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ABSTRACT
The emergence and spread of antibiotic resistance throughout a wide range of bacterial
pathogens is causing a serious global health crisis – there is high demand for new antibiotics
effective against these resistant pathogens. Here, a cell-based high-throughput assay is developed
and utilized to identify inhibitors of σE and Hfq. σE is an alternative transcription factor that
mediates the σE envelope stress response, which senses damage to the cell envelope and directs
expression of genes important in combating envelope stress. The pathway is critical for the
virulence or viability of many bacterial pathogens, making it a good candidate for a target-based
screen to identify novel antibiotics. Hfq facilitates the pairing of sRNAs with their cognate
mRNAs and plays a key role in the σE pathway, as well as many other bacterial pathways
important for virulence. σE inhibitors isolated from this assay are shown to kill E. coli, and Hfq
inhibitors are biochemically shown to inhibit Hfq binding to RNA in-vitro. Beside their potential
as future antibiotics, inhibitors will be useful tools to probe and study the fundamental biology of
σE and Hfq.
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Chapter 1
Introduction

1.1 – Antibiotic resistance

1.1.1 – Antibiotic resistance: a public health crisis
The discovery of antibiotics has been one of the most significant medical achievements in
history, offering treatment for a huge breadth of diseases. However, the efficacy of most
antibiotics is becoming negated by the development and spread of antibiotic resistance, which is
causing a public health crisis. Alarmingly, many bacteria are becoming resistant to multiple
antibiotics, and some are resistant to nearly every antibiotic used to treat them. Serious threats
include multidrug-resistant Acinetobacter, multidrug-resistant Pseudomonas aeruginosa,
methicillin-resistant Staphylococcus aureus (MRSA), drug-resistant tuberculosis, and in
particular carbapenem-resistant Enterobacteriaceae (CRE), which includes species such as
Salmonella, Escherichia coli, Yersinia pestis, Klebsiella, and Shigella (18).
Each year in the United States, 2 million people are seriously infected with drug-resistant
bacteria, and 23,000 people die as a result (18). The more complicated treatment of these drugresistant bacteria is estimated to directly cost the U.S. $20 billion annually, with another $35
billion in societal costs (18). Although these numbers are concerning, the real concern is where
these numbers will be a few years from now as resistance continues to surge while few new
antibiotics sit on the horizon.

1.1.2 – History of antibiotic discovery and development
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Most of the classes of antibiotics in clinical use today were discovered in the 1950s, often
referred to as the golden age of antibiotic discovery (124). These antibiotics were all natural
products produced by bacteria and fungi, which secreted the compounds to kill nearby
competitor bacteria. These compounds include the well-known penicillin, streptomycin, and
chloramphenicol. This platform for antibiotic discovery, which involved screening soil bacteria
for antibacterial activity, eventually collapsed due to diminishing returns.
The next few decades of research focused on chemically altering existing antibiotics in an
attempt to improve their pharmacology and overcome emerging resistance (124). Although this
led to some important antibiotics, their similar chemical scaffolds often allowed cross-resistance
to quickly develop (8). More recent decades have focused on target-based screens using large
libraries of synthetic small molecule compounds, which have also been moderately successful.
The difficulty and high failure rate of antibiotic development has driven pharmaceutical
companies away, especially given the relatively poor potential profit margins compared to
developing drugs to treat chronic conditions (124).
Efforts towards antibiotic development have certainly been dwindling, however are
beginning to pick up again given the grave public health crisis. Current approaches involve
reverting back to searching for antibiotics in the environment, but with new technological twists
to overcome the difficulty that only 1% of soil bacteria are culturable in the lab. For example,
metagenomics is used to bypass the need for culturing the bacteria, and instead sequences the
genes present in the entire bacterial population (108, 117). Another innovative method involves
the iChip, which allows bacteria to be grown in pure culture directly in the soil, which can then
be analyzed in the lab (62). These methods have produced some promising compounds, but they

3

have yet to make it to the clinic. Indeed, only 8% of compounds that are identified in screening
efforts end up in the clinic due to failure to show efficacy in animal models, non-ideal
pharmacokinetics, or toxicity issues (113).

1.1.3 – Molecular basis for antibiotic resistance and its spread
Evolution is a powerful force, and has driven the development of a wide range of
mechanisms bacteria use to evade antibiotics (12). Most antibiotics act by binding tightly to a
specific target in the bacterial cell such as DNA gyrase or RNA polymerase, and preventing the
target from carrying out its normal function, which is required for cell viability (12). Sometimes
a point mutation in the gene encoding an antibiotic target can prevent antibiotic binding while
still allowing the protein to function properly (12). These bacteria will survive the antibiotic
treatment and proliferate (12).
Bacteria are able to up-regulate expression of multidrug resistance efflux pumps, which
can efflux antibiotics from the cell, and are often effective on a broad range of antibiotics (12).
Gram-negative bacteria are notorious for this, particularly because their outer-membrane already
provides a barrier to antibiotics, and when combined with up-regulated efflux pumps, forms a
highly effective barrier to antibiotics (12).
Antibiotic targets can be modified to protect them from antibiotics. For example, the qnr
gene encodes a pentapeptide repeat protein, which binds DNA gyrase and protects it from
binding and inhibition from the quinolones (12).
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Antibiotics can also be directly modified, resulting in their inactivation. The β-lactamases
are a well-known example of this, which hydrolyze β-lactam antibiotics, including penicillins,
cephalosporins, and carbapenems (12).
There are many variations on the above mechanisms, which ultimately provide bacteria
with resistance mechanisms to every antibiotic in clinical use. Once a resistant mechanism
develops in one bacterium, the genes providing the resistance can be transferred and shared
between bacterial species by multiple mechanisms (32). Two bacteria can directly interact
through conjugation and transfer a copy of the resistance plasmid. Plasmids in the environment
can also be taken up by transformation. Phage can also transfer resistance genes between
bacteria.
Although antibiotic resistance can arise de novo through gene mutation, there has been a
great realization about the impact of what has been termed the resistome (124). The resistome is
simply a collection of all the resistance genes in pathogenic and non-pathogenic bacteria, and
importantly includes resistance genes found in the environment. It is now well known that
antibiotic resistance pre-dates human use of antibiotics – in fact, genes conferring resistance to β
-lactams, tetracyclin, and glycopeptides were found in a 30,000 year old permafrost sediment

(27). It is well appreciated that the environment serves as a huge reservoir of antibiotic resistance
genes, which may quickly spread into pathogenic bacteria upon antibiotic pressure in the clinic.

1.1.4 – A new way forward: virulence inhibitors
Conventional antibiotics work by directly killing the bacteria. This imposes a very strong
pressure for selection of resistant mutants, and has led to the current challenge of ubiquitous

antibiotic resistance and many antibiotics that are not clinically useful. In general, the antibiotic
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development field is still pressing forward with the development of conventional antibiotics with
plans to use them more sparingly and responsibly, for example, not to use them in animal feed
(which is still being done), or prescribe them for viral infections (18).
Another strategy that has gained a lot of traction is the development of virulence
inhibitors, which target functions essential to bacterial infection and bacterial-induced host
damage (7, 26). Virulence inhibitors are predicted to exert less selective pressure for an
ultimately complex reason that is context dependent – for a quality review please see reference 7.
Essentially, if the virulence factor is only causing host damage and not increasing pathogen
fitness, inhibiting this virulence factor will have no selective pressure while still ‘disarming’ the
pathogen and allowing your immune system to take care of the bacteria, much like a live,
attenuated vaccine. In practice, virulence factors often confer a fitness benefit, however these are
often only in local, specific environments or under certain conditions. Therefore, although there
will be some selective pressure, there will be less.
Virulence inhibitors have the added benefit of not killing all your commensal gut
bacteria, which can complicate infection. Clostridium difficile is a well-known opportunistic
pathogen that colonizes the gut after commensal bacteria have been killed by antibiotics (18).
Virulence inhibitors have been developed that target bacterial toxins, adhesion, quorum
sensing, and type II, III, and IV secretion systems (7). There are currently virulence inhibitors
getting positive results in clinical trials (64, 65).

1.2 – The σE envelope stress response
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The σE envelope stress response is important for the virulence and viability of many
important bacterial pathogens, as will be discussed below. Inhibitors of this pathway could serve
as either a conventional antibiotic, or a virulence inhibitor, and help bolster the antibiotic arsenal,
which has been dwindling due to rising antibiotic resistance.

1.2.1 – The bacterial cell envelope
The bacterial cell envelope is a complex and dynamic structure that is responsible for
many important physiological roles (99). The envelope must form a robust barrier against a wide
variety of environmental insults while still allowing for selective entry of nutrients into the cell
and waste products out. Unlike eukaryotic cells, bacteria lack membrane enclosed organelles and
therefore rely on the cell envelope as the site of energy production via oxidative phosphorylation,
as wells as lipid biosynthesis and protein translocation (99).
All bacteria fall into two broad categories based on their overall cell envelope
architecture. Gram-positive bacteria contain an inner-membrane, similar to that of a eukaryotic
cell, but are also surrounded by a thick layer of peptidoglycan (30 – 100 nm). Peptidoglycan is a
rigid polymer composed of disaccharide repeats of N-acetyl-glucosamine and N-acetyl-muramic
acid, which are cross-linked by short peptide chains. This layer confers shape to the cell and
prevents lysis from changes in osmolarity differences between the cytoplasm and environment.
Gram-negative only have a thin layer of peptidoglycan, but it is sandwiched between an innermembrane and an outer-membrane (99). This introduction will focus on gram-negative bacteria,
because they are the target of our drug discovery efforts.
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The periplasm, which is the space between the outer- and inner-membranes, is more
similar to the extracellular environment than the cytoplasm due to the abundance of porins in the
outer-membrane (99). These β-barrel proteins form trimers and allow the passage of molecules
smaller than 700 Daltons. While the cytoplasm is an ATP-rich reducing environment, the
periplasm is an oxidizing environment that lacks ATP, and is relatively crowded compared to the
cytoplasm (83). The outer-leaflet of the outer-membrane is covered in lipopolysaccharide (LPS),
which is primarily responsible for the barrier quality of the outer-membrane, and helps to
exclude many antibiotics (92, 91).

1.2.2 – Envelope stress responses
The bacterial cell envelope is both critical for many important cellular functions and is
the most vulnerable to damage by the surrounding environment, especially when that
environment is the aggressively hostile interior of a host. This has driven the evolution of
envelope stress responses (ESRs) in gram-negative pathogens that can sense and alleviate
envelope stress. The major ESRs are the two-component CpxAR pathway, the phage-shockprotein response, the Rcs phosphorelay, and the σE pathway (81, 88, 90).
The CpxAR pathway responds to stress caused by cell adhesion, alkaline pH, and
misfolded pili proteins (84, 82). The transmembrane kinase CpxA senses the stress and
phosphorylates the transcription factor CpxR, which directs transcription of genes to combat the
stress (88). The phage-shock-protein response is primarily responsible for correcting
perturbations in the proton-motive force across the inner-membrane, and the Rcs phosphorelay
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responds to stress to the peptidoglycan layer (55, 59). The σE pathway will be discussed in detail
below.

1.2.3 – Overview of the σE cell envelope stress response
The σ subunit of the bacterial RNA polymerase (RNAP) holoenzyme is responsible for
recognizing and binding DNA promoters and initiating strand separation (41). Under normal
growth conditions, σ70 directs RNAP to a broad subset of genes required for cell growth and
maintenance (41). However, under certain environmental or physiological cues, alternative σ
factors replace σ70 and direct RNAP to a different regulon appropriate for returning the cell to
homeostasis (41). For example, σ32 is activated under heat-shock, and directs transcription of a
large number of chaperones and proteases to reduce the amount of misfolded proteins (44, 75).
σE, the gene product of rpoE, is activated in response to envelope stress, and the
mechanisms of its regulation are the best characterized of all the envelope stress response
pathways (Figure 1) (88, 2, 1, 5). Under normal growth conditions, σE is sequestered at the innermembrane by its transmembrane anti-sigma-factor RseA, whose periplasmic domain is bound by
RseB (16, 4, 3, 33). Under conditions of envelope stress, the transmembrane proteases DegS and
RseP, and the cytoplasmic protease ClpXP, act sequentially to degrade RseA and release σE,
which shifts the transcriptome towards envelope rescue (2, 6).
The σE pathway recognizes envelope stress through two signals, both of which must be
present for activation of the proteolytic cascade (61). DegS must be activated by binding the Cterminal YxF peptide exposed in misfolded porin OmpC, and the RseA cleavage blocker, RseB,
must be inhibited by binding lipopolysaccharide (LPS) (61, 19, 20, 58, 103, 119, 123, 110). The
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presence of both high levels of LPS in the periplasm, and misfolded OmpC, is highly suggestive
of a more systemic envelope malfunction (2, 61). Indeed, σE is activated under conditions of heat
or cold shock, oxidative stress, ethanol or detergent exposure, osmotic stress, stationary phase,
carbon starvation, or biofilm formation.
σE attempts to restore envelope health by increasing transcription of periplasmic
chaperones and proteases, LPS transport machinery, and outer-membrane biosynthesis proteins
(86, 30). It also directs transcription of three sRNAs, RybB, MicF, and MicL, which bind and
target specific mRNAs for degradation, such as OmpC mRNA, which is thought to help prevent
the buildup of misfolded proteins (54, 45).

1.2.4 – The σE pathway as a drug target
The σE pathway is a promising target for drug discovery because it is essential for the
survival and virulence of many bacterial pathogens (88, 81). Loss of σE function is fatal to two
bacteria, Escherichia coli and Yersinia enterocolitica, however suppressor mutations frequently
arise and allow the cells to maintain viability (48, 34, 47).
σE is important in the virulence and pathogenicity of many bacterial pathogens. Vibrio
cholerae ΔrpoE mutants have severe defects in intestinal survival, and are unable to kill infant
mice (56). Salmonella enterica serovar Typhimurium ΔrpoE mutants have multiple virulence
defects including defective survival within macrophages, sensitivity to antimicrobial peptides,
inability to proliferate in the liver and spleen, vulnerability to oxidative stress, and ultimately
have highly attenuated survival in mice (50, 112, 89, 29). Haemophilius influenza, which causes
a wide variety of respiratory tract infections such as bronchitis, sinusitis, and pneumonia,
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requires σE activity to survive in macrophages (28). Extraintestinal Escherichia coli, which
causes meningitis, sepsis, and urinary tract infections, requires rpoE for virulence, and AdherentInvasive Escherichia coli, which is thought to have a role in Crohn’s disease, requires rpoE for
biofilm formation (85, 22). Pseudomonas aeruginosa requires its rpoE homolog, AlgU, for
mucus production, which is the principle factor in establishing lung infection in patients with
cystic fibrosis (66, 67). ΔrpoE Klebsiella pneumoniae is unable to kill mice (25).

1.3 – Hfq: the hub of bacterial sRNA-based gene regulation

1.3.1 – The role and structure of Hfq
Research in the past decade has revealed a complex network of small RNAs (sRNAs)
capable of regulating gene expression in bacteria (122, 116). These sRNAs have a wide range of
mechanisms that allow them to positively or negatively affect the translation and stability of
mRNA transcripts, ultimately influencing many aspects of physiology including virulence and
fitness (122, 21). The RNA-binding protein Hfq mediates the pairing of sRNAs with their
cognate mRNAs and is considered the central hub of sRNA-based gene regulation (118, 93, 107,
14, 35).
There are several general mechanisms by which sRNAs regulate mRNAs via Hfq.
sRNAs may bind and occlude the ribosomal binding site on the mRNA, preventing its translation
into a functional protein, or conversely, sRNAs may bind an mRNA and change its secondary
structure to reveal its ribosomal binding site and promote translation initiation (118, 106, 13).
Hfq can also present the sRNA-mRNA complex to RNase E and the degradosome for cleavage
and subsequent degradation, or it can protect sRNAs from ribonuclease cleavage (11, 52, 68).
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The process carried out is dependent on the sequence and structure of the sRNA and mRNA
(118).
In facilitating these sRNA-mRNA interactions, Hfq is thought to act similarly to a
conventional enzyme (118). It brings the sRNA and mRNA into close proximity and helps to
reduce the energy of the transition state by influencing the RNA’s orientation and secondary
structures (118).
Although we have multiple high-resolution crystal structures of Hfq bound to various
RNAs, the heterogeneity of its sRNA and mRNA binding partners has made it difficult to define
binding sites and construct a precise mechanism of Hfq-mediated sRNA-mRNA binding,
although much recent progress has been made (94, 63, 96, 74, 49, 104). Hfq is a member of the
large family of Sm and Sm-like (LSm) RNA-binding proteins, which includes central
components of the Eukaryotic mRNA-splicing machinery, RNA-capping proteins, and
chaperones of ribosomal RNAs (118, 71, 126). Hfq forms a hexameric ring composed of
homomers with an α–β1–5 fold, which contain ~65 residues (118). The amino-terminal alphahelices are exposed on the ‘proximal face’ of the ring, which is opposite of the ‘distal face’
(118). Mutagenesis experiments and crystal structures have established that the proximal face
prefers U-rich RNA 3’ ends, while the distal face prefers A-rich sequences, specifically with an
ARN motif (where R is a purine and N is any nucleic acid) (63, 70, 109).
The binding of sRNAs to Hfq is probably best understood. There are two main families
of sRNAs: trans-encoded, which make short, imperfect base-pair interactions with mRNA and
are transcribed far away from the mRNA they regulate, and antisense (or cis-encoded), which
make long, perfect matches with their complementary RNA since they are transcribed from the
DNA stand opposite of their target mRNA (122). Hfq is only involved in pairing trans-encoded
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sRNAs with mRNAs (122). Trans-encoded sRNAs are highly variable in structure and range in
length from 50 to 250 nucleotides (122). Their conserved features include a 3’ terminal stemloop structure followed by a short poly(U) stretch as a consequence of their intrinsic, rhoindependent transcription termination, as well as a 5’ end ‘seed’ sequence of 6-7 nucleic acids
that are responsible for cognate mRNA binding (122, 78, 10). Since the stem-loop and poly(U)
tail is the only conserved structure between trans-encoded sRNAs, it was quickly hypothesized
as the motif responsible for Hfq binding. Deep sequencing of RNAs bound to purified Hfq
supports this hypothesis; RNAs were enriched for those that had accessible and unmodified
stem-loops and poly(U) 3’ ends (127, 121, 101). This data also offers an explanation of how Hfq
discriminates its target sRNAs from the large pool of undesired RNAs that also utilize rhoindependent termination; undesired RNAs either have processed 3’ ends or poly(U) ends basepaired with upstream sequences (93). Although direct 3’ end binding by Hfq has only been
demonstrated for a few sRNAs (RybB, SgrS, and RyhB), considering all the current data, the
proximal surface of Hfq is thought to primarily function as an anchor for this conserved 3’ end of
its target sRNAs (76, 94, 53).
The interaction between mRNA and Hfq is thought to take place on the distal surface of
Hfq, since the ARN motif is present in many of its mRNA targets (79). Each Hfq monomer is
able to support three nucleotides, allowing the hexamer to cover a sequence of up to 18
nucleotides.
Up until recently, there was some data that could not be fully reconciled with this binding
model, such as the presence of internal U/A-rich sRNA sequences that were sufficient for Hfq
binding (10). Excitingly, a third RNA-binding surface has emerged: the lateral rim (95). These
six lateral binding sites have been shown to bind these internal sRNA sequences, as well as some
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mRNA sequences, and is thought to help position the 5’ seed sequence of the sRNA for fruitful
interactions with its cognate mRNA (77, 79).
When considering the tie between Hfq structure and function, it is important to consider
that RNAs have been shown to be in constant competition for Hfq; an increase in expression of
any Hfq-dependent sRNA or mRNA will reduce the successful interactions of other sRNAmRNA pairs (51). Despite constant Hfq saturation, sRNAs are able to exert their regulatory
affects within minutes, which suggests a rapid cycling of RNAs on and off Hfq (42, 60). This
corroborated model suggests an important purpose of the repetitive nature of the Hfq hexamers;
they allow for a step-wise exchange of RNAs where one RNA can easily enter and displace
another (77).

1.3.2 – Hfq as a drug target
Hfq is a promising target for drug discovery because it is essential for the virulence of
many gram-negative bacterial pathogens (21). Hfq mutants of the pathogens Brucella abortus,
Salmonella spp., Klebsiella pneumoniae, and Vibrio cholerae show highly attenuated virulence
in mice (102, 37, 25, 87). Uropathogenic E. coli, F. tularensis, N. meningitidis, P. aeruginosa, P.
mirabilis, and Y. pestis Hfq mutants also show reduced virulence in mouse or rat models (40, 43,
57, 105, 69, 120).
The biological reason for loss of virulence has significant variation from species to
species, but includes defects in host cell invasion, motility, biofilm formation, exotoxin
production, iron homeostasis, and quorum sensing (21). Hfq mutants have also been shown to be
more susceptible to antibiotics and antimicrobial peptides (125, 46, 72). In most cases Hfq
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mutants have pleiotropic phenotypes because of the central role of Hfq in gene regulation (21,

114). For example, in Salmonella spp. Hfq regulates at least 20% of all genes, and Hfq mutants
show defects in host cell invasion, motility, central metabolism, LPS biosynthesis, twocomponent regulatory systems, fatty acid metabolism, and type 3 secretion system function (21,
102, 9).

1.4 – Screening strategy

1.4.1 – Overview of screen design
This cell-based high-throughput screen is designed to select for compounds that inhibit
either σE -dependent transcription, or Hfq-mediated sRNA-mRNA pairing (Figure 2) (39). It is
logical to design a screen involving both σE and Hfq because in vivo the pathways are connected
through the σE -dependent transcription of the regulatory sRNAs RybB, MicF, and MicL, which
require Hfq for proper binding and subsequent directed degradation of target mRNA (54, 45).
Having the capability to simultaneously identify inhibitors of two key pathways potentially
increases the diversity of our identified compounds and increases our chance of ultimately
developing a successful antibiotic.
This screen couples the joint activity of σE and Hfq to a fluorescent or luminescent
readout (Figure 2). E. coli MG1655 were transformed with 1) a pTrc plasmid containing both
rpoE under the control of an isopropyl-β-D-1-thiogalactopyranoside (IPTG) inducible promoter,
and the rybB gene under control of its native σE -dependent promoter and 2) a pSB4K5tet
plasmid containing either yfp or luciferase tagged with the ompC region responsible for RybB
and Hfq binding, which is under the control of an anhydrotetracycline (AHT) inducible
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promoter. When the cells are grown in the presence of IPTG and AHT, σE is highly expressed
and directs the transcription of RybB sRNA, which binds the ompC’-yfp/luciferase mRNA with
the help of Hfq and directs it for degradation; these cells will have low fluorescence or
luminescence. When exposed to a compound that inhibits σE -dependent transcription, or Hfqmediated sRNA-mRNA pairing, the ompC’-yfp/luciferase mRNA will accumulate and be
translated into functional protein; these cells will have high fluorescence or luminescence.
Having a gain of fluorescence/luminescence, rather than a reduction, indicate a positive
hit, is an especially powerful strategy since it avoids selecting false positive hits that arise from a
global reduction in the translation of protein or some other general decrease in cell health.
Although these undesired inhibitors would be negatively affecting the cells, their targets are
usually shared between bacteria and eukaryotes and would therefore make a poor antibiotic.
In addition to the two plasmids, the screening strain contains a chromosomal knock-out
of the ydcQ gene, allowing the cells to survive without σE activity, which is otherwise lethal to E.
coli. The function of ydcQ and its role in the suppression of ΔrpoE lethality is not well

understood (15). The suppression of ΔrpoE lethality is desirable in our assay since otherwise a

reduction in cell viability will lead to a reduction in fluorescence/luminescence and obscure
positive hits.

1.4.2 – Secondary screens
Secondary screens were performed to distinguish between inhibitors of σE-dependent
transcription and inhibitors of Hfq-mediated sRNA-mRNA binding (39). To distinguish σE
inhibitors, σE was constitutively over-expressed in cells containing a fluorescent or luminescent
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reporter under control of a σE-dependent promoter (39). Inhibitors of σE -dependent transcription
led to a decrease in fluorescence or luminescence. To distinguish Hfq inhibitors, RybB and
ompC’-luciferase were over-expressed from σ70-dependent promoters, and inhibitors of Hfqmediated sRNA-mRNA binding led to an increase in luminescence.

1.4.3 – Cyclic peptide library
In contrast to conventional combinatorial chemistry methods for producing a large library
of small molecules, the split-intein circular ligation of peptides and proteins (SICLOPPS)
method allows for the cheap, fast, and easy creation of a highly complex library of cyclic
peptides (97, 111). The SICLOPPS library of plasmids can be transformed into cells, and upon
induction with arabinose, cyclic peptides are generated intracellularly, and those that inhibit the
pathway of interest can be screened for. This library has been successfully implemented by other
groups to identify inhibitors of the ClpXP protease and dam methyltransferase, and here we use
it to validate our screening assay (73, 23).
A PCR-based technique is used to create a library of plasmids that contain an arabinose
inducible promoter controlling the expression of a protein with constant C- and N-terminal
sequences flanking a series of five random amino acids. After translation, the conserved flanking
sequences catalyze an auto-cyclization reaction via split-intein chemistry, releasing a cyclic
peptide of sequence SGWXXXXX, where X is any amino acid. The cyclization of the peptides is
an important feature since it allows them to be highly resistant to proteolysis.
Besides simplifying creation of the library itself, the SICLOPPS library also simplifies
the screen design; after transforming the SICLOPPS library into the population of bacteria, each
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cell will contain a single cyclic peptide structure; this allows us to utilize FACS to select the cells
with an inhibitory cyclic peptide via their high fluorescence. This excludes the requirement for

segregating cells via hundreds or thousands of microtiter-plates prior to compound exposure,
which requires state-of-the-art screening facilities capable of rapidly reading hundreds of
thousands of wells.

1.5 – Significance of project
The development and spread of antibiotic resistance has severely limited the clinical
usefulness of many of our antibiotics, and is causing a serious public health crisis. Virulence
inhibitors may be a novel way to slow the spread of resistance while still effectively treating
infections. σE and Hfq are critical for the virulence or viability of many bacterial pathogens,
making them good candidates for a target-based screen to identify novel antibiotics. Our cellbased high-throughput screen provides a platform for isolating inhibitors of σE and Hfq, which
may be used as lead compounds in the development of a novel antibiotic.
This thesis has three major stages. First, a fluorescence readout (YFP) is used to screen a
library of cyclic peptides using FACS to select positive hits. This is primarily a proof-of-concept
screen to validate the assay; cyclic peptides are unlikely candidates for a novel antibiotic, but
they are cheap, easy to produce, and can very quickly be screened using FACS. Second, the
assay is adapted to a microtiter-plate-format utilizing a luciferase-based luminescent readout; this
luminescence system was shown to be more robust and desirable for high-throughput screening.
Third, small-molecules isolated by GlaxoSmithKline using their well-equipped high-throughput
facilities are characterized biochemically with fluorescence anisotropy and in-vivo with MIC
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killing assays; this is to help confirm and further explore their mechanism of action as well as

inform selection of the best inhibitors. Besides their potential as antibiotics, inhibitors will also
be useful tools to probe and study the fundamental biology of σE and Hfq.
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Figure 1: The σE envelope stress response pathway.
(a) Under normal growth conditions, σE is sequestered at the inner-membrane by its
transmembrane anti-sigma-factor RseA, whose periplasmic domain is bound by RseB. (b) Under
conditions of envelope stress, the transmembrane proteases DegS and RseP, and the cytoplasmic
protease ClpXP, act sequentially to degrade RseA and release σE, which shifts the transcriptome
towards envelope rescue. The σE pathway recognizes envelope stress through two signals: DegS
must be activated by binding the C-terminal YxF peptide exposed in misfolded porin OmpC, and
the RseA cleavage blocker, RseB, must be inhibited by binding lipopolysaccharide.
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Figure 2: Design of cell-based high-throughput screen.
(a) When the cells are grown in the presence of IPTG and AHT, σE is highly expressed and
directs the transcription of RybB sRNA, which binds the ompC’-yfp/luciferase mRNA with the
help of Hfq and directs it for degradation; these cells will have low fluorescence or
luminescence. (b) When exposed to a compound that inhibits σE -dependent transcription, or
Hfq-mediated sRNA-mRNA pairing, the ompC’-yfp/luciferase mRNA will accumulate and be
translated into functional protein; these cells will have high fluorescence or luminescence and be
selected as positive hits
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Chapter 2
Materials and Methods

2.1 – Materials
All media were standard. LB medium consisted of 10 g/L tryptone, 5 g/L yeast extract,
and 5g/L NaCl.

2.2 – Strains
Strain
SEA170

Description
Primary Luciferase Screening Strain

SEA171

Control Luciferase Strain

6822
6823

Control YFP Strain
Primary YFP Screening Strain

6917
6915
CAG45113
Table 1: Strains

Genotype
E. coli, MG1655, ∆ydcQ, pTrcrpoE-rybB,
pSB4K5tetompC’-luc-1
E. coli, MG1655, ΔydcQ, pTrc99a,
pSB4K5tetompC’-luc-1
BW27706 ΔydcQ pOmpC-yfp ptrc99a
BW27786, ΔydcQ, pOmpC-yfp,
ptrc-rpoE-rybB
∆TolC
45129 IMP
WT MG1655

2.3 – Purification of bacterial plasmids
E. coli containing the plasmid of interest was inoculated in 3 ml of LB and grown for 1618h in a roller drum at 37°C. Bacteria were pelleted at 8,000rpm for 1min in an eppendorf
5415D centrifuge and resuspended in 250 μl buffer P1 (50 mM Tris pH 8.0, 10mM EDTA, 100
μg/ml RNaseA). Cells were lysed by adding 250 μl buffer P2 (200 mM NaOH, 1% SDS). To
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precipitate SDS, 350 μl buffer N3 (4.2 M guanidine-HCl, 0.9 M potassium acetate, pH 4.8) was

added. Debris was pelleted at 13,000 rpm for 10 min. The supernatant was applied to a QIAprep
spin column, centrifuged for 1 min, and the flow-through was discarded. The column was
washed by adding 0.75 ml buffer PE (10 mM Tris pH 7.5, 80% ethanol) and centrifuging for 1
min. Flow-through was discarded, and the column was centrifuged again to remove residual
ethanol. 50 μl buffer EB (10 mM Tris, pH 8.5) was added to the column to elute the DNA for 1
min, and then centrifuged for 1min.

2.4 – Making bacterial cells chemically competent
E. coli was inoculated in 3ml of LB and grown for 16-18 hr in a roller drum at 37°C. The
culture was diluted 1:50 in 5 ml LB and grown to an OD of 0.6. The culture was cooled on ice
and spun at 3,500 rpm for 10 min at 4°C using a Beckman C1015 conical rotor in a Beckman
Allegra 21R centrifuge. The supernatant was discarded and the cell pellet was resuspended in
500 μl of cold TSS buffer (10% polyethylene glycol, 10% glycerol, 20 mM MgCl2, added to
LB). May be stored at -80°C before use, but will decrease transformation efficiency.

2.5 – Heat-shock transformation of chemically competent cells
DNA (10pg to 100ng) was added to 200 μl chemically competent cells and incubated on
ice for 30 min. Cells were heat-shocked at 42°C for 45 sec and returned to ice for 5 min. 1 ml LB
was added and cells were grown for 1 hr at 37°C in a roller drum. Cells were pelleted and all but
100 μl of the supernatant was discarded. Cells were resuspended in this 100 μl, plated on
antibiotic-containing media to select for transformants, and grown for 16 hr.

2.6 – FACS-based high-throughput assay
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2.6.1 – Making electrocompetent cells
The E. coli screening strain 6823 was inoculated in 3 ml of LB with 30 μg/ml kanamycin
and 100 μg/ml ampicillin and grown overnight in a roller drum at 30°C. The culture was diluted
to an OD of 0.0025 in 50 ml of LB with 30 μg/ml kanamycin and 100 μg/ml ampicillin and
grown to an OD of 0.6 at 30°C shaking. Cells were pelleted at 5,500 g for 15 min at 4°C in a
Sorvall RC 5C plus centrifuge using a Sorvall SS-34 rotor. Cells were resuspended in 50 ml icecold sterile H2O, pelleted again, resuspended in 25ml ice-cold sterile H2O, and transferred to 15
ml conical tubes. Cells were pelleted at 8,000 g for 20 min at 4°C in a Beckman Coulter Allegra
21R centrifuge using a Beckman C1015 rotor. Cells were resuspended in 1ml ice-cold 10%
glycerol, pelleted again, and resuspended in 100 μl 10% ice-cold glycerol.

2.6.2 – Electroporation
Electrocompetant cells (40 μl) were mixed with 1.2 μl SGWX5 library DNA (64ng/ml)
and left on ice for 20min. A negative control with no DNA was also used. Cells were shocked
with an electric pulse from a Bio-Rad MicroPulser and 1ml LB was immediately added. Cells
recovered for 1 hr at 30°C in a roller drum. Cells were diluted to 5 ml and 200 μl plated on each
of ten 150 mm plates containing 30 μg/ml kanamycin, 100 μg/ml ampicillin, and 20 μg/ml
chloramphenicol. Plates were grown at 30°C overnight.

2.6.3 – Growing and inducing strains and performing FACS sort
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Cells were scraped off plates into a final volume of 24 ml LB. 400 μl was used to
inoculate 100 ml LB containing 30 μg/ml kanamycin, 100 μg/ml ampicillin, 20 μg/ml
chloramphenicol, and 0.0002% arabinose (to induce expression of cyclic peptides), which was
grown shaking at 30°C overnight. Control strains 6822 and 6823 were grown in 3 ml LB
containing 30 μg/ml kanamycin and 100 μg/ml ampicillin at 30°C in a roller drum overnight.
The screening strain containing the SGWX5 library was diluted in 20 ml of LB containing 30
μg/ml kanamycin, 100ug/ml ampicillin, 20ug/ml chloramphenicol, and 0.0002% arabinose to an
OD of 0.02. Control strains 6822 and 6823 were diluted to an OD of 0.02 in LB containing 30
μg/ml kanamycin and 100 μg/ml ampicillin. Cultures were grown shaking at 30°C to an OD of
0.2, at which point 1 mM final Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was added to a
induce expression of rpoE. Cultures were grown for 1 hr, and then 100 ng/ml final AHT was
added to induce expression of OmpC’-YFP for 3 hr. Cell were FACS sorted using a Cytopeia
Influx (Becton, Dickinson) cell sorter. The brightest 0.01% of cells were selected and sorted into
96-well plates containing LB. Cells were grown overnight at 30°C. 2 μl of each isolate was
spotted onto an LB agar plate containing 30 μg/ml kanamycin, 100 μg/ml ampicillin, and 20
μg/ml chloramphenicol and grown overnight at 30°C.

2.7 – Fluorescent microscopy
Positive hit SGWX5 plasmids were first isolated as described in section 2.3, and
transformed into a DH5α E. coli as described in sections 2.4 and 2.5 and isolated on 20 μg/ml
chloramphenicol LB plates. Plasmids were re-isolated and transformed into a fresh 6823
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background. Transformants were restreaked and grown overnight. Single colonies were

inoculated in 3 ml LB containing 30 μg/ml kanamycin, 100 μg/ml ampicillin, 20ug/ml
chloramphenicol, and 0.0002% arabinose and in 3 ml LB without arabinose, and were grown
overnight at 30°C in a roller drum. Control strains 6822 and 6823 were grown in 3 ml LB
containing 30 μg/ml kanamycin and 100 μg/ml ampicillin at 30°C in a roller drum overnight.
Cultures were diluted in 3ml of identical media to an OD of 0.02 and grown at 30°C in a roller
drum to an OD of 0.2, at which point 1 mM final IPTG was added to a induce expression of
rpoE. Cultures were grown for 1 hr, and then 100 ng/ml final AHT was added to induce
expression of OmpC’-YFP for 3 hr. 3 μl of each culture was added to a 1% agarose pad and
examined by epifluoresence microscopy.

2.8 – Purification of Hfq protein

2.8.1 – Expression of Hfq
E. coli BL21 were made chemically competent (see methods) and transformed (see
methods) with Hfq expression plasmid with kanamycin resistance. All transformed colonies
were scraped into 5 ml of LB, of which 1 ml was used to inoculate 1 L of LB containing 30
μg/ml kanamycin. The culture was grown at 37°C shaking to an OD of 0.6. Hfq expression was
induced by 1 mM IPTG and grown for 4 hr. Cells were pelleted at 8000 rpm for 10 min at 4°C,
then resuspended in 20 ml of LB and transferred to two 15 ml conical tubes. Cells were again
pelleted at 8000 rpm for 10 min at 4°C in a Beckman Coulter Allegra 21R centrifuge using a
Beckman C1015 rotor. Pellets were frozen at -80°C until ready to use.

2.8.2 – Cell lysis
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Pellets were thawed and resuspended in 20 ml lysis buffer (50 mM Tris pH 7.5, 500 mM
NH4Cl, 20 mM imidazole, 5% w/v glycerol). Cells were lysed on ice with a sonicator, using 8
cycles of 30 sec on and 2 min off. Lysate was incubated with 1:1000 dilution of benzonase for 1
hr on ice to degrade DNA and RNA. Debris was pelleted at 14,000 rpm for 30 min at 4°C in a
Beckman Coulter Allegra 21R centrifuge using a Beckman C1015 rotor.

2.8.3 – Hfq crude purification – Talon metal affinity resin
Half of the cell lysate was subjected to talon metal affinity resin purification. 4 ml of
resin was equilibrated by aspirating off 2 ml of storage buffer and adding 2 ml of lysis buffer.
This was repeated 3 times. Cell lysate was incubated with the equilibrated resin for 50 min on a
shaking platform at 4°C. The resin was poured into a 20 ml column at 4°C and flow-through was
collected for SDS-PAGE. The column was washed twice with 5 ml of lysis buffer, followed by
40 ml of wash buffer (50 mM Tris pH 7.5, 1 M NH4Cl, 5% w/v glycerol), which was saved for
SDS-PAGE. The column was plugged and 3 ml of elution buffer (50 mM Tris pH 7.5, 500 mM
NH4Cl, 250 mM imidazole, 5% w/v glycerol) was added for 15 min. A 0.5 ml fraction was
collected, followed by 1 ml and 1.5 ml. The column was plugged and 1 ml of elution buffer was
added. The fraction was collected the following day.

2.8.4 – Hfq crude purification – HiTrap chelating column with cobalt
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The other half of the cell lysate was subjected to a HiTrap Chelating HP 5 ml column.
The column was washed with 25 ml of water, charged with 2.5 ml of 0.1 M CoCl26H2O, and
washed with another 25 ml of water. The column was equilibrated with 25 ml lysis buffer before
loading the lysate, which was passed through the column three times. The column was washed
with 25 ml lysis buffer, followed by 25 ml wash buffer. The Hfq was eluted with 20 ml of
elution buffer and 5 ml fractions were collected. The column was washed with 25 ml water and
stored in 20% ethanol.

2.8.5 – Combine and concentrate fractions
After analyzing these first purification steps with SDS-PAGE and coomassie blue
staining, fractions 1, 2, and 3 from talon metal affinity resin purification and fractions 1 and 2
from HiTrap Chelating HP purification were combined. The combined fraction was concentrated
to 3 ml using a Centriprep concentrator column. The column was spun at 3,000 g for 2 hr at 4°C.

2.8.6 – Gel filtration
To prepare for ion exchange chromatography, the sample was first desalted using gel
filtration. A 10DG Bio-Rad gel filtration column was equilibrated with 20 ml buffer A1 (50 mM
Tris pH 7.5, 100 mM NH4Cl, 1 mM EDTA). The sample was added and allowed to enter the
column. 4 ml of buffer A1 was added and the 4 ml eluate was collected.

2.8.7 – Ion exchange chromatography
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Anion exchange was performed on an AKTApurifier high-performance liquid
chromatography system using a Mono Q HR 5/5 column. The column was washed with buffer
A1 and 1 ml of the sample was injected and passed through the column. Hfq was eluted using a
salt gradient up to 2 M NaCl and 1 ml fractions were collected. Protein presence was detected
with Bradford dye and positive fractions were further analyzed with SDS-PAGE and coomassie
blue staining. A multi-step salt elution gradient was created to avoid contaminating proteins that
elute at a similar salt concentration as Hfq (about 200 mM NaCl). The remaining Hfq samples
were then subjected to anion exchange. Peak fractions from all runs were combined. Gel
filtration was performed to transfer Hfq into storage buffer (50 mM Tris pH 7.5, 250 mM NH4Cl,
10% w/v glycerol). The gel filtration column was equilibrated with 20 ml of storage buffer, 3 ml
of protein sample was added, 4 ml of storage buffer added to elute into 4 ml final volume.

2.8.8 – BCA assay to determine protein concentration
The concentration of purified Hfq was determined by a bicinchoninic acid (BCA) assay.
The Pierce BCA Protein Assay kit was used and standard protocol was followed for the
microplate assay. A bovine serum albumin (BSA) dilution series was prepared from 2000 μg/ml
to 25 μg/ml. Standards and Hfq samples were mixed with assay reagents (bicinchoninic acid,
cupric sulfate) and incubated at 37°C for 30 min. Absorbance at 562 nm was measured using a
plate reader. The standard curve was plotted using excel and was used to calculate the
concentration of Hfq.

2.8.9 – SDS-PAGE and Coomassie staining
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10% SDS-PAGE separating gels were made by mixing 5 ml of 1.5 M Tris pH 8.8, 100 μl
20% SDS, 5 ml 40% acrylamide, 9.9 ml H2O, 200 μl 10% ammonium persulfate (APS), and 20
μl tetraethylethylenediamine (TEMED). APS and TEMED were added last, and the solution was
poured into a gel mold and topped with H2O to smoothen and allowed to solidify. The stacking
gel was made with 6.488ml H2O, 668 μl 1.5M Tris 6.8, 736 μl 40% acrylamide, 40 μl 20% SDS,
40 μl 10% APS, and 15 μl TEMED. APS and TEMED were added last, and the solution was
poured onto the separating gel after pouring off the H2O. A comb was added, and the gel was
allowed to solidify. Protein samples were prepared by adding SDS and β-mercaptoethanol and
boiling for 10min. The gel was transferred to an electrophoresis chamber, samples were loaded,
and the gel was run in SDS running buffer at 30 mA for about 45 min. Bio-Rad Coomassie G250 strain was used to visualize proteins: gel was washed in water for 5 min (3 times); 50 ml of
stain was added and stained for 1 hr on a rocking platform; gel was rinsed with water for 30 min
on rocking platform. The protein ladder Bio-Rad prestained standards broad range was used.

2.9 – Fluorescence anisotropy

2.9.1 – Determining Kd of Hfq and RNAs
A 1:2 dilution series of Hfq was prepared in binding buffer (20 mM Tris pH 8.0, 500 mM
NaCl) and 15 μl added to each well of a 384-well black microtiter plate from greiner bio-one. 5
μl of fluorescently labeled A18 or U16 RNA was added to a final concentration of 5 nM to each
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well. Fluorescence anisotropy was measured using an infinite M1000 Pro (Tecan) plate reader at
30°C.

2.9.2 – Determining IC50 of cyclic peptide
5 μl of 500 nM Hfq was added to appropriate wells of a 384-well black microtiter plate
from greiner bio-one. A cyclic peptide 1:2 dilution series was prepared in binding buffer from
2000 μM to 31.25 μM and 10 μl was added to appropriate Hfq wells. The plate was incubated at
30°C for 30 min to reach equilibrium. 5 μl of fluorescently labeled A18 or U16 RNA was added
to a final concentration of 5 nM to each well. Fluorescence anisotropy was measured with a 470
nm excitation and 518 nm emission using an infinite M1000 Pro (Tecan) plate reader at 30°C.

2.9.3 – Determining IC50s of small-molecules
5 μl of 10mM of each small-molecule in DMSO was added to 35 μl binding buffer (20
mM Tris pH 8.0, 500 mM NaCl) and 20 μl was diluted in a 1:2 series in binding buffer
containing 12.5% DMSO. 7.5 μl of each dilution was added to 7.5 μl of 160nM Hfq and
incubated for 1 hr at 30°C. 5 μl of 20nM fluorescently labeled A18 or U16 RNA was added to
each well and incubated for 1 hr at 30°C. Fluorescence anisotropy was measured with a 470 nm
excitation and 518 nm emission using an infinite M1000 Pro (Tecan) plate reader at 30°C. Final
concentrations were 60 nM Hfq6, 5 nM RNA, a highest 468.75 μM small-molecule, and 4.69%
DMSO.

2.10 – Luciferase plate assay
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Strains SEA170 and SEA171 were grown overnight in 3 ml LB containing 30 μg/ml
kanamycin and 100 μg/ml ampicillin at 37°C in a roller drum. Cultures were diluted to an OD600
of 0.0075 in 15 ml Kan+Amp LB for SEA171 and 20ml Kan+Amp LB for SEA170. Cultures
were grown at 37 °C with aeration to an OD600 of 0.2, and 1 mM final IPTG was added to induce
rpoE expression in SEA171. SEA171 was poured in a sterile reservoir, and using a multipipetter,
200 μl of cultured was transferred to each well of columns 1, 4, 7, and 10 of a 96-well plate
(Falcon U-bottom). Reservoir was rocked between each transfer to maintain homogenous cells.
SEA170 was poured into sterile reservoir, and 200 μl of culture was transferred to each well of
columns 2, 5, 8, and 11. 1 mM final IPTG was added to the remaining SEA170 culture in
reservoir, and 200 μl of culture was transferred to each well of columns 3, 6, 9, and 12. The plate
was sealed with a plate sealing film across to prevent evaporation. The plate was incubated at 37
°C without shaking for 45 min in a humid chamber. AHT was added to a final 100 ng/ml, and the
plate was re-sealed with new sealing film. The plate was incubated at 37 °C for 1 hr, and then
allowed to reach equilibrium with room temperature, along with all other assay regents. 100 μl of
lysis mix (1X Cell culture lysis reagent + 1.25 mg/ml lysozyme in 1.3X phosphate buffer; 10X
phosphate buffer is 1M K2HPO4 pH7.8, 20 mM EDTA)) was added to all 96 wells of a new lysis
plate (Falcon U-bottom), and 30 μl of culture was transferred to each well of the lysis plate. Cells
were lysed for 10 min at room temp, followed by luminescent readings using a Syngergy4
Luminometer.

2.11 – MIC and IC50 of small-molecules
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Appropriate strain was grown overnight in LB at 37°C in a roller drum. 25 μl of 10%
DMSO in LB was added to positive control columns of a sterile 96-well plate (falcon, Ubottom); 25 μl of 10% DMSO in LB was added to all experimental columns except top row; 50
μl of 5% DMSO in LB was added to all negative control columns. 45 μl of LB was added to 5 μl
of 10mM small-molecules, which was transferred to top row of experimental columns. A
multichannel pipette was used to do 2-fold serial dilutions of experimental columns (25 μl into
25 μl); the extra 25 μl was discarded from the last row. The culture was diluted in LB to 1x106
cells/ml, or an OD600 of 0.002. 25 μl of culture was added to all wells, except for negative control
wells. The plate was covered with a non-breathable plate sealer and incubated at 37°C for 24 hr.
The culture was also plated to determine actual CFU/ml, and was grown at 37°C overnight. The
MIC was defined as the lowest concentration of small-molecule at which no visible growth was
seen. To determine IC50, OD600 measurements were taken using a plate reader after resuspending
pellets. The growth curves were fitted with a hill plot and the IC50s were calculated.

2.12 - Biofilm Assay
WT, ΔtolC, and Δhfq strain of E. coli were grown overnight in LB at 37°C in a roller
drum. Δhfq cells were diluted 1:100 in LB. WT and ΔtolC cells were diluted approximately
1:100, but adjusted for cell count based on OD600 absorbance so that equal numbers of cells were
added for all three strains. 100 μl of each strain was added to appropriate wells of a 96-well Ubottom clear flacon plate. The plate was covered with a plastic plate sealer and grown at 37°C for
24 hr. Media and cells were briskly shook out. The plate was submerged in water and shook out.

125 μl of 0.1% crystal violet was added to each well and incubated for 10 min at room
temperature. Crystal violet was shook into the waste and the plate was submerged in water and
then shook out. Submerging and shaking was repeated, and the plate was air-dried. 200 μl of
30% acetic acid was added to each well to dissolve the crystal violet for 10 min at room
temperature. Wells were mixed by aspiration and 125 μl transferred to a new 96-well plate and
OD600 measurements were made using a SpectraMax i3 plate reader from Molecular Devices.
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Chapter 3
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Results
The results of this thesis are divided in three parts. Part I, ‘validating the screening
assay: isolating cyclic-peptide inhibitors’, serves as a proof of concept for the ability of the cellbased assay to isolate inhibitors of Hfq and σE. Part II, ‘adapting the screening assay for
microtiter plates’, optimizes the assay for robust performance in a plate-based HTS so that
small-molecule inhibitors can be isolated. Part III, ‘characterizing small-molecule inhibitors’,
serves to confirm and further explore the mechanisms of action of the isolated small-molecules,
as well as inform selection of the best inhibitors.

Part I – Validating the screening assay: Isolating cyclic peptide inhibitors

3.1 – FACS-based screen for cyclic peptide inhibitors
Our strategy for validating the ability of our cell-based assay to isolate inhibitors of Hfq
and σE was to use a low-cost, complex library of cyclic peptides in conjunction with low-cost,
rapid fluorescence-activated-cell-sorting (FACS) technology.
The theoretic complexity of the library is 1.6x106 unique cyclic peptides, and we wanted
to represent as many of these as possible in our screen. The transformation efficiency of our
screening strain with the SGWX5 plasmid library was determined to be about 2.9x1010
transformants per microgram of DNA using electroporation, which is approaching the practical
limit of transformation efficiency (16). Using this information to calculate the optimal plating
dilution, we ended up with approximately 50,000 single colonies representing a theoretical
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47,000 distinct cyclic peptides for the screen (the calculations were predicted to produce 500,000

single colonies, but there was apparently some day-to-day variability). These colonies were
scraped into a flask, and appropriately grown and induced in preparation for FACS screening
(see methods).
To set an appropriate fluorescence threshold for selecting inhibitors, the fluorescence of a
population of a positive control strain (containing the pompC’-yfp plasmid and an empty ptrc99a
plasmid) was compared with the fluorescence of a population of a negative control strain
containing the pompC’-yfp and ptrc-rpoE-rybB plasmids (screening strain), but not the SGWX5
plasmid (Figure 3). The positive control strain represents the maximum fluorescence expected
from this assay when the cyclic peptide is completely inhibiting σE or Hfq, while the negative
control strain represents the minimum level of fluorescence when σE and Hfq are completely
active. The population of the screening strain with the SGWX5 plasmid was expected to have a
similar fluorescence profile as the negative control strain, except for a high fluorescence tail
extending into the fluorescence intensity seen in the positive control strain (Figure 3a).
The fluorescence of the positive control strain was on average 6-fold higher than that of
the negative control strain. However, it is important to consider that we are dealing with a
population of cells that contain a wide distribution of fluorescence; even though the average
fluorescence is much higher for the positive control strain, the negative control strain still
contains some cells that are more fluorescent than some cells in the positive control strain.
Therefore, the fluorescence threshold for selecting a cell as a positive hit must lie above the
entire population of the negative control to avoid collecting false positives. 288 cells were
selected, which represented the brightest 0.01% of cells screened.

3.2 – Fluorescent microscopy verification of positive hits
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After selecting cells as positive hits from the FACS-based screen, we wanted to verify
that the specific SGWX5 plasmid was causing the high fluorescence, and not a mutation or other
stochastic biological fluctuation. The SGWX5 plasmids were isolated, transformed into a new
screening background, appropriately grown and induced, and examined via fluorescent
microscopy.
As in the FACS sort, we first compared the fluorescence of a positive control strain
(containing the pompC’-yfp plasmid and an empty ptrc99a plasmid) with the fluorescence of a
negative control strain containing the pompC’-yfp and ptrc-rpoE-rybB plasmids (screening
strain), but not the SGWX5 plasmid (Figure 4a, b). The fluorescence of the positive control strain
was about 3-fold greater than the negative control strain. As we worked through the SGWX5 hits,
some cyclic peptides were confirmed as inhibitors; they had fluorescence comparable to the
positive control strain. However, most were false positives that did not cause an increase in
fluorescence in the new screening background (Figure 4c-f).
At this point, I discontinued work on the cyclic peptides to focus on adapting the
screening assay for plate-based high-throughput screening. Shaima A. El-Mowafi had also been
working on validating the screening assay, and provided additional biochemical verification of
cyclic peptide inhibitors isolated from the assay (38, 39).

Part II – Adapting the screening assay for microtiter plates
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3.3 – Validation of plate-based format
But before moving the assay into a plate-based high-throughput-screen, we needed to
validate that the assay would be suitable to these conditions. YFP requires three hours to fold
properly into an active protein, and additionally requires aeration to provide the necessary
oxygen for folding. This long time frame and requirement for shaking are not conducive to a
plate-based high-throughput format. In contrast, luciferase is active within one hour of induction,
and does not required shaking. Therefore we used ompC’-luciferase instead of ompC’-yfp, and
measured luminescence instead of fluorescence.
In 96-well plates, we obtained a luminescence max/min of 6.23±1.20 (n=6) and a Z’
score of 0.58±0.12 (n=6) (Figure 7). Plate-based high-throughput-screen guidelines dictate a
max/min of >4 and a Z’ of >0.5 (100). The maximum luminescence was given by the positive
control strain (containing the pompC’-luciferase plasmid and an empty ptrc99a plasmid), while
the minimum luminescence was given by the negative control strain (containing the pompC’luciferase plasmid and the ptrc-rpoE-rybB plasmid). The Z’ score represents the variability
within the plate, and is calculated by the equation:

Variability within a middle level of luminescence was also considered by using the strain
with both the pompC’-luciferase and ptrc-rpoE-rybB plasmids, but not inducing the expression
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of rpoE with IPTG. Luminescence is lower in this strain than the strain with only ompC’luciferase presumably because the Lac promoter can be leaky and allow some expression even
without the IPTG inducer (80).
Additionally, no edge effects were present, and drift effects occurred in two of the six
replicates. Drift effects are when the measured output values are correlated with their location on
the plate, increasing or decreasing as you go across columns or down rows. When drift effects
are not present on the majority of day-to-day replicates, they are considered insignificant (100).

Part III – Characterizing small-molecule inhibitors
In collaboration with the Ades lab, GSK used the plate-based assay to isolate 20 smallmolecule inhibitors of σE-dependent transcription, and 31 small-molecule inhibitors of Hfqmediated mRNA degradation. These inhibitors all passed the primary and secondary screens
(described in introduction) and showed a dose-dependent luminescence curve.

3.4 – Purification of Hfq
To biochemically measure Hfq-RNA binding inhibition by the isolated small-molecules
via fluorescence anisotropy, I first needed to purify Hfq protein. Untagged Hfq was overexpressed in E. coli BL21 and cells were lysed via sonication. A band at the correct size
(~11.2kDa) was visualized via SDS-PAGE and coomassie-blue staining in the lysate postinduction, and was not present in the lysate pre-induction (Figure 5). Talon metal affinity resin
was used to purify Hfq from half of the lysate, while a HiTrap chelating column charged with
cobalt was used for the other half (Figure 5a, b). Both methods were done to compare yield and
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purity for future reference. Although these purification methods are usually used for purifying a

His-tagged protein, untagged Hfq has been previously successfully purified using this method
(38). Elution fractions containing Hfq were combined from both purification techniques and
concentrated. The sample was desalted using gel filtration, further purified using anion exchange
chromatography with a Mono Q HR 5/5 column, and transferred into storage buffer using gel
filtration (Figure 5c).
The protein concentration was determined to be 19.24±1.77 μM using a bicinchoninic
acid (BCA) assay, which agrees with the value calculated using the Beer-Lambert law of 21.88
μM (given an absorbance of 0.084 at 260nm and a molar extinction coefficient of 3840 M-1cm-1)
(Figure 5d). The anion exchange chromatography was shown to be an important step because it
removed contaminating DNA/RNA as detected as a peak at 260nm (Figure 5e, f). Hfq appeared
as a band very near its expected 11.2 kDa for a monomer throughout the purification process. We
expected to see the monomer and not the hexamer because the samples were boiled in SDS
before loading.

3.5 – Development of fluorescence anisotropy protocol
Fluorescence anisotropy (or fluorescence polarization) is a widely used technique for
measuring the binding affinity between two molecules, one of which must be fluorescently
labeled. When polarized light is used to excite a population of fluorophores, the emission light is
largely depolarized because of the rapid molecular tumbling occurring between excitation and
emission. The smaller the molecule, the faster the tumbling, and the more depolarized the
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excitation light. Therefore, when a fluorescently label ligand of interest binds its receptor, its
mass increases and the emission light will be more polarized.

There are two basic types of ligand binding assays: saturation assays, and competition
assays. In a saturation assay, the fluorescently labeled ligand concentration is kept constant while
varying concentrations of the receptor are used. There will be a minimum polarization, where no
ligand in bound, a maximum fluorescence, where all the ligand is bound, and a curve connecting
the two plateaus. The concentration of receptor at which half the ligand is bound is the Kd, and
represents the binding affinity between the two molecules. In a competition assay, receptor and
ligand are bound, and varying concentrations of a competitor are added. The concentration of
competitor at which ligand-receptor binding is reduced by 50% is the IC50. The Ki of the
competitor can be calculated from the Kd and IC50 using the Cheng-Prussof equation (24):

Two fluorescently labeled model RNAs were tested for binding inhibition, A18 and U16.
A18 is an oligonucleotide of 18 adenines, and is thought to bind to the distal face of Hfq,
mimicking an mRNA (63). U16 is an olignucleotide of 16 uracils, and is thought to bind to the
proximal face of Hfq, mimicking an sRNA (63). For determination of the Kds for Hfq6 and A18
or U16, the concentration of RNA was kept at 5nM, and Hfq was added at two-fold dilutions
with a highest concentration of 125nM, and fluorescence anisotropy was measured. The
dissociation constant, Kd, for Hfq6 and A18 was found to be 34.56±2.793nM, and the Kd for Hfq6
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and U16 was found to be 50.45±12.54nM (Figure 6). The Kd is the concentration of Hfq6 at
which half of the RNA is bound.

To validate that the competition assay was working correctly, I used a cyclic peptide,
R120, isolated by Shaima A. El-Mowafi. R120 was isolated using a similar cell-based assay, and
was biochemically shown to inhibit Hfq-RNA binding via gel mobility-shift assays (38). At
125nM Hfq6, the 5nM A18 and U16 have both just become saturated; therefore 125nM Hfq6 was
used as the concentration to determine the IC50 of R120. Using a higher concentration of Hfq6
would required the addition of more R120 to see an affect at no addition benefit, while a lower
concentration of Hfq6 would cause the anisotropy measurements to be more affected by pipetting
error. μM
The IC50 for R120 on Hfq6 and A18 was found to be 225±0.707 μM, and the IC50 for
R120 on Hfq6 and U16 was found to be 161±19.1 μM. Using the Cheng-Prussof equation, the Ki
for R120 on Hfq6 and A18 was calculated to be 50.7±2.84 μM, and the Ki for R120 on Hfq6 and
U16 was calculated to be 46.4±13.6 μM. These values are comparable to the Kis of 111 μM and
102 μM obtained by Shaima A. El-Mowafi for R120 inhibiting Hfq-RybB and Hfq-MicF
binding, respectively, as determined by gel mobility shift assays (38).

3.6 – Biochemical verification of small-molecule Hfq Inhibitors via fluorescence anisotropy
Competition assays were performed on all 31 Hfq inhibitors to determine if they inhibited
Hfq binding to RNA: 13 inhibited Hfq-A18 binding while 2 inhibited Hfq-U16 binding (Table 3,
Figure 9). Kis for inhibition of Hfq-A18 binding ranged from 22 to 92 μM, while Kis for
inhibition of Hfq-U16 ranged from 16 to 92 μM (Table 4). Both compounds that inhibited Hfq-
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U16 binding also inhibited Hfq-A18 binding. Here we used 60nM Hfq6 instead of 125nM so that

less compound would be required to measure the IC50; thrifty use of the compounds was
necessary due to restricted access.
Of note, many compounds were not fully soluble in the binding buffer, which affected the
biding curves at high levels of compound (Figure 9d). Controls that contained the fluorescent
RNA but not Hfq showed an increase in anisotropy at high concentrations of compounds (>100
μM). Therefore when fitting the binding curve, only the low compound concentration points
could be used, and the bottom of the curve was assumed to plateau at a value determined by
RNA-only controls (RNA-only represents full inhibition of Hfq-RNA binding).

3.7 – Assessment of Hfq inhibitors using co-antibiotic assay
Although Hfq is not required for the viability of E. coli, deletion mutants have been
shown to be more sensitive to a wide range of stresses, including antibiotic exposure (125). The
cyclic peptide R120 was also shown to increase E. coli’s sensitivity to H2O2, Novobiocin, and
Benzalkonium (38). Testing if our small-molecule compounds cause an increase in antibiotic
sensitivity is desirable because we are ultimately searching for an Hfq inhibitor that causes
phenotypic changes in the cells.
Δhfq E. coli strains were shown to be more sensitive to Kanamycin, Novobiocin,
Ampicillin, Benzalkonium, Erythromycin, and Cefepime, and did not seem to cause increased
sensitivity to Meropenem, Ciprofloxacin, Nalidixic Acid, Levofloxacin, or Tetracyclin (Figure
11). Δhfq strains had the greatest increase in sensitivity to Kanamycin with a 5.80±1.05 (n=8)
fold decrease in mean IC50.
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Experiments testing if our Hfq inhibitors cause an increased sensitivity to Kanamycin are
currently underway.

3.8 - Assessment of Hfq inhibitors using biofilm assay
Similar to the co-antibiotic assay, this biofilm assay is a tool to test for in-vivo activity of
the Hfq inhibitors. Hfq has also been shown to be important in the formation of bacterial
biofilms, which are a common difficulty encountered when trying to treat infections since they
provide a protective environment for the bacteria (21).
Δhfq E. coli was shown to have a 5.22 fold-decrease in biofilm formation compared to a
ΔtolC strain (Figure 12). Experiments testing if our Hfq inhibitors cause a reduction in biofilm
formation are currently underway.

3.9 – Assessment of σE Inhibitors for bacterial killing
MIC assays were performed in 96-well microtiter plates. σE inhibitors were serially
diluted 1:2, with a highest final concentration of 500 μM. E. coli cells were added at a final
concentration of 5x105 cells/ml to each well and grown for 24 hr at 37°C. The MIC was
determined by the lowest concentration of compound where there was no visible bacterial
growth. Three strains of E. coli were tested: WT, ΔtolC, and an imp mutant. The ΔtolC strain of
E. coli is missing its main efflux pump, and therefore tends to be more susceptible to antibiotics.
The imp mutant E. coli strain is defecting in its LPS production and tends to be much more
permeable to small molecules. We ultimately want to kill the WT E. coli, however some of the
small-molecules may be potent inhibitors of σE, but be effluxed or have poor cell envelope
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permeability. These inhibitors could potentially be chemically modified to prevent efflux or
increase permeability.
Four inhibitors, G4, B4, B3, and C3, killed WT E. coli when added exogenously (
Table 2). G4 had the lowest IC50 of 132 μM and an MIC of 250 μM (Figure 8). The same four
inhibitors were active to a similar degree against the ΔtolC strain. 15 of the 19 compounds tested
killed the imp mutant E. coli strain, with a lowest IC50 of 37 μM and an MIC of 62.5 μM.
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Figure 3: FACS sorting of cyclic peptide inhibitors.
(a) A theoretical distribution of fluorescence intensities for a positive control strain (containing
pompC’-yfp and an empty ptrc99a vector), and the screening strain (containing pompC'-yfp and
prpoE-rybB) transformed with the SGWX5 library. The red tail represents the cells that will be
sorted as positive hits. (b) The actual distribution of the dark negative control strain (containing
pompC’-yfp and prpoE-rybB). Each dot represents a single cell. About 10,000 cells are shown.
(c) The actual distribution of the bright positive control strain (d) The actual distribution of the
screening strain containing the SGWX5 library. The vertical line represents the threshold for
sorting a cell as a positive hit. It is displayed at the same fluorescence intensity for parts b, c, and
d. Red arrows are example cells that were classified as positive hits.
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Figure 4: Fluorescence microscopy verification of cyclic peptide inhibitors.
(a) The negative control strain (containing pompC’-yfp and prpoE-rybB) represents minimum
fluorescence. (b) The positive control strain (containing pompC’-yfp) represents maximum
fluorescence. (c) Cyclic peptide 1 grown without the presence of arabinose does not express the
cyclic peptide and has low fluorescence. (d) Cyclic peptide 1 grown in the presence of arabinose
expresses the cyclic peptide and has high fluorescence, signifying inhibition of σE or Hfq. (e)
Cyclic peptide 2 grown without the presence of arabinose does not express the cyclic peptide and
has low fluorescence. (f) Cyclic peptide 2 grown in the presence of arabinose expresses the
cyclic peptide and has low fluorescence, signifying no inhibition of σE or Hfq and is a false
positive.
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Figure 5: Purification of Hfq.
(a) An SDS-PAGE gel stained with coomassie-blue of Hfq samples relevant to the analysis of
the talon metal affinity resin purification. (b) An SDS-PAGE gel stained with coomassie-blue of
Hfq samples relevant to the analysis of the HiTrap chelating column charged with cobalt. (c) An
SDS-PAGE gel stained with coomassie-blue of Hfq samples relevant to the analysis of the anion
exchange chromatography. (d) A representative standard curve of BSA used to calculate the
protein concentration of purified Hfq. Four independent replicates were performed to calculate
and accurate concentration. (e) An absorbance spectrum for the Hfq sample before anion
exchange chromatography. A large peak at 260nm is evident. (f) An absorbance spectrum for the
Hfq sample after anion exchange chromatography. The peak at 260nm is no longer present, and a
peak at 280nm is detectable.
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Figure 6: Determination of cyclic peptide Ki using fluorescence anisotropy.
(a) Determination of Hfq-RNA KD. A 1:2 dilution series of Hfq was prepared and added to
fluorescently labeled A18 or U16 to a final RNA concentration of 5 nM. Fluorescence anisotropy
was measured and normalized to create a graph of fraction of RNA bound (n=2). (b)
Determination of R120 IC50 for Hfq-RNA complexes. 125 nM final Hfq and 5 nM final RNA
was added to a 1:2 dilution series of cyclic peptide. Fluorescence anisotropy was measured and
normalized to create a graph of fraction of RNA bound (n=2). (c) Tabulated IC50 values used to
calculate Kis using the Cheng-Prusoff equation.
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Figure 7: Validation of plate-based high-throughput screen.
(a) Three independent replicates performed on different days of a 96-well plate each containing
the three conditions of interest: cells containing pompC’-luc and ptrc99a, representing maximum
luminescence; cells containing pompC’-luc and prpoE-rybB with rpoE expression not induced
with IPTG, representing mid luminescence; and cells containing pompC’-luc and prpoE-rybB
with rpoE expression induced with IPTG, representing minimum luminescence. Wells are read
left to right. (b) Summary of Z’ scores and max/min ratios for each replicate. Guidelines dictate a
Z’ score greater than 0.5 and a max/min greater than 4.
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Figure 8: Representative killing curves of isolated σE inhibitors.
Imp mutant E. coli were grown for 24 hr in the presence of varying concentrations of small
molecule σE inhibitors. Growth was measured by taking absorbance readings at 600 nm and
plotting growth relative to un-inoculated LB and untreated cells. IC50s were calculated as the
concentration of inhibitor that caused a 50% decrease in growth. (a) inhibitor C3. (b) inhibitor
G4. (c) inhibitor E4. (d) inhibitor A6.
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Figure 9: Small-molecule inhibition of Hfq/RNA binding.
Representative graphs used to determine IC50 and Ki for Hfq inhibitors. 60 nM final Hfq and 5
nM final RNA was added to a 1:2 dilution series of Hfq inhibitors. Fluorescence anisotropy was
measured and normalized to create a graph of fraction of RNA bound fitted with a hill curve. (a)
Inhibitor A1 and A18 RNA; (b) inhibitor A1 and U16 RNA; (c) inhibitor C4 and A18 RNA; (d)
inhibitor D5 and A18 RNA. Points of high compound concentration in parts a and b were
ignored and are not shown. All points in part c and d are shown and none were ignored.
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Figure 10: Increase in anisotropy is both Hfq dependent and independent.
5 nM final RNA was added to a 1:2 dilution series of compound with (solid points) and without
(hollow points) 60 nM Hfq. E5 was added to U16 (a), F6 was added to U16 (b), E5 was added to
A18 (c), F6 was added to A18 (d), and C5 was added to A18 (e). In c, d, and e, hill curve fitting
ignores points that begin to increase.
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Figure 11: Loss of Hfq causes susceptibility to some antibiotics.
(a) The IC50s of antibiotics on WT E. coli were divided by the IC50s of antibiotics on Δhfq E. coli
for the following antibiotics or antibacterials: kanamycin, novobiocin, ampicillin, benzalkonium,
erythromycin, cefepime, meropenem, ciprofloxacin, nalidixic acid, levofloxacin, and tetracyclin.
All antibiotics had at least n=5 spread across at least 2 days. Middle bars represent the median,
upper bars represent Q3, and lower bars represent Q1. Boxes with asterisks indicate p > 0.05 for a
one-tailed t-test for a mean fold change > 1 (kanamycin p < 0.0001; novobiocin p = 0.0162;
ampicillin p = 0.00075; benzalkonium p < 0.0001; erythromycin p = 0.0462; cefepime p =
0.0003). (b) IC50s of each replicate for kanamycin for WT E. coli and Δhfq E. coli.
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Figure 12: Loss of Hfq causes reduced biofilm formation.
Strains of E. coli were grown for 24 hr in a 96-well plate. Cells were removed and the plate was
washed and stained with crystal violet. The wells were again washed, and the crystal violet
stained biofilm was dissolved in acetic acid and OD600 was measured.

WT
Compound
E4
A6
G4
A4
E6
B4
D4
C6
F3
B3
C3
G6
A7
H1
G1
B1
H5
H6
H7

IC50 (μM)
>500
>500
132
>500
>500
235
>500
>500
>500
264
175
>500
>500
>500
>500
>500
>500
>500
>500

MIC (μM)
>500
>500
250
>500
>500
500
>500
>500
>500
500
500
>500
>500
>500
>500
>500
>500
>500
>500

ΔtolC*
MIC (μM)
IC50 (μM)
15
28
27
54
127
227
28
54
33
113
30
57
40
108
37
108
56
108
50
217
36
108
51
114
64
227
71

227
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imp mutant
MIC (μM)
IC50 (μM)
37
62.5
35
62.5
66
125
58
125
70
125
69
125
82
250
69
250
109
250
152
500
84
250
115
250
166
500
112
500
248
>500
>500
>500
>500
>500
>500
>500
>500
>500

Table 2: Small-molecule σE inhibitors MIC and IC50.
*Note: ΔtolC data was collected by Dr. Sarah Ades. WT, ΔtolC, or imp mutant E. coli were
grown for 24 hr in the presence of varying concentrations of small molecule σE inhibitors. MIC
was determined as the well with the lowest concentration of compound that had no visual
growth. IC50 was measured by taking absorbance readings at 600 nm and plotting growth relative
to un-inoculated LB and untreated cells, and was calculated as the concentration of inhibitor that
caused a 50% decrease in growth.
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Table 3: Activity of Hfq inhibitors in fluorescence anisotropy assay.
60 nM final Hfq and 5 nM final RNA was added to a 1:2 dilution series of Hfq inhibitors.
Fluorescence anisotropy was measured and normalized to create a graph of fraction of RNA
bound fitted with a hill curve. Compounds that caused a decrease in anisotropy are labeled "D",
compounds that caused an increase in anisotropy are labeled "I", and compounds that had no
affect are labeled as "N". Compounds with tbd are to be determined.
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Table 4: IC50s and Kis of small-molecule Hfq inhibitors
Tabulation of IC50 and Ki values for inhibitors that caused a decrease in anisotropy (classified as
from table 2). 60 nM final Hfq and 5 nM final RNA was added to a 1:2 dilution series of Hfq
inhibitors. Fluorescence anisotropy was measured and normalized to create a graph of fraction of
RNA bound fitted with a hill curve. IC50 and KD values were used to calculate Kis using the
Cheng-Prusoff equation.

Chapter 4
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Discussion
This thesis, as well as previous work (38, 39), suggests that the cell-based highthroughput-screen can identify inhibitors of both Hfq and σE in both a FACS-based cyclic
peptide screen, and a microtiter-plate-based small-molecule screen.
The FACS-based screen performed in this thesis identified several SGWX5 plasmids that
caused an increase in fluorescence in a new screening background when cyclic peptide
expression was induced as measured by fluorescence microscopy. Analysis of these peptides was
cut short and made unnecessary by data collected by Shaima A. El-Mowafi (38, 39).
Furthermore, issues arose during the fluorescence microscopy verification that were not resolved
after brief troubleshooting, and would have required much more time to solve.
The exact nature of the issues was vague and seemed to change over time. Initially, about
25% of the isolated cyclic peptides showed high fluorescence upon induction with arabinose (at
similar intensities as the positive control [containing pompC’-yfp and the empty ptrc99a]), and
showed low fluorescence when not induced. The other 75% was dark both before and after
induction. The former were categorized as verified positive hits, while the latter were categorized
as false positives. One curiosity at this point was that only ~50% of the cells that were induced
had high fluorescence. In hindsight, this was most likely due to using a sub-saturating
concentration of arabinose (responsible for inducing the expression of the cyclic peptides); it has
been shown that sub-saturating concentrations will cause a mixed population of fully induced
cells and unaffected cells (31, 98). Alternatively there could have been other stochastic
biological fluctuations within the population, or a bimodal genetic difference.
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The next issued was that many SGWX5 plasmids began to show fluorescence even when
expression was not induced, again in a bimodal distribution within the population. All promoters

are leaky to some degree, although the arabinose promoter is fairly tight; regardless, if the cyclic
peptide was highly active, low levels of expression could have caused the high fluorescence (31,
98).
The next surprise was a highly filamentous phenotype that began to appear, mainly after
induction, but some SGWX5 plasmids showed it before induction. This phenotype ranged in
severity from a 5x increase in average cell length, to a 50x increase. The longest cells often
showed nodal regions of very high fluorescence, were abnormally shaped, and had a very low
OD600. These cells also contained a bimodal distribution of fluorescence within the population,
and were likely dead.
Interestingly, Shaima A. El-Mowafi reported very similar observations; she saw long,
ghosted cells post-induction, and ended up staining with propidium iodide to show that these
cells were indeed dead (39). Her result was obtained in a strain with ydcQ still present on the
genome, which means σE is required for the viability of this strain; therefore a dead phenotype is
logical for a potent inhibitor of σE. However, my strain was presumably ΔydcQ and so cell death
is not logical. It is possible that my strain actually still contained the ydcQ gene, or that the cyclic
peptide was toxic to the cell through some other mechanism.
Overall, the analysis of the fluorescent microscopy data is made difficult by the lack of
replicates for each SGWX5 plasmids, and so it is unclear if the observations were genuinely tied
to the SGWX5 plasmids, or if they were related to some other variable. Given more time these
issues could have been further pursued, however I discontinued work on this to focus on
adapting the screening assay for microtiter-plate-based high-throughput screening.
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After validating the assay for its ability to isolate inhibitors of Hfq and σE, as well as
validating its suitability to a plate-based screen, the assay was used in collaboration between the
Ades lab and GlaxoSmithKline (GSK) to identify 20 small-molecule inhibitors of σE, and 31
small-molecule inhibitors of Hfq.
Hfq was purified to begin work on the fluorescence anisotropy assay for determining
inhibition of Hfq binding to RNA. The dissociation constant, Kd, for Hfq6 and A18 was found to
be 34.56±2.793 nM, and the Kd for Hfq6 and U16 was found to be 50.45±12.54 nM. These
results are similar to values in the literature (63, 70, 115). To validate the competition assay, the
R120 cyclic peptide was used as a known inhibitor. R120 inhibited Hfq binding to A18 with a Ki
of 50.7±2.84 μM, and inhibited Hfq binding to U16 with a Ki of 46.4±13.6 μM. These values are
similar to the Kis of 111 μM and 102 μM obtained by Shaima A. El-Mowafi for R120 inhibiting
Hfq-RybB and Hfq-MicF binding, respectively, as determined by gel mobility shift assays (38).
Since R120 is capable of preventing Hfq binding to RybB sRNA, MicF sRNA, the A18
model mRNA, and the U16 model sRNA, it is likely acting through a binding surface common to
all four RNAs. Hfq is thought to have three binding surfaces for RNA: the proximal surface,
which prefers U-rich sequences, corresponding to sRNA; the distal surface, which prefers A-rich
sequences, corresponding to mRNA; and the lateral surface, which appears to bind the body of
sRNAs (95). Computer modeling of R120 binding onto an Hfq crystal structure predicted
binding on the proximal surface, however mutagenesis experiments show that proximal surface
mutants do not affect the binding of A18 RNA, while mutations to the distal site decrease
binding (109, 70). A crystal structure of A15 and Hfq also shows binding limited to the distal
surface (63). The ability of R120 to inhibit Hfq binding of A18, U16, rybB, and MicF is
therefore not straightforwardly explained by the current model of Hfq-RNA binding.
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Additionally, R120 is not preventing formation of the Hfq hexamer, as seen in gel mobility shift
assays (38). Hfq-RNA binding is not well understood, but the field is quickly advancing; the
important lateral surface was recently discovered, and the role of the poorly understood flexible
C-terminal tails are beginning to be elucidated. Perhaps as models for Hfq-RNA binding
improve, a candidate binding site for R120 will be revealed.
Importantly, the fact that R120 was selected for its ability to inhibit Hfq-RybB binding,
but also inhibits a wide variety of RNAs, suggests that Hfq inhibitors selected from this assay
will be effective inhibitors of many sRNA-mRNA interactions facilitated by Hfq, and not be
restricted to only inhibiting RybB binding. This would be a desirable feature for an antibiotic,
since it could be used to inhibit a broad range of virulence traits regulated by a variety of RNAs.
Of the 31 small-molecule Hfq inhibitors identified, 17 were shown to inhibit Hfq-A18
binding while 2 were shown to inhibit Hfq-U16 binding using fluorescence anisotropy assays.
Kis for inhibition of Hfq-A18 binding ranged from 8 to 88 μM, while Kis for inhibition of HfqU16 ranged from 10 to 77 μM. Both compounds that inhibited Hfq-U16 binding also inhibited
Hfq-A18 binding. Inhibitors of A18 are likely to bind to the distal surface of Hfq, while
inhibitors of both U16 and A18 are unclear in their binding site, but may be preventing Hfq
oligomerization.
Many compounds caused an increase in anisotropy for Hfq-U16. An increase in
anisotropy could be explained by two possibilities: one, compound precipitation is causing an
artifact of increased anisotropy (most compounds were not fully soluble in the binding buffer), or
two, the compound is genuinely causing some sort of Hfq-U16 aggregation beyond six Hfq
monomers and one RNA molecule. Likely both cases are occurring for different compounds, and

62

to distinguish between them control binding curves with RNA and compound only are currently
being performed.
Preliminary data suggests that the increase in anisotropy is both Hfq dependent and
independent (Figure 10a, b). When compounds E5 or F6 is added to U16, the anisotropy
increases as compound concentration increases. When the compounds are added to U16 with 60
nM Hfq, the anisotropy increases much more, suggesting they are causing some sort of
aggregation of Hfq and U16. In theory, a compound that causes an aggregation of Hfq could
function as an inhibitor in-vivo. It would not be unprecedented to observe an interaction between
multiple Hfq hexamers and an RNA; it has been shown through crystal structures that some
RNAs can bind to multiple Hfq hexamers simultaneously, and that some RNAs have a 1:2 molar
ratio of RNA to Hfq6 (36, 109). To support this hypothesis, gel shift assays will be performed to
visualize the size of the Hfq-RNA complexes present upon addition of compound.
Of note, most compounds that caused a decrease in anisotropy of Hfq-RNA showed an
increase in anisotropy at high levels of compounds (>100 μM). This increase is unexpected but
could be explained by similar mechanisms as described above. Controls that contained A18 but
not Hfq showed an increase in anisotropy at high concentrations of compounds E5, F6, and C5
that was equivalent to the unexpected increase seen in the Hfq + A18 sample (Figure 10c, d, e).
This would suggest the increase is an artifact that does not reflect an Hfq dependent
phenomenon. Therefore when fitting the binding curve, only the low compound concentration
points were used, and the bottom of the curve was assumed to plateau at a value determined by
RNA-only controls (RNA-only represents full inhibition of Hfq-RNA binding). This is a
reasonable assumption, because hill curves are symmetrical and can be predicted based only on a
small portion of the curve if the maximums and minimums are known.
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The in-vivo activity of Hfq inhibitors will be determined through two methods: one,
testing their ability to cause WT E. coli to have an increased sensitivity to the antibiotic
kanamycin, and two, testing their ability to decrease biofilm formation. Here, it was shown that a
Δhfq strain was 5.80±1.05 times more sensitive to kanamycin, based on a decrease in mean IC50
(Figure 11). Among the 10 antibiotics tested, there didn’t seem to be a correlation of sensitivity
based on the class of antibiotic. The Δhfq strain was more sensitive to some inhibitors of protein
synthesis but not others, some β-lactams but not others, and some DNA gyrase inhibitors but not
others.
Hfq has also been shown to be important in the formation of bacterial biofilms, which are
a common difficulty encountered when trying to treat infections since they provide a protective
environment for the bacteria (21). Here, it was shown that a Δhfq strain had 5.22 times less
biofilm formation (Figure 12). Therefore a biofilm assay will be used to investigate whether the
Hfq inhibitors are able to decrease biofilm formation.
If the Hfq inhibitors are able to block the binding of many RNAs, one would expect to
see phenotypic affects regarding many classic Δhfq defects such as antibiotic sensitivity and
biofilm formation, since each is regulated by different sRNAs and mRNAs. If the Hfq inhibitors
only prevent binding of RybB or OmpC, they would not show any affect in these assays. Two of
the compounds, A1 and B2, were shown to prevent binding of both A18 and U16, which is a
good indication of broad Hfq binding inhibition, which would be good for inhibiting a broad
range of virulence traits.
The 20 σE inhibitors identified were tested for killing using MIC assays on three strains
of E. coli: WT, an imp mutant, and ΔtolC. Four compounds killed WT E. coli when added
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exogenously. Of these, G4 had the lowest IC50 of 132 μM and an MIC of 250 μM. With a
molecular weight of 492.93 g/mol, this corresponds to an MIC of 123 μg/ml.
All 14 compounds tested were active against the ΔtolC strain of E. coli, which is usually
more susceptible to antibiotics because it is lacking its primary efflux pump and compounds may
therefore reach higher concentrations inside the cell. Of these, E4 had the lowest MIC of 28 μM,
which, with a molecular weight of 601.046 g/mol, corresponds to an MIC of 16.8 μg/ml.
15 of the 19 compounds tested killed an imp mutant E. coli strain, with a lowest IC50 of
35 μM and an MIC of 62.5 μM. The imp mutant E. coli strain is defective in its LPS production
and tends to be much more permeable to small molecules (91). The imp mutant strain also has
much higher σE activity due to the constitutive cell envelope stress, and so it is not explicit
whether the increased envelope permeability or the high σE activity is causing the increased
sensitivity to the small molecules (91). A6 had the lowest MIC of 62.5 μM, which, with a
molecular weight of 586.034 g/mol, corresponds to an MIC of 36.6 μg/ml.
The MIC of A6 on the imp mutant strain of 36.6 μg/ml, the MIC of E4 on the ΔtolC
strain of 16.8 μg/ml, and the MIC of G4 on the WT strain of 123 μg/ml are higher than most
antibiotics, however some antibiotics do have MICs in this range. Here, I showed MICs for
erythromycin of ~128 μg/ml, novobiocin of ~64 μg/ml, kanamycin of ~10 μg/ml, and ampicillin
of ~ 5 μg/ml. This data suggests some of these compounds may be suitable as lead compounds
for developing a novel antibiotic.
Since many of the compounds seem to be fairly active in the imp mutant strain and the
ΔtolC strain, this would suggest that the lack of activity in WT E. coli is a permeability issue,
rather than an activity issue. Although all compounds were selected partially on their ability to
permeate the cell envelope since they were added exogenously in the screen, the screening strain
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utilized a ΔtolC mutant, and so these results aren't too surprising. Although these compounds are

not optimally permeable, at least the ΔtolC screening strain allowed the identification of some
inhibitors. Combinatorial chemistry techniques could potentially be applied to modify and help
increase the permeability of the molecules.
These σE inhibitors are currently being biochemically verified to act on inhibition of σEdependent transcription via in-vitro transcription assays. Preliminary data suggests that some of
the compounds may be global RNAP inhibitors, however others appear to be specific to σEdependent transcription.
In this thesis, I have isolated cyclic peptide inhibitors of the σE pathway, which validated
the screening assay along with data from Shaima A. El-Mowafi (38, 39). I helped to adapt the
assay for microtiter-plate-based high-throughput screening, which led to a collaboration between
GSK and the Ades lab and the isolation of small-molecule inhibitors of both σE and Hfq. Using
fluorescence anisotropy, I demonstrated that inhibitors of Hfq inhibit Hfq binding to RNA. I
prepared co-antibiotic and biofim assays to test for in-vivo activity of Hfq inhibitors. Using MIC
assays, I demonstrated that the small-molecule σE inhibitors kill strains of E. coli, including WT.
At the very least, these small-molecules will be useful tools to probe the fundamental
biology of σE and Hfq. Hopefully further efforts will be able to take these compounds to the next
step in the development of a novel antibiotic.
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