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ABSTRACT 

Alanis, Elvira L., Targeting Protein Synthesis in Clostriodioides difficile to develop 

antimicrobial candidate. Master of Science (MS), May, 2022, 39 pp., 1 table, 15 figures, 

references, 50 titles. 

Clostridioides difficile is a gram positive, spore forming, obligate anaerobic bacterium 

that causes infection known as CDI which results in life threatening diarrhea. Protein synthesis is 

an essential metabolic process and is a validated target for antibiotics. The translation initiation 

step is the rate limiting step which includes the three initiation factors (IF1, IF2, and IF3). IF1 is 

the smallest and associates with the 30S ribosomal subunit. Structural studies using NMR 

Titrations were conducted with Cd-IF1 to determine key residues involved in binding to the 30S. 

From these results a short α helical peptide was derived to test its inhibitory affects against 

bacterial pathogens. Additionally, Cd-IF1 underwent NMR titrations with two microRNAs 

(miR-155 & miR-146) to determine its RNA binding mode.  
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CHAPTER I 

 

INTRODUCTION 

 

Statement of the purpose 

 Clostridioides difficile, also referred to as C. difficile, is a spore forming, gram-positive, 

toxigenic, anaerobic bacillus bacterium. Production of spores and toxins enables this bacterium 

in having the ability to create a deadly infection in susceptible people. Clostridioides difficile 

Infection (CDI), is the most common cause of nosocomial infections mediated by the fecal-oral 

route and is the leading cause of hospital acquired diarrhea and pseudomembranous colitis. This 

infection has been associated with morbidity and mortality in most hospital settings (Ofosu, 

2016). Individuals that are more susceptible at risk for this infection include: old age, recent 

antibiotic exposure, and hospitalization (Czepiel, 2019). In 2017 a total of 223,000 estimated 

cases in the United States required treatment for this infection and of those estimated cases, 

12,800 people died. Additionally, an estimated 1 billion was attributed to healthcare costs 

associated with this infection in 2017 (CDC, 2019). Treatment includes antibiotics that create the 

infection itself and that includes metronidazole, fidaxomicin and vancomycin. In rare instances 

treatment with these antibiotics has no effect on the infection and in severe cases a Fecal 

transplant is another form of therapy. Although healthcare-cases have decreased there has been 

an increase in community-based infections (CDC, 2019). The CDC announced that C. difficile is 

now an urgent threat and there is an increase in community-based cases creating a need for 
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development of new antimicrobial candidates that have a different mode of action than the ones 

currently available. CDI has created unmet needs to understand its molecular mechanisms 

underlying this infection and identifying new molecules than can be considered antimicrobial 

candidates that can potentially be utilized against C. difficile.   

Statement of the purpose 

 Bacterial protein synthesis has been deemed a worthy target for drug discovery and 

antibiotic development (McCoy et al., 2011). The process of Protein Synthesis begins with the 

rate limiting step Initiation followed by Elongation, Termination and Recycling. During 

initiation formation of the initiation complex occurs which consists of the 30S subunit, the three 

initiation factors (IF1, IF2, & IF3), mRNA and initiator tRNA (Laursen, 2005). Previously in our 

laboratory, determination of the Initiation Factor 1 protein of Clostridioides difficile was 

elucidated using NMR spectroscopy studies. The Initiation Factor 1 protein of C. difficile was 

found to be composed of one short α helix and five β strands in the following sequential order: 

β1-β2-β3-α1-β4-β5. Using the NMR chemical shift assignments, a Cd-IF1 model was predicted 

and submitted to the protein data bank (PDB). A predicted model of Cd-IF1(PDB ID: 6C00) and 

the 30S subunit from Thermus thermophilus (PDB ID: 1HR0) was constructed using PyMOL.  

 To identify target molecules that may regulate Cd-IF1 function further studies were 

conducted. Based on previous structural studies in our laboratory on Pseudomonas aeruginosa, 

IF1 may have distinct interactions with the 30S ribosomal subunit. Additionally, the short α helix 

strand may play a role in ribosomal binding to IF1 which also might affect its function. (Valdez, 

2021) Antibiotic development studies continued based on Pseudomonas aeruginosa research and 

its 30S ribosomal subunit. NMR titrations revealed that the residues that had the most significant 
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chemical shift perturbations were from the α helix (Valdez, 2021). From the short α helix, a short 

peptide was derived to test against C. difficile and other bacterial species to test its inhibitory 

effects. This peptide is an antimicrobial peptide (AMP) which has been found to have a unique 

ability of controlling infections while also having a lower chance in acquiring resistance (Liu et 

al., 2018). AMPs may be an antimicrobial candidate to be used against C. difficile and other 

types of bacterial species. Aside from utilizing components of bacterial pathogens we decided to 

test molecules from the mammalian immune response, microRNAs, to identify a Cd-IF1 RNA 

binding mode. MicroRNAs are non-coding RNAs that take part in regulating gene expression 

and in the case of bacterial infections become upregulated (Eulalio, 2012). The two microRNAs 

(mir-146-a and mir-155) that play a role in the innate immune response were tested with Cd-IF1 

using NMR titrations to identify any interactions or regulations that may occur. Indication of 

binding can suggest that Cd-IF1 may have an RNA binding mode and microRNAs may be 

another way to stop protein synthesis. MicroRNAs may be another form of antimicrobial 

candidates that could potentially be used to treat this infection.
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CHAPTER II 

REVIEW OF LITERATURE 

Microbiology 

 Clostridioides difficile is a gram-positive, spore forming, anaerobic bacillus bacterium 

that has the ability in causing infection that may lead to life-threatening diarrhea and 

pseudomembranous colitis. It was formally known as Clostridium difficile but was officially 

renamed due to its taxonomic differences between other members of the Clostridium genus 

(Lawson, 2016). It is part of the gut microbiome which consists of more than 4,000 bacterial 

species and is found in the large intestine of most mammals. Additionally, it may be found in the 

environment such as in the soil and animals (Czepiel, 2019). C. difficile strains are a genetically 

diverse species and can be either toxigenic or nontoxigenic (He, 2010) (Vedantam et al., 2012).  

 Toxigenic strains are associated with disease by possessing the two virulent toxins A 

(TcdA) and B (TcdB) which enable this bacterium to cause infection. TcdA and TcdB belong to 

the family of glucosylating toxins and are composed of a receptor binding domain, a 

transmembrane domain, and a glucosyl-transferase domain (Davies, 2011). These two toxins 

target the Rho family of guanosine triphosphatases (Rho GTPases) such as Rac, Rho, and Cdc42 

through the enzymatic glucosylation of a theorine residue which leads to an inflammatory 



5 

 

 

cascade (Kordus et al., 2021). This inflammatory cascade results in tissue damage that leads to 

life-threatening diarrhea, toxic megacolon, and colitis (Burke, 2014). 

Clostridioides difficile Toxins 

 Once Clostridioides difficile spores enter the intestine, this bacterium can switch into its 

vegetative disease-causing state (Di Bella, 2016). The presence of glycine and cholate 

derivatives aids germination of C. difficile spores leading to disease. As a result of treatment with 

broad spectrum antibiotics, individuals will lose the additional bacteria that are responsible in 

processing cholate derivatives (Burns, 2010) (Di Bella, 2016). Clostridioides difficile obtains its 

pathogenetic effects from the production of three major toxins: A (TcdA), B (TcdB) and, in 

certain strains, the C. diffile transferase (CDT) binary toxins. These two toxins are made by the 

genes tcdA and tcdB which are found in the Pathogenicity loci, also known as PaLoc (Di Bella, 

2016). The PaLoc is a 19.3 kilobase DNA sequence and is found in the same site of all toxigenic 

C. difficile strains. All these three belong to the large clostridial glycosylating toxin (LCGT) 

family (Jank, 2015). The LCGT family contains a receptor binding domain, a transmembrane 

domain and a glycosyl-transfease domain (Vedantam, 2012). The toxins glycosylate and 

inactivate host GTPases which lead to alterations in the actin cytoskeleton, disruption of barrier 

function and cell death (Davies, 2011). Additionally, toxins A and B modify guanine 

nucleotidebinding proteins of the Rho family leading to inflammation and damage of the gut 

mucosa (Jank, 2015) (Voth and Ballard, 2005).   

Clostridioides difficile Infection (CDI) 

 Clostridioides difficile Infection (CDI) is a side effect of most Broad-spectrum antibiotic 

treatments that disrupt the gut microbiota. Once the disruption of the gut microbiome occurs, C. 
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difficile will grow sporadically leading to infection. In a hospital setting, CDI is the leading cause 

of hospital associated infections with 12.1% followed by Staphylococcus aureus (10.7%), 

Klebsiella (9.9%), and Escherichia coli (9.3%). (Monegro, 2021). It may also lead to toxic 

megacolon, colitis, and pseudomembranous colitis.   

Risk factors 

 Risk factors that are mainly associated with C. difficile infection include antibiotic 

exposure, old age, and hospitalization (Czepiel, 2019). Most antibiotics used have been 

associated with CDI and those frequently associated include the following: ampicillin, 

amoxicillin, cephalosporins, clindamycin, and fluoroquinones (Leffler, 2015). Surprisingly, even 

the antibiotics used to treat CDI can also incite the disease. CDI persists in healthcare facilities 

such as in hospital settings and nursing homes. In both settings, frequent antibiotic use led to 

infection and environmental contamination due to C. difficile spores that persist in the 

environment. Environmental contamination arises from C. difficile spores that stay in the setting 

due to poor personal hygiene or poor medical professionals not taking proper precautions when 

sanitizing. Additionally, elderly individuals who are in these healthcare settings are more at risk 

of infection compared to other individuals. It was found that elderly individuals are 10 times 

more at risk than other patients. Not only are they more susceptible to infection but the severity 

of the infection worsens with increase in age (Leffler, 2015). CDI is typically a hospital acquired 

infection but as of lately, there has been an increase in community acquired infection (CDC, 

2019). Community acquired infection of CDI affects younger individuals and that have no 

exposure to antibiotics.  
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Current treatment and recurrence 

 Treatment of this infection includes antibiotic therapy that is tailored to the severity of 

disease presentation. In mild to moderate cases of infection, the antibiotic usually prescribed can 

either be metronidazole or vancomycin. Both these antibiotics are the initial treatment for this 

infection. The recommended prescription for metronidazole is 500 mg between 10-14 days 

intravenously. If the patient has is intolerant to metronidazole, then vancomycin 125 mg oral can 

be utilized. In the case of severe or complicated infection, oral vancomycin 125 mg will be 

immediately prescribed (Ofosu, 2016). Additionally, intravenous metronidazole may be added to 

therapy for complicated cases of CDI. Fidaxomicin is an alternative to patients with severe 

infections and have no response to vancomycin. In severe complicated infection, it is best to 

have a surgical consultation if there is presence of peritoneal signs, severe ileus, and toxic 

megacolon.    

 Recurrence of CDI can occur after eight weeks from initial episode completion of 

treatment due to reactivation of left-over spores in the patient. Risk factors that may affect the 

recurrence of the infection include the following: old age, additional types of treatment, proton 

pump inhibitors, and prior cases of CDI recurrence. After the first episode of CDI, there is a 10-

20% chance of the infection reoccurring. If there has already been one recurrence, the chance of 

getting the infection again increases to 40-60% (Ofosu, 2016). Factors that may affect the 

recurrence include impaired immune response old age, further treatment with antibiotics or 

chemotherapy, proton pump inhibitors, and previous episodes of recurrence. Data suggests that 
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there is a significant increase in risk of CDI when associated with proton pump inhibitor (PPI) 

treatment (Trifan, 2017).    

After multiple recurrences of CDI, the use of broad-spectrum antibiotics will eventually 

lead to a microbe depleted intestine. An intestine without a healthy microbiota flora will have an 

overgrowth of pathogenic bacteria such as C. difficile. In the case of individuals who have 

multiple recurrences, a Fecal microbiota transplantation may be considered. A Fecal microbiota 

transplantation (FMT) is a fecal infusion from a healthy donor to a recipient for curative 

purposes. The FMT is to help re-establish the gut microbiota in the intestine to treat the infection 

(Czepiel, 2019). 

Current targets of antibiotics 

 Current bacterial targets have been extensively studied in the development of 

antimicrobial drugs. These targets include the following: cell wall synthesis, protein synthesis, 

ribonucleic acid synthesis, deoxyribonucleic acid (DNA) synthesis and intermediary metabolism 

(Hooper, 2001).   

 Inhibition of DNA replication is commonly done by with treatment that includes the class 

of antibiotics known as quinolones and fluoroquinones. These antimicrobials interfere with the 

maintenance of chromosomal topology by targeting DNA gyrase (topoisomerase II) and 

topoisomerase IV leading to breakage of bacterial chromosomes (Pham, 2019). Both these 

enzymes are needed in the modulation of chromosomal supercoiling through topoisomerase 

catalyzed strand breakage and rejoining reactions is required for DNA synthesis, mRNA 

transcription and cell division. By trapping both DNA gyrase and topoisomerase at the DNA 

cleavage stage and preventing strand rejoining (Kohanski, 2010). With quinolone topoisomerase-
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DNA complex formation, replication machinery of DNA will become arrested at the replication 

forks which leads to the inhibition of DNA synthesis, leading to bacteriostatic and cell death. 

Additionally, following the effects of the introduction of double-stranded DNA breaks formed by 

quinolones induces the DNA stress response (SOS response). The SOS response activates RecA 

promoting auto-cleave of the LexA repressor protein which induces expression of the SOS-

response genes including DNA repair enzymes.   

 Rifamycins are a class of semi-synthetic bactericidal antibiotics belonging to the 

ansamycin family that inhibit RNA synthesis. They are a potent means for inducing bacterial cell 

death and their mode of action is by interfering with RNA synthesis and implicated RNA 

polymerase (RNAP) as the rifamycin primary target (Adams, 2021) (Campbell, 2001). These 

drugs inhibit DNA-dependent transcription by stable binding, with high affinity, to the subunit of 

a DNA-bound and actively transcribing RNA polymerase enzyme (Kohanski, 2010).  

 Cell wall synthesis inhibition can occur through lytic cell death or non-lytic cell death. 

Peptidoglycan (PG or Murein) layers enclose the bacterial cell wall to protect against 

environmental factors. Structural features of PG are linear glycan strands cross linked by short 

peptides. (Vollmer, 2008) PG is covalently cross-linked polymer matrix that is composed of 

peptide linked β -(1-4)-N-acetyl hexosamine 54. Lytic cell death can occur with β -lactams and 

glycopeptides that interfere in steps of homeostatic cell wall biosynthesis. Treatment with 

successful inhibitors may result in changes to cell shape/size, induce cellular stress responses, 

and lead to cell lysis (Kohanski, 2012). β lactams inhibit by blocking the cross-link of PG units 

by inhibiting the peptide bond formation reaction catalyzed by transpeptidases via penicillin-
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binding proteins. In certain bacteria, such as S. pneumonia that lack murein, hydrolase activity 

can be affected by β -lactams at a lower rate (Kohanski, 2010). 

 Protein synthesis inhibitors include 50S ribosome inhibitors and 30S ribosome inhibitors. 

The 50S ribosome inhibitors consist of macrolides, lincosamide, streptogramin, amphenicol, and 

oxazolidinone (Kohanski, 2012). These inhibitors block initiation of protein translation, or 

translocation of peptidyl-tRNAs, which inhibit the peptidyltransferase reaction that lengthens the 

peptide chain. In contrast, tetracycline and aminocyclitol antibiotic families make up the 

inhibitors that target the 30S ribosome. Tetracyclines mechanism of action is by blocking access 

of aminoacyl-tRNAs to the ribosome. Aminocyclitol includes the spectinomycin and 

aminoglycoside family of antibiotics which bind the 16S rRNA component of the 30S ribosome 

subunit leading to protein mistranslation (Kohanski, 2010). 

Bacterial protein synthesis 

 The central dogma begins with replication followed by transcription and ending in the 

process of translation to make a functioning protein. Translation occurs in the cell’s ribosome 

which is composed primarily of ribosomal RNA and are responsible for translation where they 

catalyze peptide bond formation. The ribosome is responsible in converting the genetic 

information given by the messenger RNA (mRNA) into a polypeptide sequence which makes up 

the cell’s proteins and enzymes (Arenz, 2016). Translation occurs in the ribosome and is 

composed of four phases: initiation, elongation, termination, and ribosome recycling (Laursen, 

2005). Initiation is responsible in constructing the large and small ribosomal subunits at the 

translation initiation region of mRNA. Elongation is where mRNA will slide along the ribosome 

creating a polypeptide chain with the aide from GTPase factors elongation factor Tu (EF-Tu) and 
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EF-G (Voorhees, 2013). Once the mRNA reaches a stop codon the polypeptide chain will halt 

reaching the termination phase. The polypeptide chain will be released from the ribosome and 

ribosome recycling will occur. The mRNA and ribosomal subunits will then dissociate (Laursen, 

2005). 

Bacterial translation initiation  

 Of the four phases involved in Protein Synthesis Initiation is the most highly regulated 

and is the rate limiting step (Laursen, 2005). Initiation is composed of the following steps: 

ribosome, aminoacylated and formylated initiator tRNA, mRNA, and the three initiator factor 

proteins (IF1, IF2, and IF3), a large 50S subunit and a small 30S subunit construct to the 

complete 70S ribosome. There are three tRNA binding sites aminoacyl (A), peptidyl (P), and exit 

(E) sites. IF1 enhances IF2 and IF3 activities.  When IF3 binds to the small 30S ribosomal 

subunit dissociation of the ribosome is promoted.  IF1 will bind the A site of the 30S subunit 

which is thought to aid in directing the initiator tRNA to the P site of the ribosome and stopping 

it from binding to the A site.   

  Once the dissociation has occurred, IF2, mRNA, and fMet-tRNA will associate with the 

small 30S ribosomal unit in a random order. The initiation start codon (AUG) as well as other 

initiation triplets (GUG, UUG, AUU, AUC, and AUA) will be adjusted to the P site when the 

Shine-Dalgarno sequence interacts with the anti-Shine-Dalgarno sequence from the 16S rRNA 

(Gualerzi, 2015). Of the three initiation factors, IF3 seems to play a role in adjusting the start 

codon. Once, the start codon is in the P-site, an initiator tRNA is positioned in the P-site of the 

30S. This process, is promoted by IF2 due to its interaction with fMet-tRNA, consists of three 

steps known as: designated codon- independent binding, codon-dependent binding, and fMet-
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tRNA adjustment. Additionally, IF3 is responsible in stabilizing the binding of fMet-tRNA to the 

P-site of the ribosome.   

  The 30S ribosomal subunit, three initiation factor proteins (IF1, IF2 & IF3), and mRNA 

make up the 30S preinitiation complex that is considered unstable (Gualerzi, 2015). The 

preinitiation complex will then undergo a rate-limiting conformation change which will promote 

the codon-anticodon interaction and will therefore form a stable 30S initiation complex. Once, a 

stable 30S complex is made, IF1 and IF3 will be rejected out. The main function of IF2 is to 

interact with the initiator fMet-tRNA and position it directly in the P site (Marzi, 2003). IF2 will 

be ejected when the initiator fMet-tRNA is correctly positioned in the P-site, it will also undergo 

hydrolysis since it is bound to a GTP yielding a GDP and an inorganic phosphate. Once the 50S 

ribosomal subunit is added onto the 30S complex a 70S initiation complex is created. The 70S 

complex has a fMet-tRNA as a substrate for the peptidyltransferase of the 50S ribosomal subunit 

is set for the elongation phase.   

Antimicrobial peptides 

 Emergence of antibiotic resistant bacteria has created a new on-growing threat that may 

affect public universal health. To combat this new problem new approaches to development of 

new antibacterial strategies are of need. One of the possible solutions may be in making 

continuous progress in the research of new antimicrobial agents such as antimicrobial peptides 

(AMPs) or also known as host defense peptides.   

 Antimicrobial peptides range 5-50 amino acid residues in length, they are the first line of 

defense in the innate immune system against pathogenic invasion since they act with 

microbicidal and immunomodulatory activity (Mwangi, 2019). AMPs may have different 
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cationicity and hydrophobicity which determine their antimicrobial activity (Liu, 2016). AMPs 

contain a distribution of basic and hydrophobic residues that align and form structures that are 

water soluble, hydrophobic, and positively charged (Zhang, 2016). AMPs that fold can be 

categorized into groups based on their secondary structure: α helical, β sheet and extended AMPs 

(Zhang, 2016). These antimicrobial agents have been considered a potential alternative to current 

antibiotics due to their low potential for bacteria to become resistant (Roncˇevic, 2019). These 

antimicrobial peptides are immune modulation molecules that are derived from host defense 

peptides which aide against pathogenic bacteria (Liu, 2020). Through various studies AMPs have 

been shown to have various modes of actions with non-specific targets and pathogenic bacteria 

are additionally less prone to produce resistance (Mookherjee et al., 2020). These peptides are 

potential candidates to be used against bacterial pathogens since they have a variety of 

advantages such as possessing potent microbicidal activity in the micromolar range, rapid 

bacterial death action as well as having a low resistance selection (Leon-Buitimea, 2020). One of 

the main mechanisms of action of AMPs is the formation of pores in the bacterial cell membrane 

(Nuding, 2014) (Brogden, 2004). Additionally, their mode of action is multifunctional since it 

alters the cell membrane as well as attacking specific targets that are involved intracellular 

processes such as: inhibition of transcription, translation, protein synthesis and bacterial cell wall 

formation (Mwangi et al., 2019).   

 AMPs can either be synthetic or natural peptides. Many AMPs have been synthetically 

developed in laboratories, but many natural AMPs have been produced by both prokaryotic and 

eukaryotic organisms. Natural peptides are produced by ribosomal translation of mRNA or non-

ribosomal peptide synthesis (Hancock, 1999). Natural peptides have since decreased due to its 

time-consuming traditional methods to extract, separate, and purify to identify active molecules. 
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Compared to natural peptides, synthetic AMPs are found to be more effective against antibiotic 

resistant pathogens due to its computer-assisted de novo design (Liu, 2016). Synthetic AMPs 

have been shows to be effective against multidrug resistant bacteria alongside combination with 

conventional drugs (Zharkova, 2019).  

 Many AMPs have been developed and are reported to be active against Gram-negative 

and Gram-positive bacteria (Fan, 2016). Their mode of action against bacterial species depends 

on their ability to interact with bacterial membranes or cell walls (Zhang, 2016). AMPs can also 

affect broad activity and are able to kill fungi, viruses, and cancer cells (Fan, 2016). These 

characteristics of AMPs may be the solution to the problem of antibiotic bacterial species. Upon 

this new development strategy more research is needed to efficiently be utilized and for AMPs to 

become potential targeted antimicrobial candidates.   

MicroRNAs 

 MicroRNAs (miRNAs) are small non-coding RNAs, 18-23 nucleotides in length that play 

a part in post transcriptional gene translation and regulate expression of cellular mRNAs. They 

play a part in the following: proliferation, growth, death, inflammation, and immune response. 

The miRNA pathway begins with RNA polymerase II initiating transcription of a polyadenylated 

primary miRNA (pri-mRNA). The pri-mRNA will then be processed by two endonucleases of 

the RNAse III family. Drosha will process the pri-miRNAs into one mirRNA which will then get 

processed into intermediates by Dicer. The duplex unwinds, and one strain will be put into 

RNAinduced silencing complex (RISC) which is composed of Argonaute proteins. A microRNA 

bound to RISC will bind to a cellular mRNA target site which will result in a repressed 

translation and promotes degradation of mRNA (Eulalio, 2012). Recent studies have concluded 
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that these miRNAs are less known in bacterial infections compared to more well-known roles in 

viral and parasitic infections leading to a new branch of research.    

 Bacterial infection is detected by Pattern-recognition receptors (PAMPs) such as Toll 

Like Receptors (TLRs) and NLRs to recognize pathogenic bacteria. PAMPs can sense bacterial 

pathogens either gram positive or gram negative through specific recognition receptors. Once a 

bacterial ligand has bonded to a PAMP it will trigger an immune response mediated through 

adaptor proteins and transcription factors. For instance, in gram-positive bacteria PAMPs consist 

of bacterial flagellin, Lipoteichoic acid, peptidoglycan, bacterial RNA and bacterial DNA 

(Eulalio, 2012).    

 Various studies featuring bacterial pathogens have seen upregulation of both microRNA-

155 and microRNA-146. A pioneer study found that miRNA-146a/b and miRNA-155 use the 

NFKB (Nuclear kappa factor-B) dependent manner and both miRNAs are part of the regulatory 

mechanisms that aide in inflammatory cytokine production in response to bacterial infection. In 

various types of bacterial infections including the following had upregulation of the miR-155 

family and miR-146a/b family: Helicobacter pylori, Listeria monocytogenes, Mycobacterium 

species and Salmonella species (Eulalio, 2012). Additionally, Francisella tularensis, Vibrio 

cholerae, and Staphylococcus aureus all had overexpression of miR-155, which is responsible in 

modulating immune response, indicating that this microRNA is involved in bacterial infection 

through the mammal immune response (Mourenza, 2022). Increase in expression of microRNAs 

depends on the NFKB pathway once the immune system has been triggered leading to regulation 

of genes that play a factor in adaptive and innate immunity. They also regulate the pathway 

establishing a negative regulatory loop which may be important in a balanced immune response. 
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CHAPTER III 

 METHODOLOGY  

Protein expression and purification 

 Previously in our lab Initiation Factor 1 (IF1) of Clostridiodides difficile was predicted. 

The full backbone and side chain resonance assignments were determined which were used to 

predict its atomic resolution structure. Cd-IF1 was amplified using polymerase chain reaction 

(PCR) from genomic DNA (gDNA). IF1 of C. difficile is 216 base pairs (bp) and is composed of 

72 amino acids. After amplification of Cd-IF1, the PCR Product was inserted into a pET-26b 

plasmid vector (Novagen) between the following restriction enzyme sites: NheI and XhoI. 

Transformation of the insert product from PCR Product was then ligated into a NheI-XhoI cut 

pET-24b Cd-IF1 that contains three additional amino acids (MAS) found at the N-terminal and 

the C-terminal contained a HIS-TAG with six histidine tag (LEHHHHHH). Once the DNA 

sequence of the plasmid was confirmed by sequencing results it was then transformed into 

pET24b vector Dl21 (DE3) Escherichia coli competent cells (Novagen) for Cd-IF1 protein 

expression preparation (Aguilar, 2018).  

 To have a uniformly labeled 15 N sample. An overnight culture of the pET-24b plasmid 

containing the Cd-IF1 protein was inoculated into 10 mL LB broth and 5 uL kanamycin. The 

culture was left in the shaker at 37 degrees C and 225 RPM overnight. An autoclaved liter flask 

of M9 minimal medium was made to cultivate the E. coli plasmid vector to express the Cd-IF1 
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protein. The M9 media contained 1 g of 14NH4Cl and 3 g of dextrose anhydrous. The culture was 

then allowed to grow until the Optical density (OD) 600 was between 0.5 to 0.8 which was 

followed by the addition of 500 uL Isopropyl β- d-1-thiogalactopyranoside (IPTG) in order 

induce the overexpression of the Cd-IF1 protein. After four hours the culture was then harvested 

and centrifuged to create cell pellets that would then be purified.  

 Cell pellets were re-suspended in a His-tag binding buffer with the addition of 

dithiothreitol (DTT) and phenylmethylsulphonyl fluoride (PMSF). After the cell was 

resuspended, the pellets were sonicated to create cell lysate. After several rounds of sonication, 

the cell lysate was centrifuged and loaded onto a Ni-NTA (nickel- nitrilotriacetic acid) column. 

The column and lysate were incubated for binding of His-tag target protein to the Ni-NTA 

agarose beads. Following incubation, the Ni-NTA (nickel- nitrilotriacetic acid) column with Cd-

IF1 bound was washed with both binding and washing buffer to remove impurities. The Cd-IF1 

protein was then eluted with a buffer that contained 300 mM imidazole. Once the purified Cd-

IF1 protein was eluted the sample went through dialysis to remove high salts. The sample was 

then loaded onto an AKTA pure column to go through Fast Protein Liquid Chromatography 

(FPLC) to further purify (Figure 1) and obtain a Cd-IF1 protein to conduct Nuclear Magnetic 

Resonance (NMR) Spectroscopy studies.  

Nuclear magnetic resonance spectroscopy and NMR titration 

 Cd-IF1 (labeled 15𝑁) underwent buffer exchange to buffer that consists of 20 mM MES at 

pH 6.0, 50 mM NaCl, 1mM EDTA, 5 mM DTT, and 8% D20. Buffer exchange to buffer used a 

Millipore Amicon Ultra Centrifugal Filter Ultracel-3K (Millipore #UFC900324, 3 kDa cut off).  

NMR experiments were conducted at 298 K on a Bruker Ultrashield Plus 600 MHz spectrometer 
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equipped with a double resonance broad band room temperature probe (BBO). The 𝑁15-𝐻1SQC 

spectrum was recorded using a uniformly labeled 15𝑁-labeled Cd-IF1. Chemical shift 

assignments were obtained from BMRB Accession No. 27349.  

 For NMR titration experiments, 30S ribosomal subunit was added into the 15𝑁 Cd-IF1 

labeled sample at varying increasing concentrations. Calculations of chemical shift perturbations 

used Equation 1.  

Equation 1. ∆𝑎𝑣= √(∆𝐻2 + (∆
𝑁

5

2
)/2 

Complex model of Cd-IF1 and 30S ribosomal subunit  

 Utilizing PyMOL (Version 2.40a0 Open-Source) PDB IDs from both C. difficile 

Initiation factor 1 (6C00) and the T. thermophilus solved 30S ribosomal subunit (1HR0) (Carter, 

2001) were aligned to produce an Cd-IF1 bound to a 30S subunit (Figure 5). Additionally, the α 

helical strand is colored red and the β sheets colored in blue. The red α helical can be seen 

anchoring to the 30S subunit supported by the NMR titration data (Figure 5).  

Complex model of Cd-IF1 Peptide and 30S ribosomal subunit  

Utilizing PyMOL (Version 2.40a0 Open-Source) PDB IDs from both C. difficile Initiation factor 

1 peptide and the T. thermophilus solved 30S ribosomal subunit (1HR0) (Carter, 2001) were 

aligned to produce an Cd-IF1 peptide bound to a 30S subunit (Figure 6). 

Minimum Inhibition Concentration (MIC) Assays 

 Various Minimum Inhibitory Concentration (MIC) assays were conducted to determine if 

the IF1 peptide obtained antimicrobial activity. Thermo Fisher Scientific 96-Well Microtiter 
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Microplates were used to test the inhibitory effects of Cd-IF1-derived peptide on bacterial 

growth. Staphylococcus epidermidis (ATCC 12228), Mycobacterium smegmatis (ATCC 14468), 

Bacillus cereus (ATCC 14579), Escherichia coli, and P. aeruginosa (ATCC 47085), were 

among the bacterial pathogens used in the test. The E. coli strain utilized was Invitrogen's 

BL21(DE3) (One Shot BL21(DE3), cat. no. C600003), which is descended from the E. coli B 

strain and commonly used for high-level recombinant protein expression. P. vulgaris, was 

received from The Microbiology Laboratory at The University of Texas Rio Grande Valley's 

Department of Biology. From the first well across the plate, the Cd- IF1 peptide was diluted in 

repeated 2-fold dilutions. The negative and positive controls were DMSO and ampicillin or 

kanamycin (0.01 g/mL (28.6 mM) in each well, respectively. Results are summarized in Table 1: 

Minimum Inhibitory Concentration (MIC) Assay Results and can be seen in Figure 7. 

Cd-IF1 and microRNAs NMR Titrations 

 To investigate if Cd-IF1 has an RNA Binding mode and can bind to microRNAs NMR 

titration spectroscopy experiments were conducted to obtain chemical shift perturbations results. 

To measure chemical shift perturbations (CSP) which is a sensitive tool that can demonstrate 

ligand binding to proteins over a range of affinities. (Williamson, 2018) Cd-IF1 (labeled 15𝑁) 

underwent buffer exchange to buffer that consists of 20 mM MES at pH 6.0, 50 mM NaCl, 1mM 

EDTA, 5 mM DTT, and 8% D20. Buffer exchange to buffer used a Millipore Amicon Ultra 

Centrifugal Filter Ultracel-3K (Millipore #UFC900324, 3 kDa cut off). NMR measurements 

were conducted at 298 K on a Bruker Ultrashield Plus 600 MHz spectrometer equipped with a 

double resonance broad band room-temperature probe (BBO). The 1H-15𝑁𝐻SQC spectrum was 

recorded using a uniformly labeled 15𝑁-labeled Cd-IF1 (Figure 7 and 11). Chemical shift 
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assignments were obtained from BMRB Accession No. 27349. For NMR titration experiments, 

microRNA-155 (UUAAUGCUAAUCGUGAUAGGGGUU) and microRNA-146-a 

(UGAGAACUGAAUUCCAUGGGUU) were added into the 15 N Cd-IF1 labeled sample at 

varying increasing concentrations (Figures 8 &12). 

Computational docking  

 Structure prediction of microRNA-155 and microRNA-146-a were generated by 

RNAComposer the best structure generated can be seen in Figure 9 and 13. To construct a 

predicted binding structure of the microRNAs and Cd-IF1, binding sites of both 

macromolecules were identified (Antczak, 2016) (Popenda, 2012). Binding sites of Cd-IF1 

were given by the NMR titration data and microRNA binding sites were generated by an 

online server RBinds (Wang & Zhao, 2020). The binding sites for both Cd-IF1 and the two 

microRNAs (miR-155 and miR-146-a) were submitted to the HADDOCK server to 

construct a structural model. The best structure of Cd-IF1 and miR-155 generated by 

HADDOCK shows the binding interface between both molecules (Figure11). Similarly, the 

miR-146-a and Cd-IF1 binding interface was generated (Figure 15). Additionally, the key 

residues seen in Figures 9 and 13 indicate the significant residues that had a change in 

chemical shift perturbation and were seen to bind to the nucleotides of the microRNAs. 
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CHAPTER IV 

 RESULTS AND CONCLUSION  

 NMR titration results of Cd-IF1 and 30S ribosomal subunit displays a series of amino 

acid perturbation and changes in peak intensity (Figure 2) Using the 1 H, 15 N HSQC spectrum 

from NMR titrations, calculations were computed to determine relative intensity change and 

chemical shift perturbations. The key amino acid residues that had a significant intensity change 

were the following: D4, E9, M20, K24, and V54 (Figure 4). Chemical shift perturbations were 

calculated using Equation 1 and the key residues were found to be in the α -helical section which 

included I35, L39, R63, R65, and R69 (Figure 3). These results indicate the alpha helix may be 

important in IF1 binding to the 30S ribosome Additionally, most of the affected residues are 

basic amino acids which may interact with the 30S due to their positive charge. To further 

analyze this binding interface a complex model of Cd-IF1 bound 30S ribosome was generated 

(Figure 5). Therefore, due to the importance of the α -helix to 30S subunit binding a short 

peptide was derived. The Cd-IF1 peptide could possibly act as a mimic of IF1 to bind to the 30S 

subunit to inhibit translation initiation. A structure complex of the Cd-IF1 peptide and 30S 

ribosome was constructed for structural analysis (Figure 6). 
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Figure 1. Fast Protein Liquid Chromatography (FPLC) Cd-IF1 sample results 

Figure 2: Two-dimensional HSQC spectra of 15 N-labeled Cd-IF1and 30S.Cd-IF1 in the 

absence (blue) and presence (red) of 30S ribosomal subunit. 
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Figure 3: Chemical Shift Perturbations of Cd-IF1 and 30S. Key residues (red) with 

significant perturbations. 

Figure 4: Relative Intensity Changes of Cd-IF1 and 30S. Key residues (red) with significant 

intensity change. 
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Figure 5. Predicted 30S initiation complex with Cd-IF1 and 30S subunit of T. thermophilus PDB 

ID (6C00) PDB ID (1HR0) 
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Figure 6. Predicted 30S initiation complex with Cd-IF1 Peptide (red) and the 30S subunit of 

T. thermophilus PDB ID(1HR0). 

 

 To determine its antimicrobial activity, the peptide was tested against both Gram-

negative and Gram-positive bacteria. The Gram- positive bacterium that were tested were 

Staphylococcus epidermidis, Mycobacterium Smegmatis and Bacillus cereus. The peptide 

showed inhibitory activity against all four bacteria and had some inhibited effects against 

bacterial growth with the lowest concentration of 0.1875 mg/ml against S. epidermidis, 

0.375 mg/ml against M. smegmatis, and the highest concentrations at 1.5 mg/ml against E. 

coli, P. vulgaris, and P. aeruginosa. The peptide was tested against ampicillin and 



26 

 

 

kanamycin which are widely used antibiotics as a sort of comparison. The peptide was 

discovered to have inhibitory efficacy against S. epidermidis which was grown in Nutrient 

broth and M. smegmatis grown in Luria Bertani (LB). It was interesting to see how the two 

best results obtained were from Gram- positive bacteria and therefore the IF1 structures were 

compared to the IF1 structure of C. difficile. Using NCBI Blast the IF1 sequences of both C. 

difficile and S. epidermidis it was found that they had 79.17% identity (Altschul, 1997). 

Indicating the higher the percent identity the less peptide would be needed to inhibit 

bacterial growth. Modification of the antimicrobial peptide may be considered to inhibit 

bacterial growth at lower concentrations. Further testing will be done with the α helical 

peptide including testing it against C. difficile itself. Due to different growth parameters the 

MIC Assay with C. difficile was unable to get completed. 

 

Figure 7. Minimum Inhibitory Concentration (MIC) Assays of various bacterial pathogens.  

Cd-IF1 peptide inhibits the growth of S. epidermidis (Panel A- row A) and M. smegmatis 

(Panel B- row A). 
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Table 1: Minimum Inhibitory Concentration (MIC) Assay Results   

 
 

 NMR titration results of Cd-IF1 and both microRNAs (microRNA-155 and 

microRNA-146-a) suggest that Cd-IF1 may have an RNA binding mode. Based on the two-

dimensional HSQC Spectra of Cd-IF1 and MicroRNA-155 relative intensity change, and 

chemical shift perturbations (Equation 1) were calculated. The key amino acid residues of 

Cd-IF1 that experienced the most significant perturbations in the presence of microRNA-155 

were N18, F21, C33, H34, V52 and K70. These key residues indicate possible polar and 

hydrophobic interactions between Cd-IF1 and microRNA-155 (Figure 9). Similarly, in the 

NMR titration data of Cd-IF1 and microRNA-146 the key amino acid residues of Cd-IF1 

that experienced the most significant perturbation in the presence of microRNA-146 were 

S13, A15, L39, N42, F43, R45, I46, and R69 (Figure 14). The residues indicate possible 

hydrophobic interactions with microRNA-146. Utilizing these key residues structural models 

of Cd-IF1 and microRNAs were generated via HADDOCK (Figures 9 and 13).  

Species Name Strain Media Peptide

Stock*

MIC

Staphylococcus epidermidis ATCC 12228 Nutrient agar/broth 30 mg/ml 0.1875 mg/ml

Mycobacterium smegmatis ATCC 14468 LB agar/broth 30 mg/ml 0.375 mg/ml

Bacillus cereus ATCC 14579 Nutrient agar/broth 30 mg/ml 1.5 mg/ml

Escherichia coli BL21(DE3) LB agar/broth 30 mg/ml 1.5 mg/ml

Proteus vulgaris Microbiology 

Laboratory UTRGV

LB agar/broth 30 mg/ml 1.5 mg/ml

Pseudomonas aeruginosa ATCC 47085 LB agar/broth 30 mg/ml 1.5 mg/ml



28 

 

 

Figure 8: Two-dimensional HSQC spectra of 15 N-labeled Cd-IF1in the absence (red) 

and presence (blue) of microRNA-155. 

 

Figure 9: Chemical Shift Perturbations of Cd-IF1 and MicroRNA-155. Key residues (red) 

with significant perturbations. 
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Figure 10: Relative Intensity Changes of Cd-IF1 and MicroRNA-155. Key residues (red) 

with significant intensity change. 

  

Figure 11. MicroRNA-155 and Cd-IF1 predicted binding interface. Cd-IF1 (green) with key 

residues (blue) and their side chains binding to MicroRNA-155 (orange, blue and green) 

nucleotides (red). 
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Figure 12: Two-dimensional HSQC spectra of 15 N-labeled Cd-IF1in the absence (blue) and 

presence (red) of microRNA-146-a  

 

 

 



31 

 

 

 

 

Figure 13: Relative Intensity Change of Cd-IF1 and MicroRNA-146-a. Key residues (red) 

with significant intensity change.  

 

 
Figure 14: Chemical Shift Perturbations of Cd-IF1 and MicroRNA-146-a titration. Key 

residues (red) with significant perturbations 
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Figure 15. MicroRNA-146-a and Cd-IF1 predicted binding interface Cd-IF1 (green) with 

key residues (blue) and their side chains binding to MicroRNA-146-a (orange, blue and 

green) nucleotides (red). 

Conclusion 

 The translation initiation factor 1 of C. difficile underwent a variety of structural 

studies to determine its interaction with target molecules. From these findings key amino 

acid residues that are involved in binding of Cd-IF1 to the 30S ribosomal subunit were 

determined. As a result, key amino acid residues were found near the α helical section of the 

IF1 structure. Due to the importance of this α helical structure a short peptide was derived to 

test against a variety of bacterial pathogens. Overall, this peptide did have some inhibitory 
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effects, but further modification might be needed for it to inhibit bacterial growth at smaller 

concentrations. Additionally, further studies may need to be done using this peptide against 

C. difficile.  

 From the Cd-IF1 and microRNAs NMR titrations revealed that Cd-IF1 has a 

suggested RNA binding mode. These results indicate that Cd-IF1 experienced binding to 

both microRNA-155 and microRNA-146. Further studies include using computer software’s 

to determine binding affinities between Cd-IF1 and the two microRNAs. Additionally, 

identifying microRNAs that have high binding affinities to Cd-IF1. By identifying these 

microRNAs with higher binding affinities to Cd-IF1 may suggest that microRNAs can 

potentially be seen as antimicrobial candidates. Once these microRNAs have been identified 

they will then be tested for inhibitory effects using minimum inhibitory concentration (MIC) 

assays. 
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