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Abstract 

 
Shigella flexneri, a gram-negative pathogen, is the main cause of bacterial dysentery in 

humans.  Infections by Shigella, known as shigellosis, lead to approximately 200,000 deaths 

globally each year.  Current treatments include ciprofloxacin and azithromycin, but the resistance 

rates to these antibiotics have risen significantly worldwide.  This highlights a critical need for 

novel treatments for bacterial infections.  One such approach that may potentially circumvent the 

raise of resistance is to target bacterial tools for infection, rather than bacterial viability.  This 

approach is known as virulence inhibition or antivirulence. 

Shigella relies on various virulence factors that are essential to macrophage apoptosis and 

escape, intestinal epithelial cell invasion and cell-to-cell spread.  These processes rely on a main 

transcriptional regulator, VirF, to activate transcription of the virulence genes virB and icsA.  

While several AraC proteins have been studied, almost none have reported using native VirF, 

and the three-dimensional structure is yet to be solved.  We hypothesize that VirF would make 

an ideal antivirulence target, and here, we set out to better understand how VirF interacts with 

DNA in order to gain insight as to how this interaction can be probed as a target for inhibition. 

To work with VirF in vitro, researchers have relied on a large maltose binding protein tag 

that solubilizes the protein.  This leaves the question of whether any of the results from these 

studies would be different with the native form of the protein.  To address this, we attempted to 

optimize the expression and purification of a N-terminal histidine-tagged VirF and a truncated 

form of the VirF DNA binding domain (DBD).  We further characterized the VirF DBD using 

the structures of two E. coli VirF homologs, GadX and MarA•marRAB, to generate homology 
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models of the VirF DNA-binding domain in free and DNA-bound conformations.  We conducted 

an alanine scan of seven residues in MarA and VirF that make base-specific interactions to 

identify residues important for binding to the marRAB and virB promoters, respectively.  On 

helix 3 of MarA, we found that mutating W42, R46, and R96 significantly reduced the ability of 

MarA to bind the marRAB promoter.  Furthermore, when mutating the corresponding residues on 

the VirF binding site to alanine, we found that each mutant displayed weaker binding to the virB 

promoter relative to WT.  This indicated that these residues are important for binding, supporting 

our homology model.   We continued to probe the VirF•virB interaction by developing chimeric 

proteins of MarA and VirF, hoping to induce binding to virB with the goal of using the chimeric 

protein as a model to study the VirF DBD inhibitor, 19615.  Unfortunately, we were 

unsuccessful at mutating MarA in such a way to coerce binding to the virB promoter.  Further 

efforts are needed to design and purify mutants of MarA that may be able to recognize virB. 
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Chapter 1 Introduction 

Antimicrobial Resistance and Targeting Virulence 

The emergence and spread of antimicrobial resistance (AMR) has been a worldwide 

concern for several years.  AMR infections take 50,000 lives between Europe and the United 

States and an estimated 700,000 lives globally each year.1,2  Between 1960 and 2000, the 

pharmaceutical industry released several antimicrobials to combat the rise of resistant infections, 

but resistance has been identified to virtually every antimicrobial that has been developed.3  Over 

the past 30 years, only one new class of antimicrobials has been discovered,4,5 while the number 

of drug resistant pathogens has continued to increase at an alarming rate.6,7  To exacerbate the 

issue, antimicrobials are widely misused and overused across the globe despite studies 

demonstrating that antimicrobial consumption and the emergence of resistant strains share a 

direct relationship.8  The inappropriate prescribing of antibiotics contributes greatly to the rise of 

drug resistant bacterial infections and studies have shown that 30% to 60% of the time, 

antibiotics prescribed in U.S. intensive care units are unnecessary, inappropriate or suboptimal.9  

Their over-the-counter availability makes access easy as well, leading to the misuse by the 

community in addition to healthcare professionals.  In addition, patient compliance and 

unregulated supply chains, especially in developing nations, contributes greatly to the problem.  

If left uncontrolled, AMR may have substantial human and economic cost.  Medical procedures 

that are common and safe today will potentially be high risk for infection with lower success 

rates and can lead to lengthier and more expensive hospital stays.  It has been projected that by 

2050, 10 million people would die each year and there would be a global decrease of 2-3.5% in 
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Gross Domestic Product (GDP) due to antimicrobial resistance.1,10,11  The World Health 

Organization (WHO) has responded by placing AMR on its list of the top 10 Global Health 

Issues in 2021.12  This effort will help bring resources to combat antimicrobial resistance but the 

need for new classes of antimicrobials remains urgent. 

Traditional bactericidal or bacteriostatic antibiotics are designed to kill or impair the 

growth of their targets respectively.  They are effective by targeting functions that are important 

for bacterial growth such as cell wall synthesis (penicillins), DNA replication (quinolones), RNA 

transcription (rifamycins), and protein synthesis (tetracyclines, macrolides).13  While effective 

targets, these pathways are shared broadly among diverse bacteria, contributing to a strong 

selective pressure that fosters the development of antibiotic resistant strains.14  For example, any 

population of bacteria will naturally contain a small population that will harbor resistance to an 

antibiotic due to natural bacterial mutation rates.  Once most of the non-resistant bacteria are 

killed, the small, resistant population can quickly grow and become the dominate population.  

One relatively novel approach is to disarm pathogens in the host by targeting bacterial virulence.  

The overarching strategy aims to inhibit specific mechanisms that promote infection and are 

crucial for pathogen persistence or factors that cause symptoms.15,16  This approach offers several 

potential benefits when compared to traditional methods, including: increased diversity of 

pharmacological targets and mechanisms of action for novel inhibitors, reduced chances of 

resistant development due to lower selective pressure on the bacterial life cycle, lower risk 

related to environmental exposure due to the fact that many virulence targets are only expressed 

inside of the host, and the potential to preserve the non-pathogenic, natural gut microbiota and 

avoid infection by opportunistic pathogens such as Clostridium difficile.17 
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There are several approaches to antivirulence based drug discovery.  One approach is to 

neutralize bacterial toxins and inhibit toxin transcription.  The cholera toxin in Vibrio cholerae is 

key in the severe symptoms caused by the infection and neutralizing its activity would 

theoretically alleviate the symptoms.18,19  Another strategy is blocking bacterial adherence by 

targeting particular surface receptors recognized by bacteria or bacterial pili.  For example, 

uropathogenic E. coli rely on type 1 and P pili to attach and invade their target cells and methods 

to interrupt pili assembly and block their adhesive properties are being investigated.20,21  In 

addition, bacterial communications can be targeted by interrupting intercellular chemical 

signaling.  This affects the ability of the bacteria to track their cellular density (i.e., quorum 

sensing) as well as other community behavior processes and virulence, ultimately making the 

biofilms more susceptible to host immune responses and antibacterial intervention.22  Specialized 

bacterial secretion systems, like the type III secretion system, are used for injecting effector 

proteins into the host cell.  These effectors imitate host protein function and significantly affect 

signaling pathways, contributing greatly to the progression of the illness.  These secretion 

systems make attractive targets and provide multiple points of intervention such as base or 

syringe assembly, host interaction, and effector secretion.23–26  Lastly, strategies to develop 

inhibitors of transcription factors that regulate virulence gene expression are being investigated 

as an antivirulence therapy.  Inhibiting the expression of these factors can ameliorate the 

infection by interfering with the bacteria’s ability to spread and establish infection and 

manipulate host immune responses.27,28 
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Shigella and VirF 

One pathogen labeled as a “Serious Threat” by the Center for Diseases Control (CDC) is 

the enteropathogen, Shigella.29  Shigella spp., the causative organism of the diarrheal disease 

Shigellosis, lead to nearly 270 million cases and over 200,000 deaths globally each year.30–32  

Currently, the genus Shigella is divided into four species (also called subgroups): S. dysenteriae, 

S. flexneri, S. boydii, and S. sonnei.  While S. sonnei may be the most prevalent in Europe and 

North America (80% of infections in these regions), S. flexneri is the major cause of dysentery in 

low-income regions such as South Asia and Sub-Saharan Africa (up to 62% of all Shigella spp. 

Infections).31  Individuals suffering from Shigellosis experience fever, abdominal pain, 

dehydration, and diarrhea that is often bloody and mucoidal.  Shigella is transmitted from host to 

host through fecal-to-oral contact, which correlates to the fact that the majority of cases of 

shigellosis occur in nations that lack access to proper sanitation, clean drinking water, and 

adequate healthcare.33,34  Additionally, most bacterial pathogens require millions of bacteria to 

establish an infection, where shigellosis requires as little as 10 viable organisms.35  Most 

domestic cases occur in day-care centers or assisted living facilities, although the total number of 

cases in the United States are only about 450,000 annually.  Still, that results in an estimated $93 

million in medical costs, increasing year over year as the number of emerging drug-resistant 

Shigella clinical strains increases.30,36  Worldwide, populations most at risk are children under 

the age of five (69% of all cases and 61% of all deaths), men who have sex with men, 

immunocompromised individuals, and travelers to regions with inadequate sanitation.29,37,38 

For acute Shigella infections, the recommended first-line treatment is ciprofloxacin, 

followed by third generation cephalosporins and azithromycin.37,39  Recently, ciprofloxacin 

resistance in Shigella spp. has been reported to be rising in several countries with a median 
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resistance of 19.4%.37  Fluoroquinolones target DNA gyrase, which is essential of DNA 

replication and transcription, but mutations to the gyrA gene reduce efficacy of these drugs in 

Shigella and other enteropathogens.  Recent S. sonnei isolates in the USA, Vietnam and India 

have been reported to have complete ciprofloxacin resistance (MIC ≥ 4 mg/L).40–42  For several 

countries, Shigella clinical isolates have been reported to be resistant to cephalosporins such as 

ceftriaxone in an average of 18.5% of cases.37  This observed resistance is likely due to the 

production of extended-spectrum β-lactamases (ESBLs), which can inactivate the antibiotics 

through hydrolysis of the β-lactam ring.39 

 

Figure 1-1: Shigella Pathogenesis Pathway.  A): Shigella escape from the macrophages (1), invasion of epithelial cells (2), and 
lateral spread (3).  B): Primary virulence factor induction by VirF. C): Type III secretion system structure.  D): Lateral spread via 
actin polymerization facilitated by IcsA. 

 

The molecular mechanism used by Shigella to invade and replicate in the host’s intestinal 

epithelium has been studied extensively and is summarized in Figure 1-1.31,43–48  To establish an 
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infection, Shigella relies on the coordinated expression of virulence genes spread across 

pathogenicity islands on the chromosome, and on the large 230 kbp virulence plasmid (pINV) 

(Figure 1-2).49  Once ingested, Shigella can resist the high acidity of the stomach to reach the 

colon, contributing to the extremely low number of bacteria required to establish an infection.  

This acid resistance is largely due to the growth phase-dependent sigma factor σ38, coded by 

rpoS.50   Shigella is able to enter the colonic epithelium through two pathways.  The first is 

mediated by host microfold-cells (M-cells).  Shigella enters the M-cells though induced 

membrane ruffling by the secreted effector protein IpgB1, beginning transcytosis to the 

submucosa of the gastrointestinal tract.51  Here, the bacteria is endocytosed by resident 

macrophages but escape degradation by inducing immediate macrophage pyroptosis.  This is 

achieved through a caspase 1-dependent pathway, releasing proinflammatory cytokines (IL-1 

and IL-8) that destabilize the junctions between epithelial cells by recruiting polymorphonuclear 

(PMN) leukocytes.52  This destabilization facilitates Shigella invasion, bypassing the M-cells, 

leading to the second pathway Shigella uses to enter the colonic epithelium.  Once in contact 

with the basolateral membrane of the intestinal epithelial cells, the bacteria express the type III 

secretion system (T3SS).  This hollow, needle-like structure is composed of several proteins 

from the mxi-spa locus of pINV and is important in releasing effector proteins into the epithelial 

cell during invasion.  IpaB at the tip of the T3SS binds to host CD44 to stabilize the bacterium as 

IpaB, IpaC, and IpaD, released by the T3SS, interact with host receptors such as α5β1 integrin to 

begin rearrangement of the host cytoskeleton, promoting uptake of the bacterium.53–55  Effector 

proteins IpaB, IpaC, IpaD, and IpaH facilitate the lysis of the phagosome, releasing Shigella into 

the epithelial cytoplasm.31,56  Here, Shigella can replicate and survive by preventing epithelial 

cell death by releasing IpgD and VirA, which contribute to augmenting pro-survival signaling.55  
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Shigella lack any flagella for movement.  Instead, IcsA mediates the recruitment of the host’s N-

WASP and ARP2/3 at one pole of the bacterium to create a complex that acts as a nucleation site 

for host actin polymerization to propel itself forward.57–59  This method of motility allows 

Shigella to make protrusions at tricellular tight junctions to become endocytosed by the 

neighboring epithelial cell to start the escape, replication and spread cycle over. 

On the pINV, a 31 kb region 

known as the “entry region” 

contains most of the genes 

that are required for Shigella 

pathogenesis.  The 34 genes 

located here are split into an 

ipa cluster, which largely 

encode for the Ipa effector 

proteins, and a mxi-spa 

cluster, which encode for the 

MxiE regulator, and the 

T3SS structural machinery.  

Ipg genes are scattered 

between the two clusters.60,61  Genes located outside of the entry region that are critical for 

invasion include icsA, virA, virB, and virF.  As mentioned previously, IcsA is important for 

Shigella motility, and VirA plays a role in interfering with cell autophagy and disrupting the 

entry vacuole.43,44,62  VirB is a transcriptional regulator that activates the expression of the mxi-

spa genes that form the T3SS and the early Ipa effectors.  Additionally, VirB turns on the 

Figure 1-2:Plasmid Map of pINV.  Image was taken from Pasqua et al. 
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expression of the MxiE regulator which in turn is responsible for activation of the late effectors 

in the invasion process.  The virF gene encodes for the transcriptional regulator VirF, which is 

responsible for activating icsA and virB, putting VirF at the top of the regulatory cascade of 

Shigella virulence gene expression.43,63,64 

VirF, a member of the AraC family of transcriptional regulators, is crucial in the initiation of the 

Shigella pathogenesis pathway.  Tobe et al.(1993)65 first demonstrated the ability of VirF to 

activate virB.  The authors were able to use deletion analysis of the virB promoter to identify an 

important region 110 bp upstream of the virB transcription start site.  This region correlated with 

binding by the MalE-VirF fusion protein as well binding by the transcription silencer, H-NS.  

The overlapping binding sites of VirF and H-NS support the theory of temperature dependent 

regulation.  It is thought that an increase in temperature from 30°C to 37°C can induce a change 

in DNA supercoiling that allows for favorable conditions for VirF binding and disrupts the H-NS 

• DNA complex that represses transcription of Shigella virulence genes.65  In the case of icsA, 

transcription is repressed by the binding of H-NS to three unique sites as well as by the small 

antisense RNA, RnaG.66,67  VirF is able to counteract this repression, promoting icsA expression 

through two pathways: by directly competing with H-NS binding to switch to an active state, and 

by repressing the expression of RnaG.68 

 

DNA Binding Domain 

AraC proteins are characterized by their conserved C-terminal helix-turn-helix (HTH) 

containing DNA binding domain (Figure 1-3).69  They also typically contain a nonconserved N-

terminal domain that is often responsible for dimerization or chemical signaling.70  The 

mechanism by which this class of proteins binds DNA has been studied through the two co-
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crystal structures of MarA (PDB:1BL0) and Rob (PDB:1D5Y) each bound to their target 

DNA.71,72  These two structures suggest two different mechanisms of binding by the C-terminal 

DNA binding region.  In the case of MarA, the conserved HTH domains bind with each helix 

inserted into the DNA major groove.73  In the crystal structure of Rob, the protein is bound with 

only one helix inserted into the major groove while the other end of the protein interacts with the 

surface of the DNA double helix.  Recent studies have questioned the validity of this Rob 

structure, using cryogenic electron microscopy (cryo-EM) to obtain a density map and structural 

model of Rob in a transcription activation complex.74,75  Similar to the MarA crystal structure, 

the cryo-EM structure of Rob shows the HTH motifs interacting with DNA in the major grooves, 

resulting in a 35° bend in the DNA.71,74  Porter and Dorman were able to provide insight to the 

structure and function of VirF through full gene random and site-directed mutagenesis.76  

Changes to the first and second HTH regions inactivated VirF in a β-galactosidase assay, 

specifically I180N, V191A, K193A, and E196K.  When comparing the outcome of these 

mutations with the alanine scan on MarA77, trends can be observed in positions that are 

important for both proteins.  For example, K193 in VirF likely makes major groove contacts 

similarly to R46 in MarA, explaining the severe change in phenotype when this residue is 

mutated.76  This data, along with similar results seen with another AraC regulator, PerA, provide 

evidence that VirF interacts with its target DNA with both HTH regions of the DNA binding 

domain.64 
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Figure 1-3: Overlay of the DNA Binding Domains of Four AraC Family Members. Structures included are MarA (1BL0), 
AraC (2K9S), GadX (3MKL), and the DNA binding domain of ToxT (5SUW). 

In this research project, we focus on studying the VirF DNA binding domain (DBD).  In 

Chapter 2, I will discuss attempts to express and purify an active, truncated form of the VirF 

DBD.  Next, in Chapter 3, we used two E. coli homologs, GadX and MarA, to generate 

homology models of the VirF DBD.  These models guided our alanine scan mutagenesis of 

MarA and MalE-VirF, and in vitro DNA binding assays identified resides that were important in 

both proteins’ capabilities to bind DNA.  In Chapter 4, we construct domain swaps of the 

different MarA and VirF binding regions to evaluate whether the proteins can be made to 

recognize their non-native DNA ligand.  Lastly, Chapter 5 will briefly discuss attempts to run 

Shigella invasion and plaque formation assays on Caco-2 human epithelial cells as part of a 1.7 

M compound phenotypic, high-throughput screen conducted in collaboration with GSK. 
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Chapter 2 The VirF DNA Binding Domain  

 It has been well documented in the literature that the AraC family of transcriptional 

regulators are a very difficult family of proteins to work with in vitro.1–5  These proteins are 

widespread within bacteria and are often involved in carbon metabolism, stress response, or 

virulence, making them interesting targets for antimicrobial inhibition.6  To obtain any 

biochemical analysis of these proteins, researchers in the past have resorted to several tedious 

techniques to circumvent the insoluble nature of this protein family.  The most commonly used 

technique is the denaturation and renaturation of the insoluble pellet containing the protein of 

interest through the use of buffers containing high concentrations of urea or guanidinium.7–14  

This process has been used to study AraC proteins such as MarA, Rv1395, RhaS, and SoxS, but 

refolding only yields a fraction of the overexpressed protein, often with variable levels of activity 

due to the nature of the refolding process.12–15  Another approach is to create a fusion protein, 

attaching a maltose-binding protein (MBP) or N utilization substance A (NusA) tag to the AraC 

protein of interest.8,16,17  There has been success in the literature using an MBP fusion tag to 

evaluate these proteins, but removal of the MPB tag often results in the protein reverting back to 

an insoluble form.18,19  Additionally, the MPB tag is roughly 42 KDa, making it larger than the 

average size of the AraC proteins.3,20  Taken together, the size of the tag and the inability to 

remove it without detrimental consequences to the solubility could potentially interfere with 

downstream function of the protein.8,20 

 To study VirF in vitro, our lab has spent much energy optimizing the purification process.  

Initial attempts to purify a MalE-VirF fusion protein (MBP-tagged) in various E. coli strains was 
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unsuccessful due to poor heterologous expression.21  These expressions and purifications often 

lead to low yield and high impurity.  To improve this method, our lab constructed an arabinose-

inducible vector, pBAD202-MALvirF, which allowed for expression of MalE-VirF in Shigella 

flexneri BS103, an avirulent strain of the pathogen.19  While this method was acceptable for the 

biochemical analysis, MalE-VirF is still not representative of native VirF.  Although MalE-VirF 

has been shown to function in the in vitro analysis,22 the dimerized active protein has 

approximately 85 KDa of excess mass at the N-terminal.  To address this, we attempted to follow 

an established protocol from the literature that reported the successful purification of his-tagged 

VirF in E. coli.23  Unfortunately, this method proved difficult to reproduce, as there was little to 

no expression of his-tagged VirF when following the published procedure. 

 To further study the VirF DNA binding domain, we wanted to purify a VirF construct 

that did not include the large MBP tag.  Our first method was to revisit the previously mentioned 

published procedure that expresses full length VirF with a multi-histidine tag to try and optimize 

the yield.  The second method was to express and purify a truncated form of the VirF C-terminal 

DNA binding domain.  Here, we discuss those trials in detail. 

 

Materials and Methods 

Reagents and Plasmids 

 All reagents and standard buffer components were purchased from Thermo Fischer or 

Millipore Sigma unless otherwise specified in parentheses.  DNA oligonucleotides were 

purchased from Integrated DNA Technologies (IDT). 
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Table 2-1: Gene and Primer Sequences 

Sequence Name Sequence (5’ à 3’) 
VirF gene atgatggatatgggacataaaaacaaaatagatataaaggttcgcttgcataactatattattttat

atgcaaaaaggtgttcaatgacggttagctcaggcaatgaaactttgactatcgatgaagggca
aattgcttttatagagcgaaatatacaaataaacgtctccataaaaaaatctgatagcattaatcc
atttgagattataagccttgacagaaatttattattaagcattattagaataatggaaccaatttattc
atttcaacactcctattctgaggagaaaagggggttaaacaaaaaaatattcctcctctctgagg
aggaggtttctatcgatttgttcaaatctataaaagagatgcctttcggcaaaagaaagatctata
gtttagcttgccttttatcagctgtttctgatgaggaagctttatatacttcgatatcgatagcttcttctc
ttagtttttctgatcagataaggaagattgttgaaaaaaacatcgagaagagatggcgtctttctg
atatttcaaataacttgaatttatcagaaatagctgttagaaaacgattggagagtgaaaaattaa
catttcaacaaatccttcttgatattcgcatgcatcatgcagcaaagcttttattgaatagtcaaagc
tatattaatgatgtatcaagacttatcggaatatcaagcccatcttattttataaggaaatttaatga
atattatggtataactccaaagaaattttacttatatcataaaaaattttaactcgagcaccaccac
caccaccac 
 

Primer Name Sequence (5’ à 3’) 
VirF AMP Forw gagatccatatgatggacatgggac 
VirF AMP Rev tcggtcctcgaggaatttcttgtgatac 

pET19b VirF opt forw tatacatatgatggacatgggacataagaataaaatcgac 
pET19b VirF opt rev gtggtgggatccgaatttcttgtgatacaaataaaatttcttggg 

VirF CDom Forw (144-263) atgccatatgatggaggaagctttatatacttcg 
VirF CDom Forw (164-263) atgccatatgatgaggaagattgttgaaaaaaacatcg 

VirF CDom Rev ctcgagaaattttttatgatataagtaaaatttctttggag 
 

His-tagged VirF Constructs – pET21b 

 A pET21b plasmid containing the virF gene with a C-terminal 6-histadine tag was 

constructed by a previous lab member.  Upon sequencing the plasmid, a stop codon was 

recognized at the end of the virF gene, preventing the expression of the tag.  To resolve this, a set 

of primers were ordered for mutagenesis (Table II-1).  In a total volume of 50 µL, samples 

containing pET21bvirF-his (50 ng), forward and reverse PCR primers (0.5 µM each), dNTPs 

mix (2.5 mM each NTP), Phusion Polymerase Buffer (1x, New England Biolabs), and Phusion 

DNA Polymerase (1 U, New England Biolabs) were incubated according to the following 

temperature sequence: 1 cycle – 95°C for 10 minutes, 30 cycles – 95°C for 30 seconds, 52°C for 

30 seconds, 72°C for 30 seconds, and 1 cycle – 72°C for 10 minutes before being incubated at 

4°C overnight.  The PCR product and the vector pET21b were separately subjected to a double 
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restriction enzyme digest by being treated with 10 U of NdeI and XhoI in Cutsmart® Buffer 

(New England Biolabs).  The digested vector and PRC product were gel-purified from a 1% 

agarose gel and purified using a QIAquick Gel Extraction Kit (Qiagen).  In a total volume of 20 

µL, the digested virF PCR product and pET21b vector in a 5:1 ratio was combined with T4 

ligase buffer and 1 U of T4 DNA Ligase (New England Biolabs) at 16°C overnight.  The ligated 

product (pET21bvirF-6xHis) was transformed into 100 µL of chemically competent Top10 E. 

coli and plated on carbenicillin plates (50 µg/mL carbenicillin).  Individual colonies were 

isolated and grown in 5 mL of 2xTY media (16 g bactotryptone, 10 g yeast extract, 5 g NaCl per 

liter of water supplemented with 100 μg/mL carbenicillin).  The plasmid was purified using a 

Qiaprep Spin Miniprep Kit (Qiagen) and the removal of the stop codon was confirmed via DNA 

sequencing (University of Michigan DNA Sequencing Core Facilities). 

 

His-tagged VirF Constructs – pET19b 

 In contrast to the pET21b vector, which contains a 6x-histidine tag downstream of virF 

gene, the pET19b vector harbors a 10x-histidine tag prior to the multiple cloning site, allowing 

for the incorporation of the tag on the N-terminal end of the gene.  This would be beneficial 

when studying the VirF DNA binding domain by eliminating any possibility of the tag 

interfering with protein activity.  To engineer this construct, NdeI and BamHI recognition 

sequences were inserted at the N-terminal and C-terminal of virF on pET21bvirF-6xHis, 

respectively, through PCR.  In a total volume of 50 µL, samples containing pET21bvirF-6xHis 

(50 ng), forward and reverse PCR primers (0.5 µM each), dNTPs mix (2.5 mM each NTP), Taq 

Polymerase Buffer (1x, New England Biolabs), and Taq DNA Polymerase (1 U, New England 

Biolabs) were incubated according to the following temperature sequence: 1 cycle – 95°C for 10 
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minutes, 35 cycles – 95°C for 1 minute, 58°C for 1 minute, 72°C for 7 min, and 1 cycle – 72°C 

for 10 minutes before being incubated at 4°C overnight.  To digest, 10 µL of Cutsmart Buffer 

and 1 U of both NdeI and BamHI were added to the reaction mixture before incubating at 37°C 

for 1.5 hours.  To obtain the desired pET19b vector, pET19b-pp-CarD was obtained from Max 

Stefan of the Garcia Lab.  The vector was digested by 10 U of NdeI and BamHI in Cutsmart 

Buffer at 37*C for 2 hours.  Both the digested virF PCR product and pET19b vector were gel-

purified from a 2% agarose gel and purified using a QIAquick Gel Extraction Kit (Qiagen).  In a 

total volume of 20 µL, the digested virF PCR product and pET19b vector in a 3:1 ratio was 

combined with T4 ligase buffer and 1 U of T4 DNA Ligase (New England Biolabs) at 16°C 

overnight.  The ligated product (pET19bvirFHis) was transformed into 100 µL of chemically 

competent Rosetta 2(DE3) pLysS E. coli and plated on carbenicillin plates (50 µg/mL 

carbenicillin).  Individual colonies were isolated and grown in 5 mL of 2xTY media.  The 

plasmid DNA was purified using a Qiaprep Spin Miniprep Kit (Qiagen) and the sequence was 

confirmed via DNA sequencing (University of Michigan DNA Sequencing Core Facilities). 

 

 

pET21bvirF-6xHis Purification Trials 

 pET21bvirF-6xHis was transformed into chemically competent E. coli BL21(DE3) cells 

for expression and purification.  An individual colony containing the plasmid was isolated and 

grown in 10 mL 2xTY media supplemented with carbenicillin (100 µg/mL) with agitation at 

37°C overnight.  A liter of fresh, sterile 2xTY was inoculated with the 10 mL starter culture and 

continued to be agitated at 37°C until the OD600 approximately read 0.5.  Isopropyl β-d-1-

thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and the culture was 
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allowed to grow overnight under the same conditions.  The next day, the cells were harvested by 

centrifugation and the pellet was resuspended in 20 mL of lysis buffer (50 mM KH2PO4, 750 

mM NaCl, 10 mM BME, 0.1% Tween-20, 10% glycerol, [pH 7.5]) supplemented with 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF) and a tablet of Roche cOmplete miniprotease inhibitor 

cocktail tablet (Roche).  The solution was lysed via sonication and pelleted by centrifugation 

before the supernatant was collected and sterile filtered.  The resulting solution was loaded onto 

a 1-mL HisTrap HP column (Cytiva) using an AKTA fast protein liquid chromatography (FPLC, 

GE Healthcare).  The column was washed with 10 column volumes (CVs) of lysis buffer and the 

protein was eluted from the column with HisVirF elution buffer (50 mM KH2PO4, 500 mM 

NaCl, 500 mM imidazole, 10 mM BME, 0.1% Tween-20, 20% glycerol, [pH 7.5]).  Fractions 

were collected and analyzed on a 10% polyacrylamide gel and fraction 2 was chosen for further 

purification.  The solution was transferred to a cation exchange (CIEX) binding buffer (10 mM 

HEPES, 5 mM BME, 0.1% Tween-20, 20% glycerol, [pH 7.5]) and was loaded onto a Source 

15Q (Cytiva) CIEX column.  The protein was eluted with increasing concentration of CIEX 

elution buffer (bind buffer with 1 M NaCl) and the fractions were visualized by SDS PAGE.  No 

bands were detected. 

 A colony of chemically competent E. coli BL21(DE3) was isolated and grown in 10 mL 

2xTY media supplemented with carbenicillin (100 µg/mL) with agitation at 37°C overnight.  A 

liter of fresh, sterile 2xTY was inoculated with the 10 mL starter culture and continued to be 

agitated at 37°C until the OD600 approximately read 0.5.  IPTG was added to a final 

concentration of 1 mM and the culture was allowed to grow overnight under the same conditions.  

The next day, the cells were harvested by centrifugation and the pellet was resuspended in 20 mL 

of lysis buffer (as previously described, adding 10% glycerol, 2% D-mannitol) supplemented 
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with 0.1 mM PMSF and a tablet of Roche cOmplete miniprotease inhibitor cocktail tablet 

(Roche).  The solution was lysed via sonication and pelleted by centrifugation.  At this stage, the 

pellet was collected instead of the supernatant and was resuspended in denaturing buffer (20 mM 

Tris HCl, 500 mM NaCl, 6 M guanidinium chloride, [pH 7.5]) before centrifugation.  The cell 

lysate was applied to a 1-mL HisTrap HP column (Cytiva) using an AKTA FPLC column (GE 

Healthcare).  The protein was eluted with increasing concentrations of denaturing elution buffer 

(denaturing buffer with 500 mM imidazole) and each stage of the purification was visualized 

with SDS PAGE.  The protein appeared to be trapped in the pellet, leading us to subject the 

pellet to denaturing buffer overnight.  The process was repeated, applying the solution to another 

1-mL HisTrap HP column, but after SDS PAGE no protein was detected in the eluted fractions. 

 

 

pET19bvirFHis Purification Trial 

 To purify His-tagged VirF, pET19bvirFHis was transformed into chemically competent 

E. coli BL21(DE3) cells for expression and purification.  Similar to as previously described, an 

individual colony containing the plasmid was isolated and grown in 10 mL 2xTY media 

supplemented with carbenicillin (100 µg/mL) with agitation at 37°C overnight.  A liter of fresh, 

sterile 2xTY was inoculated with the 10 mL starter culture and continued to be agitated at 37°C 

until the OD600 approximately read 0.5 and the culture was induced with 1 mM IPTG overnight 

at 16°C.  The culture was pelleted by centrifugation and resuspended in lysis buffer (20 mM Tris 

HCl, 300 mM NaCl, 5% glycerol, 0.1% Tween-20, 10 mM BME, [pH 7.5]).  The solution was 

lysed via sonication and the soluble lysate was separated by centrifugation.  The lysate was 

applied to a HisTrap HP 1mL column on the AKTA FPLC and the protein was eluted with 
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increasing concentrations of elution buffer (lysis buffer with 500 mM imidazole and 20% 

glycerol) on SDS PAGE.  Samples thought to contain protein were pooled, flash frozen, and 

stored in a -80°C freezer.   

 

Electrophoretic Mobility Shift Assay 

 To evaluate His-tagged VirF’s capability to bind DNA, an electrophoretic mobility shift 

assay (EMSA) was performed.  The EMSA protocol was adapted from Emanuele et al 2015.19  

Briefly, reactions consisting of 6 µL pvirB EMSA DNA probe (0.25 µM), 6 µL of either His-

tagged VirF (1.0 μM) or native gel loading buffer (300 mM Tris HCl, 50% glycerol, 0.05% 

bromophenol blue, [pH 7.0]), 1 μL of salmon sperm DNA (0.7 mg/mL, Invitrogen),  and 0.5 μL 

BSA (0.07 mg/mL) were incubated at 37°C in a water bath for 15 minutes.  A 6% native 

polyacrylamide gel (29:1 acrylamide to bis-acrylamide ratio) was made with 0.25X TBE buffer 

(22 mM Tris Base, 22 mM boric acid, 0.5 mM EDTA, [pH 9.5]) for the EMSA. The gel was 

electrophoresed for 1 hour at 150 V in 0.25X TBE buffer at 4°C before samples were loaded. 

After the reaction solutions (12 μL) were loaded onto the gel, the gel was electrophoresed for an 

additional hour at 150 V and 4°C.  Gel visualization was performed using a Molecular Dynamics 

Typhoon 9200 molecular imager by excitation (Ex) at 607 nm and reading the 710-nm emission 

(Em). 

 

VirF DNA Binding Domain Constructs 

 To truncate VirF, primers were designed that would clone virF starting at either E144 

(144-262) or R164 (164-262) from pET21bvirF-6xHis and into a TOPO vector (Table II-1).  In 
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a total volume of 50 µL, two separate PCR reactions containing forward and reverse primers (0.5 

µM, either E144 or R164 forward primer), pET21bvirF-6xHis (50 ng) dNTPs mix (2.5 mM each 

NTP) Taq Polymerase Buffer (1x, New England Biolabs), and Taq DNA Polymerase (1 U, New 

England Biolabs) were incubated according to the following temperature sequence: 1 cycle – 

95°C for 10 minutes, 35 cycles – 95°C for 1 minute, 57°C for 1 minute, 72°C for 7 min, and 1 

cycle – 72°C for 10 minutes before being incubated at 4°C overnight.  The next day, the PCR 

product was cloned into a TOPO Vector according to manufacturer’s protocol and transformed 

into TOP10 E. coli.  TOPO Vectors containing each truncated virF gene were isolated and 

digested in 10 µL of Cutsmart Buffer and 1 U of both NdeI and XhoI were added to the reaction 

mixture before incubating at 37°C for 1.5 hours.  The pET19b vector was simultaneously 

digested by 1 U of both NdeI and XhoI in Cutsmart Buffer for 2 hours.  Both digested virF 

products and pET19b vector were gel-purified from a 2% agarose gel and purified using a 

QIAquick Gel Extraction Kit (Qiagen).  In a total volume of 20 µL, the digested virF product 

and pET19b vector in a 3:1 ratio was combined with T4 ligase buffer and 1 U of T4 DNA Ligase 

(New England Biolabs) at 16°C overnight.  The ligated products (pET19bVirF144-262 and 

pET19bVirF164-262) were transformed into 100 µL of chemically competent BL21(DE3) E. 

coli and plated on carbenicillin plates (50 µg/mL carbenicillin).  Individual colonies were 

isolated and grown in 5 mL of 2xTY media.  The plasmid DNA was purified using a Qiaprep 

Spin Miniprep Kit (Qiagen) and the sequence was confirmed via DNA sequencing (University of 

Michigan DNA Sequencing Core Facilities). 

 

Expression Test 
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 Comprehensive expression tests were performed to determine the level of expression that 

is achieved with both pET19bVirF144-262 and pET19bVirF164-262 in E. coli.  First, 10 mL 

cultures of 2xTY containing E. coli housing one of the two expression plasmids were grown 

overnight.  These were used to inoculate cultures containing fresh 2xTY and were allowed to 

continue growing at 37°C until OD600 reached 0.5.  One set of cultures were then induced with 

0.5 mM IPTG and grew for various induction times (2, 3, 4, or 16 hours) and the other set was 

induced with varying amounts of IPTG (0.1 mM, 0.25 mM, 0.5 mM, or 1 mM) for 3 hours.  At 

each time point, 1 mL of the culture was collected, pelleted by centrifugation, and resuspended in 

100 µL of lysis buffer (20 mM Tris HCl, 250 mM NaCl, 10 mM BME, 0.1% Triton X-100, 5 

mM imidazole, 30% glycerol, [pH 7.9]).  Expression of each sample was visualized by SDS 

PAGE. 

 

Purification Trials of the VirF C-Terminal DNA Binding Domain Constructs 

 Both pET19bVirF144-262 and pET19bVirF164-262 were expressed and purified under 

the same conditions side by side.  An individual colony of BL21(DE3) E. coli containing one of 

the two plasmids was isolated and grown in 10 mL 2xTY media supplemented with carbenicillin 

(100 µg/mL) with agitation at 37°C overnight.  A liter of fresh 2xTY was sterilized for each 

plasmid and was inoculated with the appropriate 10 mL starter culture.  The flask continued to be 

agitated at 37°C until the OD600 approximately read 0.5.  IPTG was added to a final 

concentration of 1 mM and the culture was allowed to grow overnight under the same conditions.  

The next day, the cells were harvested by centrifugation and the pellet was resuspended in 20 mL 

of lysis buffer (same as expression test) supplemented with 0.1 mM PMSF and a tablet of Roche 

cOmplete miniprotease inhibitor cocktail tablet (Roche).  The solution was lysed via sonication 
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and pelleted by centrifugation.  The lysates were collected and sterile filtered before they were 

applied to a 1-mL HisTrap HP column (Cytiva) using an AKTA FPLC.  The column was washed 

with 10 C.V. of lysis buffer before applying increasing concentrations of elution buffer (lysis 

buffer with 500 mM imidazole).  The fractions that were thought to contain the VirF DNA 

binding domains (DBD) according to the chromatograms were collected and analyzed on a 10% 

polyacrylamide gel.  Unfortunately, neither of the two proteins were identified in the gel. 

 Next, we tried to purify the VirF DBD using a HiTrap SP FF cation exchange column 

(Cytiva).  Obtaining the cell pellet was achieved as described above.  Once pelleted, the cells are 

resuspended in CIEX bind buffer and lysed via sonication.  The solution was centrifuged, and the 

lysate was filtered and applied the HiTrap SP FF CIEX using AKTA FPLC.  The protein was 

eluted with increasing concentration of CIEX elution buffer.  The fractions that were thought to 

contain the VirF DBDs according to the chromatograms were collected and analyzed on a 14% 

polyacrylamide gel.  VirF DBD 144-262 was observed in the fractions corresponding to the first 

elution peak on the chromatogram, but if VirF DBD 164-262 was present, the samples were too 

impure to see.  Activity of VirF DBD 144-262 was evaluated by EMSA as previously described. 

Going forward, only pET19bVirF144-262 was use in the expression trials unless otherwise 

stated.  To obtain pure and active VirF DBD, we tried to co express the DBD in the presence of 

the protein chaperones GroEL/ES.  The reason was that these chaperones may help fold the VirF 

DBD into the proper tertiary structure without us having to denature protein.  First, 

pET19bVirF144-262 was transformed into chemically competent E. coli BL21(DE3) cells 

housing the expression plasmid pGro7 with GroEL/ES donated by Dr. Emily Scott’s lab.  An 

individual colony containing the plasmids was isolated and grown in 10 mL 2xTY media 

supplemented with carbenicillin (100 µg/mL) with agitation at 37°C overnight.  500 mL of fresh 
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2xTY was inoculated with the starter culture and continued to be agitated at 37°C.  When the 

OD600 read 0.3, 5 mL of 20% arabinose was added and the culture continued to grow under the 

same conditions.  When the OD600 read 0.6, the culture was induced with 0.4 mM IPTG and grew 

overnight at 16°C.  The next day, the cells were harvested by centrifugation and the pellet was 

resuspended in 25 mL of lysis buffer (same as pET19bvirFHis purification) supplemented with 

0.1 mM PMSF and a tablet of Roche cOmplete miniprotease inhibitor cocktail tablet (Roche).  

The solution was lysed via sonication and pelleted by centrifugation before the supernatant was 

collected and sterile filtered.  The resulting solution was loaded onto a 5-mL HisTrap HP column 

(Cytiva) using an AKTA FPLC.  The column was washed with 10 column volumes (CVs) of 

lysis buffer and the protein was eluted from the column with increasing concentration of elution 

buffer.  Fractions were collected and analyzed on a 14% polyacrylamide gel.  Almost all the over 

expressed VirF DBD was in the pellet.  

 To express and purify the VirF DBD from the insoluble pellet, we modified a published 

protocol used to purify the E. coli AraC transcriptional regulator, MarA.12  First, a culture of E. 

coli BL21(DE3) containing pET19bVirF144-262 was grown overnight at 37°C and was used to 

inoculate a fresh 1 L culture of 2xTY.  The culture was grown at 37°C with agitation until the 

OD600 was approximately 0.8.  The culture was induced with IPTG at a final concentration of 0.4 

mM and vigorously rocked at 37°C for 3 more hours before the cells were pelleted.  The pellet 

was then rinsed with 25 mL of lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 1 M NaCl [pH 7.5]) 

before freezing overnight.  The next morning, the cells were resuspended in 25 mL of lysis 

buffer and lysed via sonication.  The solution was pelleted by ultracentrifugation (120,000 x g, 

4°C, 30 min), the supernatant was discarded, and the pellet was washed with 30 mL of denture 

buffer 1 (50 mM Tris-HCl, 4 M urea [pH 8.5]) before the ultracentrifugation was repeated. The 
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supernatant was discarded again, and the pellet was resuspended in 25 mL of denature buffer 2 

(50 mM Tris-HCl, 6 M guanidinium chloride [pH 8.5]). The mixture was subjected to 

ultracentrifugation a third time, and the supernatant was collected and diluted to 40 mL with 

resuspension buffer (50 mM Tris-HCl [pH 8.5]).  The solution was loaded onto a HisTrap 5 mL 

column using an AKTA FPLC and washed with 3 C.V. of water.  The protein was eluted by 

applying a linear gradient of 0-100% wash buffer (50 mM Tris-HCl, 500 M NaCl, [pH 8.5]) to 

elution buffer (wash buffer with 1 M imidazole]).  The fractions that eluted around 0.2 M 

imidazole were analyzed on SDS PAGE and the fractions containing a band expected to be the 

VirF DBD were pooled and dialyzed overnight (50 mM HEPES, 1 M NaCl, 1 mM DTT, 5 mM 

EDTA, 0.1 mM Triton X-100, 20% glycerol, [pH 8.0]).  The solution was concentrated, 

aliquoted, and flash frozen in liquid nitrogen.  The DNA binding activity of the protein was 

evaluated by EMSA as previously described.  

 Suspicious that the purified VirF DBD 144-262 was inactive, we attempted to refold the 

purified protein on the nickel column.  Briefly, a 1 mL purified protein stock of VirF DBD 144-

262 was denatured in 10 mL of denature buffer 2 and rocked at 4°C overnight.  The following 

day, the solution was applied to a HisTrap 5 mL column with ATKA FPLC.  The column was 

washed with wash buffer supplemented with 6 M guanidinium chloride, slowly decreasing the 

concentration of guanidinium chloride to 0 M of 20 C.V.  The protein was eluted by applying a 

linear gradient of 0-100% wash buffer to elution buffer.  The collected fractions were visualized 

with SDS PAGE.  

 

Results 

pET21bVirF-6xHis 
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 Initial attempts to express and purify VirF from a pET21b vector were unsuccessful due 

to a stop codon that was mistakenly placed at the end of the gene.  Using the VirF AMP 

Forw/Rev primers from Table II-1, the stop codon was removed after troubleshooting the PCR 

conditions.  We first tried to purify VirF-6xHis with FPLC on a nickel column modifying a 

published procedure.23  At first, we thought the results looked promising, identifying a band in 

fraction 1 and 2 that may be our 31 Kd protein (Figure 2-1).  Unfortunately, after attempting to 

clean up the fraction on a subsequent cation exchange column (CIEX), no protein appeared to 

elute from the column.  Following this, we repeated the purification under denaturing conditions.  

Guanidinium chloride was added to the solution when we resuspended the pellet and remained 

present through eluting from the column.  After visualizing the purification steps with SDS 

PAGE, it was apparent that VirF-6xHis was still trapped in the pellet and what we saw in the 

previous purification was misidentified (Figure 2-2). 

 

Figure 2-1: Purification Gel of VirF-6xHis Post Ni-Affinity Chromatography 
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Figure 2-2: SDS PAGE of VirF-6xHis Denaturing Purification: The protein appears to be trapped in the pellet. 

 

pET19bVirFHis 

 Going forward in our attempts to purify VirF, we decided to change expression vectors 

from pET21b to pET19b.  This would allow us to have a 10x histidine tag on the N-terminal end 

of the protein instead of at the C-terminal.  It is foreseeable that removal of the tag may be 

detrimental to protein solubility, and this would keep it from interfering with the activity of the 

C-terminal DNA binding domain.  Additionally, 10x histidine tags may be more compatible with 

downstream assays such as SPR.24  This was achieved using pET19b VirF Opt Forw/Rev 

primers after several round of optimization and DNA sequencing.  After much troubleshooting, 

the purification was finally able to isolate low yields of 10xHis-VirF (Figure 2-3).  The activity 

of the protein was evaluated by an electrophoretic mobility shift assay (EMSA).  The native gel 

showed no shift that would indicate any binding to the DNA by 10xHis VirF.  The experiment 

was repeated several times but binding by 10xHis VirF was never observed. 
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Figure 2-3: SDS PAGE of 10xHis VirF Purification 

 

 

Figure 2-4: EMSA Evaluating 10xHis VirF Binding to a virB Probe 

 

VirF DNA Binding Domain 

 We truncated virF to obtain two constructs of the VirF DNA binding domain (DBD) of 

different lengths referred to as VirF DBD 144-262 or VirF DBD 164-262 (Table 2-2).  This was 
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achieved by subcloning the truncated PCR products into a TOPO vector using the primers 

described in Table 2-1.  The genes were ligated into a pET19b vector for expression and 

purification and were ready after correcting mutations on pET19bVirF164-262 that were a 

byproduct of the cloning.  The first few attempts to express and purify these two truncated 

proteins looked to fail due to low expression, despite our expression tests prior to the 

purification.  Even though the chromatograms showed peaks where protein should be eluting, the 

purification gel in Figure 2-5 failed to show any bands near the predicted protein masses (VirF 

DBD 144-262 = 16 Kd; VirF DBD 164-262 = 13 Kd). 

 

Table 2-2: VirF amino acid sequence depicting the starting points for each of the truncated DNA binding domains. 

Sequence Name Amino Acid Sequence  

VirF 
144-262 
164-262 

MMDMGHKNKIDIKVRLHNYIILYAKRCSMTVSSGNETLTIDEGQIAFIER
NIQINVSIKKSDSINPFEIISLDRNLLLSIIRIMEPIYSFQHSYSEEKRGLNK
KIFLLSEEEVSIDLFKSIKEMPFGKRKIYSLACLLSAVSDEEALYTSISIAS
SLSFSDQIRKIVEKNIEKRWRLSDISNNLNLSEIAVRKRLESEKLTFQQIL
LDIRMHHAAKLLLNSQSYINDVSRLIGISSPSYFIRKFNEYYGITPKKFYL
YHKKF 
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Figure 2-5:First Purification Gel of the VirF DBDs 

 When using a CIEX column, we had better luck isolating VirF DBD 144-262.  Both 

constructs were expressed and purified on the FPLC, but VirF DBD 164-262 was much more 

impure after elution (Figure 2-6). The activity of VirF DBD 144-262 was evaluated by an 

EMSA.  Purified MalE-VirF was used as a positive control and showed binding to the virB 

probe, but no shift was observed in either of the two lanes corresponding to the purified DBD 

(Figure 2-7).  This led us to focus on cleaning the purification of VirF DBD 144-262. 
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Figure 2-6: CIEX Purification Gel of DBDs.  Fraction 1 of VirF DBD 144-262 looks to contain our protein. 

 

Figure 2-7:EMSA Gel to Test VirF DBD 144-262 Activity.  No binding observed in the duplicate reactions. 

 

 We co-expressed the chaperones GroEL/ES with VirF DBD 144-262 with the 

expectation that the chaperones will help facilitate the proper folding to the tertiary structure.  



42 
 

Unfortunately, the eluted fraction showed no protein when visualized by SDS PAGE.  In fact, 

almost all the expressed VirF DBD 144-262 appeared to be trapped in the insoluble pellet 

(Figure 2-8).  To try and purify from the insoluble pellet, we modified a protocol used by Jair et 

al. to isolate active MarA.12  This protocol resulted in a significantly higher yield and a relatively 

pure sample when visualized by SDS PAGE (Figure 2-9).  Again, the DNA binding activity was 

evaluated by EMSA using MalE-VirF as a positive control but no shift indicating binding was 

observed for VirF DBD 144-262 (Figure 2-10).  We tried to refold the protein while bound to 

the nickel column and again were able to isolate a decent yield in a clean fraction.  

Unfortunately, when we tested the activity, the protein showed no binding activity. 

 

Figure 2-8: Purification Gel of VirF DBD 144-262 Using GroEL/ES.  Protein appears to be trapped in the pellet 
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Figure 2-9: VirF DBD 144-262 Purification from the Insoluble Pellet 

 

Figure 2-10: EMSA to Test DNA Binding Activity of VirF DBD 144-262 
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Discussion 

 In Shigella, VirF is a crucial component to pathogenicity.  It’s ability to control the 

expression of key virulence factors makes VirF a compelling protein for investigation.25,26  The 

protein is made up of two distinct domains: a N-terminal dimerization domain and a C-terminal 

DNA binding domain.  The helix-turn-helix DNA binding domain is a conserved feature across 

all AraC family members, suggesting significance of this feature across a wide variety of 

bacterial species.3  Similar to other AraC family members, the insolubility of VirF when 

expressed in E. coli makes analysis of the structure and function in vitro challenging.  While the 

use of an MBP tag on VirF assists with solubility, the size of the tag leaves questions about the 

biological relevance of the protein. 

 In 2011, Tran et al. published a manuscript that detailed experiments using a his-tagged 

wild-type VirF.23  This was the first reported purification of VirF that did not use a MBP tag, 

allowing for the analysis of the protein without concern of the excess mass hindering the activity.  

When we tried to repeat the procedure with pET21bVirF-6xHis, we continuously found our 

protein would be trapped in the insoluble pellet.  When using different buffers throughout the 

process failed to improve protein solubility, we thought that the denaturation of the protein in the 

pellet would help remove VirF-6xHis from the inclusion bodies.  Unfortunately, seen in Figure 

2-2, most of the expressed protein is still in the pellet, despite it being resuspended in high 

concentration of guanidinium chloride. 

 We decided that isolating a construct of VirF with an N-terminal tag might be more 

beneficial than having a C-terminal tag.  Our lab already had several other expression constructs 

that used pET19b as a vector.  While there were many issues attempting to clone the gene from 

one vector to the other, we eventually were able to verify that our expression plasmid 
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pET19bVirFHis was correct.  Just as before, the purification was repeated several times to 

develop a procedure that yielded VirF.  This trial-and-error approach was necessary due to many 

purifications failing to show any protein eluting from the column.  In the end, the wash and 

elution buffer components listed in the methods for this purification were successful in getting 

the protein to elute off the column where expected.  Despite finally being able to isolate a 

relatively decent yield, 10xHis VirF showed no activity in the EMSA.  The same virB probe was 

used for both the MalE-VirF control and the 10xHis VirF test but only the MalE-VirF 

demonstrated the ability to bind to DNA. 

Since other members of the AraC family of transcription activators show better solubility 

than VirF, we thought that isolating a truncated form of the VirF DBD would have more success 

in vivo.3,27  Studying a predicted model of full length VirF, we chose two places to truncate the 

linker between the DNA binding domain and the dimerization domain (Table 2-2).  At first, we 

chose to put our energy into optimizing the expression and purification of both truncated forms 

(VirF DBD 144-262 and VirF DBD 164-262).  We reasoned that it would be beneficial to pursue 

clean isolates of both versions to compare the activity of the two, and we tried standard affinity 

chromatography and ion exchange chromatography to achieve this.  We would consistently see 

low expression but were able to isolate VirF 144-262 following CIEX (Figure 2-6).  After the 

purification of VirF 164-262, we saw a band that may correspond to the small 13 Kd protein, but 

the eluted fraction was very impure compared to VirF DBD 144-262.  When the impure fraction 

was reapplied to the column, the impurities were not lessened.  Once we tested the activity of the 

isolated VirF 144-262 and saw that it was in capable of binding to DNA (Figure 2-7), we 

decided to focus on improving the purification of this truncated form over trying to clean up the 

purification of VirF 164-262. 
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We reasoned that the protein is being misfolded at some stage of the purification, leading 

us to try expressing the DBD in the presences of protein chaperones GroEL/ES.  Although the 

chromatogram showed a peak during the elution, it was small and the SDS PAGE showed all the 

expressed protein was still trapped in the cell pellet.  Several AraC proteins have been isolated 

from a cell pellet in a denaturing purification, but this often hinders protein activity and yield.  

Despite this, we chose to modify a protocol used by Jair et al. to purify active MarA.12–15  We 

were surprised to see that this method resulted in a relatively high yield of VirF DBD when 

compared to the yield that was achieved when not denaturing the protein.  However, as 

predicted, achieving pure and active protein through this method still proved difficult.  While 

each protein purification we tried through this method resulted in decent yield, none of the trials 

produced protein that was active in the DNA binding assay (Figure 2-10).  Going forward, 

evaluating the expression of different lengths of truncated versions of VirF may prove to be more 

successful than what we were able to accomplish.  VirF remains a difficult protein to work with 

in vivo and any analysis will have to be achieved with MalE-VirF for the time being. 
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Chapter 3 Molecular Recognition of MarA Binding  

AraC family proteins are widespread within bacteria and contain a highly conserved 

DNA-binding domain (DBD) consisting of two helix-turn-helix (HTH) motifs.12,13 However, 

these proteins are often highly insoluble, making them difficult to purify and work with in 

vitro.27 There have been attempts in the literature and by us (See Chapter II) to obtain native 

VirF to study in vitro, but the yields have been extremely low and insufficient for study.18  

Relatively few three-dimensional structures of AraC family proteins have been solved and, 

unfortunately, no crystal structure of VirF has been reported. This has slowed studies of the 

VirF-DNA binding interaction thus reducing our ability to improve and develop more potent 

VirF inhibitors. Structures of a few AraC family proteins from E. coli and one from V. cholerae 

have been solved.  We selected two proteins, GadX and MarA, for use in homology modeling of 

the VirF DBD and in vitro analyses.  GadX is involved in promoting acid resistance and shows a 

29% sequence identity to the DBD of VirF.28  The GadX structure (PDB: 3MKL) does not 

include DNA and is likely reflective of the GadX conformation in solution.  

MarA, a regulator of multiple antibiotic resistance, has been studied extensively and a 

crystal structure of it bound to its cognate DNA promoter marRAB (PDB: 1BL0) has been solved 

by Rhee et al.29, who identified amino acids in positions that very likely contribute to the protein-

DNA binding interactions via hydrogen bonding or Van der Waals interactions.  In 2000, Gillette 

et al.30 published their results of an in vivo alanine scan of 107 amino acids of MarA and 

evaluated their ability to activate transcription of five mar regulon promoters in vivo.  Six of 
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those mutants were purified and their in vitro affinities for marRAB and micF were determined in 

a 32P-labeled DNA binding assay. 

Using GadX and MarA as structural models, we prepared two homology models for the 

VirF DBD, free and DNA-bound.  Here, we have conducted our own alanine scan of seven 

MarA residues, which were identified by Rhee et al. to make base-specific interactions with 

marRAB.31  Two of these were studied in vitro by Gillette et al.30, we added the other five 

identified by Rhee et al. and evaluated the affinities of all seven for the marRAB promoter DNA 

in vitro.  Based on sequence alignments with MarA and the MarA-based VirF homology model, 

the corresponding residues in VirF were mutated to alanine and tested in vitro to both validate 

the MarA-based model of VirF in a DNA-bound conformation and elucidate key DNA-binding 

interactions between VirF and the virB promoter. 
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Figure 3-1: VirF C-Terminal, DNA Binding Domain (DBD) Homology Models, and the Structural Templates MarA and GadX.  
A): Crystal structure of MarA (1BL0; Green) bound to the marRAB promoter DNA. B): The VirF DBD homology model (Red) 
created using MarA as a template 

 

Materials and Methods 

Reagents 

 All standard buffer components were purchased from Millipore Sigma or Thermo Fisher.  

Specific reagents or biological products not purchased from these are noted in parentheses.  



54 
 

DNA oligonucleotides were purchased from Integrated DNA Technologies.  Equipment utilized 

for these experiments was purchased from varying companies which are indicated in parentheses 

throughout this section. 

 

Alignment and Homology Modeling 

 Using SWISS-MODEL, the Protein Data Bank database was searched for structures that 

showed homology with the C-terminal DBD of VirF.32–36  The two templates selected, GadX 

(PDB: 3MKL, 2.15 Å resolution) and MarA (PDB: 1BL0, 2.30 Å resolution), stood out at the top 

of the list with high sequence coverage, identity/homology, and GMQE (Global Model Quality 

Estimate) scores.  To develop the VirF DBD models, the protein sequence was entered into MOE 

(Molecular Operating Environment).  Here, the sequence was used to search the PDB database to 

obtain the GadX and MarA structures that we wanted to use as templates and both structures 

were opened for analysis in the program.  In the homology model window, the VirF DBD 

sequence was entered as the sequence to model and each template was selected as a primary 

structure template in two separate consecutive modeling runs.  The geometries of the models 

with the highest RMSDs for each template were evaluated and selected as the representative 

homology model.  RMSD values were calculated using MOE.  The protein sequences were 

aligned and analyzed using MOE, giving percent-identity match.  MarA and VirF DBD were 

also aligned and evaluated using EXPASY SIM-Alignment Tool. 
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Alanine-Scanning Mutagenesis 

Site-directed mutagenesis of the marA and malE-virF genes was performed using 

oligonucleotides described in Table 3-1.  The alanine mutation was incorporated using the GCG 

alanine codon for each MalE-VirF mutant (I189, R192, K193, S238, Y239, I241, R242) and each 

MarA mutant (W42, Q45, R46, Q92, T93, T95, R96) except for R46A, which contains the GCT 

codon.  MalE-VirF numbering refers to the primary sequence of VirF from Shigella flexneri.  

Two-step PCR was used on pET-15b marA and pBAD202-MALVirF with PFU Turbo DNA 

Polymerase in a MiniAmpTM Plus Thermal Cycler (Thermo Fisher).  Detailed PCR methods can 

be found in Chapter II.  All mutations were confirmed by DNA sequence analysis. 
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Table 3-1:DNA Oligonucleotide Primers Designed and Used for Alanine-Scanning Mutagenesis of the MarA (pET15b-MarA) 
and MalE-VirF (pBAD202-MALVirF) Expression Plasmids. Alanine codons incorporated into the expression plasmids are 
bolded. 

Primer Name Sequence (5’ à 3’) 
MarA W42A Forward GTTACTCCAAAGCGCACCTGCAACGGATG 
MarA W42A Reverse CATCCGTTGCAGGTGCGCTTTGGAGTAAC 
MarA Q45A Forward CCAAATGGCACCTGGCGCGGATGTTTAAAAAAGAAACC 
MarA Q45A Reverse GGTTTCTTTTTTAAACATCCGCGCCAGGTGCCATTTGG 
MarA R46A Forward TCCAAATGGCACCTGCAAGCTATGTTTAAAAAAGAAACC 
MarA R46A Reverse GGTTTCTTTTTTAAACATAGCTTGCAGGTGCCATTTGGA 
MarA Q92A Forward GATATGGCTTCGAGTCGCAAGCGACTCTGACCCGAACCTTC 
MarA Q92A Reverse GAAGGTTCGGGTCAGAGTCGCTTGCGACTCGAAGCCATATC 
MarA T93A Forward GTCGCAACAAGCGCTGACCCGAACCTTC 
MarA T93A Reverse GAAGGTTCGGGTCAGCGCTTGTTGCGAC 
MarA T95A Forward GAGTCGCAACAAACTCTGGCGCGAACCTTCAAAAATTACTTTG 
MarA T95A Reverse CAAAGTAATTTTTGAAGGTTCGCGCCAGAGTTTGTTGCGACTC 
MarA R96A Forward GCAACAAACTCTGACCGCGACCTTCAAAAATTACTTTGATGTTCC 
MarA R96A Reverse GGAACATCAAAGTAATTTTTGAAGGTCGCGGTCAGAGTTTGTTGC 

MalE-VirF I189A Forward CTTGAATTTATCAGAAGCGGCTGTTAGAAAACG 
MalE-VirF I189A Reverse CAATCGTTTTCTAACAGCCGCTTCTGATAAATTCAAG 
MalE-VirF R192A Forward GAAATAGCTGTTGCGAAACGATTGGAGAGTG 
MalE-VirF R192A Reverse CACTCTCCAATCGTTTCGCAACAGCTATTTC 
MalE-VirF K193A Forward CAGAAATAGCTGTTAGAGCGCGATTGGAGAGTG 
MalE-VirF K193A Reverse CACTCTCCAATCGCGCTCTAACAGCTATTTCTG 
MalE-VirF S238A Forward GGAATATCAAGCCCAGCGTATTTTATAAGGAAATTT 
MalE-VirF S238A Reverse AAATTTCCTTATAAAATACGCTGGGCTTGATATTCC 
MalE-VirF Y239A Forward GGAATATCAAGCCCATCTGCGTTTATAAGGAAATTT 
MalE-VirF Y239A Reverse AAATTTCCTTATAAACGCAGATGGGCTTGATATTCC 
MalE-VirF I241A Forward GCCCATCTTATTTTGCGAGGAAATTTAATGAAT 
MalE-VirF I241A Reverse ATTCATTAAATTTCCTCGCAAAATAAGATGGGC 
MalE-VirF R242A Forward GCCCATCTTATTTTATAGCGAAATTTAATGAATATTATGGT 
MalE-VirF R242A Reverse ACCATAATATTCATTAAATTTCGCTATAAAATAAGATGGGC 

 

MarA Expression and Purification 

 Our procedure to express and purify MarA was adapted from Jair et al.37  Starter cultures 

(10 mL) of E. coli BL21(DE3) containing pET15b-marA were grown overnight in 2xTY media 

broth (16 g bactotryptone, 10 g yeast extract, 5 g NaCl per liter of water) supplemented with 

carbenicillin at 37 °C under vigorous agitation.  The next day, the starter culture was used to 

inoculate 1 L of 2xTY broth supplemented with carbenicillin.  The cells were grown to an OD600 

= 0.8 before expression was induced with the addition of isopropyl b-D-1-thiogalactopyranoside 
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(IPTG) at a final concentration of 0.4 mM and the culture continued to shake overnight at 16 °C.  

Cells were then harvested by centrifugation (6000 x g, 4 °C, 15 min) before being resuspended in 

25 mL MarA lysis buffer (50 mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 M 

NaCl, pH 7.5) supplemented with a “c0mplete, Mini Protease Inhibitor Cocktail” tablet (Roche) 

and 0.1 mM phenylmethylsulphonyl fluoride (PMSF).  All proceeding steps were performed on 

ice or at 4 °C.  Cells were lysed via sonication (8 cycles, 15 sec pulse, 3 min intervals, 60% 

setting) utilizing an ultrasonic XL2020 sonicator (Misonix).  Following sonication, the solution 

was pelleted by ultracentrifugation (120,000 x g, 4 °C, 30 min).  The supernatant was discarded, 

and the pellet was washed with 30 mL of MarA denature buffer 1 (50 mM Tris-HCl, 4 M urea, 

pH 8.5) before repeating the ultracentrifugation.  The supernatant was discarded again, and the 

pellet was resuspended in 25 mL MarA denature buffer 2 (50 mM Tris-HCl, 6 M guanidinium 

chloride, pH 8.5).  The mixture was subjected to ultracentrifugation a third time, collecting the 

supernatant.  Next, 2 mL of Ni-NTA agarose (Qiagen) were added, and the solution was rocked 

gently overnight at 4 °C.  The following day, the resin slurry was poured into an empty 

purification column.  Once settled, the resin bed was washed stepwise with increasing 

concentrations of imidazole by combining MarA elution buffer (50 mM Tris-HCl, 500 mM 

NaCl, 1 M imidazole, pH 8.5) and MarA wash buffer (50 mM Tris-HCl, 500 mM NaCl, pH 8.5) 

to 100 mM, 300 mM, 500 mM, and 750 mM imidazole.  The fraction eluted with 300 mM 

imidazole contained MarA, verified by SDS-PAGE, and was dialyzed with a Slide-A-Lyzer 

dialysis cassette (3K MWCO; Thermo Fisher) at 4 °C overnight in MarA dialysis buffer (50 mM 

Tris-HCl, 250 mM NaCl, 0.1% Triton X-100, 20% glycerol, pH 8.0).  The protein concentrations 

were determined with a Bradford assay (BioRad) using bovine serum albumin (BSA) standards.  

Protein stocks were flash frozen in liquid nitrogen and then stored at -80 °C. 
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MalE-VirF Expression and Purification 

 The expression and purification of MalE-VirF was carried out by my colleague Garrett 

Dow.  WT and mutant MalE-VirF proteins were expressed similarly to that previously described 

in Emanuele and Garcia.24  TOP10 E. coli  were transformed with the MalE-VirF expression 

plasmid, pBAD202-MALVirF.  TOP10 cells harboring the expression plasmid, and 

supplemented with kanamycin, were grown and protein expression was induced as previously 

described24.  The cells were resuspended in MalE-VirF binding buffer (20 mM Tris-HCl, 1 mM 

EDTA, 1 mM dithiothreitol (DTT), 500 mM NaCl, pH 7.4) and supplemented with a “c0mplete, 

Mini Protease Inhibitor Cocktail” tablet (Roche) and 0.1 mM PMSF.  Following resuspension, 

all subsequent steps were on ice or kept at 4 ˚C.  The resuspended cells were lysed via sonication 

(6 cycles, 30 seconds pulse, 4 minutes rest, 60% of max pulse setting) using an ultrasonic 

XL2020 sonicator (Misonix).  Cellular debris was separated via centrifugation (45 min, 25000xg, 

4 ˚C).  Following centrifugation, the supernatant was loaded onto a 5 mL MBPTrap HP column 

(Cytiva) using an AKTA FPLC (GE Healthcare).  The column was then washed with 15 column 

volumes (CV) MalE-VirF binding buffer. Protein was eluted from the column using MalE-VirF 

elution buffer (20 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, 500 mM NaCl, 5% glycerol, 10 mM 

maltose, pH 7.4).  Eluent was collected in 1.5 mL fractions. Fractions with the highest resulting 

UV-280nm absorbance were collected and concentrated to approximately 600 µL using Amicon 

Ultra-15 MWCO 10 kDa centrifugal filter units and then filtered to remove any precipitate.  The 

resulting filtered protein was loaded onto a Superdex 200 GL10/300 gel filtration column to 

separate MalE-VirF from truncated MalE and other protein impurities eluted from the MBPTrap 

HP column.  Protein was eluted from the column using MalE-VirF binding buffer and 0.5 mL 
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fractions were collected and tested via SDS-PAGE to determine where MalE-VirF eluted.  The 

corresponding MalE-VirF fractions were dialyzed with a Slide-A-Lyzer dialysis cassette (10K 

MWCO; Thermo Fisher) at 4 ˚C overnight in MalE-VirF dialysis buffer (20 mM Tris-HCl, 1 

mM EDTA, 5 mM DTT, 200 mM NaCl, 40% glycerol, pH 7.4).  The concentration of each 

protein was tested with a Bradford assay (BioRad) using BSA standards.  Protein stocks were 

flash frozen in liquid nitrogen and then stored at -80 ˚C. 

 

 Electrophoretic Mobility Shift Assay (EMSA) 

EMSAs were performed as previously described in Emanuele and Garcia, 2015.24  Prior 

to preparing the gel and reactions, the Cy5-labeled virB (pvirB) and marRAB oligonucleotide 

promoter probes were annealed using the oligonucleotide primers found in Table 3-2.24  The 

marRAB probe contains the MarA binding site at the center of the 60 bp DNA whereas pvirB, 

also 60 bp, contains two VirF binding sites with extra flanking bases to support DNA duplex 

stability.14,24,31  Although in the crystal structure, MarA is bound to a 20 bp DNA fragment, the 

length of our probe was increased to support duplex stability and for consistency with previous 

MalE-VirF EMSAs.24,31  A 6% native polyacrylamide gel was prepared using 30% 

acrylamide/bis-acrylamide (29:1 ratio) solution and TBE buffer (0.25x final concentration; 22 

mM Tris Base, 22 mM boric acid, 0.5 mM EDTA, pH 8.5 or 9.5).  EMSAs containing MarA 

proteins and the marRAB promoter used 0.25x TBE gel and running buffer at pH 8.5 whereas 

EMSAs containing MalE-VirF proteins and pvirB were run with the same buffer at pH 9.5.  

MalE-VirF was not observed to enter the native polyacrylamide gel when the 0.25x TBE buffer 

was below pH 9.5.  MarA and MalE-VirF WT and mutant protein concentrations varied by 

purification yield. 
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For MarA EMSAs, each reaction was composed of 3 µL of marRAB probe (42 nM), 9 µL 

MarA WT or mutant protein, 1 µL salmon sperm DNA (Invitrogen; 0.7 mg/mL), 0.5 µL BSA 

(0.07 mg/mL), and 1.5 µL Milli-Q H2O for a final volume of 15 µL.  Final concentrations of 

DNA probe, salmon sperm DNA, and BSA within each reaction are presented in parentheses.  

Final buffer conditions were 40 mM Tris-HCl, 160 mM NaCl, 0.04 mM EDTA, 0.06% Triton X-

100, 12% glycerol, pH 8.0.  Serial dilutions were prepared by diluting the highest possible 

concentration for each protein with MarA dialysis buffer.  Additionally, we ordered and obtained 

a 143 bp 5’-Cy5 labeled marRAB promoter from IDT which was used to compare our assay 

protocol and DNA promoter with those utilized in Gillette et al.30 

 For testing with MalE-VirF, reactions were prepared with 6 µL MalE-VirF WT or mutant 

protein, 6 µL pvirB (83 nM),1.5 µL Milli-Q H2O, 1 µL salmon sperm DNA (0.7 mg/mL), and 

0.5 µL BSA (0.07 mg/mL).  Final buffer conditions were 12 mM Tris-HCl, 100 mM NaCl, 16% 

glycerol, 2 mM DTT, and 0.44 mM EDTA, pH 7.4.  To perform titrations of all MalE-VirF 

proteins against pvirB, two-fold dilutions were prepared using MalE-VirF dialysis buffer. 

Negative control reactions were prepared with 6 or 9 µL native gel loading dye (300 mM Tris-

HCl, 50% glycerol, 0.05% bromophenol blue, pH 7) instead of MalE-VirF or MarA proteins, 

respectively.  Prior to loading the reaction mixtures, the empty gel was electrophoresed for 1 

hour at 150 V in 0.25x TBE.  All reactions were incubated at 37 ˚C for 15 min in a water bath 

before adding 6 µL of each reaction to the corresponding wells on the gel.  The gel was 

electrophoresed at 150 V for an additional 1.5 hours in the dark at 4 ˚C.  Gel visualization was 

performed using a Molecular Dynamics Typhoon 9200 Molecular Imager by excitation (Ex) at 

607 nm and reading the 710 nm emission (Em).  Quantitative data was obtained by measuring 
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the density of the bands on the gel using ImageJ software38. Prism 9 software39 (one-site specific 

binding equation) was used to generate binding affinities (KD) and BMax (%). 

Table 3-2: DNA Oligonucleotides Used for Preparation of EMSA and FP Assays. Underlined sequences represent the 
individual binding sites on the marRAB and virB promoters, and the italicized sequence represents the LUEGO (labeled 
universal gel shift oligonucleotide 

Primer Name Sequence (5’ à 3’) 

marRAB Top Strand EMSA CATTGAACAAAACTTGAACCGATTTAGCAAAACGTGGCATCGGTCAA
TTCATTCATTTGA (5’-6FAM used in FP) 

marRAB Bottom Strand EMSA TCAAATGAATGAATTGACCGATGCCACGTTTTGCTAAATCGGTTCAA
GTTTTGTTCAATGCCAGACCAGGGCAC 

marRAB Bottom Strand FP CATTGAACAAAACTTGAACCGATTTAGCAAAACGTGGCATCGGTCAA
TTCATTCATTTGA 

marRAB Top Strand Short FP GCTGGCTACGGTGCAAAACGATTTAGCCAAGC (either a 5’-6FAM, -
Cy3, or -Cy5) 

marRAB Bottom Strand Short FP GCTTGGCTAAATCGTTTTGCACCGTAGCCAGC 

LUEGO Cy5-GTGCCCTGGTCTGG 

pvirB Top Strand FP and EMSA AGAATATTATTCTTTTATCCAATAAAGATAAATTGCATCAATCCAGCTA
TTAAAATAGTA (5’-6FAM used in FP) 

pvirB Bottom Strand EMSA TACTATTTTAATAGCTGGATTGATGCAATTTATCTTTATTGGATAAAAG
AATAATATTCTCCAGACCAGGGCAC 

pvirB Bottom Strand FP TACTATTTTAATAGCTGGATTGATGCAATTTATCTTTATTGGATAAAAG
AATAATATTCT 

pvirB Top Strand Scram1 EMSA AGAATAATTAATCTTCTATTCTTAAAGATAAATTGCATCAATCCAGCTA
TTAAAATAGTA 

pvirB Bottom Strand Scram1 EMSA TACTATTTTAATAGCTGGATTGATGCAATTTATCTTTAAGAATAGAAGA
TTAATTATTCTCCAGACCAGGGCAC 

pvirB Top Strand Scram2 EMSA AGAATATTATTCTTTTATCCAATAAAGATAAATTGCATACGATATCAAC
AATCTATAGTA 

pvirB Bottom Strand Scram2 EMSA TACTATAGATTGTTGATATCGTATGCAATTTATCTTTATTGGATAAAAG
AATAATATTCTCCAGACCAGGGCAC 

Fluorescence Polarization (FP) Assay 

 The FP assays were performed as described in Emanuele and Garcia.24  The assays were 

conducted in low-volume round-bottom 384-well plates (Corning).  The fluorophore-labeled 

pvirB and marRAB oligonucleotide probes were annealed as previously described using the 

oligonucleotide primers found in Table 3-2.24  The top strands of the pvirB or marRAB 

promoters (Table 3-2) contained either a 5’-fluorescein, 5’-Cy3, or 5’-Cy5, and were annealed to 

their corresponding, unlabeled bottom strands to prepare stocks with concentrations of 5 µM. 

The pvirB probe contained a 5’-fluorescein whereas the marRAB promoter probes were prepared 

with all three fluorophores, individually.  The DNA probes were diluted with probe buffer (50 
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mM Tris-HCl, 1 mM EDTA, 5 mM DTT, and 200 mM NaCl, pH 7.4) to a final working 

concentration of 20 nM and supplemented with 1.4 mg/mL salmon sperm DNA (Invitrogen) and 

0.14 mg/mL BSA.  Next, 14 two-fold serial dilutions of MarA WT or MarA mutant were 

prepared with MarA dialysis buffer then 10 µL of each dilution were added to the appropriate 

wells in triplicate for each concentration tested.  For MalE-VirF, two-fold dilutions were 

prepared using MalE-VirF dialysis buffer prior to loading 10 µL of each dilution onto the plate.  

Following loading of protein into the wells, 10 µL of the 20 nM DNA probe solution were added 

to each well.  Final concentrations of DNA probe, salmon sperm DNA, and BSA in each reaction 

are 10 nM, 0.7 mg/mL, and 0.07 mg/mL, respectively.  Negative control reactions were also 

tested in triplicate, containing 10 µL MarA or MalE-VirF dialysis buffers and 10 µL of their 

corresponding 20 nM DNA probe solutions to determine the baseline FP for each DNA probe.  

Additionally, for each protein concentration tested, a blank reaction, containing the 

corresponding tested protein concentration and the DNA probe solution lacking the labeled 

probe, was used to subtract fluorescent contributions of MalE-VirF or MarA, salmon sperm 

DNA, BSA, and other buffer components from the test reactions.  The plate was incubated at 37 

°C for 2 hours before the raw fluorescence was measured using a Biotek Synergy H1 plate reader 

after excitation at the appropriate wavelength for the corresponding pvirB and marRAB probes 

(fluorescein Ex/Em = 485/528, Cy3 Ex/Em = 554/568, Cy5 Ex/Em = 649/666).  Fluorescence 

polarization (FP) was calculated from the corrected parallel (F||) and perpendicular (F^) 

fluorescence values using Equation 1.  The G factor, often used in polarization calculations, was 

not included in our calculations as we determined it to be negligible under these conditions (data 

not shown). 
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Equation 1    FP = (F|| - F^) / (F|| + F^) * 1000 

 

The plots were fit by non-linear regression to the following sigmoidal four-parameter equation 

using Prism 940 (GraphPad Software; Equation 2), 

 

Equation 2    mP = min + (max - min) / (1 + 10^((logEC50-X) * Hill Slope)) 

 

where max and min were the maximum and minimum plateaus of the mP and X is the log of 

sample concentration.  When unconstrained, the values of max, min, EC50, and Hill slope are fit 

by the regression plot.  For all plots except the I189A mutant, the mP max was constrained to the 

observed mP max for WT MalE-VirF (e.g., 95).  The mP plot for the I189A mutant is shifted 

~10 mP units higher than the other plots, therefore the mP max was fit.  The span (mP range) for 

the I189A mutant matched that of the WT and other mutants. 

 

Circular Dichroism (CD) 

 Buffer exchange was performed on WT and selected MalE-VirF and MarA mutant 

proteins to place the samples in 10 mM NaH2PO4 (pH 7.5) using Amicon Ultra-0.5 centrifugal 

filter units (3 MWCO; MilliporeSigma).  The samples were centrifuged (13,000xg, 4 ˚C, 10 

min), flow-through was discarded, and then diluted again with 10 mM NaH2PO4 (pH 7.5).  This 

process was repeated for 5-10 rounds.  The concentration of each sample was determined via 

Bradford assay (BioRad).  The resultant samples were flash frozen in liquid nitrogen and stored 

at -80 ˚C prior to CD testing.  For CD testing, samples were loaded into a 1 mm path-length 

quartz cuvette and CD spectra were collected from 195-250 nm using a JASCO J-810 
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spectrometer.  Spectra of a sample containing only buffer was used to correct the raw data for 

each protein.  JASCO Spectra Manager was used to visualize the spectra and export the raw data 

to be plotted using Prism 9 software.41 

 

Results 

MarA vs VirF: Sequence and Structural Homology Models 

The VirF DBD was subjected to a homology search using SWISS-MODEL to identify 

suitable structural templates.34  GadX (3MKL) had a sequence identity score of 29 and a Global 

Model Quality Estimation (GMQE) score of 0.76.  MarA (1BL0) had a sequence identity score 

of 19 and a GMQE score of 0.70.  As discussed above, these two structures were chosen as 

templates for our homology modeling. 

 The qualities of the generated homology models (Figure 3-1) were assessed by 

evaluating the stereochemical parameters on a Ramachandran plot using MOE (Figure 3-2).  In 

the GadX-based homology model, there are no bond angles that form sterically disallowed 

confirmations.  Two residues fall just outside of the ideal tertiary structure regions (outlined in 

blue in Figure 3-2 A), but still within the sterically allowed region for beta sheets (within the red 

outline).  The MarA-based homology model is similar, but with more residues falling into the 

sterically allowed region of the plot for atoms that are closer together (outside the blue line but 

within the red in Figure 3-2 B).  This model also contains one outlier, Serine 38, which lies 

outside of the sterically allowed region (Figure 3-2 B). 
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Figure 3-2: Homology Model Validation.  Ramachandran plots of the A): GadX-Based and B): MarA-based VirF homology 
models were created using MOE.  Green points fall within the blue outlined region, indicating that there are no steric clashes in 
the beta-sheet confirmations (top left blue outline), right-handed alpha-helical confirmations (middle left blue outline), or left-
handed alpha-helical confirmations (middle right blue outline).  Orange points fall outside of the blue outline but within the red 
outline, indicating they have closer but still sterically allowed confirmations.  Red points are outliers that are in sterically 
disallowed confirmations.  C): Sequence alignments of both homology models and the two template structures.  Percent identity 
is displayed in the pink bars above the sequence and RMSD is depicted by color highlighting the sequence and RMSD is depicted 
by color highlighting the sequence shown in D.  D): RMSD table comparing each of the homology model with GadX and MarA. 

 

0.00 3.57 3.52 3.57

3.57 0.00 0.61 2.69

3.52 0.61 0.00 2.50

3.57 2.69 2.50 0.00

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

1: MarA Based Model

2: GadX Based Model

3: GadX

4: MarA

1 2 3 4

RMSD (Å)

D



66 
 

 When superimposing the VirF models with the templates (Figure 3-1 B and D), the 

percent identity is plotted above the sequence alignment and the Root Mean Square Deviation 

(RMSD) for each residue is color coded on the sequence (spectrum from green to red) (Figure 3-

2 C).  Several regions of the proteins have high identity and a small RMSD value, particularly 

the GadX-based model.  In the MarA•marRAB structure, helix-3 and helix-6 are binding to the 

major groove on the DNA promoter (Figure 3-1 A and Figure 3-3).  Helix-6 shared a similar 

position in space among the two homology models and two crystal structures, where helix-3 

showed variability in its placement, though the percent identity did not vary much between the 

two regions.  In the MarA-based VirF model, helix-2 is shown as a free loop, but when overlayed 

with MarA or the GadX-based model (Figure 3-1 B and E), it appears that this region has 

helical characteristics.  This is likely an artifact of MarA having lower sequence identity to the 

VirF DBD.  We decided to use the model that MOE created and chose not to impose this region 

into an alpha helix.  The alignment of the homology model with MarA allowed us to visualize 

which side chains on these binding regions (helix-3 and helix-6) could potentially be 

contributing to VirF’s ability to bind to pvirB (Figure 3-1 and Figure 3-3). 
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Figure 3-3: Spatial Orientation of the Seven Amino Acids in MarA (PDB ID: 1BL0) That Make Base Contacts with the marRAB 
Promoter. Residues are color coded according to the alignment of the MarA and VirF DNA-binding domains supplemented below. 
Small red spheres are water molecules. 

 

Purification of MarA and the DNA Binding Domain Mutants 

 The purification of active wild type MarA was achieved based on the published protocol 

by Jair et al.37  Most published protocols to obtain the protein purify it from the insoluble pellet; 

however, we had difficulties isolating protein that was active in our DNA binding assays.  We 

attempted to replicate the procedure of Gillette et al.30, subjecting the cell pellet to high 

concentrations of guanidinium HCl before lysing via dry ice bath.  Unfortunately, MarA isolated 

this way showed no shift in the EMSA that would indicate DNA binding.  When we replicated 

the Jair et al.37 procedure as published, we run into the same issue.  MarA that is isolated through 

this method showed no binding to marRAB in the EMSA.  To finally obtain active MarA, we 

followed this method until the end of third spin in the ultracentrifuge.  After this step, we decided 

not to dilute our supernatant with tris buffer before applying the solution to the column.  Instead, 

we sterile filtered the supernatant and added 2 mL of Ni-NTA agarose (Qiagen) and rocked the 

solution gently at 4°C overnight.  The resin slurry was poured into an empty column and once 
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settled, the resin bed was washed stepwise with increasing concentrations of imidazole.  The 

fraction eluting at 300 mM imidazole typically contained MarA (Figure 3-4 A).  The activity of 

this MarA preparation was confirmed by EMSA, probing its ability to bind to our marRAB probe 

and its specificity via its inability to bind to our pvirB probe at two different concentrations 

(Figure 3-4 B).  Once WT MarA was successfully isolated and activity was observed, we used 

this method to express and purify the rest of the DBD mutants (W42A, Q45A, R46A, Q92A, 

T93A, T95A, R96A). 

 

Figure 3-4: MarA WT Purification Gels.  A): SDS PAGE post MarA purification.  Fractions representing distinct steps during the 
process could not be visualized due to the high concentrations of guanidinium HCl and urea.  B):  EMSA gel displaying MarA’s 
ability to bind the marRAB promoter at 2 and 20 µM.  We also demonstrated that MarA wt could not recognize and bind the pvirB 
probe. 

 

MarA DNA Binding 



69 
 

 DNA-binding assays were used to identify the binding activity of MarA for their cognate 

promoters (promoter sequences, fluorophores used, and method to obtain probes can be found in 

Table 3-2 and Figure 3-5).  First, to evaluate the ability of MarA to bind to its DNA promoter, 

alanine scanning mutagenesis was utilized, creating seven MarA mutants.  Three mutations were 

made to helix-3 in the first HTH motif (W42A, Q45A, and R46A) and four were made to helix-6 

in the second HTH (Q92A, T93A, T95A, and R96A).  To evaluate how these alanine mutations 

affected binding, an EMSA was used to compare each mutant to the WT MarA (Figure 3-6).  

The quantitative analyses to obtain the binding affinities for all MarA proteins for marRAB is 

presented in Figure 3-7.  Three of the mutants, W42A, R46A and R96A, did not exhibit 

saturation of the DNA at any concentration tested.  When their data were plotted and fit, none of 

them achieved a BMax of > 40%, indicating that these mutations dramatically impaired DNA 

binding.  Consequently, the fitted parameters for these three mutants should be considered as 

estimates.  For R46A, the two highest concentration points were plotted, but not used in the non-

linear regression.  The helix-3 mutant Q45A slightly attenuated MarA’s ability to bind to the 

marRAB promoter, with an experimental KD value of 8.1 µM, relative to 4.8 µM for WT MarA.  

Interestingly, R46A exhibited significant binding to marRAB at concentrations < 3.5 µM (Figure 

3-6), but the band shift is weaker at concentrations higher than 3.5 µM (Figure 3-7).  This 

suggests that the mutant protein may be aggregating at higher concentrations.  The only mutation 

on helix-6 that attenuated binding was R96A.  This change significantly increased the 

experimental estimated KD to 20 µM.  The other three helix-6 mutants all slightly strengthened 

MarA’s affinity for marRAB, specifically Q92A, which presented a KD of 0.23 µM.  Both T93A 

and T95A improved binding to a lesser degree, displaying KD’s of 2.0 µM and 2.5 µM, 

respectively.  Circular dichroism (CD) spectra were collected for WT and our weakest binding 
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mutant, W42A, to determine if the W42A protein was folded properly (data not shown).  W42A 

presented a similar CD spectrum to MarA WT indicating it is likely folded properly.  Since the 

other mutants exhibited binding in the EMSA, we surmise that all proteins were properly folded. 

 

Figure 3-5: EMSA and FP Probes for the DNA Promoters Tested in this Report. A): DNA sequences for pvirB and marRAB 
sequences including protein binding sites labeled in red (green for scrambled binding sites). B): Fluorophores used in the FP and 
EMSA assays which were placed at the 5’ end of the top strands of all probes (EMSA probes contain a 5’-Cy5 label on the LUEGO 
sequence which resides on the 5’ end of the promoter sequence, i.e., R2-LUEGO). Probes were prepared via the above protocols 
in C) and D) for the EMSA and FP, respectively (see Table 3-2 for oligonucleotide sequences). 

 

 Fluorescence polarization (FP) experiments were attempted as an additional method to 

assess the binding of each of our MarA mutants.  We first tried a 5’-6FAM fluorophore on a 60 

bp probe of the marRAB DNA (Table 3-2).  Unfortunately, the data showed no trends in 

polarization when the protein was added at any concentration.  We reasoned that the size 
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difference between MarA and the large DNA probe was too small to adequately determine 

polarization if binding was occurring.  To remedy this, we reduced the size of the probe from 60 

bp to 32 bp while keeping the binding site intact (Figure 3-5).  Concerns about the fluorescence 

half-life led us to make three of these shorter probes, each with a different 5’ fluorophore (-

6FAM, -Cy3, or -Cy5).  Regrettably, the same issue was observed when using each of these new 

probes in the FP experiments.  The polarization data showed no determinable trend while 

titrating in MarA WT, MarA W42A, or MarA T95A (data not shown). 

 

Figure 3-6: EMSAs Displaying MarA WT and Each of the MarA Alanine-Mutants’ Ability to Recognize and Bind the 
marRAB Promoter.  Each protein was tested in two-fold serial dilutions from the starting concentration shown on the left of 
each gel 
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Protein WT W42A† Q45A R46A† Q92A T93A T95A R96A† 

KD, µM 
(95%CI) 

4.8 
(2.9 - 6.5) 

11 
(6.6 - 20) 

8.1 
(6.1-10) 

1.9§ 
(0.40-12) 

0.23 
(0.14 - 0.33) 

2.0 
(1.5 - 2.4) 

2.5 
(2.0 – 3.0) 

20 
(9.2 - 49) 

BMax, % 
(95%CI) 

100 
- 

28 
(22 - 38) 

100 
- 

34 
(20-ND) 

100 
(88 - ND) 

100 
(90 - ND) 

100 
- 

37 
(26 - 62) 

 

Figure 3-7: Non-linear Regression Analysis of MarA Alanine-Mutants Compared to MarA WT by EMSA.  Binding affinities 
are presented in the table with 95 % confidence intervals presented in parentheses (ND = not determined).  Fits were 
constrained to BMax = 100 except for W42A, R46A, and R96A which did not reach full saturation.  Every protein concentration 
data point is tested in duplicate and error bars are included indicating the standard deviation.  § The two R46A data points 
circled were not included in the fit.  †For W42A, R46A and R96A, the fits are displayed as dashed lines and the fitted parameters 
(in italics) are included as estimates only since the proteins were unable to fully saturate marRAB in the EMSA experiments 

 

 Previously, our lab screened ~140,000 compounds against VirF in a Shigella-based b-

galactosidase reporter assay and discovered five lead compounds that displayed IC50 values less 

than 100 µM.22,23  Of these compounds, 19615 was shown to inhibit VirF DNA binding activity 

for the virB promoter in an EMSA.24  Due to the high structural and sequence homology of the 

DNA binding domain of AraC family members (Figure 1-2), the specificity of the inhibitor was 

evaluated.  An EMSA was conducted that tested the capability of 19615 to inhibit the MarA-
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marRAB interaction in WT MarA as well as each of the DBD mutants (Figure 3-8).  At 100 µM 

inhibitor, no reduction in binding was observed for any of the mutants tested. 

 

Figure 3-8: 19615 Structure and Activity Against MarA DBD Mutants.  A):  Structure of 19615.  B):  EMSA gel showing each 
mutant with (+) or without (-) inhibitor present. 

 

 Simultaneous to the above experiments, another lab member, Garrett Dow, conducted the 

expression and purification of MalE-VirF WT and mutants and evaluated their activity by EMSA 

and FP.  Those results compared to MarA are displayed in Table 3-3. 
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Table 3-3: Comparing the Binding Affinities of WT and Mutant MarA and MalE-VirF Proteins for Their Cognate Promoters.  
Relative KD’s compare each mutation to their WT counterpart. (NDA = no detectable activity, * aggregation was inferred due to 
very steep Hill slope in FP experiment (data not shown), § estimated KD determined from Figure 3-7). 

MarA Mutation KD, µM 
(Determined by EMSA) 

Relative 
KD 

MalE-VirF 
Mutation 

KD, µM 
(Determined by FP) Relative KD 

Wild Type 4.8 1 Wild Type 2.3 1 
W42A 11§ 2.3 I189A 4.2 1.8 
Q45A 8.1 1.7 R192A NDA - 
R46A 1.9§ 0.40 K193A NDA - 
Q92A 0.23 0.04 S238A 6.3 2.7 
T93A 2.0 0.42 Y239A 11* 4.8 
T95A 2.5 0.57 I241A 6.5 2.8 
R96A 20§ 4.1 R242A 10.1 4.4 

 

Discussion 

 Homology modeling is a powerful tool when experimental determination of the three-

dimensional structure of a protein (or other large biomolecule) is not feasible, and structures of 

homologous proteins are available.  Although many attempts have been made, there are no 

experimental structures of full length VirF or the VirF DBD.  VirF is a member of the AraC 

family of transcriptional regulators, which is widely distributed across gram-negative bacteria 

and is typically involved in carbon metabolism, stress response, and virulence.  Members of this 

family have a highly conserved C-terminal domain that contains two helix-turn-helix (HTH) 

DNA binding motifs12,13.  This universally conserved region of the protein family allowed us to 

find several templates in the protein data bank with high sequence coverage and strong GMQE 

scores to the VirF DBD (amino acids 144-262 in WT VirF). 

 The two structures selected to serve as templates for homology modeling were GadX 

(PDB ID: 3MKL) and MarA (PDB ID: 1BL0).  In the GadX structure, the protein is not bound to 

DNA.  In the MarA structure, it is bound to the marRAB promoter (Figure 3-1 A).  When 

superimposed, the MarA-based and GadX-based VirF homology models have slightly different 

orientations of the HTH DNA-binding domains (Figure 3-1 E).  This could potentially represent 
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bound and unbound conformations of the Arac-family DBDs, but further analysis is needed to be 

certain.  By overlaying the MarA-based VirF DBD homology model with the MarA crystal 

structure, not only do we get an idea of how the DBDs align (Figure 3-1 B), but we can visualize 

how the VirF DBD might interact with pvirB (Figure 3-1 C).  The exact functions of each HTH 

motif in the AraC family of transcriptional regulators has been debated.12,42,43  However, it seems 

clear that in addition to the amino acid side chain differences, slight variations in the orientations 

of both helices may be needed for each protein to specifically bind its cognate promoter. 

 Examination of the crystal structure of MarA in Figure 3-3 reveals three amino acid side 

chains in helix-3 and four in helix-6 that interact with DNA.  Each of these sidechains extend out 

of the helical core and make contacts with the marRAB promoter DNA bases directly or via an 

intervening water molecule (Table 3-4).29,30  By aligning the primary VirF sequence and 

overlaying our homology models with the MarA structure, we were able to identify VirF DBD 

amino acids that correspond to these seven MarA residues (Figure 3-3). 

 

 

 

 

 

 

 

 

Table 3-4: Specific Interactions Between MarA Residues and Bases Within the marRAB Promoter DNA Deduced from the 
Complex Structure (PBD:1BLO).  Numbering corresponds to the numbering of the marRAB promoter sequence below, the 
bottom strand is in italics for clarity. 

01GATTTAGCAAAACGTGGCAT20 
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40CTAAATCGTTTTGCACCGTA21 

MarA 
Residue W42 Q45 R46 Q92 T93 T95 R96 

VDW 
interactions 

C24, 
C25, & 

T15 

T15 & 
G14  T4 & T5  

T4, T5 & 
H2O-

mediated 
to DNA 

backbone 

T32 

H-bond 
Interactions   

G17, 
G23 & 
C24 

 
C34 & T35 
both water-
mediated 

 
G33, G7 & 
A6 water-
mediated 

 

 To probe the interactions of MarA with marRAB, we performed alanine scanning 

mutagenesis in vitro, on each of the seven DNA-interacting residues in MarA and evaluated their 

affinities for marRAB via electrophoretic mobility shift assays (EMSA).  The KD for MarA WT 

that we determined in this study diverges significantly from what was reported by Gillette et al.30  

It has been shown that deletions to the marRAB promoter, specifically to the binding site (i.e., 

DmarO281) significantly reduce the affinity of MarA to DNA by up to 100-fold.44  Hence, we 

tested binding of our purified WT MarA to both our 60 bp marRAB promoter and the 143 bp 

promoter used in Gillette et al.30 (Figure 3-9 A and B).  MarA affinities for both the 143 bp and 

60 bp probes were not significantly different under our assay conditions and did not significantly 

vary when determined in the Gillette dialysis buffer (50 mM HEPES, 500 mM NaCl, 250 mM 

imidazole, 25% glycerol, pH 8.5, Figure 3-9 C-F).  Upon running the EMSA according to the 

Gillette protocol, comparable binding affinities were again observed (Figure 3-9 G and H).  In 

literature reports, differing experimental conditions and promoter lengths yielded KD’s varying 

from ~3 to 75 nM for the MarA•marRAB binding interaction.30,44–48  While our KD is higher than 

the highest previously reported KD, it is consistent with our determination of the KD for the DNA 

promoter used by Gillette et al.30 
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 Overall, our observations are largely consistent with previously reported studies, in that 

alanine substitutions of R46 and R96 severely reduced MarA’s affinity for marRAB DNA.  

While it is obvious that R46A decreased MarA’s binding affinity (Figure 3-6), attempts to 

determine its KD were unsuccessful (Figure 3-7).  Interestingly, when substituting W42 to 

alanine, despite showing little decrease in MarA activity in vivo,30 we observed a 2.3-fold 

decrease in binding affinity relative to WT (Table 3-3).  The cumulative effect of losing the 

three VDW contacts that W42 makes with C31, C32, and T18 of the marRAB DNA are likely 

responsible for the decrease in affinity (Table 3-4).  Substituting R96 for alanine resulted in a 

4.1-fold decrease in binding affinity, the largest decrease of all the alanine substitution mutants 

(Table 3-3).  In general, alanine substitutions made to helix-3 residues resulted in larger 

decreases in binding affinity than those in helix-6.  While R96A dramatically decreased binding 

affinity, Q92A, T93A, and T95A each displayed an increase in binding affinity for marRAB.  

Q92A showed a surprising increase in affinity, increasing the KD more than 20-fold compared to 

WT (Table 3-3).  These findings align with observations made by Gillette et al. that the protein 

is more sensitive to alterations made to its N-terminal HTH (helices 2 and 3) than to alterations 

in the C-terminal HTH (helices 5 and 6).30 

 Overall, there were similar trends seen for both MarA and MalE-VirF mutants binding to 

their cognate promoters (Table 3-3), validating our MarA-based VirF DBD homology model.  

While both WT proteins bound with micromolar affinity to their cognate promoters, mutation of 

amino acids capable of hydrogen bonding or electrostatic interactions with their cognate 

promoter (MarA R46 and R96; MalE-VirF R192, K193, and R242) showed reductions or loss of 

DNA-binding activity.  While R192 and K193 MalE-VirF alanine-mutants led to a complete loss 

of binding activity, R242A in MalE-VirF exhibited a >4-fold change in binding relative to WT 
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MalE-VirF but retained activity in both the FP and EMSA (Table 3-3).  Similarly, R96A in 

MarA showed a 4-fold decrease in binding relative to MarA WT (Figure 3-7).  Given that these 

residues are identical in both proteins and are likely to make electrostatic or hydrogen-bonding 

interactions with their DNA promoters, this similarity in affinity upon mutation is unsurprising. 

 In conclusion, we have generated models of the VirF DBD using GadX and 

MarA•marRAB structures.  The two models of VirF, based on GadX and MarA, suggest a 

conformational change of the AraC proteins when they bind to DNA (Figure 3-1).  If true, then 

screening for small molecule inhibitors of this conformational change might prevent DNA-

binding and lead to a novel anti-virulence agent.  Based on alignments with MarA, we tested 

seven alanine mutants within the DBD of the MalE-VirF fusion protein.  Comparisons of the 

effects of the alanine mutants on DNA-binding validated the MarA-based VirF model and 

identified key interactions between VirF and one of its cognate promoters, pvirB.  These DNA-

binding assays, in conjunction with the observations we made of the VirF DBD through 

homology modeling, give a more detailed understanding of how VirF interacts with pvirB.  

Given the lack of structural data for this protein, these results and models will be useful in the 

continued efforts to analyze VirF’s ability to bind its other promoters as well as identify and 

improve upon current DNA-binding inhibitors for the novel treatment of shigellosis.  Moving 

forward, we can continue to study the MarA•marRAB interaction, further mutating the binding 

site to determine if it can be used as VirF•virB model. 
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Figure 3-9: Validation of Experiments in Respect to the Literature.  A): Representative plot of MarA binding curves to the 60 
bp or 143 bp marRAB probe in the MarA dialysis buffer from this work (50 mM Tris-HCl, 250 mM NaCl, 0.1% Triton X-100, 
20% glycerol, pH 8.0) or the dialysis buffer used by Gillette et al. (50 mM HEPES, 500 mM NaCl, 250 mM imidazole, 25% 
glycerol, pH 8.5).  KD values for the 143 bp probe were 0.5 µM and 2.0 µM for MarA Dialysis Buffer and Gillette Dialysis 
Buffer, respectively, and for the 60 bp probe the KD values were 2.0 µM* and 3.5 µM, respectively.  B): 143 bp and 60 bp 
marRAB EMSA probes (See Figure 3-5 for Cy5 and Cy5-LUEGO).  Individual EMSA gels and binding curves for the 60 bp (C 
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and D) or the 143 bp (E and F).  G and H): MarA EMSA with 143 bp probe ran using the reaction conditions of Gillette et al. 
(5% polyacrylamide gel, 1xTAE running buffer).  KD values were 0.5 µM and 0.8 µM for MarA Dialysis Buffer and Gillette 
Dialysis Buffer with the 143 bp probe, respectively. (*For the 60 bp probe, we report a 2.0 µM KD in this set of experiments, 
whereas in Figure 4, we report a KD of 4.8 µM in a distinct set of experiments comparing WT and mutant MarA proteins.) 
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Chapter 4 MarA-VirF Chimeric Proteins  

Our lab has previously developed a Shigella-based b-galactosidase reporter assay in 

which VirF activates transcription of a reporter gene through the virB promoter.1  This assay was 

used to conduct a high-throughput screen of 142,000 compounds from the University of 

Michigan Center for Chemical Genomics.  Extensive screening triage allowed us to identify five 

promising compounds that could potentially inhibit VirF’s activity in the b-galactosidase 

reporter assay as well as in bacterial cell invasion and plaque formation assays.2  Of these 

compounds, we were able to elucidate the mechanism of action of one of them, 19615 (Figure 3-

8).  Through an electrophoretic mobility shift assay (EMSA), our lab determined that compound 

19615 inhibits VirF by inhibiting DNA binding.3  Attempts to generate SAR on these 

compounds were ultimately unsuccessful due to confounding issues with cell penetration and 

compound solubility.  Additionally, the lack of structural information on VirF and the difficulties 

we report in obtaining active WT VirF in reasonable yields exacerbate any further attempts to 

study 19615.  Due to this, we developed a homology model of the VirF DNA binding domain 

using MarA as a template.  In Chapter 3, we detail our analysis of the VirF and the MarA DNA 

binding domains in an attempt to better understand how VirF recognizes and binds to the virB 

promoter.4 

Here, we discuss using our homology model to design, express, and purify chimeric 

proteins that harbor the binding helices of VirF on a MarA peptide backbone in attempts to get 

MarA to recognize and bind to the virB promoter.  This would allow us to use the chimeric 
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MarA as a model for in vitro analysis in lieu of a native WT VirF or truncated VirF DNA 

binding domain. 

 

Materials and Methods 

Reagents and Plasmids 

 All standard buffer components were purchased from Millipore Sigma or Thermo Fisher.  

Specific reagents or biological products not purchased from these are noted in parentheses.  

DNA oligonucleotides were purchased from Integrated DNA Technologies.  The genes of the 

chimeric proteins were designed and submitted to Twist Bioscience for plasmid synthesis 

(Figure 4-1).  The genes were inserted into the expression plasmid pET28a(+), chosen for its 

compatibility with isopropyl-β- D-thiogalactopyranoside (IPTG) induction and its N-terminal 

His-tag, and sent to us ready for expression.  These vectors are referred to as pET28aMarAVH3, 

pET28aMarAVH6, pET28aMarAVH3+6, and pET28aMarAV7.  Equipment utilized for these 

experiments was purchased from varying companies which are indicated in parentheses 

throughout this section. 
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Figure 4-1: Chimeric MarA-VirF Gene Sequences. A): MarA with helix 3 substituted for helix 3 of VirF.  B): MarA with helix 6 
substituted for helix 6 of VirF..C):  MarA with helix 3 and 6 substituted with helix 3 and 6 of VirF.  D): MarA with select 
mutations (shown in purple) to match the amino acids of VirF studied in Chapter 3. 

Expression Testing 

 Expression tests were performed on the three expression vectors pET28aMarAVH3, 

pET28aMarAVH6, and pET28aMarAVH3+6.  First, 5 mL cultures of 2xTY media (16 g 

bactotryptone, 10 g yeast extract, 5 g NaCl per liter of water supplemented with 100 μg/mL 

carbenicillin) containing one of the three expression vectors were grown overnight and used to 

inoculate a fresh culture the following day.  The cultures were incubated at 37 °C with agitation 

until the OD600 reached 0.8.  The cultures were induced with IPTG at a final concentration of 0.4 

mM and continued to grow overnight under the same conditions.  The following day, the cultures 

were pelleted, and the cells were resuspended in 25 mL of lysis buffer (50 mM Tris-HCl, 1 mM 

EDTA, 1 M NaCl, pH 7.5) supplemented with supplemented with a “c0mplete, Mini Protease 

Inhibitor Cocktail” tablet (Roche) and 0.1 mM phenylmethylsulphonyl fluoride (PMSF).  The 

mixture was sonicated and centrifuged again before the soluble and insoluble portions were 

evaluated by SDS PAGE. 

 

Chimeric Protein Purification 

 Purification of the MarA-VirF chimeric proteins was performed similarly to the 

purification of MarA WT and the DNA binding domain (DBD) mutants as described in Chapter 

3.5  Starter cultures (10 mL) of E. coli BL21(DE3) containing one of the pEt28a expression 

plasmids was grown overnight in 2xTY media broth supplemented with carbenicillin at 37 °C 

under vigorous agitation.  The next day, the starter culture was used to inoculate 1 L of 2xTY 

broth supplemented with carbenicillin.  The cells were grown to an OD600 = 0.8 before 
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expression was induced with the addition of IPTG at a final concentration of 0.4 mM and the 

culture continued to shake overnight at 16 °C.  Cells were then harvested by centrifugation (6000 

x g, 4 °C, 15 min) before being resuspended in 25 mL lysis buffer (as described above).  All 

proceeding steps were performed on ice or at 4 °C.  Cells were lysed via sonication (8 cycles, 15 

sec pulse, 3 min intervals, 60 % setting) utilizing an ultrasonic XL2020 sonicator (Misonix).  

Following sonication, the solution was pelleted by ultracentrifugation (120,000 x g, 4 °C, 30 

min).  The supernatant was discarded, and the pellet was washed with 30 mL of denature buffer 

1 (50 mM Tris-HCl, 4 M urea, pH 8.5) before repeating the ultracentrifugation.  The supernatant 

was discarded again, and the pellet was resuspended in 25 mL denature buffer 2 (50 mM Tris-

HCl, 6 M guanidinium chloride, pH 8.5).  The mixture was subjected to ultracentrifugation a 

third time, collecting the supernatant.  Next, 2 mL of Ni-NTA agarose (Qiagen) were added, and 

the solution was rocked gently overnight at 4 °C.  The following day, the resin slurry was poured 

into an empty purification column.  Once settled, the resin bed was washed stepwise with 

increasing concentrations of imidazole by combining elution buffer (50 mM Tris-HCl, 500 mM 

NaCl, 1 M imidazole, pH 8.5) and wash buffer (50 mM Tris-HCl, 500 mM NaCl, pH 8.5) to 100 

mM, 300 mM, 500 mM, and 750 mM imidazole.  The fraction eluted with 300 mM imidazole 

contained the majority of the chimeric protein of interest as determined by SDS PAGE.  The 

protein was dialyzed (50 mM Tris-HCl, 250 mM NaCl, 0.1% Triton X-100, 20% glycerol, pH 

8.0) in two overnight steps to remove the imidazole. 

 

Electrophoretic Mobility Shift Assay (EMSA) 

 EMSAs were performed as previously described in Emanuele and Garcia, 2015.3  Prior to 

preparing the gel and reactions, the Cy5-labeled virB (pvirB) and marRAB oligonucleotide 
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promoter probes were annealed as previously described using the oligonucleotide primers found 

in Table 3-2.  A 6 % native polyacrylamide gel was prepared using 30 % acrylamide/bis-

acrylamide (29:1 ratio) solution and TBE buffer (0.25x final concentration; 22 mM Tris Base, 22 

mM boric acid, 0.5 mM EDTA, pH 8.5 or 9.5).  Prior to running the reactions, the empty gel was 

electrophoresed for 1 hour at 150 V in 0.25x TBE buffer (pH 8.5).  Each reaction was composed 

of 3 µL of probe (42 nM, marRAB probe or pvirB probe), 9 µL of chimeric protein (MarA VH3 

– 8.75 µM, MarA VH6 – 12.5 µM, MarA VH3+6 – 28.5 µM, MarA V7 – 8-0.25 µM), 1 µL 

salmon sperm DNA (Invitrogen; 0.7 mg/mL), 0.5 µL BSA (0.07 mg/mL), and 1.5 µL Milli-Q 

H2O for a final volume of 15 µL.  Final concentrations of DNA probe, salmon sperm DNA, and 

BSA within each reaction are presented in parentheses.  Final buffer conditions were 40 mM 

Tris-HCl, 160 mM NaCl, 0.04 mM EDTA, 0.06 % Triton X-100, 12 % glycerol, pH 8.0. 

 

Results 

Helix-Turn-Helix Swapping 

 The chimeric proteins used in these experiments were designed by evaluating the 

superposition of our VirF DBD homology model and the MarA•marRAB crystal structure (PDB: 

1BL0).6  As seen in Figure 3-1 and Figure 3-3, the helix-turn-helix motifs at each of the two 

binding sites overlay well.  This led us to hypothesize that it might be possible to swap the 

helices that insert into the major grooves of DNA when binding.  We designed three chimeric 

MarA proteins incorporating different combinations of the VirF DBD helix-turn-helix binding 

site.  These were MarA with VirF helix 3 (MarA VH3), MarA with VirF helix 6 (MarA VH6), 

and MarA with both VirF Helix 3 and 6 (MarA VH3+6) (Figure 4-1). 
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 Once the expression vectors were received from Twist Bioscience, we tested the 

expression of these proteins under similar conditions to MarA WT expression and purification.  

As seen previously with MarA WT and the DBD mutants studied in Chapter 3, the chimeric 

proteins were in the insoluble lysate (Figure 4-2).  Additionally, MarA VH3+6 showed 

noticeably lower expression relative to the other two chimeric proteins.  Still, we decided to 

move forward and purify each of the proteins. 

 The same protocol that was used to obtain pure and active MarA in Chapter 3 was 

utilized to express and purify the chimeric MarA-VirF proteins from the cell pellet.5  Due to the 

guanidinium HCl and urea present throughout the purification, SDS PAGE analysis of each step 

could not be visualized.  Instead, we evaluated the size of our eluted fractions only.  In Figure 4-

3 A, a band can be seen quite clearly for MarA VH3 and MarA VH3+6 but not for MarA VH6.  

The purification of MarA VH6 was repeated, and the gel is shown in Figure 4-3 B. 

 

Figure 4-2: Expression Gel for Three MarA-VirF Chimeric Proteins.  The proteins must be purified from the insoluble pellet. 
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Figure 4-3: Purification Gels for Three MarA-VirF Chimeric Proteins.  A): Gel of three chimeric proteins.  MarA VH6 was 
repeated and is shown in B). 

 
 The activity of these chimeric proteins was evaluated by EMSA, using a modified 

protocol from what was described in Chapter 3.  The three helix swapped proteins were 

evaluated for their capability to recognize and bind to the cognate promoters of MarA and VirF, 

marRAB and virB, respectively.  Unfortunately, no activity was evident for either promoter by 

the helix swapped proteins (Figure 4-4). 
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Figure 4-4: EMSA to Evaluate Helix-Swapped Chimeric Proteins’ Activity.  None of the mutants gained affinity for pvirB and 
all lost affinity for marRAB. 

MarA-VirF Binding Site Mutant 

 Along with our helix-turn-helix swapped mutants, we designed a mutant of MarA that 

contained six mutations in the DNA binding domain that correspond to the VirF residues that 

were evaluated in Chapter 3 and in Ragazzone et al.4  Six mutations were made (Figure 4-1 D) 

to MarA: W42I, Q45R, R46K, Q92S, T93Y, and T95I (the 7th residue was arginine for both 

proteins).  This mutant, referred to as MarA V7, was designed and ordered from Twist 

Bioscience in a pET28a expression vector.  The expression and purification were performed 

following the same protocol as the other three chimeric proteins described here.  MarA V7 was 

evaluated in an EMSA for its capability to recognize and bind to marRAB and pvirB.  Similar to 
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the individual helix swapped mutants, MarA V7 exhibited no observable shift in the EMSA that 

would indicate binding to either of the two promoters (Figure 4-5). 

 

Figure 4-5: EMSA to Evaluate the DNA Binding Activity of MarA V7. 

 

Discussion 

 The use of protein engineering to create hybrid or chimeric proteins has been used in a 

few cases in the literature to study protein pathways and activity.7–9  However, not many 

examples exist that use this technique to alter the specificity of DNA sequence recognition.  In 

Ebright et al.10, they describe making mutations to the catabolite gene activator protein (CAP) 

that resulted in a change of specificity for A•T base pairs rather than G•C at the same location of 

the DNA sequence.  Still, this example is only altering the recognition of two bases in specific 

locations of the DNA sequence.  We wanted to go beyond this and create a mutant protein that 

would recognize an alternative sequence.  Specifically, we wanted to create a mutant version of 

MarA that would have the capability to bind the virB promoter.  This would be immensely 
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beneficial in studying inhibitors of the VirF•virB interaction, such as our compound 19615 

(Figure 3-8 A), considering the challenges in isolating active WT VirF for in vitro analysis.  The 

rational for this largely lies in the similarity of the DNA binding domains of MarA and VirF, as 

well as similarities to most of the AraC family members.11,12 

 Although the CDs of our chimeric proteins were not perfect, we believe there were 

enough helical features to show that each of the chimeric MarA were successfully expressed and 

purified (Figure 4-6).  We were not able to get a spectrum for MarA V7.  Unfortunately, none of 

these individual helix-swapped mutants exhibited any observable activity for either of the two 

promoter sequences.  Changing one of the MarA helices that insert into the major groove of 

DNA during binding was enough to lose all affinity for marRAB (Figure 4-4).  Additionally, 

swapping both helices for the VirF amino acid sequences while keeping the MarA backbone was 

not sufficient in virB promoter recognition.  It is possible that virB sequence recognition can be 

achieved eventually by creating a library of MarA mutants.  It is possible that the side chains 

protruding from the binding helices in MarA VH3, MarA VH6, and MarA VH3+6 are in the 

wrong orientation to make the correct contacts with DNA, and by “ratcheting” the helices one 

residue at time, eventually the right orientation may be achieved.  However, this would be a 

challenging project to take on, likely needing dozens of variations to the MarA-VirF binding 

helices. 

 MarA V7 harbored six point mutations in the MarA binding site to match the amino acids 

in VirF that were thought to be making base contacts when binding pvirB (Figure 4-1 D).  This 

was different from the previous chimeric proteins tested in that most of helices 3 and 6 still 

corresponded to the MarA sequence.  When evaluating the binding, we saw that changing the 

specific residues that make contact with the DNA was not enough to make MarA recognize and 
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bind to pvirB (Figure 4-5).  If we manipulate the brightness and contrast of the gel, it’s possible 

one can convince themselves that there is an extremely faint band in the lanes corresponding to 

marRAB.  However, the trend of the band is counter intuitive of the protein concentration (the 

“band” would be growing darker with decreasing protein concentrations), and if time permitted it 

may be worth investigating this more.  With more time and resources, it would have been 

interesting to see how slowly incorporating these mutations one at a time would have affected 

binding.  It’s possible that the orientations of these point mutations have a similar issue to the full 

helix swapped mutants and are not oriented in space correctly to make contact.  It would be 

interesting to continue to probe MarA with mutations to see if binding to the virB promoter can 

be achieved. 

 

Figure 4-6: Circular Dichroism Spectra of Each of the Full Helix Swapped Chimeric Proteins. 

 

  



101 
 

References 

(1)  Hurt, J. K.; McQuade, T. J.; Emanuele, A.; Larsen, M. J.; Garcia, G. A. High-Throughput 

Screening of the Virulence Regulator VirF: A Novel Antibacterial Target for Shigellosis. 

J. Biomol. Screen. 2010, 15 (4), 379–387. https://doi.org/10.1177/1087057110362101. 

(2)  Emanuele, A. a; Adams, N. E.; Chen, Y.-C.; Maurelli, A. T.; Garcia, G. a. Potential Novel 

Antibiotics from HTS Targeting the Virulence-Regulating Transcription Factor, VirF, 

from Shigella Flexneri. J. Antibiot. (Tokyo). 2014, 67 (5), 379–386. 

https://doi.org/10.1038/ja.2014.10. 

(3)  Emanuele, A. A.; Garcia, G. A. Mechanism of Action and Initial, In Vitro SAR of an 

Inhibitor of the Shigella Flexneri Virulence Regulator VirF. PLoS One 2015, 10 (9), 

e0137410. https://doi.org/10.1371/journal.pone.0137410. 

(4)  Ragazzone, N. J.; Dow, G. T.; Garcia, G. A. Elucidation of Key Interactions between VirF 

and the VirB Promoter in Shigella Flexneri Using E. Coli MarA- and GadX-Based 

Homology Models and In Vitro Analysis of the DNA-Binding Domains of VirF and 

MarA. J. Bacteriol. 2022, 204 (9), e0014322. https://doi.org/10.1128/jb.00143-22. 

(5)  Jair, K. W.; Martin, R. G.; Rosner, J. L.; Fujita, N.; Ishihama, A.; Wolf, R. E. Purification 

and Regulatory Properties of MarA Protein, a Transcriptional Activator of Escherichia 

Coli Multiple Antibiotic and Superoxide Resistance Promoters. J. Bacteriol. 1995, 177 

(24), 7100–7104. https://doi.org/10.1128/jb.177.24.7100-7104.1995. 

(6)  Rhee, S.; Martin, R. G. R. G.; Rosner, J. L. J. L.; Davies, D. R. D. R. A Novel DNA-

Binding Motif in MarA: The First Structure for an AraC Family Transcriptional Activator. 

Proc. Natl. Acad. Sci. U. S. A. 1998, 95 (18), 10413–10418. 

https://doi.org/10.1073/pnas.95.18.10413. 



102 
 

(7)  Ostermeier, M.; Nixon, A. E.; Shim, J. H.; Benkovic, S. J. Combinatorial Protein 

Engineering by Incremental Truncation. Proc. Natl. Acad. Sci. U. S. A. 1999, 96 (7), 

3562–3567. https://doi.org/10.1073/pnas.96.7.3562. 

(8)  O’Maille, P. E.; Bakhtina, M.; Tsai, M. D. Structure-Based Combinatorial Protein 

Engineering (SCOPE). J. Mol. Biol. 2002, 321 (4), 677–691. 

https://doi.org/10.1016/S0022-2836(02)00675-7. 

(9)  Rodgers, M. E.; Schleif, R. Solution Structure of the DNA Binding Domain of AraC 

Protein. Proteins Struct. Funct. Bioinforma. 2009, 77 (1), 202–208. 

https://doi.org/10.1002/prot.22431. 

(10)  Ebright, R. H.; Cossart, P.; Gicquel-Sanzey, B.; Beckwith, J. Molecular Basis of DNA 

Sequence Recognition by the Catabolite Gene Activator Protein: Detailed Inferences from 

Three Mutations That Alter DNA Sequence Specificity. Proc. Natl. Acad. Sci. U. S. A. 

1984, 81 (23 I), 7274–7278. https://doi.org/10.1073/pnas.81.23.7274. 

(11)  Gallegos, M. T.; Schleif, R.; Bairoch, A.; Hofmann, K.; Ramos, J. L. Arac/XylS Family of 

Transcriptional Regulators. Microbiol. Mol. Biol. Rev. 1997, 61 (4), 393–410. 

https://doi.org/9409145. 

(12)  Jonathan Posner, James A. Russell,  and B. S. P. MarA, SoxS and Rob of Escherichia Coli 

– Global Regulators of Multidrug Resistance, Virulence and Stress Response. Int J 

Biotechnol Wellness Ind 2008, 2 (3), 101–124. https://doi.org/10.6000/1927-

3037.2013.02.03.2.MarA 

 



103 
 

Chapter 5 Caco-2 Invasion and Plaque Formation Assays 

In collaboration with GlaxoSmithKline (GSK), our lab developed an assay for the 

inhibition of intra-macrophage survival of Shigella flexneri.  This assay was used to conduct a 

high throughput screen of 1.7 million compounds to identify antivirulence compounds that have 

the capability to prevent Shigella from inducing apoptosis of the macrophages.  These 

antivirulence hits would potentially avoid the selective pressure that leads to the rise of antibiotic 

resistance.  The screen led to the identification of 23,118 initial hits.  After reconfirmation 

screens and dose response assays, as well as a secondary screen evaluating toxicity, the number 

of hits was refined to 44. 

 Here, we set out to reproduce Caco-2 cell based assays2 that would verify that these hits 

are virulence inhibitors.  First would be to conduct an invasion assay that would evaluate the 

capability of these hit compounds to inhibit the bacteria’s ability to invade the Caco-2 

monolayers.  Additionally, a plaque formation assay would be conducted that would give insight 

to whether these hits were targeting Shigella’s ability to spread from cell to cell. 

 

Materials and Methods 

Reagents and Cell lines 

 All reagents were purchased from Sigma-Aldrich unless otherwise specified.  Tryptic soy 

broth, carbenicillin and microtiter plates used in these experiments were purchased from Fisher 

Scientific.  Wild-type Shigella flexneri serotype 2a strain, 2457T was purchased from ATCC.  
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The isogenic virulence plasmid-cured derivative, BS103, was a gift to our lab from Dr. Anthony 

Maurelli.1  All tissue culture media including Dulbecco’s modified Eagle medium (DMEM), 

phosphate buffered saline (PBS), Roswell Park Memorial Institute Medium (RPMI), and fetal 

bovine serum (FBS) was purchased from Life Technologies.  Caco-2 cells were received as a gift 

from Prof. J. Sexton and also were later ordered from ATCC. 

 

Shigella Gentamicin Protection Invasion Assay 

 The Shigella invasion assays were performed as previously described.2  Caco-2 cells 

were seeded in six-well plates 2-3 days prior to the start of the experiments to ensure cells are 

grown to near confluency in time.  Shigella flexneri 2457T or avirulent Shigella flexneri BS103 

were grown overnight, subcultured into TSB at a 1:100 dilution, and grown at 37 °C with 

agitation for 2.5 hours.  Strains were standardized to an OD600 of 0.35, washed in PBS and 

resuspended in DMEM.  The input bacteria were titered on TSB Congo Red plates before 

applying to six-well plates seeded to semiconfluency with Caco-2 cells.  The plates were 

incubated at 37 °C under 5 % CO2 for 2 hours to allow invasion to take place.  The monolayers 

were then gently washed 4x with DPBS before 2 mL of DMEM supplemented with gentamicin 

(50 µg/mL) to each well.  The plates were incubated for another 30 minutes under the same 

conditions.  The monolayers were washed again with DPBS before an additional 2 mL of 

DMEM supplemented with gentamicin (50 µg/mL) and incubated for another hour.  The 

monolayers were washed four more times with DPBS, and 1 mL of 0.5 % triton X-100 was 

added to each well.  The plates were incubated for 5 minutes at 37 °C before the monolayers 

were scraped with a pipette tip and collected in individual Eppendorf tubes.  The solutions were 
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vortexed for 30 seconds and titered in 1 mL buffered saline gelatin (BSG) cultures.  From each 

dilution, 100 µL were plated onto Congo Red plates to determine output colony forming units. 

 

𝐼𝑛𝑣𝑎𝑠𝑖𝑜𝑛	% =
𝑡𝑜𝑡𝑎𝑙	𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑	𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
𝑡𝑜𝑡𝑎𝑙	𝑖𝑛𝑝𝑢𝑡	𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑥100	

 

Plaque Formation Assay 

 The Shigella plaque formation assays were performed as previously described.2  In brief, 

Caco-2 cells were seeded 3-4 days prior to the start of the assay to ensure cells are grown to 

confluence at the time of the experiment.  Shigella flexneri 2457T or avirulent Shigella flexneri 

BS103 were grown overnight, subcultured into Tryptic Soy Broth (TSB) at a 1:100 dilution, and 

grown at 37 °C with agitation for 2.5 hours.  Strains were standardized to an OD600 of 0.35, 

washed in PBS and diluted in DMEM.  The input bacteria were titered on TSB Congo Red plates 

before applying to plates seeded to confluence with Caco-2 cells.  The plates were gently rocked 

to mix before they were incubated at 37 °C under 5 % CO2 for 2 hours.  An agarose solution 

consisting of DMEM, 10 % fetal bovine serum, 50 µg/mL gentamicin, 0.5 % agarose was then 

applied to the monolayers.  The plates were incubated at 37 °C under 5 % CO2 for 3 days and 

then stained with 0.5 % Neutral Red to visualize the plaques.  Efficiency of plaque formation 

was calculated by dividing the total number of plaques observed post-staining by the total 

number of input bacteria. 

 

𝑃𝑙𝑎𝑞𝑢𝑒	𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	(%) =
𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝𝑙𝑎𝑞𝑢𝑒𝑠
𝑡𝑜𝑡𝑎𝑙	𝑖𝑛𝑝𝑢𝑡	𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑥100	
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Results 

 Reproducing the Shigella invasion and plaque formation assays proved to be more 

challenging than originally anticipated.  We received a flask of Caco-2 cells from Dr. Sexton’s 

lab to start culturing in our BSL-2 lab to use in these experiments.  Our first few trials of the 

plaque formation assay were performed using a smaller volume six-well plate.  We also used our 

cryo-stock of S. flexneri 2457T for invasion in the early attempts at this experiment.  After 

incubating the monolayers with either 2457T or BS103 for three days, no plaques were observed 

in the plates (Figure 5-1 A).  Analyzing the plates of input bacteria, we thought it was possible 

that the S. flexneri 2457T had lost its virulence plasmid.  Shigella colonies plated on Congo Red 

plates should have a red hue if the bacteria is virulent and a white hue if the bacteria is avirulent.1  

This distinction was unclear in our input colonies (Figure 5-1 B).  The assay was repeated with 

the same stocks of bacteria and Caco-2 cells, but the results were similar. 
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Figure 5-1: Plates from the First Attempt to Reproduce the Plaque Assay.  A): Resulting plates of BS103 2457T show no plaques 
after 3 days of incubation.  B):  Input bacteria for the assay on Congo red plates.  Colonies appear to be red with clear or white 
“halos”. 

 

 After these initial results, we ordered fresh Caco-2 cells and virulent S. flexneri 2457T 

from ATCC.  We also switched the plates we were using for the assay from six-well plates to 

150 mm cell culture dishes, similar to what we use for our input bacteria colonies.  

Unfortunately, we still were not seeing any plaques forming on the monolayers using these fresh 

cell lines and bacteria (Figure 5-2).  In fact, the monolayers appeared to be deteriorating during 

the assay.  This can be seen in Figure 5-2 as gaps of varying sizes in the monolayers.  These can 

be verified as deteriorating monolayers and not plaques due to the fact that they are present in 

both 2457T experiment and the BS103 control.  We repeated the process but saw similar results 

each time. 
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Figure 5-2: Tissue Culture Plates After the Plaque Formation Assay.  Examples of the Caco-2 monolayers deteriorating before 
the completion of the assay.  Gaps in the monolayers can be seen in both the 2457T experiments and the BS103 controls. 

 

 We wanted to try and grow healthier monolayers before conducting the plaque formation 

assays.  To do this, we tried to grow our Caco-2 cells in RPMI media as well as trying different 

concentrations of FBS (10%-20%).3  When we tried to perform a plaque assay with these 

confluent monolayers, the results were even worse than before.  Figure 5-3 shows a plate where 
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almost all the cells in the monolayer are gone.  After this, we tried the DMEM media again.  We 

thought that it was possible that our monolayers were not reaching the proper confluence, so we 

let them grow longer before infecting them with Shigella.  Strangely, we experienced issues 

getting our tissue cultures to reach high cell density.  With the plaque assay not showing success, 

we checked if our monolayers would survive the gentamicin protection invasion assay.  As 

expected, the monolayers failed to keep their structural integrity throughout the experiment and 

fell apart during the wash steps. 

 

 

Figure 5-3: Deteriorating Monolayers of Caco-2 After Plaque Assay.  Monolayers are not surviving the experiment 

 

Discussion 

 In the past, our lab has been able to use the plaque formation assay and the gentamicin 

protection assay to evaluate lead compounds and their ability to inhibit Shigella pathogenesis.2  

Here, we wanted to reproduce these experiments to be able to test our hit compounds from the 
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~1.7 million compound library screen carried out in our collaboration with GSK.  The screen 

was able to identify 44 hit compounds after primary and secondary screens, but reviewers 

wanted verification of the compounds’ activity against intracellular Shigella. 

 The major issue we had in producing an assay to test these compounds was the inability 

to get our Caco-2 monolayers to survive the rigorous experiment while infected with Shigella.  

We also experienced issues in achieving high cell density, despite different medias and varying 

growth times.  Figure 5-4 shows the difference between low density and high density Caco-2 

monolayers.  Most of our experiments were done on monolayers somewhere between the high 

and low density seen in Figure 5-4.  In the future, the experiment might have been more 

successful if we could get the cultures to grow better. 

 

Figure 5-4: Examples of Caco-2 Cell Densities by ATCC. 
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Chapter 6 Concluding Remarks  

Bacterial infections remain a major disease burden, particularly in regions of the world 

where access to adequate medication and sanitation are lacking.1,2  Due to many factors including 

lack of new antibiotic production and their improper use, antibiotic resistance continues to 

emerge with many bacteria now becoming multi-drug resistant.1  Of the current treatments for 

Shigella, resistance to ciprofloxacin or azithromycin has risen to 17% in clinically-isolated 

strains in the United States.3  Worldwide, antibiotic resistance in Shigella is significantly rising, 

with “complete ciprofloxacin resistance (MIC ≥ 4 mg/L)” noted as a “Serious Concern” by the 

World Health Organization.4  Increased incidence of antibiotic resistance in Shigella, among 

other pathogens, and increased mortality highlight a critical need to develop novel antibiotics, 

vaccines, or other therapies to treat infection.  One promising approach to developing improved 

therapeutics to treat shigellosis, and other infections, is targeting virulence pathways by which 

the causative pathogens invade and propagate within infected hosts.  By targeting virulence 

rather than cell viability, it is thought that there will be a weaker selective pressure to evolve 

resistance to the drug.5  Additionally, targeting virulence pathways should have no effect on the 

avirulent microbiome thereby reducing the risk of opportunistic infections, e.g., C. difficile, 

which are held in check by some of the avirulent microbes.5 

We believe VirF is a very promising antivirulence target in Shigella for several reasons.  

VirF is the master transcriptional regulator of the Shigella virulence pathway, binding the virB 

promoter leading to the downstream expression of ipaB, ipaC, and ipaD, as well as other genes 

that encode for structural and effector proteins that are key for infection.6–11  VirF also activates 
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transcription of icsA, initiating cell-to-cell spread by facilitating the polymerization of host cell 

actin at one pole of the bacterium.10,11  Additionally, VirF is only expressed under conditions 

found in the host colonic lumen, which makes it unlikely that resistance will develop due to 

environmental antibiotic exposure.5  The purpose of the studies in this dissertation was to gain 

insight on how the VirF DNA binding domain interacts with the virB promoter and it’s potential 

as a antivirulence target. 

AraC proteins such as VirF have been difficult proteins to study.12  We set out to develop 

a more efficient method to express and purify native VirF and the C-terminal DNA binding 

domain of VirF.  Although we fell short of obtaining active VirF in a useful yield, we believe our 

results could still act as a reference for future attempts to study this protein.  Due to the lack of 

structural information on VirF, we used two E. coli homologs, GadX and MarA, to generate 

homology models of the VirF DNA-binding domain (DBD).  This allowed us to study the 

interactions between VirF and the virB promoter in comparison with MarA binding to the 

marRAB promoter.  This gave insight to how the VirF DBD binds its DNA and how this 

interaction may be exploited as an antivirulence drug target.  We also tried to develop chimeric 

proteins, swapping portions of the VirF binding domain with MarA.  Our objective was to use a 

chimeric form of MarA to further study this interaction, and to further investigate our potential 

inhibitor, compound 19615.13,14  Even though we could not induce binding to the VirF promoters 

by the chimeric protein, we believe this interaction is still an attractive target for antivirulence 

inhibition.  With more time, this interaction could be further probed by designing a small library 

of MarA-VirF chimeric proteins.  Considering the specificity and complexity of the protein-

DNA interaction, several minor yet specific changes may be needed to identify an acceptable 

mutant to use in these studies.  In conclusion, we believe these experiments will lead to an 
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improved understanding of not only the VirF•virB and the MarA•marRAB interaction, but 

hopefully add to the comprehension of the AraC family of transcriptional activators. 
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