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ABSTRACT 

DANIELLE PERKINS 

EVALUATING PROTEIN-PROTEIN INTERACTIONS OF CPSA,  

A VIRULENCE FACTOR IN GROUP B STREPTOCOCCUS 

 

DECEMBER 2018 

 

Streptococcus agalactiae, Group B Streptococcus (GBS), is an important human 

pathogen, causing life-threatening sepsis and meningitis in newborns. The virulence of 

GBS in part can be attributed to its ability to produce a polysaccharide capsule. CpsA has 

been recognized as an integral part of capsule synthesis as well as having a role in 

transcriptional regulation. We hypothesize that protein-protein interactions with CpsA 

play a role in virulence and may be required for CpsA function. Elucidating CpsA 

protein-protein interactions may provide a better understanding of CpsA function in the 

capsule synthesis pathway. Using a BACTH system, we have confirmed that CpsA 

interacts with the CpsC protein. Interactions between CpsA and predicted partner CpsE 

were not supported while interactions between CpsA and CpsY may be transient. Our 

pull down did not find any of these proteins, however, we have identified multiple 

additional proteins of interest, including FtsZ and CodY. Understanding protein-protein 

interactions of CpsA will help in new antimicrobial therapies targeting capsule synthesis. 
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CHAPTER I 

 

GBS INTRODUCTION 

DISEASE  

 Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram- 

positive organism that has been recognized as a zoonotic pathogen (1, 2). GBS normally 

resides as a commensal in the gastrointestinal tract but can colonize other sites such as the 

anal orifice, vagina, urinary tract, and throat (3, 4). The most common route of transmission 

of GBS is through sexual contact. However, it has been shown that GBS can readily move 

within an individual leading to multiple colonization sites (4).  

 The most common pathologies by GBS occur in infants. GBS is a leading cause of 

neonatal sepsis and meningitis, with infection being caused by vertical transmission 

through a ruptured maternal membrane, aspiration of the bacteria during passage through 

the birth canal, or bacterial translocation through intact maternal membranes (1, 2, 5-7). 

Vertical transmission leads to early-onset disease up to one week after delivery. Early-

onset disease is most commonly associated with sepsis or pneumonia. There is also the 

possibility for late-onset disease occurring one week to 3 months after birth. Late-onset 

GBS is associated with the development of meningitis (5). Approximately 25% of pregnant 

women carry GBS and there is a 50% rate of colonization in infants if there was maternal 

colonization (6, 8).  
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 Along with causing neonatal infections, GBS has been implicated in severe 

infections in pregnant women leading to chorioamnionitis and pyelonephritis (2). GBS can 

also cause infections in individuals who are immunocompromised, elderly, or have 

underlying health issues such as diabetes, heart disease, malignancy, or liver dysfunction. 

Diseases observed in these individuals include urinary tract infections, cellulitis, arthritis, 

necrotizing fasciitis, meningitis, and bacterial endocarditis (2, 3, 9, 10).  

 Along with causing human disease, GBS was first shown to cause bovine mastitis 

and was later shown to cause disease in fish (11-13). Bovine mastitis caused by GBS can 

have a large impact on the dairy industry as it can affect the entire dairy herd (11). Diseases 

caused by GBS in fish can have a huge impact on aquaculture, as there are many fish 

species that can be impacted by GBS. Furthermore, human isolates of GBS have been 

shown to cause disease in fish (13). Streptococcal infections in fish are determined by a 

wide range of indicating factors in the fish such as: loss of appetite, lethargy, serpentine or 

rising and falling movements, side swimming, discoloration, fluid accumulation in the 

peritoneal cavity, hemorrhaging of internal organs, pale livers, and enlarged spleens (14). 

 The current treatment for GBS sepsis in humans is the use of β-lactams, with the 

first choice being penicillin (6, 9). The β-lactam group is broad spectrum antibiotics that 

target the cell wall by inhibiting cell wall synthesis. Multidrug resistant strains of GBS 

have been isolated from urinary tract samples; however, these strains were still susceptible 

to penicillin (9).  
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 In pregnant women, treatment by intrapartum prophylaxis antibiotics is determined 

by either risk-based or culture-based methods. Risk-based assessment for treatment is 

determined when women in labor have various risk factors such as fever, a prolonged 

ruptured membrane, intra-amniotic infection, previous infants with GBS disease, or if it is 

a pre-term delivery (15, 16).  For culture-based assessment, the CDC recommends a 

screening that is preformed between 35 and 37 weeks of gestation to determine the 

presence of GBS in the vagina. Risk-based detection is sometime used because of problems 

associated with the culture methods such as a high rate of false negative or there is a lack 

of results due to the baby being delivered early. A risk-based associated problem is the 

adverse effects on an infant’s microbiota due to administration of unnecessary antibiotics. 

There was found to be an error rate of 57.2% in term pregnancy and 61.2% in preterm with 

implementing recommended practices to reduce GBS infections in infants. These errors 

included but were not limited to: inefficient screening methods such as no screening 

performed or the screening was performed too early, lab methods such as failure to follow 

Standard Operating Procedures (SOP), and intrapartum prophylaxis misuse such as the 

duration of use or use of the incorrect antibiotic (8). Also, as previously mentioned there is 

the risk of strains developing antibiotic resistance. Lastly, there is no effect on late-onset 

infections when intrapartum prophylaxis antibiotic treatment is used (3). The incidences of 

GBS have leveled off recently, indicating that the limits of our current practices in 

prevention have been reached (8). Due to this, it is more important than ever to find new 

targets for drug development and prevention strategies.  
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 There have been attempts made for vaccine development against GBS. An effective 

vaccine against GBS, that will prevent disease in neonates, would need to provide 

protection to the mother, promote antibody production, and the antibodies would need to 

be able to cross the placenta (typically IgG antibodies). Types of vaccines already 

developed include native polysaccharide vaccines, polysaccharide-protein conjugated 

vaccines, multivalent conjugate vaccines, and protein-based vaccines (16).  

 The first generation of vaccines developed against GBS used un-modified type 

specific polysaccharides, meaning purified polysaccharides were administered to elicit an 

immune response. These vaccines were not effective, as some serotypes did not elicit 

antibody production (16). However, a study by Baker et al., using a capsule polysaccharide 

(CPS) from serotype III, showed that successfully immunizing pregnant women against 

GBS is a possibility (17).  

 Second generation vaccines were glycoconjugate vaccines, which have proteins 

that are highly immunogenic conjugated to the polysaccharide. The conjugate protein 

acting as a carrier will enhance the immunogenicity of the native CPS. Glycoconjugates 

used in GBS vaccines include the tetanus toxoid, CRM (natural non-toxic mutant of the 

diphtheria toxin), and native GBS proteins such as C5a peptidase and alpha C protein (16).  

The tetanus toxoid (TT) conjugate protein has been tested with the CPS of many serotypes 

of GBS including Ia, II, III, and V (18-22). Vaccines of type II-TT, type III-TT, and type 

V-TT all showed serum from rabbits injected with the vaccine contained specific 

antibodies to the CPS type and this serum could provide protection in neonatal mouse 
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models of GBS infection (18, 20-22). The second-generation vaccines using a carrier 

protein have been shown to be effective; however, they are only specific to one serotype at 

a time. However, the type Ia-TT vaccine given to a pregnant mouse provided protection to 

pups who were challenged with both type Ia and type Ib GBS suggesting some cross 

protection occurred (19). A multivalent vaccine or a vaccine that is effective against the 

most common invasive strains or all strains needs to be the goal.  

 Using a native GBS conjugate protein may allow for broader serotype targeting as 

well as a reduction in the use of tetanus toxoid. The tetanus toxoid is a commonly used 

carrier protein in vaccines. This can lead to questions on whether pre-existing immunity to 

this toxoid would diminish the protective response or cause adverse side effects. Previous 

studies have looked at two virulence factor proteins of GBS (C5a peptidase and alpha C 

protein) to determine their effectiveness as carrier proteins (23, 24). C5a peptidase is 

antigenically conserved across most GBS serotypes. When it is conjugated to CPS III in a 

mouse model, there was an increase in IgG antibodies against both the C5a peptidase as 

well as the CPS III (23). The alpha C protein was also coupled to type III CPS and is present 

in 70% of non-type III GBS strains. Results showed that the protection levels of the III-

alpha C vaccine were not significantly different from the TT-III vaccine (24). Now the 

focus for vaccine development against GBS is shifting to protein-based vaccines. GBS 

proteins need to be identified that are highly immunogenic, preferably surface exposed, 

conserved and expressed among most, if not all, serotypes.  
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PATHOGENESIS AND ASSOCIATED VIRULENCE FACTORS 

 The pathogenesis of GBS is a many faceted event, but most would agree 

pathogenesis occurs by colonization, followed by adherence, and penetration. In a neonatal 

infection model, there is initial colonization of the female genital tract and usually this step 

is asymptomatic (7). Next GBS must adhere to many different epithelial cells. In the female 

genital tract, it needs to adhere to the vaginal epithelial or the placental membranes. When 

GBS enters into the infant, it needs the capacity to adhere to the respiratory tract epithelial 

or even the blood-brain barrier epithelium. The bacteria are able to bind a wide range of 

host extracellular matrix components such as fibronectin, fibrinogen, or laminin typically 

due to surface proteins being expressed by GBS (7, 25). Lastly, GBS must be able to 

penetrate various barriers in order to establish an infection.  

 GBS possesses many virulence factors that contribute to its pathogenesis. GBS 

virulence factors involved in pathogenesis include capsule, hemolysin, hyaluronate lyase, 

C5a peptidase, C protein, and CAMP factor (5).  

 The hemolysin virulence factor promotes bacterial penetration of the 

chorioamniotic membranes and the amniotic cavity, as well as promoting invasion of the 

amniotic epithelium (26). The putative hemolysin protein, CylE, is not sufficient alone for 

the hemolytic activity. The hemolytic and cytolytic properties are due more likely to the 

ornithine rhamnolipid pigment that is produced along with CylE (26).  

 The CAMP factor was originally described in bacteria isolated from milk samples 

thought to be the cause of a Scarlet Fever outbreak. Researchers observed that there were 
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both Staphylococci and Streptococci growing on the blood agar plate and that the α-

hemolysis caused by the Staphylococci became complete hemolysis when the Streptococci 

was added to this same area (27, 28). Multiple species of Streptococcus were tested for this 

reaction and only GBS was able to produce this response (27). CAMP factor is an 

extracellular, surface associated, thermostable protein (27, 29). The CAMP factor interacts 

non-enzymatically with erythrocytes that have cell membranes that have already been 

modified by Staphylococcus sphingomyelinase (β-hemolysin) (30). This factor has also 

been shown to interact with the Fc region on IgG and IgM antibodies (29). Recently it has 

been shown that the CAMP factor is not an essential virulence factor. In studies using a 

GBS strain that has the cfb gene removed, the gene that encodes CAMP factor, there was 

no difference in comparison to the wild type in phagocyte resistance, endothelial cell 

invasiveness, or loss of virulence in a mouse model (28).   

 The hyaluronate lyase (or hyaluronidase), HylB, functions to degrade hyaluronan, 

a polysaccharide component found in connective tissues of mammals (5, 31). HylB is 

suggested to be involved in ascending infections of GBS, spread of GBS through host 

tissue, and potentially even aiding in GBS ability to cross the blood brain barrier. HylB 

also plays a role in blocking signaling pathways involved in eliciting an inflammatory 

immune response through degradation of pro-inflammatory fragments of hyaluronan 

produced by the host (32-34).  

 C5a peptidase is a protease that is expressed on the surface of all serotypes of GBS 

(35). C5a peptidase cleaves complement component C5a to impair leukocyte recruitment 
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(5). This peptidase has multiple functions as it has also been shown to act as an invasin to 

help GBS enter host cells, as well as an adhesin allowing binding to fibronectin of the host 

cells (35, 36). 

 The alpha-C protein is a surface protein of GBS. Alpha-C protein has been reported 

to play a role in the interaction with epithelial surfaces that leads to the initiation of an 

infection (37). This protein has been shown to interact with host cell glycosaminoglycan, 

which is involved in mediating internalization of organisms, and allows clathrin-dependent 

endocytosis (38). The C protein also binds to IgA and interferes with opsonophagocytosis 

(5). 

 However, the most important virulence factor is the ability of GBS to produce a 

polysaccharide capsule (5, 31).   

CAPSULE  

 The capsule is composed of basic polysaccharide repeating units of the sugars 

glucose, galactose, and N-acetylneuraminic acid (sialic acid) (39, 40). The GBS capsule is 

generally used for strain typing although the serotypes share many common structural 

features (41, 42). The arrangement of the monosaccharides is what determines the serotype 

(40). All serotypes additionally have sialic acid as part of their capsule structure, typically 

seen as a terminal sugar on a side chain (43). There are 10 known serotypes of GBS Ia, Ib, 

and II-IX (41). Among the ten serotypes, Ia and Ib are found in humans and fish, IV and V 

are found in humans alone while types II and III are found in humans, fish, and bovines 

(14). Serotypes VI-VIII were found to be uncommon in neonatal disease while type III 
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proved to be the most invasive in newborn infections (5, 9, 41). Multiple studies have 

shown that in adults types Ib and V are most common while type III is the most prevalent 

in urinary tract infections (9, 10).  

 The polysaccharide composition of the capsule is determined by the 18 genes in the 

cps locus (Figure 1) of which cpsA, cpsB, cpsC, cpsD, and cpsE are conserved between all 

the serotypes (39, 43, 44). 

 

FIG 1 Capsule operon in GBS. cpsA-D are thought to be regulatory, cpsE-L are 

glycosyltransferases and flipases, and neoA-D are involved in sialic acid synthesis. 

 

 Previous studies demonstrate that the polysaccharide capsule plays a role in the 

ability to resist phagocytosis by cells of the immune system (5, 45, 46). Sialic acid is 

thought to play a role in inhibiting the activation of the alternative pathway of the 

complement immune response (47). The sialic acid that is incorporated into the capsule of 

GBS has undergone selections that have allowed it to resemble sialic acid expressed in 

humans and therefore the immune system recognizes it as ‘self’ and a response is not 

elicited (7).  

 The capsule is synthesized following a Wzy-dependent pathway using the proteins 

encoded by the capsule operon (see Figure 2).  The individual units are built on the inside 

of the cytoplasmic membrane and then transported out by a flippase before being 
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polymerized and attached to the peptidoglycan (48). The serotypes differ in the 

glycosyltransferase proteins involved in determining what linkages are to be formed but 

otherwise it is a similar process in all of the serotypes (39). The following is the process 

for capsule synthesis in serotype Ia GBS because it is the most completely defined. The 

CpsE protein is a transmembrane protein with both N- and C-termini in the cytoplasm and 

is thought to act as the first glycosyltransferase forming undecaprenyl-phosphate (Und-P) 

(48, 49). Und-P then goes through a series of other glycosyltransferases, CpsG, CpsI, CpsJ, 

 

FIG 2 Wzy-dependent capsule synthesis pathway serotype Ia. CpsE protein transfers a 

sugar-1-phosphate from a UDP-sugar to form undecaprenyl-phosphate (Und-P). The Und-

P undergoes several more glycosyltransferase reactions (Cps G, I, J, K). CpsF, NeoA-D 

are involved in sialic acid synthesis. After synthesis of the sialic acid, the CpsK protein is 

responsible for attachment to the polysaccharide chain. After completed the moiety is 

transferred across the membrane via the flippase, CpsL. CpsH polymerizes sequential 

polysaccharide moieties and attaches them to a growing chain. CpsA is thought to link the 

polymer to the peptidoglycan layer. CpsBCD function as a phosphoregulatory system that 

is involved in chain length determination and attachment.  
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CpsK, which are putative peripheral membrane proteins. These proteins function to add 

the various sugar moieties of the capsule (48, 50, 51). The genes neoB, neoC, neoD, and 

neoA are involved in sialic acid synthesis (51). After synthesis of the sugar chain with 

sialic acid, it is then transferred from the cytoplasmic side of the cell membrane to the 

extracellular side by the flippase CpsL (48, 50, 51). Once the chain is on the outside of the 

cell membrane the polymerase, CpsH, works to elongate the sugar chain attaching repeats 

of the base sugar units (51).   

 The proteins CpsA, CpsB, CpsC, and CpsD are suggested to function in the export 

and attachment of the polysaccharide to the cell (48, 52-54). The CpsA protein has been 

suggested to be responsible for attaching the nascent polysaccharide chain to the 

peptidoglycan layer (52). The CpsB, CpsC and CpsD proteins make up a tyrosine kinase 

phosphoregulatory system that regulates the production and the length of the 

polysaccharides (52, 54). The CpsD protein is an autokinase, which in its phosphorylated 

form promotes the capsule attachment. In the de-phosphorylated form, it is interacting with 

the CpsC protein and other proteins allowing for capsule synthesis and polymerization (53).   

 The CpsC and CpsD complex has been shown to localize at the cell division site 

and help keep the capsule polymerization proteins (CpsH and CpsJ) at the division site. 

When CpsD is de-phosphorylated there is a defect in capsule production at the division 

septum (54). Research suggests that phosphorylation of the CpsD protein regulates the 

conformation of the CpsC protein, which in turn can moderate the activity of the CpsA 

protein thought to be attaching capsule to the peptidoglycan of the cell wall (52). 
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CPSA 

 The CpsA protein is a member of the LytR-CpsA-Psr protein family (10). The 

LytR-CpsA-Psr protein family members have been proposed to act as catalysts in the 

phosphotransferase reaction when attaching wall teichoic acids and anionic 

polysaccharides to the cell wall (55). The CpsA protein consists of a cytoplasmic N-

terminus, three putative transmembrane helices, and an extracellular region that consists of 

the LytR domain and the accessory domain (Figure 3)  (45, 55, 56). 

 
FIG 3 CpsA protein structure. Cytoplasmic N-terminus with three putative transmembrane 

domains contain amino acids 1-87. Accessory domain includes amino acids 72-187 and the 

LytR domain includes amino acids 248-394. 

 

 CpsA is homologous to the protein encoded by the lytR gene in Bacillus subtilis, 

which is involved in transcription attenuation (57).  RT-PCR data showed that when CpsA 

was deleted there was reduced expression from the capsule operon indicating that CpsA 

may be acting as a transcription activator although it is not the only protein responsible 

(43). In addition, there is evidence that the CpsA protein is regulating its own promoter 

through DNA binding. Purified CpsA protein has been shown to bind specifically to the 

capsule operon promoter DNA (45). Truncation of the protein demonstrated that only the 

N-terminal regions encompassing the intracellular and transmembrane region of the protein 
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are needed for promoter binding. When the transmembrane region was truncated after the 

first transmembrane domain, DNA binding to the cpsA and cpsE promoters still occurred 

(58). However, when removing the second and third transmembrane regions and the 

extracellular regions from the protein, DNA binding specificity was lost suggesting that 

dimerization or interaction with other proteins may be required for transcriptional control 

(58). Alternatively, the rest of the protein may provide the correct conformational stability 

for binding to DNA.  

  The extracellular region of the Streptococcus pneumoniae CpsA protein, including 

the LytR domain and the accessory domain has been crystalized. The crystal structure of 

the LytR domain revealed an -β- structure with a hydrophobic pocket. The authors 

hypothesized that this region of the protein may be acting as a ligase to attach the nascent 

polysaccharide chain to the cell wall (55).When cpsA was deleted from GBS more of the 

capsule polysaccharides were released into the media instead of being attached, supporting 

the hypothesis that CpsA is involved in attaching the polysaccharide to the cell wall (52). 

 The accessory domain of the extracellular region of the CpsA protein is unique to 

the CpsA protein in the LytR-CpsA-Psr protein family. Recent work provided evidence of 

extracellular protein interactions. When the CpsA protein was truncated to remove the 

LytR domain and was then episomally expressed in wild type GBS, a dominant- negative 

effect on capsule production occurred (58). Further work identified a 23 amino acid peptide 

from the accessory domain, amino acids 210-245, that could cause the dominant negative 

effect when added from the external environment (59).  This suggests that the peptide could 

be interacting with a region of the protein required for protein interactions or the peptide 
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could be competing for binding partners of CpsA. Another study utilized a FITC labeled 

version of the dominant negative peptide described previously and showed the peptide 

could bind both cpsA+ and cpsA- strains supporting the second option that the peptide is 

binding to other proteins (59). Furthermore, the FITC peptide was binding in a specific 

pattern suggesting it is localizing at a specific region of the cell such as the division septum.  

 As discussed, CpsA is involved in multiple activities and evidence suggests 

possible protein interactions are important in regulating these activities. Mutations in the 

cpsA gene of S. agalactiae and closely related S. iniae resulted in a decrease in the ability 

to cause infection in a zebrafish infection model (58-60). When the CpsA protein is 

truncated and only the short cytoplasmic domain remains, DNA binding still occurs, but 

sequence binding specificity is lost (45). This result, along with previously mentioned RT-

PCR data, suggests other proteins maybe interacting with CpsA and are required for 

transcriptional control (45). Lastly, when CpsA is deleted, there is a reduction in the 

amount of capsule being attached to the cell wall suggesting the CpsA protein may be 

regulating or required by other proteins to attach the polysaccharide to the cell wall (52, 

58). 

 The purpose of this research was to determine if the CpsA protein is involved in 

interactions with other proteins and what specific protein domains are responsible for these 

interactions. A Bacterial Two-Hybrid System was used to determine if the CpsA protein is 

interacting with predicted binding partners CpsY and CpsE. This assay allowed 

identification of the regions of the proteins that are being brought into close enough 
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proximity to have a potential interaction. In addition, identification of additional unknown 

proteins that are directly interacting with CpsA in vivo was addressed using 

immunoprecipitation pull-down assays. 
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CHAPTER II 

MATERIALS AND METHODS 

BACTERIAL STRAINS AND GROWTH CONDITIONS 

Top 10 E. coli (Invitrogen) were used for initial cloning of plasmids containing the 

genes of interest for the Bacterial Two-Hybrid system. Cultures were grown in Luria broth 

(LB) media with either 100 µg/mL ampicillin or 50 µg/mL kanamycin based on which 

plasmid was being transformed. Cultures were grown at 37°C with shaking.  The BTH101 

E. coli cell line, which is a cya- strain lacking endogenous adenylate cyclase activity, was 

used for the co-transformation of the two plasmids containing the separated bait and fish 

fragments with the fused proteins of interest. BTH101 cultures were grown in LB media 

with 100 µg/mL ampicillin, 50 µg/mL kanamycin, and 100 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG), an inducer, at 30°C with shaking according to a provided 

protocol (52, 61-64). BL21 E. coli was used for the CpsA FtsZ immunoprecipitation pull-

down assays. BL21 cultures were grown in LB media with 50 µg/mL of kanamycin and 15 

µg/mL of chloramphenicol at 37°C with shaking. GBS was grown in Todd Hewitt Broth 

with 0.2% yeast extract (ThyB) with 3 µg/mL of chloramphenicol at 37°C statically.  

IDENTIFYING POTENTIAL INTERACTING PROTEINS 

 Potential binding partners for the CpsA protein were predicted using an online 

search tool STRING 9.1 (65). Predicted partners included the proteins CpsC, CpsB, CpsD, 

CpsE, CpsH, CpsF, CpsY, DexB, a psr protein, and a phosphotyrosine protein phosphatase. 

In this study, we focused on CpsE because it is a conserved gene. We also chose CpsY 
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because of its role in transcriptional regulation and the proximity of the cpsY gene to cpsA 

(57). Immunoprecipitation pull-down assays were performed to also identify interacting 

proteins in vivo.  

PLASMIDS 

 The plasmids used to create the reporter strains came from the BACTH system kit 

(Euromedex). The Bacterial Two-Hybrid System (BACTH) is based on cAMP 

reconstitution by the two fragments of the adenylate cyclase catalytic domain from 

Bordetella pertussis (Figure 4) (Euromedex). The two domains are inserted on separate 

plasmids that have different origins of replication and are under different antibiotic 

selection (66). Two plasmids have the T25 (bait) fragment, pKT25 and pKNT25, the 

difference between these plasmids is the location of the multicloning site (MCS) in 

comparison to the “bait”. The pKT25 plasmid places the “bait” fragment upstream of the 

MCS, while the pKNT25 plasmid places the “bait” fragment downstream of the MCS. 

Two plasmids have the T18 (fish) fragment, pUT18 and pUT18C, the difference between 

these plasmids is the location of the MCS in comparison to the “fish” fragment. The 

pUT18 plasmid places the “fish” fragment downstream of the MCS, while the pUT18C 

plasmid places the fish fragment upstream of the MCS.   

 For use in the immunoprecipitation pull-down assays the cpsA gene was previously 

placed on the pLZ12-rofA plasmid with an N-terminal maltose binding protein (MBP) tag 

(58). This construct was then transformed into Top 10 E. coli and the type Ia wild type 

(WT) 515 strain of GBS (43). WT GBS with the empty pLZ12-rofA plasmid was used as 
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a negative control. FtsZ was placed in the pET30a(+) vector by Genscript between the PstI 

and EcoRI sites of the MCS for a N-terminal His-tag.  

 

FIG 4 Principle of the BACTH system. A) The two fragments of the adenylate cyclase 

catalytic domains from B. pertussis when interacting lead to the production of cAMP. 

The T25 fragment will be referred to as the bait (B) and the T18 fragment will be referred 

to as the fish (F) from here on. B) The two fragments of the adenylate cyclase catalytic 

domain when cleaved are non-functional and there is no production of cAMP. C) When 

two proteins that bind to each other are fused to these fragments cAMP will be generated. 

D) cAMP will bind to the activator protein CAP that will bind the promoter to activate 

the lac and mal operon (52, 61-64).  

 

PRIMER DESIGN 

 Primers were designed, in both the 5’ and 3’ direction, for our genes of interest. 

The primers included specific restriction sites that correspond to restriction sites in the 

BACTH plasmids MCS, which allowed for fusion of our gene of interest to the “bait” or 

“fish” fragment. The designed primers are shown in Table 1.  
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TABLE 1 Forward and reverse primers to amplify genes of interest for use in BACTH 

system 

Primer Name Sequence Predicted 

Tm (°C) 

5' CpsA-T25-PstI AAAAGCTGCAGGGATGTCTAATCATTCGCGCC 82.4 

3' CpsA-T25-BamHI CGCGGATCCCTTATTCCTCCATTGTGTTC 76.9 

5' CpsC-T18C-BamHI CGCGAGGATCCCATGAATAAAATAGCTAATAC 73 

3' CpsC-T18C-EcoRI CCGTCGAATTCATTAAAGTTTATTCAAATCTG 69.3 

3' CpsC-T18N-EcoRI CCGTCGAATTCAAAGTTTATTCAAATCTG 69.1 

5' CpsY-T18C-PstI AAACACTGCAGGATGAGAATTCAACAATTAC 69.7 

3' CpsY-pUT18-KpnI GCGGGTACCCCGGACTGTTTATTTTTATG 61 

3' CpsY-T18N-KpnI GCGGGTACCGCTCAGGACTGTTTATTTTTATG 74.9 

5' CpsE-PstI AAAACTGCAGGATGATTCAAACAGTTGTGG 73 

3' CpsE-pUT18-BamHI CGCGGATCCTCCTTAGCACCTGTCCAAG 66.7 

3'CpsE-stop-BamHI CGCGGATCCTTTACTTAGCACCTGTCCCAAG 77.7 

 

POLYMERASE CHAIN REACTION 

  PCR was carried out to amplify the genes of interest, cpsA, cpsC, cpsY, or cpsE 

using the primers listed in Table 1. Genomic DNA from WT GBS 515 was used as a 

template. Sterile water was used as a negative control. The total PCR reaction was made to 

a final volume of 50 µL containing 5x Q5 Reaction Buffer, 10 µM forward primer, 10 µM 

reverse primer, Q5 High-Fidelity DNA Polymerase (NEB), 1 ng template DNA, and sterile 

water to make up the remaining volume. The program used was initial denaturation at 98°C 

for 30 seconds, 30 cycles of denaturing at 98°C for 10 seconds, annealing for 30 seconds 
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(temperature based on predicted Tm of primers using 2° below the lower Tm between the 

primers or by experimentation based on product size), and extension at 72°C for 1 minute. 

After the 30 cycles, there was a final extension at 72°C for 10 minutes. PCR products were 

separated on a 0.8% agarose gel and the products were purified using the PureLink Quick 

Gel Extraction Kit (Invitrogen) following the instructions provided by the manufacturer.  

RESTRICTION DIGEST OF PCR PRODUCTS AND PLASMIDS 

 Both the PCR-amplified fragments and the BACTH plasmids were digested with 

the appropriate enzymes to allow for ligation of the fragment into the BACTH plasmid. All 

enzymes used were purchased from New England BioLabs or ThermoFisher Scientific. 

Restriction digest mixtures were placed at 37°C overnight. Negative controls contained all 

reaction solutions except the template DNA. Restriction digest products were separated on 

a 0.8% agarose gel to confirm digest. Products were purified similar to the PCR products 

described above.  

TOP10 E. coli ELECTRO-COMPETENT CELLS 

  Top10 E. coli cells were made electro-competent through subsequent washes in 

decreasing volumes of ice-cold water and ice-cold water with 20% glycerol. Briefly, 300 

mL of LB media was inoculated with cells from an overnight culture. Cells were grown to 

an OD600 ~ 0.5. The cells were then placed on ice for 30 minutes. Cells were harvested by 

centrifugation 3,300 x G, 5 minutes at 4°C. The spent media was removed, and cells were 

resuspended in 25 mL of cold sterile water and centrifuged again with the same conditions 

as above. This process of centrifugation and resuspension continued three more times with 

the following decreases in resuspension volume: 10 mL, 5 mL, and 5 mL. After 
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resuspension in 5 mL of water the cells were centrifuged again and then resuspended in 5 

mL of ice cold 10% glycerol in water. This was repeated twice more with decreasing 

glycerol volumes: 1 mL and 600 µL. Cells were aliquoted at 40 µL per tube stored at -80°C 

until use.  

LIGATION AND BACTERIAL TRANSFORMATION 

 Ligations were carried out using T4 DNA ligase (New England BioLabs) following 

manufacturers recommendations. Ligations were butanol precipitated before being 

transformed. Briefly, the ligation volume was brought up to 50 µL with the addition of 

water then 500 µL of n-butanol was added. The mixture was vortexed then centrifuged at 

16,000 x g for 10 minutes, the supernatant was removed from the pellet, and the pellet was 

air dried before re-suspending in 10 µL of water.  

 Ligated and precipitated plasmids were transformed individually into electro-

competent Top 10 E. coli strain using electroporation. Briefly, 40 µL of electro-competent 

cells were mixed with 1 µL of each purified plasmid and allowed to sit on ice for at least 1 

minute. The cell mixture was transferred to a 1mm gap electro-cuvette (Fisher Scientific) 

and electroporated using a BTX TransPorator Plus at 1.8 kV. Cells were immediately 

transferred to 1 mL of SOC media and placed at 37°C with shaking for a recovery period 

of 1.5 hour.  Transformants were selected on LB media with appropriate antibiotics based 

on which plasmid was being transformed. Plates were placed at 37°C overnight. PCR was 

used to screen transformants to ensure the presence of the gene of interest.   
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SEQUENCING 

 Plasmids were isolated from positive screened transformants using the PureLink 

HiPure Plasmid Midi Prep Kit (Invitrogen) following manufacturer’s protocol. Plasmids 

were sent either to Genewiz or to the University of Maine sequencing facility to be 

sequenced to ensure that no mutations to the gene occurred during PCR. Additional middle 

primers were used along with the forward and reverse BACTH primers to ensure complete 

coverage of the gene (Table 1 and Table 2).  

TABLE 2 Primers used for sequencing in addition to BACTH primers 

Primer Name Sequence Tm (°C) 

5’ GBS-CpsY-RT-F GCTGAACAGCTCACGACTTG 63.8 

3’ GBS-CpsY-RT-R AGACTGAGATGGGGATCCAA 63.4 

5’ CpsA-fwd-BglII TCAACAGTATCAAGATCTGATG 56.8 

3’ GBS-CpsAlytR-del-

PstI 
AAAACTGCAGTTATGTTGATATAGAGCCAAAAG 68.5 

5’ GBS-cpsE-ins-SmaI TCCCCCGGGCTCATTTACAACGACACGAC 81.1 

3’ GBS-cpsE-ins-PstI AAAACTGCAGCCACAATGCCACATATGAGC 76.7 

 

ELECTROTRANSFORMATION INTO BACTH E. coli 

  Plasmids with confirmed sequences were transformed into electro-competent E. 

coli BTH101 cells (described previously). Cells were plated on LB selective media 

containing 100 µg/mL ampicillin and 50 µg/mL kanamycin.  Plasmids were transformed 

in pairs with the appropriate combination of both a “bait” and a “fish” C-terminally fused 

or N-terminally fused plasmid (see Table 3 for pairings). For CpsA, we used only the N-
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terminally fused plasmid since that is the cytoplasmic region of the protein. For CpsC, we 

used both the N- and C- terminally fused plasmids, as both termini are located in the 

cytoplasm. For CpsE and CpsY, we used the N- terminally fused plasmid. PCR was used 

to screen transformants to confirm the presence of both genes of interest.  

TABLE 3 BACTH system construct pairs 

Plasmid 1 Plasmid 2 Final Combination in BTH101 

BN – CpsA FN – CpsC BN-CpsA FN-CpsC (Positive control) 

BN – CpsA FN – CpsY BN- CpsA FN-CpsY 

BN – CpsA FC – CpsC BN-CpsA FC-CpsC 

BN – CpsA FN – CpsE BN-CpsA FN-CpsE 

BN – CpsA F Negative control 

BN – CpsA F Negative Control 

B FN – CpsC Negative Control 

B FC – CpsC Negative Control 

B FN – CpsY Negative Control 

B FN – CpsE Negative Control 

B – LeuZip F – LeuZip Positive Control 

 

SCREENING FOR PROTEIN INTERACTIONS 

  When two proteins that bind to each other are fused to the two separate fragments 

of the BACTH system and if the two fragments are brought into close enough proximity 

cAMP will be generated. The cAMP that is produced will bind to the activator protein CAP 
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that will bind the promoter to activate the lac and mal operon as shown in Figure 4 above. 

Activation of the lac operon allows for the production of the β-galactosidase enzyme that 

will break down the sugar lactose. Cultures of confirmed BTH101 transformants were 

grown in 3 mL LB with 100 µg/mL ampicillin, 50 µg/mL kanamycin, and 100 mM IPTG 

overnight at 30°C with shaking. Cultures were normalized based on OD600 to the lowest 

value between cultures. Two microliters of culture was dotted onto LB media with the 

above antibiotics and inducer as well as X-gal at a concentration of 40 µg/mL or 

MacConkey media with the antibiotics, inducer, and 1% maltose. Plates were placed at 

30°C and monitored for a color change in the growth to blue (X-gal) or pink (MacConkey) 

every 24 hours up to 96 hours after inoculation. Controls used are listed in Table 2.  

QUANTIFICATION OF PROTEIN INTERACTIONS 

  β-galactosidase activity was measured using a 96-well liquid β-galactosidase 

assay, which we optimized for our system (62, 67). BTH101 transformants were grown on 

a LB X-gal plate until the reaction was detected (approximately 24 – 48 hours). Liquid 

cultures were then prepared from the plates and left to grow overnight at 30°C. Culture 

density was determined spectrophotometrically by measuring the absorbance at OD600 in a 

96-well plate by adding 150 µL of water to 50 µL of cells. The assay was carried out in a 

96-well plate as previously described with slight modifications and optimizations made 

(67). Briefly, 100 µL of cells were lysed by sonication in 900 µL Z buffer (60 mM 

Na2HPO4·7H20, 40 mM NaH2PO4·H20, 10 mM KCl, 1 mM MgSO4·7H20, 50 mM β-

mercaptoethanol) supplemented with 1 mM PMSF. Sonication was carried out using a 
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Qsonnica Q800R at 56% amplitude for 3.5 minutes of total sonication time with 10 second 

pulses at 4°C.  After lysis, 100 µL of the samples were aliquoted into a 96-well clear, flat 

bottom plate in triplicate. The assay was initiated by adding 40 µL ONPG (4 mg/mL), a 

substrate of β-galactosidase, that when cleaved produces a colorimetric response. The 

plates were incubated at room temperature for 30 minutes with A420 and A550 

measurements recorded every 2 minutes by a Synergy HT plate reader (Bio-Tek). Enzyme 

activity was calculated in Miller Units (MU), using the following equation: MU = 1000 

*(A420-(1.75*A550))/(t * v * A600). Where ‘t’ is the length of the reaction in minutes and ‘v’ 

is the volume of culture assayed.  

IN VIVO IMMUNOPRECIPITATIONS 

  The cells were grown to log phase (ODA600 0.4-0.6) in 50 mL of ThyB and then 

harvested and resuspended in 10 mL PBS. The cultures were normalized to the lowest OD 

and then lysed using a protocol from Sanselicio et al. 2015 (68). Briefly, cells were pelleted 

and resuspended in 10 mL lysozyme solution (1 M Tris-HCl pH8, 5 M NaCl, 0.2 M EDTA, 

20% sucrose) with the addition of 50 U DNase 1, 1 PierceTM Protease Inhibitor Mini Tablet, 

EDTA-Free (ThermoFisher Scientific), 25 mg/mL lysozyme, 50 U/mL mutanolysin, 10 

mM MgSO4, 1 mM CaCl2 and incubated at 37°C for 1 hour. Following lysis, the lysate 

was incubated with the binding control agarose bead slurry according to the manufacturer’s 

protocol (ChromoTek) except for incubation at 4°C overnight on a test tube rocker, instead 

of the specified 1 hour. After incubation with the binding control beads, the solution was 

precipitated according to the manufacturer’s protocol (ChromoTek). The supernatant was 
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transferred to a fresh tube, since it contained any proteins not bound to the control beads, 

and the MBP Nano-Trap bead slurry was added. The mixture was incubated tumbling end-

over-end at 4°C overnight. The samples were precipitated at 1300 x g for 2 minutes at 4°C. 

Washing of the protein-bound beads was done first with one wash of low salt concentration 

wash buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA) followed by two 

washes with high salt concentration wash buffer (10 mM Tris/Cl pH 7.5, 500 mM NaCl, 

0.5 mM EDTA). The protein complexes were disassociated from the beads by boiling at 

95°C in 2X-SDS sample buffer and then precipitating 1300 x g, 2 min, 4°C. The 

supernatant, containing the proteins, was loaded and separated on a 10% SDS-PAGE gel 

and stained with Coomassie Blue for detection. Analysis was carried out using the Odyssey 

CLX (LiCor). This step allowed for differences between the samples to be observed.  

PREPARATION OF SAMPLE FOR TANDEM MASS SPECTROMETRY 

ANALYSIS 

  Immunoprecipitation was carried out as described above. Samples were loaded 

onto a 10% SDS-PAGE gel and electrophoresed 0.5 centimeter into the resolving gel, 

followed by staining with Coomassie Blue for 2 hours and de-staining overnight. The 

stained section was cut out of the gel and sent to Western Michigan University School of 

Medicine for identification of proteins by tandem mass spectrometry (MS) following a 

trypsin digest.  
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MS DATA ANALYSIS 

  Proteins identified in the negative control (WT GBS/pLZ12-rofA) and the test 

sample (WT GBS/pLZ12-rofA-MBP-cpsA) were compared. Proteins found in the cpsA 

sample, but not the negative control, were marked for analysis. Protein scores were taken 

into account when determining if an interaction was occurring or if it was just non-specific 

binding.  

CO-IMMUNOPRECIPITATION PULL-DOWN TO CONFIRM FTSZ 

INTERACTION 

 The plz12-rofA-MPB-CpsA plasmid was previously placed in Top10 E. coli as well 

as WT GBS. The pET30a(+)-FtsZ plasmid was transformed into the BL21 

electrocompetent E.coli, as described above. E. coli cells were lysed by sonication at 56% 

amplitude 10 second pulses for 3.5 minutes at 4°C in IP lysis buffer (50 mM Tris-HCl pH 

7.4, 150 mM NaCl, 1% (wt/vol) Sarkosyl, 1% (vol/vol) Triton X-100, 1% (vol/vol) NP-

40) supplemented with 1X Halt™ Protease Inhibitor Cocktail EDTA-free (Thermo 

Scientific). GBS cells were lysed by sonication at 60% amplitude 10 second pulses for 7 

minutes at 4°C in IP lysis buffer. The lysates were centrifuged to remove cellular debris at 

10,000 x g for 30 minutes at 4°C. E. coli lysate containing the His-FtsZ protein were mixed 

with either E. coli or GBS lysates containing the MBP-CpsA protein and incubated at 30°C 

overnight. Following incubation, cross-linking by 1% formaldehyde for 10 minutes at 30°C 

was performed, cross-linking was stopped adding 0.125 M glycine for 5 minutes at room 

temperature. Cross-linked samples were then centrifuged at 2,000 x g for 5 minutes and 
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washed twice with PBS.  The protein complex was then pulled-down using the MBP Nano-

Trap system (ChromoTek) described above. The proteins pulled down were separated on 

a 10% SDS-PAGE gel.  

WESTERN BLOT  

 Proteins were transferred to a nitrocellulose membrane using a wet blot method 

with a 10x Tris-glycine buffer using the Mini PROTEAN 3 cell (BioRad). The membrane 

was blocked with 5% non-fat dry milk in Tris-buffered saline. The membrane was then 

probed with a 1:2000 dilution of the primary antibody a monoclonal anti-his tag (LifeTein 

LT0426). The secondary antibody used was goat anti-mouse conjugated to the 680 

fluorophore (LiCor 926-68070). Analysis was carried out using the Odyssey CLX (LiCor). 

STATISTICS 

  Experiments were performed a minimum of three times. For the β-galactosidase 

assays, any significant difference of activity was calculated using a one-way analysis of 

variance (ANOVA) test or the Kruskal-Wallis (K-W) test p < 0.05 calculated using IBM 

SPSS statistics.   
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CHAPTER III 

RESULTS 

EVALUATION OF PREDICTED CPSA BINDING PARTNERS USING THE 

BACTH SYSTEM 

Potential binding partners of the CpsA protein were determined by using the STRING 9.1 

database. Proteins predicted to interact are shown in the network model below (Figure 5). 

The program predicted CpsA interactions with CpsC (SAG1173), CpsB, CpsD 

(SAG1172), CpsE (cpsIbD), CpsH, CpsF, CpsY, a psr protein, dexB, and a 

phosphotyrosine protein phosphatase (SAG0050) based on neighborhood and co-

occurrence parameters. From these predicted partners we chose to focus on the CpsE 

protein, as it is a conserved gene across serotypes. We also chose to look at the CpsY 

protein, because it is a LysR transcriptional regulator and the gene encoding CpsY is 

located directly upstream of the cpsA gene. The CpsC protein was used as a control as it 

has already been shown to interact with CpsA using the BACTH system (52). 
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FIG 5 Predicted binding partners of CpsA using STRING 9.1. A) The predicted protein 

interaction map evidence-based view for CpsA. The program used the following 

designations for some of the proteins: SAG1173 = CpsC, cpsIbD = CpsE, and SAG1172 = 

CpsD The program used the following colors for designation: green lines between genes 

indicated genes are in the same neighborhood of the genome, red lines indicated gene 

fusion evidence of interaction, blue lines indicated genes co-occurring, black lines 

indicated coexpression evidence, pink lines indicated experimental evidence, light blue 

lines are database evidence, and yellow lines are evidence from textmining. B) The 

predicted protein interaction map confidence-based view for CpsA; the thicker the line the 

stronger the predicted association.  

 

 We confirmed the BACTH system worked the same in our hands by replicating the 

CpsA/CpsC interaction previously demonstrated (52). We observed this interaction within 

24 hours after plating on LB X-gal media or MacConkey maltose media (Figure 6).  The 

interaction is occurring when the N-terminus of CpsC but not the C-terminus of the protein 

is tagged with the “fish” fragment suggesting the N-termini of both proteins are coming 

into close enough proximity for detection of the interaction. 

A B 
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FIG 6 Media assays for detection of interaction using the BACTH system. A) Protein 

interactions were detected by supplementing the media with X-gal a substrate of the β-

galactosidase enzyme. Plates were incubated at 30°C and checked for interaction every 24 

hours for a total of 72 hours. B) Protein interactions detected by MacConkey media 

supplemented with maltose. Plates were incubated at 30°C and were checked for 

interaction every 24 hours for a total of 72 hours.  

 

 The CpsE protein was tagged with the “fish” fragment of the BACTH system at its 

N-terminal end and co-transformed with the “bait” tagged CpsA protein. No interaction 

B 
A 

24 hours 24 hours 

48 hours  48 hours  

72 hours 72 hours 
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was detected on either of the media assays suggesting that the CpsA protein is not 

participating in a direct interaction with the CpsE protein (Figure 6). Upon seeing no 

reaction in the media assays, the CpsA/CpsE protein interaction was not tested using the 

liquid assay.   

 The CpsA protein is interacting with the N-terminus of the CpsY protein weakly or 

transiently. At early points in my work, CpsA and CpsY showed evidence of interaction 

after 96-hour incubations on the test medias (Figure 7). Upon a change in the environment 

of the tests, stronger interactions were detected as early as 48 hours of incubation on LB 

X-gal plate (Figure 6). The MacConkey plates continued to show weak to no response upon 

96 hours of incubation (Figure 6). After this difference was noticed, the BTH101 B-CpsA 

F-CpsY strain was re-tested and confirmed by PCR to contain the correct genes and no 

contamination by CpsC. It was also re-tested and confirmed by sequencing that there were 

no random mutations in CpsY.  

 Previous studies have shown that CpsY is a regulator of methionine transport (69-

71). Based on this we investigated whether the addition of methionine to the LB X-gal or 

the MacConkey media would affect the results of the CpsA/CpsY interaction. We 

evaluated three different constructs of the CpsA/CpsY strain and saw no effect on the 

protein interaction with the addition of methionine to either of the medias, the interaction 

was still occurring at the 48-hour time points with the addition of the methionine (Figure 

8). From this, we concluded that methionine availability was not the factor affecting the 

increased rate of interaction detection on the LB X-gal media.  
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FIG 7 Media assay for detection of interaction using the BACTH system. A) Protein 

interactions were detected by supplementing LB (commercially available) media with X-

gal a substrate of the β-galactosidase enzyme. Plates were incubated at 30°C and checked 

for interaction every 24 hours for a total of 96 hours. B) Protein interactions detected by 

MacConkey media supplemented with maltose. Plates were incubated at 30°C and were 

checked for interaction every 24 hours for a total of 96 hours.  
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FIG 8 Methionine availability is not involved in the CpsA/CpsY interaction. A) LB X-gal 

plates and B) MacConkey Maltose plates were supplemented with 400 µg/mL methionine. 

Plates were incubated at 30°C and checked for interaction every 24 hours for a total of 72 

hours. 

 

 Furthermore, evaluation on the concentration of NaCl present in the LB media was 

evaluated to determine if variation in the salt concentration of the media was having an 

impact on the CpsA/CpsY protein interaction detection on the LB X-gal media. The 

interaction was evaluated on LB X-gal with either 1% NaCl or 0.5% NaCl. There was no 
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apparent effect on the CpsA/CpsY protein interaction when NaCl concentration was 

changed in the media (Figure 9).   

 

 

 

 

 

FIG 9 NaCl concentration does not impact the CpsA/CpsY interaction. A) LB X-gal plates 

with 0.5% NaCl and B) LB X-gal plates with 1% NaCl. Plates were incubated at 30°C and 

checked for interaction every 24 hours for a total of 72 hours. 
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 Previously, the CpsA/CpsC protein-protein interaction had not been quantified. 

Using a β-galactosidase 96-well plate assay adapted from Battesti and Bouveret 2012 and 

Griffith and Wolf 2002 we were able to quantify this interaction in MUs (Figure 10). The 

CpsA/CpsC protein interaction produced a level of MUs that when analyzed by an 

ANOVA showed no statistically significant difference between the CpsA/CpsC interaction 

and that of the negative controls. Due to the large amount of variance between the means, 

a non-parametric K-W test was performed but still no statistically significant difference 

was observed. There was however, in both analyses run a moderate to large effect size that 

suggests if the experiment was performed more times, there might be significance 

observed.  

 The CpsA/CpsY protein interaction was unable to be accurately quantified using 

the conditions of the β-galactosidase assay (Figure 11). The CpsA/CpsY protein interaction 

when analyzed by an ANOVA showed no statistically significant difference between the 

CpsA/CpsY interaction and that of the negative controls. Due to the large amount of 

variance between the means, a non-parametric K-W test was performed but still no 

statistically significant difference was observed. There was however, in both analyses run 

a moderate to large effect size that suggests if the experiment were performed more times, 

there would be significance observed. 
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FIG 10 β-galactosidase assay quantifies interactions between CpsA and CpsC. Protein 

interactions were quantified using a 96-well β-galactosidase assay lysis of cells was 

performed by sonication for 3.5 minutes. This graph represents the mean MUs from 5 

separate experiments at the 4-minute reaction point. There was no statistically significant 

difference between the negative control T25N-CpsA T18 and T25N T18N-CpsC when 

compared to T25N-CpsA T18N-CpsC. Error bars represent standard error of the mean 

(SEM).  
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FIG 11 β-galactosidase assay quantifies interactions between CpsA and CpsY. Protein 

interactions were quantified using a 96-well β-galactosidase assay lysis of cells was 

performed by sonication for 3.5 minutes. This graph represents the mean MUs from 5 

separate experiments at the 4-minute reaction point. There was no statistically significant 

difference between the negative control T25N-CpsA T18 and T25N T18N-CpsY when 

compared to T25N-CpsA T18N-CpsY. Error bars represent standard error of the mean 

(SEM).  
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IDENTIFICATION OF ADDITIONAL CPSA PROTEIN-PROTEIN 

INTERACTIONS 

 Immunoprecipitation pull-down assays using the MBP tagged CpsA in GBS with 

MPB Nano-Trap beads (ChromoTek) showed differences in bound proteins when viewed 

as a Coomassie stained protein gel. Protein bands that are present in the MBP-CpsA but 

not the negative control are indicated by the red brackets (Figure 12). These bands indicate 

proteins that interacted specifically with the MBP-CpsA fusion protein. The entire pull-

down sample was analyzed by tandem MS. The analysis found many differences in CpsA 

bound proteins, of these identified proteins the ones highlighted in yellow were of interest 

to us because of their association with cell wall production and maintenance (Table 4). 

FtsZ was chosen to evaluate further for a true interaction with CpsA for this study because 

previous work has shown FtsZ and the CpsC/CpsD complex localize at the midcell (54).   
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FIG 12 IP shows CpsA binding proteins in vivo. The cells were lysed and then incubated 

with the MBP bead slurry. The proteins bound to the beads were disassociated from the 

beads and then separated by SDS-PAGE and stained with Coomassie blue. Lanes of the 

gel contain the following: A) Purified CpsA protein B) Proteins associated with MBP C) 

Proteins associated with CpsA D) MBP beads after protein dissociation E) CpsA beads 

after protein dissociation F) MBP proteins remaining in supernatant after pull down G) 

CpsA proteins remaining in supernatant after pull down.
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TABLE 4 Mass Spectrometry Analysis  

Protein 

Key 

Protein 

Entry 

Protein 

Accessio

n 

Protein 

Description 

Protein 

Score 

13821 ALF_STRR6 P0A4S2 Fructose bisphosphate aldolase OS Streptococcus pneumoniae strain 

ATCC BAA 255 R6 GN fba PE 1 SV 

475.821

4 

63194 CI111_ARATH Q9LET7 Calmodulin interacting protein 111 OS Arabidopsis thaliana GN CIP111 

PE 1 SV 1 

137.431

3 

72014 CODY_STRA3 P63846 GTP sensing transcriptional pleiotropic repressor CodY OS Streptococcus 

agalactiae serotype III str 

487.306

9 

101966 DNAK_STRPI B1IA52 Chaperone protein DnaK OS Streptococcus pneumoniae strain 

Hungary19A 6 GN dnaK PE 3 SV 1 

1335.97

9 

112161 EFG_STRU0 B9DVS2 Elongation factor G OS Streptococcus uberis strain ATCC BAA 854 

0140J GN fusA PE 3 SV 1 

701.772

9 

113864 EFTS_STRA5 P64056 Elongation factor Ts OS Streptococcus agalactiae serotype V strain ATCC 

BAA 611 2603 V R GN tsf 

1885.91

9 

114749 EFTU_STRA1 Q3K1U4 Elongation factor Tu OS Streptococcus agalactiae serotype Ia strain 

ATCC 27591 A909 CDC SS700 

9330.39

2 

114750 EFTU_STRA3 Q8E645 Elongation factor Tu OS Streptococcus agalactiae serotype III strain 

NEM316 GN tuf PE 3 SV 1 

9330.39

2 
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114783 EFTU_STRTD Q03LX0 Elongation factor Tu OS Streptococcus thermophilus strain ATCC BAA 

491 LMD 9 GN tuf PE 3 SV 1 

10668.7

4 

118501 ENO_STRA1 Q3K2B2 Enolase OS Streptococcus agalactiae serotype Ia strain ATCC 27591 

A909 CDC SS700 GN eno PE 3 S 

6139.48

5 

118503 ENO_STRA5 P64081 Enolase OS Streptococcus agalactiae serotype V strain ATCC BAA 611 

2603 V R GN eno PE 3 SV 1 

6139.48

5 

125368 FABG_AQUAE O67610 3 oxoacyl acyl carrier protein reductase FabG OS Aquifex aeolicus strain 

VF5 GN fabG PE 1 SV 1 

392.302

3 

138815 FTSZ_ENTHR O08458 Cell division protein FtsZ OS Enterococcus hirae GN ftsZ PE 3 SV 2 307.929

7 

251859 MURA2_STRA

1 

Q3K1J2 UDP N acetylglucosamine 1 carboxyvinyltransferase 2 OS Streptococcus 

agalactiae serotype Ia strain 

330.383

6 

315347 PRSA_STRA3 Q8E602 Foldase protein PrsA OS Streptococcus agalactiae serotype III strain 

NEM316 GN prsA PE 3 SV 1 

603.039

4 

326445 PURA_STRA5 P65886 Adenylosuccinate synthetase OS Streptococcus agalactiae serotype V 

strain ATCC BAA 611 2603 V R 

337.156

3 

467187 THIG_CROS8 A7MQQ

2 

Thiazole synthase OS Cronobacter sakazakii strain ATCC BAA 894 GN 

thiG PE 3 SV 1 

124.825

2 
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EVALUATION OF CPSA/FTSZ PROTEIN INTERACTION 

 We wanted to evaluate if the proteins pulled down and identified are specific 

interactions occurring in vivo. We decided to focus on the FtsZ protein. The FtsZ protein 

was tagged with a 6-His tag to carry out co-immunoprecipitation (co-IP) assays with the 

MBP tagged CpsA protein expressed in Top 10 E. coli or GBS. When lysates from Top10 

E. coli expressing MBP-CpsA and BL21 E. coli expressing His-FtsZ were mixed originally 

we saw evidence of interaction (Figure 13). When trying to repeat this result we were 

unsuccessful. We carried out the co-IP using lysates from GBS expressing MBP-CpsA and 

BL21 E. coli expressing His-FtsZ. The western blot showed inconclusive results of whether 

there is a true interaction occurring between CpsA and FtsZ (Figure 14). There is evidence 

of pull-down of the FtsZ protein with and without cross-linking in the pull down using 

GBS MBP-CpsA. However, there is also evidence of pull-down of the FtsZ protein without 

the MBP tagged CpsA present in the sample.  
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FIG 13 Co-IP from E.coli expressing tagged proteins shows evidence of CpsA/FtsZ 

interaction. The cells were lysed by sonication and then lysates were mixed. Mixed lysates 

were incubated with the MBP bead slurry. The proteins bound to the beads were separated 

by SDS-PAGE followed by western blot with α-His antibody. Lanes of the blot contain the 

following: 1) BL21 E. coli His-FtsZ lysate 2) Pulled down proteins from Top 10 E.coli 

MBP-CpsA lysate mixed with BL21 E. coli His-FtsZ lysate 3) Pulled down proteins from 

Top 10 E.coli MBP-CpsA mixed with empty BL21 E.coli lysate 4) Pulled down proteins 

from Top 10 E.coli lysate expressing a T25N tagged CpsA mixed with BL21 E. coli His- 

FtsZ lysate. 

 

A B    C  D 
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FIG 14 Co-IP using GBS lysate shows inconclusive CpsA/FtsZ interaction. The cells were 

lysed by sonication and then lysates were mixed and cross-linked. Cross-linked lysates 

were incubated with the MBP bead slurry. The proteins bound to the beads were separated 

by SDS-PAGE followed by western blot with α-His antibody. Lanes of the blot contain the 

following: 1) Cross-linked pulled down proteins from GBS MBP-CpsA lysate mixed with 

BL21 E. coli His-FtsZ lysate 2) Cross-linked pulled down proteins from GBS empty vector 

lysate mixed with BL21 E. coli His- FtsZ lysate 3) Cross-linked pulled down proteins from 

GBS MBP-CpsA mixed with empty BL21 E.coli lysate 4) Pulled down proteins from GBS 

MBP-CpsA lysate mixed with BL21 E. coli His-FtsZ lysate no cross-linking 5) BL21 E. 

coli His-FtsZ lysate 6) GBS MBP-CpsA lysate 7) GBS empty vector lysate 

 

 

 

 

 

 

 

 

 1  2    3  4  5 6 7 
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CHAPTER IV 

DISCUSSION 

 

 CpsA is involved in multiple activities and evidence suggests possible protein 

interactions are important in regulating these activities. As discussed in the introduction 

CpsA has transcriptional regulatory activity but there is loss of sequence specificity and 

reduced activity upon deletion of the extracellular portion (45). Furthermore, there was a 

peptide from the accessory domain of CpsA identified to cause a dominant negative effect 

when added from the external environment suggests that the peptide could be interacting 

with a region of the CpsA protein required for protein interactions or with the binding 

partners of CpsA (59). Lastly, when CpsA was deleted, there was a reduction in the amount 

of capsule being attached to the cell wall suggesting the CpsA protein may be regulating 

or required by other proteins to attach the polysaccharide to the cell wall (52, 58). 

The purpose of this study was to identify possible binding partners of the CpsA 

protein and what specific protein domains are responsible for these interactions. A 

Bacterial Two-Hybrid System was used to determine if the CpsA protein is interacting with 

predicted binding partners CpsY and CpsE. By labeling the N or C terminal ends of the 

proteins this assay allowed identification of the regions of the proteins that are being 

brought into close enough proximity to have a potential interaction. The BACTH system 

has been shown to detect interactions occurring in the cytosol along with membrane-

associated proteins (61, 66). This system has previously been used in GBS with the CpsA 
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protein to evaluate dimerization of CpsA and interactions occurring with the CpsC protein 

(52). The BACTH system has also been used to look at E. coli membrane proteins involved 

in cell division (63). This system has likewise been shown useful in evaluation of 

subdomains important for protein interactions (66). These features made this system 

appropriate for studying the membrane-associated CpsA protein.  

For this study, STRING 9.1 was used to identify proteins with potential interaction 

with CpsA. This analysis is based on direct interactions and indirect associations  with 

information coming from genomic context, experiments, co-expression, and publications. 

Based on a STRING 9.1 analysis of potential protein binding partners of the CpsA protein, 

the CpsY and CpsE proteins were chosen to evaluate using the BACTH system (65). The 

cpsE gene is highly conserved across serotypes of GBS, making the encoded CpsE protein 

a good candidate for interaction (49-51). CpsY was also chosen because of its role in 

transcriptional regulation and the proximity of the cpsY gene to cpsA (57). The cpsY gene 

is located directly upstream from cpsA and transcribed divergently. The CpsY protein is a 

member of the LysR family of transcriptional regulators, and we hypothesized that CpsY 

and CpsA may be working together at the capsule promoter. This interaction might also be 

involved in the specificity of CpsA to bind the capsule operon DNA shown previously (45). 

For this study, the previously described CpsA/CpsC protein interaction was used 

as a positive control in addition to the leucine zipper fused positive controls provided with 

the BACTH system kit (Euromedex) (52). The CpsA/CpsC interaction was used to ensure 

our study was having similar detection levels as other studies using the BACTH system to 
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evaluate CpsA interactions. The CpsA/CpsC interaction was validated on LB X-gal media 

and then further evaluated with the use of MacConkey maltose media. This interaction is 

occurring when the N-termini of both proteins is tagged with the BACTH  system but was 

not seen when the CpsC C-terminus was tagged. The positive interaction was detectable 

with both medias between 24- and 48-hours after incubation. Therefore, we were able to 

repeat and confirm the interaction that had been previously described (52). 

Other studies using the BACTH system to detect the CpsA/CpsC interaction did 

not provide quantitative data for liquid β-gal assays (52). We observed the CpsA/CpsC 

interaction produced a visible colored response detected by the spectrophotometer, but the 

levels detected were not found to be significant when compared to the negative controls. 

There was a large amount of variation between separate experiments evaluating this 

interaction. In an attempt to get more consistent levels of detection for the calculation of 

Mus, different methods of incubation were evaluated. Based on the media plate assays not 

showing evidence of interaction until 24 to 48 hours during incubation, liquid cultures were 

left to grow for 24 hours at 30°C or left to grow for 3 days at room temperature with 

shaking. The 3-day incubations were carried out with and without changing the spent 

media. All methods of incubation produced large variance in results between separate 

experiments. However, the statistical analysis of the data did find a moderate to large effect 

size suggesting if the experiment were to be repeated many times a statistical significance 

may be observed. The β-gal levels for the CpsA/CpsC interaction where low when 

compared to the leucine zipper positive control and these low levels with the variability 
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will have larger impact on the assay results. This suggests that this assay is not appropriate 

for detecting weak interactions. Further work to optimize the liquid β-gal assay to assess 

the BACTH system interactions, in an attempt to limit variation in results, may want to use 

protein quantification to ensure similar levels of protein are being analyzed.  

On the other hand, our results from the MBP Nano-Trap pull down did not show 

evidence of the CpsC protein interacting in vivo as it was not an identified protein in the 

MS analysis. This discrepancy could be attributed to disruption of the interactions due to 

steps of the IP procedure, such as too many or too harsh wash steps. Another possibility is 

that the level of the CpsC protein pulled down and fragmented into peptides was below the 

levels of detection of the MS analysis. However, even though CpsC was not identified by 

the MS analysis we still believe the interaction is occurring and that it is necessary for 

regulating the attachment of capsule to the peptidoglycan by CpsA (52).  

The CpsA protein was not shown to have a direct interaction with predicted protein 

binding partner CpsE that would bring the N-terminal ends of the proteins into close 

proximity. However, it could be that the CpsA/CpsE interaction is taking place at the C-

terminal end of CpsE. Our attempts to tag the C-terminal end of CpsE using the BACTH 

system were unsuccessful. This could be indicating expression of the C-terminally tagged 

CpsE is detrimental to the E. coli. Another possibility is any interaction is indirect and other 

proteins are required to form a protein complex. If the CpsE/CpsA interaction is through a 

complex, then it would not be detected using the BACTH system. However, no interaction 
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between CpsA and CpsE was supported by the Nano-Trap pull down where CpsE was not 

an identified protein.  

 The interaction of the CpsA protein with the CpsY protein was detected using the 

BACTH system on LB X-gal media. Upon our first analysis of the CpsA/CpsY interaction, 

we saw signs of weak interaction at 96 hours on the test medias. After a change in the 

source of the LB media (commercially available versus lab made), the interaction was 

detected more readily by 48 hours. Multiple batches of the LB media were prepared and 

tested. This interaction was only detected on the LB X-gal plates and not on the 

MacConkey maltose plates, which is likely due to differences in sensitivity of detection of 

interactions between the two media. Previous reports indicate that X-gal is the most 

sensitive of the screening medias when using a lac operon based system (72).  

 The change in interaction observed could also be due to the CpsA/CpsY interaction 

being a transient or weak interaction. The BACTH system itself may be a limitation in 

detecting transient interactions. One reason a transient interaction may be observed is 

nutritional availability. Previous studies identified the GBS CpsY protein as having a 

regulatory role in environmental methionine uptake (69, 71). Based on these findings we 

evaluated whether the level of methionine may have been different between the two 

variations of LB media we had used. By adding methionine to the LB X-gal and 

MacConkey maltose medias, we evaluated if there was a change in the interaction seen 

between the CpsA and CpsY proteins using the BACTH system. However, there was no 

change in the interaction seen by increasing the available methionine in the media. This 
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supports that higher levels of methionine in the commercial media is unlikely to explain 

the difference in the detection of the CpsA/CpsY interaction. Another difference noted 

between the commercially prepared LB and the lab made LB was the NaCl concentration. 

Based on this observation we used the lab made LB and evaluated if reducing the 

concentration of NaCl (0.5% instead of 1%) would have an impact on the CpsA/CpsY 

protein interaction. However, similar interactions were seen independent of the NaCl 

concentration. Thus, the observed results support that a weak CpsA/CpsY interaction is 

occurring and a less obvious component of the media may be affecting the ability to detect 

this interaction.  

 Most of the focus of GBS CpsY regulatory roles has focused on the methionine 

metabolism pathway. However, studies carried out using Streptococcus iniae with cpsY 

deleted showed growth of the strain was independent of methionine availability (70). 

Instead, it is thought that CpsY is regulating the atmB gene involved in transport of 

methionine (70). This regulation may be related to cellular stress, which in turn could affect 

growth rate of the cells. Changes in nutrition or cellular environment would affect growth 

rate, which has been shown to effect capsule expression in type III GBS (73). A study 

carried out to look at the role of CpsY in GBS survival found that CpsY had no effect on 

cell wall associated capsule production (71). However, if CpsY is interacting with CpsA it 

could be modulating the amount of capsule that is being released from the cell (69). 

 Finally, no interaction between CpsA and CpsY was found in vivo by the Nano-

Trap pull down. However, when STRING 9.1 analysis was run for CpsY there was a 
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predicted protein interaction occurring between CpsY and CpsA and the level of 

confidence of this interaction was relatively strong (Figure 15). There may be interactions 

between CpsY and CpsA that require other proteins in the capsule operon such as CpsD 

(SAG1172) as it is predicted to interact with both CpsA and CpsY (Figure 5 and 15).  Other 

protein interaction methods should be utilized to fully understand the interaction that may 

be occurring between CpsA and CpsY. 
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FIG 15 Predicted binding partners of CpsY using STRING 9.1. A) The predicted protein 

interaction map evidence-based view for CpsY. The program used the following 

designations for CpsD = SAG1172. The program used the following colors for designation: 

green lines between genes indicated genes are in the same neighborhood of the genome, 

red lines indicated gene fusion evidence of interaction, blue lines indicated genes co-

occurring, black lines indicate co-expression evidence, pink lines indicated experimental 

evidence, light blue lines are database evidence, and yellow lines are evidence from 

textmining. B) The predicted protein interaction map confidence-based view for CpsY; the 

thicker the line the stronger the predicted association. 

A 

B 
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 Through the MS analysis, no proteins identified by STRING 9.1 were pulled down 

and identified. There were several proteins involved in cellular metabolism that were pulled 

down, along with four proteins that are involved in various aspects of cell wall production 

and maintenance. Four of the most interesting proteins were CodY, PrsA, MurA2, and 

FtsZ. CodY, is a transcriptional regulator that has been determined to be involved in 

virulence factor regulation in other Gram positive organisms (74, 75). PrsA is a foldase 

protein that acts as a chaperone and assists in folding of exoproteins to their mature 

conformations (76).  The MurA2  protein is an UDP-carboxyvinyltransferase protein that 

is involved in cell wall synthesis, responsible for adding enolpyruvyl to UDP-N-

acetylglucosamine. Both PrsA and MurA2 expression has been shown to be regulated by 

CpsY (69, 77).  The FtsZ protein is involved in cell division. This protein forms a ring 

structure at division sites and is responsible for recruitment of other proteins to the site (78, 

79).  

 We decided to further evaluate the identified CpsA interacting protein FtsZ. We 

chose to focus on this protein due to other work that had shown the CpsC/CpsD complex 

is localizing at the cell division sites with FtsZ (54). As reported in other studies and the 

current study, CpsA is directly interacting with CpsC so any FtsZ interaction might be 

direct or indirect (52). Furthermore, when CpsA is deleted from the cell there is evidence 

of improper cell division, the chain length in the cpsA mutant is longer than what is seen 

in the wild type strain (58). Lastly, a FITC labeled peptide from the accessory domain of 
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CpsA showed specific binding patterns within the cell suggesting it is localizing and 

binding to proteins at the division septum in both wild type and cpsA deleted strains (58). 

 Our study showed inconclusive results of whether there is a true interaction 

occurring between CpsA and FtsZ. This could be for one or more of the following reasons. 

Mixing of the lysates may be preventing the formation of a complex where the interaction 

is occurring. We were at the time of this study able to express the tagged proteins separately 

but were unable to express the MBP-CpsA and His-FtsZ in the same strain of E. coli, which 

may be due to the proteins being detrimental to E.coli when both are being expressed. If 

both proteins are part of complex requiring other GBS proteins, then the experiment may 

need to be carried out in GBS. The high background when cross-linking was carried out 

with the negative control may have been due to an overabundance of the His-FtsZ, which 

resulted in non-specific cross-linking. Another possibility is that for the CpsA FtsZ proteins 

to interact correctly they both need to be associated with the cell membrane to be in the 

correct conformation. When we lysed the cells and combined the lysates, the proteins may 

have been isolated away from the membrane and not able to interact because they are not 

brought together in the correct conformation. Finally, by mixing the GBS lysate, there 

would be native FtsZ present and therefore there could be competition for binding to CpsA 

with the native protein binding more readily than the His-tagged FtsZ. 

 Another possibility for interaction between CpsA and FtsZ is the SepF protein. 

Using a previous version of STRING 9.1 analysis, SepF had been identified as a potential 

interactor with CpsA. The SepF protein has been shown to function in normal septum 
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formation as well as an anchor for the FtsZ ring structure (80, 81). There is a possibility 

that the CpsA/FtsZ interaction is an indirect interaction facilitated by SepF or another 

protein involved in cell division as it has been previously shown that CpsA is localizing at 

the cell division sites (55).  

  Lastly, there may have been limitations to the MS analysis. The MS analysis may 

have led to a false detection of interaction with CpsA and the FtsZ protein was interacting 

with the negative control as well as our sample, but it was not detected in the negative 

control because the number of peptides detected was at a level lower than the cut off for 

the assignment of the protein score in the MS analysis. The MS analysis applied to our 

samples was mainly focused on the number of peptides present that pointed toward 

specific proteins. Upon further inspection of the data the protein score applied to the FtsZ 

protein was low in comparison to other proteins identified but also the percent coverage 

of peptides for the FtsZ protein was only 5%.  

 The CpsA protein has roles in capsule production, transcriptional regulation, and 

pathogenesis and protein-protein interactions are involved in these roles. We have 

proposed a working model of CpsA protein interactions base on the findings of this study 

(Figure 16). In this study, we have confirmed CpsA is interacting with CpsC via the N-

terminal ends of the proteins. This interaction may be part of what controls if capsule will 

be added to the peptidoglycan or released into the media. We have also shown no 

evidence of interaction between CpsA and the CpsE protein that functions as a glycosyl 

transferase. Furthermore, we have identified the CpsY transcriptional regulator protein as 
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an interactor with CpsA however, this interaction is likely transient or weak and what 

controls this interaction remains unclear.  

 

FIG 16 Hypothesized model of CpsA interactions. The CpsA protein and the CpsC protein 

confirmed interaction is occurring at or near the N-terminal ends of both proteins. We have 

shown weak or transient interactions occurring between CpsA and CpsY. The CpsA-CpsY 

interaction may be responsible for transcriptional regulation of DNA. CpsE does not 

directly interaction with CpsA. The MS analysis detected interactions with PrsA, CodY, 

and FtsZ. FtsZ might be interacting directly with CpsA or indirectly through the CpsC-

CpsD complex.    

 

The clustering from the STRING 9.1 analysis supports the model where CpsD may 

interaction with both, possibly functioning to stabilize the weak interaction. Further work 

should be carried out to elucidate this interaction. Lastly, we have identified several other 

proteins such as CodY, PrsA, MurA2, and FtsZ that may be involved in complexes with 

CpsA. PrsA may be interacting with CpsA via the extracellular C-terminal end as PrsA 

functions extracellularly to ensure proper folding of proteins. CpsA interactions with CodY 
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will most likely occur at intracellular regions of CpsA, as CodY is a transcriptional 

regulator of many virulence factors. Evaluation of the CpsA/FtsZ interaction by co-IP 

experiments did not conclusively determined whether this as a true interaction. 
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