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ABSTRACT

Antibiotic resistance is one of the most significant public health concerns today.
Compounds that target trans-translation could serve as effective broad spectrum antibiotics.
trans-Translation is an error prevention mechanism for bacterial survival and virulence that
involves molecules tmRNA and SmpB recognizing ribosomes translating flawed mRNA and
degrading the polypeptide being formed.
KKL-35 is an antibiotic discovered through high-throughput screening that targets
trans-translation. This compound can strongly inhibit growth of pathogenic bacteria such as
E. coli, S. flexneri, and B. anthracis at very low concentrations. I have done experimentation
indicating that isolating target-based resistant mutants to KKL-35 is very difficult. Therefore,
this compound is possibly less susceptible to the development of drug resistance in clinical
settings. Although KKL-35 is a powerful antibiotic, how it inhibits trans-translation is unknown.
In order to identify the target(s) of this compound, multiple biochemical assays were done.
Techniques such as thin layer chromatography and gel electrophoresis were used to detect the
presence of KKL-35 or derivatives of the compound. This research into understanding how
KKL-35 works is critical for our laboratory’s goal to introduce and optimize the next generation
of antibacterial therapies.
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Chapter 1
Introduction
The need for antibiotics has become increasingly dire. Inhibitors of trans-translation can
address this crisis by serving as broad-spectrum antibacterial agents. This report will discuss the
antibacterial capabilities of trans-translation inhibitor KKL-35 as well as experiments done to
identify the target of this compound.

End of the Golden Era: The Current Status of Antibiotic Development and Resistance

Today, the global prevalence and continuing emergence of antibiotic resistance
mechanisms in bacteria have become some of the most pressing and challenging public health
issues to address. The 2013 Threat Report released by the Centers for Disease Control and
Prevention (CDC) states that about 2 million Americans are infected with antibiotic-resistant
bacteria each year, and 23,000 of those victims die directly as a result of drug-resistant
infections1. The rising prevalence of both community-acquired and hospital-acquired
methicillin-resistant Staphylococcus aureus has demonstrated that drug-resistant pathogens have
infiltrated both clinical and community settings and can infect a wide variety of age groups2. In
developing countries, the issue of antibiotic resistance is even more concerning3. For example, S.
pneumonia resistance against certain beta lactam antibiotics ranges from about 5% in certain
European regions to over 80% in various developing African and Asian countries4. Not only has
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the occurrence of drug-resistance increased, but also the spectrum of drugs that these pathogens
are resistant against has widened. Over the past few decades, a rise in the prevalence of
“superbugs” that are resistant to nearly all antibiotics has occurred 5,6. Furthermore, because
many of the genes encoding extensive drug-resistance are located on mobile genetic elements
such as plasmids, hospital settings or other areas with high concentrations of pathogens can
become ideal areas for new superbugs to develop7, 8 .
Figure 1: The End of the Golden Age and the Rise of Drug Resistance7

Figure 1: The rate at which antibiotics have been developed has drastically
reduced within the past 30 years, whereas the rate of antibiotic resistance has
increased7.

Drug-resistance is partially attributed to the promising initial success of these drugs
during the “Golden Age” of antibiotic development. In 1928, Alexander Fleming discovered the
broad spectrum beta lactam compound penicillin and helped initiate the era of antibiotic
discovery9. As seen in Figure 1, from the 1950’s to the early 1960’s, many drugs were designed
based off the penicillin structure, and thus there appeared to be a relative abundance of

3

antibiotics to treat infections during this “Golden Age.” Resistance, however, did exist even at
that time. In fact, years before penicillin became a widely-used clinical antibiotic, the first drugdegrading pencillinase enzyme was discovered7. Despite the early warning signs of emerging
drug resistance, beta lactam antibiotics and other related drugs discovered since the 1950’s have
been used frequently worldwide. Because of antibiotic mismanagement and the time-consuming
challenges in discovering and releasing novel antimicrobial compounds, the world has left the
“Golden Age” and entered the ominous “Age of Disenchantment” within just 50 years7,10

trans-Translation: A Critical Pathway for Bacterial Survival and Virulence

Developing novel and broad-spectrum antibacterial agents is incredibly important
because of this rise in drug-resistance. trans-Translation, a pathway in bacteria, can serve as an
effective target for new antibiotics11,12. This process serves as an error prevention mechanism in
bacteria that helps maintain appropriate levels of protein synthesis by reducing the buildup of
stalled ribosomes13. Unlike eukaryotic cells, bacterial cells conduct transcription and translation
within the same compartment. In order to increase the speed of protein production and cellular
growth, translation of nascent mRNA into protein can begin before the gene encoding the mRNA
is fully transcribed. Translation therefore begins almost immediately after mRNA is produced.
Thus, there are no proofreading or post-transcriptional modifications of the mRNA, and errors
during protein production are more common in bacteria11,14.
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One such error that occurs is the production of a non-stop mRNA which lacks a stop
codon at the end of the 3’ mRNA sequence15. Stop codons are important during translation
because they signal for release factors to break apart the peptidyl tRNA and allow for the
ribosome to be removed from the translational complex16. When mRNA lack stop codons or are
truncated, the translating ribosome stalls on the mRNA because there is no way for it to signal its
release. About 2-4% of translating ribosomes stall as a result of non-stop translation. While the
percentage may seem small, this means that trans-translation can occur approximately 13,000
times per one cell division in E. coli17. A buildup of stalled ribosomes can be toxic to bacterial
cells because protein production is severely impeded18. To reduce the damaging effects of nonstop translation, bacteria have developed a mechanism called trans-translation to rescue stalled
ribosomes.
trans-Translation involves the molecule tmRNA. Encoded by the gene ssrA,
tmRNA has domains containing properties of both tRNA and mRNA and these domains are
connected by multiple psuedoknots19,20. The general process of trans-translation involves
aminoacylation of tmRNA with alanine and forming a complex with the proteins SmpB and EFTu. This complex is able to recognize stalled ribosomes and attach an alanine from the tmRNA
onto the protein being formed21. This action can lead the ribosome to start translating the open
reading frame of the tmRNA rather than the truncated mRNA. When this tmRNA is translated, a
proteolytic peptide tag containing 11 amino acids is added to the nascent polypeptide. It is
concluded that RNA nucleotides at positions 84 through 89 in tmRNA (particularly
A86G87U88) are the sites at which translation of the proteolytic peptide tag is initiated22.
SmpB binds the tRNA-like domain of the tmRNA and helps the molecule become
aminoacylated with alanine while protecting the tmRNA from degradation23 21. Additionally,
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SmpB completes the lower half of the tRNA structure of tmRNA21. The His136 residue in E. coli
SmpB interacts with G530 of the 16S rRNA to simulate codon-anticodon interactions that help
recruit EF-Tu24. EF-Tu binds to correctly aminoacylated tRNA to catalyze the interaction of
tRNA anticodons to mRNA codons in regular translation25, 26. In trans-translation, EF-Tu helps
the tmRNA enter the A site of the ribosome via GTP hydrolysis. The end result of transtranslation is that the non-stop mRNA and the nascent polypeptide formed from it are signaled
for degradation, and the once-stalled ribosome is able to read the stop codon of tmRNA to be
rescued 13.
Figure 2: The Process of trans-Translation17

Figure 2: The process of trans-translation enables ribosomes stalled on mRNA to
be released. This process is vital for bacterial survival and virulence17.
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tmRNA has been found in all sequenced bacterial species, and therefore trans-translation
is a process that can occur in all bacteria27.

Alternative Rescue Mechanisms in E. coli: ArfA and ArfB

In some species, such as S. flexneri and N. gonorrhea, trans-translation is an essential
process; however, in various other species, such as E. coli and S. enterica, alternative ribosome
rescue mechanisms can be used if trans-translation is inhibited 28 29 30. In E. coli, the two
alternative processes are called ArfA and ArfB31.
Alternative rescue factor A (or ArfA) and tmRNA are synthetically lethal. If the cell is
depleted of both ArfA and tmRNA, it will die because protein production will be occurring at
insufficient levels. If only one of the mechanisms is inactivated, however, the E. coli cell will
survive32.
ArfA activation is dependent on the activity of trans-translation. When the gene yhdL is
expressed normally in the cell, an mRNA encoding an RNase III cleavage site before the stop
codon is produced. This cleavage site recruits RNase III to remove the stop codon from the
mRNA strand, subsequently leading to a non-stop transcript that can stall ribosomes. If transtranslation is functioning, the non-stop complex produced from truncated ArfA is rescued, and
the mRNA and nascent polypeptide are degraded. If, however, trans-translation is not working
properly, the truncated nascent ArfA polypeptide can be released and act as an alternative rescue
mechanism33 34. Once ArfA is activated, it recruits the class I release factor RF2 to the A site of
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the ribosome. A special portion of the RF2, called the GGQ motif, helps cleave the peptidyl
tRNA thereby rescuing the ribosome from its stalled state28.
ArfA is believed to bind to the 70S bacterial ribosome and to specifically interact
with the large 50S ribosomal subunit near the mRNA binding channel. Unlike tmRNA in transtranslation, experiments indicate that the presence of mRNA in the 3’end of the mRNA channel
does not inhibit ArfA-dependent ribosome rescue18.
ArfB is another alternative rescue factor that can function if trans-translation is
not activated. Unlike ArfA, ArfB is a homolog of class I release factors. ArfB does contain the
characteristic GGQ motif that can hydrolyze peptidyl tRNA in a similar way to RF235,36, 37.
ArfB is a protein that is found in a diverse array of bacterial including Caulobacter,
Burkholderia, and Streptomyces. In E. coli, ArfB cannot serve as the only ribosome rescue
mechanism, primarily because it is expressed at low levels31,38.

Ribosome Rescue: A Target for Antibiotics

trans-Translation, ArfA, and ArfB play vital roles in the survival of E. coli cells.
Therefore, small molecule inhibitors of these pathways can be effective antibiotics12. High
throughput screening done previously by members of the Keiler lab has revealed a set of
compounds that inhibit trans-translation without affecting normal translation. In this assay, a
transcriptional terminator called trpAt was placed before the DNA sequence encoding the stop
codon of the luminescent protein, luciferase. Upon transcription of this gene, a non-stop mRNA
was produced as a result of this terminator. When this non-stop mRNA encoding luciferase was
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translated, a stalled ribosome can form and the nascent luminescent polypeptide remains intact
until trans-translation releases the stalled complex and signals protein degradation. If small
molecule inhibitors discovered through the high throughput screening assay inhibit transtranslation, the cells will remain luminescent due to the accumulation of these non-stop
complexes. KKL-35 was one of the compounds identified as a trans-translation inhibitor in this
assay11.
Figure 3: Luciferase Assay Identifying trans-Translation Inhibitors11

Figure 3: The luciferase assay has been used to identify inhibitors of the transtranslation pathway. A positive readout of fluorescence indicates that the compound
inhibits the pathway11.
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KKL-35: A Promising Ribosome Rescue Inhibitor
Figure 4: Structure of KKL-3511

Figure 4: KKL-35 is a promising inhibitor of the trans-translation process11

KKL-35 was further analyzed to determine what stage it inhibits in trans-translation.
There are two main ways that KKL-35 could interfere with trans-translation. One possible option
is that KKL-35 prevents tagging of the protein for degradation. The other possible mechanism is
that it interferes with proteolysis. To test which of these two potential mechanisms is used by
KKL-35, two mRNA reporters were used. One mRNA, called GFP-trpAt, is a template that
creates a non-stop transcript of a fluorescent protein. The other mRNA reporter, called GFP-tag,
has the tag peptide sequence already encoded in this transcript. Therefore, inhibitors of tagging
will lead to fluorescence when GFP-trpAt is expressed but not when GFP-tag is expressed since
the GFP-tag transcripts inherently enable the production of the proteolytic peptide tag.
Proteolysis inhibitors will lead to fluorescence when either transcript is translated because
without protein degradation, the fluorescent GFP will remain intact. Based on the results from
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this in vitro assay, previous experiments indicated that KKL-35 is likely to affect tagging in
trans-translation11.
While there are data showing KKL-35 inhibits trans-translation before the proteolysis
stage, how it inhibits this process is still unknown. Identifying the target of this compound is
critical for its future use as an antibiotic. KKL-35 could target a variety of different transtranslation components; however, because KKL-35 effectively stops growth of E. coli, it has to
inhibit a molecule that is present in at least trans-translation and the ArfA-mediated ribosome
rescue systems. Because these systems each involve the ribosome, it is hypothesized that KKL35 targets the ribosome in some way12. More specifically, it is possible that the mRNA channel
of ribosomes can be targeted by KKL-35 because this channel is narrow enough to be blocked by
a small molecule. Additionally, binding the mRNA channel would only affect trans-translation
because the channel is always occupied during normal translation12. The focus of this thesis is to
investigate the antibacterial capabilities of KKL-35 and to identify the target of this drug.
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Chapter 2
Results

KKL-35 Inhibits Bacterial Growth at Low Concentrations

In order to determine whether KKL-35 had antibacterial capabilities, broth microdilution
assays were done on various clinically-relevant species, including E. coli and B. anthracis.
Diluted bacterial cultures were incubated with varying KKL-35 concentrations and the lowest
concentration of the compound at which bacteria could grow was considered the minimum
inhibitory concentration (MIC). A low MIC indicates that the drug has stronger antimicrobial
capabilities. KKL-35 can inhibit the growth of several pathogens within the micromolar range
(Table 1).

Table 1: Minimum Inhibitory Concentrations of KKL-35

Pathogen

Minimum Inhibitory Concentration (μM)

B. anthracis

0.78-1.5

ΔtolC E. coli

0.39-0.78

S. flexneri

6-12

Table 1: Minimum Inhibitory Concentrations were used to assess the antibacterial
capabilities of KKL-35. This compound can inhibit growth of pathogens in the micromolar
range.
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Resistance against KKL-35 is Difficult to Generate

The next step in assessing the antibacterial properties of KKL-35 was to attempt to isolate
target-based resistant mutants against the compound in E. coli. Isolating resistant mutants serves
two main purposes. First, if resistance does develop, the mutations that led to target-based
resistance can provide insight on the mechanism of action for this compound. Second, if
resistance did not develop, that could indicate this compound exhibits properties that do not
encourage or easily lead to drug resistance. Due to the serious problem of drug resistance in
current clinical settings, the ability to stave off such antibiotic resistance is an important trait for
this compound to have.
Because KKL-35 inhibits ribosome rescue mechanisms, it was hypothesized that the
target was some molecule relevant in these processes. To promote the development of targetbased resistance, a strain with certain components of ribosome rescue pathways were deleted
from the cell through using P1 phage transduction. Specifically, phage lysate containing a ΔyhdL
segment of DNA that contains a gene conferring kanamycin resistance was transduced into
ΔtolCΔtufB E. coli. TufB is one of two copies encoding EF-Tu, yhdL is the gene encoding ArfA,
and TolC is a channel used by a set of efflux pumps in E. coli. Therefore, depriving the cells of a
copy of EF-Tu, the alternative rescue factor ArfA, and efflux pumps that could expel KKL-35
could make the cell particularly susceptible to developing resistance when treated with KKL-35.
To further foster an environment that encourages drug resistance, bacteria were cultured
in alternating cycles containing different concentrations of KKL-35. Specifically, the E. coli
strain was continuously subcultured in 0.5X MIC, with each new generation being cultured in
fresh medium. A sample of each 0.5X culture was also incubated in a microtiter well containing
4X MIC to select for resistant mutants. Subculturing in 0.5X MIC media and selection in 4X
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MIC media continued for 16 generations, but even after these cycles, no drug resistance against
KKL-35 was able to develop. The process of this experiment is depicted in Figure 5.
Figure 5: Subculturing Process to Develop Resistance

Figure 5: Successive rounds of continuous subculturing in 0.5X MIC of KKL-35 and
selection of resistant mutants in 4X MIC was conducted as an attempt to develop resistance.

The inability to culture cells that could grow in high concentrations of KKL-35 indicates
that drug resistance is difficult to generate against this antibiotic in E. coli and that other
mechanisms should be used in order to gain a better understanding of what this compound
targets. Because this process inhibits ΔtolC E. coli, and because resistance was difficult to
generate, it was hypothesized that the target of KKL-35 is a vital and unalterable component of
multiple ribosome rescue mechanisms. Based on this reasoning, it was hypothesized that KKL35 targets the ribosome.
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Biochemical Approaches to Identifying the Target of KKL-35

Since subculturing techniques were not able to generate drug resistance, biochemical
assays were designed to detect what proteins were bound to KKL-35. Most of these assays
primarily relied upon the principle of incubating KKL-35, or a slightly modified version of the
compound, with hypothesized targets and then using physical or chemical techniques to separate
the drug bound to its target from other components.
For these assays, ribosomes were isolated from bacterial lysate via ultracentrifugation and
then incubated with KKL-35. Gel filtration columns, which separate molecules based on size,
and filter binding assays, which capture protein but let other components filter through, were two
main techniques used at first to separate bound from free KKL-35. Then, KKL-35 was detected
by running these fractions on thin layer chromatography (TLC).
There were multiple experimental challenges that existed for these assays. One issue was
accuracy in the separation technique. Solubility of KKL-35 in aqueous solutions posed a
challenge because the KKL-35 would often come out of solution either prior to or during the
filtration process. Thus, it was difficult to conclude at times whether a lack of KKL-35 in the
solution was due to its binding properties or its insolubility in certain buffers and filtration
columns.
Detection of KKL-35 also posed a major challenge that needed to be addressed. Because
of the presence of its aromatic ring, the drug is able to absorb UV light and is detectable on TLC
plates; thus TLC was presumed to be an effective way to detect presence of the compound. This
method, however, lacked enough sensitivity. Often, the concentration of KKL-35 used in the
assays was too low to be detectable. Furthermore, even if KKL-35 was present in high enough
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concentrations, it was challenging to distinguish a KKL-35 spot from other UV-absorbing
proteins that may be in solution.
To enhance the detectability of KKL-35, a modified form of the compound was
constructed containing a fluorescent dansyl group. This fluorescent group would make KKL-35
appear differently from most other proteins when under UV light on a TLC plate. Even this
probe, however, had some issues. The presence of the dansyl group raised the MIC of the
compound, indicating that it is less active than regular KKL-35. Because of this feature, excess
compound was needed to exhibit the same levels of binding that occur with regular KKL-35.
The reason that the use of excess KKL-35 is not ideal is because it makes distinguishing
between bound and unbound KKL-35 more difficult. Since KKL-35 inhibits trans-translation
rather than regular translation, it is believed that this compound specifically interacts with nonstop ribosomes which comprise about 2 to 4 % of the ribosomes in E. coli cells. If KKL-35 binds
its target in a 1:1 ratio, this means that it would most likely bind to no more than 4 % of the
ribosomes in solution. If free KKL-35 is in significant excess of bound KKL-35, it would be hard
to draw conclusions about the binding capabilities of the compound because more KKL-35
would be present in fractions of free compound. This issue was especially true for the dansyl
KKL-35 because even more excess compound had to be used due to its binding capabilities. A
visual representation of the format of these assays as well as the nature of inconclusive results for
an experiment using dansyl-KKL-35 is depicted.
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Figure 6: Depiction of Experimental Set-Up and Analytical Challenges

Figure 6: This schematic is a representation of one of the types binding experiments conducted. In many experiments involving the
fluorescent KKL-35, fluorescence would appear in all fractions. This could have been due to a number of reasons including non –specific
binding, excess compound, or an inability for the filtration device to accurately separate certain molecules based on size.
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Additional techniques to detect KKL-35 included flow injection mass spectrometry; however, ultimately
the most successful way to solve these experimental challenges involved making a new strain of E. coli
that increased the amount of non-stop complexes in the cell.

Creation of Strain Producing Higher Proportions of Non-Stop Complexes

Because it was hypothesized that KKL-35 specifically binds non-stop complexes,
multiple approaches were used to create a strain that produced higher amounts of these stalled
ribosomes. Originally, attempts to make this strain involved deleting vital components of transtranslation and ArfA pathways, and transforming a plasmid that would replace one of the deleted
components. For example, an IPTG inducible plasmid encoding smpB was transformed into a
ΔsmpBΔyhdL E. coli strain. These cells should theoretically not survive unless the genes encoded
in the plasmid are being expressed.
To accumulate non-stop complexes, the cells were eventually depleted of IPTG so that
expression of the smpB gene on the plasmid was no longer being induced. The double deletion
approach, however, was difficult to use because either the plasmid was not able to recover
growth or the cells were able to grow without the presence of IPTG to activate the plasmid.
Reasons the cells could grow without IPTG include leaky expression of plasmid genes, the
possibility that ArfA was not properly deleted from the cell, or the use of inappropriate
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concentrations of IPTG which could have led to the development of mutations that allowed the
cells to grow without induction.
A different approach that avoided these issues proved more successful. Rather than
deleting ribosomal rescue components, a plasmid that simply encoded a non-stop transcript was
produced. This 5.4 kb plasmid encodes an mRNA sequence with an RNAse III cleavage site
before the stop codon, and thus the stop codon is cleaved off prior to translation. Additionally,
when this mRNA is translated, a histidine tag is encoded at the N terminal region of the nascent
polypeptide. This histidine tag chelates to Qiagen Ni-NTA resin. As a result, non-stop complexes
can be purified through incubation with nickel resin.
Figure 7: Expression of Non-Stop Complexes Using Plasmid

Figure 7: Non-stop complexes were produced in larger proportions through the expression of an IPTG inducible
plasmid that encoded an mRNA sequence which was cleaved before the stop codon. When this transcript is translated, the
ribosome will stall. An added benefit of this expressed transcript is that it encodes a histidine sequence that when translated,
would enable the non-stop complex to chelate to NiNTA resin. Therefore, these complexes can be isolated.
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The ability of this plasmid to produce stalled ribosomes that could be purified using
nickel resin was confirmed by culturing cells, expressing the genes on the plasmid, and then
incubating the cell lysate with equilibrated resin. Washes and elutions were collected and run on
SDS-PAGE to detect presence of protein. Most ribosomal proteins are between 10 and 30 KD,
and thus presence of proteins within this range indicate that ribosomal complexes were eluted39.
Molecular weights of protein bands are labeled using the SDS PAGE Ruler Plus ladder as a
reference40.
Figure 8: SDS-PAGE Confirming Elution of His-tagged Non-Stop Complexes

35 KD
25 KD
15 KD

.
Figure 8: SDS-PAGE was used to confirm that non-stop complexes were able to elute from the
nickel resin. Elutions 1 and 2 contain proteins within the size range of most ribosomal proteins and Wash
3 contains notably less protein than the elutions, indicating that ribosomal proteins remained attached to
the resin until intentionally eluted with imidazole.
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Once expression of non-stop complexes was confirmed via SDS-PAGE, the plasmid was
transformed into ΔtolC E. coli so that whole cells containing this plasmid could be treated with
KKL-35 derivatives. The transformation of this plasmid into ΔtolC E. coli was confirmed via
plasmid extraction and gel electrophoresis. The 5, 433 base-pair plasmid was extracted and
digested with restriction enzyme BglII for easier analysis via gel electrophoresis.
Figure 9: Gel Electrophoresis Confirming Transformation of Plasmid

Figure 9: Gel electrophoresis was used to confirm that the His-nsc plasmid was successfully
transformed into ΔtolC E. coli. The plasmid is approximately 5.4 kb
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In vitro and In vivo Assays Using Strain and Click Chemistry

Both in vitro and in vivo assays were conducted using this new strain, called E. coli Hisnsc. Based on the functional groups of KKL-35, its interaction with the target may not involve
tight covalent binding. To ensure that KKL-35 can bind tightly to its target, an azide group
replaced the terminal chlorine atom. This azide group will form a strong covalent bond with
bound proteins in the presence of UV light. Furthermore, to easily detect the presence of KKL35, an alkyne group was attached to the other end of the probe. This alkyne group is able to form
covalent bonds with azide groups in a process called click chemistry.
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Figure 10: Comparison of KKL-35 and KKL-2098

Figure 10: KKL-2098 is a modified form of KKL-35. The chlorine of KKL-35 is replaced by an azide group which can
undergo tight covalent interactions with its binding partners when activated under UV light. The alkyne group of KKL-2098 can
undergo click chemistry and form tight bonds with azide groups when under certain catalytic conditions.

In the in vivo assay, cells were cultured and induced with IPTG and eventually were
treated with 5X MIC concentrations of modified KKL-35 containing an azide and alkyne group.
These cells were pelleted and resuspended in media before being placed under UV light.
Exposure to UV light covalently cross-linked KKL-2098 to its bound proteins. Once target
proteins were cross-linked to KKL-2098, the cells were lysed and underwent click chemistry
reactions with biotin azide. The reactions involved in click chemistry are visualized in Figure
11.
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Figure 11: Click Chemistry of Cross-Linked KKL-2098 to Biotin Azide

Figure 11: KKL-2098 is added to the culture during the exponential phase and eventually it is cross-linked to
bound molecule when under UV light. This cross-linked compound then covalently interacts with biotin azide when
catalyzed by Cu(I). This final compound can be purified via filtration using Neturavidin resin. (Structures provided by
Dr. John Alumasa)

After click chemistry, the KKL-35 probe bound to its target should also be bound to
biotin and this complex can be subsequently purified based on biotin binding to Neutravidin
resin. The proteins eluted off this resin are visualized on SDS-PAGE.
Currently the biotin azide probe is being used in assays. Theoretically, for assays involving the
biotin azide probe, the only proteins that should appear in the elution fractions are those that are
inherently part of the Neutravidin resin, as well as those that are part of the protein complex
bound to KKL-2098.
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Chapter 3
Discussion and Conclusion
Discovery and development of new antibiotics has become increasingly important due to
the highly daunting issue of drug resistant pathogens in clinical settings. In E. coli, the ribosome
rescue pathways of trans-translation and ArfA serve as effective antibiotic targets because they
are vital for cell survival and are only present in bacterial cells. KKL-35 is a promising inhibitor
of trans-translation that was discovered through high-throughput screening. This compound is
able to inhibit bacterial growth of clinically relevant bacterial species at concentrations as low as
0.39 μM.

Even more impressive, resistant mutants against this compound were not produced even
though certain ribosomal rescue components were deleted and the bacteria were consistently
cultured in 0.5X MIC. That neither target-based nor non-target based resistance developed even
when conditions were set to encourage such mutations indicates two important features of this
drug. Firstly, KKL-35 is a powerful antibiotic that may not easily lead to drug resistance in
clinical settings. Additionally, this compound is also likely to target a component of ribosome
rescue pathways that is vital for cell survival and cannot be altered drastically without killing the
cell.

This second hypothesis led to experimentation that was designed to determine whether
KKL-35 binds ribosomes translating non-stop complexes. Both trans-translation and ArfAmediated pathways involve protein interaction with the ribosome. Inhibition of ribosomal
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activity would severely inhibit the growth of E. coli because it would hinder both of these
processes.

A series of different biochemical assays were used to determine binding partners of
KKL-35. These experiments brought on many challenges including finding ways to effectively
detect KKL-35 and determining methods to efficiently purify bound versions of the compound
from other reaction components. KKL-35 had reduced solubility in certain aqueous buffers,
which made running protein binding assays difficult. Additionally, TLC was generally not
sensitive enough to detect the presence of KKL-35 unless the compound was present in high
concentrations. Mass spectrometry methods also did not yield conclusive or quantifiable results.
While several approaches were used to address these experimental issues, the most ideal solution
involved creating a strain of E. coli that produced greater quantities of non-stop complexes.

Bacteria containing plasmids encoding non-stop mRNA transcripts that produced Nterminal histidine tagged polypeptides were used to produce larger amounts of stalled ribosomes.
SDS-PAGE confirmed that non-stop ribosomal complexes were able to be produced from this
plasmid. Cells expressing genes from this plasmid were used in in vivo assays and were treated
with modified KKL-35 that could undergo click chemistry with biotin for better detection.

Click chemistry was a more ideal method to detect and isolate bound derivatives of KKL35 because these compounds would be able to form tight bonds with its target, while
simultaneously engaging in covalent interactions with probes that could improve detection of the
drug. A current challenge with in vivo click chemistry reactions is that often proteins cross
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linked to the azide compounds are in such low concentrations that they are not easily visible on
the acrylamide gel. Current protocols are being modified to address this issue.
Target identification is a vital step that needs to be done for drugs to be approved for use
in humans today, and the research reported in this thesis provides valuable progress in
determining the target of KKL-35. The ability of KKL-35 to eliminate the growth of bacteria at
less than 1 μM concentrations demonstrates this compound’s ability to serve as a future
antimicrobial agent that could help address the issue of drug resistant infections. Because transtranslation plays a vital role in the survival of many bacterial species, the fact that KKL-35
inhibits this process means it has broad spectrum antibiotic capabilities against many other
pathogenic strains beyond E. coli. For example, KKL-35 can be a highly promising drug to treat
gonorrhea because trans-translation is essential in this species and N. gonorrhea has become
resistant to nearly all forms of antibiotics today41. The work to identify the target of this drug is
a significant component of the process to introduce KKL-35 as part of the next generation of
antibiotics.
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Chapter 4
Methods

Minimum Inhibitory Concentration Assays

Starter cultures of ΔtolC E. coli or B. anthracis were cultured at 37 °C overnight.
Cultures were then diluted to an OD600 of 0.001 the following day and were added to 96-well
microtiter plates using sterile technique. The top row of wells had twice the volume of OD 0.001
cultured added to it. An intermediate solution of KKL-35 in DMSO was added to the top row of
microtiter wells containing culture such that the concentration of the inhibitor was 12.5 μM.
Serial two-fold dilutions were done on this microtiter plate so that the bottom row of wells
containing the lowest concentration of inhibitor had approximately 0.09 μM. The plates were
incubated approximately 20-24 hours at 37 °C with occasional shaking and the minimum
concentration at which there was inhibited growth was recorded after incubation.
Chloramphenicol was used as a positive control for comparison. DMSO was used as a negative
control.
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Construction of ΔtolCΔtufBΔyhdL E. coli

To construct ΔyhdL E. coli P1 phage lysate, overnight culture containing ΔyhdL E. coli
was diluted 1:100 into 5 mL of LB broth with 0.2% glucose and 5 mM CaCl2. The culture was
incubated 30 to 45 minutes with shaking at 37 °C. 100 μL of recently prepared P1 vir stock at
109 to 1010 pfu/mL was added and the culture continued incubating with shaking approximately 3
hours until lysis occurred. 500 μL of CHCl3 was added and the culture continued shaking for
several minutes. The solution was then spun at 9200 xg for 10 min at 4 °C. The lysate
supernatant was kept and used in future transductions.

To transduce the yhdL deletion into ΔtufBΔtolC E. coli, 1.5 mL of the recipient
ΔtufBΔtolC E. coli overnight culture was centrifuged at high speed for 2 min at maximum speed
to pellet the cells. The supernatant was discarded and cells were resuspended in 10mM CaCl2,
5mM MgSO4. 100 μLs of the cell suspension were mixed with 1, 10, and 100 μL of P1 lysate
containing the yhdL deletion. 100 μl of cells without lysate was kept aside as a control.
The solution was then incubated for 30 minutes at 37°C. Samples were then mixed with 1 mL of
LB broth and 200 μL of 1M sodium citrate and incubated for 1 hour with aeration. Cells were
then pelleted at maximum speed via ultracentrifugation and were resuspended in 50 to 100 μL of
LB. This resuspension was plated on LB+Kanamycin plates and incubated overnight. Cells that
grew on antibiotic selective plates were confirmed to contain the correct deletions via PCR.
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Method to Isolate Target-Based KKL-35 Resistant Mutants

The ΔtolCΔtufBΔyhdL strain constructed via P1 phage transduction was used in a
culturing technique designed to isolate resistant mutants against KKL-35. MIC assays using this
strain indicated that the triple knockout strain had the same MIC as ΔtolC E. coli. The
ΔtolCΔtufBΔyhdL strain was cultured at 0.5X MIC (0.39 μM) in a culture tube at 37 °C
overnight. This culture was used to inoculate a microtiter well containing 4X MIC (3.1 μM) of
KKL-35 which incubated overnight. Additionally, the 0.5X culture was used to incubate a fresh
culture tube containing fresh 0.5X MIC of KKL-35. This process was cyclically repeated until
mutants were isolated. There were total of 16 rounds of subculturing completed.
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Confirmation of the Presence of His-nsc Plasmid in E. coli strains

His-nsc plasmid was extracted from MG1655 E. coli using the Qiagen Miniprep reagents
and centrifugation protocol42. To linearize the plasmid for more accurate electrophoretic
analysis, plasmid extract was diluted 1:10 in 1X Fast Digest Green Buffer and1:50 Fast Digest
BglII restriction enzyme in aqueous solution. Reactions were incubated for 5 to 10 minutes at
37°C. Digested samples were then run on a 1 or 2 % agarose gel containing 1:10,000 diluted
ethidium bromide. DNA bands were visualized under UV light. The presence of bands around
5.4 kb indicated the presence of the His-nsc plasmid.

Transformation of His-nsc Plasmid into ΔtolC E. coli

Overnight culture of ΔtolC E. coli was diluted 1:100 in LB broth and grown for
approximately 3.5 hours until the OD was approximately 0.8. 1 mL of the culture was pelleted at
4°C and resuspended in 1 mL of ice-chilled water. Cells were pelleted and washed in ice-chilled
water for a total of at least 3 times and then resuspended in 40 μL of water. 1 μL of extracted
plasmid was then added to the resuspended pellet and micropulsed in a UV-sterilized cuvette in
the BioRad Micropulsor for a second. 1mL of chilled LB was immediately added to the cuvette
to resuspend the pulsed cell mixture and the entire solution was subsequently incubated in a
chilled culture tube at 37°C with aeration for 45 minutes. 1 μL and 10 μL aliquots of the
incubated cells were plated onto LB agar and LB+kanamycin selectable agar and incubated
overnight.
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Cells that grew on the LB+kanamycin plates were cultured in LB+kanamycin broth,
underwent plasmid extraction using the Qiagen Miniprep protocol, and were analyzed via gel
electrophoresis as described previously.

Method to Isolate Non-Stop Complexes for in vitro assays

A strain (His-nsc) containing a Kan-selectible, IPTG-inducible PET plasmid encoding a
non-stop transcript producing a his-tagged polypeptide was used to isolate stalled ribosomes.
1 mL of an overnight culture of KCK His-nsc was diluted 1:100 in LB broth containing
30 μg/mL kanamycin. This culture was grown to an OD between 0.3 and 0.4. This starter culture
was then back-diluted into a culture of Terrific Broth containing 30 μg/mL kanamycin and cells
were induced with 1 mM IPTG when the OD was between 0.68 and 0.7. Cells were grown for 1
hour post-induction and harvested by spinning at 8000 rpm in the Sorvall SLA-3000 rotor. Cell
pellets were frozen at -80°C until needed.
Non-stop complexes could be harvested from adding either freshly made crude lysate or
resuspended p100 ribosome pellets to equilibrated NiNTA resin. For both protocols, cells were
resuspended in approximately 1/10 of the original culture volume in Enrichment buffer
containing 0.8 mg/mL lysozyme(50 mM Tris-HCl, 20 mM MgCl2, 2 mM β-ME, 10mM
imidazole, 300 mM NH4Cl)43. Cells were lysed via 3-5 second intervals of sonification on ice
until cell lysate appeared relatively clear. If working with crude lysate, the lysate was spun down
at max speed for 10 min. to pellet cell debris, and immediately added to NiNTA resin
equilibrated in Enrichment Buffer. The resin incubated for at least 1 hour and was subsequently
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spun down at 2,500 rcf x 2 mins to collect flowthrough. Enrichment Buffer was used to wash the
resin pellet 3 times. Ribosomes were eluted by incubating for at least 15 minutes in Enrichment
Buffer containing 250 mM imidazole. Samples were mixed with SDS-PAGE sample buffer and
boiled for 5 minutes before running on a12% acrylamide SDS-PAGE.
For potentially purer elutions, p100 ribosomal pellets were collected and added to the
resin. To do this, lysate was spun at 30,000 xg for 30 mins to pellet cell debris. The supernatant
was then spun at 100,000 xg for 1.5 hours to obtain crude ribosomal pellet. The pellet was
washed 3 times with 1 mL of Buffer A (20 mM Tris-HCl pH 7.5, 300 mM NH4Cl, 10 mM
MgCl2, 0.5mM EDTA, 6 mM β-ME)
The ribosomal pellet was resuspended in approximately 2 to 3 mL of enrichment buffer
and the solution was added to Ni-NTA resin equilibrated in Enrichment buffer. Ribosomes
incubated with the resin overnight at 4°C. To elute non-stop complexes, the incubated resin was
spun at 700 xg for 2 mins to pellet. Resin was washed 3 times with 1 mL of enrichment buffer.
Ribosomes were eluted by incubating resin with elution buffer (enrichment buffer containing 250
mM imidazole) for at least 20 minutes. Elutions were collected by centrifuging resin at 1000 xg
for 3 minutes.
All buffers and elutions were stored at 4°C. A260 values were used to measure the RNA
concentration.

In vivo Assay Using His-nsc ΔtolC E. coli

His-nsc ΔtolC E. coli was cultured overnight in 30 μg/mL kanamycin. Overnight cultures
were diluted to an OD 0.02 in 50 mLs of LB. Two of these cultures were set up so that one could
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be treated with KKL-2098 and the other could serve as an untreated control. Cultures were
grown at 37 °C to an OD of 0.4 and then induced with 1 mM IPTG. Cells were then incubated
for an additional 30 minutes, after which 1.5 μM KKL-2098 was added to the treatment group.
Cells were then grown for an additional hour and harvested via centrifugation at 4000 rpm x 5
minutes at 4 °C. Cells were then resuspended in 2 to 5 mLs of LB broth and split into 100 μL
aliquots in a 96 well plate. Cells were cross-linked under UV light at 254 nm for 10 minutes and
frozen at -80 °C.
On day of lysis and click chemistry, cells were thawed on ice and spun at maximum
speed for 10 mins at 4 °C. Supernatant was discarded and cells were resuspended in 100 mM
Na3PO4, 100 mM NaCl, and 0.1% SDS. Cells were incubated at 95°C for 5 min. and spun at
maximum speed for 10 minutes room temperature. Clarified lysate was transferred to new tube
and was re-spun at maximum speed for 10 minutes. Lysate was then used in click chemistry.

Click Chemistry Protocol for In vivo Assay

1/3 final volume of acetonitrile was mixed with 1 mM biotin azide and this mixture was
added to lysate, 200 μM CuSO4, and 1mM THPTA. 30 μL of hydrazine was added to a final
reaction volume of 600 μL. Samples were incubated in the dark for an hour and subsequently
chilled in 900 μL of ice cold acetone at -20°C for 10 minutes. Samples were then spun at max
speed for 10 minutes to pellet protein and the protein was resuspended in binding buffer
containing 100 mM Na3PO4, 100 mM NaCl, 0.1% SDS, and 2 mM β-ME. Protein was vortexed
and heated at 95 °C to resuspend in buffer.
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Neutravidin agarose resin was equilibrated in binding buffer and incubated with the
protein for 1 hour. Samples were then spun at 1000 rpm for 1 minute to collect supernatant and
the incubated resin was resuspended gently in 1 mL of binding buffer before being added to a
filtration column. Three 1 mL washes of binding buffer were collected before resuspending the
buffer within the column in about 1.2 total mLs of binding buffer and transferring to an
Eppendorf tube. Samples were then spun down at 1000 rpm x 1 min. The supernatant was
collected and the pelleted resin was resuspended in minimal binding buffer and 2X Laemelli
SDS sample buffer.
Samples were boiled for 5 minutes and run on 15% SDS PAGE. Gels were stained in
Coomassie blue and destained in 50% water, 40% MeOH, 10% acetic acid solution.
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