69.75 44.67 48.32 1.60
AssrA 2963.10 95.52 65.92 31.90 38.67 1.31
AssrA + tmRNA-6xHIS 2944.50 250.76 115.68 57.54 84.80 2.88

Table 3. Protein concentrations of metal affinity purified lysates from cells containing tmRNA-6xHIS construct
in wildtype and AssrA cells.

We then verified the presence of 6xHIS tagged proteins using an a6xHIS western blot (Figure 8B).
Excitingly, the elution fraction from cells containing our construct showed strong staining for 6x-HIS. There
is a near continuous staining from approximately 50 kDa to 10 kDa. This suggests not only a highly diverse
population of tagged proteins but also that various states of protein completeness were represented. While
nearly the entire molecular weight range shows staining, there are bands with distinctly darker staining.
This is particularly evident in the wildtype cells, where the bands around 30 kDa, 25 kDa, and 17 kDa have
over-exposed and appear white. These bands were visible with the naked eye on the blot. We did not see
any staining in total cell lysates with our construct. This was expected from the affinity purifications which

suggested only a small portion of proteins were tagged.

Metal ion affinity purification of 6x-HIS tagged proteins has several known co-purification contaminants
(Table 4).198.121 |n total protein gel, we saw visible bands in the elution fraction at approximately 70 kDa,
40 kDa, 25 kDa, 20 kDa, 15 kDa, and 10 kDa. These bands were seen in every purified sample at similar
abundances and correspond to the weight of known contaminants. Importantly, the western blot does not
show any signal in cells that do not contain our tmRNA-6xHIS construct. This suggests that while these
contaminants are present in all elution fractions, they were not detected in the western blot and are not

responsible for the signal we see in the cells with our construct.
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In wildtype cells, our plasmid-based synthetic tmRNA coexists with the chromosomal native tmRNA. We
hypothesized that this would result in competition and would produce less 6x-HIS tagging compared to
AssrA cells. Data from our affinity purification shows that higher protein concentrations are purified from
the AssrA cells with our construct compared to wildtype (Table 2). However, western blot analysis shows
remarkably similar staining profiles in both genetic backgrounds. The wildtype cells show slightly more

over-exposure compared to the knockout cells, but the staining range and banding locations are nearly

identical.

2-oxoglutarate dehydrogenase E1 component SUcA POAFG3 105.1
30S ribosomal protein S15 rpsO POADZ4 10.3
Acetylornithine deacetylase ArgE Q8P8J5 42.3
Bifunctional polymyxin resistance protein ArnA arnA P77398 74.3
cAMP-activated global transcriptional regulator CRP Crp POACJ8 23.6
Carbonic anhydrase 2 can P61517 251
Chaperonin GroEL groEL POAGBF5 57.3
Dihydrolipoyllysine-residue succinyltransferase UGB POAFG6 44
component of 2-oxoglutarate dehydrogenase complex

Ferric uptake regulation protein Fur POA9A9 16.8
FKBP-type peptidyl-prolyl cis-trans isomerase SlyD SlyD POA9K9 20.9
Glucose-6-phosphate 1-dehydrogenase zwf POAC53 55.7
Glutamine--fructose-6-phosphate aminotransferase GImS P17169 66.9
Glycogen synthase GlgA POAGBUS8 52.8
Metal-binding protein ZinT ZinT P76344 245
RNA-binding protein Hfq Hfq POA6X3 11.2
Superoxide dismutase [Cu-Zn] sodC POADGD1 17.7

Table 4. Contaminant proteins that co-elute with 6xHIS-tagged proteins in metal ion affinity purification. Table
derived from Bolanos-Garcia and Davies 2006.

Comparison of tmRNA-6xHIS sequence variants

Although we used design principles set forth in Roche and Sauer’s work, our tmRNA sequence differed
from theirs.”® To compare tagging, we made a subsequent tmRNA-6xHIS construct using their engineered
sequence (Sauer, Figure 10A). Additionally, we modified the 3’ terminus of the ssrA gene to reflect the
consensus cleavage sequence of RNase E to determine if more efficient cleavage increase tagging (Turner-
RNaseE mod).®' Both sequence variants used the same 5’ leader and 3’ terminator sequences as our

original construct (Turner), along with the Xhol and MIul restriction sites, and were synthesized as gene
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blocks by IDT. Using restriction digest-ligation based cloning, we placed the constructs into the PZA31-
MCS plasmid backbone and transformed the resulting plasmid into wildtype MG1655 cells. We confirmed
that both constructs resulted in similar growth and expression tolerance to our original construct (Figure
10B). To compare 6x-HIS tagging, cell cultures were grown for 4.5 hours, pelleted, then lysed. We then
isolated affinity purified 3 mg total cell lysate from each strain. Similar concentrations of protein were
purified from all three constructs (Table 3). We then performed an a-6xHIS western blot and total protein
analysis on 2 ug of the total protein lysate and first purified elution. While the Turner and Sauer constructs
showed similar 6xHIS staining profiles, the Turner-RNaseE mod had sparser staining though it did show

the same banding pattern as the other two (Figure 10C). Initially, this was surprising as the elution protein

A Tag Reading Frame Stem modifications

Turner 9 GCA AAC GAC GAA CAU CAC CAU CAC CACCAU UAA UAA CGG UGU GUG GUG 137
Sauer 9% GCA AACGACGAA CACCACCAU CAUCACCAU UAAUAA CGGUGAUUGAUG 137

Gene end
Turner 31 CCA ARATTCTCC
Turner-RNase E Mod 361 CGA ATA CCCTCC
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Figure 10. Comparison of tmRNA-6xHIS sequence variants. (A) Sequence variations of constructs.
Sequence of Sauer construct from Roche and Sauer 2001.8 Location of nucleotide changes highlighted
in yellow. (B) Growth curve of wildtype E. coli cells containing each construct. (C) Gel electrophoresis
analysis of total cell lysates (T) and affinity purified elution fractions (E). 2 pg of protein were loaded on
each gel. a-6xHIS western blot (WB) was performed with 1:10000 dilution of antibody. Total protein
was visualized using SimplyBlue Safe Stain
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concentration did not suggest a lower protein concentration. However, purification from cells without
plasmid showed similar protein concentrations to those with the tmRNA-6xHIS constructs. Similarly, the
Coomassie total protein-stained gel showed similar abundance and banding patterns across all elution
fractions. This demonstrated that affinity purification concentrations are an insufficient method of
determining 6xHIS tagging amounts. It also showed that RNaseE cleavage of the 3’ terminus is critical for
efficient tagging. We chose to continue with the Turner construct for our work as it performed as well as

the Sauer construct.

Addition of immunoprecipitation for increased purity

Recent mass spectrometry developments have increased instrument sensitivity, allowing for detection of
as low as a picomole of protein."?2 However, sample purity is critical for maximizing and accurately
identifying tagged peptides. Immunoprecipitation (IP) offers higher selectivity than metal ion affinity
purification as it based on amino-acid motif binding rather than just charge. Some protocols suggest pre-
clearing cell lysates prior to IP to increase binding capacity. To test whether this provided better recovery,

tmRNA-6xHIS - + - +

Elution 1 2 3 1 2 3 123 1 2 3

kDa
160 .
120

Total lysate Affinity purified

Figure 11. a-6xHIS western blot (WB) of immunoprecipitation (IP) elution fractions from total cell lysate and
affinity purified elution factions. 3 mg of total cell lysate were used for IP. Affinity purified samples were
generated by affinity purifying 3 mg of lysate using HisPur Cobalt affinity columns and pooling elution
fractions. IPs were performed using 12 ug a-6xHIS antibody, Sepharose A beads, and a urea-based
elution buffer. 52 uL of each elution faction were loaded onto the gel. WB was performed with 1:10000
dilution of antibody
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we performed IP on total cell lysate and affinity purified samples. All three affinity purified elution fractions
were combined prior to IP to maximize recovery of tagged proteins. We then assessed tag distribution
through western blot. Since the protein concentration was below the limit of detection for all fractions, we
loaded 52 uL of each fraction onto the gel. A 6xHIS tagged protein ladder was used as a positive control
(Figure 11). The IP only elutions resulted in a more limited molecular weight range than previously seen in
the affinity purification blots. However, the pre-cleared HisPur-IP elutions showed more evenly distributed
staining and better coverage of the low molecular weight range. We chose to integrate pre-clearing the

lysates using affinity purification in our workflow since it better reflected the results we saw previously.

Inducible tmRNA-6xHIS construct
Our optimization studies have utilized the native ssrA promoter to drive constitutive tmRNA-6xHIS
expression and thus tagging. While this provides high tagged protein levels, we were unable to determine

when tagging took place. This is particularly important for investigating stress responses. To address this,

pL(tet0) TCCCT ATCAG TGATA GAGAT TGACA TCCCT ATCAG TGATA GAGAT ACTGA GCAC
-35 -10
ssrAp TTTAA CGATA ACGCC ATTGA GGCTG GTCAT GGCGC TCATA AATCT GGTAT ACTTA CCTTT
-35 -10
_WT _ AssrA WT AssrA
Promoter pL(tetO) sstAp  ssrAp pL(tetO) pL(tetO)  ssrAp sstAp  pL(tetO)
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Figure 12. Comparison of promoters incorporated into tmRNA-6xHIS. (A) Sequences of promoters. (B)
Growth curve of wildtype E. coli cells containing each construct. (C) Gel electrophoresis analysis of
total cell lysates (T) and affinity purified elution fractions (E). 2 ug of protein were loaded on each gel.
a-6xHIS western blot (WB) was performed with 1:10000 dilution of antibody. Total protein was
visualized using SimplyBlue Safe Stain.
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we replaced the native ssrA promoter with the pL(tetO) promoter in our tmRNA-6xHIS construct (Figure
12A).123 We selected the pL(tetO) promoter as it would allow for a tight off-state, ensuring that any 6xHIS-
tagging seen would be following induction. The tmRNA-6xHIS and 3’ terminator sequences were
maintained from the original construct (Turner variant). Construct was synthesized as a gene block by IDT,
restriction digest-ligation cloned into the PZA31-MCS plasmid, and subsequently transformed into wildtype
E. coliMG1655 cells and E. coliMG1655 AssrA cells. Expression was induced using 100 ng/uL anhydrous
tetracycline (aTc) and growth was compared to cells containing the ssrAp tmRNA construct (Figure 12 B).
Expression of the inducible construct was well tolerated in both genetic backgrounds and grew similarly to

their ssrAp counterparts.

We wanted to compare tagging levels of the inducible construct with the ssrAp native promoter construct.
Expression of the pL(tetO) construct was induced at inoculation with 100 ng/uL aTc. We then performed
an a-6xHIS western blot and total protein analysis on 2 ug of the total protein lysate and first affinity purified
elution (Figure 12C). In wildtype cells, 6xHIS staining was not as dark in the pL(tetO) construct, indicating
fewer tagged proteins. This was not surprising since ssrAp natively drives high expression, and synthetic
constructs are competing with native tmRNA for tagging. However, the molecular weight range is nearly
identical in both promoters. This implies that diversity of tagged proteins is maintained with the inducible
promoter, even though it is less abundant. In AssrA cells, however, the inducible promoter showed very
little tagging compared with the native promoter and wildtype cells. The molecular weight range was also
narrower. However, it did show a similar banding pattern to the inducible tagged cells in the wildtype. Itis
possible that the same diversity of tagged proteins is being tagged but are not detectable due to the lower

abundance.

Discussion

We set out to design a synthetic E. coli tmRNA platform that would allow us to stabilize and isolate tmRNA-
tagged proteins. We have created a modified tmRNA molecule that introduces a 6x-Histidine epitope. We
have verified that expression of our construct is well tolerated in wildtype cells and successfully detected
6xHIS-tagged proteins using a6xHIS western blot (WB). Tagged proteins represented a broad molecular

weight range, implying that there is diverse identity and completeness of proteins represented. Our work
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was inspired by previous work done by Roche and Sauer who originally designed a tmRNA-6xHIS
molecular for expression in E. coli.”® We show that our tmRNA-6xHIS sequence variant produces a similar

tagging profile to that of Roche and Sauer’s variant.

In wildtype cells, our synthetic construct is competing with the native copy of tmRNA for tagging. To
maximize tagging, we transformed our construct into ssrA knockout cells (AssrA). While ssrA is not
essential in E. coli it does result in poor growth phenotype. Previous work showed that synthetic tmRNA
could rescue this. However, our experiments showed that introduction of our synthetic construct
exacerbated the growth defect. We also consistently noted less abundant tagging in AssrA cells compared
to wildtype. This could indicate that our synthetic construct does not perform as well as the native tmRNA

and is not able to alleviate the stress associated with deletion.

Metal affinity purification of 6xHIS-tagged proteins has several co-purifying contaminant proteins. We
intend to use tandem mass spectrometry to identify tagged proteins. Maximizing sample purity is critical
for accurate analysis. We have shown that immunoprecipitation (IP) of lysates containing tagged proteins
results in detectable staining in an a6xHIS WB. While IP on total cell lysates produced detectable staining,

IP on affinity purified elutions better reflected the abundance and diversity seen in affinity purified only WB.

Finally, we created an inducible variant of our tmRNA-6xHIS construct by replacing the constitutive native
ssrA promoter with the pL(tetOpromoter. We have shown that expression of our inducible construct is as
well tolerated as the constitutively expressed construct. While the ssrAp construct resulted in higher
abundance of tagged proteins, the pL(tetO) construct still induced detectable tagging and showed the same
molecular weight range in wildtype cells. This implies that we are able to tag the same diversity of identity
and protein completeness as with the constitutive promoter. Inducible expression of our construct will be

critical for resolving changes to the degradome under stress.

Materials and Method

Bacterial strains
AssrA knockouts were generated using lambda-red recombinase in E. coli MG 1655 cells.'>* Primers were
designed to contain internal homology regions with the kanR-FLP cassette and external homology regions

with the ssrA gene.
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E. coliMG1655 cells containing our synthetic construct were inoculated 1:100 dilution into 200mL LB media.
Cells were grown at 37°C shaking at 250 rpm. At OD 0.5, cells were treated with 100 ng/mL anhydrous

tetracycline (aTc).

Construct generation and cloning
Engineered sequences of tmMRNA-6xHIS constructs were synthesized by IDT as gBlock Gene Fragments.

PZA31-MCS plasmid vectors was obtained from Expressys.

Gene blocks and vectors were digested with appropriate restriction enzymes for 30 minutes at 37°C.
Vectors were dephosphorylated with calf intestinal alkaline phosphatase (New England BioLabs [NEB]
M0290). Vectors were then purified using gel electrophoresis, and the band corresponding to digested
backbone were excised. Digested vector fragments were extracted from the gels using QIAquick Gel
Extracton Kit (Qiagen 28706X4). Digested gene blocks were purified using the GenElute PCR Clean-up
kit (Sigma Aldrich NA1020). A 3:1 molar excess of gene block to vector were used in ligation reactions
along with Instant Sticky-end Ligase Master Mix (NEB M0370). Ligated constructs were then transformed
into 10-beta Competent E. coli cells (NEB C3019). Individual colonies were selected and mini-prepped
using the GenElute Miniprep Kit (Sigma Aldrich PLN70-1KT). Correct insertion of the gene block was

confirmed by PCR and sequencing. Constructs were then transformed into E. coli MG1655 cells or E. coli

Transformation

50 yL of competent cells were combined with 5 L of ligated vector-gene block, mixed gently, and incubated
on ice for 30 minutes. Cells were then heat shocked at 42° C for 30 seconds before being immediately
cooled on ice for 5 minutes. 900 uL of Luria Broth (LB) media was then added, and cells were outgrown
for 1 hour shaking at 37°C. 500 uL of outgrown cells were pelleted then resuspended in 100 uL LB before

plating.

Collection of total cell Iysate

E. coli MG1655 cells containing our synthetic construct were inoculated 1:100 dilution into 200 mL LB
media. Cells were grown at 37°C shaking at 250 rpm for 4.5 hours. Cells were pelleted at 5000 rpm in a
Sorvall RC6 Plus for 10 min at 4°C, and the supernatant was decanted. Pellets were snap frozen in liquid

nitrogen and incubated at -80°C for 10 min. Frozen pellets were resuspended in 3mL BPER (Thermo
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Scientific 78248) and incubated at room temperature for 15 min. Lysates were centrifuged for 5 min at

16000 rpm in an Eppendorf 5415D tabletop centrifuge. Supernatent was collected as the protein lysate.

Affinity purification

3 mg of protein lysate were metal affinity purified using 0.2 mL Thermo HisPur Cobalt affinity columns
(Thermo 90090). Desired amount of lysate was diluted 1:1 with Equilibrium buffer and purified in 800 pL
batches. Each batch was incubated rotating for 30 min at 4°C. Purified proteins were eluted in 3 fractions

of Elution Buffer.

Immunoprecipitation

Elution fractions from metal affinity purification were pooled. 12.5 yg of a-6xHis antibody (Thermo PA1-
983B) was added and incubated rotating for 12 hours at 4°C. 70 pL of Sepharose A beads (Abcam AB
193256) were washed with 3 volumes of IP wash buffer (10mM Tris pH 7.4, 1mM EDTA, 1mM EGTA pH
8.0, 150mM NaCl, 1% Triton X-100) three times. The washed beads were added to the protein lysate and
incubated rotating at 4°C for 4 hours. Beads were pelleted and washed 3 times with 400 yL of IP wash
Buffer and once with 400 L Pre-Urea wash buffer (50mM Tris pH 8.5, 1mM EGTA, 75mM KCI). Proteins
were eluted by incubating the beads in 140 pL of Urea Elution buffer (8M urea, 20mM Tris pH 7.5, 100mM

NaCl) rotating at 4°C for 30 min. Elution was performed three times.

Western blotting

2 ug of protein was separated on a 4-12% Bis-tris gel. Gel was incubated in 20% ethanol for 10 min and
then transferred to nitrocellulose (IB23001) using the Invitrogen iBlot2 system. Blots were stained for total
protein using the MemCode Erasable Stain (Thermo 24580). Blots were incubated for 4 hours at 4°C in
blocking buffer (4% non-fat milk in TBST). a-6XHIS antibody was diluted 1:10,000 in blocking buffer and
incubated for 20 hours at 4°C. Blots were washed with six times with TBST then developed using the

Pierce ECL Western Blot kit.
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CHAPTER 3: RAPID REMODELING OF BACTERIAL GENE EXPRESSION UNDER OXIDATIVE
STRESS

Introduction

Aerobically-growing bacteria endogenously generate harmful reactive oxygen species (ROS) through the
interaction of O2 and cellular electron donors like metal centers and quionones.'?®> ROS take the form of
superoxide anions, hydroxyl radicals, or hydrogen peroxide and can cause widespread damage to an array
of biomolecules. DNA damage and oxidation of amino acids pose dire threats to cellular function. ROS
can cause breaks in DNA strands, impeding gene expression, replication, and generating mutation.26
Meanwhile, oxidation of cysteine and methionine can result in covalent modifications that can inactive and
destabilize cellular proteins. 125127 Rapidly inactivating ROS is critical for maintaining homeostasis. Bacteria
utilize superoxide dismutases and catalases which are controlled by the SoxRS and OxyR regulons.'2®
SoxRS is primarily responsible for coping with superoxide stress, regulating the expression of sodA, soxR,
and soxS. SoxR directly regulates the expression of SoxS, binding the to the promoter region in reduced
and oxidized form and is directly responsible for resistance to the superoxide-generating compound

Oxidative stress also induces a general stress response mediated through rpoS. During steady state
conditions in E. coli, transcription of most genes is controlled through RpoD (67°). Under stress conditions,
including heat stress, oxidative stress, and starvation, rpoS is activated as an alternative sigma factor that
induces expression hundreds of stress-coping genes.’' Among these is Dps, a DNA binding protein that
protects DNA from oxidative damage.'32 The general stress response is also characterized by increased

proteolytic and RNase activity.02.133

In Chapter 2, we showed that tmRNA can be modified to introduce an isolation tag to stabilize and isolate
the tmRNA degradome. Here, we show that the degradome contains a broad range of protein products
that expands the information available in proteomic experiments. We demonstrate that our platform
captures metabolic changes in response to oxidative stress conditions. Our results also suggest a

previously unknown strategy for regulating the pentose phosphate pathway.
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Results

Synthetic tmRNA-6xHIS platform

Natively, E. coli tmRNA introduces a 10-mer tag (ANDEYALLAA) to the C-terminus of aberrant peptides.
Previous studies focused on tmRNA tag function and dynamics found that the tag’s final two alanines are
critical for recognition by ClpP for targeted proteolysis and that the TRF could be modified to introduce a
6xHistidine tag (6xHIS).”6116 Building on this, we recoded the last 6 amino acids of the native tag to 6
histidines (ANDEHHHHHH). With the initial success with the native promoter, we moved to an inducible
system using the pL(tetO) promoter.'?®> Our construct was placed on the pZA plasmid and transformed into

wildtype and AssrA (tmRNA) E. coliMG1655 (Figure 13A). While tmRNA is not essential in E. coli, deletion
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Figure 13. Inducible Synthetic tmRNA-6xHIS expression and purification (A) Plasmid map of tmRNA
construct. (B) Growth curve of E. coli MG1655 and AssrA cells containing our synthetic tmRNA-6xHIS
construct with and without induction. Cells were induced with 100 ng/mL anhydrous tetracycline (aTc)
atinoculation. (C) a-6xHIS western blot and Coomassie stain of whole cell lysate (T) and purified elution
fraction (E). Cells were grown to ODsoo 0.5 before induction. Lysates were collected at indicated times
post-induction. Lysates were cobalt-affinity purified for the purified elution fractions.
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causes growth defects and poor responses to stress. We assessed the cell growth with induction of our
synthetic construct. Expression rescued the growth phenotype in knockout cells and was well-tolerated in

wildtype cells (Figure 13B).

Resolution of existent and remodeled states requires tight regulation of construct expression. To assess
the fidelity of regulation and rate of tagging, we collected lysates at several timepoints post-induction,
purified using cobalt affinity columns, and analyzed with anti-6xHIS western blot. There was a broad
molecular weight range of tagged products, indicating a variety of proteins being tagged. The abundance
and range peaked after 60 minutes post-induction (Figure 13C). Tagging occurs quite quickly with products
detectable after 20 minutes of induction. Critically, we observed tight expression regulation, with no visible

tagging after 120 minutes without induction.

tmRNA-tagged proteins under steady state

Identifying the tagged proteins is crucial for examining metabolic changes under stress. To characterize
the proteins tagged under steady-state and stress, we subjected E. coli cells containing our synthetic
tmRNA construct to oxidative stress (Figure 14). Cells were grown to ODeoo ~0.5 then treated with
anhydrous tetracycline (aTc) to induce expression of our construct and/or a sublethal concentration of
paraquat to induce stress. Paraquat (PQ) causes continuous production of superoxide, creating a
sustained stressor.'?7.134 Cells were grown for an additional hour before lysate harvest. We isolated 6xHis-
tagged proteins by purifying lysates with a Cobalt-affinity column followed by anti-6xHIS
immunoprecipitation. After confirming tagging via western blot, we identified the proteins and peptide
products in the total proteome and tagged proteomes using tandem mass spectrometry (LC-MS/MS). The
tagged and total proteomes cluster independently of one another in principle component analysis (PCA)
regardless of the treatment conditions (Figure 14). Under steady state conditions, we found that there were
23 peptide products uniquely identified in the tagged fraction and 623 unique to the total proteome (Figure

15A). There were 1142 proteins identified in both fractions, which is consistent with the broad range of
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Figure 14. Experimental approach. (A) Experiment design. 200mL LB were inoculated 1:100. Cells grown
to ODeoo 0.5 and treated with aTc and/or paraquat (PQ). Cells were grown an additional hour before
harvest. Lysates were cobalt-affinity purified and subsequently immunoprecipitated. Fractions were

reduced, alkylated, and digested with trypsin before LC-MS/MS analysis.

analysis of untreated tagged and total proteomes.
stressed tagged and total proteomes.

tagged products seen in the western blots (Figure 13C). Interestingly, the commonly identified products
have vastly different abundances in the tagged proteome compared to the total. 182 peptide products were
at least 5-fold more abundant in the tagged proteome (Figure 15). Among these were several known
substrates of ClpP, previously identified by pull down assays.'? CIpP is the primary protease responsible
for degradation of the native tmRNA tag and was used as an early way of identifying tmRNA-tagged protein

products. The identification of known substrates, particularly enriched in the tagged proteome, indicates

(B) Principle component

(C) Principle component analysis of paraquat-

that our synthetic construct is behaving as the native tmRNA.

Tagged proteins under oxidative stress

Similar results were seen under oxidative stress conditions. Of the 1762 proteins identified, 28 were unique

to the tagged proteome and 517 to the total (Figure 15C).
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Figure 15. Mass spectrometry analysis of tagged and total proteomes. (A) Identified proteins in untreated
sample fractions. (B) Protein abundance ratios of the tagged proteome over the total proteome in
untreated, steady state samples. Known CIpP substrates are identified. (C) Identified proteins in
paraquat-treated sample fractions. (D) Fold abundance enrichment of the tagged proteome over the
total proteome of paraquat-treated samples. Known ClpP substrates are identified.

including soxRS, katEG, and ahpFC (Table 4). We again observed differences in abundances of the
commonly identified peptide products with 180 products being at least 5-fold more abundant in the tagged
proteome (Figure 15D). Among these enriched proteins, we still identified known ClpP substrates, including
some identified in untreated cells. However, we see changes in the abundance ratios of the common
proteins under paraquat stress. Taken together, these results indicate that the tagged proteome expands
the coverage of the total proteome, provides unique abundance information, and captures changes

occurring under stress.
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Shifts in the degradome during oxidative stress

A hallmark of the bacterial stress response is the activation of RNases, which cleave mRNAs in both a
stochastic and directed manner.92193 Since tmRNA requires RNA cleavage to integrate into the ribosome,
we should see a shift in the tagged proteome under stress conditions. We compared the peptide products
identified in the tagged subproteome under steady-state and paraquat-treatment. We identified more
uniquely tagged peptide products under oxidative stress, with 213 unique to paraquat-treated and 129
unique to steady-state (Figure 16A). This is consistent with increased RNase activity. We also observed
shifts in abundances of the 1032 commonly identified peptide products. There were 83 peptide products

that were at least 5-fold more abundant and 69 that were at least 5-fold less abundant under oxidative
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Figure 16. Mass spectrometry analysis of tagged proteomes at steady state and under stress. (A) Uniquely
identified proteins in each proteome. (B) Fold abundance enrichment in the paraquat-treated proteome
of commonly identified proteins. (C) Hierarchical clustering of proteins identified in each fraction. D)
Fold abundance enrichment in paraquat-treated cells of proteins from the pentose phosphate pathways
in the tagged and total proteome.
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stress (16B). These findings demonstrate that there are shifts in the tagging profiles with the application of

stress. The differential enrichments suggest that these shifts are protein specific.

A key goal of this system is to fill the information gap between transcription and translation. This is of
particular importance in cells responding to environmental challenge. Metabolism and its associated
proteins are among the highest abundant in the degradome. Under oxidative stress, catabolic pathways
are particularly well represented in the tagged subproteome. Interestingly, the total proteome showed
enrichment primarily of anabolic pathways. Some of the anabolic pathways most prominently represented
had their catabolic counterparts enriched in the tagged subproteome. This suggests that our platform well
represents the metabolic genes and captures shifts in metabolic pathway usage. One of the most
interesting shifts was in the first enzymatic step in the pentose phosphate pathway. We found that paraquat
challenge increased the abundance of Zwf by approximately 2-fold. This result was not surprising given
that oxidative stress increases demand for NADPH to maintain glutathione balance. However, in the
degradome, Zwf was significantly less abundant under paraquat treatment (Figure 16D). This result
suggests that pentose phosphate pathway activity is regulated not only by metabolic feedback inhibition,

but also by regulated proteolysis of Zwf, which is reversed under oxidative stress conditions.

Discussion

In this study, we demonstrate that tmRNA can be modified to introduce 6xHistidine tags in an untargeted
way. We show that expression of a synthetic tmRNA-6xHIS construct can be controlled with an inducible
promoter and that detectable tagging occurs quite rapidly following induction. We demonstrate that this
platform captures known substrates of native tmRNA and expands the coverage of traditional proteomics
experiments. We demonstrate that our platform output provides good coverage of metabolic genes and
captures changes in pathway prioritization. Excitingly, tmRNA has a near ubiquitous presence in
sequenced bacteria, meaning that our construct can be modified and expanded for use in any bacterial

environment.

Our platform could also provide novel insight into translation dynamics. The critical function of natural
tmRNA is to resolve stalled translation events and maintain a functional ribosome pool. Translation can

stall for a variety of reasons, including non-stop mRNAs, programmed stall sites, and rare codons.48.80.135,136
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It was previously accepted that tmRNA required an empty ribosomal A-site to act, meaning that only
nonstop transcripts would be tagged.®2137.138 However, recent work revealed tmRNA intervention can also
occur on intact transcripts.’3® This new insight greatly expands the phenomena our platform is able to
capture. This is particularly useful in studying bacterial stress responses where translation is moderated
by changes to gene expression and the intracellular environment. For example, during starvation, there is
a combination of limited nutrient availability and increased expression of RNases.193.105140 RNases are
implicated in regulating the expression of some genes post-transcriptionally through cleavage events.4

Our platform provides a way to capture the effects of both facets with one measurement.

Materials and Methods

Culturing

E. coliMG1655 cells containing our synthetic construct were inoculated 1:100 dilution into 200mL LB media.
Cells were grown at 37°C shaking at 250 rpm. At OD 0.5, cells were treated with 100 ng/mL anhydrous
tetracycline (aTc) and 10 uM paraquat where noted. Cells were grown an additional 1 hour. Cells were
pelleted at 5000 rpm in a Sorvall RC6 Plus for 10 min at 4°C, and the supernatant was decanted. Pellets
were snap frozen in liquid nitrogen and incubated at -80°C for 10 min. Frozen pellets were resuspended in
3mL BPER (Thermo Scientific 78248) and incubated at room temperature for 15 min. Lysates were
centrifuged for 5 min at 16000 rpm in an Eppendorf 5415D tabletop centrifuge. Supernatent was collected

as the protein lysate.

Affinity Purification

3 mg of protein lysate were metal affinity purified using 0.2 mL Thermo HisPur Cobalt affinity columns
(Thermo 90090). Desired amount of lysate was diluted 1:1 with Equilibrium buffer and purified in 800 pyL
batches. Each batch was incubated rotating for 30 min at 4°C. Purified proteins were eluted in 3 fractions

of Elution Buffer.

Immunoprecipitation
Elution fractions from metal affinity purification were pooled. 12.5 pg of a-6xHis antibody (Thermo PA1-
983B) was added and incubated rotating for 12 hours at 4°C. 70 pL of Sepharose A beads (Abcam AB

193256) were washed with 3 volumes of IP wash buffer (10mM Tris pH 7.4, 1mM EDTA, 1mM EGTA pH
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8.0, 150mM NaCl, 1% Triton X-100) three times. The washed beads were added to the protein lysate and
incubated rotating at 4°C for 4 hours. Beads were pelleted and washed 3 times with 400 yL of IP wash
Buffer and once with 400 pyL Pre-Urea wash buffer (50mM Tris pH 8.5, 1mM EGTA, 75mM KCI). Proteins
were eluted by incubating the beads in 140 pL of Urea Elution buffer (8M urea, 20mM Tris pH 7.5, 100mM

NaCl) rotating at 4°C for 30 min. Elution was performed three times.

Mass spectrometry analysis

The 110 uL of the first immunoprecipitation elution and 2 ug of total protein lysate were prepared for mass
spectrometry. Samples were reduced with 10 mM of DTT at 60°C for 45 min and alkylated with 15mM
iodoacetamide at room temperature for 30 min. Samples were then digested with trypsin/LysC (Promega
V5073) at 1:20 for 4 hours at 37C. Purified elutions were then diluted with 1mL of 25mM ammonium
bicarbonate (for <1M concentration of urea) and digested overnight. Samples were dried down,
resuspended in 20 uL of 0.1% formic acid, and desalted using Pierce C18 spin tips (Thermo 84850).
Samples were dried and resuspended in 20 yL of 0.1% formic acid and spiked with 0.5 pL of 10x iRT

retention peptide mix (Biogynosis KI3002-1).

NanoLC MSMS analysis was carried out with a Thermo Scientific Fusion Lumos tribrid mass spectrometer
interfaced to a UltiMate3000 RSLCnano HPLC system. 1 ug of the tryptic digest was loaded and desalted
in an Agilent Zorbax 300 SB-C18 trapping column (0.3 x 5 mm) at 5 yL/min for 5 min. Peptides were then
eluted into Thermo Scientific Accalaim PepMap™ 100, 2 um, 100 A, 75 ym x 250 mm and
chromatographically separated using a binary solvent system consisting of A: 0.1% formic acid and 2.5%
acetonitrile and B: 0.1% formic acid and 75% acetonitrile at a flow rate of 300 nL/min. A gradient was run
from 1% B to 50%B over 40 minutes, followed by a 5-minute wash step with 99% B and 10-minute
equilibration at 1% B before the next sample was injected. Precursor masses were detected in the Orbitrap
at R=120,000 (m/z 200). Fragment masses were detected in linear ion trap at unit mass resolution. Data
dependent MSMS was carried with top of speed setting, cycle time was 3 sec with dynamic exclusion of 30

SecC.

Protein identification and relative quantification were carried out using Proteome Discoverer software

package (Thermo Scientific). Raw data was searched against an E. coli protein database from Uniprot
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(2016-07-14) along with a contaminant protein database with both Sequest HT and Mascot search engines.
Cysteine carbomidomethylation was set as fixed modification. Methionine oxidation and Glutamine
deamidation were set as variable modifications. Trypsin was set as the digestion enzyme and allowed for
2 missed cleavages. Peptide mass tolerance was +10 ppm, fragment mass tolerance was +0.8 Da. Target

peptide FDR was set to 0.01 (strict) and 0.05 (relaxed).

For relative quantification, label free quantification (LFQ) was carried out using MINORA feature detection
followed by quantification with precursor intensity of unique and razor peptides. Peptides with variable
modifications were excluded from quantification. A protein is not quantified if it is only detected in one

replicate. Group abundance ratios were calculated using the pairwise approach.

Western Blotting

2 ug of protein was separated on a 4-12% Bis-tris gel. Gel was incubated in 20% ethanol for 10 min and
then transferred to nitrocellulose (IB23001) using the Invitrogen iBlot2 system. Blots were stained for total
protein using the MemCode Erasable Stain (Thermo 24580). Blots were incubated for 4 hours at 4°C in
blocking buffer (4% non-fat milk in TBST). a-6XHIS antibody was diluted 1:10,000 in blocking buffer and
incubated for 20 hours at 4°C. Blots were washed with six times with TBST then developed using the

Pierce ECL Western Blot kit.
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CHAPTER 4: PROTEOMIC ANALYSIS OF TMRNA DEGRADOME UNDER TRANSLATIONAL
STRESS

Introduction

Bacterial survival hinges on the ability to rapidly respond to changes in the environment, particularly nutrient
availability. Starvation conditions trigger the stringent response, a stress response modulated by (p)ppGpp
produced by RelA.142143 Nutrient deficiency creates a surplus of uncharged tRNAs, which begin binding in
the A-site of the ribosome. RelA senses the binding and rapidly begins producing (p)ppGpp. The
accumulation of (p)ppGpp triggers wide-spread translational shut down and reduced overall mRNA levels

through decreased synthesis and increased degradation.93.140.144

RNase toxins are key players in translational shut down and mRNA degradation.® Type Il toxin systems
are thought to be activated during the stringent response through increased Lon-mediated degradation of
repressor antitoxins. RelE has been indicated as playing a critical role in shutting down translation and
turning off (p)ppGpp production due to its ribosome-dependent cleavage mechanism. RelE cleaves mRNA
within the ribosomal A site, preventing binding of uncharged tRNAs and further RelA activity.%0.104.145-147
RNase cleavage often results in non-stop mMRNAs and stalled translational complexes. tmRNA has been
shown to play a critical role during stringent response in recycling these stalled ribosomes and ensuring

rapid degradation of cleaved RNAs and resulting aberrant peptides.148.14°

As we showed in chapter 2, tmRNA can be modified to introduce synthetic peptide tags in vivo and that this
modified platform could provide novel insight to stress responses.””'37  This platform is particularly useful
for studying the effect of RNase activation due to tmRNA's role in resolving stalled translational complexes
caused by mRNA cleavage. In this study, we utilize a synthetic tmRNA-6xHIS to the effects of RNase
activation on translation. We show that RelE plays a critical role in regulating the translation of ribosomal

proteins.

46



Results

Effect of serine hydroxamate in wildtype and ArelE cells

We previously showed that expression of our synthetic tmRNA-6xHIS construct was well tolerated in
wildtype MG1655 E. coli cells (Figure 13). To verify expression tolerance, we transformed the tmRNA-
6XHIS plasmid-based construct into ArelE MG1655 E. coli cells and monitored growth following induction
of expression of our construct with anhydrous tetracycline (aTc; Figure 17A). We did not observe any
defects in growth kinetics or behavior in ArelE cells compared with wildtype, indicating plasmid and tmRNA-

6xHIS expression are tolerated.
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Figure 17. Expression tolerance of tmRNA-6xHIS and dose response curve of wildtype and ArelE cells. (A)
Growth curve of strains with and without expression induction of our construct. Expression was induced
using 100 ng/mL aTc. (B) Dose response curve of strains in response to SHX.

To simulate amino acid starvation and induce the stringent response, we used serine hydroxamate (SHX),
an antimetabolite that inhibits seryl-tRNA synthetase activity to block charging of serine onto tRNAs.
Previous studies have shown dose-dependent responses in cells challenged with SHX. To determine an
optimal, non-lethal concentration of SHX, cells containing tmRNA-6xHIS were grown to ODsoo ~0.5 then
simultaneously induced tmRNA-6xHIS expression and challenged with SHX (Figure 17B). Both strains
responded similarly to SHX exposure. Cells challenged with 50ug/mL of SHX recovered growth within 1
hour. We observed the most pronounced effect in response to 100 uyg/mL SHX, with growth defects

persisting up to 4 hours post-exposure.

Shifts in size of tmRNA-tagged proteins under SHX-challenge
We next asked to what extent SHX stress impacts the distribution of proteins requiring tmRNA-mediated

intervention in wildtype and ArelE cells. To elucidate this set of proteins, which we refer to as the
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Figure 18. 6xHIS tagging in WT and ArelE cells in response to SHX treatment. a-6xHIS western blot of whole
cell lysate (T) and purified elution fraction (E). Cells were grown to ODsoo 0.5 before induction with aTc
and challenge with 100 ug/mL SHX. Cells were grown for an additional hour before lysate collection. 2
ug of protein was loaded onto the gel.

degradome, cells were grown as described and challenged with 100 ug/mL SHX. We previously showed
that peak tmRNA-tagging occurred at 1 hour post-induction (Figure 14C). Protein lysates were extracted
and purified to isolate the 6xHIS tagged proteins by cobalt-affinity purification. Western blot analysis of the
purified fractions showed broad molecular range distribution of tagged products with and without SHX-
treatment (Figure 18). Under steady-state conditions, the majority of tagged proteins fall between 80 kDa
and 20 kDa. In response to SHX treatment, the molecular weight distribution shifts with most tagged
proteins smaller than 40 kDa and a distinct, dark band at 10 kDa. Interestingly, wildtype cells have an even
distribution of proteins, while ArelE cells have an additional dark band at around 40 kDa. RNase toxin
activation would result in increased shortened, non-stop mRNA transcripts. These non-stop transcripts
would create stalled translation complexes requiring tmRNA-mediated resolution. The molecular weight
shift of tagged proteins suggests that tmRNA is intervening on smaller mRNA fragments following SHX

exposure, which is consistent with increased RNase cleavage.
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Degradome proteins under SHX-challenge

To characterize changes to the total proteome and degradome of SHX challenged cells, respectively, we
collected total lysate and purified tagged proteins for identification using LC-MS/MS and performed label

free quantification. Unchallenged total lysates showed a shared stable proteome, with majority of proteins

A B
Total Degradome

Figure 19. Venn diagram showing of overlap of identified proteins in serine hydroxamate treated
(SHX) and untreated (UT) in wildtype (WT) and ArelE cells. Proteins were identified using mass
spectrometry. (A) Proteins identified in the total cell lysates. (B) Proteins identified in the tagged
degradomes.
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identified in both strains (Figure 19A). Interestingly, the total proteome composition did not change following

SHX challenge. Of the 1391 overall proteins identified, 1335 were found in unchallenged and challenged

cells of both broad strains. While there was a consistent population of identified proteins, there were some

abundance shifts in response to SHX. Approximately 10% of identified proteins had significant differential

abundance in SHX-challenged cells compared to unchallenged cells (136 in wildtype and 177 in ArelE;

Figure 20). These results show that SHX exposure does not cause broadscale shifts in the proteome
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Figure 21. Mass spectrometry analysis of tagged degradomes under translational stress. (A) Overlap of
identified proteins of SHX and UT in wildtype cells. (B) Log2 abundance ratios of proteins identified in
SHX and UT degradomes from wildtype cells. Abundance ratios were determined using Proteome
Discoverer. (C) Overlap of identified proteins of SHX and UT in ArelE cells. (D) Log2 abundance ratios
of proteins identified in SHX and UT degradomes from ArelE cells. Abundance ratios were determined

using Proteome Discoverer.
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composition but does affect the overall abundance of a subset of proteins. The tagged degradomes showed
a similar protein overlap. Challenged and unchallenged cells shared 916 proteins in wildtype and 900 in
ArelE, with 801 proteins identified in all conditions (Figure 19B). However, both tagged degradomes
showed widespread abundance shifts following SHX challenge. Over 50% of proteins (473 in wildtype and
525 in ArelE) showed a significant differential abundance in SHX-challenged cells compared with untreated
(Figure 21). The enriched proteins represent a broad variety of molecular functions. Interestingly, the
population of enriched degradome proteins is largely distinct from those in the total proteome, with 55 in
wildtype and 61 in ArelE proteins shared between fractions. Taken together, these results suggest that

there are changes in translational dynamics that are not captured in the total proteome.

Ribosomal protein abundance changes in the degradome

Gene ontology (GO) enrichment analysis of the significantly enriched degradome proteins showed that

proteins relating to cellular metabolism and alpha-amino acid metabolism were significantly
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Figure 22. Gene ontology analysis of significantly enriched proteins in the degradome. Proteins with a log2
abundance ratio greater than 2 or less than -2 were selected for analysis. Analysis was performed using
PANTHER and GO terms were consolidated using Revigo. Size of blocks indicate prevalence of
representation.
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overrepresented (Figure 22). GO enrichment analysis also indicated ribosome biogenesis proteins were

highly represented in enriched degradome proteins. To further investigate this, we compared the
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Figure 23. Abundance ratios of ribosomal proteins under stress. Log2 abundance ratios of proteins
identified in SHX and UT degradomes from wildtype cells. Abundance ratios were determined using
Proteome Discoverer. Dashed lines represent abundance significance threshold. (A)Ribosomal proteins
identified in the tagged degradome. (B) Ribosomal proteins identified in the total proteome.
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abundance ratios of all identified ribosomal proteins in response to SHX-treatment (Figure 23A). Wildtype
ribosomal proteins have a range of abundance ratios, though only 11 show significant abundance difference
in response to SHX treatment. However, we see a drastically different profile in ArelE cells with 29 having
a significant abundance difference. Excitingly, nearly every ribosomal protein shows a disparate
abundance ratio compared to its wildtype counterpart. These disparate changes appear to be protein-
specific and unique to the degradome (Figure 23B). This could indicate that RelE activation and cleavage

plays a role in post-transcriptionally moderating ribosomal protein abundance and translation.

Discussion

In this study, we use a synthetic tmRNA platform to study changes to translational dynamics during
nutritional stress in wildtype and ArelE E. coli cells. Challenge with 100 yg/mL SHX impedes growth for 4
hours in both strains. Mass spectrometry analysis showed that the composition of the total proteome and
the degradome were very stable with most proteins identified in both strains and challenged conditions.
Mass spectrometry quantification showed shifts in protein abundance in response to SHX-treatment.
Protein abundance shifts were drastically more prevalent in the tagged degradomes compared to total
proteomes. Western blot analysis also showed smaller molecular weight proteins in SHX-challenged
degradomes comparison to unchallenged. The significant overlap of identified proteins indicates that the

shifts in size and abundance are not due to changing proteome composition.

RNase activation is a key aspect of the stringent response, resulting in increased mRNA
cleavage.'42147.147,148 \Njjith the increased cleavage rate, tmRNA may have to intervene earlier in translation,
resulting in smaller tagged peptide products. Increased cleavage could also contribute to the differences
in abundance changes between total proteomes and tagged degradomes. RNases have been indicated
as a means of post-transcriptionally regulating gene expression during stress.'*' Even with our synthetic
system present, total proteome analysis generally did not capture tmRNA-tagged proteins as they are a
small fraction of all proteins in the cell. Abundance shifts in the degradome could be indicative of transcripts

that are increasingly targeted for cleavage, particularly by RNases with sequence specificity.

Translational shutdown is a key aspect of the stringent response. Cessation is accomplished through a

multi-pronged inhibition of transcription and translation machinery, activation of RNases, and inhibition of
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ribosome maturation.%3140.150  Ribosome assembly and maturation is highly regulated, often requiring
sequential protein binding and conformation-specific protein release.?® (p)ppGpp binds to several of the
conformational checkpoint proteins to alter their kinetics and binding.'®'-153 This leads to sequestration of
immature ribosome components, dissociation of mature ribosomes, and decreased activation of hibernating
ribosomes. 152154155 |n addition, translational shutdown impacts the availability of ribosomal proteins, further
exacerbating the assembly arrest and shifting stoichiometry of sequestered and free components.

(p)ppGpp-activated Lon degrades free ribosomal proteins to recycle and conserve amino acids.%3:144.151

Lon is also responsible for activation of RNases toxins through degradation of the antitoxins. RNase
cleavage further assists in translational shutdown through the generation of non-stop mRNAs.' RelE in
particular plays a very important role moderating the stringent response. RelE cleaves within the A-site of
the ribosome, which is thought to prevent uncharged tRNAs from binding and subsequent RelA recognition
and (p)ppGpp production.04.145.156  A_sjte cleavage also directly stalls ongoing translation and allows
tmRNA tagging and protease recycling. Additionally, RelE also exhibits a mild sequence preference which
may allow it to act as a post-transcriptional expression regulator and target a subset of RNAs for
cleavage.'” During the stringent response, ribosomal proteins are not needed in the same concentration
as during steady state. With a functional RelE, ribosomal protein abundance in the degradome largely did
not change following SHX treatment. In the deletion mutant, ribosomal proteins showed much greater
abundance variation in the degradome. However, these changes were not reflected in the total proteome
abundances. These variations could be the result of poor translational shut down in the absence of RelE.
Previous studies showed that RelE cleaves tmRNA following SHX treatment. However, our data did not
indicate any differences that could be attributed to differential functional tmRNA-6XHIS concentrations
between strains. The stringent response activates a host of RNases beyond RelE. While previous studies
have shown that RelE alone was not responsible for (p)ppGpp accumulation profiles, RelE may play the

most direct role in efficiently ceasing translation and regulating translation components.'%°

This study provides novel insight into translational regulation by RelE during the stringent response,
particularly ribosomal protein translation. RelE is one of many RNase toxins activated during the stringent

response. A recent study showed that while RelE deletion alone did not significantly alter (p)ppGpp
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production, deletion of 10 type Il toxin-antitoxin systems resulted in prolonged accumulation. RNase toxins
exhibit a broad range of sequence preference and cleavage conditions. The relative contribution of each
RNase and proportion of stochastic and directed cleavage remains unclear. Our platform provides a unique
opportunity to map the location of RNase cleavage and monitor effects on translation dynamics in a holistic,
undirected manner. Understanding the relative contribution of each RNase and stressor-specific changes

in their behavior could reveal previously unknown aspects of the stress response.

Material and Methods

Culturing

E. coli MG1655 cells containing our synthetic construct were inoculated 1:100 dilution into 200 mL LB
media. Cells were grown at 37°C shaking at 250 rpm. At OD 0.5, cells were challenged with 100 ng/mL
anhydrous tetracycline (aTc) and 100ug/mL serine hydroxamate where noted. Cells were grown an
additional 1 hour. Cells were pelleted at 5000 rpm in a Sorvall RC6 Plus for 10 min at 4°C, and the
supernatant was decanted. Pellets were snap frozen in liquid nitrogen and incubated at -80°C for 10 min.
Frozen pellets were resuspended in 3 mL BPER (Thermo Scientific 78248) and incubated at room
temperature for 15 min. Lysates were centrifuged for 5 min at 16000 rpm in an Eppendorf 5415D tabletop

centrifuge. Supernatent was collected as the protein lysate.

Affinity Purification

3 mg of protein lysate were metal affinity purified using 0.2 mL Thermo HisPur Cobalt affinity columns
(Thermo 90090). Desired amount of lysate was diluted 1:1 with Equilibrium buffer and purified in 800 pyL
batches. Each batch was incubated rotating for 30 min at 4°C. Purified proteins were eluted in 3 fractions

of Elution Buffer.

Immunoprecipitation

Elution fractions from metal affinity purification were pooled. 12.5 pg of a-6xHis antibody (Thermo PA1-
983B) was added and incubated rotating for 12 hours at 4°C. 70 pL of Sepharose A beads (Thermo ) were
washed with 3 volumes of IP wash buffer (10mM Tris pH 7.4, 1mM EDTA, 1mM EGTA pH 8.0, 150mM
NaCl, 1% Triton X-100) three times. The washed beads were added to the protein lysate and incubated

rotating at 4°C for 4 hours. Beads were pelleted and washed 3 times with 400 uL of IP wash Buffer and
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once with 400 yL Pre-Urea wash buffer (50mM Tris pH 8.5, 1mM EGTA, 75mM KCI). Proteins were eluted
by incubating the beads in 140 pL of Urea Elution buffer (8M urea, 20mM Tris pH 7.5, 100mM NacCl) rotating

at 4°C for 30 min. Elution was performed three times.
Mass Spectrometry Analysis

The 110 pL of the first immunoprecipitation elution and 2 ug of total protein lysate were prepared for mass
spectrometry. Samples were reduced with 10mM of DTT at 60C for 45 min and alkylated with 15mM
iodoacetamide at room temperature for 30 min. Samples were then digested with trypsin/LysC (Promega
V5073) at 1:20 for 4 hours at 37C. Purified elutions were then diluted with 1 mL of 25mM ammonium
bicarbonate (for <1M concentration of urea) and digested overnight. Samples were dried down,
resuspended in 20 pL of 0.1% formic acid, and desalted using Pierce C18 spin tips (Thermo 84850).
Samples were dried and resuspended in 20 yL of 0.1% formic acid and spiked with 0.5 pyL of 10x iRT

retention peptide mix (Biogynosis KI3002-1).

NanoLC MSMS analysis was carried out with a Thermo Scientific Fusion Lumos tribrid mass spectrometer
interfaced to a UltiMate3000 RSLCnano HPLC system. 1 ug of the tryptic digest was loaded and desalted
in an Agilent Zorbax 300 SB-C18 trapping column (0.3 x 5 mm) at 5 yL/min for 5 min. Peptides were then
eluted into Thermo Scientific Accalaim PepMap™ 100, 2 um, 100 A, 75 ym x 250 mm and
chromatographically separated using a binary solvent system consisting of A: 0.1% formic acid and 2.5%
acetonitrile and B: 0.1% formic acid and 75% acetonitrile at a flow rate of 300 nL/min. A gradient was run
from 1% B to 50%B over 40 minutes, followed by a 5-minute wash step with 99% B and 10-minute
equilibration at 1% B before the next sample was injected. Precursor masses were detected in the Orbitrap
at R=120,000 (m/z 200). Fragment masses were detected in linear ion trap at unit mass resolution. Data
dependent MSMS was carried with top of speed setting, cycle time was 3 sec with dynamic exclusion of 30

SecC.

Protein identification and relative quantification were carried out using Proteome Discoverer software
package (Thermo Scientific). Raw data was searched against an E. coli protein database from Uniprot
(2016-07-14) along with a contaminant protein database with the Sequest HT search engine. Cysteine

carbomidomethylation was set as fixed modification. Methionine oxidation and Glutamine deamidation were
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set as variable modifications. Trypsin was set as the digestion enzyme and allowed for 2 missed cleavages.
Peptide mass tolerance was +10 ppm, fragment mass tolerance was +0.8 Da. Target peptide FDR was set
to 0.01 (strict) and 0.05 (relaxed). Protein identifications required a minimum of 2 unique peptides. For
relative quantification, label free quantification (LFQ) was carried out using MINORA feature detection
followed by quantification with precursor intensity of unique and razor peptides. Peptides with variable
modifications were excluded from quantification. A protein is not quantified if it is only detected in one
replicate. Group abundance ratios were calculated using the pairwise approach. Proteins were considered

to be significantly differential if the log2 of the group abundance ratio was greater than 2 or less than -2.

Gene ontology enrichment analysis was performed on proteins with a significant abundance ratio of SHX-
challenged over unchallenged in either wildtype or ArelE cells using PANTHER. GO term consolidation

was performed using REVIGO.

Western Blotting

2 ug of protein was separated on a 4-12% Bis-tris gel. Gel was incubated in 20% ethanol for 10 min and
then transferred to nitrocellulose (IB23001) using the Invitrogen iBlot2 system. Blots were stained for total
protein using the MemCode Erasable Stain (Thermo 24580). Blots were incubated for 4 hours at 4°C in
blocking buffer (4% non-fat milk in TBST). a-6XHIS antibody was diluted 1:10,000 in blocking buffer and
incubated for 20 hours at 4°C. Blots were washed with six times with TBST then developed using the

Pierce ECL Western Blot kit.
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS

Antimicrobial resistance has become a global threat to human health through increasing prevalence and
diversity of resistant organisms and stagnating development of new therapeutic compounds. There is a
need to develop alternative approaches to address the rising crisis. While primary compound-target
interactions are well characterized, the downstream gene expression and metabolic changes they induce
in bacteria are not well understood. A deeper understanding of the bacterial stress response mechanisms

could provide novel targets against bacterial pathogens.

In bacteria, transcription and translation two key regulation points of gene expression are coordinated to
occur simultaneously. This coordination allows for rapid changes in gene expression but does not allow
for quality control checks, exposing both systems to perturbations. This is particularly prevalent under
stress conditions where changes in transcription-translational kinetics, nutrient availability, and degradation
enzymes can result in catastrophically stalled translational complexes. Resolving stalled translational
complexes is critical for bacterial survival. Bacteria have evolved a specialized RNA system, transfer
messenger RNA (tmRNA), that resolves stalled complexes and targets the aberrant peptides for
degradation. Studying proteins that tmRNA tags, the tmRNA degradome, could provide new insight in

bacterial stress mechanisms.

In this work, we set out to develop a synthetic E. coli tmRNA construct that would allow for the stabilization
and isolation of tagged proteins under stress conditions. We successfully engineered a tmRNA variant that
introduces a 6x-Histidine epitope to the C-terminus of tagged proteins (tmRNA-6xHIS). We demonstrated
that expression of our construct is tolerated in wildtype and tmRNA knockout (AssrA) cells. We have
successfully isolated 6xHIS-tagged proteins through affinity purification and immunoprecipitation. We
showed that tagged proteins represent a broad molecular weight range, implying a diverse population of
identity and completeness of tagged proteins. We successfully connected our construct to an inducible
expression promoter that would allow for temporal resolution of tagged proteins. We showed that 6x-HIS
tagging could be detected in as little as 20 minutes after expression induction, with maximum tagging

occurring after 1 hour.
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Using mass spectrometry under steady-state conditions, we identified over 1100 proteins in the tmRNA
degradome, confirming the diversity of tagged proteins. As a proof of concept, ClpP is one of the proteases
known for degrading tmRNA-tagged proteins. In our degradome, we identified multiple known CIpP
substrates, demonstrating that our synthetic construct is tagging similar proteins to the native construct.
We then compared the similarities between composition of the degradome versus that of the total proteome.
Of the 1164 proteins identified, only 23 were unique to the degradome. This demonstrated that analysis of
the degradome is not only reflective of the composition of the total proteome but also can increase the
coverage of the proteome. When abundances of proteins in the degradome were compared to the total
cell lysate, we observed unique, protein-specific abundance relationship. This implies that tmRNA does
not act equally on every transcript and therefore could provide insight into translational dynamics and

translational regulation of gene expression.

Under oxidative stress, we saw a similar diverse composition of degradome proteins with over 1000 proteins
identified. However, tagged protein profiles were markedly different under stress conditions compared to
steady state. We identified an increased diversity of both unique and overrepresented peptides in our
tagged degradome, indicating wide-spread mRNA damage. We continued to identify ClpP substrates in
the degradome. Excitingly, we observed that the degradome to total proteome abundance ratio of several
ClpP substrates shifted drastically under oxidative stress. This implies that under stress conditions the

gene expression may be regulated by non-stop decay.

Activation of RNases is a critical aspect of the stress response, particularly in response to nutrient
starvation. While a host of RNases are activated during the stringent response, RelE plays a key role in
shutting down translation through cleavage within the A-site of the ribosome and generation of nonstop
translational complexes. This also closely ties to tmRNA-mediated rescue, as it requires and empty A-site
before accommodation into the ribosome. We studied the relationship between RelE and the tagged
degradome under conditions of nutrient starvation through treatment with serine hydroxamate. In response
to SHX, we observed significant changes in protein abundances in the tagged degradome in wildtype and
ArelE cells. In western blotting, we also noted that there was a shift in the molecular weight range of tagged

proteins biasing toward smaller molecular weights. Together this indicated that we were capturing changes
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to gene expression through RNase cleavage and non-stop decay. Most excitingly, we observed massive
abundance shifts of ribosomal proteins in the degradome of ArelE cells. These same changes were not
observed in either the wildtype degradome or the total proteome of either genetic background. This
indicates that RelE may play a critical role in regulating the translation and expression of ribosomal proteins

under nutrient stress.

Our work provides insight into hidden aspects of the bacterial stress response. However, further
investigation is needed to draw more definitive biological conclusions. One promising lead from our data
is the potential regulation of the pentose phosphate pathway (PPP). Our data showed that many of the
PPP proteins, including zwf the first committed enzymatic step, became significantly less abundant in the
degradome under oxidative stress. This was accompanied by a modest increase of the protein in the total
proteome. It has been shown that cells increase metabolic flux through the PPP to increase the cellular
pool of NADPH in response to oxidative stress. Our data implies that this flux may be linked to non-stop
decay of PPP proteins under steady state conditions that rapidly decreases in response to oxidative stress.
It is unclear whether the metabolic flux through the pathway or the level of anti-oxidative NADPH levels are
the critical response. To further investigate this, an integrative multi-omics study could be performed to
assess the level of PPP transcripts, total protein, degradome, and NADPH. Additionally, further
metabolomic study could reveal whether NADPH is particularly important to oxidative stress response or if

there is just a widespread increase of cellular antioxidants.

Our data also indicated a link between RelE and regulation of ribosomal protein translation under amino
acid stress. In ArelE E. coli cells, we observed drastic changes to ribosomal protein abundance in the
degradome that were not seen in wildtype cells or the total proteome. This suggests that RelE may play a
role in regulating the amount of non-stop decay on ribosomal proteins and general shut down of translation.
RNase toxins have been implicated in post-transcriptional regulation of gene expression under stress
conditions. Under amino acid stress, a host of RNases, including RelE and MazF, are activated, but it is
unclear what role each contributes to degradation and gene expression regulation. To further investigate
this, deletion mutants of individual or multiple RNases could be used to monitor changes to the degradome

with a particular focus in ribosomal proteins. This could be coupled with ribosomal profiling and
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quantification of rRNA to gain a better understanding of the of the impact on the abundance of functional
ribosomes. Some RNases, like RelE, exhibit sequence specificity for cleavage. A synthetic tmRNA-6xHIS
platform could provide the opportunity to map the location of RNase cleavage. This could be examined in
RNase deletion mutants to investigate the possibility and extent of post-transcriptional control of gene

expression.

One limitation of our work is that we were not able to confirm 6xHIS tagging with our mass spectrometry
work. This stems from the approach we took to our proteomics work. We used a bottom-up approach
where proteins are digested into peptides prior to tandem mass spectrometry analysis. Within the mass
spectrometer, peptides are fragmented, and their mass-to-charge ratio (m/z) is measured to generate a
MS2 spectra. Fragmentation patterns are dictated from by the composition peptide, and thus the sequence
can be derived from the characteristic m/z peaks produced. lItis possible to interpret MS2 spectra manually,
but even a single mass spectrometry experiment can generate tens of thousands of MS2 spectra. To
interpret these in an efficient, high throughput manner, search algorithms are used in conjunction with a
reference proteome. In our work, we used the Swiss-Prot reference proteome from E. coli K12 along with
a contaminant reference proteome. The contaminant reference proteome contained protein sequences of
exogenous proteins that commonly contaminate samples such as bovine serum alubumin, Sepharose A,
and human keratin proteins. The search algorithm performs a theoretical protein digest on the provided
reference proteome and generates MS2 spectra with fragmentation patterns matching the resulting
peptides. The experimental MS2 spectra are then compared with the theoretical MS2 to identify most likely
peptide sequences. Any peptide sequence that does not match a sequence from the reference proteome

is not returned in the final identification.

This is a particular problem for our platform as any tagged protein would have a modified C-terminal
sequence compared to the reference proteome. This means any tag sequence will not be identified through
the standard search method. To combat this, we tried an alternative search method that allowed for a
variable C-terminal modification of 1340 Da (the molecular weight of AANDEHHHHHH). This method does
not identify this peptide sequence, only the mass. Even so, we were not able to identify any tagged

peptides.
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There are several chemical reasons that could account for the lack of detection. The size of tagged peptides
could be too large. In bottom-up experiments, proteins are commonly digested with trypsin which cleaves
at arginine (R) and lysine (K). In many species, the distribution of R and K in the proteome create an
average protein length of 10-14 amino acids.'¥”:'%8 This is the ideal length for efficient ionization and
resolvable MS2 fragmentation patterns. Peptides tagged by tmRNA-6xHIS would be nearly double that
length, which could interfere ionization and prevent entry into the mass spectrometer. Additionally, the
charge 6xHIS epitope may interfere with liquid chromatography (LC) separation. LC-MS/MS methods
generally use a gradient of acetonitrile along with a C18 column to separate peptides by hydrophobicity.
Composition of the gradient and flow rate can be altered to change peptide separation. The concentration
of charge at the C-terminal tail of tagged peptides likely affected when the peptide eluted from the column.

This charge concentration may have also affected ionization, though this is unlikely.

To address these issues, | engineered two trypsin-cleavable 6xHIS tag variants. Previous studies have
shown that the early codons, particularly the resume codon, are critical for tagging efficiency, and the C-
terminal codons are critical for recognition by proteases.536273.1%  To allow for maintenance of the early
codons, | recoded the TRF to ANDKHHHHHH. There is concern that the proximity of the highly charged
6xHIS epitope will interfere with tryspin cleavage, so an additional alternative construct was made with
ARDEHHHHHH. Constructs utilized the ssrAp promoter and 3’ terminator region used in ssrAp-tmRNA-
6xHIS construct. Constructs were synthesized as a gene block by IDT, placed into the PZA31-MCS plasmid
backbone, and transformed into wildtype MG1655 E. coli cells. We confirmed that expression of both

constructs was well tolerated (Figure 24A).

We compared tagging profiles of our protease cleavable variants to our original construct. Cells containing
our constructs were grown for 4.5 hours before being pelleted and lysed. 3 mg of lysates were then affinity
purified using HisPur Cobalt columns. 2 ug of protein from the total lysate and purified first elution were
analyzed by a6xHIS western blot and total protein gel staining (Figure 24B). Tagging levels and profiles of
the protease cleaveable variants were very similar to our original construct. Interestingly, the ARDE variant
showed slightly higher tagging levels compared to ANDK. This is surprising since previous data indicated

that the second codon affected tagging efficiency.
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Figure 24. Protease cleavable tmRNA-6xHIS variants. (A) Growth curve of strains. (B) a-6xHIS

western blot and comassie stain of whole cell lysate (T) and purified elution fraction (E). Total protein

stain performed using SimplyBlue SafeStain.
We then prepared lysates from our protease cleavable constructs for LC-MS/MS analysis. Affinity purified
elutions were pooled and immunoprecitated with 12 ug of a6xHIS antibody (Thermo PA1-983B) as
previously described. 110 pL of the first IP elution and 2 ug of total protein were then reduced, alkylated,
and digested with tryspin/LysC as previously described before LC-MS/MS analysis. To identify peptides
from our raw mass spectrometry data, we allowed for variable C-terminal modifications of 244.28 Da (-AR)
and 445.49 Da (-ANDK).  Since the search algorithm only identifies modification by weight, verifying
presence of representative peptide fragments is critical. Unfortunately, this approach was not successful.
The algorithm identified many proteins with an -AR modification. However, these already had a canonical
-AR sequence and were not the result of tagging. There were a few proteins identified as having the -
ANDK modification, but from the state of the MS2 spectra, | could not verify that these contained fragments

that matched an ANDK tag.

For our proteomics work, we used data-dependent acquisition (DDA) for generation of MS2 spectra. Using
this method, only a subset of the peptides is selected for fragmentation based on abundance. This
approach requires having multiple copies of the same peptide that elute from the chromatography column
simultaneously. However, tmRNA can act anywhere along the length of protein, so tag insertion could have

avery broad distribution. A shift of tagging position by one amino acid would produce a peptide of a different

63



mass, which would be measured separately by the mass spectrometer. Given this, we would expect to
only detect tagged peptides that experience high levels of catastrophic stalling during translation. The lack
of detection could imply that even on common catastrophic stall sites, the peptide abundance is too low to

be selected for fragmentation.

While identifying a tagged peptide was interesting for characterization of our system, identifying tagging
locations could provide key insights to cellular function. Evidence suggests that activation RNases is used
as a way for post-transcriptionally modifying gene expression.®'.'4" Understanding where cleavage occurs
could provide novel insight into gene expression regulation, the role of RNase in stress response, and post-

transcriptional gene regulation through non-stop decay.

One option for identifying tagging location would be to generate a theoretical tagged reference proteome
where the reference proteome includes the tagged sequence. The most extensive option would be to
simulate tag insertion at every single amino acid position within the proteome. Given that the E. coli Uniprot
reference proteome contains more than 5000 proteins, it is not the most efficient option. A smaller subset
of tagging locations based on the literature and previous mass spectrometry experiments could be a more
viable option. These could include tagging at termination codons, known stall sequences like SecM, or

locations with rare codons.

An alternative approach to using DDA is to use data-independent acquisition (DIA). In DIA, every precursor
peptide ion is selected for fragmentation. This produces a highly multiplexed MS2 spectra that can be
difficult to interpret. Previously, interpretation of DIA spectra required a library of DDA spectra that were
processed through conventional search algorithms. Recent advancements have allowed for the generation
of theoretical DDA spectra that can be used to resolve the DIA spectra and searched through conventional
search algorithms. This would still require additional research into fragmentation patterns of tagged peptide
to identify tagging locations. A synthetic non-stop or heavy stall-inducing construct could be developed to
characterize tmRNA-tagged peptide fragmentation patterns. From these characteristic fragmentation
patterns, combination DIA-targeted acquisition approach could be developed that would allow for the

identification and possibly even quantification of tagging.
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Our work developing a synthetic tmRNA platform has opened the door to new insights into the bacterial
stress response. These insights could be used to inform and develop novel strategies for addressing the
antibiotic crisis. For example, bacteria experience oxidative stress following exposure antimicrobial
compounds. Our data indicates that the pentose phosphate pathway may play a key role in that response
through increased production of NADPH or increased expression of PPP proteins. One potential path to a
novel antimicrobial could be through investigating the impact of PPP inhibition or sequestration of NADPH
or other cellular antioxidants. This would require extensive additional research, but broad degradome

surveys could provide starting points.

One of the most exciting aspects of this platform is its versatility. Nearly every sequenced bacterium
contains tmRNA with each being unique to its species. This allows for investigation into a broad range of
bacterial species, including resistant pathogens. Additionally, it could be possible to use this method to
study a complex culture of multiple species in an in vivo environment through modification of each species
tmRNA. This platform can be used to investigate a near limitless number of conditions and settings to

provide information that cannot be captured using any other methods.
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APPENDIX A: LIST OF TMRNA CONSTRUCT SEQUENCES

Construct

Tag Peptide
Sequence

Promoter

Sequence

ssrAp-
tmRNA-

6xHIS
(Turner)

ANDEHHHHHH

ssrAp

ATTCACTCGAGCGAATAAAAATCAGGCTACATGGGTGCTAAATCTTTAACGATAA
CGCCATTGAGGCTGGTCATGGCGCTCATAAATCTGGTATACTTACCTTTACACAT
TGGGGCTGATTCTGGATTCGACGGGATTTGCGAAACCCAAGGTGCATGCCGAG
GGGCGGTTGGCCTCGTAAAAAGCCGCAAAAAATAGTCGCAAACGACGAACATC
ACCATCACCACCATTAATAACGGTGTGTGGTGCCTCTCTCCCTAGCCTCCGCTC
TTAGGACGGGGATCAAGAGAGGTCAAACCCAAAAGAGATCGCGTGGAAGCCCT
GCCTGGGGTTGAAGCGTTAAAACTTAATCAGGCTAGTTTGTTAGTGGCGTGTCC
GTCCGCAGCTGGCAAGCGAATGTAAAGACTGACTAAGCATGTAGTACCGAGGA
TGTAGGAATTTCGGACGCGGGTTCAACTCCCGCCAGCTCCACCAAAATTCTCCA
TCGGTGATTACCAGAGTCATCCGATGAAGTCCTAAGAGCCCGCACGGCGCAAG
CCCTGCGGGCTTTTTTGTGCCCTCAAGCTTACGCGTCCTAGGCTTAT

ssrAp-
tmRNA-

6xHIS
(Sauer)

ANDEHHHHHH

ssrAp

ATTCACTCGAGCGAATAAAAATCAGGCTACATGGGTGCTAAATCTTTAACGATAA
CGCCATTGAGGCTGGTCATGGCGCTCATAAATCTGGTATACTTACCTTTACACAT
TGGGGCTGATTCTGGATTCGACGGGATTTGCGAAACCCAAGGTGCATGCCGAG
GGGCGGTTGGCCTCGTAAAAAGCCGCAAAAAATAGTCGCAAACGACGAACACC
ACCATCATCACCATTAATAACGGTGATTGATGCCTCTCTCCCTAGCCTCCGCTCT
TAGGACGGGGATCAAGAGAGGTCAAACCCAAAAGAGATCGCGTGGAAGCCCTG
CCTGGGGTTGAAGCGTTAAAACTTAATCAGGCTAGTTTGTTAGTGGCGTGTCCG
TCCGCAGCTGGCAAGCGAATGTAAAGACTGACTAAGCATGTAGTACCGAGGAT
GTAGGAATTTCGGACGCGGGTTCAACTCCCGCCAGCTCCACCAAAATTCTCCAT
CGGTGATTACCAGAGTCATCCGATGAAGTCCTAAGAGCCCGCACGGCGCAAGC
CCTGCGGGCTTTTTTGTGCCCTCAAGCTTACGCGTCCTAGGCTTAT

ssrAp-
tmRNA-

6xHIS
(Turner-
RNase E

mod)

ANDEHHHHHH

ssrAp

ATTCACTCGAGCGAATAAAAATCAGGCTACATGGGTGCTAAATCTTTAACGATAA
CGCCATTGAGGCTGGTCATGGCGCTCATAAATCTGGTATACTTACCTTTACACAT
TGGGGCTGATTCTGGATTCGACGGGATTTGCGAAACCCAAGGTGCATGCCGAG
GGGCGGTTGGCCTCGTAAAAAGCCGCAAAAAATAGTCGCAAACGACGAACATC
ACCATCACCACCATTAATAACGGTGTGTGGTGCCTCTCTCCCTAGCCTCCGCTC
TTAGGACGGGGATCAAGAGAGGTCAAACCCAAAAGAGATCGCGTGGAAGCCCT
GCCTGGGGTTGAAGCGTTAAAACTTAATCAGGCTAGTTTGTTAGTGGCGTGTCC
GTCCGCAGCTGGCAAGCGAATGTAAAGACTGACTAAGCATGTAGTACCGAGGA
TGTAGGAATTTCGGACGCGGGTTCAACTCCCGCCAGCTCCACGAATACCCTCCA
TCGGTGATTACCAGAGTCATCCGATGAAGTCCTAAGAGCCCGCACGGCGCAAG
CCCTGCGGGCTTTTTTGTGCCCTCAAGCTTACGCGTCCTAGGCTTAT

pL(tetO)-
tmRNA-
6xHIS

ANDEHHHHHH

pL(tetO)

attcaCTCGAGTCCCTATCAGTGATAGAGATTGACATCCCTATCAGTGATAGAGAT
ACTGAGCACACcacattGGGGCTGATTCTGGATTCGACGGGATTTGCGAAACCCAA
GGTGCATGCCGAGGGGCGGTTGGCCTCGTAAAAAGCCGCAAAAAATAGTCGCA
AACGACGAACATCACCATCACCACCATTAATAACGGTGTGTGGTGCCTCTCTCC
CTAGCCTCCGCTCTTAGGACGGGGATCAAGAGAGGTCAAACCCAAAAGAGATC
GCGTGGAAGCCCTGCCTGGGGTTGAAGCGTTAAAACTTAATCAGGCTAGTTTGT
TAGTGGCGTGTCCGTCCGCAGCTGGCAAGCGAATGTAAAGACTGACTAAGCAT
GTAGTACCGAGGATGTAGGAATTTCGGACGCGGGTTCAACTCCCGCCAGCTCC
ACCAAAATTCTCCATCGGTGATTACCAGAGTCATCCGATGAAGTCCTAAGAGCC
CGCACGGCGCAAGCCCTGCGGGCTTTTTTGTGCCCTCAATTTGTCCCGCGAAG
TCCGACGCGTcttat

ssrAp-
tmRNA-
AR-6xHIS

ARDEHHHHHH

ssrAp

attcactcgagCGAATAAAAATCAGGCTACATGGGTGCTAAATCTTTAACGATAACGC
CATTGAGGCTGGTCATGGCGCTCATAAATCTGGTATACTTACCTTTACACATTGG
GGCTGATTCTGGATTCGACGGGATTTGCGAAACCCAAGGTGCATGCCGAGGGG
CGGTTGGCCTCGTAAAAAGCCGCAAAAAATAGTCGCACGCGACGAACATCACC
ATCACCACCATTAATAACGGTGTGTGGTGCCTCTCTCCCTAGCCTCCGCTCTTA
GGACGGGGATCAAGAGAGGTCAAACCCAAAAGAGATCGCGTGGAAGCCCTGCC
TGGGGTTGAAGCGTTAAAACTTAATCAGGCTAGTTTGTTAGTGGCGTGTCCGTC
CGCAGCTGGCAAGCGAATGTAAAGACTGACTAAGCATGTAGTACCGAGGATGTA
GGAATTTCGGACGCGGGTTCAACTCCCGCCAGCTCCACCAAAATTCTCCATCGG
TGATTACCAGAGTCATCCGATGAAGTCCTAAGAGCCCGCACGGCGCAAGCCCT
GCGGGCTTTTTTGTGCCCTCaagcttACGCGTCCTAGGcttat

ssrAp-
tmRNA-
DK-6xHIS

ANDKHHHHHH

ssrAp

attcactcgagCGAATAAAAATCAGGCTACATGGGTGCTAAATCTTTAACGATAACGC
CATTGAGGCTGGTCATGGCGCTCATAAATCTGGTATACTTACCTTTACACATTGG
GGCTGATTCTGGATTCGACGGGATTTGCGAAACCCAAGGTGCATGCCGAGGGG
CGGTTGGCCTCGTAAAAAGCCGCAAAAAATAGTCGCAAACGACAAACATCACCA
TCACCACCATTAATAACGGTGTGTGGTGCCTCTCTCCCTAGCCTCCGCTCTTAG
GACGGGGATCAAGAGAGGTCAAACCCAAAAGAGATCGCGTGGAAGCCCTGCCT
GGGGTTGAAGCGTTAAAACTTAATCAGGCTAGTTTGTTAGTGGCGTGTCCGTCC
GCAGCTGGCAAGCGAATGTAAAGACTGACTAAGCATGTAGTACCGAGGATGTA
GGAATTTCGGACGCGGGTTCAACTCCCGCCAGCTCCACCAAAATTCTCCATCGG
TGATTACCAGAGTCATCCGATGAAGTCCTAAGAGCCCGCACGGCGCAAGCCCT
GCGGGCTTTTTTGTGCCCTCaagcttACGCGTCCTAGGcttat
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