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ABSTRACT 

Methicillin resistant Staphylococcus aureus (MRSA), a major cause of nosocomial 

infections, has acquired resistance to beta-lactam and other antibiotics. Recently, community 

associated MRSA (CA-MRSA) has developed independent of hospital associated MRSA (HA-

MRSA). One of the major differences between the hospital and community strains is that the 

former is multi-resistant to antibiotics while the latter is not as resistant but is significantly more 

invasive. This increased invasiveness and the ability to cause life-threatening infections, even in 

immunocompetent individuals, makes CA-MRSA critically important as a public health 

problem. CA-MRSA is known to cause skin and soft tissue infections; bacteria interact with host 

skin cells and gain access to deeper tissues causing invasive infections. During this process the 

bacteria may secrete proteins that aid in the interaction with the host by adhering, invading or 

causing host cell death and lysis.  

To understand the virulence mechanisms involved in invasion, we investigated genes 

described as hypothetical proteins in MSSA476. The bioinformatics-selected proteins showed 

high probability of being secreted and most were unique to CA-MRSA. Our analysis showed 24 

such genes. This study shows primer design for 15 of the genes (7 of the 24 had already been 

cloned in our laboratory). Using gateway cloning, the 15 genes were cloned into BL-21 

expression clones.  

CA-MRSA’s are known for causing invasive skin infections. To further understand the 

involvement of our proteins of interest in invasion, human keratinocyte cell lines were used in a 
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study of virulence and interaction with skin. To understand the involvement of our hypothetical 

secreted proteins, we investigated the mRNA expression level, using RT-qPCR and Livak 

method, of 20 hypothetical exported proteins in presence of human dermal keratinocyte cell line. 

Our investigation revealed two genes that showed increased mRNA expression in the presence of 

keratinocytes, which may be due to factors associated with keratinocytes that may have triggered 

increased mRNA expression. Keratinocytes are capable of forming cell-cell junctions and 

producing antimicrobial peptides and cytokines in response to microbes. The increased mRNA 

expression of two genes may be towards binding to junctions for invasion or may be expressed in 

response to antimicrobial peptides or cytokines.  
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PREFACE 

The aim of this study is to understand the involvement of hypothetical exported proteins, 

from community associated Staphylococcus aureus, in causing invasive infection that 

community associated methicillin resistant S. aureus (CA-MRSA) are known for. We 

investigated mRNA expression of hypothetical exported proteins in presence of human 

keratinocytes dermal cell lines. Our study shows increased mRNA expression of two genes in 

presence of keratinocytes, which may indicate possible interaction of these hypothetical exported 

proteins with keratinocytes. 
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CHAPTER 1 

 

INTRODUCTION 

Staphylococcus Aureus 

Staphylococcus aureus is gram positive cocci in clusters. It is a commensal found in 20% of the 

population as carrier and 60% of the population as transient carrier on the skin and nares [1, 2]. It 

is normal flora of the skin and mucous membrane. It can colonize the host without causing any 

signs or symptoms of infection and, at the same time, with various mechanisms to defend the 

host immune system, S. aureus can become pathogenic when it gains access through cuts, 

abrasions or other openings [3]. It is one of the most common skin-infecting organisms in the 

United States. Skin-related infections include abscesses, cellulitis, folliculitis, carbuncles, 

furuncles, impetigo, and scalded skin syndrome [3, 4]. Staphylococcus infections are not limited 

to skin infections; it can also cause bacteremia, sepsis, pneumonia, meningitis, endocarditis, 

toxic shock syndrome, and osteomyelitis [3, 5, 6].  

Staphylococcus aureus can easily be transmitted from an infected person to a healthy 

individual through direct skin-to-skin contact or sharing objects that can carry bacteria, for 

example towels, lip balm, etc. [7]. There is a high risk of infections in closed settings such as 

schools, daycares, and athletic training centers where human interactions are common [3].  

Methicillin resistant Staphylococcus aureus (MRSA) has acquired a staphylococcal 

cassette chromosome mec (SCCmec) that gives resistance to a wide range of beta-lactam 
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antibiotics [9]. SCCmec is a mobile genetic element that can be acquired by horizontal gene 

transfer (HGT). Many types of SCCmec have been identified, and depending on the type of 

SCCmec, the strains are classified into two types: hospital associated (HA-MRSA) and 

community associated (CA-MRSA). Various strains have been identified based on the antibiotic 

resistance acquired by this bacterium, such as methicillin resistant S. aureus (MSRA) and 

methicillin susceptible S. aureus (MSSA), vancomycin resistant S. aureus (VRSA), vancomycin 

intermediate S. aureus (VISA) [10]. 

Hospital Associated Methicillin Resistant Staphylococcus Aureus (HA-MRSA) 

HA MRSA causes nosocomial infections and is acquired while admitted to a hospital or 

healthcare facility [11]. HA-MRSA can easily be transmitted by infected instruments or catheters 

used during surgery that can deposit the bacteria to the surgery site and can cause systemic 

infection [7]. It can also be transmitted from one patient to another patient or patient’s visitors 

may acquire it [12]. In some cases, the patient is a carrier of MRSA [1, 13]. Soldiers can carry it 

along with mud and debris collected in the clothes, and during surgery these bacteria get 

transmitted to surgical wounds [1]. In many instances, MRSA infection is not detected while the 

patient in admitted in the hospital; signs and symptoms appear immediately, or a few months, 

after hospitalization [14].  

 Symptoms and infections associated with HA MRSA are identical to S. aureus 

infections; the main threat with HA MRSA is the acquisition of antibiotic resistance genes which 

makes it difficult to treat [3]. HA MRSA has acquired SCCmec I, II and III [9] giving it 

resistance towards a wide range of antibiotics. SCCmec II and III are larger in size and are rarely 

transferred by HGT. Transmission of antibiotic resistance is mostly due to selective pressure and 
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vertical gene transfer [15]. With continuous use and exploitation of antibiotics, more resistant 

strains like VISA and VRSA have been identified in recent years [16]. 

Vancomycin Resistant Staphylococcus Aureus (VRSA) 

Vancomycin is a glycopeptide antibiotic used to treat patients with MRSA infections. 

The vanA gene codes for vancomycin resistance and is located on a transposon that has been 

acquired by HGT from Enterococcus faecalis [17]. In the case of VISA, a thicker cell wall does 

not allow vancomycin to get further than outmost cell wall layers [18]. 

Community Associated Methicillin Resistant Staphylococcus Aureus (CA-MRSA) 

CA MRSA mostly causes skin and soft tissue related infections [16]. It occurs commonly 

in athletes, especially contact sports, and in “closed” societies such as prisons and military 

personnel [3, 19, 20]. However, CA MRSA also occurs sporadically in the general population, 

and this occurrence is on the rise [16]. 

Most Staphylococcus infections are minor skin infections and may even be self-limiting 

[16]. But in the case of CA MRSA, the infectious agent is highly invasive [16]. CA MRSA 

causes skin infections when it comes in contact with open wounds, cuts and abrasions, and can 

be transferred very efficiently via skin to skin contact and indirectly via fomites [3]. Infections 

often start as a red pimple that may appear as a spider bite, or more seriously, as a boil [16]. This 

apparent benign beginning is followed by fever and rash; the lesion grows bigger and more 

painful, and eventually opens to reveal the pus-filled lesion [16]. The infection should be treated 

by draining the lesions and use of appropriate antibiotics [3]. Increased invasiveness and the 

ability to cause life threatening infections, even in immunocompetent individuals, distinguishes 

CA MRSA as a critically important public health problem [21] 
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CA MRSA acquired genes and spread in the community independent of HA MRSA; 

genetically they are distinct [22]. One major genetic difference is that CA MRSA has acquired a 

different set of SCCmec genes from HA MRSA and does not possess a wide range of antibiotic 

resistance [16]. CA MRSA possesses SCCmec IV and V [9, 10] giving it resistance to some of 

the beta lactam antibiotics; these SCCmec genes can be easily transferred by HGT due to their 

small size [10]. 

Methicillin Susceptible Staphylococcus Aureus Strain 476 (MSSA476) 

MSSA476 is a methicillin susceptible stain reported to have caused infection in an 

immunocompetent child [23]. It has acquired a different SCCmec, SCCmec476, that gives the 

organism resistance to fusidic acid. It was the acquisition of SCCmec by MSSA476 from other 

species of Staphylococcus that lead to the spread of the SCCmec gene among CA-MRSA. The 

SCCmec acquired by MSSA476 is similar to those from Staphylococcus epidermidis and 

Staphylococcus hominis , suggesting interspecies HGT [24, 25].  

MSSA476 is highly similar and non-distinguishable from the CA MRSA MW2 strain; 

multilocus sequence typing (MLST) revealed that both strains belong to ST1 type [23]. They do, 

however, have dissimilarities; SCCmec IV and the PVL genes are absent in MSSA476 [23]. Due 

to the high similarity between MW2, a community associated strain, and MSSA476, studying 

hypothetical exported proteins from MSSA476 that are 100% identical to those found in MW2 

would aid our understanding of the CA MRSA strains. The invasive nature of CA MRSA may be 

associated with one or more of these hypothetical exported proteins. Previous study in our 

laboratory has revealed a hypothetical exported protein from MSSA476 inhibited Caenorhabditis 

elegans growth and showed signs of toxicity [26], stressing the importance of studying 
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hypothetical exported proteins from MSSA476 to understand the mechanisms by which these 

organisms are able to cause infection and deep tissue damage. 

Skin as Barrier - Keratinocytes 

Skin is the outer layer covering our body and accounts for 16% of body weight; it is the 

largest organ of human body [27]. The main function of skin is to keep organs and tissues intact 

in the body and to keep them safe from foreign objects. Skin is made of many layers of cells that 

are broadly classified as epidermis and dermis [27]. The epidermis is the outermost layer of skin 

and is comprised of 4 - 5 layers depending whether it is a thick layer of epidermis, such as on the 

palm, or thin layer of epidermis, such as the eyelids. The layers are as follows: stratum basale, 

stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum [28].  

The epidermis plays a role in retaining water, blocking toxins and harmful chemicals, and 

keeping microbes out of the body. The majority of epidermal layers are comprised of 

keratinocytes from stratum basale to stratum granulosum [28]. At the stratum corneum, the 

keratinocytes become corneocytes [29]. 

Stratum basale is the innermost layer of epidermis. Cells in stratum basale are dividing 

and non-dividing cuboidal keratinocytes and are responsible for renewing epidermal cells. As the 

keratinocytes divide by mitosis, the new cells take the place of the old cells, pushing the old cells 

outward [29]. It takes about 28 days for the cells to divide and move outward from stratum 

basale to stratum corneum [31]. As the cells are pushed from the basale layer to the stratum 

spinosum, they attain a polygonal shape and start synthesizing keratin. The next layer of cells, 

stratum granulosum, has lost its nuclei and organelles [31]. The main function of these cells is to 

produce keratin and lipids. The stratum corneum is the outermost layer of the epidermis and 

consists of dead cells that are packed with keratin and lipids [28].  



18 

 

Lipid lamella consists of free fatty acids that bring the pH of the skin down and inhibits 

bacterial colonization [32]. The stratum corneum acts as a barrier and retains water. The cells of 

the stratum corneum are replaced by desquamation of these cells; the desmosomes are dissolved 

enzymatically, breaking bonds between two cells to release them to the environment, and thus 

relocating bound microbes [28, 29].  

Skin comes into contact with various microbes daily, from benign normal flora to 

pathogens like Staphylococcus sp, Streptococcus sp., causing little or no harm to healthy 

individuals [34]. Everyday activity can cause damage to the outermost layers of the epidermis 

and open passages for microbes to gain access to inner cells and tissues. Usually, keratinocytes 

are the first line of cells a bacterium must overcome, depending on the size of the break in the 

skin. Keratinocytes are capable of detecting bacteria via toll-like receptors [35] and produce 

antimicrobial peptides giving protection from some bacteria. Keratinocytes are also capable of 

producing cytokines at low levels at all times[32]. However, in the case of injury, toxins, or other 

foreign materials, keratinocytes produce elevated levels of cytokines that attract macrophages 

and neutrophils to the site of breech [36, 37]. 

Tight Junction 

Tight Junctions (TJ) play an important role in the skin as a barrier towards chemicals and 

microbes and in retaining water. Loss of the outermost cells, the stratum corneum, does not cause 

as much harm as the loss of layers with TJs along with keratinocytes or the basale layers [32]. 

The epidermis is held together with TJs and desmosomes. TJs are formed by proteins bound to 

each other and connected to cells by actin fibers. TJ associated proteins are found throughout the 

epidermal layer but are mostly found in the stratum granulosum layer [32]. The TJs are capable 
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of holding cells close together and not allowing bacteria to pass. If a pathogen does have to pass 

through, it must invade the epithelial cells or find its way in through a cut or abrasion [28]. 

TJs in the epithelial cells allows passage of small molecules or ions through the 

paracellular pathway [39]. Claudins and occludins contain N and C terminal with 4 

transmembrane domains that forms two loops in the paracellular region. The loops from two 

cells interact with each other and form pores that allow small molecules to pass through [39, 40]. 

Claudins are found in epidermal layers, hair follicles, and endothelial cells [32], whereas 

occludins are specific to tight junctions [40]. Claudin isotypes play roles in tightening and pore 

forming. Tightening claudins isoforms are 1, 4, 5, 8, 11, 14, and 19 and pore forming are 2, 7, 

10, & 15 [39]. Claudin 1 and 4, tightening claudins, are found in the stratum granulosum. 

Claudin 7 is found in the basal layer and other layers of epidermis. It is speculated that claudin 

found in cells without TJ plays role in proliferation [39]. Mice, deficient in claudin 1 or 

desmosome 3, would not survive. Both of these cell-cell adherence junctions are important in 

retaining water and maintaining healthy stratum corneum [32]. A study showed that death of 

neonatal mice with claudin 1 deficiency was due to transepidermal dehydration [39]. 

Adherence Junctions 

Both adherence junctions and desmosomes are involved in binding cells together using 

the cadherin family of proteins (calcium dependent) [38]. Adherence junctions are structures that 

form networks with the actin cytoskeleton lending structural integrity [41]. They are not only 

involved in cell-cell interactions and barrier function but also play a role in regulating other 

processes associated with epidermal cells such as shape, growth and division [41]. P-cadherin is 

expressed in hair follicles and basal layers, and E-cadherin is expressed throughout the 

epidermis. Young et al. Showed that loss of E-cadherin in keratinocytes affected adherence 
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junctions and differentiation of keratinocytes in the epithelia [42]. E-cadherin forms 

transmembrane junctions with α and β-catenin anchoring protein. Cadherin dimers form bonds 

with anchor proteins that in turn bind to the intercellular actin cytoskeleton, forming intercellular 

adherence junctions [38, 42]. 

Desmosomes 

Desmosomal cadherins stabilize adhesion between cells in the epidermis [41]. Similar to 

adherence junctions, desmosomal cadherins form transmembrane junctions between epidermal 

cells. Desmocollins and desmogleins are cadherins involved in forming intercellular 

heterodimers in adjacent cells [32]. The cytoskeleton is attached to the cadherin heterodimers by 

plankoglobin and desmoplakins, anchor proteins or desmosomal plaques [32, 38]. These 

junctions are highly resistant and flexible in the epidermal region where the keratinocytes are 

constantly differentiating and require desmosomes to withdraw to allow cells in the epidermis to 

differentiate, changing their size and shape [32]. In the stratum corneum, desmosomes form 

corneodesmosomes that are modified desmosomes, the plaque gets embedded into the plasma 

membrane and the cytoskeleton is mostly keratin bundles. The desquamation of the stratum 

corneum is due to proteoltic degradation of desmosomes [32].  

Antimicrobial Peptides 

Keratinocytes can produce cationic antimicrobial polypeptides as part of the innate host 

defense, capable of inhibiting a wide range of microorganisms. β-defensins, cathelicidin LL-37 

and RNase7 are the families of antimicrobial peptides produced by keratinocytes [43, 44]. The 

mode of action is mainly creating pores on target cells or structures that makes the microbial 

membrane permeable [44], but more recently it was found that antimicrobial peptides can 
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translocate into the bacterial cytoplasmic membrane and are involved in inhibiting cell processes 

[45]. The target for these peptides are negatively charged microbial cells; human cells are also 

negatively charged, but the high amounts of cholesterol lipids in the epidermal layer prevents 

these antimicrobial peptides from forming pores in eukaryotic cells [46]. 

Defensins 

α-defensins are primarily found in the neutrophil granules and paneth cells where they 

play a role in the non-oxidative pathway to kill bacteria and thus control bacterial number [32] 

whereas β-defensins are expressed in epithelial cells and circulating cells [32]. 

Calcium plays an important role in the differentiation of keratinocytes and the regulation 

of β-defensins. In vitro studies with keratinocytes required increased amount of calcium chloride 

in the media to initiate keratinocyte differentiation [43]; the same was seen in the epithelial cells 

of normal skin with an increased calcium gradient.  

There are 4 types of β-defensins (hBD-1, hBD-2, hBD-3and hBD-4) [43, 44]. hBD-1 is 

active against Gram negative bacteria and is constitutively produced in small amounts, therefore, 

inhibiting Gram negative bacteria from colonizing the skin [32, 44]. hBD 2, 3, and 4 are induced 

by inflammation [32]. hBD-2 is localized in the upper epithelial stratum corneum layers and 

shows strong antimicrobial activity towards Gram negative bacteria and low activity towards 

Gram positive bacteria [36, 42]. Increased calcium efflux at the site of inflammation and sites 

where the skin barrier is disrupted would enable hBD-2 to express and be delivered to the site for 

added protection against invading microbes [32]. hBD-3 shows broad spectrum antimicrobial 

activity and is induced by tumor necrosis factor α (TNF-α), interleukin-1 (IL-1) and IL-6 in 

response to Gram positive and Gram positive bacteria [44]. hBD-4 shows broad spectrum 
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antimicrobial activity at micromolar concentrations and is induced by PAMPs and cell 

differentiation [44].  

Cathelicidin 

Cathelicidin are expressed in epithelial cells, mast cells and neutrophils [32]. Cathelicidin 

LL-37 is the type found in humans and is not only responsible for the antimicrobial activity 

towards a broad spectrum of microbes but also works in synergy with other antimicrobial 

peptides such as β-Defensins against invading microbes [44]. Studies have shown antimicrobial 

activity against S. aureus with LL-37 in association with hBD-3 and lysozyme [47]. 

Cathelicidins are constitutionally expressed in sweat glands, hair and nails, fetal and neonatal 

skin, giving protection from bacteria to the fetus while the adaptive immune system is still 

developing [32]. Cathelicidins usually have a 30 amino acid signal peptide, highly conserved 100 

amino acids sequence, and a C terminal peptide that varies in size. The active peptide is cleaved 

by proteolysis, binding to the bacterial membrane, disrupting it or inhibiting protein synthesis 

prior to disruption [32].  

RNase7 

Another type of antimicrobial expressed by keratinocytes is RNase 7. High expression of 

RNase 7 is observed in the stratum corneum [44, 48]. It has ribonuclease activity and has been 

found effective against a broad spectrum of microbes [48]. Studies showed that incubation of 

RNase 7 with pathogens for 3 hrs resulted in at least a 2-log reduction of Enterococcus faecium, 

Pseudomonas aeruginosa, Propionibacterium acnes, E. coli, MRSA and Candida albicans [49]. 

In vivo experiments showed that the amount of RNase secreted by skin at different sites on the 

body varied between 3-12.5 ng/ml [46]. While studies show high expression of RNase 7 in 

primary keratinocytes compared to other antimicrobial peptides [48], there are no apparent toxic 

effects on the keratinocytes [49]. Immunohistochemistry performed with RNase 7 antibody in 



23 

 

healthy skin revealed the presence of RNase 7 throughout epidermal layers, with an increased 

gradient from the basal layer to the outermost stratum corneum layer [48]. Studies have shown 

mRNA expression of RNase 7 in the skin, respiratory and urinary tract and low expression in the 

gastrointestinal tract [49]. 

Cytokines  

In keratinocyte culture, interleukin-1 (IL-1), IL-6 and tumor necrosis factor α (TNF-α) 

are produced in response to bacterial invasion or injury [32, 44]. These proinflammatory 

cytokines are also involved in activating antimicrobial peptides like defensins and LL-37 [44]. 

There are two types of IL-1: IL-1α and IL-1β. IL-1α is expressed by many cells but in 

keratinocytes IL-1α is constitutively expressed at high levels [32]. Both differentiated and 

undifferentiated keratinocytes are capable of producing IL-1, but cultured keratinocytes produce 

IL-1ra, a form that is not secreted and remains inside the cells due to additional amino acids at N 

terminus and the lack of a signal sequence [32]. IL-1α and IL- 1β are present in epidermal layers 

but are present in high concentrations in the outer epidermal layers [32]. Preformed IL-1 in the 

epidermis can initiate an immune response in case of injury. TNF-α is induced by endotoxins and 

UV light and is produced in culture, which can aid in the differentiation of keratinocytes [32]. 

The primary source of IL-6 is epidermal keratinocytes. In normal skin cells, IL-6 is located in the 

basale, granular and horny layers but not in the stratum spinosum layer [32]. 

Bacterial Proteins 

Identifying virulent genes requires identifying genes specific to a pathogen, meaning it 

should be limited to the pathogenic strain to be investigated and not shared with non-pathogenic 

strain [50]. Even though some bacterial strains harbor similar genes, the regulation of these genes 
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plays a vital role; for example, Salmonella enterica and Shigella flexneri possess similar invasion 

genes that are homologous, but expression is regulated by oxygen in one [51] and temperature in 

the other bacteria [52]. Therefore,, genes may be expressed at varying levels and conditions, 

differently by both or more pathogens sharing similar genes.  

Pathogens are capable of producing a wide range of proteins, each with its own 

destination [50]. This destination can be the cytoplasm, bacterial surface, secretion outside the 

bacterial cell, or secretion directly into a eukaryotic cell. Whatever the destination, the protein 

needs to be accurately directed to function correctly. Proteins secreted outside the cell must have 

signal peptides to direct them; with Gram positive cells, the protein must to pass through only 

one lipid bilayer, whereas in Gram negatives, it must has to pass through both the cytoplasmic 

and the outer membranes to exit the cell, making it a more complicated process.  

When microbes invade a host, the defense system is triggered, and the immune response 

to the foreign object is activated. It is the normal reaction of a host to a foreign object, and the 

microbes have developed many tactics for evasion [54]. To do so, many bacterial proteins are 

released into the host system that play an important role in breaching host defense mechanisms 

and aiding the pathogen in colonization, adherence, etc. For example, some microbes are capable 

of removing heme from hemoglobin to acquire iron for replication [55], and it is important for a 

pathogen to not only survive but also to propagate within the host. Staphylococcus aureus secrets 

many such proteins that are toxic and cause host cell damage [6]. 

The entire genome of S. aureus MSSA476 is available [23], and this has given the 

opportunity to study the strain in great detail. In the sequence analysis, many unknown or 

hypothetical genes with no known function were discovered. Further computational analysis has 

identified within those hypothetic genes, hypothetical exported proteins from MSSA476 that 
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may be enzymes or proteins that are virulent in nature, bind to the substrate, interact with host 

cells, or interact with the host immune system. Identifying and defining the hypothetical 

exported protein from MSSA476 will help us understand the MSSA476 and, thus, to better 

understand CA-MRSA and its extreme invasiveness. 

Caenorhabditis Elegans 

Caenorhabditis elegans is a eukaryote, very easy to grow and maintain in the laboratory, 

and has been used as a model organism since the introduction of C. elegans by Dr. Sydney 

Brenner in 1963 [56]. Caenorhabditis elegans is a non-infectious organism that can be grown in 

petri dishes with nematode growth media (NGM) and E. coli as food sources (Fig 1). The life 

cycle of C. elegans is 3-5 days and each adult is capable of producing 200 eggs. In a short period 

of time, high numbers of nematodes can be collected for use in laboratory tests.  

Caenorhabditis elegans is attracted to certain chemicals including bacterial byproducts; 

these products act as cues used by the nematode to detect bacteria in the vicinity. Some 

chemicals act as repellents, such as bacterial toxins or other harmful chemical that are detected 

by the animal’s neurons. Caenorhabditis elegans is also capable of showing variation in 

morphology and behavioral patterns based on the environment, temperature, touch, etc. [57]. 

Therefore, growing C. elegans in the presence of proteins that are toxic in nature, these worms 

show predicted behavioral patterns or morphologies that will help us understand the test protein. 
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Figure 1 NGM media plate with C. elegans feeding on E. coli lawn. 

A single adult nematode is highlighted within a blue square. 
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CHAPTER 2 

 

METHODS 

Computational Analysis 

Genes described as hypothetical proteins were identified using the Gene Database 

website (Gene DB) and genes with probability of being hypothetical exported proteins were 

identified using five software programs: Phobius [58], SignalP2 version [59], Signal P 3 version 

[60], SPOCTOPUS [61] and TMHMM2.0 version [62]. Each of these programs is capable of 

identifying signal peptides, transmembrane domains, and the cytoplasmic or non-cytoplasmic 

nature of proteins, In addition Signal P and Phobius are capable of identifying signal cleavage 

site. 

Proteins identified as hypothetical exported proteins (Table 1) were further analyzed 

using BlastP, which is capable of aligning protein sequences with a protein database; therefore, it 

determines the percent identity of the protein of interest as compared to proteins found in the 

database. Percent identity or homology of one protein with another can help in determining 

structural and functional domains in the test proteins. Percent identity would also help in 

determining if the proteins are unique to CA-MRSA’s. 
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Primers Design 

Primers were designed for 14 genes using a primer design tool from Invitrogen (Table 1). 

Twenty nucleotides upstream of the start codon were included when designing primers including 

a ribosomal binding site (RBS) (coded AGGAGG). Including the RBS ensures that the protein is 

expressed after acquiring expression clones. Excluding the RBS would reduce the chances of 

protein expression as the RBS on the vector may fall too far from the start codon. Both forward 

and reverse primers had additional 25 bp attachment sites (attB1 and attB2 sites respectively) 

[63]. The attB sites aided in the BP and LR recombination reaction’s, in presence of clonase II 

enzymes (the principle behind the Gateway cloning technique).  

When designing primers, the stop codon is excluded to ensure that the V5 epitope and 

His tag from the expression clone are fused to the protein. Fusion proteins can be purified using 

nickel column chromatography for His-tag fusion proteins or anti-V5 epitope antibody can be 

used for affinity column chromatography.  

On the reverse primer, a 7 amino acid sequence coding the AcTEV protease site (Glu-

Asn-Leu-Tyr-Phe-Gln-Gly) was added between the attB site and reverse primer region 

complementary to the gene (Table 1). The AcTEV site is specifically recognized by AcTEV 

protease, which cleaves it between 6
th

 (Gln) and 7
th

 (Gly) amino acid. After protein purification 

and dialysis of protein, AcTEV treatment would cleave attB site and fusion tags from C terminal 

of the protein. The fusion tags could be easily removed from AcTEV treated protein solution by 

Ni chromatography, since the AcTEV treated protein would be in the flow through and the 

fusion tags would remain attached to the Ni via the His-tag. The AcTEV protease also had His-

tag attached to it for easy removal along with the fusion tags.  
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Table 1 Lists of genes identified using computational analysis and primer design. Highlighted in 

blue are start codons and highlighted in orange is AcTEV site. 

ID
 

G
en

e 
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er
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m
er

 

Primer sequence 

1 0284 F ggggacaagtttgtacaaaaaagcaggctyygaggtgataagatgaataaaatttcaag 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggatttaacttcgcctgttttaggatc 

2 0397 F gggacaagtttgtacaaaaaagcaggctyygagggagtatatcatgagagaaaatttta 

    R ggggaccacttttgtacaagaaagctgggtygaaaacctgtattttcagggatttttctaattttggtgccttcg 

3 0398 F ggggacaagtttgtacaaaaaagcaggctyygaggagtgatagatatgaaatttaaaaagg 

    R 
ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggattttacgtgttcatgttttgaaa 

catc 

4 0630 F ggggacaagtttgtacaaaaaagcaggctyyaaggaggagtccctttgaaaaa 

    R ggggaccactttgtacaagaaagctgggygaaaacctgtattttcagggaatggatgaatgcatagctagaaact 

5 0661 F ggggacaagtttgtacaaaaaagcaggctyygtaaggaaatgtgggtaagggg 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggatttcgttattatgccttgattta 

6 0720 F ggggacaagtttgtacaaaaaagcaggctyygacagcaagatgaaaaaaactcttac 

    R 
ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggagtggatgtaattatattttcctggattt

a 

7 0754 F ggggacaagtttgtacaaaaaagcaggctyyaggagaaataacagatgaaaaagaaattat 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggatactcgtggtgctggtaagcta 

8 0755 F ggggacaagtttgtacaaaaaagcaggctyyaagggagcataaacaaatgaaaag 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggagcgtttttcagttttctctatcttattatt 

9 0964 F ggggacaagtttgtacaaaaaagcaggctyyaagaggtgtttttatagaagaataaaatttttg 

    R 
ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggaataaatgttataatacgctctattgac

cc 

10 1055 F ggggacaagtttgtacaaaaaagcaggctyyaggaggaattttctatgaaaaaagtaaac 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggatttattcgggattgtttgtttga 

11 2368 F ggggacaagtttgtacaaaaaagcaggctyyaggagctggtgatagatgtcg 

    R 
ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggactttttatttagttctttttttatatcatct

gg 

12 2373 F ggggacaagtttgtacaaaaaagcaggctyyaggtggagaaatgatgattcattc 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggaccaggatttatttgatattccgttt 

13 2374 F ggggacaagtttgtacaaaaaagcaggctyyaggtggagaaatgatgatgca 

    R 
ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggagtttgactcataacttgtat 

cctcgc 

14 2442 F ggggacaagtttgtacaaaaaagcaggctyyaaggagtatgatagcgatgagaatattaa 

    R ggggaccactttgtacaagaaagctgggtygaaaacctgtattttcagggaaaagaaatcagatgggttaaattctt 
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Genomic DNA Isolation 

 A modified method from Current Protocol in Molecular Biology was used for 

preparation of genomic DNA from bacteria. Overnight culture (1.5 ml) of MSSA476 was 

centrifuged at 10,000 x g for 5 min.  The pellet was resuspended in 567 µl TE buffer [10 mM 

Tris (hydroxymethyl) aminomethane HCl, pH 7.5 (Tris-HCl) with 1 mM 

ethylenediaminetetraacetic acid, pH 8.0 (EDTA)] and 30 mg/ml lysozyme was added and 

incubated for 20 min at room temperature. To the cell suspension, 30 µl of 10% sodium dodecyl 

sulfate (SDS) and 3 µl of 20 mg/ml proteinase K were added, mixed well, and incubated at 37˚C 

for 1 hr. Following incubation, 100 µl of 5 M NaCl was added and mixed thoroughly. To this, 80 

µl Cetyl trimethylammonium bromide (CTAB) /NaCl solution (4.1 g NaCl, 10 g CTAB and 

make up volume 100 ml with water) was added, mixed vigorously and incubated at 65˚ for 10 

min. The genomic DNA extraction was performed by adding 0.7 ml isoamyl alcohol:chloroform 

(24:1). The aqueous phase was separated and extraction was repeated once. Further extraction of 

genomic DNA was performed with 0.7 ml phenol:isoamyl alcohol:chloroform (25:24:1). 

Genomic DNA was precipitated with 420 µl isopropanol and washed with 75% ethanol. The 

pellet was air dried and resuspended in 50 µl TE buffer and stored at -20˚C. 

Gateway Cloning and Protein Expression 

The Gateway cloning kit with Clonase II was purchased from Invitrogen. The kit comes 

with all reagents, materials, protocols and cells required to perform two-step cloning via BP 

reaction and LR reaction to obtain Expression clones.  
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attB PCR Product 

attB PCR product was synthesized for all 14 genes utilizing the following method. The 

isolated genomic DNA from MSSA476 was used as the template for all genes identified using 

computational analysis. Polymerase chain reaction (PCR) was set up using 2 µl genomic DNA 

and 1 µl each of the forward and reverse primers and was mixed with 8.5 µl nuclease free water. 

To this, 12.5 µl 2x GoTaq PCR master mix was added and vortex for 2 sec (Table 2). The PCR 

program was set up for denaturing, annealing and extension of target gene as listed in Table 3.   

Table 2 PCR master mix composition and reaction setup details. 

PCR master mix per reaction 

MgCl2 4 µl 

Go Taq green flexi color buffer 5 µl 

PCR nucleotide mix 1 µl 

GoTaq Polymerase       0.125 µl 

Nuclease free water    2.4 µl 

Total  12.5 µl 

  PCR reaction 

DNA template 2 µl 

Forward Primer 1 µl 

Reverse Primer 1 µl 

Water    8.5 µl 

PCR mix  12.5 µl 

Total volume       25 µl 

The PCR product for each gene was loaded onto a 1% agarose. The gel was prepared by 

adding 0.5 g agarose to 5 ml 1 x TAE buffer (40 mM Tris-acetate/1 mM EDTA, pH 8.5) and 

boiled in a microwave for 2 min or until completely dissolved. The agarose was allowed to rest 

on the bench top until the temperature was about 55˚C and then 2 µl of ethidium bromide was 

added, mixed by swirling and poured into gel cast. The gel cast had rubber edges that sealed 

them and had slots for placing the comb before pouring agarose gel into the cast. The gel was 
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allowed to solidify for 30 min. Once solidified, the comb was carefully removed, and the gel was 

submerged in 1 x TAE buffer. Agarose wells were loaded with 3 µl of the attB PCR product and 

5 µl of 1 Kb DNA marker was also loaded in a well for size approximation. The gel tank was 

connected to a power supply and subjected to electrophoresis for 45 min at 100 V, constant 

voltage, followed by placing the gel on UV dock illuminated to detect DNA bands. 

Table 3 Program set up to run PCR for all 14 genes. 

PCR Program 

Step 
  

1 95˚C 2 min 

2 94˚C 50 sec 

3 55˚C 40 sec 

4 68˚C 1 min 

5 5 times to step 2 

6 95˚C 40 sec 

7 65˚C 50 sec 

8 68˚C 1 min 

9 25 times to step 6 

10 68˚C 5 min 

11 4˚C 0 min 

Purifying attB Product 

The attB product was purified to remove any contaminating primer dimers that may 

interfere with cloning. attB PCR product purification was performed using the following 

protocol from Invitrogen. In a microcentrifuge tube, 75 µl of TE buffer was added and 20 µl 

PCR reaction mix was added. To this, 50 µl of PEG (polyethylene glycol 8000 MW/30 mM 

MgCl2) was added, mixed vigorously and centrifuged for 15 min at 10,000 x g at room 

temperature. Very carefully, the supernatant was removed and the pellet was resuspended in 25 

µl TE buffer. After purification, the attB product was checked for purity on 1% agarose gel. 
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BP Reaction 

The attB PCR product was used to carry out the BP cloning reaction from Invitrogen 

Gateway cloning to obtain entry clones. The attB PCR product concentration was calculated 

using the formula provided by Invitrogen (formula not shown). About 50 femtomoles (fmol) of 

each purified attB PCR product of the genes of interest was used to perform BP recombination 

reactions in individual vials. In a microcentrifuge tube, 5 µl of attB PCR product was added plus 

1 µl of pDONR vector (150 ng/µl), provided with the kit, and the reaction volume was increased 

to 8 µl with TE buffer. To the reaction mixture, 2 µl of BP clonase II enzyme mix was added, 

mixed by gently tapping the vial, and incubated in a 25˚C water bath for 18 hrs. Following 

incubation 1 µl proteinase K solution was added to each reaction and placed in a 37°C water bath 

for 10 min.  

Transforming BP Reaction into Competent E. coli Cells 

Following the BP reaction, DH5α competent E. coli cells were transformed using the 

protocol provided by Invitrogen. One vial of competent cells per gene was thawed on ice and 1 

µl of the BP reaction was added and mixed by gently tapping the vial. The vials were incubated 

on ice for 30 min, the cells were subjected to heat shock at 42˚C for 30 sec, and returned to ice 

for another 2 min. To each vial, 250 µl of SOC media (Super Optimal broth with Catabolite 

repression) was added and incubated at 37˚C for 1 hr with horizontally shaking at 225 rpm. 

Luria-Bertani (LB) agar plates were prepared with 50 µg/ml kanamycin. Transformed cells were 

diluted 1:20 times with LB broth. Diluted cells (100 µl and 20 µl) are plated using the spread 

plate technique onto 2 LB agar plates containing 50 µg/ml kanamycin and incubated at 37˚C for 

overnight.  
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BP Clone Selection 

Clones were selected based on the acquisition of kanamycin resistance and confirmed by 

plating the clones on LB agar plates with kanamycin and LB agar plate with chloramphenicol. 

Clones that were inhibited by chloramphenicol and were resistant to kanamycin were selected 

and colony PCR was performed. For colony PCR, the reaction setup and PCR program were the 

same as used when obtaining the attB PCR product (Table 2) but with modification to DNA 

template that was replaced with cells picked from a single kanamycin positive colony and mixed 

with the PCR reaction mixture. Following PCR, the reactions were loaded onto a 1% agarose gel 

as described earlier. Colonies with bands corresponding to cloned gene sizes were selected to 

perform the LR reaction to obtain expression clones. 

Plasmid Isolation 

Selected clones for each gene were grown overnight in separate 5 ml LB broth tubes 

containing 50 µg/ml kanamycin and subjected to plasmid isolation for each gene. The overnight 

cultures were used to isolate the plasmids that were later used to perform LR recombination 

reaction. Zippy plasmid isolation kit from Zymo research was used for plasmid isolation that 

provided all necessary buffers and supplies. To isolate plasmid, 600 µl of overnight culture was 

placed in a vial and 100 µl of 7 x lysis buffer was added and mixed by inverting. To this, 350 µl 

of neutralization buffer was added, mixed by inverting and centrifuged at 12,000 x g for 4 min. 

The supernatant was transferred into the spin column provided with the kit and placed into a 

collection tube and centrifuged at 10,000 x g for 15 sec. The flowthrough was discarded and 200 

µl of eno-wash buffer was added to the spin column and centrifuged at 10,000 x g for 30 sec. To 

the spin column, 400 µl of Zippy wash buffer was added and centrifuged at 10,000 x g for 1 min. 

The column was transferred to a microcentrifuge tube, 30 µl of Zippy elution buffer was added 
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to the top of the column and allowed to sit for 5 min before centrifuging at 10,000 x g for 30 sec.  

Plasmid isolation was confirmed by loading samples onto a 1% agarose gel and detection of 

DNA bands corresponding to the plasmid size. 

LR Reaction 

The isolated BP plasmid was used to carry out the LR cloning reaction to obtain 

expression clones. Genes of interest cloned into the BP plasmids were used to perform the LR 

recombination reactions. The LR reaction was setup according to Invitrogen by placing 3-5 µl of 

BP plasmid (100 ng) in a vial and adding 1 µl of pET DEST42 vector (150 ng/µl) (destination 

vector) provided with the kit and adding 8 µl TE buffer. To the reaction, 2 µl of LR clonase II 

enzyme mixture was added to start the reaction, mixed by gently tapping the vial, and incubated 

in a 25˚C water bath for 18 hrs. Following incubation, 1 µl proteinase K solution was added to 

each reaction and placed in a 37˚C water bath for 10 min.  

Transforming LR Reaction into Competent E. coli Cells 

Following the LR reaction, DH5α competent E. coli cells were transformed using the 

same protocol as used in the “Transforming BP reaction into competent E. coli cells” (as 

described earlier). One vial of competent cells per gene was thawed on ice, 1 µl of the LR 

reaction added, and mixed by gently tapping the vial. The vials were incubated on ice for 30 min. 

The cells were subjected to heat shock at 42˚C for 30 sec and returned to the ice for another 2 

min. To each vial, 250 µl of SOC media was added and incubated at 37˚C for 1 hr with 

horizontally shaking at 225 rpm. LB agar plates were prepared with 100 µg/ml ampicillin. 

Transformed cells were diluted 1:20 with LB broth. Diluted cells (100 µl and 20 µl) were plated 
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using the spread plate technique onto LB agar plates containing 100 µg/ml ampicillin and 

incubated at 37˚C overnight.  

LR Clone Selection 

Clones are selected based on the acquisition of ampicillin resistance, which was 

confirmed by plating the clones on LB agar plates with kanamycin and LB agar plates with 

ampicillin. Clones inhibited by kanamycin and resistant to ampicillin were selected and colony 

PCR was performed. For colony PCR, the reaction setup and PCR program were same as used 

when obtaining the attB PCR product (Table 2 with the exception that the DNA template was 

replaced with cells picked from a single ampicillin positive colony and added to the PCR 

reaction mix. Following PCR, the reactions were loaded onto a 1% agarose gel, as described 

earlier. Colonies with band sizes corresponding to cloned gene sizes were selected as described 

earlier and transformed into BL-21 E. coli competent cells for expression of proteins of interest.  

BL-21 Transformation 

Plasmids isolated from LR clones were transformed into BL-21 E. coli competent cells. 

BL-21 cells were purchased from Invitrogen and the transformation protocol was followed 

according to Invitrogen. BL-21 E. coli competent cells were thawed on ice and 2 µl of the LR 

plasmid added and mixed by gently tapping. The vials were incubated on ice for 30 min. The 

cells were subjected to heat shock at 42˚C for 30 sec and returned to the ice for another 2 min. 

To each vial, 250 µl of SOC media was added and incubated at 37˚C for 1 hr with horizontally 

shaking at 225 rpm. LB agar plates were prepared with 100 µg/ml ampicillin. Transformed cells 

are diluted 1:20 times with LB broth. 150 µl and 20 µl of the diluted cells are plated on 2 LB 
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agar plates (containing 100 µg/ ml ampicillin) using the spread plate technique and incubated at 

37˚C for overnight.  

Protein Expression 

BL-21 E. coli clones carrying the gene of interest were selected based on the expression 

of proteins. BL-21 clones of the 14 genes were induced using the following protocol. BL-21 

clones were inoculated into 5 ml LB broth containing 100 µg/ ml ampicillin and incubated 

overnight with shaking at 200 rpm. Following incubation, the cultures were diluted 1:20 in 10 ml 

LB broth with ampicillin and returned to incubation for another 2 hrs. When 0.4 optical density 

(OD) was achieved, the culture was subjected to induction by adding 0.2% arabinose and 1 mM 

isopropyl-β-D-thiogalactoside (IPTG) and incubated at 37˚C for overnight with shaking at 200 

rpm. Following incubation, 1 ml of induced culture from all 14 genes was centrifuged and the 

pellets were resuspended in 100 µl SDS loading buffer and stored at -20˚C. These samples were 

thawed and heated at 90˚C for 10min. Samples were loaded onto an SDS gel along with protein 

markers for size reference and uninduced sample as a control. 

MSSA476 Hypothetical Exported Proteins SAS2373 and SAS2374 

Computational Analysis 

Both SAS2373 and SAS2374 are hypothetical exported proteins. The number of 

nucleotides, amino acids and primer design for both genes are listed in Table 1 along with the 

data for the 12 other genes identified as exported proteins. In the MSSA476 genome, both genes 

are located adjacent to each other and the presence of hypothetical lipoproteins upstream of both 

genes, therefore, referred to as tandem lipoprotein on gene DB website. 
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Bacterial lipoproteins have characteristic, positively charged aa in the initial residues, a 

LIPOBOX about 40 aa upstream of start codon [64], and 7-22 aa residues between the positively 

charged residue and the LIPOBOX. This LIPOBOX consists of 4 amino acids with consensus 

[LVI] [ASTVI] [ASG] [C] combinations. 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Genes SAS2373 and SAS2374 were expressed using IPTG and 0.2% arabinose for 4 hrs. 

At 1, 2, 3 and 4 hr time points, induced and uninduced samples (1 ml each) were removed and 

fractions were loaded onto an SDS gel to detect protein expression with induced samples and 

uninduced samples as control.  

An SDS gel was prepared by putting together a gel caster consisting of 2 glass plates of 

different heights, spacers placed between glass plates, and sealing ends of both glass plates. A 

running gel was prepared as listed in Table 2 and poured carefully into the space between the 

glass plates, about 3/4 of the total gel area consisted of running gel. The running gel was overlaid 

with butanol in water solution; this step was to level the gel surface preventing a meniscus and 

help protein to separate in a straight line. After the running gel polymerized and the 

butanol/water was poured out, the gel was rinsed with distilled H2O. The stacking gel was 

prepared as listed in Table 4. Place appropriate comb size between glass plates just enough to 

make well to hold 50 µl sample and pour stacking gel filling the remaining space between the 

glass plates and was allowed to polymerize for 30 min. comb was removed and the gel plates 

were attached to gel cassettee and placed in tank with running buffer (prepared as listed in Table 

4).  

Induced and uninduced sample pellets were dissolved in 100 µl SDS loading buffer (from 

Invitrogen) and heated to 90˚C for 10 min or until the pellet dissolved (reduced time of heating 
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or heating at lower temperature would result in thick gelatinous mass that was difficult to load or 

pipette). After heating pellets in SDS loading buffer, 20 µl of each sample was loaded into 

separate wells and protein marker with a range of 14 Kd-66 Kd was also loaded, as shown in Fig 

2 (from Sigma Aldrich). The gel cassette was electrophoresed at 100 V, constant voltage and 

proteins were allowed to separate for 1 hr and 45 min and followed by Coomassie brilliant blue 

staining.  

Table 4 Composition of running gel, stacking gel and buffers used to prepare the SDS gel. 

12.5% Running gel  

30% acrylamide/ 0.8% bis 4.2 ml 

H2O 3.3 ml 

1.5 M Tris, pH 8.8. 0.4% SDS 2.5 ml 

TEMED     5.0 µl 

10% Ammonium persulfate   50.0 µl 

4% stacking gel 

30% acrylamide/0.8 % bis 1.3 ml 

H2O 6.1 ml 

0.5 M Tris pH 6.8 2.5 ml 

10% SDS  100.0 µl 

TEMED   10.0 µl 

10% Ammonium persulfate   50.0 µl 

Running buffer 

Glycine   14.40 g 

Tris  3.03 g 

SDS 1.00 g 

Staining solution 

Coomassie brilliant blue 0.25 g 

Methanol 400.0 ml 

Acetic acid   70.0 ml 

H2O up to 1 L 

Destaining solution 

Methanol  400.0 ml 

Acetic acid    70.0 ml 

H2O up to 1 L 
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Figure 2 Protein marker purchased from Sigma-Aldrich M.W. 14,000 – 66,000. 

Protein staining was achieved by using Coomassie brilliant blue stain (prepared as listed in Table 

2) for 40 min and then washed with water and then destained for overnight in destaining solution 

(prepared as listed in Table 4). Followed by observing the gel under light to detect visible protein 

bands.  

Western Blot 

Overnight induced and uninduced fractions of both SAS2373 and SAS2374 were 

dissolved in SDS loading buffer, heated at 90˚C for 10 min, and loaded onto an SDS gel that was 

separated by electrophoresis for 1 hr and 45 min. Proteins were transferred from the unstained 

SDS gel onto a nitrocellulose membrane overnight in transfer buffer (25 mM Tris/ 192 mM 

Glycine/ 20% methanol/ up to 1L, pH 8.3) at 100 milliamps power and then increased the next 

day to 200 milliamps for 1 hr. The nitrocellulose paper was subjected to a series of wash steps, 

followed by detection with anti-His antibodies. The required buffers and solutions for washing 

were prepared as listed in Table 5 and washing was performed in following order. The 

nitrocellulose membrane was washed with washing solution I for 15 min twice, followed by a 1 

hr incubation in blocking solution, then washed twice in washing solution II for 10 min each and 
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in 15 ml washing solution I for 10 min. The membrane was then soaked in 10 ml His-Tag 

monoclonal antibody for 1 hr and washed twice with washing solution II for 10 min. It was then 

washed with 15 ml washing solution I for 10 min, followed by soaking the membrane in 8ml 

goat anti-mouse antibody for 1 hr and then washing 5 times with washing solution II for 10 min 

each. The developing solution was prepared in 15 ml 1 x AP buffer (Alkaline phosphatase 

buffer) and 60 µl NBT (83 mg nitroblue tetrazolium/ ml in 70% dimethylformamide)/ 60 µl 

BCIP (42 mg 5-bromo-4-chloro-3-indolyl phosphate /ml in 100% dimethylformamide) solutions 

were added. The membrane was placed in clean tray and exposed to the developing solution. 

Visible signal was observed for 2-10 min. Any signal after 10 min is considered a false positive. 

The reaction was stopped by washing the membrane with deionized water.  

Protein Purification 

 Protein purification was achieved by inducing the gene of interest to produce high 

amounts followed by Ni column chromatography. BL-21 E. coli expression clones for SAS2373 

and SAS2374 were induced and processed for purification of protein. For each protein, the BL-

21 E. coli clone was inoculated into a 250 ml conical flask containing 50 ml LB broth with 100 

µg/ml ampicillin. The culture was grown overnight at 37˚C on a shaker at 200 RPM. Following 

incubation, the culture was diluted 1:20 with LB broth/ampicillin (50 ml overnight culture and 

950 ml LB amp broth) and returned to shaker for another 2 hrs till 0.4 OD is achieved. The cells 

were induced by adding 1 mM IPTG/ml and 0.2% L-arabinose and returned to the shaker for 

overnight induction of protein.  

After the protein was induced, the broth culture was subjected to series of purification 

steps to obtain a cell extract. A His-bind purification kit from Novagen was used to purify the 
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proteins from inclusion bodies. The buffers required for protein purification were prepared as 

listed in Table 6.  

Table 5 Composition of buffers and solutions used to perform Western blot. 

Blocking solution 

BSA 1.00 g 

20 x TBS 1.65 ml 

H2O 33.30 ml 

Washing solution I 

20 x TBS   3 ml 

H2O 60 ml 

Washing solution II 

10 x TSBTT   18 ml 

H2O 180 ml 

His Tag Antibody 

Monoclonal antibody   5 µl 

Blocking solution 10 ml 

Goat anti-mouse Antibody 

Antibody 1.6 µl 

Blocking solution 8.0 ml 

The overnight-induced culture was centrifuged at 10,000 x g for 15 min. The pellet was 

dissolved in 40 ml binding buffer/100 ml culture and subjected to sonication on ice at 30 

amplitude pulse for 6 min, then cooled for 5 min, and repeated 3 times. The homogenized 

mixture was centrifugation at 5,000 x g for 15 min. The pellet was dissolved in 20 ml/100 ml 

culture, sonicated and centrifuged again. The pellet was dissolved in 5 ml/100 ml culture volume 

solubilizing buffer (1 x binding buffer/6 M Urea) and placed on ice for 1 hr. This was followed 

by centrifugation at 16,000 x g for 30 min, and the supernatant was collected and filtered through 

0.45 µm syringe filter. This filtered cell extract consisted of the protein of interest along with 

many other BL-21 E. coli proteins as contaminants. The protein of interest was isolated by 

passing the cell lysate through a Ni chromatography column.  



43 

 

Table 6 Composition of buffers used for performing protein purification. 

8x Binding buffer 

NaCl   4 M 

Tris- HCl 160 mM 

Imidazole 40 mM 

pH  7.9 

8x Wash buffer 

NaCl 4 M 

Tris-HCl 160 mM 

Imidazole 480 mM 

pH      7.9 

4x Elute buffer 

NaCl 2 M 

Tris-HCl  80 mM 

Imidazole 4 M 

pH     7.9 

The Ni column was prepared according to the Novagen His Bind protein purification 

manual.  Pre-charged Ni- resin was placed in a column to a final bed volume of 500 µl. The resin 

surface was made even by placing a syringe frit. The resin was washed with 1.5 ml deionized 

water and then with 1.5 ml of 1 x binding buffer. Binding buffer was allowed to flow through 

until it reached the top of resin bed. While the mouth of the column was closed, very slowly the 

cell extract was poured onto the surface of the column and allowed to stand for 15 min before 

allowing the cell extract to flow through. The Ni-resin was washed with 5 ml 1 x binding buffer 

and then twice with 3 ml each of 1 x wash buffer (Modified from Novagen protocol). When the 

wash buffer drops to the top of resin bed the protein was eluted using 3 ml 1 x elution buffer. 

The eluted protein was collected in 1 ml fractions and stored at -20˚C for further use. The eluted 

fractions were loaded onto an SDS gel and checked for purity. 
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Dialysis and AcTEV Protease Treatment 

Dialysis was performed to gradually remove imidazole from the purified protein solution 

over a period of 18 hrs. Purified protein was carefully placed in dialysis membrane tubing with 

cutoff molecular weight of 14,000 daltons, meaning it would retain proteins larger than 14,000 

daltons. The tubing was clamped making sure not to pull the membrane or accidentally enlarge 

the pore size which may lead to protein leakage. The tubing was placed in three buffer solutions 

varying in concentration as listed in Table 5.  Dialysis was performed with solution I and II 

(prepared as listed in Table 7) for 1.5 hrs each and solution III (prepared as listed in Table 7) for 

overnight at 4˚C. After dialysis the protein was carefully removed from the tubing and 

transferred to sterile vials after passing through 0.45 µm syringe filter to remove any 

contaminants.  

AcTEV protease: Protease treatment removes the additional amino acids attached to the 

proteins at the C terminal end. The proteins identified by computational analysis are hypothetical 

exported proteins and the function is unknown. Very little is known about these proteins, and 

therefore removing the fusion tags or any additional amino acids from C terminal that were 

added as a result of the cloning process, will increase our chances of the protein being folded 

correctly and thereby making an active product.  

Protease treatment was performed following AcTEV Protease protocol from Invitrogen. 

To 100 µl of purified protein was added 7.5 µl of 20 x TEV buffer (1 M Tris-HCl, pH 8 and 10 

mM EDTA), 1.5 µl of 0.1 M DTT, and 1 µl of AcTEV protease (10 units) and the volume made 

up to 150 µl by adding 40 µl sterile deionized water. This reaction was incubated at 30˚C for 6 

hrs. At 2 hrs intervals from time zero (2, 4 and 6 hrs) 30 µl of the reaction was removed into 

separate vials and mixed with 30 µl of SDS loading buffer and heated for 10 min at 90˚C. Each 
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of reaction samples were loaded onto an SDS gel along with protein markers and untreated 

purified protein as control. After running the gel for 1 hr and 45 min, it was stained with SDS 

staining solution (Table 2) for 40 min, then destained for overnight in destaining solution (Table 

2).  

Table 7 Composition of dialysis buffers solutions. 

Solution I   

Tris   20 mM 

NaCl 400 mM 

Imidazole  1 M 

pH      7.9 

Solution II   

Tris   20 mM 

NaCl 200 mM 

Imidazole 250 mM 

pH      7.9 

Solution III 

Tris   20 mM 

NaCl   50 mM 

pH      7.9 

Microbial Killing Assay 

Proteins can be involved in competing against normal flora of skin to colonize or cause 

infection. To determine if the proteins of interest were involved in inhibiting growth or killing 

normal flora of skin, the normal flora were directly exposed to purified protein. The overnight 

culture of Micrococcus luteus, Staphylococcus epidermidis, Pseudomonas aeruginosa and 

Staphylococcus aureus were grown in 5 ml LB broth medium. Broth culture (100 µl) was spread 

on an LB agar plate with a spreader to make even lawn of bacteria. Purified protein (25 µl and 

100 µl) were placed directly at two different spots; a 3rd spot was loaded with sterile dialysis 

solution III as a control. All plates were incubated at 37˚ for overnight growth and were observed 

for the zone of inhibitions.  
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Caenorhabditis Elegans 

Nematode growth medium (NGM) agar plates was prepared with 1 mM/ml IPTG and 0.2 

% arabinose and a 2
nd

 set of plates was prepared without IPTG and arabinose. All protocols for 

growth and maintenance of C. elegans were used from (CGC). C. elegans feeds on E. coli stain 

OP50 which was also purchased from CGC. Overnight cultures of E. coli OP50 were grown at 

37˚C/200 rpm in LB broth and a lawn was made in the center of NGM agar petri plate and 

incubated at 37˚C for overnight growth. Individual C. elegans animals were picked from the 

source plate with the help of a hook shaped loop, placed in the center of OP50 lawn and 

incubated at room temperature for 3-4 days. On day 2, BL-21 E. coli SAS2373 and SAS2374 

clones were inoculated into LB broth with ampicillin and incubated at 37˚C/ 200 rpm for 

overnight growth. On day 3, the overnight cultures were diluted 1:20 in LB broth with ampicillin 

and incubated for 2 hrs at 37˚C/200 rpm. After 2 hrs, when 0.4 OD was achieved the bacterial 

culture was placed on NGM agar plates with and without IPTG and arabinose, using a spreader. 

These plates were incubated overnight at 37˚C. On day 4, adult C. elegans were transferred onto 

the NGM agar plated with the BL-21 clones of SAS2373 and SAS2374 lawns. Taking care to 

use equal numbers, the animals were plated on each plate and incubated at room temperature for 

3-4 days.  

Co-Culture 

Co-culturing Keratinocytes with MSSA476 

Keratinocytes were purchased from Zenbio, which also provided necessary instruction 

for growth and maintenance. The cryopreserved keratinocyte vial was thawed in a 37˚C water 

bath for 2 min and the entire contents of the vial poured into 9 ml keratinocyte growth media 
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(KM). Cells were centrifuged at 400 x g for 10 min at 20˚C. The supernatant was removed and 

the cells were re-suspended in 3 ml KM media and counted using a haemocytometer. Cells (5000 

cells/cm
2
) were added to 5 ml KM media, placed into 25 cm

2
 flasks and incubated at 37˚C with 

5% CO2 for 24 hrs. Media was replaced with fresh media after 24 hrs and then every 2 days.  

When keratinocytes had reached 80% confluent, cells were split into 6 well plates. Before 

splitting cells all solution and media were warmed to 37˚C. KM media from the flasks was 

removed and the cells washed with phosphate buffered saline (PBS) three times to make sure all 

traces of media were removed from the flask. This was followed by the addition of 1 ml 0.25% 

trypsin to the flask and placed back in 37˚C incubator for 2 min. Cell detachment was checked 

before moving on. Once the cells were detached, 1ml of trypsin inhibitor was added to stop the 

reaction of the trypsin and the cells were collected into centrifuge tubes. The flask was washed 

with 2 ml KM media and added to the centrifuge tube to ensure all cells were harvested from the 

flask. The cells were centrifuged at 400 x g at 20˚C for 5 min. The supernatant was removed and 

the cells were re-suspended into 2 ml KM media. Cells (5000 cells/cm
2
) were placed into 6 well 

plates and incubated at 37˚C with 5% CO2. After 24 hrs incubation, the KM media was replaced 

and the plate returned for further incubation; subsequently, the media was replaced every 2 days 

until the cultures achieved 80% confluence.  

Keratinocytes Co-Culture Set Up  

On the day of the co-culture experiments, 1 ml of overnight MSSA476 culture was 

pelleted and washed with sterile deionized water and resuspended in 1 ml of LB broth which was 

diluted 10
-6

 times in sterile deionized water. The KM media from the 6-well keratinocyte media 

plate was replaced with antibiotic free KM media to ensure that the antibiotic does not kill the 

bacterial cells. After replacing the media, each well was inoculated with 25 µl of diluted 
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MSSA476 culture and incubated for 24 hrs (Fig 3a) and 25 µl was also plated on an LB agar 

plate and incubated at 37˚C. Colonies were counted the next day. Alongside the keratinocytes 

plate, another 6-well plate was prepared without keratinocytes (Fig 3b) as the control with 

antibiotic free media and MSSA476. Cells were harvested from the control plate and the  

keratinocytes 6- well plate at 2, 4, 5, 6 and 24 hr time points and subjected to RNA isolation as 

soon as the cells were harvested (samples labeled as listed in Table 8) 

a.  b.  

Figure 3 Co-culture and control plate set up. 

Six well plates inoculated with MSSA 476 in antibiotic free KM media. One plate contains 80% 

confluent keratinocytes (Fig 3a) and the 2
nd

 plate is the control without keratinocytes (Fig 3b). 

The control well in 10a is a negative control, without MSSA 476 and control well in 10b is 

without both keratinocytes and MSSA476, thus, a sterility control.  

Co-Culturing HEK (human embryonic kidney cell line) with MSSA476 

Cryopreserved HEK cells were thawed at room temperature and poured into 100 mm 

tissue culture petri plate and 9 ml of Dulbecco's Modified Eagle Medium (DMEM) was added. 

The media was swirled to distribute cells equally and incubated at 37˚C with 5% CO2. It takes 2-

3 days for cells to grow to 100% confluence depending on the initial inoculum. After the cells 

are 90-100 % confluent, they were split by washing twice with PBS and then 2 ml of 0.05% 

trypsin was added and swirled. After 2 min, when the cells had detached, trypsin was collected in 
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centrifuge tubes and the plate was washed with 2 ml DMEM and collected in the same centrifuge 

tube. The tube was centrifuged at 2,000 x g for 5 min and the supernatant carefully removed. The 

pellet was suspended in 10 ml media and 10,000 cells/well/6-well plate were seeded in 2 ml 

DMEM/well and incubated at 37˚C with 5% CO2 for 2-3 days until the cells were 90-100 % 

confluent. 

Table 8 List of isolated RNA and synthesized cDNA sample ID’s. 

Each sample ID is listed next to setup of the experiment and sample hr. 

ID Sample 

K-2  Keratinocytes and MSSA476 Co-cultured for 2 hours 

K-4 Keratinocytes and MSSA476 Co-cultured for 4 hours 

K-5 Keratinocytes and MSSA476 Co-cultured for 5 hours 

K-6 Keratinocytes and MSSA476 Co-cultured for 6 hours 

K-24 Keratinocytes and MSSA476 Co-cultured for 24 hours 

  Km-2  KM media and MSSA 476 incubated for 2 hours 

Km-4 KM media and MSSA 476 incubated for 4 hours 

Km-5 KM media and MSSA 476 incubated for 5 hours 

Km-6 KM media and MSSA 476 incubated for 6 hours 

Km-24 KM media and MSSA 476 incubated for 24 hours 

  H-2  HEK and MSSA476 Co-cultured for 2 hours 

H-4 HEK and MSSA476 Co-cultured for 4 hours 

H-5 HEK and MSSA476 Co-cultured for 5 hours 

H-6 HEK and MSSA476 Co-cultured for 6 hours 

H-24 HEK and MSSA476 Co-cultured for 24 hours 

  D-2  DMEM and MSSA 476 incubated for 2 hours 

D-4 DMEM and MSSA 476 incubated for 4 hours 

D-5 DMEM and MSSA 476 incubated for 5 hours 

D-6 DMEM and MSSA 476 incubated for 6 hours 

D-24 DMEM and MSSA 476 incubated for 24 hours 
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When the cells were confluent, the co-culture was set up exactly as described for 

keratinocytes co-culture, with MSSA 476 cells diluted 10
-6 

times and using antibiotic free 

DMEM media before inoculating wells with MSSA476.  

RNA Isolation and DNase Treatment 

RNA was isolated from harvested co-culture samples using Ribozol RNA extraction 

reagent from Amresco. The protocol was followed as described by Amresco with modification to 

harvested cells as following. After the cells were harvested by centrifugation at 10,000 x g for 2 

min, the pellet was suspended in 800 µl LB broth and 200 µl phenol/ethanol mix (5% 

phenol/95% ethanol, pH < 5). This step is critical to maintain RNA stability [65]. Samples were 

then mixed by vortexing and centrifuged at 10,000 x g for 5min. The pellet was suspended in 

100 µl lysozyme solution (3 mg/ml) and incubated at 37˚C for 20 min [66] followed by 

centrifugation at 10,000 x g for 2 min and removal of the supernatant. The following procedure 

is as described by Amresco Ribozol RNA Extraction protocol for isolation from bacterial cells. 

The pellet was dissolved in 1 ml ribozol by pipetting and incubated for 10 min at room 

temperature. To the ribozol suspension, 200 µl chloroform was added, mixed vigorously for 15 

seconds, and incubated for another 3 min at room temperature. The cell suspension was 

centrifuged at 12,000 x g at 4˚C for 15 min and the colorless upper layer of the phase was 

carefully collected, placed in a separate vial, and 0.5 ml of isopropanol was added and incubated 

at room temperature for 10 min to precipitate RNA. The sample was centrifuged at 12,000 x g 

for 10 min at 4˚C, the supernatant removed, and the pellet washed with 1 ml of 75% ethanol by 

vortexing, and centrifuged at 7,500 x g for 5 min at 4˚C. The pellet was resuspended in 40 µl 

RNase free water, mixed by pipetting and incubated for 10 min at 60˚C. After incubation the 

isolated RNA was stored at -70˚C until further use.  
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DNase Treatment 

DNase treatment was performed as described by Invitrogen. The DNase reaction buffer 

(200 mM Tris (pH 8.4), 20 mM MgCl2 and 500 mM KCl) and 25 mM EDTA solution were 

prepared using RNase free solutions. The isolated RNA samples were subjected to DNase 

treatment by adding 8 µl RNA sample to 1 µl DNase reaction buffer, 1 µl of DNase I and 

incubating at room temperature for 15 min. DNase I was inactivated by adding 1 µl of 25 mM 

EDTA solution and incubating for 10 min at 65˚C. This protocol was utilized for DNase 

treatment of all RNA samples isolated at different time points. 

Reverse Transcription Polymerase Chain Reaction (RT PCR) 

For RT PCR,  cDNA was prepared using an iScript cDNA synthesis kit from Bio-Rad. 

The reaction was set up as described by Bio-Rad, as listed in Table 9, for all RNA samples the 

cDNA obtained was diluted 1:20 and stored at -20˚C until further use.  

Table 9 RT reaction set up and RT PCR program. 

Reaction 

5x iScript reaction mix 4 µl 

iScript reverse transcriptase 1 µl 

Nuclease-free water 9 µl 

DNase treated, RNA template 6 µl 

Total volume  20 µl 

  RT PCR program 

25˚C 5 min 

42˚C 30 min 

85˚C 5 min 

4˚C 0 min 
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Polymerase Chain Reaction (PCR)  

Each cDNA sample was used as the DNA template and PCR was performed for the 

twenty genes listed in Table 10. The PCR reaction was set up as listed in Table 3. After the 

reaction was complete the samples were loaded onto a 1% agarose gel prepared with 1 x TAE 

buffer and 2 µl ethidium bromide. After running samples for 45 min, the gel was placed on a UV 

dock and bands corresponding to the respective genes were identified. 

Quantitative Polymerase Chain Reaction (qPCR) 

Samples that were positive using PCR were subjected to qPCR. The GoTaq qPCR master 

mix was purchased from Promega. All reactions and setup were followed as provided by 

Promega. A 25 µl reaction was set up in the reaction plate in duplicates. To set up the reaction, 2 

µl of the template were placed in a reaction plate on ice. In separate vials, 12.5 µl of 2 x qPCR 

master mix, 1 µl each of the forward and reverse primers and 9.5 µl nuclease free water was 

added per reaction and mixed gently. The reaction mixture was pipetted from the vials and 

transferred into reaction plate. When all transfers are made the reaction plate was centrifuged for 

1 min at 1,000 x g.  

The reaction plate was placed in the qPCR machine (MC3000p machine). The program 

was set for SYBR Green dye, using the 40 cycle program, as described in Fig 4. After the 

reaction was complete the results were analyzed using the MxPro qPCR Software. 

To determine if the protein had elevated or decreased expression, 16S rRNA was used as 

the reference gene. Using the Livak methods [67], the fold change in protein expression was 

determined in comparison with reference gene. To perform this, the 16S rRNA primers were 

purchased from Invitrogen and PCR was performed against cDNA samples from keratinocyte 
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co-culture and HEK co-culture. The results of the reactions were loaded onto 1% agarose gels 

and DNA amplification bands were detected. 

Table 10 List of genes used for PCR and qPCR using cDNA as template. 

S.no Gene Number 

1 SAS0284 

2 SAS0397 

3 SAS0398 

4 SAS0630 

5 SAS0661 

6 SAS0720 

7 SAS0754 

8 SAS0755 

9 SAS0964 

10 SAS1055 

11 SAS2368 

12 SAS2373 

13 SAS2374 

14 SAS2442 

15 SAS2189 

16 SAS1738 

17 SAS0760 

18  SAS1678 

19 SAS0347 

20 SAS1089 
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Figure 4 Thermal profile set up for running qPCR. 

Cycles were modified from the original software program by increasing the annealing 

temperature to 60ºC, instead of 55 ºC in both 2 and 3 segments. 
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CHAPTER 3 

 

RESULTS 

Computational Analysis 

Gene Database revealed 363 genes described as hypothetical proteins in the S. aureus 

MSSA476 genome. Using computational analysis, 47 genes were identified as hypothetical 

exported proteins. Each of the 47 genes had signal peptide, cleavage site and was non-

cytoplasmic in nature, meaning they were secreted outside the cell wall and were negative for 

transmembrane domains. All 47 genes were further classified based on percent identity to HA-

MRSA or CA-MRSA. Twenty four genes (listed in Table 11) were found to have 100% identity 

with CA-MRSA proteins (Table 12). Eight of these had recently been cloned in our laboratory. 

Remaining 16 genes primers were designed using Invitrogen primer design software to perform 

gateway cloning.  

Primer Design 

Primers were designed for 16 genes using Invitrogen primer design tool, but successful 

primer designs were only obtained for 14 genes. Primers could not be designed for the remaining 

two genes, SAS1055 and SAS2525, using the Invitrogen primer design program with varying 

parameters. 
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Table 11 List of genes identified as hypothetical exported proteins with 100 % identity towards 

CA-MRSA.  

Table lists gene number, number of amino acids, whether the protein is secreted, cleavage 

prediction of the signal peptide and percent identity towards HA-MRSA and other strains of S. 

aureus.  
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SAS0284 296 891 yes 1 0.992 31-32 99% HA MRSA 

SAS0397 500 1503 yes 0.903 0.863 32-33 91% HA MRSA 

SAS0398 102 309 yes 1 0.936 29-30 99% HA MRSA, Newman 

SAS0630 265 798 yes 0.999 0.997 25-26 99% HA MRSA 

SAS0661 154 465 yes 0.998 0.635 37-38 99% HA MRSA 

SAS0720 279 840 yes 0.999 0.996 24-25 99% HA MRSA 

SAS0754 340 1023 yes 0.971 0.971 26-27 99% HA MRSA, Lab 

SAS0755 173 522 yes 0.522 0.481 26-27 98% HA MRSA 

SAS0964 93 282 yes 0.998 0.524 23-24 99% HA MRSA 

SAS1055 308 927 yes 0.734 0.734 32-33 99% HA MRSA, Newman 

SAS1088 105 318 yes 1 0.997 29-30 99% HA MRSA 

SAS2368 136 411 yes 0.85 0.784 21-22 97% VISA 

SAS2373 271 816 yes 0.949 0.511 30-31 88% HA MRSA 

SAS2374 272 819 yes 0.987 0.633 30-31 74% HA MRSA 

SAS2442 66 201 yes 0.544 0.504 23-24 99% HA MRSA 

SAS2525 157 474 yes 0.976 0.904 28-29 96% Col, Lab 

SAS2189 269 810 yes 1 0.999 27-28 99% HA MRSA 
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Table 12 List of S. aureus strains with whole genome sequence available for computational 

analysis. 

This list of strains was used to identify percent identity of MSSA476 hypothetical genes to CA 

MRSA and HA MRSA strains and then categorized as hypothetical exported proteins with 100% 

identity towards CA MRSA.  

CA-MRSA 

MW2 

MSSA476 

USA300/TCH_1516 

USA300/TCH_FRP3757 

 HA-MRSA 

N315 (MRSA/VSSA) 

Mu50 (MRSA/VISA) 

Mu3 (MRSA/VISA) 

JH1- JH9 

(MRSA/VRSA) 

MRSA252 (MRSA) 

COL (MRSA) 

 Other Strains 

NCTC 8325 

Newman 

ED98 

RF122 

Gateway Cloning 

PCR amplification of 14 genes was performed simultaneously using MSSA 476 genomic 

DNA (Fig 5) as a template and the amplified products were detected on 1% agarose gel (Fig 6). 

One gene, SAS0397, was not amplified due to its size (1503 base pairs) but was successfully 

amplified later by increasing the amount of nucleotide master mix in the PCR reaction set up. 
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BP Reaction 

The BP reaction was successfully performed with 14 genes and transformed into 

competent cells. The entry clones for each gene were capable of growing on 50 µg/ml 

kanamycin and were inhibited by 30 µg/ml chloramphenicol. Entry clones capable of resisting 

kanamycin and losing chloramphenicol resistance indicated successful transformation. This was 

also confirmed by colony PCR reaction showing DNA fragment size corresponding to the 

respective genes on a 1% agarose gel (Fig 7). 

LR Reaction 

The LR reaction was performed following BP plasmid isolation, transformed into 

competent cells and plated onto LB agar plates containing 100 µg/ ml ampicillin. With the LR 

recombination reaction, clones with successful transformation will acquire ampicillin resistance 

and lose resistance to kanamycin. Therefore, expression clones capable of growing on ampicillin 

media plates and inhibited on kanamycin media plates were selected and subjected to colony 

PCR. Colony PCR reactions showing fragment size corresponding to respective gene size were 

selected for BL-21 transformation.  

All but one gene were successfully cloned. Gene SAS2368 could not be cloned into the 

expression vector. At least five trials were made to clone this gene but all failed. Modification to 

methods by varying the amount of plasmid DNA, increasing the amount of enzyme, increasing 

the amount of LR reaction mixture, and the one-tube gateway cloning method were employed, 

but no modification aided in achieving LR clones. 

Typical results following the LR reaction showed SAS2368 clones were transformed and 

plated. Very few colonies grew and all the colonies grew on both kanamycin and ampicillin 
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containing plates. The colonies were isolated and grown on fresh plate but all colonies came out 

negative for PCR amplification of the gene. 

BL-21 Transformation and Protein Expression 

Plasmid isolated from the isolated LR expression clones was transformed into BL-21 E. 

coli competent cells. The Bl-21 clones with successful transformation were identified by colony 

PCR.  

All 13 genes induced overnight were loaded onto an SDS gel and stained but the bands 

for induced protein were difficult to identify for all genes. The uninduced and induced protein 

samples consisted of proteins associated with BL-21 E. coli cells as well making it difficult to 

detect the induced proteins on SDS gel.   

SAS2373 and SAS2374 Computational Analysis 

Both genes SAS2373 and SAS2374 were negative for the presence of the predicted 

LIPOBOX. The consensus sequence for LIPOBOX was not detected at 40 aa from start codon. 

To be sure, the LIPOBOX consensus sequence was checked by sequence matching from the start 

codon to 60aa. The LIPOBOX was not identified in either gene. 

From protein BLAST search of SAS2373, we observed 100% identity of this protein only 

to CA-MRSA and 88% identity towards HA-MRSA. A BLAST of SAS2374 showed 100% 

identity towards MSSA476, 94% identity towards CA-MRSA and 74% identity towards HA-

MRSA. 

 SDS and Western Blot 

Genes sas2373 and sas2374 were induced for different time points, the samples were 

collected and loaded onto SDS gel and compared to uninduced samples (Fig 8). The native size 
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of each protein is about 31.5 Kdal. The protein fragments identified with induced samples were 

approximately 36 Kdal in size. The difference in size is due to the C terminal addition of the 

attB2 site (8 aa), AcTEV protease site (7 aa), V5 epitope (12 aa) and His tag (6 aa); all together 

adding to about 4 Kdal to the protein size.  

Western blot was performed with the SAS2373 and SAS2374 protein samples. With the 

addition of substrate, dark purple color was observed within 2 min for both the proteins (Fig 9). 

SAS2374 revealed 2 bands of similar size; the top band corresponds to the size band that was 

expected while the lower band corresponds to the protein that is slightly smaller, possibly having 

cleaved the 5 aa N terminal cytoplasmic region. If the signal peptide was cleaved off which is 24 

aa, the size difference would have been at least 3.5 Kdal and if the fusion tags (26 aa) were 

cleaved off the size difference would be greater and would not be detected on Western blot, as 

western blot antibodies targeted the His-tag.  

With SAS2373 Western blot, 2 bands were identified in single lane, but with a greater 

size difference than was seen in SAS2374. The signal peptide is about 24 aa which corresponds 

to the size difference of about 4 Kd. Indicating the signal peptide was cleaved off in case of 

SAS2373. 

Protein Purification 

SDS gels revealed that we could isolate large amounts of protein from overnight 

induction. Therefore, overnight induced culture was used to purify both proteins (SAS2373 and 

SAS2374). The cell lysate was passed through the Ni column and eluted using imidazole. The 

eluted protein was filtered and loaded onto SDS gel as described in methods section. Purified 

protein showed a band size corresponding to the size of the protein with additional 4 Kdal fusion 

tags (Fig 8). In addition, some protein contaminants were also identified in low amounts. At this 
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point protein contaminants were not an issue because, after dialysis, AcTEV protease treatment 

required passing the protein through the Ni column again, which would help in removing protein 

contaminants. 

Dialysis and AcTEV Proteases 

Following protein purification, dialysis was performed with three buffer changes for both 

proteins. Dialyzed proteins were subjected to AcTEV proteases and the 2, 4 and 6 hr treated 

samples were loaded onto SDS gel along with marker and untreated samples, electrophoresed 

and stained.  

When comparing the treated samples with untreated samples, it was observed that not all 

of the protein was cleaved by AcTEV protease. Only a small amount of protein was cleaved, 

identified as an additional band corresponding to cleaved protein size in the treated protein lanes, 

and absent in untreated sample lane (Fig 13). 

Microbial Killing Assay 

Dialyzed protein was directly placed on top of bacterial lawn. Normal flora of skin 

exposed to protein, SAS2373 or SAS2374 plus dialysis buffer, showed no inhibition of growth or 

zone of inhibition around the protein spots placed on the bacterial lawn.  

Caenorhabditis Elegans 

Caenorhabditis elegans nematodes were exposed to proteins (SAS2373 and SAS2374) 

on NGM plates with and without IPTG plus arabinose. The nematodes did not exhibit any 

bordering or reduction in number (Fig 10 & 11). However, an unexpected observation was made; 

on NGM plates with IPTG plus arabinose, the nematode showed enhanced growth with a lawn of 

Bl-21 or OP50 E. coli culture (Fig 12).  
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Co-Culture 

Co-culture of MSSA476 with keratinocytes for 24 hrs did not show adverse effect on 

keratinocytes cells. It was observed that keratinocytes were not rounded or detached from the 

plates. Large colonies of keratinocytes remained looking healthy after 24 hrs whereas a few cell 

colonies had rounded and looked affected by MSSA476.  

In keratinocytes growth media, the bacterial cell growth was checked after 24 hrs 

incubation with keratinocytes by plating on mannitol salt agar plate (MSA) and counting the 

colonies. The cell count was determined to be 10
-7

 cells/ ml equal to one log less than MSSA476 

grown in LB broth medium for the same period of time. 

RNA Isolation and DNase Treatment 

RNA was isolated and PCR performed to make sure RNA samples were not 

contaminated with DNA because it will give false positive results. RNA samples were subjected 

to PCR with SAS2373 gene primers and loaded onto a 1% agarose gel. Bands corresponding to 

the correct gene size were identified confirming that the RNA samples were contaminated with 

DNA. Following DNase treatment, PCR was repeated with the same samples to confirm that the 

RNA was free of DNA (Fig 14) 

RT PCR 

RT-PCR performed with cDNA against twenty genes (genes listed in Table 10) showed 

positive expression of mRNA (Table 13) in presence of keratinocytes on a 1% agarose gel (Fig 

15-17). PCR performed with HEK samples and DMEM media control samples (Table 8) were all 

negative for amplification of all twenty genes; no amplification bands were detected on the 

agarose gel.  
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Table 13 List of positively amplified genes using RT PCR. 

The table shows co-culture samples and gene IDs (as listed in Table 10) which were positively 

amplified by that sample’s cDNA as template. All sample descriptions are listed in Table 8 and 

gene IDs are listed in Table 1. 

Samples PCR with cDNA as template 

K-5 4,5,12,13,16, & 17 

KM-5 5,6,9,11,12, & 13 

K- 6 12, 13 & 17 

KM - 6 Negative 

K-24 4, 11, & 12 

Km-24 11 & 12 

Quantitative PCR 

Quantitative PCR was performed with cDNA samples that showed positive amplification 

with PCR (listed in Table 13), using 16S rRNA as the control. The C(T) values for the genes are 

listed in Table 14. The C(T) value obtained should be less than 35 with a 40 cycle reaction. 

Therefore, C(T) values more than 35 are highlight in purple (Table 14) and were not included in 

analysis. The only C(T) values considered were less than 35 and are highlighted in blue (Table 

14). The dissociation curve and amplification plots for gene SAS2373 and SAS2374 showed 

positive amplification (Fig 18 & Fig 19).  

Gene ID 12 and 13 showed expression with keratinocytes and with KM media only at 5 

and 6 hrs. At 24 hrs, gene 13 showed expression in keratinocytes and in KM media only samples 

(Fig 21), whereas gene 12 showed expression in only in the presence of keratinocytes at 24 hr 

and was negative for expression in KM media alone (Fig 20). 
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Table 14 Shows C(T) values obtained by qPCR of co-cultured samples and control sample 

cDNA. 

Genes that showed positive amplification with PCR (Table 13) were subjected to qPCR. Table 

14 shows C(T) values for the qPCR. Sample K were co-cultured keratinocytes with MSSA476 

and Km samples were keratinocyte growth media only inoculated with MSSA476 (control). Any 

reading above 35 C(T) value (highlighted in purple) was considered a false positive and not 

included in analysis. C(T) values below 35 were ruled as positive amplification and used for 

analysis using the Livak method [67] (Table 15). 

Samples/ 

gene # 4 5 9 11 12 13 16 17 16S 

5K 35.46 No Ct 38.4 No C No Ct No CT 37.95 38.92 26.92 

5Km 38.58 No Ct 38.35 No Ct No Ct No CT No Ct No Ct 27.26 

6K No Ct No Ct No Ct No Ct 30.25 27.7 No Ct 37.07 27.31 

6Km No Ct No Ct No Ct No Ct 36.85 29.4 No Ct No Ct 27.12 

24K 36.57 38.56 No Ct 36.07 26.93 25.88 No Ct 37.55 22.66 

24Km 37.6 37.25 No Ct 39.65 No Ct 31.43 No Ct No Ct 21.7 

The Livak method was used to determine fold increase or decrease in expression of 

protein with C(T) values less than 35 (Fig 22). The results are listed in Table 15 showing the 

sample hr and gene number. 

The Livak method utilized a comparison between the test sample (keratinocytes co-

culture samples) and a calibrator sample (keratinocyte growth media with MSSA476 control 

samples) using the 16S rRNA gene as a reference. For example, the 24 hr sample was the 

comparison between K-24, keratinocytes co-cultured with MSSA476 for 24 hrs (test sample 

C(T) value) and Km-24, keratinocyte growth media inoculated with MSSA476 for 24 hrs 
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(calibrator sample C(T) value) with reference genes C(T) value from both (K-24 and Km-24) to 

give the fold increase in expression of test gene. 

Table 15 Calculations to determine fold increase in protein expression were performed using the 

Livak method. 

Sample hr_Gene # 6hr_12 6hr_13 24hr_13 

∆CT Calibrator 9.73 9.73 9.73 

∆CT test 2.94 2.94 3.22 

Normalize    -6.79    -6.79    -6.51 

Fold increase 110.66 110.66   91.13 
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Figure 5 Genomic DNA. 

Isolated genomic DNA on 1% agarose gel. Lane 1 (from left) is 1 Kb DNA marker (M) and lane 

2 is 2 µl of isolated MSSA476 genomic DNA. 
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a.  

b.  

Figure 6 AttB PCR amplified product. 

attB PCR product was detectable for 12 out of 14 genes electrophoresed on 1% agarose gel. 
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a.  

b.  

Figure 7 Colony PCR amplification electrophoresed on 1% agarose gel. 

Lane 1 (from left) is 1 Kb DNA marker; remaining lanes are colony PCR amplifications loaded 

on 1% agarose gel. Each lane was labeled with gene number of the clone followed by the colony 

number in closed brackets.  
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a.  

b.  

 

Figure 8 SDS gel showing protein bands. 

Fig 8a shows an SDS gel with protein bands for gene SAS2373 and Fig 8b shows protein bands 

for gene SAS2374. Lane E1-5 are protein samples eluted with imidazole after purification; lanes 

labeled as I are induced Bl-21 clones with SAS2373 and SAS2374 genes, respectively; lanes 

labeled as UI are uninduced BL-21 clones with SAS2373 and SAS2374 genes, respectively; the 

lane labeled as M is protein marker. 
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Figure 9 Western blot. 

A nitrocellulose membrane exposed to substrate showed purple bands after 2 min. Lane 1 shows 

protein expression for gene SAS2373 and lane 2 shows protein expression for gene SAS2374. 
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a.   b.  

Figure 10 C. elegans toxicity assay with BL-21 SAS2373 E.coli clone. 

Petri plates with NGM media and BL-21 SAS2373 E. coli clone lawns were prepared. C. elegans 

was placed and allowed to grow for 4 days. The NGM plates containing IPTG and arabinose for 

induction of SAS2373 are shown in Fig 10a. The uninduced cells on plated without IPTG and 

arabinose are shown in Fig 10b. Both plates showed no bordering or reduction in number of C. 

elegans. 
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a.   b.  

Figure 11 C. elegans toxicity assay with BL-21 SAS2374 E.coli clone. 

Petri plates with NGM media and BL-21 SAS2374 E. coli clone lawns were inoculated with C. 

elegans and incubated for 4 days. The NGM plates containing IPTG and arabinose are shown in 

Fig 11a and uninduced cells (no IPTG or arabinose) are shown in Fig 11b. Neither plate showed 

bordering or reduction in number of C. elegans. 
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a.   b.  

Figure 12 C. elegans toxicity assay with OP50 E.coli lawn. 

Petri plates with NGM media and E. coli strain OP50 lawns were prepared as controls. C. 

elegans was placed and allowed to grow for 4 days. An NGM plate containing IPTG and 

arabinose is shown in Fig 12a and without IPTG and arabinose is shown in Fig 12b. Neither the 

induced nor the uninduced cultures showed bordering or reduction in number of C. elegans. 
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Figure 13 SDS gel loaded with AcTEV treated purified proteins. 

AcTEV treated samples were loaded onto an SDS gel. Lane 1 (from left) is the size marker; lanes 

2, 3 and 4 are SAS2373 protein sample treated with AcTEV protease for 2, 4, and 6 hrs, 

respectively. Lane 5 is SAS2373 protein sample without protease treatment. Lane 6, 7, and 8 are 

SAS2374 protein samples treated with AcTEC protease for 2, 4, and 6 hrs, respectively. Lane 9 

is SAS2374 protein sample without protease treatment. All treated samples show an additional 

band around the 29 Kdal marker size (shown within black box) representing protease cleaved 

protein bands for both genes. 

  



75 

 

 

Figure 14 DNase-treated RNA samples. 

DNase treatment: lane 1 (left most lane; M) is the size marker. The remaining lanes are samples 

after performing PCR with SAS2373 primers. Lane 2 shows the result of using the 24 hr 

keratinocyte RNA sample (K24_RNA) as the template for PCR. Lane 3 is the positive control 

(PC). Lane 4 is the 24 hr keratinocyte co-culture RNA sample treated with DNase (K24_DNase) 

and used as template for PCR. Lane 5 is the 6 hr keratinocyte co-culture RNA sample treated 

with DNase (K6_Dnase) and used as template for PCR. Lane 6 is the 24 hr keratinocyte (control) 

isolated RNA sample (Km24_DNase) and used as template for PCR.  

  



76 

 

 

a.  b.  

Figure 15 PCR amplification of 5 hr cDNA samples from MSSA476 co-cultured with 

keratinocytes. 

Lane M is a 1 Kb DNA marker and the lane labeled PC is the positive control. NC is the negative 

control. cDNA samples of keratinocyte growth media inoculated with MSSA476 and incubated 

for 5 hours, Km-5 (Fig 15a) and keratinocytes co-cultured with MSSA476 for 5 hours, K-5 (Fig 

15b) were used to amplify genes. DNA band sizes corresponded to the gene sizes and were 

identified with PCR amplification of all twenty samples listed in Table 10. Sample Km-5 showed 

positive amplification of gene numbers 5, 6, 9, 11, 12 &13. Sample K-5 showed positive 

amplification of gene number 4, 5, 12, 13, 16 and 17. Some of the gene amplifications resulted in 

very faint DNA bands corresponding to their respective gene size. 
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a.  b.  

Figure 16 PCR amplification of 6 hrs cDNA samples from MSSA476 co-cultured with 

keratinocytes. 

Lane M is 1 Kb DNA marker and the lane labeled as PC is positive control. NC is negative 

control. cDNA samples of keratinocyte growth media inoculated with MSSA476 and incubated 

for 6 hours, Km-6 (Fig 16a) and keratinocytes co-cultured with MSSA476 for 6 hrs, K-6 (Fig 

16b) were used to amplify genes. DNA band sizes corresponding to the gene sizes were 

identified by PCR amplification of samples with the twenty genes listed in Table 10. Sample 

Km-6 was negative for all twenty gene amplifications. Sample K-6 showed positive 

amplification for gene number 12, 13 and 17. The product of gene 17 amplification was very 

faint. 
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Figure 17 PCR amplification of the 24 hr cDNA samples from MSSA476 co-cultured with 

keratinocytes. 

Lane 1 (far left) is the 1 Kb DNA marker; lane 2 is the positive control. cDNA samples of 

keratinocyte co-cultures with MSSA476 for 24 hrs (K24) and keratinocyte growth media 

inoculated with MSSA476 for 24 hrs (Km24) were used to amplify genes. DNA band sizes 

corresponding to gene sizes were identified in the PCR amplification products with SAS0630 

(lane 3 & 4), SAS2368 (lane 5 & 6) and SAS2373 primers (lane 7 and 8). 
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a.  

b.  

Figure 18 Dissociation curve and amplification plot of gene 2373. 

Dissociation plots of gene 2373 showed amplification of the target gene. No background 

amplification could be detected. The amplification plot showed a positive amplification of gene 

SAS2373 (maroon and grey line) with K-24 cDNA sample and no amplification of SAS2373 

(orange and green line) with Km-24 cDNA sample. 
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a.  

b.  

Figure 19 Dissociation curve and amplification plots for gene 2374. 

Dissociation curve showed amplification of target genes without any background false positive 

amplifications. The amplification plot showed 8 lines corresponding to amplification of gene 

SAS2374 with K-24, Km-24, K-6 and Km-6 samples. 
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Figure 20 Graph showing C(T) values for gene sas2373 with 6 and 24 hr samples. 

The graph shows the C(T) values for the gene sas2373 with K-6 and K-24 test samples (blue 

bars), and the control samples Km-6 and Km-24 (purple bars). The lower C(T) value is directly 

proportional to higher template availability, therefore, the lower C(T) value indicated higher 

concentration of template DNA. Km-24 showed no C(T) value indicating absence or very low 

concentration of template DNA and K-24 showed lowest C(T) value indicating highest 

concentration of DNA template among all sample.  
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Figure 21 Graph showing C(T) value of gene sas2374 with 6 and 24hr samples. 

The graph shows C(T) values for gene sas2374 with K-6 and K-24 test samples (blue bars) and 

Km-6 and Km-24 control samples (purple bars). The lower C(T) value is directly proportional to 

higher template availability; therefore, lower C(T) value indicated higher concentration of 

template DNA. K-24 showed lowest C(T) value of all indicating highest concentration of 

template DNA and Km-24 showed highest C(T) value indicating lowest amount of template 

DNA. 
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Figure 22 Fold increase in expression of mRNA during co-culture. 

Using the Livak method, fold increase in expression of sas2373 and sas2374 mRNA are plotted. 

Keratinocyte co-culture showed increased expression of both SAS2373 and SAS2374 mRNA. 

SAS2374 showed 3.7-fold increased expression at 6 hrs and 91.13-fold increase at 24 hrs. 

SAS2373 showed 110.66-fold increased expression at 6 hrs but no increase at 24 hrs.  
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CHAPTER 4 

 

DISCUSSION 

In this study, we investigated the involvement of twenty hypothetical exported proteins of 

MSSA476 in breaching the skin barrier and aiding the bacteria in invasion and causing deep 

tissue damage. Our study reveals two proteins with increased mRNA expression in presence of 

keratinocytes which may indicate their involvement in interacting with keratinocytes and aiding 

the bacterium to gain access to deeper tissue. These proteins may be relevant to MSSA476 in 

colonization, internalization, evading immune response, or in binding to TJs located in the 

epidermal layers aiding the bacteria in invasion. 

Many different proteins have been shown to be involved in invasion of keratinocytes by 

S. aureus [16, 68]. Studies of adherence proteins have shown that adhering the pathogen to target 

cells aids infection of the host by facilitating colonization and invasion of host cells. For 

example, fibronectin-binding proteins (FnBPs) of S. aureus, isolated from human airway 

secretions, are involved in adherence of bacterium to undifferentiated or poorly differentiated 

epithelial cells [69]. In our study we observed increased expression of two proteins, SAS2373 

and SAS2374, in the presence of keratinocytes. From protein BLAST, we observed 100% 

identity to CA-MRSA only for both proteins. Both genes are located adjacent to each other and 

the presence of another lipoprotein SAS2375 lies upstream of SAS2374, suggesting these protein 

to be tandem lipoproteins. SAS2375 is also observed to be unique to CA-MRSA, Further 
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computational analysis of these proteins included a search for the LIPOBOX in which we 

concluded that the proteins are not lipoproteins. Cumulatively, our observations suggest that 

these proteins may be associated with S. aureus interactions with keratinocytes.   

Our study shows that SAS2373 mRNA is expressed in presence of keratinocytes and not 

in control sample at 24 hrs. This indicates that factors associated with the keratinocytes are 

triggering the expression of SAS2373. Following initiation of transcription, mRNA is translated 

and these proteins follow a specific pathway to be secreted from the cell [70]. For this process to 

take place, the bacteria may detect factors or signals associated with the host [71] and our results 

indicate factors or signals associated with keratinocytes have activated transcription of this gene. 

SAS2373 expression at 6 hrs in co-culture showed expression of protein in control 

samples and samples with keratinocytes, but with a 111-fold greater increase in presence of 

keratinocytes. The increased expression of sas2373 at 6 hrs and the continued expression at 24 

hrs suggested the up-regulation of transcription of genes was triggered by keratinocytes and not 

by media components.  

SAS2374 gene expression showed 3.7-fold increase and 91.13-fold increase in expression 

in presence of keratinocytes at 6 and 24 hrs, respectively. The expression of gene SAS2374 was 

relatively low at 6 hrs compared to SAS2373 indicating the expression of SAS2374 may be 

position mediated by the co-expression of SAS2373 as described previously for Saccharomyces 

cerevisiae paired gene positioning within the ribosome biogenesis regulon [72]. A study showing 

the requirement of at least three high affinity fibronectin-binding protein repeats to successfully 

invade keratinocytes [68] and the involvement of two adjacent genes (fibronectin binding protein 

A & B) for adherence [69] stresses the involvement of more than a single protein in causing 

infection and interacting with host cells. A bacterium responding to its environment and with 
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changes to its environment, proteins must be up-regulated or down-regulated, depending on the 

environmental cues from its surroundings [72]. Expression of adjacent proteins in presence of 

keratinocytes suggests co-expression of these proteins which is supported by previous studies 

reporting co-expression of adjacent genes involved in similar functions [72].  

SAS2373 and SAS2374 were not involved in antimicrobial activity as shown by 

microbial killing assay where no lysis of normal flora was observed and therefore, suggesting 

these proteins are not involved in inhibiting normal flora for colonization. 

Our results with C. elegans indicated no behavioral changes in the presence of SAS2373 

or SAS2374. C. elegans are capable of showing various behavioral changes when harmful or 

toxic chemicals are in its environment [57]. Noticing no change in the behavior pattern and no 

reduction in the number of animals in test plate suggested these proteins were not identified by 

the nematode as harmful to the adult animal or its eggs. As previously shown [26] in this 

laboratory, one hypothetical exported protein from MSSA476 had inhibitory effects on C. 

elegans. It caused reduction in number and bordering with C. elegans exposure to induced 

protein. Both of these characteristics were absent from the current study.  

From the microbial killing assay, C. elegans studies, and mRNA expression results, it 

was observed that the expressed proteins are directly linked to keratinocytes. Many other 

proteins described in previous studies have shown a role in colonization by the production of 

FnBPs which not only help in invasion of the bacteria with high affinity FnBP repeats, but also 

without these repeats or at low affinity. These proteins can help in adhering, followed by 

colonization with undifferentiated epithelial cells [69], suggesting that non-toxic proteins may be 

involved in virulence by other mechanisms such as adherence to the target cells and colonization. 

Colonization is a strategic move to ensure that a bacterium is available to cause infection when 
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conditions are favorable [68]. In our study, we observed that keratinocytes cells were not 

rounded or otherwise visibly affected by MSSA476 co-culture, suggesting that the secreted 

proteins are not cytotoxic or in any other way disrupt the TJs of the keratinocytes. However, our 

observation may be consistent with adhesion to the keratinocytes. Samples collected after 

washing the cells with PBS (therefore, most of the free floating bacterial cells were removed and 

only adhered bacterial cells remained), did not show rounding as they would if TJs were broken 

or indicating any signs of invasion of the keratinocytes. It was obvious, however, that the 

bacteria were bound to the keratinocytes. 

Keratinocytes not only differentiate to form the epidermal outer protective layer but they 

are capable of producing antimicrobial peptides, cytokines, and the junction between the cells 

makes the epidermal layer more rigid and prevents microbes from freely entering our bodies. 

The immune responses associated with keratinocytes are well documented both in in vivo and in 

vitro conditions. 

TJs in the epidermal layers, mostly located in the stratum granulosum, act as a barrier and 

help retain water [73]. Many modes of bacterial invasion or interaction with keratinocytes have 

been described. Some bacterial pathogens are capable of adhering to the junctions and 

internalizing while other pathogens can directly bind to proteins associated with TJ and destroy 

them to gain access to deeper tissues [74]. In the current study, we observed that keratinocytes 

were not visibly affected in presence of MSSA476 for 24 hrs under the conditions used 

suggesting the proteins in question may not be interacting with TJs. If either protein was 

associated with binding to the TJ for the purpose of invading the cell, the keratinocytes should 

have been affected by 24 hrs. If either of the proteins was capable of specifically destroying one 

or more of the TJ proteins, we would have observed keratinocytes cell rounding or deformation 
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due to destruction of TJs between neighboring cells. These observations not only suggest that 

these proteins are not involved in binding to TJs but also that MSSA476 in general was unable to 

interact or destroy TJs located on keratinocytes by any means under these conditions.  

An important observation that was made was in areas of the keratinocyte monolayer 

where the cells did not grow sufficiently to complete the monolayer. The effect of MSSA476 on 

small colonies of cells (3 cell colonies) was that the cells showed rounding or deformation 

indicating proteins associated with the MSSA476 may affect wounded areas where the TJs or 

keratinocyte cells are separated or open to bacterial access. 

Keratinocytes in cell culture can differentiate to produce antimicrobial peptides by 

increasing the amount of calcium (1.15 mM) in medium [43]. With this increase in calcium, 

keratinocytes were shown in previous studies to express increased amounts of antimicrobial 

peptides after 24 hrs of co-incubation intracellular S. aureus [43]. Even with low amounts 

(0.15mM) of calcium chloride in solution, antimicrobial peptides were expressed at low levels 

constantly for 24 hrs [43]. Keratinocyte growth media purchased from Zen-Bio has very low 

concentrations of calcium chloride (approximately 0.016 mM) and may not have enabled 

keratinocytes to differentiate to produce high amounts of antimicrobial peptides. This 

observation suggests that SAS2373 and sas2374 were not expressed in response to antimicrobial 

peptides. 

RNase 7 is another type of antimicrobial produced by keratinocytes, primarily in the 

stratum corneum layers. Studies have shown broad spectrum antimicrobial activity in vitro with 

2-8 µM RNase 7 concentration for 3 hrs towards various bacterial strains [49]. The in vitro study 

concentration is high when compared to an in vivo study measuring RNase 7 from different area 

of the body to be between 0.3-3.5 ng/cm
2
, depending upon individual and site tested on the body 
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[48]. These studies suggest that the amount of RNase 7 produced by our body may not be as high 

as was shown to be necessary for antimicrobial activity towards various bacterial cultures. The 

fact that the RNase 7 is mostly found in the stratum corneum may also suggest the requirement 

for a break in the skin for Staphylococcus aureus to gain access to host tissues. In culture, high 

amounts of RNase 7 have been detected in the supernatant after 16 hrs. Rnase 7 should degrade 

any RNA from the sample or media. The fact that we identified mRNA from keratinocyte co-

culture samples suggests that the RNA was not degraded by RNase 7. It is possible that the initial 

step to stabilize RNA samples using phenol/ethanol mixture may have inhibited RNase 7 

activity. 

Keratinocytes produce cytokines at low levels all the time but in case of a breech the 

cytokine production is elevated and triggers the immune response. In culture, primary 

keratinocytes are known to produce IL-1, IL-6, and TNF-α. They can be induced by toxins, skin 

injuries, UV light, bacterial cell wall components, etc. Studies growing keratinocytes in 

planktonic culture media (PCM) and biofilm culture media (BCM) showed high cytokine 

production with PCM compared to BCM [75]. IL-1 production was not affected by varying 

amounts of calcium chloride in solution and was produced by both differentiated and 

undifferentiated cells [76]. IL-1 and TNF-α played a role in initiating a cytokine cascade which 

would trigger the immune response not only to fight off invading microbes but also to conduct 

repairs caused to the skin barrier. In our experiments, the presence of MSSA476 may have 

triggered the production of cytokines which in turn may have caused expression of SAS2373 and 

SAS2374. Many bacterial proteases are known to bind to TNF-α and deactivate it. Some 

bacterial proteins and toxins are involved in binding to IL-1 and utilize cytokine derivatives as 

growth factors [76]. IL-1, TNF-α, and IL-6 are capable of inducing production of antimicrobial 
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peptides in keratinocytes. Though low amounts of calcium may not initiate production of 

antimicrobial peptides, the cytokines released in response to the bacteria may induce the 

production of antimicrobial peptides [44].  

Therefore, more investigation is required to understand the relationship between the 

expression of SAS2373 and SAS2374 proteins in the presence of keratinocytes and the role they 

play. Increased expression may be in response to antimicrobial peptides or cytokines produced 

by keratinocytes, or may be involved in binding to exposed keratinocytes at the site of a wound.  

Future directions may include growing keratinocytes and causing a wound on the 

cultured cells via a pipette tip, inoculating MSSA476, and observing expression at the mRNA 

level. ELISA tests could be performed on co-cultured samples to test for expression of cytokines. 

An antimicrobial peptides gene expression study could be performed with keratinocytes in 

presence of MSSA476. 
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APPENDIX A: COMPUTATIONAL ANALYSIS 

Gene SAS1678 was identified on geneDB website and according to SignalP 2.0 version 

SAS1678 is exported proteins. SAS1678 was cloned and expressed using gateway cloning 

technique. SDS gel (fig A1) showed bands corresponding to SAS1678 protein size and bands 

were detected on western blot as well. 

 

Figure A 1 SDS gel shows protein bands for induced and uninduced SAS1678 BL-21clone. 

Induced and uninduced SAS1678 BL-21 clone pellet dissolved in sample buffer and loaded onto 

the SDS gel. White rectangle shows highlighted 22  KDa protein corresponding to SAS1678 

protein size.  

Computational analysis of SAS1678 with Signal P 3 version (fig A2) and Phobius ( fig 

A3) showed transmembrane domain, no signal peptide, and cytoplasmic region which suggested 

this protein is non – secretory and stays inside the cell, in the cytoplasm. These results showed a 
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need to further investigate secreted proteins from MSSA476 using various computational 

software’s.   

 

Figure A 2 Signal P 3.0 version plot for SAS1678. 

Computational analysis of SAS1678 with Signal P.3 version software indicating test protein 

probability of signal peptide or cleavage site is zero. 

 

Figure A 3 Phobius plot for SAS1678. 

Analysis of SAS1678 with phobius software showing high probability of protein not being 

secreted and contains transmembrane domain and is cytoplasmic in nature.  
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From gene DB 363 genes were described as hypothetical proteins from MSSA476. All 

363 genes were screened for signal peptide, signal cleavage site, and non - cytoplasmic domains 

using different software’s, Signal P 2 version (Fig A4), Signal P 3 version (Fig A5), Phobius (Fig 

A6), Spoctopus (Fig A7) and TMHMM.(Fig A8) Each of this software’s is capable of identifying 

transmembrane domains, signal peptides and cytoplasmic or non- cytoplasmic regions.  

Each of the 363 genes protein sequence was identified on Kyoto Encyclopedia of Genes 

and Genomes website (KEGG). Each of the protein sequence were individually tested and results 

were gathered and analyzed for all 5 software together to determine if protein is secreted or non 

–secreted with probability of more than 0.5 (probability of 1 being 100%). Each of the genes was 

also checked for signal cleavage site with the probability of more than 0.5 (50%) using Signal P 

2version, Signal P 3 version, and Phobius software’s.  

 

Figure A 4 Example of Signal P 2 version showing exported protein with signal cleavage site. 
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Figure A 5 Example of Signal P 3 version showing exported protein with signal cleavage site. 

 

Figure A 6 Example of Phobius showing exported protein with signal peptide probability in red 

and non-cytoplasmic region in blue. 

 

Figure A 7 Example of SPOCTOPUS software showing protein with signal peptide and non-

cytoplasmic region (outside). 
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Figure A 8 Example of TMHMM software showing exported protein with transmembrane 

domain probability of more than 0.6 (60%). 

Out of all 5 software we found TMHMM showing variable results compared to SignalP 

and Phobius software. TMHMM showed transmembrane domain probability which were not 

identified by Phobius or Signal P software. TMHMM software can identify transmembrane 

regions 98 – 99% accuracy but this software is not accurate in identifying transmembrane 

regions for proteins with signal peptide [77]. This may be the reason why results from Phobius 

and TMHMM varied so much. 

Out of 363 genes, 47 genes were identified as hypothetical secreted proteins. All of the 

47 gene nucleotide sequence was analyzed using BLASTn (NCBI) software to look for 

homologs or percent identity of these genes towards CA MRSA or HA MRSA.  

To look for homologs or percent identity of these genes with CA MRSA or HA MRSA or 

both we located whole genome sequence of all Staphylococcus aureus strain on KEGG website, 

following the information and research articles associated with the search we classified S. aureus 

strains into CA MRSA, HA MRSA, or VISA strains. From this we identified homologs and 
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percent identity towards each of the 47 genes using BLASTn using nucleotide sequence and 

BLASTp with protein sequence of each gene.  

Table A 1 Percent identity of test gene towards HA-MRSA. 

All 17 genes showing 100% identity towards CA-MRSA are listed in this table also showing 

percent identity of these genes towards HA-MRSA.  

Gene Number % Identity 

SAS0284 99% HA-MRSA 

SAS0397 90% HA- MRSA 

SAS0398 99% HA-MRSA, Newman 

SAS0630 99% HA-MRSA 

SAS0661 99% HA-MRSA 

SAS0720 99% HA-MRSA 

SAS0754 99% HA-MRSA, Lab 

SAS0755 97% HA- MRSA 

SAS0964 99% HA-MRSA 

SAS1055 99% HA-MRSA, Newman 

SAS1088 99% HA-MRSA 

SAS2368 96% VISA 

SAS2373 88% HA-MRSA 

SAS2374 74% HA- MRSA 

SAS2442 98% HA-MRSA 

SAS2525 96% Col, Lab 

SAS2189 99% HA - MRSA, 

 

Out of 47 genes we found 24 genes that were secreted outside the cell, did not have any 

transmembrane domains, contains cleavage site, non- cytoplasmic, and unique to CA-MRSA 

with 100 % identity towards only CA-MRSA strains. Out of 24 genes 7 genes were already 

cloned in our lab, remaining 17 genes were again analyzed using protein BLAST to check for 

any homologous protein function that may give hint towards characterization of proteins under 

investigation. 
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Table A 2 BLASTp results with each of the test protein. 

The BLASTp results showed some of the test genes similarity with proteins with known function 

or possible functions. Listed in the table are gene ID and number with possible function achieved 

by Blast P similarity search. 

ID Gene Number Percent identity  

1 SAS0284 Acid phosphatase activity, lipoprotein 

2 SAS0397 Hypothetical exported protein 

3 SAS0398 Hypothetical exported protein 

4 SAS0630 N-acetylmuramoyl-L-alanine amidase, NLPC_P60 

    secretory antigen SsaA-like protein, LysM domain  

5 SAS0661 unique to MSSA476, Hypothetical exported protein 

6 SAS0720 LysM family autolysin, CHAP domain-containing  

    NLPC_P60, secretory antigen SsaA 

7 SAS0754 Extracellular ECM and plasma binding protein 

8 SAS0755 Extracellular matrix -binding protein 

9 SAS0964 Lactococcin, low quality protein 

10 SAS1055 Glycerophosphodiester phosphodiesterase 

11 SAS2368 Unique to MSSA476, hypothetical protein  

12 SAS2373 Uncharacterized lipoprotein 

13 SAS2374 Tandem lipoprotein 

14 SAS2442 Hypothetical protein 

All 14 genes were characterized as hypothetical proteins; in addition to that few strain of 

S. aureus showing identity towards a lipoprotein or other possible function. But all genes showed 

100 % identity towards hypothetical proteins alone with no possible function. Some proteins did 

show domains but looking at the individual domain we found a short sequence of the domain that 

showed similarity towards test protein. 

Hypothetical Exported Proteins SAS2373, SAS2374 & SAS2375 

Increased expression of SAS2373 & SAS2374 mRNA in the presence of keratinocytes 

cell lines shows factors associated with keratinocytes that may have triggered mRNA expression. 
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Both genes are located adjacent to each other and a lipoprotein SAS2375. clustalW alignment of 

all these genes shows similarity between all 3 genes. These proteins are hypothesized as tandem 

lipoproteins. Each lipoprotein consist of lipobox which aids in cleavage of prepostlipoprotein 

signal to release lipoprotein. A lipoprotein consist of positively charged aminoacids in the initial 

residues, presence of hydrophobic aminoacids between the positively charged residues and the 

lipobox, and presence of a Lipobox within the first 40 residues from the N-termninus with the 

consensus as [LVI][ASTVI][ASG][C]. Both genes SAS2373 and SAS2374 are negative for 

lipobox with little variation from that of gene SAS2375 (Fig A9).  

 

Figure A 9 ClustalW alignment of genes SAS2373, SAS2374 & SAS2375. 

The clustalW alignments shows high similarity between all 3 genes. Gene SAS2375 is positive 

for lipobox and is a lipoprotein. Whereas gene SAS2373 and SAS2374 consist of positively 

charged initial aminoacids residues and hydrophobic regions. At the site of lipobox, one 

aminoacids variation was observed with both genes SAS2373 and SAS2374. 
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