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ABSTRACT 

 

THESIS: Development of a High Throughput Small Molecule Screen Using 

Staphylococcus aureus Invasion of Cells  

STUDENT:  S. Ray Kenney 

DEGREE:  Master of Science 

COLLEGE:  Science and Humanities 

DEPARTMENT: Biology 

DATE:  April, 2009 

PAGES:  80 

Staphylococcus aureus is a common and versatile opportunistic pathogen in 

humans.   Increases in the incidence of community acquired and nosocomial infections, 

coupled with the emergence of antibiotic resistant strains, are causing new treatment 

challenges for health care professionals.  S. aureus readily binds to the endothelial cell 

surface and utilizes host cell endocytosis to evade host cell immune responses.  Inhibition 

of endocytosis may cause S. aureus to remain unprotected at the host cell surface, 

allowing host immune systems and other therapeutics more time to clear an infection.  

Simvastatin inhibits host cell endocytosis.  We hypothesize that using simvastatin to 

inhibit S. aureus invasion of host cells, a high throughput, small molecule screen can be 

developed.  The high throughput screen will evaluate the National Institutes of Health 

small molecule library for compounds that better inhibit endocytosis.  Additionally, 2-

dimensional gel electrophoresis will be performed to elucidate the pathway simvastatin 

alters to inhibit endocytosis.   
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Introduction 

 

 

 

 Staphylococcus aureus Significance 

Staphylococcus aureus (S. aureus) is a common and versatile pathogen in humans 

(Lowy).   S. aureus is characterized morphologically as a clustering, facultative anaerobe, 

Gram-positive coccus (Brady; Lowy).  S. aureus is also distinguished from other forms of 

Staphylococcus by gold pigmentation of colonies when grown on blood agar.  S. aureus 

is part of the normal flora of approximately 40% of healthy adults, colonizing skin and 

mucus membranes (Kluytmans; Lowy).  Of individuals who are carriers, 10-20% are 

persistently colonized.  Persistently colonized individuals have the greatest risk of 

acquiring an infection.  S. aureus is an opportunistic pathogen that was thought to remain 

extracellular following host infection (Alexander), although new evidence indicates it can 

be internalized by non-professional phagocytes (Foster).  Infections are classified as 

community acquired, in which the infection is acquired independent of a hospital visit, or 

nosocomial, in which the infection is acquired as a result of a hospital visit.  The number 

of community acquired and nosocomial infections has increased recently (Lowy).   

Community acquired infections of S. aureus can occur through abrasions to the 

epithelial surface, long term contact with a colonized individual or other environmental 
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factors (Lowy).  Most nosocomial infections occur through contact with transiently 

colonized health care workers, use of long term intravenous devices or placement of 

indwelling medical devices (Emori; Fisher; Lowy).  The increase of nosocomial 

infections is consistent with an increase in the number of procedures involving indwelling 

medical devices (Lowy). The skin, nasal passages and other mucus membranes are the 

most colonized areas of the human body (Kluytmans).  Upon breach of the epithelial 

surface, bacteria are carried to the bloodstream and tissues surrounding the wound 

(Emori; Lowy).  Once in the body, circulating S. aureus adhere to matrix molecules 

coating endothelial cells or implanted medical devices, allowing for the colonization of 

internal host tissues, leading to infection (Lowya,b).     

Until recently, S. aureus has been classified primarily as an extracellular pathogen 

(Alexander). This is due to Staphylococcus not being as actively invasive as other 

bacteria such as Listeria or Shigella.  While S. aureus can cause severe infections, some 

strains are more pathogenic than others (Lowy).  Pathogenic forms of S. aureus utilize a 

number of techniques that allow evasion of host immune defenses (Foster).  Another 

method S. aureus evades host defenses is through the secretion of leukotoxins.  

Leukotoxins form β-barrel pores in the cell membrane of leukocytes causing cell death.  

Staphylococcal protein A (SPA) is a cell wall protein present in pathogenic strains of S. 

aureus (Hartleib).  SPA allows S. aureus to bind the Fc region of IgG (Chavakis; Foster; 

Hartleib).  Upon coating with IgG in this incorrect orientation, the bacterial cell is not 

recognized by neutrophils, thereby avoiding phagocytosis.  Additionally, strains of S. 

aureus are able to form a thin layer, polysaccharide microcapsule (Foster).  

Microcapsules help S. aureus avoid phagocytosis by neutrophils.  If engulfed by 
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neutrophils, S. aureus possesses cell wall modifications that allow for survival within the 

phagosome.  Specialized cell wall proteins inactivate or bind antimicrobial peptides 

within the phagosome.  In addition to the ability to evade host cell immune response in 

extracellular spaces, S. aureus is also able to invade non-professional phagocytes (Boyso; 

Finlay; Foster; Lowy).   

Two methods which S. aureus may utilize leading to infection have been 

proposed (Lowyb).  The first method involves the direct binding of S. aureus on 

endothelial cell membranes, leading to small colony variant formation on cell surfaces.  

S. aureus possesses microbial surface components recognizing adhesive matrix molecules 

(MSCRAMMs) anchored to its cell wall (Schwarz-Linek).  MSCRAMMs such as elastin-

binding protein, collagen-binding protein and fibronectin-binding protein (FnBP) coat the 

surface of S. aureus (Lowy).  These proteins allow S. aureus to bind extracellular matrix 

proteins present on the host cell surface in intracellular spaces or on indwelling medical 

devices (Fisher; Lowy; Proctor).  Matrix proteins are present between cells and 

commonly coat long term indwelling medical devices such as catheters and joint 

replacements.  Staphylococcal binding on medical devices or between cells can lead to 

long term colonization, while binding of these proteins on cell surfaces can induce 

endocytosis.  S. aureus that bind at these locations can form small colony variants (SCV) 

(Proctor).  SCVs are defined as having a colony size approximately 10 times less than 

that of the parent colony when grown on blood agar.  Other defining characteristics of 

SCVs include non-pigmentation of colonies, non-hemolytic and have a negative reaction 

to a coagulase test.  SCV S. aureus are more resistant to antibiotic treatment and can 

remain in tissues for more than 40 years without a patient presenting with symptoms.  
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The mechanism through which SCVs are able to persist is unknown.  Though the 

formation of SCVs within the host does not lead to invasion of host cells, it does allow 

for colonies to remain in extracellular space and evade host immune response.   

The second method S. aureus can use to evade host immune response is invasion 

of host cells using bridging proteins (Lowyb).  S. aureus binds serum or matrix proteins.  

These proteins simultaneously bind bacteria and a receptor on the cell surface. These 

proteins are known as bridging proteins.  The use of bridging proteins allows S. aureus to 

be engulfed endocytically by non-professional phagocytes in vitro.  The extracellular 

matrix molecule fibronectin (Fn) is a commonly studied bridging protein.  The 

MSCRAMM, FnBP, is utilized to evade host defenses and gain entry into host cells.  Fn 

is a common constituent of endothelial extracellular matrix and serum (Chavakis).  

Serum Fn also coats surgically implanted devices (Fisher).  Circulating S. aureus binds 

Fn (Chavakis).  If on the surface of an implanted device, this could lead to the formation 

of a SCV (Proctor).  Once Fn binds its receptor α5β1 on the surface of epithelial or 

endothelial cells, endocytosis is induced (Agerer; Peacock).  The Fn/receptor binding 

initiates receptor mediated endocytosis, internalizing the bacteria/Fn complex.  Following 

internalization, bacteria are able to evade host immunological defenses, replicate and 

survive free within cellular cytosol (Bayles) or inside lysosomes (Schröder).  Internalized 

S. aureus also induces the release of cytokines and enzymes by the host cell, leading to 

lysosome evasion or deactivation, inflammation of surrounding tissues, movement to 

neighboring host cells and host cell apoptosis (Bayles; Finlay; Lowy; Wesson).  S. aureus 

utilizes receptor mediated endocytosis in non-professional phagocytes to evade host cell 

immune defenses leading to infection (Agerer; Chavakis; Diekema; Peacock).     
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To date, prevention of S. aureus infection has been limited to topical treatments or 

antibacterial soaps given to high risk patients (Lowy).  For hospitalized individuals at a 

high risk of nosocomial infection such as intravenous needle users, young and elderly 

individuals or otherwise immunocompromised patients, preventative intravenous 

antibiotics are administered.  Careful preventative measures are not always enough and 

infections occur.  As a result, the number of community acquired and nosocomial 

infections has increased in recently (Lowy). S. aureus infections are generally mild 

resulting in minor inflammation or abscess formation at the infection site (Chavakis; 

Lowy).  Minor infections are easily treatable with topical or oral antibiotics (Lowry).  

However, patients undergoing invasive procedures or immunocompromised individuals 

have an increased risk of severe infection (Lowy; Petti).  Severe infections can lead to 

complications such as bacterial sepsis, endocarditis, pneumonia, osteomyelitis, and septic 

arthritis (Arrecubieta; Emori; Lowy; Petti).  These cases of severe infection require long 

term, intense treatment with antibiotics that may target a specific strain of S. aureus, as 

well as treatment for additional complications.   

Bacterial sepsis from nosocomial infections is expensive and often fatal (Angus).  

Sepsis is defined as systemic inflammation leading to multiple organ failure and death 

due to infection (Bone).  In the United States, sepsis is the 10
th

 leading cause of death 

annually (Angus).  S. aureus is the most common etiological agent of sepsis from 

nosocomial infection (Diekema).  Sepsis from nosocomial infections is more prevalent; 

however, it should be noted that cases of sepsis from community acquired infections is on 

the rise (Gardam; Hiramatsu; Lowy).  Treatment of bacterial sepsis is prescribed on an 

individual basis but usually consists of antibiotic to reduce bacterial population and 
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reduction of the systemic inflammation, usually with human activated protein C (de 

Backer).   However, the increase in antibiotic resistant strains (Gardam; Hiramatsu; 

Lowy) and SCV of S. aureus (Proctor) create challenges in elimination of bacteria from 

patients.  The need for novel therapeutics independent of antibiotics should be explored.   

Antibiotic Resistance 

Approximately one-third of patients who develop nosocomial infections receive 

intravenous antibiotics (Emori).  Antibiotics are defined as either bactericidal or 

bacteriostatic (Finberg).  Bactericidal drugs are cytotoxic to the target organism, while 

bacteriostatic drugs prohibit further proliferation.  Treatment of severe S. aureus 

infections is commonly performed using a combination of penicillin derived antibiotics, 

quinolones, cyclin based antibiotics, and rifampin (Lowy).  Penicillin or the derivatives 

methicillin and vancomycin remain the primary treatment for S. aureus infections.  

Additional compounds are prescribed to improve bactericidal effects and help prevent the 

emergence of resistant strains.  Penicillin, methicillin and vancomycin are cytotoxic 

through different pathways.  Penicillin was first described in the 1940s and functions as a 

cell wall synthesis inhibitor (Waxman).  The penicillin molecule is comprised of a β-

lactam core surrounded by functional groups (Rolinson).  Penicillin and later derivatives 

function as cytotoxic molecules by binding the penicillin binding protein (PBP) present in 

the cell wall of bacteria.  PBP functions to form bonds between peptidoglycans which are 

necessary for cell wall synthesis (Chambers).  The β-lactam method of action breaks 

bonds between peptidoglycans, thereby destroying the cell wall and inhibiting further 

synthesis.  The use of penicillin led to the discovery or synthesis of other β-lactam based 

drugs such as amoxicillin, ampicillin and methicillin (Rolinson).  S. aureus infections 
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were treated almost exclusively using penicillin.  However, selective pressures placed on 

S. aureus due to penicillin produced antibiotic resistance (Barbosa).  The term antibiotic 

resistance can be defined as the survival and spread of bacteria in the presence of 

antibiotic which otherwise should be cytostatic or cytotoxic.  Within 10 years of use, the 

majority of S. aureus hospital isolates had developed resistance to penicillin (Rolinson).  

Penicillin resistant Staphylococcus aureus (PRSA) infections were treated with a 

combination of β-lactam based drugs.  The use of β-lactam drugs led to the selection of β-

lactamase producers in S. aureus (Chambers).  β-lactamase functions by hydrolyzing the 

β-lactam ring in penicillin derived antibiotics, thereby neutralizing the drug.  In the 

1960s, methicillin-resistant Staphylococcus aureus (MRSA) emerged (Gardam).  In the 

case of MRSA, there were multiple changes to S. aureus.  Some strains began to produce 

β-lactamase (Gardam) while genetic mutation of other strains caused alterations to 

structure but not function of the β-lactam target, PBP (Chambers; Nikaido).  MRSA 

infections were then treated with the antibiotic vancomycin as well as combinations of 

other penicillin and non-penicillin based antibiotics (Lowy).  Vancomycin is a metabolic 

byproduct of Streptomycetes (Nikaido).  The method of action of vancomycin differs 

from β-lactam.  Rather than bind peptidoglycans specifically, vancomycin binds a 

precursor molecule.  This prevents peptidoglycans from forming, preventing cell wall 

synthesis.  However, overuse, poor health care practices and selection pressures have led 

to the emergence of vancomycin-resistant Staphylococcus aureus (VRSA) strains 

(Hiramatsu; Lowy; Nikaido).    

It has become clear that S. aureus, as well as other nosocomial pathogens, are 

either naturally resistant or can develop resistance to clinical antibiotics (Emori; Gardam; 
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Hiramatsu; Nikaido).  As previously stated, antibiotic resistance is the ability of a 

pathogen to survive in the presence of antibiotic that should be cytotoxic to the bacteria 

(Barbosa).  A number of factors have lead to bacteria developing antibiotic resistance.  

Factors influencing resistance include inadequate infection control in hospitals, high 

antimicrobial usage in a specific area over time, patient movement between medical 

facilities, high levels of illness in a geographic location and the natural evolution of 

pathogens (Barbosa; Stein).  These pressures push bacteria into developing resistance.  In 

S. aureus, resistance can be acquired through gene exchange of resistance plasmids, 

bacteriophage injection of genetic material, uptake of genetic material within the 

antibiotic solution or transformation of target proteins (Chambers; Nikaido).  Antibiotic 

resistance, developed through external pressures, can function through a number of 

different biochemical methods (Nikaido; Stein).  Commonly, the antibiotic target protein 

is modified to alter structure but not function (Chambers; Nikaido; Rolinson).  Alteration 

of the target protein allows bacteria to survive by presenting no target for antibiotic 

action.  This is the case with the emergence of MRSA (Chambers).  Point mutations at 3 

loci in PBP altered the structure, causing β-lactam to have no affinity for the new PBP.  

Another method of resistance causes enzymatic deactivation of the antibiotic (Nikaido).  

This is common in antibiotic drugs from natural metabolites such as kanamycin or 

vancomycin which can be easily deactivated by phosphorylation, acetylation, adenylation 

or hydrolysis of active sites on the drug.  Less specific modes of resistance such as 

bacterial cell membrane pumps may also be employed.  These pumps either limit all 

incoming nutrients, lowering the antibiotic concentration within the bacterium, or efflux 

cytosolic material to reduce antibiotic concentrations within the bacterial cell.   
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Antibiotic resistance in S. aureus has developed largely as a result of antibiotic 

overuse in hospital settings (Aminov; Barbosa).  To add to the threat of nosocomial 

infections, strains of MRSA now comprise over 50% of community acquired infections 

(Drees; Gardam).  Whether this is due to relocation from hospital settings or increased 

antimicrobial usage in non-hospital settings is unclear.  Currently, fewer than 5% of 

nosocomial S. aureus infections are sensitive to penicillin (Lowy).  Though still rare, an 

increasing number of combined methicillin/vancomycin resistant strains are being 

isolated from nosocomial infections (Hiramasu; Nikaido).  Increased infections coupled 

with the emergence of antibiotic resistant strains of S. aureus create new challenges for 

health care professionals (Emori; Gardam; Hiramatsu).  Though antimicrobials such as 

lysostaphin are being considered as treatment options, alternatives to antibiotics should 

be considered (Kumar).  Understanding modes of infection utilized by S. aureus could 

lead to novel therapeutics to limit infection.  Because S. aureus utilizes receptor mediated 

endocytosis as a primary method of cellular invasion, inhibition of endocytosis could 

prove to be a useful therapeutic tool.  Patients on a statin regimen prior to bacterial sepsis 

have an increased chance of survival (Liappis).  Additionally, statins have been shown to 

inhibit endocytosis (Cordle; Horn; Sidaway).   

Statins 

Statins are typically prescribed for therapeutic reduction of cholesterol in patients 

with hypercholesterolemia (Istvan); however, additional pleiotropic benefits have been 

observed (Davingnon; Tobert; van Zweitin).  Statins treat hypercholesterolemia by 

limiting cholesterol biosynthesis, thereby decreasing the levels of cholesterol in the 

bloodstream (Tobert).  Cholesterol synthesis is a complex biochemical pathway requiring 
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over 30 enzymes.  Statins function by inhibition of the enzyme 3-hydroxyl-3-

methylglutaryl-coenzyme A (HMG-CoA) reductase at the rate limiting step of de novo 

cholesterol synthesis (Diagram 1).  At this point, HMG-CoA is converted into 

mevalonate.  Further processing of mevalonate leads to the production of cholesterol.  By 

blocking cholesterol synthesis at this point, intermediate products leading to cholesterol 

synthesis are not formed.  Two intermediates of note are farnesyl-pyrophosphate (Fpp) 

and geranylgeranyl-pyrophosphate (GGpp).  Fpp and GGpp are utilized to prenylate 

proteins, allowing translocation to the cell membrane (Bishop; Cordle; Corsini).  The 

importance of Fpp and GGpp will be discussed later.   

  

 

 

 

 

 

 

 

 

 

HMG-CoA Reductase Statins 

Geranylgeranyl-PP 
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Diagram 1 – Simplified cholesterol biosynthesis pathway depicting 

the method of action employed by statins. Adapted from Corsini et 

al., 1999. 
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The mechanism by which statins inhibit HMG-CoA reductase is simple (Endo).  

During cholesterol synthesis, HMG-CoA binds to the reductase enzyme, followed by 

binding of NADPH.  Reduction occurs and NADP, CoA and mevalonate are released 

from the reductase.  Mevalonate is further processed until cholesterol is created.  A 

lactone ring in the molecular structure of statins is as an analogue to HMG-CoA 

(Diagram 2).  Inhibition occurs because HMG-CoA reductase has an increased affinity 

for statins in place of HMG-CoA.  When a statin binds HMG-CoA reductase, the active 

site is bound using the lactone group and the functional side chains block the 

hydrophobic pocket, preventing the binding of NADPH (Endo; Istvan).  The efficiency of 

inhibition depends on the structure of the statin being used. 

 

 

 

 

 

 

HMG-CoA Mevastatin 

HMG-CoA Analogue 

Diagram 2 – Molecular structures of HMG-CoA and 

Mevastatin show structural similarities of the lactone ring. 

Adapted from Endo, 1992. 
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            Mevastatin, the first statin used in the treatment of hypercholesterolemia, was 

isolated from Penicillium citrinum (Endo).  The same compound was later isolated from 

Penicillium brevicompactum and designated compactin.  Once mevastatin was 

established as a HMG-CoA inhibitor, the search for other statins began.  Currently, seven 

statins are used clinically (Schacter).  Of the statins being prescribed clinically, 

lovastatin, pravastatin and simvastatin are synthetically altered fungal deriviatives.  

Atorastatin, cerivastatin, fluvastatin, pitavastatin and rosuvastatin are fully synthetic 

compounds.  However, cerivatatin has been removed from clinical use due to a high 

incidence of myopathy leading to rhabdomyolysis. Statins have different levels of activity 

and are prescribed according to patient needs (Endo).  Primarily prescribed for lipid 

lowering, adverse effects as well as pleiotropic benefits of statins have been identified 

(Endo; Tobert). 

A number of adverse effects in animal models have been identified (Tobert).  

These include but are not limited to increases in hepatic transaminases, vascular lesions 

of the central nervous system, cataracts and myopathy.  It should be noted that these 

effects have only been recorded at extremely high doses, well above therapeutic levels.  

Replacement therapy with mevalonate, an intermediate of the cholesterol synthesis 

pathway, reduces these adverse effects (Corsini; Tobert).  However, replacement of 

mevalonate will also lead to an increase in cholesterol production.  Additionally, 

replacement therapy with mevalonate has been shown to return host cell invasion by S. 

aureus to untreated levels (Horn).  High concentrations of some statins has also been 

shown to be cytotoxic (Schacter; Tobert).  Cerivastatin was removed from the market as 

long term effects of the drug proved to be more damaging than helpful to patient well 
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being.  Synthetic statins have a higher binding affinity to HMG-CoA reductase and 

therefore a lower therapeutic dose is required (Istvan; Tobert).  However, these 

compounds also are more detrimental to patients than fungal derived statins (Istvan; 

Schacter; Tobert).  Simvastatin has the lowest therapeutic concentration of the semi-

synthetic statins, being twice as potent as either lovastatin or pravastatin (Endo).  Since 

prescription of simvastatin began in the 1980s, side effects noted with its use at 

therapeutic concentrations are generally minor and reversible with additional therapies.  

However, rhabdomyolysis, the breakdown of skeletal muscle, occurs in rare instances and 

is a potentially lethal side effect (Schachter).   

The term pleiotropic effects describe any benefits to the patient system other than 

those of prescription (Davingnon).  Statins have cardioprotective effects including 

improved hemodynamics, enhancement of the nitric oxide synthase pathway, ischemic 

preconditioning and decreased risk of coronary heart disease (Eto).  Patients receiving 

statins have a decreased risk of developing atherosclerosis (Corsini; Schacter).  Patients 

with atherosclerosis may experience a reversal of the disease state upon treatment with 

statins.  This may be due in part to the removal of plasma lipids which stabilizes current 

plaques and reduces plaque size.  It has been recently noted that statins have limited 

antimicrobial effects (Jerwood).  However, concentrations of statins required to exhibit a 

significant antimicrobial effect are much higher than therapeutic doses in vivo.  This 

effect may be due in part to statins being fungal metabolite derivatives, like standard 

antibiotics, although the method of action as an antibiotic is unclear.  Use of statins 

decreases the risk of mortality in patients following onset of bacterial sepsis (Kruger) and 

affects cellular dynamics, reducing cellular endocytosis (Cordle; Sidaway).  
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The primary method of S. aureus invasion of the host cell is through receptor 

mediated endocytosis (Lowy).  Statins reduce cellular endocytosis due to the inhibition of 

HMG-CoA reductase (Cordle; Horn; Sidaway). Inhibition of HMG-CoA reductase 

diminishes the pool of nonsterol intermediates necessary for cellular endocytosis 

(Clague).  A decreased pool of cholesterol synthesis intermediates reduces the pool of 

isoprenoid intermediates Fpp and GGpp (Bishop; Liao).  Fpp and GGpp are 15- and 20- 

carbon chain molecules, respectively (McTaggart) and are important intermediates in a 

number of cellular pathways (Corsini).  Fpp and GGpp are also used to prenylate 

proteins.  Prenylation, a posttranslational modification that adds a hydrophobic chain to a 

protein, causes localization to lipid membranes within the cell (McTaggart).  Proteins that 

become prenylated function as nuclear lamellins, phosphatases, peroxisomal proteins and 

small guanosine triphosphatases (GTPases) required for intracellular transport, signal 

transduction and cytoskeletal assembly (Corsini).  Following treatment with simvastatin, 

the concentration of isoprenoids Fpp and GGpp are reduced, thereby reducing the 

concentration prenylated proteins (Cordle; Sidaway).  Reduction of prenylated proteins 

lowers the availability of prenylated proteins necessary for cytoskeletal rearrangement, 

thereby inhibiting endocytosis.   

Small G-Proteins 

The Ras superfamily of small GTPases functions as molecular switches for a 

number of downstream effects (Bishop).  The family is comprised of 20-30kDa proteins.  

These proteins alternate between an inactive guanosine diphosphate (GDP) bound state 

and an active guanosine triphosphate (GTP) bound state.  The Rho sub-family of 

GTPases is comprised of 10 proteins, 3 of which, Rac, Rho and Cdc42, have been well 
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characterized.  Following activation, Rho GTPases are prenylated and move to the cell 

membrane prior to interaction with their effectors.  Rac, Rho and Cdc42 are utilized for 

actin cytoskeletal rearrangement (Bishop; Cordle; Heasman).  It is through these and 

other small GTPases that endocytosis occurs (Clague).  The Rho sub-family, and Cdc42 

in particular, plays an important role in protein-protein interactions (Bishop).  

Specifically, Cdc42 facilitates interactions between cytosolic and membrane bound 

proteins involved in actin rearrangement.  Cdc42 affects phagocytosis and cell motility 

through actin rearrangement (Haesman) as well as mediating kinase activity (Bishop).  

However, in response to statins, prenylation of Rho family GTPases does not occur 

(Cordle; Horn). 

Prenylation of the Rho GTPases is necessary for localization to the cell membrane 

(Bishop; Horn).  In response to statins, isoprenoid concentrations are reduced (Clague) 

and prenylation of GTPases does not occur (Cordle; Takai).  Decreased Fpp and GGpp 

prevents GTPase prenylation and translocation to the membrane (Bishop; Horn).  

However, simvastatin stimulates GTP loading (Cordle).  GTPases, such as Cdc42, 

become active but remain non-functional due to improper cellular localization.  An 

inhibition of endocytosis occurs through the loss of localization of GTPases not through a 

lack of GTPase activation. 

 Cdc42 is known to associate with a number of proteins in its active state (Bishop).  

Serine/threonine kinases such as the p-21 activated kinase (PAK) family, scaffold 

proteins such as IQGAP and lipid kinases such as phosphoinositide-3-kinase (PI3K) 

associate with activated Cdc42 (Bishop, Zheng).  PAK family proteins function with c-

jun N-terminal kinases and are responsible for a number of cellular effects including 
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cytokine release, regulation of apoptosis and actin rearrangement (Bishop).  IQGAP 

regulates cell to cell signaling and interacts with actin during cytoskeletal rearrangement.  

PI3K phosphorylates the lipid substrates phosphoinositide (PI), PI 4-monophosphate, or 

PI 4,5-bisphosphate at the cell membrane leading to the formation of PI 3-

monophosphate, PI 3,4-bisphosphate, and PI 3,4,5-trisphosphate respectively 

(Vanhaesebroeck).  The formation of PI-3-trisphosphate attracts Akt to the cell 

membrane where it is now accessible to PKB for activation, initiating a number of 

downstream effects including protein synthesis, regulation of apoptosis and actin 

remodeling.  The interaction of Cdc42 and PI3K may be responsible for modulating actin 

dynamics (Zheng). 

PI3K 

The mammalian PI3K family of proteins is comprised of 3 classes 

(Vanhaesebroeck).  Each class of PI3K is activated by distinct extracellular stimuli and 

utilizes specific forms of phosphoinotide as a lipid substrate.  Class I family members are 

comprised of a catalytic subunit, p110, and an adapter subunit, p55, p85 or p101.  PI3K 

class I interacts with Rho family GTPases through the p85 subunit (Gammel; Horn; 

Vanhaesebroeck; Zheng).  PI3K is a cytosolic protein; however, its lipid substrate is 

membrane bound (Vanhaesebroeck).  PI3K associates with Rho family GTPases and the 

complex is translocated to the cell membrane (Bishop; Horn; Vanhaesebroeck).  PI3K 

then phosphorylates its membrane bound substrate and signaling cascades responsible for 

a number of downstream effects involving apoptosis, cell survival, cell signaling, and 

cytoskeletal rearrangement can begin (Vanhaesebroeck).  One effect of PI3K includes 

endocytosis, though the exact mechanism remains unclear (Marshall).     
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Small GTPases which associate with PI3K (Gammel; Horn; Vanhaesebroeck; 

Zheng) may be necessary for receptor mediated endocytosis (Horn).  Small GTPases are 

sequestered to the cytosol in the presence of simvastatin (Cordle; Horn).   Simvastatin 

lowers the isoprenoid concentration necessary for GTPase prenylation.  The result is 

decreased GTPase and PI3K available at the membrane.  Using simvastatin to inhibit host 

cell invasion by S. aureus, as a model system of infection, novel therapeutic agents can 

be explored with a high throughput, small molecule screen.  

Small Molecule Libraries and High Throughput Screening 

Development of novel therapeutic agents is an expensive and time consuming 

process.  Since the early 1900s, pharmaceutical companies have used large numbers of 

small molecules in laborious experimentation to investigate new therapeutic options 

(IngleseA).  Small molecules are usually described as chemical compounds that have a 

molecular weight of 1000 or less.  Small molecule libraries commonly consist of 

hundreds of thousands of compounds.  Traditional laboratory methods take months if not 

years to run a library of that size against a single assay.  To offset the expense of 

maintaining a small molecule library, pharmaceutical companies are only interested in 

highly marketable drugs.  As the size of these small molecule libraries increased, the need 

for new testing methodologies was realized (IngleseB).  Through the use of 96-, 384-, or 

1536-well microwell plates and highly sensitive chemical assays, high throughput 

screening (HTS) can be accomplished.  HTS is an undefined term but generally refers to 

the ability to test hundreds or thousands of samples a day against a designed assay.  This 

can be done through manned workstations, fully automated robotics or any combination 

thereof.   
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Due to the expense of maintaining a small molecule library, high throughput 

screens are conducted at core facilities (IngleseA).  Generally this means only large 

corporations can have a library available for use.  The National Institutes of Health have 

realized the benefit of having a small molecule library available to principle investigators.  

To fill this need, the NIH recently established the Molecular Libraries Initiative (MLI).  

A central resource of the MLI is its high throughput libraries, which has been made 

available to the scientific community.  The MLI is a combination of facilities, each with a 

specific research aim.  The MLI network maintains a small molecule library of over 

200,000 small molecule compounds.  These facilities allow investigators to submit 

assays for a HTS against the NIH small molecule library. 

Prior to submission of a HTS protocol, certain parameters must be met.  The flow 

of material and data through HTS can be broken down into 5 steps; assay design, small 

molecule library screening, HTS processing, post-HTS analysis and reporting of results 

(IngleseC).   

The assay tests the biological response of interest.  The assay description should 

include the biological process being tested, the positive or negative results expected and 

controls included.  This allows specific compounds to be tested and reported so that work 

can be duplicated if required.  Establishing parameters for the small molecules being 

tested allows for replicates to be established prior to high throughput processing.  In 

addition to interplate replicates, compounds are tested for a dose-response.  Checking 

dose response helps to determine if a compound can be utilized as a drug.   

Small molecule library screening can be performed using the entire library or a 

subset.  For the purposes of this study, a probable subset to investigate would be fungal 
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metabolites and derivatives.  Early antibiotics were discovered from fungal sources 

(Eagle), statins are fungal derivatives (Tobert) and show some antimicrobial effect 

(Jerwood).  Fungal derivatives within the NIH small molecule library would show the 

most promise for inhibition of endocytosis as well as the possibility for antimicrobial 

effects.   

HTS processing is generally done using microtiter plates (IngleseC).  To 

efficiently and cost effectively accomplish the required number of tests in a day, 

experimental conditions should be as small as possible.  This allows for a large portion of 

the work to be automated.  Automation ensures accuracy, precision and timely 

completion of the experiment.  During processing, interplate controls are set up to 

identify and correct for discrepancies in the automated system.  Intraplate controls are set 

up to adjust for the biological response over time.  If a large number of plates are being 

processed, there may be differences in biological response between the time the first plate 

is measured and the last plate is measured.  Intraplate controls can help account for these 

changes.   

Post-HTS analysis consists of identifying active returns and validation of 

positives.  Active returns are those compounds which show activity in the assay.  

Validation of these active compounds is done using a secondary screen.  The secondary 

screen should consist of a different assay method to check primary returns.  Following 

verification, the chemical structure of positives should be checked to ensure the correct 

chemical is being reported.   

Reporting of data should include all the necessary information about assay design, 

library composition, HTS protocol, and validation steps.  The report should also include a 
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ranking of all validated positives based on activity, as well as why any reported primary 

compounds were disqualified following secondary screen.   

Radiation and photons are commonly used as reporters for HTS (IngleseB).  

However, photons are gaining prominence due to ease of use and cost effectiveness.  

Fluorescent or bioluminescent light is the most widely used detection method of 

compound activity.  Fluorescent probes can be chemical or genetic based (Bosci; 

IngleseB).  Fluorescent probes emit light at different wavelengths permitting multiplexed 

reports from a single cell.  In some instances fluorescent labeling of a single protein is 

enough to give a report of activity.  An increase or decrease in fluorescence is easily 

measureable (IngleseB).  Therefore, a measurement of fluorescence correlates with 

compound activity.  Previously, HTS was based on laser scanning microplate cytometry 

and measured overall fluorescence within a well (Auld).  Coming into prominence is 

scanning fluorescence microscopy. 

 Scanning fluorescence microscopy is becoming more prevalent as a cell-based 

high throughput screening technique (Carpenter).  To date, the largest users of this 

technique have been pharmaceutical companies as a validation screen.  This is partially 

due to the large amount of time spent visually analyzing images looking for specific 

phenotypic traits.  However, new technologies have developed this into a primary 

screening technique and screens against libraries of 10
4
–10

5
 small molecules are not 

uncommon (Auld; Carpenter).  For example, the Acumen Explorer is able to read 

300,000 samples a day making multiparameter measurements on individual cells within a 

1536-well microplate (Auld).   Within a cell, fluorescently labeling proteins can indicate 

protein-protein interaction or protein stability over time.  Fluorescently labeling a 
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bacterium allows it to be tracked in and around host cells (Schröder).  Using the Acumen 

Explorer, data is collected and analyzed using fluorescence units rather than comparing 

raw image data, although that option is available.  Analysis of fluorescence units 

increases turnaround time between sample processing and primary screen verification.   

 Following the return of active compounds from the primary screen a secondary, 

or validation, screen needs to be performed (IngleseC).  The purpose of the secondary 

screen is to verify the activity of active compounds from the HTS through a different 

assay.  This screen can be in high throughput or traditional lab format.  Ideally, the 

secondary screen would test a separate cellular response due to the positive control 

compound.  In this study, simvastatin is utilized as the positive control to test host cell 

internalization of S. aureus.  Alternate cellular responses due to simvastatin, such as post 

labeling S. aureus or alterations to actin formation (Horn), could be implemented during 

a secondary screen.  In a secondary screen utilizing postlabeling of S. aureus, positive 

compounds should resemble the primary screen.  In a secondary screen examining actin 

formation, actin fibers in cells treated with positive compounds should resemble the actin 

fibers in cells treated with simvastatin following invasion with S. aureus.  However, the 

secondary screen is not limited by the necessity of a high throughout format, because the 

sample size being tested is already considerably smaller than the primary screen 

(IngleseA).   
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Study Significance  

 An increase in the number of invasive patient procedures, an increase in the 

number of immunocompromised patients and poor health care practices have caused an 

increase in the incidence of nosocomial S. aureus infections (Lowy).  Simultaneously, 

there has been an increase in the number of community acquired S. aureus infections 

(Hiramatsu; Lowy).  Increases in the incidence of infection, coupled with the emergence 

of antibiotic resistant strains, causes new challenges for health care professionals (Lowy).  

S. aureus utilizes endocytosis to evade host cell immune responses (Chavakis; Diekema; 

Horn; Peacock).  By inhibiting host cell uptake of S. aureus bacterial cells will not be 

protected by host cells.  This may allow host immune responses and other therapeutics 

more time to clear the infection.  Simvastatin inhibits host cell endocytosis (Cordle; 

Horn; Sidaway).  We hypothesize that using simvastatin as a control to inhibit S. aureus 

invasion of host cells, a high throughput, small molecule screen can be developed.  The 

purpose of the screen will be to evaluate the MLI small molecule library for compounds 

that better inhibit S. aureus invasion of host cells.  Additionally, 2-dimensional gel 

electrophoresis will be performed to examine changes in Cdc42 association following 

host cell treatment with simvastatin.  By examining changes in association, the method of 

action by which simvastatin inhibits endocytosis can be better elucidated.   
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Research Methods 

 

 

 

Host cell culture   

Human embryonic kidney 293A cells (HEK293A) (Invitrogen, Carlsbad, CA, 

R70507) were maintained with Dulbecco’s Modified Eagle Medium (DMEM) 

(Invitrogen, 11960-044) supplemented with 10% fetal bovine serum (FBS) (Atlanta 

Biologicals, Norcross, GA, S11150) and 2mM L-glutamine (Invitrogen, 25030-081) (5% 

CO2, 37°C).  Human lung carcinoma endothelial cells (A549) (American Type Culture 

Collection (ATCC), Manassas, VA, CCL-185) were maintained with HAMS F-12K 

medium (ATCC, 30-2004) supplemented with 10% FBS, 1500 mg/L sodium bicarbonate 

(Sigma, S6297) and 2mM L-glutamine (5% CO2, 37°C).  Human lung carcinoma 

epithelial cells (H441) (ATCC, HTB-174) were maintained with RPMI-1640 medium 

(ATCC, 30-2001) supplemented with 10% FBS and 2mM L-glutamine (5% CO2, 37°C).  

Human umbilical vein endothelial cells (HUVEC) (Invitrogen, C-015-10C) were 

maintained with M200 medium (Invitrogen, M200-500) supplemented with low serum 

growth supplement (LSGS) (Invitrogen, S-003-10) (5% CO2, 37°C).  Cells were 

maintained in 75cm
2
 filter top tissue culture flasks (Fisher, Waltham, MA, 430641).  

Experiments were performed in 35mm tissue culture plates (Fisher, 08-772A), 35mm 
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glass bottom tissue culture plates (Mat-TEK, Ashland, MA, P35GC1.5-10-C), 96-well, 

glass bottom plates (Mat-TEK, P96G-1.5-5F) or 100mm tissue culture dishes (Sarstedt, 

Newton, NC, 83-1802).  For experiments with HEK293A and HUVEC cells, 

experimental culture dishes were treated with Attachment Factor (Invitrogen, S-006-100) 

to enhance cellular adhesion to the culture dish.   

Pretreatment of cells  

To assess the effects of simvastatin (Calbiochem, San Diego, CA, 567021) on 

bacterial invasion, host cells were pretreated with vehicle control or drug.  Simvastatin is 

water insoluble and was dissolved using dimethyl sulfoxide (DMSO) (Fisher, BP231-1).  

DMSO was used as drug vehicle for all experiments at a final concentration equal to the 

highest concentration of simvastatin for each experiment.  Simvastatin was used to 

pretreat cells at a concentration of 0.3, 1, 3, 10or 30μM as appropriate.  DMSO and 

simvastatin were diluted using media for each appropriate cell type.  Cells were incubated 

with vehicle or drug at 5% CO2, 37ºCfor 18h prior to invasion with S. aureus.   

To assess the alteration of small GTPase associations due to simvastatin, cells 

were pretreated with DMSO or simvastatin.  Vehicle control and drug were diluted in 

10% FBS in 1X phosphate buffered saline (PBS) (Invitrogen, 20012-043) to a final 

concentration of 0.1% DMSO or 10μM simvastatin.  Cells were incubated with vehicle or 

drug at 5% CO2, 37ºC for 18h prior to protein harvest.   

Bacterial culture  

S. aureus stock culture (ATCC, 29213) was maintained on tryptic soy agar 

(Sigma, 22091) slants (4ºC). To ensure bacteria used for infection were viable, bacterial 

cultures of S. aureus were transferred to tryptic soy broth (TSB) (Sigma, 22092) 
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(150rpm, 37ºC).  Subcultures of TSB culture were made 18h prior to host cell invasion.  

Host cell invasion occurred while bacterial culture was in log phase.     

Living S. aureus used for infection were collected by centrifugation (10,000 rpm, 

3 min, 37ºC) and supernatant was removed.  Bacterial pellet was washed using 37ºC 

saline.  Bacteria were collected from saline by centrifugation and supernatant removed.  

Living bacterial pellet was resuspended to a concentration of 3x10
8
 cells/ml in 37ºC 

saline.  This cell suspension was used for bacterial invasion of host cells. 

To prepare heat killed S. aureus, bacteria were collected as above.  Bacterial 

pellet was washed using 37ºC saline.  Bacteria were collected from saline by 

centrifugation and supernatant removed.  Following the wash, the bacterial pellet was 

resuspended in saline and incubated in 80ºC water bath for 20 minutes.  Following 

incubation, bacteria was collected and washed as above.  Heat killed bacterial pellet was 

resuspended to a concentration of 3x10
8
 cells/ml in 37ºC saline.  This cell suspension was 

used for bacterial invasion of host cells. 

Bacterial invasion 

Bacteria prepared as described above were added to cell culture dishes containing 

host cells and media.  On day 2 of plating, host cell cultures were incubated with bacteria 

for 1h (5% CO2, 37°C).  Following incubation, media was aspirated and dishes were 

washed with sterile 1X PBS.  To eliminate extracellular bacteria, host cells were 

incubated with 50μg/ml gentamicin (Sigma, G1397) and 20μg/ml lysostaphin (Sigma, 

L7386) in 10% FBS/PBS for 45 minutes (5% CO2, 37°C).  Gentamicin and lysostaphin 

solution was aspirated and cells were washed using sterile 1X PBS.  Following the wash, 
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internalized bacteria were recovered or host cells were fixed for confocal laser scanning 

microscopy.   

Fluorescent staining 

To assess levels of bacterial invasion using confocal laser scanning microscopy, 

bacteria were fluorescently labeled.  Prelabeling will refer to bacteria stained prior to host 

cell invasion.  Postlabeling will refer to bacteria stained following bacterial invasion of 

host cells.    Staphylococcal surface protein A (SPA) and fibronectin binding protein 

(FnBP) readily bind the heavy chain of immunoglobulin G (IgG) (Hartleib; Knecht).  

Alexa Fluor antibodies are constructed using fluorophore bound to the light chain of IgG.  

The heavy chain of the Alexa Fluor IgG can then bind the SPA on the bacterial cell 

surface.   

S. aureus cells were labeled using Alexa Fluor 405 goat-anti-rabbit IgG 

(Invitrogen, A-31556), Alexa Fluor 488 rabbit-anti-mouse IgG (Invitrogen, A-11059) or 

Alexa Fluor 555 rabbit-anti-mouse IgG (Invitrogen, A-21427) at a concentration of 

4μg/ml.  Living bacteria were incubated with Alexa Fluor antibodies for 20 min at room 

temperature following initial saline wash.  Heat killed bacteria were incubated with Alexa 

Fluor antibodies for 20 min at room temperature following incubation at 80ºC.  

Prelabeled bacteria were washed 4 times with 37ºC saline as previously described to 

remove unbound IgG.  Following the final wash, bacterial pellet was resuspended to a 

concentration of 3x10
8
 cells/ml in 37ºC saline. 

Host cell actin was stained using Alexa Fluor 488 phalloidin (Invitrogen, A-

12379) at a 1:40 dilution in 1X PBS.  Following fixation, host cells were permeabilized 

and blocked using 0.1% Triton X-100 (Sigma, T8787), 1% FBS in 1X PBS while rocking 
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at room temperature for 30 minutes.  Cells were washed 4 times with 1X PBS.  Cells 

were probed for actin using phalloidin while rocking at room temperature for 30 minutes.  

Cells were then washed 4 times with 1X PBS.  

Total Pixel Intensity 

 Measurement of fluorescence was obtained using a Zeiss Axiovert200 confocal 

laser scanning microscope.  For each experiment, gain and offset levels were set using the 

brightest experimental condition.  These levels were not changed between scanning of 

each condition.  3 fields of view were captured from each replicate.  Z-stacks were set 

above and below the layer of cell growth for each field of view.  Frame size and Z-

sectioning were set to Nyquist sampling.  Each Z-stack was combined to form a 

maximum pixel projection image.  A maximum pixel projection uses the maximum pixel 

intensity from each pixel within a Z-stack to create a projected image.  Projected images 

were then used to determine total pixel intensity.  Total pixel intensity for each projected 

image was determined by multiplying each pixel intensity by its frequency within the 

image.  The sum of these values was considered total pixel intensity.   

Primary screen 

Host Cell Invasion Following Pretreatment with Simvastatin on Day 2 of Plating 

To examine levels of bacterial invasion of host cells in different conditions, 

invasion assays were performed.  Host cell invasion by S. aureus can be achieved with 1h 

incubation at day 4 of plating (Brown; Horn; Knecht).  It is generally accepted that a cell 

based high throughput screen should take no more than 48h between plating and addition 

of experimental compound (Inglese).  To examine if host cell invasion could be obtained 

and to determine if simvastatin inhibits bacterial invasion of host cells in the 48h 
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timeframe, an invasion assay was performed on day 2 of plating of host cells.  This assay 

was performed using all cell types.  Cells were plated at a density of 1x10
5
 cells/ml on 

35mm dishes.  Cells were pretreated with DMSO or 10μM simvastatin 18h prior to 

invasion.  Cells were cultured for 48h and subjected to bacterial invasion as described 

above.  Host cells were then permeabilized using 1% saponin (Sigma, S-4521) in 1X PBS 

for 20 minutes (5% CO2, 37ºC) to release internalized bacteria.  1% saponin solution 

containing internalized bacteria was collected.  Bacterial solution was serially diluted 10
1
, 

10
2
 and 10

3 
in 1X PBS and plated on TSA.  TSA plates were incubated at 37ºC overnight.  

Following overnight incubation, the lowest dilution of plates with individual colonies was 

selected.  Individual colonies were counted from the selected plates and colony forming 

units (cfu) per ml was determined.     

Heat Killed vs. Living Bacteria 

To assess invasion of heat killed versus living S. aureus, host cells were subjected 

to invasion using prelabeled heat killed or living bacteria.  This assay was performed 

using all cell types.  Cells were plated at a density of 1x10
5
 cells on 35mm, glass bottom 

tissue culture dishes.  Glass bottom tissue culture dishes were used so that the vessel 

could be used for confocal microscopy.  Cells were cultured for 48h.  S. aureus were heat 

killed or living, prelabeled with Alexa Fluor 488 goat-anti-rabbit IgG or Alexa Fluor 555 

goat-anti-rabbit IgG and resuspended to 3x10
8
cells/ml.  Host cells were subjected to 

bacterial invasion by heat killed or living prelabeled S. aureus.  Extracellular bacteria 

were lysed and removed from host cells as described above.  Host cells were fixed using 

4% paraformaldehyde (Electron Microscopy Science, Hatfield, PA, 15710).  A549 and 

H441 cells were stained for actin. Cells were mounted in 1,4-diazabicyclo[2.2.2]octane 
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(DABCO) mounting media (Sigma, D2522) and covered using 1.5mm coverslip 

(Daigger, EF1972D).  Plates were imaged using a Zeiss Axiovert200 confocal laser 

scanning microscope.  Confocal images were captured using a C-Apochromat 40X, 1.2 

NA water immersion lens with correction collar, zoom level 1.0 and LSM 5 Pascal 

scanhead.  Alexa Fluor 488 goat-anti-rabbit IgG was excited using 488nm argon (Ar) 

laser line and detected using 505-600nm bandpass filter.  Alexa Fluor 555 goat-anti-

rabbit IgG was excited using 543nm helium-neon (HeNe) laser line and detected using 

560-615nm bandpass filter.  3 fields of view from each plate were captured.  Z-sectioning 

and frame size were set to Nyquist sampling.   Maximum pixel projections were 

generated and analyzed for total pixel intensity.   Total pixel intensities were averaged 

and compared using Student’s t-test.   

Prelabeled Bacterial Invasion 

To determine if cellular invasion was altered in response to fluorescent labeling of 

S. aureus, invasion assays using prelabeled living bacteria were performed.  FnBP on the 

cell wall of S. aureus binds fibronectin (Chavakis, Peacock).  S. aureus then binds the Fn 

receptor α5β1 on the host cell surface and becomes internalized (Peacock).  Because FnBP 

can also bind IgG, it is necessary to determine if binding of the Alexa Fluor IgG 

interferes with the host cell internalization of S. aureus. Cells were plated at a density of 

2x10
5
 on 35mm tissue culture dishes.  After 48h of growth, cells were incubated with 

living S. aureus prelabeled with Alexa Fluor 488 goat-anti-rabbit IgG.  Invasion, 

recovery and culture of internalized bacteria were performed as described above.  

Following overnight incubation, the lowest dilution of plates with individual colonies was 
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selected.  Individual colonies from selected plates were counted and cfu/ml was 

determined. 

Effect of Simvastatin on Heat Killed Bacterial Invasion of Host Cells 

To assess the effectiveness of simvastatin on invasion levels of heat killed S. 

aureus, pretreated cells were infected using heat killed S. aureus.  This assay was 

performed using A549, H441 and HUVEC cells.  Cells were plated at a density of 1x10
5
 

cells on 35mm, glass bottom tissue culture dishes and cultured for 2 days.  Cells were 

cultured for 48h and subjected to bacterial invasion using previously described 

conditions.  Cells were pretreated with DMSO or 10μM simvastatin 18h prior to 

invasion.  Cells were subjected to bacterial invasion using heat killed S. aureus, 

prelabeled with Alexa Fluor 488 goat-anti-rabbit IgG.  Following invasion and removal 

of extracellular bacteria, host cells were fixed as described above.  Plates were imaged 

using a Zeiss Axiovert200 confocal laser scanning microscope.  Confocal images were 

captured using a Plan-Neofluar 10x objective lens, zoom level 0.7 and LSM 5 Pascal 

scanhead.  Alexa Fluor 488 goat-anti-rabbit IgG was excited using 488nm Ar laser line 

and detected using 505-600nm bandpass filter.  3 fields of view from each plate were 

captured.  Z-sectioning and frame size were set to Nyquist sampling.  Z-stacks were set to 

capture image slices above and below the cell monolayer.  Maximum pixel projections 

from the 488nm Z-stacks were generated. Projected images were analyzed using total 

pixel intensity.  A value was obtained from the pixel intensity multiplied by the 

frequency at that pixel intensity.  The sum of these values was considered the total pixel 

intensity.  Averaging total pixel intensities for each field of view allows for relative 

quantification of internalized bacteria.  This measurement was used to assess levels of 
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invasion.  Average total pixel intensities from each condition were used for comparison 

across groups. 

Miniaturization of Protocol 

 To determine if the above method could be used for a high throughput small 

molecule screen, it first needed to be miniaturized.  A high throughput screen must 

perform a protocol using thousands of compounds with dose response in a single day 

(Inglese).  The described method was done using large numbers of cells, in high volumes 

of media and with a large quantity of reagents.  To accomplish a high throughput screen, 

the above method needed to be miniaturized to a 96-well microtiter plate.   

HUVEC were plated into a 96-well, glass bottom, tissue culture microtiter plate at 

a density of 4x10
4
 cells per well at day 0.  On day 1, experimental wells were pretreated 

using DMSO, 0.3μM, 3.0μM or 30μM simvastatin.  Control wells containing HUVEC 

pretreated but not subject to invasion, HUVEC not pretreated but subject to invasion and 

blank wells subject to invasion were also included.  Each experimental condition was run 

in triplicate.  Host cells were subjected to bacterial invasion using heat killed S. aureus 

prelabeled with Alexa Fluor 488 goat-anti-rabbit IgG as described above.  Invasion, 

washing of extracellular bacteria and fixing of cells for confocal microscopy was 

performed as described above.  Cells were washed with 1X PBS to remove fixative.  

Cells were imaged while in 1X PBS.  Confocal images were captured using a Plan-

Neofluar 20x objective lens, zoom level 0.7 and LSM 5 Pascal scanhead.  Alexa Fluor 

488 goat-anti-rabbit IgG was excited using 488nm Ar laser line and detected using 505-

600nm bandpass filter.  3 fields of view were captured from each well.  Z-sectioning and 

frame size were set to Nyquist sampling.  Z-stacks were set to capture image slices above 
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and below the cell monolayer.  Maximum pixel projections from the 405nm Z-stacks 

were generated. 3 fields of view from each well were captured.  Projected images were 

analyzed for total pixel intensity to assess levels of invasion.  Average total pixel 

intensities from each condition were used for comparison across groups. 

Statistical Analysis 

Normally distributed data collected from infection assays and laser scanning 

microscopy was subjected to Student’s t-test.  P values < 0.05 were considered 

statistically significant.  Normally distributed data from laser scanning microscopy 

experiments comparing levels of bacterial invasion in host cells pretreated with DMSO or 

simvastatin were subjected to one-way ANOVA followed by a Student-Neuman-Keuls 

post-hoc analysis to determine any statistical significance between experimental groups.  

Secondary screen 

 To verify whether compounds from the primary HTS are inhibiting the invasion 

of S. aureus into host cells, a secondary screen is required.  The secondary screen is used 

to validate positive compound hits (Inglese).  Prior to submission of a protocol to the 

NCGC, at least one secondary screen must be submitted with the primary screen. 

To ensure that this screen captures compounds that may inhibit all methods of 

bacterial invasion, a similar protocol was followed.  HUVEC were plated into a 96-well, 

glass bottom, tissue culture microtiter plate at a density of 4x10
4
 cells per well at day 0.  

On day 1, experimental wells were pretreated using DMSO, 0.3μM, 3.0μM or 30μM 

simvastatin.  Control wells containing HUVEC pretreated but not subject to invasion, 

HUVEC not pretreated but subject to invasion and blank wells subject to invasion were 

also included.  Each experimental condition was run in triplicate.  Host cells were 
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subjected to bacterial invasion using heat killed non-labeled S. aureus.  Invasion, washing 

of extracellular bacteria and fixing of cells for confocal microscopy was performed as 

described above.  Cells were washed with 1X PBS to remove fixative.  Cells were 

permeabilized and blocked using 0.1% Triton (Sigma, T8787), 1% BSA (Invitrogen, 

16000-036) in 1X PBS.  Cells were washed using 1X PBS and probed using a 1:2000 

dilution of α-S. aureus antibody (Meridian Life Sciences, Saco, ME, B6588R).  Cells 

were probed for 30 minutes at room temperature while rocking.  Cells were washed 4 

times using 1X PBS.  Cells were probed for 30 minutes using 1:250 dilution of Alexa 

Fluor 405 goat-anti-rabbit (Invitrogen, A110-08) at room temperature while rocking.  

Cells were washed 4 times using 1X PBS.  Cells were imaged while in 1X PBS.  

Confocal images were captured using a Plan-Neofluar 20x objective lens, zoom level 0.7 

and LSM 5 Pascal scanhead.  ALEXA FLUOR 405 GOAT-ANTI-RABBIT IGG was 

excited using 405nm Ar laser line and detected using 395-425nm bandpass filter.  3 fields 

of view from each well were captured.  Z-sectioning and frame size were set to Nyquist 

sampling.  Z-stacks were set to capture image slices above and below the cell monolayer.  

Maximum pixel projections from the 405nm Z-stacks were generated. Projected images 

were analyzed for total pixel intensity to assess levels of invasion.  Average total pixel 

intensities from each condition were used for comparison across groups.  Statistical 

analysis of these data performed as described above. 

Cdc42 association protocol 

 To compare compounds from the HTS that inhibit invasion in a manner similar to 

simvastatin, an additional protocol is required.  The following method is designed to 

examine changes in small GTPase association using 2-dimensional gel electrophoresis 
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(2DGE).  Simvastatin prevents the prenylation of small GTPases, preventing their 

localization to the cell membrane (Cordle).  Simvastatin also GTP loads GTPases, 

causing activation and association with target proteins.  These changes in association may 

be instrumental in inhibiting host cell invasion by S. aureus.   This protocol transfected 

HEK293A cells with a mutant form of the small GTPase Cdc42.  Following transfection, 

cells were treated with DMSO or simvastatin and then lysed.  Immunoprecipitation 

separated mutant Cdc42 and associated proteins from the lysate.  2DGE of 

immunoprecipitated fractions allowed a comparison of DMSO to simvastatin treated 

cellular lysates to identify changes in protein associations.  Following the HTS, this 

protocol can be applied to positive compounds to identify any that also alter changes in 

small GTPase association. 

Cellular transfection 

 To obtain quantifiable levels of Cdc42 for 2DGE, cells were transfected with 

C507V/V5 Cdc42 in pUSE. Small GTPases interact with PI3K to localize PI3K to the 

cell membrane (Brown; Gammel; Horn; Vanhaesebroeck; Zheng).  Small GTPases, such 

as Cdc42, are in low abundance in the cell.  Transfection of cells allows quantifiable 

levels of Cdc42 to be produced.  C507V/V5 Cdc42, a mutant form of Cdc42 that is 

localized to the cytosol because it lacks the site used for prenylation and contains a V5 

tag, was used to transfect cells (Brown).   

HEK293A cells were plated at a density of 2x10
6
 cells on 100mm tissue culture 

plates.  Plates were treated with Attachment Factor to enhance cellular adhesion to the 

plate surface.  Day 1 following plating, cells were transfected using 500μl Opti-MEM 

(Invitrogen, 31985-062), 35μl FuGENE HD (Roche, 4709691001) and 10μg Cdc42 
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C507VnV5 in pUSE plasmid DNA.  Cells were treated with transfection reagents for 6h.  

After 6h, transfection reagents were removed, washed using 1X PBS and fresh HEK293A 

media was added.  Day 2 following plating, cells were treated with DMSO or 10μM 

simvastatin in 10%FBS/PBS.  Simvastatin causes GTP loading of small GTPases 

(Cordle).  GTP loading causes a change in association between GTPases and other 

proteins (Bishop; Cordle; Heasman).  Cells were washed using 1X PBS and pretreatment 

was added.  Day 3 following plating, protein lysates were harvested on ice.  Cells were 

washed using 1X PBS and lysed for 15 minutes using 1ml 4ºC relaxation buffer pH 7.3, 

100mM KCl (Sigma, P9541), 3mM NaCl (Fisher, MSX04251), 3.5mM MgCl2 (Sigma, 

M8266), 1.25mM EGTA (Sigma, E3889), 10mM PIPES (Sigma, P1851) and Complete 

Mini-Tab protease inhibitors (Roche, 1836153).  This buffer is used to lyse cells, 

solubilize proteins and inhibit protease activity.  After 15 minutes, cells were scraped 

from plates using a cell scraper (Fisher, 08-773-2) and each treatment was added to a 5ml 

polypropylene falcon tube (Fisher, 14-959-11A).  Cells were further lysed by sonication 

(Ultrasonic Power Corp., Freeport, IL, 1000L) for 10 seconds.  To eliminate DNA, the 

solution was treated with 125U of endonuclease (Sigma, E8263) for 20 minutes while 

rocking at room temperature.  The solution was centrifuged for 10 minutes at 10,000 rpm 

at 4ºC.  This removes cellular debris and DNA from the solution.   

Following the centrifugation, the supernatant was removed to an ultracentrifuge 

tube (Beckman, 344059) for membrane protein separation.  The supernatant was 

centrifuged for 1 hour at 110,000xg at 4ºC.  Centrifugation separates membrane proteins 

into a pellet while the cytosolic proteins are left in solution.  Following 

ultracentrifugation, the supernatant was moved to 6ml aliquots in 14ml conical tubes 
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(Fisher, 14-959-11B) and stored at -80ºC.  The membrane pellet was retained in the 

ultracentrifuge tube and stored at -80ºC.   

Protein concentration determination 

 To ensure equal concentrations of protein was used from cytosolic fractions of 

DMSO and simvastatin treated cells, protein concentrations were measured.  To 

determine protein concentrations a Coomassie-based colorimetric assay was used.  Dye 

Reagent Concentrate (Bio-Rad Laboratories, 500-0006) undergoes a color shift in the 

presence of protein.  The spectral absorbance maximum of the dye-protein complex is 

595nm.  Measuring the absorbance of the experimental samples and comparing the 

absorbance against a known standard concentration curve, the protein concentration of 

the sample can be interpolated.   

 A serial dilution of Bovine Gamma-Globulin (BGG) standard (Bio-Rad 

Laboratories, 500-0208) was performed.  By making serial dilutions and plotting the 

known concentration of each dilution against the absorbance value a standard curve was 

generated.  The absorbance of the experimental samples was plotted along the curve and 

the protein concentration was interpolated.  A 1:2 dilution was performed of the stock 

BGG to obtain a working stock of 1mg/ml protein.  The working stock was serially 

diluted 4 times at a 1:2 dilution to obtain standard curve solutions at 0.5, 0.25, 0.125 and 

0.0625mg/ml.  Undiluted, 1:10 and 1:100 dilutions of cytosolic fractions from DMSO 

and simvastatin treated cells were used for the assay.  Dilutions of cell fractions and 

whole cell lysate were made to ensure a concentration reading within the range of the 

standard curve was obtained.  The assay was performed in a 96-well microtiter plate 

(Fisher, 08-772-2C) using 10μl of sample.  Dye reagent was diluted 1:4 using double 
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distilled water.  A blank of relaxation buffer was used to zero the spectrophotometer.  

The undiluted, 1:10, 1:100 dilutions of the experimental samples and standard curve were 

loaded onto the plate in triplicate.  After the standard and samples had been loaded, 200μl 

diluted dye reagent was added to relaxation buffer blank and wells containing sample.   

The microtiter plate was read using a Bio-Rad model 680 plate reader (Bio-Rad 

Laboratories, Hercules, CA, 168-1000) with the Microplate Manager 5.2.1 software.  The 

correlation coefficient, or r
2
 value, for the standard curve was examined.  An r

2 
>0.9 

indicates a proper trend line established by the standard curve and only standard curves 

with r
2
 >0.9 were used.  The experimental sample concentrations were given in mg/ml 

based upon the absorbance values of the standard curve.   

Western Blotting 

 To determine if transfection of HEK293A cells occurred, western blotting was 

performed.  Protein concentrations from whole cell lysate of C507V/V5 Cdc42 

transfected HEK293A cells were obtained using the above method.  Gel electrophoresis 

was performed using 50μg of total protein from DMSO and simvastatin treated groups 

and SeeBlue plus 2 prestained standard (Invitrogen, LC5925).  Samples were run using 

NuPAGE 4-12% Bis-Tris polyacrylamide gel (Invitrogen, NP0321) in 1X NuPAGE MES 

SDS running buffer (Invitrogen, NP0002).  Gels ran at 200V for 50m.  PVDF membrane 

(Invitrogen, LC2002) was prewet using methanol, rinsed twice in deionized water and 

allowed to equilibrate in 1X NuPAGE Transfer Buffer (Invitrogen, NP00061).  Protein 

was then transferred from the PAGE to equilibrated PVDF membrane in 1X transfer 

buffer.  Transfer to membrane was done at 60V for 30 minutes.  Following transfer, 

membrane was allowed to air dry.  Membrane was then rewet using methanol, rinsed in 
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1X PBS and blocked for 1h in Odyssey Blocking Buffer (LI-COR, Lincoln, NE, 927-

4000) while shaking at room temperature.  Membrane was then probed using a 1:5000 

dilution of mouse-anti-V5 IgG (Invitrogen, R960-25), 0.1% TWEEN-20 (Sigma, P5927) 

in Odyssey Blocking Buffer for 1h while shaking at room temperature.  Membrane was 

probed again using a 1:40,000 dilution of anti-mouse 800CW IgG (Rockland 

Immunochemicals, Gilbertsville, PA, 610-131-121), 0.1% TWEEN-20 in Odyssey 

Blocking Buffer for 1h while shaking at room temperature.  Following the addition of 

secondary fluorescent antibody, the membrane was protected from light.  After secondary 

probe, the membrane was washed using 0.1% TWEEN-20 in 1X PBS briefly, then twice 

for 5 minutes while shaking to remove non-specifically bound antibody.  Membrane was 

washed using 1X PBS and imaged using the LI-COR Odyssey imager. 

 Imaging was performed using LI-COR Odyssey infrared imager.  Membrane was 

scanned using the 700nm and 800nm channels.  This allows for imaging of the prestained 

standard as well as the fluorescently labeled V5 proteins.   

Immunoprecipitation 

 To separate C507V/V5 Cdc42 protein complexes from the cytosolic fractions, 

immunoprecipitation (IP) was performed.  The cytosolic fraction contains the C507V 

Cdc42 with a V5 tag (Brown).  By performing an IP, C507V Cdc42 can be removed from 

the cytosolic fraction.  Additionally, any proteins associating with C507V Cdc42 will 

also be removed.  Following IP, the recovered proteins will be used for 2DGE. 

 All steps of IP were performed at 4ºC.  1mg of protein was removed from the 

DMSO and simvastatin cytosolic fractions and placed in fresh 14ml conical tubes.  8μl of 

anti-V5 antibody was added to each sample.  Samples were rocked at 4ºC overnight.  
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Following incubation, 100μl of protein G bead slurry (Invitrogen, 10-1241) was added to 

each sample.  Samples were rocked for 2 hours.  Samples were centrifuged 30 sec at 

3,000 rpm.  Beads were washed with 1ml of 4ºC 1X PBS and transferred to 1.5ml 

microcentrifuge tubes.  Samples were centrifuged at 10,000 rpm.  Supernatant was 

removed and beads were washed 4 times using 1ml of 4ºC 500mM LiCl (Sigma, L4408), 

100mM Tris-HCl (Sigma, T1378) pH 7.5.  Protein beads were washed 4 times with Milli-

Q water.  Following final spin with water, supernatant was removed.  To recover 

proteins, beads were incubated at 37ºC for 10 minutes in 35μl Extraction Reagent buffer 

2 (Bio-Rad Laboratories, 163-2013) containing 2mM tributylphosphine (TBP) (Bio-Rad 

Laboratories, 163-2101).  Beads were centrifuged at 14,000 rpm for 3 minutes and 

supernatant was recovered. 

2-dimensional gel electrophoresis 

 To assess changes in C507V Cdc42 associations in the presence of simvastatin, 

2DGE was performed.  2DGE utilizes the chemistry of proteins to separate them based 

upon their overall isoelectric point (pI) and molecular weight.  The protein recovered 

from the IP beads was diluted using Extraction Reagent buffer 2 containing 2mM TBP 

and bromophenol blue.  This was used to rehydrate the isoelectric focusing (IEF) strip for 

the 1
st
 dimension separation.  The IEF strip is then applied to a sodium dodecyl sulfate 

polyacrylamide gel (SDS-PAGE) for 2
nd

 dimension separation.   

 Protein solution recovered from the IP beads was diluted in 150μl Extraction 

Reagent buffer 2 containing 2mM TBP and bromophenol blue.  Each sample was placed 

in a well of an IEF rehydration tray (Bio-Rad Laboratories, 165-4025).  ReadyStrip pH 3-

10 nonlinear IPG strips (Bio-Rad Laboratories, 163-2106) were placed, gel side down, on 
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top of the pipetted sample.  The strip and sample solution were covered with a mineral oil 

(Bio-Rad Laboratories, 163-2129) overlay to prevent dehydration of the strip or 

evaporation of the sample.  The strips were allowed to rehydrate overnight.  Following 

rehydration, strips were moved to an IEF focusing tray.  Focusing of the IEF strips was 

done at 500V for 1 hour, 100V for 1 hour and 8,000V for 30,000 volt-hours.   

 Prior to 2
nd

 dimension separation, IEF strips needed to be equilibrated.  

Equilibration was done using 100mM dithiothreitol (DTT) (Bio-Rad Laboratories, 161-

0611) and 250mM iodoacetamide (IA) (Sigma, I1149) dissolved in equilibration buffer 

base containing 6M urea (Bio-Rad Laboratories, 161-0731), 2% sodium dodecyl sulfate 

(SDS) (Bio-Rad Laboratories, 161-0418), 0.05M Tris-HCl (Sigma, T1378)and 20% 

glycerol (Invitrogen, 15514-011).  Equilibration of the IEF strips serves to reduce and 

alkylate the proteins.  Components of the equilibration buffer also help to keep the 

proteins from precipitating out of the gel and give the proteins a net negative charge.  The 

strips were equilibrated in 100mM DTT and then 250mM IA.  Both equilibrations were 

done at room temperature while rocking.  Strips were then rinsed using Milli-Q water.  

IEF strips were placed on Criterion Tris-HCl 4-20% SDS-PAGE gels (Bio-Rad 

Laboratories, 345-0104).  IEF strips were overlaid with 0.5% agarose overlay gel (Bio-

Rad Laboratories, 163-2111).  In addition to IEF strips, 5μl of 1:40 dilution Broad Range 

SDS-PAGE standards (Bio-Rad Laboratories, 161-0317) were loaded onto the 2
nd

 

dimension gels.  Gels were run using 1X Tris-Glycine-SDS buffer (Bio-Rad 

Laboratories, 161-0732) at 200V for 55 minutes.   
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Gel imaging 

 To analyze the 2D gels, they were stained with SYPRO Ruby protein stain 

(Invitrogen, S12001).  Gels were washed for 5 minutes in distilled water at room 

temperature while rocking.  Gels were then fixed using a 10% ethanol 7% acetic acid 

solution for 30 minutes at room temperature while rocking.  Gels were washed twice with 

distilled water. Gels were stained using SYPRO Ruby protein stain overnight at room 

temperature while rocking. During staining, gels were protected from light to prevent 

degradation of the fluorescent stain.   

 Following staining, gels were washed using 10% ethanol 7% acetic acid solution 

for 30 minutes at room temperature while rocking.  This step decreases the amount of 

background fluorescence visible during imaging.  Stained gels were imaged using a Gel 

Doc XR Imager and Quant One software.  Images were analyzed using PDQuest 

Software. 

Image analysis 

To assess changes in protein association with C507V/V5 Cdc42, 2D gels were 

analyzed using PDQuest software.  Automatic spot detection was performed on gels and 

spots were checked manually.   Automatic matching, background subtraction and 

normalization of gels were performed using PDQuest preset methods.  A master gel was 

created and experimental gel images were compared against the master.  Protein spots 

were considered significant if they showed a 2-fold change in relative abundance between 

treatment groups.  
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Results 

 

 

 

Simvastatin Inhibits S. aureus Invasion of Host Cells on Day 2 of Plating 

  Previous work in the lab performed host cell invasion on day 4 of plating.  

However, the time required for an assay in a high throughput screen should be as short as 

possible.  The first goals of the study were to examine if host cell invasion could be 

successful and to determine if simvastatin inhibits S. aureus invasion of host cells at 48h 

of plating.  Invasion assays were performed on day 2 of plating of host cells.  Bacterial 

invasion assays were performed using A549, H441, HEK293 and HUVEC.  It was 

important to determine which cell type would be best suited for the small molecule 

screen.  These cell types were selected because they are present in areas of the body 

where S. aureus aggregates during severe infection (Lowy).   

Host cells were plated in 35mm tissue culture dishes.  Cells were pretreated with 

DMSO, 1 or 10μM simvastatin 18h prior to bacterial invasion.  On day 2, host cells were 

subjected to invasion with non-labeled, living S. aureus for 1h (37ºC, 5% CO2).  

Following invasion, extracellular bacteria were lysed using gentamicin and lysostaphin at 

37ºC for 45m and washed from host cells.  Internalized bacteria were recovered, serially 

diluted and plated on TSA plates.  TSA plates were incubated overnight at 37ºC.  Colony 
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counts of plates were averaged for each experimental group.  Averages were subjected to 

Student’s t-test.   

Recovered internalized bacteria were cultured on TSA plates.  Colony forming 

units correlate to the number of host cell internalized S. aureus.  Colony counts from 

simvastatin treated plates were lower than DMSO treated plates.  This indicates there 

were fewer internalized S. aureus recovered from simvastatin treated cells than DMSO 

treated cells.  S. aureus invasion of HUVEC and HEK293A cells pretreated with 1μM 

simvastatin decreased approximately 75% and 25% respectively (Fig 1).  S. aureus 

invasion of A549 and H441 cells pretreated with 10μM simvastatin each decreased 

approximately 70% (Fig1).  Statistical analysis of colony counts indicate the decrease in 

levels of invasion were statistically significant in A549, HEK293A and HUVEC.  

Although counts indicate a decrease in invasion in H441 cells, these data were not 

statistically significant.  During the experiment, difficulties were encountered with 

HEK293A cells.  HEK293A would not remain adhered to the tissue culture plate during 

wash steps.  Because the HTS will be performed using a robot, spot checking plates for 

cellular adhesion at every wash step would not be feasible.  As a result, following this 

assay HEK293A cells were removed from further consideration.  Subsequent 

experiments were performed using only A549, H441 and HUVEC.   
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Figure 1 – Simvastatin decreases bacterial invasion of host cells on day 2 of 

plating.  Cells cultured at 37ºC, 5% CO2 in respective media as described above. Host 

cells pretreated with DMSO, 1 or 10μM simvastatin 18h prior to S. aureus invasion. 

Host cell invasion was performed using 1.2x108 bacterial cells at 48h of plating for 1h 

at 37ºC, 5% CO2.  Extracellular bacteria were lysed using gentamicin/lysostaphin and 

washed from host cells. Internalized bacteria were recovered, serially diluted and 

plated on tryptic soy agar. Plates were incubated at 37ºC overnight. Individual colonies 

were counted and averaged. Data subjected to Student’s t-test, * indicates p < 0.05 

compared to control. Human umbilical vein endothelial cells (HUVEC), human 

embryonic kidney 293A (HEK293A) cells, human lung endothelial cells (A549), 

human lung epithelial cells (H441). 

HUVEC 

A549 

HEK293A 

H441 
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Heat Killed S. aureus Invade Host Cells on Day 2 of Plating 

 To prevent contamination of individuals or equipment during the high throughput 

screen, heat killed bacteria should be used.  The second goal was to determine if host cell 

invasion can be performed using heat killed bacteria in place of living bacteria.  

Pathogenic strains of S. aureus possess MSCRAMMs allowing invasion of host cells 

(Lowy; Peacock).  The use of a pathogenic strain in the HTS increases the risk of an 

individual acquiring an infection while running the screen.  Additionally, the use of 

pathogenic bacteria could contaminate core facility equipment.  The use of heat killed 

bacteria during the HTS would decrease the risk of infection and prevent contamination 

while acquiring data.  Additionally, actin was stained in A549 and H441 cells.  Previous 

work has characterized actin fiber disassembly during S. aureus invasion of HUVEC 

(Horn; Knecht).  Actin staining may provide a reasonable secondary screen. However, 

the response of actin to S. aureus invasion in A549 and H441 cells was previously 

uncharacterized.  To assess invasion of heat killed versus living S. aureus, host cells were 

subjected to invasion using prelabeled, heat killed or living bacteria.  Laser scanning 

confocal microscopy was used to measure levels of fluorescence.     

This assay was performed using A549, H441 and HUVEC.  HEK293A cells were 

removed from the study following the first assay and were not used.  A549 and H441 

cells were plated and cultured as described above.  Cells were not pretreated prior to 

bacterial invasion.  Bacteria were either heat killed or living and prelabeled using Alexa 

Fluor rabbit-anti-mouse 555 IgG.  Host cells were subjected to bacterial invasion, 

removal of extracellular bacteria and fixed as described above.  Cells were then 

permeabilized, blocked and stained for actin using Alexa Fluor 488 phalloidin.  Images 
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were captured using a C-Apochromat 40X, 1.2 NA water immersion lens with correction 

collar, zoom level 1.0 and LSM 5 Pascal scanhead.  Alexa Fluor 488 phalloidin was 

excited using 488nm argon (Ar) laser line and detected using 505-600nm bandpass filter.  

Alexa Fluor rabbit-anti-mouse 555 IgG was excited using 543nm helium-neon (HeNe) 

laser line and detected using 560-615nm bandpass filter.  Laser lines were used 

sequentially to avoid crosstalk between fluorophores.  Z-stacks were set to capture image 

slices above and below the cell monolayer.  Z-sectioning and frame size were set to 

Nyquist sampling.   Maximum pixel projections were generated and analyzed for total 

pixel intensity.   Total pixel intensities were averaged and compared using Student’s t-

test. 

HUVEC were plated and cultured as described above.  Cells were not pretreated 

prior to bacterial invasion.  Bacteria were either heat killed or living and prelabeled using 

Alexa Fluor rabbit-anti-mouse 488 IgG. Host cells were subjected to bacterial invasion, 

removal of extracellular bacteria and fixed as described above.  Images were captured 

using a C-Apochromat 40X, 1.2 NA water immersion lens with correction collar, zoom 

level 1.0 and LSM 5 Pascal scanhead.  Alexa Fluor rabbit-anti-mouse 488 IgG was 

excited using 488nm Ar laser line and detected using 505-600nm bandpass filter.  Images 

were captured using differential interference contrast (DIC).  Z-stacks were set to capture 

image slices above and below the cell monolayer.  Z-sectioning and frame size were set 

to Nyquist sampling.   Maximum pixel projections were generated and analyzed for total 

pixel intensity.   Total pixel intensities were averaged and compared using Student’s t-

test. 
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 Only prelabeled internalized S. aureus images were used for data collection.  

Therefore, total pixel intensity correlates with the level of S. aureus invasion.  Equal 

levels of fluorescence were obtained using heat killed or living bacteria.   S. aureus 

invasion can be achieved using either heat killed or living prelabeled bacteria in A549, 

H441 and HUVECs, p > 0.05 (Fig 2).  Additionally, confocal images demonstrate that 

A549 and H441 cells do not grow in a monolayer (Fig 3).  Conversely, HUVEC do grow 

in a monolayer (Fig 4).  Projected images show A549 and H441 cells grow in clusters 

rather than a monolayer.  This was observed by overlapping cell membranes being visible 

through whole cells (Fig 3).  In addition, Z-stacks obtained from A549 and H441 cells 

were larger than stacks obtained from HUVEC.  Internalized S. aureus were not present 

in host cells in the center of these clusters.  Clustering of A549 and H441 cells suggest 

that some cells may be protected from invasion.  During host infection, endothelial cells 

grow in a monolayer and are exposed to circulating S. aureus.  Because A549 and H441 

cells grow in clusters rather than a monolayer, they are not an accurate in vitro model of 

an infection.  A549 and H441 cells would not be ideal for use in the screen.  Taken 

together, confocal images and the invasion assay indicate that H441 cells were not well 

suited for the HTS and were removed from further consideration.  Subsequent 

experiments were performed with either A549 or HUVEC. 
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Figure 2 – Heat killing S. aureus does not decrease levels of invasion. A549, H441  

and HUVEC were cultured as described above. Host cell invasion was performed 

using 1.2x10
8
 bacterial cells at 48h of plating for 1h at 37ºC, 5% CO2.   Internalized 

bacteria were heat killed or living and prelabeled using Alexa Fluor 488 or 555 rabbit-

anti-mouse IgG.  Following invasion, extracellular bacteria were lysed and washed 

from host cells.  Images were captured using a C-Apochromat 40X, 1.2 NA water 

immersion lens with correction collar, zoom level 1.0 and LSM 5 Pascal scanhead.  

Alexa Fluor 488 rabbit-anti-mouse IgG was excited using 488nm Ar laser and detected 

using 505-600nm bandpass filter. Alexa Fluor 555 rabbit-anti-mouse IgG was excited 

using 543nm HeNe laser and detected using 560-615nm bandpass filter. Z-sectioning 

and frame size were set to Nyquist sampling. Maximum pixel projections were 

generated and analyzed for total pixel intensity. Total pixel intensities compared within 

each cell type using Student’s t-test. No difference found between groups, p > 0.05. 
 

A549 

H441 

HUVEC 
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A 

B 

Figure 3 – Heat killed S. aureus invades A549 and H441 cells on day 2 of plating. 

A549 (panel A) and H441 (panel B) cells were cultured as described above.  Host cell 

invasion was performed using 1.2x10
8
 bacterial cells at 48h of plating for 1h at 37ºC, 

5% CO2.   Internalized bacteria were heat killed or living and prelabeled using Alexa 

Fluor 555 rabbit-anti-mouse IgG.  Following invasion, extracellular bacteria were 

lysed and washed from host cells.  Cells were permeabilized, blocked and stained for 

actin using Alexa Fluor 488 phalloidin. Images were captured using a C-Apochromat 

40X, 1.2 NA water immersion lens with correction collar.  Alexa Fluor 488 phalloidin 

was excited using 488nm Ar laser line and detected using 505-600nm bandpass filter. 

Alexa Fluor 555 rabbit-anti-mouse IgG was excited using 543nm HeNe laser line and 

detected using 560-615nm bandpass filter. Z-sectioning and frame size were set to 

Nyquist sampling. Maximum pixel projections were generated and analyzed for 

presence or absence of S. aureus within host cells. White arrows designate S. aureus. 

Orange arrow indicates overlapping cell membrane.  Yellow arrow head designates 

actin fibers.   



50 

 

A 

B 

Figure 4 – Heat killed S. aureus invades human umbilical vein endothelial 

cells similar to living S. aureus on day 2 of plating. HUVEC were cultured as 

described above.  Cells were not pretreated prior to bacterial invasion.  Host cell 

invasion was performed using 1.2x10
8
 bacterial cells at 48h of plating for 1h at 

37ºC, 5% CO2. Internalized bacteria were either heat killed (panel A) or living 

(panel B) and prelabeled using Alexa Fluor 488 rabbit-anti-mouse IgG.  

Following invasion, extracellular bacteria were lysed and washed from host cells 

as described above. Images were captured using a C-Apochromat 40X, 1.2 NA 

water immersion lens with correction collar,.  Alexa Fluor 488 rabbit-anti-mouse 

IgG was excited using 488nm Ar laser line and detected using 505-600nm 

bandpass filter Z-sectioning and frame size were set to Nyquist sampling.   

Maximum pixel projections were generated and analyzed for presence or absence 

of S. aureus within host cells.  White arrows designate S. aureus.   
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Prelabeling Does not Alter S. aureus Invasion of A549 Cells 

 To limit the number of steps in the high throughput protocol, prelabeling of 

bacterial cells prior to host cell invasion should be incorporated.  Because the HTS 

protocol being tested relies on the functionality of fluorescently labeling S. aureus prior 

to host cell invasion, it is important determine if prelabeling S. aureus alters host cell 

internalization.  To examine the effect of prelabeling bacteria on host cell invasion, an 

invasion assay using non-labeled versus prelabeled living S. aureus was performed.  This 

assay was performed using only A549 cells.   

A549 cells were plated on 35mm tissue culture dishes.  On day 2 of plating, A549 

cells were subjected to invasion with nonlabeled or prelabeled living, S. aureus.  

Following invasion, extracellular bacteria were lysed and washed from host cells as 

described above.  Internalized bacteria were recovered, serially diluted and plated on 

TSA plates.  TSA plates were incubated overnight at 37ºC.  Colony counts of plates were 

averaged for each experimental group.  Averages were subjected to a Student’s t-test.   

 No difference in bacterial invasion was observed between nonlabeled and 

prelabeled bacteria in A549 cells (Fig 5).  Colony counts are indicative of recovered S. 

aureus.  These data indicate prelabeling S. aureus does not affect A549 cell invasion. 

Previous work in the lab has found similar results in HUVEC.  However, this experiment 

was performed simultaneously with the heat killed versus living experiment.  It was 

determined that A549 cells overlap while growing in culture, which may protect some 

cells from invasion.  Though A549 cells could be used, their ability to grow in clusters 

rather than a monolayer makes them less than ideal for use in the HTS.  A549 were 

removed from consideration.  Subsequent experiments were performed only in HUVEC.  
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Figure 5 – Prelabeling of S. aureus does not affect levels of bacterial invasion 

in A549 cells on day 2 of plating.  A549 cells were cultured as described above.  

A549 invasion was performed using 1.2x10
8
 bacterial cells at 48h of plating for 

1h at 37ºC, 5% CO2. S. aureus were either nonlabeled or prelabeled with Alexa 

Fluor 488 rabbit-anti-mouse IgG.  Following invasion, extracellular bacteria were 

lysed and washed from host cells as described above. Internalized bacteria were 

recovered, serially diluted and cultured on tryptic soy agar plates.  Plates were 

incubated overnight at 37°C.  Individual colonies were counted and averaged. 

Data subjected to Student’s t-test and no difference was found between groups, p 

> 0.05. 
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 Simvastatin Inhibits Prelabeled, Heat Killed S. aureus Invasion of HUVECs 

This study has determined that simvastatin will inhibit live S. aureus invasion of 

host cells on day 2 of plating.  The next goal was to determine the effect of simvastatin 

on heat killed S. aureus invasion of host cells on day 2 of plating.  To do this, confocal 

microscopy was performed.  HUVECs were plated and cultured in 35mm glass bottom 

tissue culture dishes as described above.  Simvastatin could be used as a positive control 

during the HTS.  Therefore, it was important to establish that internalization of heat killed 

bacteria can be inhibited by simvastatin.   

HUVEC were plated on 35mm dishes and pretreated with DMSO or 10μM 

simvastatin 18h prior to bacterial invasion.  S. aureus were heat killed and prelabeled 

using Alexa Fluor rabbit-anti-mouse 488 IgG.  On day 2 of plating, host cells were 

subjected to invasion using heat killed, prelabeled S. aureus.  Extracellular bacteria were 

lysed and washed from host cells as described above.  Cells were fixed using 4% 

paraformaldehyde.  Confocal images were captured using a Plan-Neofluar 10x objective 

lens, zoom level 0.7 and LSM 5 Pascal scanhead.  Alexa Fluor rabbit-anti-mouse 488 IgG 

was excited using 488nm Ar laser line and detected using 505-600nm bandpass filter.  Z-

sectioning and frame size were set to Nyquist sampling.  Z-stacks were set to capture 

image slices above and below the cell monolayer.  3 fields of view from each plate were 

captured.  Maximum pixel projections were generated and analyzed for total pixel 

intensity.  These data were averaged and compared between plates using one-way 

ANOVA followed by Student-Neuman-Keuls Method for post-hoc analysis (Fig 6).   

Total pixel intensity of 488nm fluorescence decreased in simvastatin pretreated 

HUVEC when compared to DMSO control.  Decreased fluorescence correlates with 
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fewer internalized S. aureus.  This indicates that invasion of host cells using heat killed S. 

aureus prelabeled with Alexa Fluor rabbit-anti-mouse 488 IgG can be inhibited using a 

therapeutic concentration of simvastatin.  Taken with previous experiments, these data 

indicate this protocol functions in a large scale, low throughput format.  The next 

objective would be to determine if this protocol can be miniaturized into a multi-well 

format. 
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Figure 6 – Simvastatin inhibits heat killed, prelabeled S. aureus invasion of 

human umbilical vein endothelial cells.  HUVEC were cultured in 35mm glass-

bottom tissue culture dishes for 48h as described above.  Cells were pretreated 

with DMSO or 10μM simvastatin 18h prior to bacterial invasion.  Host cell 

invasion was performed using 1.2x10
8
 bacterial cells at 48h of plating for 1h at 

37ºC, 5% CO2. S. aureus were prelabeled with Alexa Fluor 488 rabbit-anti-mouse 

IgG. Following invasion, extracellular bacteria were lysed and washed from host 

cells as described above. Confocal images were captured using a Plan-Neofluar 

10x objective lens, zoom level 0.7 and LSM 5 Pascal scanhead.  Alexa Fluor 488 

rabbit-anti-mouse IgG was excited using 488nm Ar laser line and detected using 

505-600nm bandpass filter. 3 fields of view were captured for each plate.  Z-

sectioning and frame size were set to Nyquist sampling.   Maximum pixel 

projections were generated and analyzed for total pixel intensity as described 

above.  Data subjected to one-way ANOVA followed by Student-Neuman-Keuls 

method.  * indicates p < 0.05 compared to control. + indicates no difference when 

compared to replicate. 
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Simvastatin Inhibits Prelabeled, Heat-Killed S. aureus Invasion of HUVECs in a 96-Well 

Format 

 The protocol outlined above functions in a large scale, low throughput format.  

However, to be a valid HTS, the above protocol must function when miniaturized to 

multi-well format.  The utility of a HTS relies on the ability to test as many compounds 

as possible during a single experiment.  This can only be done in a multi-well format.  To 

determine if this protocol functions as a HTS, miniaturization of the protocol in the 

previous experiment was performed.   

To assess this protocol as a HTS, HUVEC were plated at a density of 2x10
5
 

cells/well in a 96-well glass bottom dish.  Cells were cultured 48h as described above.  

HUVECs were pretreated with DMSO, 0.3, 3.0 or 30μM simvastatin 18h prior to 

bacterial invasion.  Control wells containing HUVEC pretreated but not subject to 

invasion, HUVEC not pretreated but subject to invasion and blank wells subject to 

invasion were also included.  On day 2 of plating, HUVEC were subjected to bacterial 

invasion with Alexa Fluor rabbit-anti-mouse 488 IgG prelabeled, heat killed S. aureus at 

37ºC for 1h as described above.  Following invasion, extracellular bacteria were lysed 

using gentamicin and lysostaphin at 37ºC for 45m and washed from host cells.  HUVEC 

were then fixed for confocal microscopy using 4% paraformaldehyde at room 

temperature for 20m.  Cells were washed 4 times and imaged in 1X PBS.  Confocal 

images were captured using a Plan-Neofluar 20x objective lens, zoom level 0.7 and LSM 

5 Pascal scanhead.  Alexa Fluor rabbit-anti-mouse 488 IgG was excited using 488nm Ar 

laser line and detected using 505-600nm bandpass filter.  3 fields of view from each well 

were captured.  Z-stacks were set to capture image slices above and below the cell 
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monolayer.  Z-sectioning and frame size were set to Nyquist sampling.  Maximum pixel 

projections were generated and analyzed for total pixel intensity.  These data were 

averaged and compared using one-way ANOVA followed by Student-Neuman-Keuls 

Method for post-hoc analysis (Fig 7).   

Total pixel intensity of simvastatin pretreated HUVEC wells decreased in 488nm 

fluorescence when compared to DMSO control wells.  Decrease in fluorescence occurs in 

a dose dependent manner.  Decreased fluorescence correlates with a decreased level of 

internalized heat killed, prelabeled S. aureus.  These data indicate that simvastatin 

inhibits S. aureus invasion of HUVEC in a dose dependent manner.  Additionally, these 

results are consistent with the large format experiments.  These data establish this 

protocol as a valid primary high throughput screen.  
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Figure 7 – Simvastatin inhibits heat killed, prelabeled S. aureus invasion of 

human umbilical vein endothelial cells in a 96-well format.  HUVEC were 

cultured in 96-well glass-bottom tissue culture dishes for 48h as described above.  

Cells were pretreated with DMSO, 0.3, 3.0 or 30.0μM simvastatin 18h prior to 

bacterial invasion.  Control wells containing HUVEC pretreated but not subject to 

invasion, HUVEC not pretreated but subject to invasion and blank wells subject to 

invasion were also included.  HUVEC invasion was performed using 1.2x10
7
 

bacterial cells at 48h of plating for 1h at 37ºC, 5% CO2.  S. aureus were prelabeled 

with Alexa Fluor 488 rabbit-anti-mouse IgG. Following invasion, extracellular 

bacteria were lysed and washed from host cells as described above. Confocal 

images were captured using a Plan-Neofluar 20x objective lens, zoom level 0.7 

and LSM 5 Pascal scanhead.  Alexa Fluor 488 rabbit-anti-mouse IgG was excited 

using 488nm Ar laser line and detected using 505-600nm bandpass filter.  3 fields 

of view from each well were captured.  Z-stacks were set to capture image slices 

above and below the cell monolayer.  Z-sectioning and frame size were set to 

Nyquist sampling.  Maximum pixel projections were generated and analyzed for 

total pixel intensity to assess levels of invasion as described above. Data subjected 

to one-way ANOVA followed by Student-Neuman-Keuls method.  * indicates p < 

0.001 compared to control. 
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Evaluation of Secondary Screens 

 Prior to submission to the NIH, a HTS must contain at least one secondary screen.  

The purpose of a secondary screen is to validate the activity of molecules identified from 

the primary screen.  The secondary screen cannot simply repeat the primary screen.  

Additionally, the secondary screen should test a different but related cellular response.  

The first secondary screen considered for submission utilized postlabeling of S. aureus to 

investigate internalized bacteria.  The second secondary screen considered for submission 

utilized staining of actin stress fibers.  Both secondary screens functioned similar to the 

primary screen in that a change in fluorescence would be used to verify the molecules 

identified in the primary screen.  However, both secondary screens were measuring 

separate responses to bacterial invasion.   

The goal of the first secondary screen was to determine if postlabeling of 

internalized S. aureus would be an effective secondary screen.  To accomplish this, the 

primary screen protocol was altered.  The 96-well plate used for the primary screen was 

utilized.  HUVEC were previously fixed, blocked and permeabilized.  Permeabilized 

HUVEC were probed using rabbit-α-Staphylococcus aureus antibody.  Cells were then 

probed again using Alexa Fluor goat-anti-rabbit 405 IgG.  Confocal images were 

captured using a Plan-Neofluar 20x objective lens, zoom level 0.7 and LSM 5 Pascal 

scanhead.  Alexa Fluor rabbit-anti-mouse 405 IgG was excited using 405nm UV laser 

line and detected using 395-425nm bandpass filter.  3 fields of view from each well were 

captured.  Z-stacks were set to capture image slices above and below the cell monolayer.  

Z-sectioning and frame size were set to Nyquist sampling.  Maximum pixel projections 

from the 405nm Z-stacks were generated and analyzed for total pixel intensity.  These 
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data were averaged and compared using one-way ANOVA followed by Student-Neuman-

Keuls Method for post-hoc analysis (Fig 8).   

Total pixel intensity of internalized Alexa Fluor rabbit-anti-mouse 405 IgG 

postlabeled S. aureus in simvastatin treated wells decreased when compared to DMSO 

control wells.  A decrease in fluorescence correlates to fewer internalized bacteria in 

simvastatin treated cells.  These data confirm the results of the primary screen.  

Additionally, these data establish postlabeling of S. aureus as a valid secondary screen.   

 The goal of the additional secondary screen was to determine if actin staining of 

host cells provides an effective screen.  Previous work in the lab determined that host cell 

actin fiber disassembly occurs during bacterial invasion (Horn; Knecht).  In HUVEC 

pretreated with simvastatin, actin fiber disassembly is reduced following invasion.  Actin 

fibers can be stained using the mycotoxin based stain, phalloidin (Fujiwara).  Phalloidin 

is specific for actin fibers (F-actin), not individual actin subunits (G-actin).  In cells 

treated with simvastatin, the presence of more actin fibers would cause greater 

fluorescence. 

 To determine if actin fibers cause greater fluorescence in cells subjected to 

bacterial invasion, plates from previous experiments were measured.  HUVEC plated in 

35mm dishes, pretreated with DMSO or 10μM simvastatin and subjected to bacterial 

invasion as described above, were analyzed.  S. aureus were prelabeled with Alexa Fluor 

rabbit-anti-mouse 555 IgG.  Following invasion, extracellular bacteria were lysed and 

washed from HUVEC.  Cells were fixed, permeabilized and blocked.  Actin staining was 

performed using Alexa Fluor 488 phalloidin.  Confocal images were captured using a 

Plan-Neofluar 20x objective lens, zoom level 0.7 and LSM 5 Pascal scanhead.  Alexa 
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Fluor 488 phalloidin was excited using 488nm Ar laser line and detected using 505-

600nm bandpass filter.  Alexa Fluor rabbit-anti-mouse 555 IgG was excited using 543nm 

helium-neon HeNe laser line and detected using 560-615nm bandpass filter.  Z-stacks 

were set to capture image slices above and below the cell monolayer.  Z-sectioning and 

frame size were set to Nyquist sampling.  Images for different wavelength fluorophores 

were captured sequentially.  Maximum pixel projections were generated for 488nm Z-

stack and analyzed for total pixel intensity at 488nm.  These data were averaged and 

compared using Student’s t-test (Fig 9). 

 Total pixel intensity of actin stress fibers in simvastatin pretreated HUVEC 

decreases when compared to control.  These data indicate more actin fibers are present in 

DMSO treated cells following invasion.  A difference in fluorescence was measured, 

although the data were not consistent with visual examination of the images.  Actin stress 

fibers were disassembled in DMSO treated cells and present in simvastatin treated cells.   

These data are contradictory.  The presence of more actin stress fibers should cause 

greater fluorescence in simvastatin treated cells; however, the total pixel intensity data 

indicate the DMSO treated cells have higher fluorescence.  Taken together, the 

fluorescence data and examination of the images indicate this assay would not provide a 

valid secondary screen.  
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Figure 8 – Postlabeling internalized S. aureus establishes an effective 

secondary screen.  HUVEC were cultured in 96-well glass-bottom tissue culture 

dishes for 48h as described above.  Cells were pretreated with DMSO or 

simvastatin 18h prior to bacterial invasion.  Control wells containing HUVEC 

pretreated but not subject to invasion, HUVEC not pretreated but subject to 

invasion and blank wells subject to invasion were also included.  HUVEC 

invasion was performed using 1.2x10
7
 bacterial cells at 48h of plating for 1h at 

37ºC, 5% CO2.  S. aureus were not labeled. Following invasion, extracellular 

bacteria were lysed and washed from host cells as described above. HUVEC were 

permeabilized and blocked as described above.  Internalized S. aureus were 

probed with rabbit-anti-Staph IgG. α-Staph was probed for with Alexa Fluor 405 

goat-anti-rabbit IgG.  Confocal images were captured using a Plan-Neofluar 20x 

objective lens, zoom level 0.7 and LSM 5 Pascal scanhead.  Alexa Fluor 405 goat-

anti-rabbit IgG was excited using 405nm UV laser line and detected using 395-

425nm bandpass filter.  Z-stacks were set to capture image slices above and below 

the cell monolayer.  Z-sectioning and frame size were set to Nyquist sampling.  3 

fields of view from each well were captured.  Maximum pixel projections were 

generated and analyzed for total pixel intensity to assess levels of invasion as 

described above. Data subjected to one-way ANOVA followed by Student-

Neuman-Keuls method.  * indicates p < 0.001 compared to control. 
 



63 

Figure 9 – Actin stress fibers in simvastatin pretreated human umbilical vein 

endothelial cells decreases following bacterial invasion.  HUVEC were cultured in 

35mm glass bottom tissue culture dishes for 96h as described above.  Cells were 

pretreated with DMSO or simvastatin 18h prior to bacterial invasion.  HUVEC 

invasion was performed using 1.2x10
7
 bacterial cells at 96h of plating for 1h at 37ºC, 

5% CO2. S. aureus were prelabeled using Alex Fluor rabbit-anti-mouse 555 IgG. 

Extracellular bacteria were lysed and removed from host cells. HUVEC were 

permeabilized and blocked as described above.  Actin stress fibers were stained using 

Alexa Fluor 488 phalloidin.  Confocal images were captured using a Plan-Neofluar 

20x objective lens, zoom level 0.7 and LSM 5 Pascal scanhead.  Alexa Fluor 488 

phalloidin was excited using 488nm Ar laser line and detected using 505-600nm 

bandpass filter.  3 fields of view from each well were captured.  Z-stacks were set to 

capture image slices above and below the cell monolayer.  Z-sectioning and frame size 

were set to Nyquist sampling.  Maximum pixel projections were generated and 

analyzed for total pixel intensity to assess levels of invasion as described above. Data 

subjected to Student’s t-test, * indicates p < 0.001 compared to control. 
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2-dimensional gel electrophoresis 

   The primary method of S. aureus invasion of the host cell is through receptor 

mediated endocytosis, although the mechanism of invasion is not fully understood 

(Lowy).  Pretreatment of cells with simvastatin inhibits endocytosis (Cordle; Horn; 

Sidaway).  Cdc42 is utilized in actin cytoskeletal rearrangement (Bishop; Heasman).  

PIP3 is localized within the cell membrane at sites of endocytosis (Martin).  The 

interaction of Cdc42 and PI3K may be responsible for modulating actin dynamics 

(Lowry; Zheng).  To determine if simvastatin alters the association between a mutant 

Cdc42 and its target proteins, 2-dimensional gel electrophoresis was performed.   

 HEK293A cells were plated and cultured in 100mm tissue culture dishes as 

described above.  Day 1 following plating, cells were transfected using C507V/V5 Cdc42 

in pUSE.  Day 2 following plating, cells were pretreated overnight with DMSO or 10μM 

simvastatin.  Protein harvest was performed on day 3 following plating.  To determine if 

transfection was successful, cellular lysates were used for a western blot.  50μg protein 

from each sample was loaded.  The western blot was probed using mouse-anti-V5 

antibody and a secondary probe was performed using anti-mouse 800 fluorescent 

antibody.  The membrane was imaged using the LI-COR Odyssey imaging system.  

Fluorescent bands were present at approximately 98 and 2 bands at approximately 

19kDa, consistent with the V5 positive control and C507V/V5 Cdc42 treatments 

respectively (Fig 10).  These data indicate transfection of HEK293A cells was successful.   

 Wild type Cdc42 becomes prenylated, causing translocation to the cell membrane.  

Pretreatment of host cells with DMSO allows Cdc42 prenylation to occur.  This would 

prevent the examination of Cdc42 associations with cytosolic proteins in response to 
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simvastatin.  C507V/V5 Cdc42 possesses a point mutation at residue 507.  The mutation 

changes a cysteine to a valine altering the prenylation domain, preventing prenylation and 

translocation to the cell membrane.  Use of the mutant allows a comparison of Cdc42 

association with cytosolic proteins between DMSO and simvastatin treatment groups. 

Following the western blot, the lysates were subjected to a membrane preparation to 

pellet membrane proteins while cytosolic proteins are left in solution.  This also ensures 

that C507V/V5 Cdc42 associations observed in 2DGE are only with cytosolic proteins.  

The membrane pellet was then stored at -80ºC.  The cytosolic fraction was further 

processed by immunoprecipitation.  DMSO and simvastatin cytosolic fractions were 

incubated with anti-V5 antibody overnight at 4ºC while rocking.  Immunoprecipitation 

solutions were then incubated with protein G beads for 2h at 4ºC while rocking.  Beads 

were then centrifuged and washed as described above.  Protein bound to the beads was 

then recovered using Extraction Reagent 2 while incubating at 37ºC for 10 minutes.  

Beads and solution were then centrifuged for 3 minutes and the protein solution was 

recovered.   

Following IP, proteins in each sample were separated using 2DGE.  First 

dimension separation was performed to separate proteins based upon their isoelectric 

point.  Proteins will migrate to the pH within the IEF strip where they have zero net 

charge.  This is the isoelectric point of the protein.  IEF strips were sequentially 

equilibrated using DTT and iodoacetamide in equilibration buffer to keep proteins 

reduced and alkylated.  Equilibration keeps proteins reduced, alkylated and in solution 

during second dimension electrophoresis.  The second dimension separated proteins IEF 

focused proteins based on their molecular weight.  Following second dimension 
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separation, gels were stained with SYPRO ruby protein stain overnight while rocking.  

Gels were then imaged using a Bio-Rad Gel Doc XR imager and Quant One software 

(Fig 11).  Gels were then analyzed using PDQuest software.  PDQuest creates a master 

gel image from the experimental gels.  Protein spots on experimental gels are then 

matched to the master.  Matched spots are compared using spot intensity.  PDQuest 

measures spot intensity to compare spots using relative abundance.  PDQuest recognized 

21 spots as having a 2-fold change in intensity between DMSO and simvastatin treated 

lysates (Fig 12). 

 Following 2D gel analysis by PDQuest, 21 spots were recognized as changing 2-

fold in intensity between DMSO and simvastatin groups.  Spot intensity on a 2D gel 

corresponds with the relative abundance of a protein.  A change in spot intensity between 

groups indicates a difference in protein abundance.  Because 2DGE occurred following 

IP, a change in spot intensity correlates to a change in association with mutant Cdc42.  

These data recognize 21 proteins which associate differently with C507V/V5 Cdc42 

following treatment with simvastatin.  Currently these proteins have not been identified.     
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Figure 10 – HEK293A cells were transfected with C507V/V5 Cdc42.  HEK293A 

cells were plated and cultured as described above.  Day 1 following plating, cells 

were transfected using 10μg C507V/V5 Cdc42 in pUSE.  Day 2 following plating, 

cells were pretreated with DMSO or 10μM simvastatin.  Day 3 following plating, 

protein was harvested from cells.  Protein concentration of lysates was determined 

and 50µg sample protein was loaded onto a 4-20% Bis-Tris gel for electrophoresis.  

Protein was then transferred to a PVDF membrane.  Following transfer, membrane 

was probed using mouse-anti-V5 antibody and then probed using rabbit-anti-mouse 

800 fluorescent antibody.  Membrane was then imaged using the LI-COR Odyssey 

imager and software.  Both 700 and 800 channels were scanned to capture mass 

standard (red) as well as fluorescent antibody (green).  3 fluorescent bands were 

observed at ~98kDa and 2 bands at ~19kDa, consistent with V5 positive control and 

C507V/V5 Cdc42 in each sample respectively. 
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Figure 11 – 2-dimensional gel electrophoresis separates proteins associated 

with immunoprecipitated C507V/V5 Cdc42. HEK293A lysates were 

fractionated using membrane preparation.  Cytosolic fractions isolated from 

membrane prep were subjected to immunoprecipitation using anti-V5 antibody 

and protein G beads.  Proteins were recovered from beads using Bio-Rad 

Extraction Reagent 2 and incubated for 10m at 37ºC.  First dimension separation 

was performed using Criterion pH 3-10nL IPG strips for 35000 VHr.  Strips were 

equilibrated and second dimension separation was performed using Criterion Tris-

HCl 4-20% at 200V for 55m.  Gels were removed from cassettes and stained using 

SYPRO ruby overnight at room temperature while shaking.  Gels were imaged 

using Bio-Rad Gel Doc XR and Quant One software.  Bio-Rad broad range 

marker can be seen as bands on the left and protein spots are visualized throughout 

the simvastatin (A) and DMSO (B) gels.   
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Figure 12 – 2-dimensional gel analysis indicates a 2-fold change in 21 proteins 

associated with C507V/V5 Cdc42.  Gels were imaged using Bio-Rad Quant One 

software.  Bio-Rad PDQuest was used to analyze gel images.  Spot detection was 

performed using software on individual gels and detected spots were checked 

manually.   Automatic matching, background subtraction and normalization of 

gels was performed.  PDQuest determined a 2-fold change in spot intensity 

occurred in 21 spots.  Graphs indicate relative intensity values of spots that 

changed between groups.  Left bar in each graph corresponds to DMSO gel, right 

bar in each graph corresponds to simvastatin gel.   
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Discussion 

 

 

 

In this study, we developed a valid high throughput screen for use at the NIH 

MLI.  S. aureus invasion of host cells was utilized as an in vitro model of bacterial sepsis.  

Pretreatment of host cells using simvastatin was performed to simulate patients receiving 

statins prior to the onset of sepsis.  The data collected throughout this study support the 

above protocol as a valid high throughput screen.  We were able to demonstrate that heat 

killed, fluorescently labeled S. aureus invasion of HUVEC on day 2 of plating can be 

inhibited using pretreatment of host cells with simvastatin (Fig 1).  S. aureus 

fluorescently labeled prior to invasion of host cells can be quantified using confocal 

microscopy (Fig 5).  Host cell pretreatment with simvastatin inhibits endocytosis in a 

dose dependent manner as measured by total pixel intensity (Fig 7).  Taken together these 

data indicate inhibition of heat killed, prelabeled S. aureus using host cell pretreatment 

with simvastatin can be used as a primary screen. Inhibition with simvastatin functions in 

a dose response and can be used as an interplate control.  Additionally, postlabeling of S. 

aureus provides a similar dose response decrease in levels of fluorescence (Fig 8) and can 

be used as a valid secondary screen.  To help elucidate the mechanism altered by 

simvastatin, 2-dimensional gel electrophoresis revealed 21 proteins that associate 
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differently with C507V/V5 Cdc42 following treatment with simvastatin (Fig 12).  

Currently these proteins remain unidentified.  However, because these proteins associate 

with Cdc42, they may be involved in the process of endocytosis and should be identified 

using peptide mass fingerprinting.  Identification of these proteins would help further 

elucidate the effect of simvastatin on cellular endocytosis. 

S. aureus is common flora of many healthy individuals (Lowy).  Opportunistic 

infections by S. aureus are generally mild and treatable with antibiotics.  However, the 

incidence of infection (Lowy) and the number of antibiotic resistant strains of S. aureus 

has increased recently (Emori).  While direct treatment of infections should not be 

ignored, a shift from antibiotic treatment to preventative measures in susceptible 

individuals and other alternative therapies should be considered.  S. aureus, as an 

intracellular pathogen, exploits receptor mediated endocytosis to invade host cells 

(Alexander).  Once internalized, bacteria proliferate while safely evading the host 

immune response and antibiotic treatments (Bayles; Lowy; Schröder).  Alternatives to 

antibiotics should be considered.  One alternate treatment to consider is the inhibition of 

host cell endocytosis of S. aureus.   

Inhibition of endocytosis may allow the host immune response more time to clear 

infections.  The drug simvastatin inhibits endocytosis (Cordle; Horn Sidaway).  

Simvastatin may be useful as a positive control in an assay designed to explore the NIH 

MLI small molecule library in search of novel drugs to inhibit S. aureus invasion of host 

cells.  The protocol developed through this study utilizes direct fluorescent labeling of S. 

aureus to quantify levels of invasion (Fig 7).  This demonstrates the protocol can be 

applied as a HTS through the use of scanning fluorescence microscopy (Auld; Schröder).  
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Use of scanning fluorescence microscopy in the HTS allows for multiplexing of data, 

increased sensitivity to active compounds and a quick turnaround from data acquisition to 

reporting of active compounds (IngleseB).  Rapid return of active compounds from the 

screen may lead to rapid development of novel therapeutics for S. aureus infections.  

These therapies could be used independent of, or in conjunction with, current antibiotic 

therapies with the goal of lessening the current dependence on antibiotic treatment.   

Simvastatin inhibits cellular endocytosis (Cordle; Horn; Sidaway).  However, the 

mechanism simvastatin modifies to inhibit host cell endocytosis is not fully understood.  

The Rho subfamily of GTPases is involved in actin remodeling (Bishop).  Cdc42, a 

member of the Rho subfamily, has been identified as playing a role in phagocytosis.  It 

has also been shown that PI3K is utilized during endocytosis (Marshall).  Cdc42 

associates with PI3K (Bishop; Gammel) through the p85 adapter subunit (Horn; Zheng).  

Therefore, we examined the relationship between Cdc42 and its target effectors. 21 

proteins associated with C507V/V5 Cdc42 exhibit a 2-fold change in expression 

following cellular treatment with simvastatin (Fig 12).   However, these proteins have not 

yet been identified.  It is expected that GTP loading due to simvastatin occurs, activating 

Cdc42 (Cordle).  Activation of Cdc42 leads to increased associations (Bishop; Horn; 

Gammel; Zheng).  An increase in association with the p85 subunit of PI3K would be 

expected because PI3K has been implicated in endocytosis (Horn; Marshall).  Because 

the lipid substrate of PI3K is membrane bound, the p85 adapter subunit would need to 

associate with a prenylated protein, such as Cdc42, that allows translocation to the cell 

membrane.   Other associations between Cdc42 and cytoskeletal rearrangement proteins 

may have also been altered (Bishop).  Determining if changes in Cdc42 association 
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following simvastatin treatment are due to increased protein synthesis, preventing protein 

degradation or Cdc42 activation by GTP loading remains unclear.  However, further 

identification of these proteins will help elucidate the cellular response to simvastatin and 

how it inhibits endocytosis.  In addition, understanding how simvastatin inhibits 

endocytosis may help target specific small molecules that may function in a similar 

fashion.   

S. aureus is an opportunistic pathogen which utilizes host cell endocytosis to 

evade destruction by the immune system (Lowy).  Inhibition of endocytosis could 

function as a novel therapy for severe S. aureus infection, allowing host immune 

response and antibiotic treatment more time to clear the infection (Horn).  While 

simvastatin can function to inhibit endocytosis, concentrations used to completely block 

host cell invasion by S. aureus may be detrimental to patients (Schacter; Tobert).  The 

work presented here offers a valid high throughput screen that can be applied to the MLI 

small molecule library in search of compounds that would function as novel therapeutics 

to inhibit endocytosis.  Additionally, this study examined the relationship between 

simvastatin and proteins involved with endocytosis.  Understanding the mechanism 

involved may help target specific small molecules that would be effective inhibitors of 

endocytosis.   
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