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ABSTRACT OF THE THESIS 

 

 

 

PLC-Z and S. typhimurium’s SPI-1 Type III Secretion Apparatus May Function 

Together to Prevent Fertilization but Only in vitro 
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PLC-ζ is a sperm factor responsible for inducing calcium oscillations inside an 

oocyte leading to outcomes ranging from oocyte activation, block of polyspermy and 

down-regulation of genes involved in oocyte development. The ultimate goal of these 

experiments was to develop a bacterium, S. typhimurium that could mimic the effects 

of sperm on a mature oocyte. While the development of PLC-ζ was underway, another 
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goal was attempted. No one had ever tested the interactions between S. typhimurium 

and an oocyte, and it was uncertain if the bacterium could adequately deliver proteins 

into the ooplasm. Although S. typhimurium’s secretion and translocation apparatus 

was tested with HeLa cells using a 1 HeLa to 100 bacteria ratio, and adenylate cyclase 

(reporter) was detected through relative cAMP levels, several factors posed a problem 

with the infection of the oocyte. For example, Salmonella’s needle was 500 times 

shorter than the length of the zona pellucida (ZP) of the egg. The zona pellucida, a 

protein matrix, serves as an additional barrier between the sperm and the egg plasma 

membrane. Typically, S. typhimurium can bind directly to a host cell and translocate 

its effector proteins directly into the cytoplasm. In this case, S. typhimurium was only 

able to penetrate the ZP and secrete into the ooplasm once its numbers reached 

1,000,000 cfu per oocyte. With such a high number required to effectively deliver 

proteins into an oocyte, it was clear that this delivery system was not the ideal 

alternative to conventional contraceptives.  
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I: 

Introduction 
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Several novel contraceptives are being tested as potential replacements to 

conventional estrogen-progesterone hormone therapy. One in particular has 

demonstrated potential as the first contraceptive vaccine. The method utilizes 

attenuated Salmonella typhimurium, which expresses the primary sperm receptor, ZP3. 

ZP3 was able to illicit an antibody response in mice and consequently make them 

infertile (2). This project aimed to create an alternative contraceptive utilizing S. 

typhimurium’s SPI-1 type III secretion system (T3SS). 

 S. typhimurium is able to inject engineered proteins into the cytoplasm of many 

eukaryotic cells and therefore, it was suggested that the injection of the novel sperm 

factor, PLC-ζ could be injected into the cytoplasm of an egg. Upon injection, PLC-ζ 

would activate calcium channels, which would lead to the activation of the egg and 

blockage of polyspermy. The project was broken up into four components. First, 

creation of the injectisome and ultimate transfer of the injectisome into a probiotic 

E.coli strain that is already present in the cervix and possibly the uterus, needed to be 

achieved. The probiotic E.coli strain Nissle 1917 was considered (3) which has been 

found in the cervix of approximately 20 % of women (4). The second aim was to 

identify bacterial adhesins that could bind the target oocyte’s surface with high 

affinity. The third goal was the development of a deactivation module that could turn 

off the bacterial contraceptive at will. With this technique, a bacterium-specific toxin 

would be expressed under an externally controlled promoter, which upon activation 

would cause bacterial self-destruction. The last portion of the project dealt with the 

counteraction of the immune system. The uterus is sterile, and therefore, it is unknown 
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what effect the probiotic would have in the uterine environment. The project outlined 

in this thesis tested S. typhimurium’s ability to inject proteins into the ooplasm. 

Additionally, PLC-ζ constructs were created to be used if S. typhimurium was 

successful in translocating engineered proteins across several barriers of the egg.  

Salmonella enterica subspecies 1 serovar typhimurium’s Type III Secretion 

System (T3SS) can translocate effector proteins across its own two membranes as well 

as a eukaryotic plasma membrane in a single energy coupled step (1). These effector 

proteins can cause a broad-spectrum of disease symptoms depending on the host, and 

hence, it is called a broad host serotype (5). The infection causes gastroenteritis in 

humans and a typhoid like disease in mice (5). In the gut, the microbe interacts with 

Illustration 1: Type III Needle complex. (1) shows a diagram 

of all the necessary components of S. typhimurium’s SPI1 system 
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the intestinal mucosa, invades intestinal tissues, provokes inflammatory responses and 

induces diarrhea (6). Although Salmonella typhimurium utilizes two distinct type-III 

secretion systems (located on separate pathogenicity islands 1 and 2) known as SPI-1 

and SPI-2, only the SPI-1 system was induced in the following experiments.  All of 

the genes required for needle complex assembly and function are located on SPI1 

which is a 40-kb gene cluster at centisome 63 (1). On the other hand, the SPI-2 system 

of is only expressed once the microbe is inside of the host cell (6). Furthermore, 

research has shown that there is no contribution to intestinal inflammation via the SPI-

2 system until day 3 (6). These data along with other published works indicate that the 

SPI-2 system is required for Salmonella’s survival in the host cell and less for initial 

injection of host proteins inside the cell. SpI-1 secretes and translocates  effector 

proteins from the cytoplasm of the bacteria to the host cytoplasm which consequently 

(1) leads to cell structure re-organization via actin recruitment, (2) alters host cell 

signal transduction, (3) disrupts membrane trafficking, and (4) affects cytokine gene 

expression (1).  
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S. typhimurium employs over 10 effector proteins through the SPI-1 system to 

infect the host cell (7). The proteins are translated minutes after other translocase 

proteins complete assembly of the syringe apparatus and Salmonella makes first 

contact with the host. SipA, SopB, SopE and SopE2 trigger actin polymerization, 

membrane ruffling and host cell invasion, while SptP disrupts these responses so that 

the host cell can reform the initial cell structure  1-2 hours later (7). Illustration 2 

(Elermeier et al, 2005) is a schematic for the regulators and modulators of the SPI-1 

system. HilA is the key regulator of the effector proteins as well as the proteins that 

comprise SPI-1’s T3SS. HilA is regulated by HilD, HilC and RtsA. SirA/BarA also 

plays a role in HilA regulation (5). Salmonella secreted protein H1 (SSPH1) is another 

effector protein that can be secreted through either SPI-1 or SPI-2 system. The protein 

is comprised of about 700 amino acids (8). In the following experiments, the N-

terminal secretion/translocation signal consisting of approximately 208 amino acids 

was used to transport the catalytic domain (ACD) of the adenylate cyclase toxin from 

Bordetella pertussis (CyaA) inside the cytoplasm of the host cell (8). In the presence 

of calmodulin (found in the cytoplasm eukaryotic cells), the adenylate cyclase toxin 

Illustration 2: SPI-1 

Regulation. 
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from Bordetella functions by converting adenosine-5’-triphosphate (ATP) to its 

energetic counterpart 3’-5’-cyclic adenosine monophosphate (cAMP) (8). Typically, 

adenylate cyclase is membrane bound on the plasma membrane. It spans the 

membrane twelve times. The C1a and C2a domains come together to make a catalytic 

dimer which form the active site where ATP binds and is converted to cAMP. 

However, in this experiment, only the catalytic domain of CyaA (406 amino acids 

long) was used. The protein complex was successfully secreted and translocated 

through the SPI-1 system into the host cell in these experiments. 

In this set of experiments, the objective was to create a bacterial shuttle system 

that could transport any desired protein into a variety of eukaryotic cell types. In my 

primary efforts, I attempted to create a microbe that could act on bovine oocytes to 

reproduce the effects of fertilization in the presence of sperm.  This was achievable by 

the sperm factor protein, phospholipase C-zeta (PLC-ζ) which activates the oocyte and 

prevents polyspermy. Many proteins can be secreted and translocated through S. 

typhimurium’s type III secretion system. However, there must be a signal recognition 

sequence upstream of the protein sequence. The signal is typically an N-terminal 

sequence and usually resides somewhere in the first 200 amino acids. The signal can 

Illustration 3: sperm-zona pellucida contact (Alberts et al 2002) 
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be in the mRNA sequence or like Salmonella, in the protein sequence. The signal tells 

the bacteria to secrete and translocate the protein through the type III secretion system.  

 

PLC-ζ is the perfect candidate for our effort to create a bacterial contraceptive. 

However, due to the protein’s complexity, the struggle remains to express it in 

bacteria. Additionally, we were unsure if the Salmonella’s SPI-1 system could secrete 

proteins into an oocyte’s cytoplasm and therefore trials were performed. In order to 

understand how PLC-ζ can alter the state of the egg cell, a little background must be 

given. The mechanism of PLC-ζ will be explained briefly. After insemination, the 

sperm swim to the oviduct, which is the site of fertilization. Evidence states that 

chemical signals released by the follicle cells that surround the ovulated egg attract 

sperm to the egg. Ovulated oocytes are arrested at metaphase II stage of meiosis and 

only complete meiosis after fertilization. The sperm is responsible for the egg’s 

activation and development (9). After making contact with the egg, the sperm finds 

many obstacles. The first being the 3-4 layers of follicle cells known as cumulus cells; 

about 3000 cells are held together by an extracellular matrix (10). Cumulus cells are 

differentiated somatic cells that are essential for oocyte development (11). Prior to egg 

maturation they are tightly connected to the zona pellucida, and after maturation, they 

become loosely attached and more gaps can be visualized. This facilitates sperm entry 

(presumably). Lastly, the sperm must bind and fuse to the oocyte’s plasma membrane. 

The zona pellucida (ZP) is made up primarily of glycoproteins. The acrosomal 

reaction is induced upon sperm binding to the ZP. In the acrosomal reaction, different 
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hydrolytic enzymes assist the sperm in chewing through the membrane and entering 

the oocyte.  Other proteins on the sperm surface are also exposed which allow for tight 

binding between the sperm and the eggs eventually leading to fusion. Meanwhile, the 

oocyte has mechanisms for ensuring that only one sperm fuses, creating the block to 

polyspermy. The oocyte’s plasma membrane is rapidly depolarized which prevents 

sequential fusion. However, the membrane eventually repolarizes, and a second 

mechanism is utilized to ensure single sperm-entry. This process is known as the egg 

cortical reaction.   

Illustration 4: Acrosomal reaction. Schematic of sperm entry (Alberts et al 

2002) 

Illustration 5: Cortical reaction. Schematic 

of cortical reaction (Alberts et al 2002) 
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This process is accomplished by an intracellular increase in calcium in the 

oocyte, upon sperm entry. This calcium influx activates the egg to begin development, 

and cortical granules are released via exocytosis. This proceeds to block sperm from 

binding to the ZP by removing a carbohydrate that it binds to and second by cleaving a 

separate protein on the ZP that results in a hardening of the ZP. The calcium 

oscillation triggers the development of a zygote when the egg and sperm haploid 

pronuclei come together. (Alberts et al. 2005). 

The Ca
2+

 increase at fertilization is always observed, emphasizing the point 

that it is responsible for the initiation of development. The importance of the Ca
2+

 

increase is underlined by the finding that it is both necessary and sufficient for 

stimulating the early events of egg activation. If a Ca
2+

 increase is prevented at 

fertilization then, while sperm–egg membrane fusion still occurs, all other events of 

egg activation, such as meiotic resumption and exocytosis, are prevented (12, 13). The 

Ca
2+

 increase is known to be sufficient for development because causing an artificial 

rise in Ca
2+

 in the egg leads to stimulation of all of the early events of egg activation 

[(14),(13)].Furthermore, previous studies have shown that Injection of these cytosolic 

sperm extracts was sufficient for activation ((15),(13)). The active factor appears to be 

a protein localized in the perinuclear theca which is a dense protein matrix between 

the sperm nucleus and plasma membrane (13). The sperm factor, PLC-ζ contributes to 

oocyte activation and meiotic division. Oocyte activation is achieved by 

intracytoplasmic calcium oscillations caused by the triggering of the phosphoinositide 

pathway. PLC-ζ1 is assumed to cleave phosphatidylinositol-4,5-bisphosphate (PIP2) 
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into two components, one being a major signaling product, 1,4,5-inositol triphosphate 

(IP3) and 1,2-diacylglycerol (DAG) (16). IP3 binds and opens an IP3-gated channel 

(IP3R) on the endoplasmic reticulum membrane, which allows for the release of 

calcium into the ooplasm (17). 

In an effort to study PLC-ζ in vitro, Dr. Pablo Ross and associates proposed in 

a paper from Reproduction, 2008, to microinject PLC-ζ cRNA directly into the 

ooplasm, thereby circumventing fertilization. Intracellular calcium oscillations were 

observed which in turn activated the oocyte, as has been visualized in sperm to egg 

fusion (16). Applying the technique of microinjection, we hypothesized that injection 

of PLC-ζ via S .typhimurium’s SPI-1 T3SS could have the same effect. Although the 

constructed PLC-ζ could not be expressed in Salmonella typhimurium, E.coli DH5-

alpha, or E.coli BL21 (DE3) plysis, the basic mechanism of utilizing bacteria to 

microinject various relevant proteins into oocytes is a topic of interest. Therefore, we 

tested the injection system using a portion of SPI-1’s effector protein, SSPH1, and the 

secondary messenger/reporter signal, cAMP. 

S. typhimurium has already been used in various experiments for therapeutic 

use besides birth control. An interesting article described a highly attenuated strain of 

S. typhimurium, defective in guanosine 5’-diphosphate-3’-diphosphate synthesis, 

which has the capability to target tumor tissue/cells and secrete  anti-tumor molecules 

(cytotoxic proteins) called cytolysin A as well as reporter genes. The results showed a 

significant decrease in the ability to complete dissemination of the tumor. The data 

also revealed that the engineered bacteria suppressed metastatic tumor growth. 
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According to the paper, Salmonella is known to accumulate in an array of solid tumors 

(18).  
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Materials and Methods 
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Phospholipase C-zeta1 sequence 

 

The plasmid map (illustration 6) shows PCS2 with all of the markers present including 

the PLC-ζ1-gene. pCS2+ PLC-ζ1-wildtype sequence from mouse: 

atggaaagccaacttcatgagctcgcagaagcaagatggtttttgtcaaaggttcaggatgattttagaggtggaaaaatcaacgttgaaattactcacaaactgcttgag

aaacttgatttcccatgccactttgctcatgtgaaacatatttttaaggaaaatgacagacagaaccaaggaagaatcaccattgaagagtttagagccatttaccggtgtat

tgtacatagagaagaaatcacggagattttcaacacgtatactgaaaataggaaaattctttctgagaacagtctgattgagtttctaacccaagagcagtatgaaatggag

atcgatcactctgattcagtagagatcatcaataagtatgagcccattgaagaagtaaagggtgagcgacagatgtcaattgaaggtttcgcaagatacatgttttcatcag

aatgtctactgtttaaagagaactgtaaaaccgtgtaccaagatatgaatcatccattaagtgattattttatttcatcatctcacaacacatatttgatatccgatcaaatattgg

gaccgagtgacatttggggatatgtaagtgctcttgtgaaaggctgccgctgtctggaaattgactgctgggatggatcccaaaatgaacccattgtgtaccatggttaca

cattcaccagcaagcttctcttcaaaactgtggtccaagcaataaacaagtatgcctttgtgacatctgattacccagtagtgctgtccttagaaaatcactgctcccctggtc

agcaggaagtgatggctagcattctgcagagcacctttggagacttcctgctttcggacatgcttgaggagtttccagatacactaccgtctccagaggcactaaaattca

aaatattagtgaaaaacaggaaagtgggaaccttatctgaaacccacgagaggataggaaccgacaaaagtggccaagtgctagaatggaaagaagtcatctatgaa

gatggtgatgaagactcaggaatggatccagaaacatgggatgtcttcctatcacggatcaaggaggagagggaagcagatccctcgacattgagtggaatagcagg

cgtcaagaaaaggaagaggaagatgaaaatagccatggccttatctgatcttgtcatttatactaaggctgagaagttccgaaacttccaatattcaagagtctatcagcaa

tttaatgagaccaattcgattggagagtctcgagctcgaaaactttccaaattgagagtccatgagtttattttccacaccgcggcattcatcaccagagtataccccaaaat

gatgagagcagactcttctaactttaaccctcaagagttttggaatgtaggatgtcagatggtggccttgaactttcaaacccctggactgcctatggatttgcaaaacggg

aaatttttggataatggaggctctggatatattttgaagccagacatccttagagatacaaccctgggctttaacccaaatgaaccagaatatgacgaccatccagttaccct

cacaatccgaatcatcagtgggatccagttgcctgttagctcatcctctaacacgcctgacatagtagtgatcatagaagtctacggtgttccaaacgaccacgtgaagca

gcagactcgtgttgttaagaataatgcttttagtccaaagtggaatgaaacatttacatttcttattcaagtgccagaactggcattgatacgttttgttgttgaaactcaacaag

gcttattatcaggaaatgaattactcgggcagtacactttaccagttctttgcatgaacaaaggttatcgtcgtgttcctctgttttccaaatccggtgcgaaccttgaaccttc

ctcactgtttatttatgtttggtacttcagagagtg. The plasmid was graciously prepared and provided by Dr. 

Rafael Fissore and his associates.  

 

Illustration 6: pCS2+ plasmid map 
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Preparation of PLC-ζ1 Constructs 

Plasmids, pCS2+ PLC-ζ1 wildtype and mutant, pBAD24 (positive control) and 

negative control (no plasmid) were transformed into chemically competent E.coli 

DH5-alpha for long term storage and cloning. Conditions for heat shock 

transformation were as followed: 2 µl of each plasmid were exposed to 100 µl of 

competent cells on ice. Cultures were incubated for 1 hour on ice followed by heat 

shock at 42⁰C for 1.5 minutes, followed by 2 minutes on ice. 1 ml of Luria-Bertani 

broth (LB) was added, and cultures were incubated in a 37⁰C water bath and shaken at 

200 rpm. Cultures were centrifuged for 1 minute at 13,400 rpm, and pellets were 

resuspended in 100 µl residual liquid. Concentrated cultures of 25 µl and 75 µl were 

inoculated on LB-AMP-Agar/LB-agar plates and grown overnight at 37⁰C. After 

plates were streak purified, innoculated bacterial colonies containing the bla gene were 

grown in LB with 100 µg/mL ampicilin overnight at 37⁰C on a water-bath shaker. 

Strains without plasmid were inoculated into LB media without ampicilin. The 

following day, all cultures were stored in -80⁰C with 40% glycerol.  PCR was 

performed with the following primers, forward primer 5’-

aatggtaccggaaagccaacttcatgagctc-3’, reverse primer WT 5’-

atagtcgactcaatgatgatgatgatgatgctctctgaagtaccaaacataaataaac-3’ and reverse primer 5’- 

atagtcgactcaatgatgatgatgatgatgatgcacgtggtcgtttggaacaccgtag-3’ (mutant)  to make 

PLCζ-1 wildtype and mutant both with a 5’-Kpn1 end and an in-frame 3’-

hexahistidine tag and Sal1 end. The PCR reaction was carried out in 150-µl reaction: 

dH2O, 10x Taq buffer, 20 µM magnesium sulfate, 10 mM dNTPs, 10 µM forward and 
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reverse primers, template DNA and finally Taq polymerase. The PCR reactions were 

performed under optimal conditions: 94⁰C for 1 minute, 54⁰C for 1 minute, 72⁰C for 

2.5 minutes and the cycle was repeated for 36 cycles. At the completion of the cycle, 

the samples were run for a final elongation time of 10 minutes at 72⁰C and incubated 

at 4⁰C.The PCR product was verified on a gel, and the 1.7 Kb (M) and 1.9 Kb (WT) 

fragments were excised from the gel using a Qiagen™ gel extraction kit. The PLC-ζ1 

inserts were cut with restriction enzyme Kpn1, and purified using the Qiagen kit. The 

inserts could not be cut with both enzymes simultaneously because the enzymes 

required different buffers for optimal activity. Restriction enzymes Sal1 and Kpn1 

were used to make sticky ends that flanked the 3’ and 5’ regions of PLC-ζ1 PCR 

product, respectively. Restriction enzyme digest was carried out in 25µl reaction 

mixture and incubated at 37⁰C for 2 hours: 20.25 µl insert DNA, 2.5 µl 10X Kpn1 

buffer, 0.25 µl BSA and 2 µl of KPn1. Next, the inserts were cleaved with SalI (less 

efficient) and run on a gel to ensure adequate size following cuts. The digest 

incorporated the same volumes used for kpn1 conditions. DNA fragments were 

verified on a 1% agarose gel to ensure that non-specific cutting had not occurred. The 

inserts were purified using the gel extraction kit provided by Qiagen. At the same 

time, pBAD24 was also cut sequentially with both enzymes, and finally PLC-ζ1 

inserts were ligated into pBAD24 (ratio of 2:1) using T4 DNA ligase, 10x ligase 

buffer at 15⁰C. The ligation products were transformed into E.coli DH5α, and the 

plasmids were isolated and purified using the Qiagen QIAprep Spin Miniprep Kit and 

quantified by spectrophotometry. Clones were sent for sequencing (Bio Applied 
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Technologies Joint, Inc) and verified, using online Mol Bio tools sequence alignment 

software to be correct. 

Preparation of SopE- PLC-ζ1 Fusion Protein 

The SopE gene encoding the first 104 amino acids along with an influenza 

epitope tag and an M45 peptide in plasmid pSB1784 was graciously provided by Dr. 

Jorge Galan and associates. Forward primer atagaattcagcatggtgacaaaaataactttatctc 

containing an EcoR1 5’-end and reverse primer attggtacccatagtctccatgttttcattg with a 

3’-end were used to isolate SopE-influenza-M45 gene from pSB1784 and was 

amplified under optimal PCR conditions; 94⁰C for 1 minute, 54⁰C for 1 minute, 72⁰C 

for 0.5 minutes, and the cycle was repeated 30 times. After the 30
th

 cycle, with a final 

elongation at 72⁰C for 10 minutes, products were stored at 4C. The SopE PCR product 

and PLC-ζ1-pBAD24 (WT+M) were doubly digested using high affinity EcoR1 (5’) 

and Sal1 (3’), and the digestion products were verified on 1% agarose DNA gel. Upon 

validation of the correct sizes and inserts, the samples were excised from the gel, 

purified using a Qiagen kit and ligated together as previously described. The SopE 

gene was ligated upstream of PLC-ζ1 using T4-DNA ligase at 15⁰C for 24 hours. The 

completed ligation product was transformed into DH5-α, as previously described and 

mini-prepped (Qiagen) to isolate the cloned plasmids. The new constructs were 

linearized using EcoR1 and run on a DNA gel to verify the correct sizes. Once the 

plasmids were confirmed to be their proper sizes, samples were sent to BATJ for 

sequencing. Sequencing verified that the fusion protein constructs were correct. 
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PLC-ζ1 Expression 

PLC-ζ1 WT and M in pBAD24, pBAD24 (empty plasmid), and SopE-PLC-ζ1 

WT and M (fusion proteins) were transformed into heat shock competent E.coli BL21 

(DE3) plysis. Expression of PLC-ζ1 was induced under many varying conditions. 

Expression was induced by the addition of 1 mM-13 mM L-arabinose in 

LB/2XYT/M9 media containing the aforementioned strains. The cultures were grown 

overnight under different conditions. Cultures were grown at room temperature (RT) 

with rigorous shaking in LB/2XYT/M9 media with 100 µg/mL of ampicilin and the 

addition of 1 mM L-arabinose. In other culture conditions, the strains were grown 

overnight in LB at 37⁰C and RT with the addition of 100 µg/mL of ampicilin. The 

next day, the cultures were diluted 1:100 and then grown to mid-log phase (~0.5 

OD600), at 37⁰C or RT with shaking. At mid-log, varying concentrations of L-

arabinose were added; 1 mM-13 mM. The cultures were induced at a range of time 

points from 1-24 hours. The cultures were centrifuged at 10,000 x g for 10 minutes. 

The supernatant was decanted and the pellets were resuspended in 5mL/gram of wet 

cell paste BugBuster™ lysis buffer. 1 µg/ml of DNase was added and then the cell 

lysates were incubated on a shaking platform at 100-200 rpm for 20 minutes. All 

insoluble debris was removed via centrifugation at 16,000 x g for 20 minutes. The 

supernatant was transferred to a fresh tube and frozen for later use in Western blot 

analysis. 
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SDS-PAGE 

10% Mini-PROTEAN
®
 TGX

™
 Precast gels were purchased from Bio-Rad. All 

solutions were from Bio-Rad unless otherwise noted. The protocol for sample 

preparation and loading was followed as described in the Bio-Rad protocol. Briefly, 

the electrophoresis buffer contained 1.92 M glycine, 0.25 M Tris base and 1% SDS. 

The samples were prepared by the addition of 10x sample buffer, 62.5 mM Tris-HCL, 

2% SDS, 25% glycerol, 0.01% Bromophenol Blue. This buffer was added to the crude 

lysate at a 2:1 ratio. The lysates (10 µg of protein) were loaded to the gel. Precision 

Plus Protein™ Kaleidoscope Standards were used as the molecular weight standards. 

The MW standards ranged from 10 to 250-kiloDaltons (kDa). The gel was run at 200 

V and 120 mA (60 mA/gel); two acrylamide gels were run simultaneously. One was 

used for staining and visualization of the gel (Coomasie Blue R-250) to verify 

sufficient lysis of crude protein samples, and the other gel was used for 

immunoblotting.  

Western Blot/Immunoblot 

All products were purchased from Bio-Rad™ unless otherwise stated. 

Equilibrated gel and nitrocellulose membrane; 7x8.5 cm, 0.45 µm pore size; for 10 

minutes in transfer buffer, 39 mM glycine, 48 mM Tris base, 0.037% SDS, 20% 

methanol (MeOH). The filter paper and sponge were soaked in transfer buffer as well. 

Everything was immersed in transfer buffer because the transfer is wet not dry. The 

proteins were electro-transferred from the gel to the nitrocellulose (NC) membrane in 

a Bio-Rad mini-gel box at 100 V and 150 mA for 1 hour with an ice pack to cool 
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down the apparatus. It was incubated in 10 mL blocking buffer (5% milk and PBST) 

for an hour at RT with gentle agitation. The NC was washed 2 times with PBST for 5 

minutes with gentle agitation. Blocking buffer was again added to the membrane with 

1:5000 diluted anti-his(c-term)-HRP antibody from Invitrogen™ overnight rather than 

for 2 hours. The outlined protocol from Invitrogen was followed exactly unless 

otherwise stated. The next day, 3 mL of peroxide buffer and luminal enhancer were 

added directly to the membrane and visualized on x-ray BioMax XAR film from 

Kodak. Exposure times ranged from 0.5 seconds to 2 minutes. pBAD24-SopE-PLC-ζ1 

and pBAD24-PLC-ζ1 wild-type and mutant were expressed under many varying 

conditions. Using Western blot analysis, no signal for PLC-ζ1 wildtype or mutant was 

visualized.  

Electroporation of Salmonella typhimurium 

Expression vector, pWSK29-SSPH1-CyaA fusion was graciously prepared and 

provided by Dr. Samuel Miller and associates. Patty Hasegawa kindly provided the 

electroporation protocol for S. typhimurium. Three strains of S. typhimurium, 14028 

and SL1344 (both wildtype) and SW399 containing an invA deletion (mutant). The 

two wild type strains were tested to determine which one worked optimally to express 

and secrete adenylyl cyclase. S. typhimurium SW399 could bind to its host cell, 

however, the mutation prevented its ability to translocate its effector proteins inside. 

Therefore, the strain SW399 containing Cya was used as a negative control.  Cultures 

were prepared the night prior to electroporation. A smooth colony was inoculated, 

from each strain, into 3 mL of LB media overnight at 37⁰C with shaking. The next 
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day, a 1:100 dilution of the overnight cultures were made and mixed with 30 mL of 

pre-warmed LB in a 500 mL Klett™ flask. The dilutions were grown at 37⁰C with 

vigorous shaking (>225 RPM) to mid log phase (50-70 Klett). Mid-log phase growth 

was achieved within 2 hours with 14028 growing faster than SL1344. The cells were 

kept on ice from this point forward. The bacterial cultures were pelleted in Oakridge 

tubes at 7000 rpm for 5 minutes. The pellets were washed 3 times in 15 mL of 10% 

filter sterilized glycerol. Following the 3
rd

 wash, the pellets were re-suspended in 400 

µl of 10% glycerol and transferred into microfuge tubes. The experimental conditions 

were setup: 14028 with pWSK29-SSPH1-Cya, 14028- (without plasmid), SL1344 

with pWSK29-SSPH1-Cya, and SL1344-. 5 µl of DNA/50ul cells were added to each 

respective tube. The electroporator was set to ECM 399 and Kv 2.4. Cells were added 

to pre-cooled 2 mm gap EP cuvettes and placed into the machine. The expected time 

was 6 msec per pulse. The cells were then added to 1 ml SOC and grown/shaken at 

37⁰C for 45 minutes. The samples were then pelleted at 13,400 rpm for 5 minutes and 

resuspended in 100 µl of residual liquid. The experimental and negative controls were 

plated on LB-pen, 200 (µg/mL) /amp, 100 (µg/mL) plates and LB plates respectively. 

The plates were incubated overnight at 37⁰C. The next day, the plates were streak 

purified.   

Induction of the SPI-1 Type III Secretion System 

Salmonella’s SPI-1 system was induced by the addition of 0.3M NaCl. S. 

typhimurium strains SL1344 and 14028 with and without plasmid DNA were grown 

overnight without shaking at 37⁰C in LB+0.3M NaCl +/- antibiotic. The following 
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day, a 1:3 dilution was made of the cultures into new LB+0.3M media +/- 

pen200/amp100. The cells were grown in a 37⁰C incubator for up to 2 hours until the 

OD600 reached 0.5-0.6 (mid-log phase). At mid-log phase, 1 mL of the cell cultures 

was pelleted at 13,400 rpm for 5 minutes. The pellets were re-suspended in 100 µl of 

sterile Dulbecco’s phosphate-buffered saline (DPBS). The concentrations of the cells 

were calculated by using the formula: 1OD600=10
9 

bacterial cells/mL. Thus, using the 

experimental OD values, the concentration was derived. The value was multiplied by 

the dilution factor of 10.  

HeLa Harvest 

HeLa cells (ATTC™) were initially obtained from Dr. Donald Guiney and 

used in the initial infection experiment, and later HeLa were obtained from Dr. Robert 

Tsien’s laboratory. HeLa cells were grown in a T75 flask in a 100mL solution of 

penicillin-streptomycin, DMEM and 10% fetal bovine serum. The cell culture was 

grown in a 37⁰C +5% CO2 tissue culture incubator. Every day the cells were viewed 

for maximal confluency (at least 75%). In two days the cells were confluent and were 

detached from the walls of the flask by trypsinization. First, the cells were washed 3 

times with 20 mL DMEM without 10% FBS to wash the media of any residual FBS 

(inhibits Trypsin). 5 ml of Trypsin-EDTA was added and incubated in 37⁰C+5% CO2. 

Every couple of minutes, the flask was mildly shaken to mechanically assist with the 

detachment of the cells from the wall. Once cells detached completely, the 5 mL 

solution was placed into a sterile 50 mL falcon tube and pipetted up and down several 

times to prevent cell clumping. Fresh DMEM+10% FBS (20 mL) without PS was 
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added to the solution. 100 µl was used to count the HeLa cells/mL. Meanwhile, 1 mL 

of cells was seeded into a 24 well nunc plate and incubated overnight. 

Quantitation of HeLa 

The mixture was prepared by placing 20 µl of cell culture with 20 µl of Trypan 

Blue. 10 µl of mix was placed on both sides of a hemocytometer and visualized under 

a microscope under 100X magnification. The cells that turned blue were dead and 

were excluded from the counting. Two 4 by 4 grids were isolated, and the sum of both 

quadrants was taken and multiplied by 10
4
. This value gave the amount of cells 

present in 1 mL of solution. From this value, the amount of bacteria to be added to 

each well to obtain a 100:1 ratio could be determined.  

HeLa Invasion with S. typhimurium 

S. typhimurium SL1344 and 14028 +/- plasmid DNA were added to 1 mL 

wells containing HeLa cells at a concentration of ~10
5
 cells/mL. The plate was spun at 

1000 rpm for 5 minutes. Next, the plate was incubated for 1 hour at 37⁰C+5% CO2. 

Following incubation, the medium was aspirated and fresh medium (Dulbecco’s 

Modified Eagle’s Medium; DMEM+10% FBS+ Gentamicin, 20 µg/mL) was added. 

The antibiotic should have killed all the bacteria outside the HeLa cells. It does not 

enter eukaryotic cells efficiently. Finally, the plate was incubated for another 6 hours. 

Once more, the wells were aspirated, and 200 µl of lysis buffer (0.1M HCL+0.1M 

TritonX-100) was added, and the lysates were frozen at -70⁰C, ready to be tested in a 

cAMP assay. 



23 
 

 
 

pWSK29-SSPH1-Cya was induced to express in two strains of S. typhimurium. 

The presence of cAMP was detected by using a Direct cAMP ELISA kit from Enzo
R
 

life sciences. 

cAMP Assay 

The Enzo Direct cAMP EIA™ kit (Plymouth Meeting, PA USA) was run 

according to the manufacturer’s protocol. Briefly, 100 µl was taken from the thawed 

lysate and used in the assay.  The samples were assayed without the acetylation 

reagent.  

Oocyte Collection 

Oocytes were obtained from bovine ovaries from a slaughterhouse. Oocytes 

were placed in oocyte maturation medium, M199 supplemented with 10% FBS, 1 

µg/mL FSH, 1 µg/mL LH Simple PCI (9), overnight in a 37⁰C, 5% CO2 humidified 

incubator. Oocytes were released from the ovary by poking/aspirating antral follicles 

with an 18-gauge needle. The protocol was followed as outlined by Dr. Pablo Ross. 

The protocol can be found in the study by Dr. Ross 2008 (9). Each set of 120 eggs 

were subject to varying conditions; removal of cumulus cells (denuded; DN), removal 

of zona pellucida (NZP) or neither (cumulus oocyte complexes; COCs). During 

maturation, the tightly bound cumulus cells began to expand allowing for looser 

junctions. 
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Hyaluronidase Treatment of Oocytes 

Oocytes were separated from surrounding cumulus cells by vortex agitation in 

HH medium containing hyaluronidase (1 mg/mL) for 5 minutes (9). Every minute, the 

samples were shaken down-ward once and then vortexing continued. Oocytes (no 

treatment) were incubated and washed in holding medium concurrently. 

Removal of Zona Pellucida 

The zona pellucida (ZP) was removed by incubation in 10 IU/mL pronase for 2 

minutes. Pronase can easily digest the oocyte if left too long. 120 oocytes were 

quickly placed in a drop of HH medium. The eggs were washed 5 times in HH 

medium. Three more drops of M199 medium were added to ensure that pronase was 

sufficiently removed by washing. 

Oocyte Infection with Salmonella typhimurium Strain SL1344 

As described above the bacteria were induced to secrete and translocate the 

transformed plasmid, pWSK29-SSPH1-Cya into the host cell. Three treatments were 

set up in 4-well NUNC plates containing ~30 bovine oocytes per well. Each treatment 

(DN, NZP, and COCs) had 4 conditions; well 1: SL1344 with plasmid, well 2: 

SL1344-, well 3: InvA mutant with plasmid, well 4: untreated oocytes. Three invasion 

experiments were done in which varying ratios of bacteria to oocytes were 

incorporated. The first experiment contained the lowest ratio of bacteria to eggs 

(100:1), the next was increased 1000-fold, and the last was increased 10,000-fold to 

yield a ratio of 10
6
:1. The bacteria and eggs were incubated for 1 hour at 38.7⁰C +5% 
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CO2. Oocytes are too fragile to centrifuge and thus, gentamicin (20 µg/mL) was added 

directly to the contaminated media, and the plates were placed in the incubator for 

additional 6-hour incubation. Lastly, the cumulus cells were removed during the COCs 

treatment, and the samples were washed and stored in a solution of phosphate-buffered 

saline polyvinyl toluene (PBS-PVT) with 100 µM 3-isobutyl-1-methylxanthine 

(IBMX; phosphodiesterase inhibitor). After 3-4 washes, the oocytes were collected in 

a volume of 5-10 µl and flash frozen using liquid nitrogen. Lysis was achieved by 

freeze-thaw cycles.  

cAMP Assay 

DetectX
®
Cyclic AMP (cAMP) Direct CLIA Kit from Arbor Assays was used 

to detect cAMP in bovine oocytes. Rather than adding 300 µl of sample diluents to the 

lysates, only 100-150 µl was added to prevent a loss of the cAMP signal due to 

dilution. The procedure was followed as outlined in the kit manual. Luminescence was 

measured using a Turner Biosystems Veritas Microplate Luminometer. Non-

acetylated and acetylated assays were run to gain the most accurate measurement of 

cAMP.  
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PLC-ζ1 -pBAD Construct 

Phospholipase C-ζ was cloned from the plasmid PCS2+ in to the expression 

vector pBAD24, by utilizing PCR amplification and restriction enzyme digest and 

ligation of the inserts into the plasmid. Figure 1 shows the initial PCR amplification of 

PLC-ζ1 wildtypes and mutants. The PCR products were the expected sizes, and further 

experiments proceeded to finalize the new PLC-ζ1-WT and PLC-ζ1-M pBAD24 

constructs. The restriction enzymes Kpn1 (5’ recognition site) and SalI (3’recognition 

site) were used to cut (sticky ends) the PLC-ζ1 wildtype and mutant genes, as well as 

the plasmid pBAD24, thereby preparing them for ligation with T4 DNA ligase. Figure 

2 shows pBAD24 as a linear fragment, indicating that the plasmid was indeed cut. As 

for PLC-ζ1 WT and M, there was no way to verify whether the fragments were 

cleaved by the endonucleases, at this point. However, the gel analysis verified the 

correct sized fragments for both genes, indicating that the enzymes did not cut 

anywhere inside the genes (non-specifically). 
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Figure 1: PCR verification of PLC-ζ1 wild type and mutant. From left to right: 

lanes 1 & 17 contain the I Kb plus DNA ladder (Invitrogen); 12,5,2,1.6,1.0, 0.85,0.65, 

0.5,0.4,0.3,0.2,0.1 (all in Kb). Lanes 2-8 show the PLC-ζ1 wildtype DNA sequence at 

1.9Kb. Lanes 9-16 verify the size of the PLC-ζ1 mutant at 1.7Kb. 

 

          

Figure 2: Kpn1 and Sal1 double digest of pBAD24, PLC-ζ1 (WT&M). Preparing 

the inserts and the plasmid for ligation was done using Kpn1 for the 5’ and SalI for 

the 3’end. From left to right: Lanes 1 and 16 contain the I Kb plus DNA ladder 

(Invitrogen); 12,5,2,1.6,1.0, 0.85,0.65, 0.5,0.4,0.3,0.2,0.1 (all Kb). Lanes 2-5 show 

digested pBAD at 4.5Kb. Lanes 6-10 show PLC-ζ1 WT inserts at ~2Kb and lanes 12-

15 show M PLC-ζ1 at ~1.7Kb.  

 

The plasmid and PLC-ζ1 sequences underwent an overnight ligation using T4-

DNA ligase. The ligated plasmids were then transformed into E.coli DH5α, streak 

purified overnight, and the constructs were isolated using a mini-prep kit from Qiagen. 

The isolated constructs were cut with endonuclease EcoRI (very efficient), and run on 
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a 1% agarose gel to verify their correct sizes prior to sequencing. As shown in Figure 

3, lane 2 contains pBAD-PLC-ζ1-Wt (4.5 Kb+1.9 Kb), while the DNA fragment in 

lane 3 is slightly smaller (4.5 Kb+1.7 Kb) than that in lane 2, which may indicate the 

mutant strain of PLC-ζ1 in pBAD24. Lane 4 contains pBAD24 without an insert at the 

proper size of 4.5Kb. The correct sizes on the gel indicated that ligation was a success. 

However, sequencing determined that the sequences matched almost 100% (table 1. 

a,b,c). Based on the alignment data a mutation from a thymine to a cytosine had 

occurred at nucleotide position 1169.  According to these data, CTT encodes and CTC 

(the mutation) encodes the amino acid Leucine. The mutation was luckily a 

conservative substitution leading to the same exact amino acid and thus no change in 

the primary amino acid sequence should be observed. 

 

Figure 3: Miniprep verification that ligation was successful. From left to right: 

lane 1 contains the I Kb plus DNA ladder (Invitrogen); 12,5,2,1.6,1.0, 0.85,0.65, 

0.5,0.4,0.3,0.2,0.1 (all in Kb). Lanes 2 and 3 show PLC-ζ1 -Wt-pBAD and PLC-ζ1-M-

pBAD respectively (sizes ~6.5Kb and 6.3Kb). Lane 4 shows empty pBAD24 cut with 

Ecor1, size approximately 4.5Kb. 

 

 

 Once the plasmids’ sequences were confirmed, they were stored in -80⁰C in 

E.coli strain DH5α.  The next step was to make a fusion protein of PLC-ζ1 
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downstream of an N-terminal signal sequence, taken from Salmonella typhimurium’s 

effector protein SopE (guanine nucleotide exchange factor) which under native 

conditions promotes actin cytoskeletal reorganization and mediates internalization in 

the host cell (19). The SopE signal resides somewhere in the first 104 amino acids, 

with the secretion signal being located in the first 78 N-terminal codons (19). Upon 

fusion of PLC-ζ1 with SopE’s signal sequence, PLC-ζ1 can be secreted and 

translocated through S. typhimurium’s SPI-1 type III secretion system.  Similar 

techniques to those discussed above were used to prepare and make the SopE-PLC-ζ-

pBAD24 construct. 
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Table 1A: Alignment comparison of 

PLC-ζ1-Wt3 to original PLC-ζ1 gene. 
Sequence data for PLC-ζ1-Wt3 using 

forward verification primers 
    

>_ WTVF     887 nt vs.                                              >_ plcZ      889 nt scoring matrix: , gap 

penalties: -12/-2 99.6% identity;   

480       490       500       510       520       530 

10        20        30        40        50 GTGTACCAAGATATGAATCATCCATTAAGTGATTATTTTATTTCATCATCTCACAACA

CA 

GGAAAGCCAACTTCATGAGCTCGCAGAAGCAAGATGGTTTTTGTCAAAGGTTCAGGA

T :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GTGTACCAAGATATGAATCATCCATTAAGTGATTATTTTATTTCATCATCTCACAACA
CA 

ATGGAAAGCCAACTTCATGAGCTCGCAGAAGCAAGATGGTTTTTGTCAAAGGTTCAG

GAT 

490       500       510       520       530       540a 

10        20        30        40        50        60 GTGAAAGGCTGCCGCTGTCTGGAAATTGACTGCTGGGATGGATCCCAAAATGAACCC

ATT 

60        70        80        90       100       110 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

GATTTTAGAGGTGGAAAAATCAACGTTGAAATTACTCACAAACTGCTTGAGAAACTTG

AT 

GTGAAAGGCTGCCGCTGTCTGGAAATTGACTGCTGGGATGGATCCCAAAATGAACCC

ATT 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 

610       620       630       640       650       660 

GATTTTAGAGGTGGAAAAATCAACGTTGAAATTACTCACAAACTGCTTGAGAAACTTG

AT 

660       670       680       690       700       710 

70        80        90       100       110       120 GTGTACCATGGTTACACATTCACCAGCAAGCTTCTCTTCAAAACTGTGGTCCAAGCAA

TA 

120       130       140       150       160       170 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

TTCCCATGCCACTTTGCTCATGTGAAACATATTTTTAAGGAAAATGACAGACAGAGCC

AA 

GTGTACCATGGTTACACATTCACCAGCAAGCTTCTCTTCAAAACTGTGGTCCAAGCAA

TA 

::::::::::::::::::::::::::::::::::::::::::::::::::::::: :::: 
670       680       690       700       710       720 

TTCCCATGCCACTTTGCTCATGTGAAACATATTTTTAAGGAAAATGACAGACAGAACC

AA 

720       730       740       750       760       770 

130       140       150       160       170       180 AACAAGTATGCCTTTGTGACATCTGATTACCCAGTAGTGCTGTCCTTAGAAAATCACT
GC 

180       190       200       210       220       230 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

GGAAGAATCACCATTGAAGAGTTTAGAGCCATTTACCGGTGTATTGTACATAGAGAA

GAA  

AACAAGTATGCCTTTGTGACATCTGATTACCCAGTAGTGCTGTCCTTAGAAAATCACT

GC 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 

730       740       750       760       770       780 

GGAAGAATCACCATTGAAGAGTTTAGAGCCATTTACCGGTGTATTGTACATAGAGAA

GAA 

780       790       800       810       820       830 

190       200       210       220       230       240 TCCCCTGGTCAGCAGGAAGTGATGGCTAGCATTCTGCAGAGCACCTTTGGAGACTTCC
TG 

240       250       260       270       280       290  
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

ATCACGGAGATTTTCAACACGTATACTGAAAATAGGAAAATTCTTTCTGAGAACAGTC

TG 

TCCCCTGGTCAGCAGGAAGTGATGGCTAGCATTCTGCAGAGCACCTTTGGAGACTTCC

TG 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 

790       800       810       820       830       840 

ATCACGGAGATTTTCAACACGTATACTGAAAATAGGAAAATTCTTTCTGAGAACAGTC

TG 

840       850       860       870       880 

250       260       270       280       290       300 CTTTCGGACATGCTTGAGGAGTTTCCAGATACACTACCGTCTCCAGAGG 

300       310       320       330       340       350 
:::::::::::::::::::::::::::::::::::::::::::::::::: 

ATTGAGTTTCTAACCCAAGAGCAGTATGAAATGGAGATCGATCACTCTGATTCAGTAG

AG 

CTTTCGGACATGCTTGAGGAGTTTCCAGATACACTACCGTCTCCAGAGG 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 

850       860       870       880 

ATTGAGTTTCTAACCCAAGAGCAGTATGAAATGGAGATCGATCACTCTGATTCAGTAG

AG 

 

310       320       330       340       350       360 

360       370       380       390       400       410 

ATCATCAATAAGTATGAGCCCATTGAAGAAGTAAAGGGTGAGCGACAGATGTCAATT

GAA 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 
ATCATCAATAAGTATGAGCCCATTGAAGAAGTAAAGGGTGAGCGACAGATGTCAATT

GAA 

370       380       390       400       410       420 

420       430       440       450       460       470 

GGTTTCGCAAGATACATGTTTTCATCAGAATGTCTACTGTTTAAAGAGAACCGTAAAA

CC 

::::::::::::::::::::::::::::::::::::::::::::::::::: :::::::: 
GGTTTCGCAAGATACATGTTTTCATCAGAATGTCTACTGTTTAAAGAGAACTGTAAAA

CC 

430       440       450       460       470       480 
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Table 1B: Alignment comparison of 

PLC-ζ1-Wt3 middle to original PLC-ζ1 

gene.  

 

 

 

>_ WTVm                                         980 nt vs. 

490       500       510       520       530       540 

GAGTCTCGAGCTCGAAAACTTTCCAAATTGAGAGTCCATGAGTTTATTTTCCACACCG

CG 

scoring matrix: , gap penalties: -12/-2 
::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GAGTCTCGAGCTCGAAAACTTTCCAAATTGAGAGTCCATGAGTTTATTTTCCACACCG

CG 

99.5% identity;  Global alignment score: 3876 490       500       510       520       530       540 

 550       560       570       580       590       600 

GCATTCATCACCAGAGTATACCCCAAAATGATGAGAGCAGACTCTTCTAACTTTAAC

CCT 

10        20        30        40        50        60 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GCATTCATCACCAGAGTATACCCCAAAATGATGAGAGCAGACTCTTCTAACTTTAAC

CCT 

AATCACTGCTCCCCTGGTCAGCAGGAAGTGATGGCTAGCATTCTGCAGAGCACCTTTG

GA 

550       560       570       580       590       600 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
AATCACTGCTCCCCTGGTCAGCAGGAAGTGATGGCTAGCATTCTGCAGAGCACCTTTG

GA 

610       620       630       640       650       660 

10        20        30        40        50        60 CAAGAGTTTTGGAATGTAGGATGTCAGATGGTGGCCTTGAACTTTCAAACCCCTGGA

CTG 

70        80        90       100       110       120 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

GACTTCCTGCTTTCGGACATGCTTGAGGAGTTTCCAGATACACTACCGTCTCCAGAGG

CA 

 

CAAGAGTTTTGGAATGTAGGATGTCAGATGGTGGCCTTGAACTTTCAAACCCCTGGA

CTG ::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GACTTCCTGCTTTCGGACATGCTTGAGGAGTTTCCAGATACACTACCGTCTCCAGAGG

CA 

610       620       630       640       650       660 

70        80        90       100       110       120 670       680       690       700       710       720 

130       140       150       160       170       180 CCTATGGATTTGCAAAACGGGAAATTTTTGGATAATGGAGGCTCTGGATATATTTTG

AAG 

CTAAAATTCAAAATATTAGTGAAAAACAGGAAAGTGGGAACCTTATCTGAAACCCACG

AG :::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
CCTATGGATTTGCAAAACGGGAAATTTTTGGATAATGGAGGCTCTGGATATATTTTG

AAG 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 

670       680       690       700       710       720 

CTAAAATTCAAAATATTAGTGAAAAACAGGAAAGTGGGAACCTTATCTGAAACCCACG

AG 

730       740       750       760       770       780 

CCAGACATCCTTAGAGATACAACCCTGGGCTTTAACCCAAATGAACCAGAATATGAC

GAC 

130       140       150       160       170       180 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

190       200       210       220       230       240 CCAGACATCCTTAGAGATACAACCCTGGGCTTTAACCCAAATGAACCAGAATATGAC

GAC 

AGGATAGGAACCGACAAAAGTGGCCAAGTGCTAGAATGGAAAGAAGTCATCTATGAA

GAT 

730       740       750       760       770       780 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::

: 

790       800       810       820       830       840 

AGGATAGGAACCGACAAAAGTGGCCAAGTGCTAGAATGGAAAGAAGTCATCTATGAA

GAT 

CATCCAGTTACCCTCACAATCCGAATCATCAGTGGGATCCAGTTGCCTGTTAGCTCAT
CC 

190       200       210       220       230       240 
::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
CATCCAGTTACCCTCACAATCCGAATCATCAGTGGGATCCAGTTGCCTGTTAGCTCAT

CC 

250       260       270       280       290       300 790       800       810       820       830       840 

GGTGATGAAGACTCAGGAATGGATCCAGAAACATGGGATGTCTTCCTATCACGGATCA

AG 

850       860       870       880       890       900 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
TCTAACACGCCTGACATAGTAGTGATCATAGAAGTCTACGGTGTTCCAAACGACCAC

GTG 

GGTGATGAAGACTCAGGAATGGATCCAGAAACATGGGATGTCTTCCTATCACGGATCA

AG :::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
TCTAACACGCCTGACATAGTAGTGATCATAGAAGTCTACGGTGTTCCAAACGACCAC

GTG 

250       260       270       280       290       300 850       860       870       880       890       900 

310       320       330       340       350       360 910       920       930       940       950       960 

GAGGAGAGGGAAGCAGATCCCTCGACATTGAGTGGAATAGCAGGCGTCAAGAAAAGG

AAG 

AAGCAGCAGACTCGTGTTGTTTAAGAATAATGCTTTTAGTCCAAAGTGGAATGAACA

TTT 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::

:: 

::::::::::::::::::::: :::::::::::::::::::::::::::::::  :: 

GAGGAGAGGGAAGCAGATCCCTCGACATTGAGTGGAATAGCAGGCGTCAAGAAAAGG

AAG 

 AAGCAGCAGACTCGTGTTGTT-

AAGAATAATGCTTTTAGTCCAAAGTGGAATGAAACATT 

310       320       330       340       350       360 910       920        930       940       950 

370       380       390       400       410       420 970       980 

AGGAAGATGAAAATAGCCATGGCCTTATCTGATCTCGTCATTTATACTAAGGCTGAGA

AG 

 TACATTTCTTATTCAAGTGC 

::::::::::::::::::::::::::::::::::: ::::::::::::::::::::: :::::::::::::::::::: 

AGGAAGATGAAAATAGCCATGGCCTTATCTGATCTTGTCATTTATACTAAGGCTGAGA

AG 

TACATTTCTTATTCAAGTGC 

370       380       390       400       410       420 960       970 

430       440       450       460       470       480  

TTCCGAAACTTCCAATATTCAAGAGTCTATCAGCAATTTAATGAGACCAATTCGATTG

GA 

 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
TTCCGAAACTTCCAATATTCAAGAGTCTATCAGCAATTTAATGAGACCAATTCGATTG

GA 
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Table 1C: Alignment comparison of PLC-ζ1-Wt3 to original PLC-ζ gene. The top 

sequence is the newly constructed PLC-ζ1 present in pBAD24 while the bottom 

sequence is the original PLC-ζ1 from plasmid pCS2+. The top sequence contains 

more nucleotides. A polyhistidine tag was added, shown below as CATCAT… and the 

very end of the sequence contains a SalI restriction enzyme cut site, GTCGAC. 
 

>_ WTVm                                             900 nt vs.>_ plcZ                                             876 nt  

scoring matrix: , gap penalties: -12/-2 550       560       570       580       590       600 

97.2% identity;  Global alignment score: 3429 TCCTCTAACACGCCTGACATAGTAGTGATCATAGAAGTCTACGGTGTTCCAAACGAC

CAC 

 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
TCCTCTAACACGCCTGACATAGTAGTGATCATAGAAGTCTACGGTGTTCCAAACGAC

CAC 

10        20        30        40        50        60 550       560       570       580       590       600 

AAGGAGGAGAGGGAAGCAGATCCCTCGACATTGAGTGGAATAGCAGGCGTCAAGAAA

AGG 

610       620       630       640       650       660 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::

:: 
AAGGAGGAGAGGGAAGCAGATCCCTCGACATTGAGTGGAATAGCAGGCGTCAAGAAA

AGG 

GTGAAGCAGCAGACTCGTGTTGTTAAGAATAATGCTTTTAGTCCAAAGTGGAATGAA

ACA 

 

10        20        30        40        50        60 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GTGAAGCAGCAGACTCGTGTTGTTAAGAATAATGCTTTTAGTCCAAAGTGGAATGAA

ACA 

70        80        90       100       110       120 610       620       630       640       650       660 

AAGAGGAAGATGAAAATAGCCATGGCCTTATCTGATCTCGTCATTTATACTAAGGCTG

AG 

670       680       690       700       710       720 

:::::::::::::::::::::::::::::::::::::: 

::::::::::::::::::: 
AAGAGGAAGATGAAAATAGCCATGGCCTTATCTGATCTTGTCATTTATACTAAGGCTG

AG 

TTTACATTTCTTATTCAAGTGCCAGAACTGGCATTGATACGTTTTGTTGTTGAAACTC

AA 

70        80        90       100       110       120 
::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

TTTACATTTCTTATTCAAGTGCCAGAACTGGCATTGATACGTTTTGTTGTTGAAACTC

AA 

130       140       150       160       170       180 670       680       690       700       710       720 

AAGTTCCGAAACTTCCAATATTCAAGAGTCTATCAGCAATTTAATGAGACCAATTCGAT

T 

730       740       750       760       770       780 

::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
AAGTTCCGAAACTTCCAATATTCAAGAGTCTATCAGCAATTTAATGAGACCAATTCGAT

T 

CAAGGCTTATTATCAGGAAATGAATTACTCGGGCAGTACACTTTACCAGTTCTTTGCA

TG 

130       140       150       160       170       180 
::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
CAAGGCTTATTATCAGGAAATGAATTACTCGGGCAGTACACTTTACCAGTTCTTTGCA

TG 

190       200       210       220       230       240 

GGAGAGTCTCGAGCTCGAAAACTTTCCAAATTGAGAGTCCATGAGTTTATTTTCCACA

CC 

730       740       750       760       770       780 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
790       800       810       820       830       840 

GGAGAGTCTCGAGCTCGAAAACTTTCCAAATTGAGAGTCCATGAGTTTATTTTCCACA

CC 

AACAAAGGTTATCGTCGTGTTCCTCTGTTTTCCAAATCCGGTGCGAACCTTGAACCTT

CC 

190       200       210       220       230       240 
::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

AACAAAGGTTATCGTCGTGTTCCTCTGTTTTCCAAATCCGGTGCGAACCTTGAACCTT

CC 

250       260       270       280       290       300 

GCGGCATTCATCACCAGAGTATACCCCAAAATGATGAGAGCAGACTCTTCTAACTTTA

AC 

790       800       810       820       830       840 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
850       860       870       880       890       900 

GCGGCATTCATCACCAGAGTATACCCCAAAATGATGAGAGCAGACTCTTCTAACTTTA

AC 

TCACTGTTTATTTATGTTTGGTACTTCAGAGAGCATCATCATCATCATCATTGAGTCG

AC 

250       260       270       280       290       300 
:::::::::::::::::::::::::::::::          ::: 

310       320       330       340       350       360 

CCTCAAGAGTTTTGGAATGTAGGATGTCAGATGGTGGCCTTGAACTTTCAAACCCCTG

GA 

 TCACTGTTTATTTATGTTTGGTACTTCAGAGAG------------------TGA------ 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
850       860       870 

CCTCAAGAGTTTTGGAATGTAGGATGTCAGATGGTGGCCTTGAACTTTCAAACCCCTG

GA 

 

310       320       330       340       350       360  

370       380       390       400       410       420  

CTGCCTATGGATTTGCAAAACGGGAAATTTTTGGATAATGGAGGCTCTGGATATATTT

TG 

 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
CTGCCTATGGATTTGCAAAACGGGAAATTTTTGGATAATGGAGGCTCTGGATATATTT

TG 

 

370       380       390       400       410       420  

430       440       450       460       470       480  

AAGCCAGACATCCTTAGAGATACAACCCTGGGCTTTAACCCAAATGAACCAGAATATG

AC 

 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
AAGCCAGACATCCTTAGAGATACAACCCTGGGCTTTAACCCAAATGAACCAGAATATG

AC 

 

430       440       450       460       470       480  

490       500       510       520       530       540  

GACCATCCAGTTACCCTCACAATCCGAATCATCAGTGGGATCCAGTTGCCTGTTAGCT

CA 

 

:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GACCATCCAGTTACCCTCACAATCCGAATCATCAGTGGGATCCAGTTGCCTGTTAGCT

CA 

 



34 
 

 
 

 

Figure 4: (a) SopE PCR product. (pictured on left) Fragments were run on a 1% 

agarose gel. From left to right: lane 1contains the I Kb plus DNA ladder (Invitrogen); 

12,5,2,1.6,1.0, 0.85,0.65, 0.5,0.4,0.3,0.2,0.1 (all in Kb). Lanes 2-8 contain the SopE 

PCR product which was excised from the gel and purified for restriction enzyme 

digests with Ecor1 and Kpn1. (b) Restriction enzyme digest. (pictured on right) of 

PLC-ζ-Wt, PLC-ζ-M, and SopE. From left to right: lane 1 contains the 1Kb plus DNA 

ladder (Invitrogen); 12,5,2,1.6,1.0, 0.85,0.65, 0.5,0.4,0.3,0.2,0.1 (all in Kb). Lanes 2-

10 show linear SopE-pBAD-PLC-ζ1 (Wt and M) plasmids at the proper size; 6.5 Kb 

and 6.3 Kb respectively. The plasmids were cut once with Kpn1 while the SopE 

fragment was cut twice with Kpn1 and EcoR1.The SopE fragment was ~400 base pairs 

in size as expected. This picture verifies that SopE PCR was successful.  
 

   

The preparation of the construct took many months due to external factors and 

errors that had been overlooked. Initially, following construction of the fusion protein, 

verification of the SopE insert showed nothing present. Many months went by with no 

insert when verification PCR was performed. Finally, I realized my mistake in the 

initial PCR product of SopE. One of the SopE primers contained a HindIII restriction 

site rather than Kpn1. This mistake was readily remedied and the next hurdle 

presented itself. The SopE-PLC-ζ1 fusion protein was successfully ligated into 

pBAD24; however, sequence analysis of all the clones showed a deletion in the first 

100 base pairs of the SopE signal sequence. Unaware of how this dilemma could be 

resolved, the only choice was to insert PLC-ζ1 wildtype and mutant into the plasmid, 

pBS1784 containing the SopE insert. However, the plasmid contains a constitutive 
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promoter, and consequently, PLC-ζ1 was made in excess. As a result E.coli DH5-α 

could not survive. Thus, we observed the first signs of PLC-ζ1’s toxicity. The use of 

pSB1784 was abandoned, and once again the challenge became maneuvering around 

the deletion that had previously occurred in our fusion constructs. After further 

inspection into the first 100 bp of SopE, a sequence similar to EcoR1 was discovered. 

High affinity EcoR1 was used to avoid star activity, and the results are shown below 

(table 2). Figure 4.b. shows SopE-PLC-ζ-pBAD24 WT and M products after their 

digestion by the endonuclease Kpn1. An analysis of the gel revealed their expected 

sizes. Upon SopE-PLC-ζ-pBAD24 digest with two endonucleases, Kpn1 and EcoR1, a 

fragemnt of approximately 400 bp was observed. This was assumed to be SopE, 

indicating that the fusion protein was successfully made. The sequencing results 

verified that the 400 bp product upstream of PLC-ζ was SopE. 

 



36 
 

 
 

Table 2: Alignment of the SopE fusion protein to the parent SopE sequence

 

 

 

 

 

 

 

 

 

 

•Table 2B: Alignment of SOPE- PLC-ζ1-M6-
pBAD to parent SOPE. The results show 
100% similarity between the two 
sequences indicating the clone is viable. 
 

• # Length: 402 # Identity:     402/402 (100.0%) # Similarity:   402/402 (100.0%) # 
Gaps:           0/402 ( 0.0%) 

• # Score: 2010.0 

• 1 GTGACAAAAATAACTTTATCTCCCCAGAATTTTAGAATCCAAAAACAGGA     50 

•   ||||||||||||||||||||||||||||||||||||| 
• 1 GTGACAAAAATAACTTTATCTCCCCAGAATTTTAGAATCCAAAAACAGGA     50 

 

• 51 AACCACACTACTAAAAGAAAAATCAACCGAGAAAAATTCTTTAGCAAAAA    100 

•     |||||||||||||||||||||||||||||||||||||| 
• 51 AACCACACTACTAAAAGAAAAATCAACCGAGAAAAATTCTTTAGCAAAAA    100 

 

• 101 GTATTCTCGCAGTAAAAAATCACTTCATCGAATTAAGGTCAAAATTATCG    150 

•      |||||||||||||||||||||||||||||||||||||| 
• 101 GTATTCTCGCAGTAAAAAATCACTTCATCGAATTAAGGTCAAAATTATCG    150 

 

• 151 GAACGTTTTATTTCGCATAAGAACACTGAGTCTTCTGCAACACACTTTCA    200 

•      ||||||||||||||||||||||||||||||||||||| 
• 151 GAACGTTTTATTTCGCATAAGAACACTGAGTCTTCTGCAACACACTTTCA    200 

 

• 201 CCGAGGAAGCGCATCTGAGGGCCGGGCAGTGTTGACAAATAAAGTCGTTA    250 

•      ||||||||||||||||||||||||||||||||||||||| 
• 201 CCGAGGAAGCGCATCTGAGGGCCGGGCAGTGTTGACAAATAAAGTCGTTA    250 

 

• 251 AAGATTTTATGCTTCAAACGCTCAATGATATAGATATTAGAGGTAGTGCG    300 

•      ||||||||||||||||||||||||||||||||||||| 
•  251 AAGATTTTATGCTTCAAACGCTCAATGATATAGATATTAGAGGTAGTGCG    300 

 

• 301 AGTAAAGACCCCATGGATCGGAGTAGGGATCGCCTACCTCCTTTTGAGAC    350 

•      |||||||||||||||||||||||||||||||||||||| 
• 301 AGTAAAGACCCCATGGATCGGAGTAGGGATCGCCTACCTCCTTTTGAGAC    350 

 

• 351 AGAGACGCGGATCCTCCCCCAAATTGCTTCCAATGAAAACATGGAGACTA    400 

•      |||||||||||||||||||||||||||||||||||||| 
• 351 AGAGACGCGGATCCTCCCCCAAATTGCTTCCAATGAAAACATGGAGACTA    400 

 

• 401 TG    402 

•      || 
• 401 TG    402 

 

 

•Table 2A: Alignment of SOPE-PLC-ζ1-
Wt7-pBAD to parent SOPE. The 
comparison shows a 100% match 
between the two sequences. The results 
show the new construct to be a success. 
 

• Length: 402# Identity:     402/402 (100.0%)# Similarity:   402/402 (100.0%)# Gaps:           
0/402 ( 0.0%)# Score: 2010.0# 

• 1 GTGACAAAAATAACTTTATCTCCCCAGAATTTTAGAATCCAAAAACAGGA     50                     

||||||||||||||||||||||||||||||||||||||| 
• 1GTGACAAAAATAACTTTATCTCCCCAGAATTTTAGAATCCAAAAACAGGA     50  

 
• 51 AACCACACTACTAAAAGAAAAATCAACCGAGAAAAATTCTTTAGCAAAAA    100                                                      

|||||||||||||||||||||||||||||||||||||| 
• 51 AACCACACTACTAAAAGAAAAATCAACCGAGAAAAATTCTTTAGCAAAAA    100  

 
• 101 GTATTCTCGCAGTAAAAAATCACTTCATCGAATTAAGGTCAAAATTATCG    150                                  

||||||||||||||||||||||||||||||||||||||| 
• 101GTATTCTCGCAGTAAAAAATCACTTCATCGAATTAAGGTCAAAATTATCG    150  

 
• 151 GAACGTTTTATTTCGCATAAGAACACTGAGTCTTCTGCAACACACTTTCA    200                            

|||||||||||||||||||||||||||||||||||||||| 
• 151 GAACGTTTTATTTCGCATAAGAACACTGAGTCTTCTGCAACACACTTTCA    200  

• 201 CCGAGGAAGCGCATCTGAGGGCCGGGCAGTGTTGACAAATAAAGTCGTTA    250                     

||||||||||||||||||||||||||||||||||||||||| 
• 201 CCGAGGAAGCGCATCTGAGGGCCGGGCAGTGTTGACAAATAAAGTCGTTA    250  

• 251 AAGATTTTATGCTTCAAACGCTCAATGATATAGATATTAGAGGTAGTGCG    300                     

|||||||||||||||||||||||||||||||||||||||| 
• 251 AAGATTTTATGCTTCAAACGCTCAATGATATAGATATTAGAGGTAGTGCG    300  

• 301 AGTAAAGACCCCATGGATCGGAGTAGGGATCGCCTACCTCCTTTTGAGAC    350                     

||||||||||||||||||||||||||||||||||||||||| 
• 301 AGTAAAGACCCCATGGATCGGAGTAGGGATCGCCTACCTCCTTTTGAGAC    350  

• 351 AGAGACGCGGATCCTCCCCCAAATTGCTTCCAATGAAAACATGGAGACTA    400                           

||||||||||||||||||||||||||||||||||||||||| 
• 351 AGAGACGCGGATCCTCCCCCAAATTGCTTCCAATGAAAACATGGAGACTA    400  

• 401 TG    402 

•      || 
• 401 TG    402  
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PLC-ζ1 Expression 

 

 

  

www.bio-rad.com- catalog number 161-0375 

Figure 5: a) SDS-PAGE. E.coli BL21 (DE3) pLysis were lysed using BugBuster. The 

crude proteins were run on the gel. The bacteria were induced to express PLC-ζ1 

under varying conditions. Either they were grown at room temperature (RT) for 4 

hours or 37⁰C for 4 hours. L-Arabinose at 5 mM was added when the bacteria 

reached midlog phase. From left to right: Lane 1:SopE-PLC-ζ-M @ RT +5 mM L-

arabinose, lane 2:SopE-PLC-ζ-M @ 37⁰C+5 mM Ara, lane 3:SopE-PLC-ζ-M @ 

37⁰C, no L-ara, lane 4:SopE-PLC-ζ-Wt @ RT+5 mM L-ara, lane 5:SopE-PLC-ζ @ 

37⁰C+5 mM L-ara, lane 6:SopE-PLC-ζ-Wt @ 37⁰C, no L-ara, lane 7:Precision Plus 

Protein™ Kaleidoscope MW standards, lane 8:Positive control (PET protein), lane 

9:pBAD @ RT+5 mM L-ara, lane 10:pBAD @ 37⁰C+5 mM L-ara, lane 11: pBAD @ 

37⁰C, no L-ara. b) Molecular weight standards. 

 

PLC-ζ1 was induced using increasing concentrations of L-arabinose from 1 

mM to 13 mM under varying conditions. S. typhimurium was induced in midlog phase 

growth (0.5-0.6 OD600) to express PLC-ζ1.  Many strains were tested for their ability 

to express PLC-ζ and SopE-PLC-ζ1. E.coli strains DH5-α were initially used, and then 

expression was attempted in E.coli BL21 (DE3) pLysis (wildtype). Figure 5 (above) 

shows an SDS-PAGE of E.coli BL21 (DE3) plysis’ crude protein extracts which 
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confirm that lysis of the bacterial contents was successful. PLC-ζ1 is ~73,000 Daltons, 

and by looking at the gel there seems to be a band near 73 kDa, present in all samples 

except the positive control which only shows one band. This is expected because the 

sample contained only purified protein. Therefore, this gel does not suggest that PLC-

ζ1 was successfully expressed under L-arabinose induction. The proteins from the gel 

were transferred to a nitrocellulose membrane for immunoblotting using anti-his(c-

term)-HRP antibody (Invitrogen) which revealed no bands for PLC-ζ1-wt and PLC-ζ1-m. 

The only band observed was the (30,000 Daltons) control, which contained a 3’-

hexahistidine tag. The experiment was repeated numerous times, however, 

immunoblots failed to reveal the presence of SopE-PLC-ζ1 or PLC-ζ1 (WT and M). 

Similar results were produced from the expression and detection of PLC-ζ1 from 

Salmonella typhimurium strains SL1344 and 14028.   

Adenylate Cyclase-SSPH1 Secretion and Translocation through 

Salmonella typhimurium’s SPI1 T3SS 

To ensure that the S. typhimurium’s type III secretion system was functioning, 

and that our construct pWSK29-SSPH1-Cya, was assembled correctly, invasion assays 

using HeLa cells were conducted. HeLa cells were infected in a ratio of 1 to 100 

bacterial cells. Table 3 shows the optical density 600 nm for all strains. In table 4, the 

actual volumes added to the appropriate wells and the concentrations of both the 

bacteria and the HeLa cells are shown. S. typhimurium strains SL1344 without 

plasmid, 1344 with pWSK29-SSPH1-Cya, 14028 without plasmid, 14028 with 

pWSK29-SSPH1-Cya, 14028 with Beta-galactosidase fusion, and 14028 with fus1-

Cya plasmid were all grown until mid-log phase in SPI-1 inducing conditions 
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(LB+0.3M NaCl) without shaking at 37⁰C. The absorbance values were measured for 

each strain and used to calculate bacterial cells (cfu) per ml of solution. The cAMP 

standard absorbance values and concentrations are depicted in table 5. Figure 6 shows 

the cAMP standard curve, which was used to determine the concentrations in 

pmol/mL of the samples. 

 

Table 3: OD600 of S. typhimurium at mid-log growth phase. 1 mL was taken from 

each culture and pelleted at 13,400 rpm for 5 minutes. 100 µl of sterile PBS was used 

to resuspend the pellet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OD600 of S. typhimurium Grown Under SPI-1 Inducing 

Conditions 

Strain OD600 

14028w/o plasmid 0.632 

14028w/pWSK29 0.657 

SL1344w/o plasmid 0.621 

SL1344w/pWSK29 0.482 

B-gal 0.215 

Fus1 0.22 
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Table 4: Calculations: The concentrations of cfu/mL were determined by the 

conversion factor of 1x10
9 cfu/mL=1OD. Table 3 shows the OD600 values for all 

strains. Using these OD values, the concentrations were determined. The 

concentrations were multiplied by 10 which was the dilution factor; bacteria were re-

suspended in 100 µl PBS.*FUS1:Cya and BGAL were provided by the Guiney Lab. 

 

 

 

Table 5: cAMP standards and their concentrations. These values were used to 

make the standard curve (figure 6). 

Standards OD405 corrected OD Bo % B/Bo cAMP pmol/mL 

S1 0.112 0.030 0.370 8.1 200 

S2 0.148 0.066 0.370 17.8 50 

S3 0.228 0.146 0.370 39.5 12.5 

S4 0.307 0.225 0.370 60.8 3.125 

S5 0.438 0.356 0.370 96.2 0.781 

 

 

 

 

 

 

 

Table 4- HeLa Invasion 
   

 

Strains 

Concentration 

of bacteria 

(Cfu/mL) 

Volume of 

bacteria added to 

each well 

Ratio 

bacteria 

to HeLa 

Concentration 

of HeLa 

cells/well 

 

SL1344W/P 4.80x10
9
 10.4 100:1 5.0x10

5
 

 

SL1344W/O 

PLASMID 6.21x10
9
 8.1 100:1 

5.0x10
5
 

 

14028W/P 6.6x10
9
 7.6 100:1 

5.0x10
5
 

 

14028 W/O 

PLASMID 6.32x10
9
 7.9 100:1 

5.0x10
5
 

 

FUS1:CYA 2.20x10
9
 23 100:1 

5.0x10
5
 

 

BGALW/0 

CYA 2.20x10
9
 23 100:1 

5.0x10
5
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Figure 6: cAMP standard curve. Percent cAMP bound vs. concentration of cAMP 

(pmol/ml). % B/Bo was determined by the division of the corrected OD (OD of sample 

– OD of NSB) of each standard/sample by the OD of Bo (theoretically 100% cAMP 

bound). The cAMP concentrations of the experimental samples were found from the 

equation derived from the standard curve; y = 98.464x
-0.446. 

  

 

The sample concentrations were extrapolated from the standard curve. The 

average concentrations and standard deviations from each sample set were calculated, 

table 6, and a bar graph, figure 7, and were generated to compare the relative 

concentrations of cAMP. Strains SL1344 containing pWSK29-SSPH1-Cya showed a 

5.5-fold increase in the average concentration of cAMP (339 pmol/mL) compared to 

strain 14028 with pWSK29-SSPH1-Cya (65 pmol/mL). From the cAMP 

concentrations data, it was evident that to assure maximal secretion and translocation 

of adenylate cyclase toxin into the host cell the most efficient strain should be used. 

Therefore, for the remainder of the Salmonella mammalian cell invasion experiments, 

strain SL1344 was utilized. 

y = 98.464x-0.446 
R² = 0.9787 
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Table 6: HeLa cell lysates with measured cAMP concentrations. Absorbance at 

405 nm, percent binding, cAMP concentration and cAMP averages are shown for 

each sample/condition. 

Sample OD405 NSB 

Net OD 

(-NSB) BO 

%B/

Bo 

cAMP 

pmol/ml 

Dilution 

Factor 

correction for 

dilution cAMP 

pmol/ml 

Average 

concentration 

of cAMP 

standard 

deviation 

14028 

no 

plasmid 0.426 0.082 0.344 

0.3

7 93.0 13.04 2 26.09 25.86 0.615 

14028 

no 

plasmid 0.419 0.082 0.337 

0.3

7 91.1 13.16 2 26.33     

14028 

no 

plasmid 0.455 0.082 0.373 

0.3

7 100.8 12.58 2 25.16     

SL1344 

no 

plasmid 0.503 0.082 0.421 

0.3

7 113.8 11.92 2 23.84 23.76 0.416 

SL1344 

no 

plasmid 0.492 0.082 0.410 

0.3

7 110.8 12.06 2 24.12     

SL1344 

no 

plasmid 0.525 0.082 0.443 

0.3

7 119.7 11.65 2 23.30     

14028 

w/pWSK

29-Cya 0.124 0.082 0.042 

0.3

7 11.4 33.32 2 66.64 64.88 1.53 

14028 

w/pWSK

29-Cya 0.128 0.082 0.046 

0.3

7 12.4 32.00 2 63.99     

14028 

w/pWSK

29-Cya 0.128 0.082 0.046 

0.3

7 12.4 32.00 2 63.99     

SL1344 

w/pWSK

29-Cya 0.084 0.082 0.002 

0.3

7 0.5 129.55 2 259.10 338.58 73.36 

SL1344 

w/pWSK

29-Cya 0.082 0.082 0.000 

0.3

7 0.2 201.85 2 403.69     

SL1344 

w/pWSK

29-Cya 0.083 0.082 0.001 

0.3

7 0.3 176.48 2 352.96     

B-gal 

negative 

control 0.147 0.082 0.065 

0.3

7 17.6 27.42 2 54.85 48.75 7.18 

B-gal 

negative 

control 0.160 0.082 0.078 

0.3

7 21.1 25.28 2 50.57     

B-gal 

negative 

control 0.208 0.082 0.126 

0.3

7 34.1 20.41 2 40.83     

fus1-Cya 0.256 0.082 0.174 

0.3

7 47.0 17.68 2 35.35 38.19 2.51 

fus1-Cya 0.221 0.082 0.139 

0.3

7 37.6 19.54 2 39.08     

fus1-Cya 0.213 0.082 0.131 

0.3

7 35.4 20.06 2 40.13     

Untreate

d HeLa  0.266 0.082 0.184 

0.3

7 49.7 17.24 2 34.48 34.48   
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Figure 7: cAMP comparisons between strains with plasmid containing adenylate 

cyclase (Cya) and the corresponding strains without plasmid. While S. 

typhimurium wild type strain 14028 shows over a 2.5-fold (65 pmol/mL; table 6) 

increase in cAMP levels when transformed with plasmid pWSK29 containing Cya, 

compared to the average cAMP levels in the 14028 samples without Cya, 25.86 

pmol/mL (table 6; negative controls). Strain SL144 with the plasmid pWSK29-Cya 

shows over a 14-fold (339 pmol/mL; table 6) increase in cAMP levels inside HeLa 

cells compared to the average cAMP concentration of 23.8 p mol/mL (table 6) of the 

negative controls. SL1344 is 5.5 times more efficient than the strain 14028 at getting 

Cya inside HeLa and therefore was solely used for the remainder of host cell 

infections and cAMP determination. 

 

The following experiment was carried out to determine the lower value at 

which cAMP levels could be tested. Dilutions of 10
4
, 10

3
, and 10

2
 HeLa cells were 

carried out and the ratio of 100:1 of bacteria to HeLa was applied. The objective of 

this experiment was to test the lower limit of sensitivity of the assay. A smaller sample 

size was tested because in later experiments with bovine oocytes we were limited by 

the amount of eggs we could work with per diem. Rather than working with 5x10
5
 

cells per well (like HeLa) only 30 eggs per well were available. Unfortunately, a 100:1 
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ratio of bacteria to HeLa cell and a smaller sample size proved to be less than 

satisfactory as seen in the results in table 9 and figure 9. The samples were acetylated 

to increase the sensitivity of the ELISA (10-fold); the cAMP concentrations still 

remained below zero. Furthermore, the %B/Bo that was expected to steadily increase 

to 90 percent remained less than 50. From the standard curve, the equation of the line 

was generated (figure 8). However, 45% was the maximal cAMP bound at a given 

time. The experimental samples all yielded %B/Bo values much greater and some, 

which exceeded 100% (table 9), which is impossible, resulting in negative cAMP 

concentration values. By comparing the concentrations of cAMP between sample 

treatments, such as those with pWSK29 and those without, it was clear that there was 

no significance. In short, a more sensitive kit was used in our oocyte invasion 

experiments. The limit of detection for the new kit from Arbor Assays is 0.019 

pmol/mL for the acetylated form compared to Enzo’s 0.037 pmol/mL sensitivity 

maximum.  

  Table 7: OD600 of S. typhimurium at mid-log growth phase. S. typhimurium was 

grown under SPI-1 inducing conditions (0.3M NaCl). 1 mL was taken from each culture 

and pelleted at 13,400 rpm for 5 minutes. 100 µl of sterile PBS was used to re-suspend 

the pellet. 

 

 

 

 

Strain OD600 

SL1344 w/pWSK29-Cya 0.5 

SL1344 w/o plasmid 0.5 
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Table 8: Acetylated cAMP standards. cAMP in the standards reached less than half 

of total saturation. This can be attributed to experimental error. The percent binding 

values are lower because the Bo value was normalized to yield a larger number which 

enabled the experimental data to fall below 100 percent. Also the acetylation of the 

standards and samples may not have been successful. 

Standards OD405  NSB Net OD(-NSB) Bo % B/Bo %log B/Bo 

cAMP 

pmol/ml 

1 0.09 0.08 0.005 0.34 1.5 0.17 20 

2 0.12 0.08 0.036 0.34 11 1.0 5 

3 0.17 0.08 0.093 0.34 28 1.4 1.25 

4 0.22 0.08 0.14 0.34 41 1.6 0.312 

5 0.23 0.08 0.15 0.34 44 1.7 0.078 

 

 

Figure 8: Acetylated cAMP standards. The %B/Bo for the cAMP standards is not 

reliable. A 2-fold percentage increase is expected as the standard concentrations 

decreased, as depicted in table 9 between standards 2-4. Additionally, although the Bo 

value was normalized, many experimental percent bound values greatly exceeded 

100% which is impossible. The unknown cAMP concentrations were found from the 

equation of the standard curve line; y=-13.5x+21.4.  
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Table 9: Sample cAMP concentrations revealed. From the results one can see no 

change in the cAMP concentration between samples with plasmid and those without. 

Sample OD405 NSB 

corrected 

OD BO 

%B/

Bo 

log 

%B/

Bo 

cAMP 

pmol/

ml 

Dilution 

Factor 

correction for dilution 

cAMP pmol/ml 

SL4 0.34 0.08 0.264 0.34 78 1.9 -4.30 2 -8.6 

SL3 0.41 0.08 0.329 0.34 98 2.0 -5.59 2 -11.2 

SL2 0.49 0.08 0.405 0.34 120 2.1 -6.81 2 -13.6 

P4 0.28 0.08 0.204 0.34 61 1.8 -2.79 2 -5.6 

P3 0.45 0.08 0.366 0.34 109 2.0 -6.22 2 -12.4 

P2 0.49 0.08 0.409 0.34 121 2.1 -6.87 2 -13.7 

He4 0.39 0.08 0.305 0.34 91 2.0 -5.15 2 -10.3 

He3 0.48 0.08 0.395 0.34 117 2.1 -6.66 2 -13.3 

He2 0.49 0.08 0.410 0.34 122 2.1 -6.88 2 -13.8 

PM 0.46 0.08 0.378 0.34 112 2.0 -6.41 2 -12.8 

PM 0.49 0.08 0.412 0.34 122 2.1 -6.91 2 -13.8 

 

 

 

 

Figure 9: cAMP concentrations compared to one another. Rather than analyzing 

the average cAMP concentrations in HeLa cells, the diluted samples were compared 

to one another. NP stands for strains containing no plasmid and P is for strains 

containing plasmid pWSK29-SSPH1-Cya.He is short for HeLa. These sample were 

untreated (not shown). Each sample was serially diluted by a dilution factor of 10. The 

samples were diluted from an initial stock concentration (1x10
5
) of HeLa cells.  
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Figure 9: continued from page 46.  

 

Oocyte Infection 

The data below show three separate trials where three conditions, each with 

four treatments, in which S. typhimurium SL1344 infected mature bovine oocytes with 

an initial contact time of 1 hour followed by 5 hours with the addition of gentamicin 

(20 µg/mL). In the first trial, it was unknown how many bacteria to add to 30 oocytes 

suspended in 500 µl of M199 media. Because it was unknown, a ratio of 100 to 1 was 

applied and table 12 shows the cAMP concentrations within the bovine oocytes while 

figure 11 compares relative cAMP concentrations (fmol/oocyte) between treatments. 

In the first condition, oocytes were stripped of their cumulus cells (denuded) and 

infected with either S. typhimurium SL1344 with plasmid pWSK29-SSPHI-Cya, 

SL1344 without plasmid, S. typhimurium strain SW399 with an invA deletion or eggs 

that were untreated. In the second condition, oocytes were stripped of both their COCs 

and zona pellucida (NZP) and were infected as mentioned for condition 1. In condition 

3 the eggs were left alone, termed COCs, and treated the same as mentioned above. 
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Two more trials were repeated with every variable kept constant with trial 1 except for 

the bacterium to oocyte ratio. In trial 2, 100,000 bacteria were added per oocyte and in 

trial 3, 1,000,000 bacteria were added per egg. Table 11 reveals the cAMP 

concentrations between the various treatments and conditions. From the results from 

trial 1, the only noteworthy observation is that SL1344 were successful in secreting 

and translocating Cya into mature bovine oocytes lacking both COCs and ZP; 259.1 

fmol per oocyte compared to untreated which yielded a negative cAMP value. In the 

conditions where the ZP was intact, no significant increase was observed. As 

expected, similar results were seen in the condition where oocytes were completely 

intact. Trial 2 showed similar results (table 15, figure 13) to trial 1; however cAMP 

concentrations of NZP oocytes treated with SL1344 with pWSK29 were too high to be 

detected by the upper limit of the acetylated kit. Even the ten times diluted samples 

were too high to be detected by the kit. Regardless, a significant increase was only 

detected in the samples that were stripped of COCs and ZP. Table 15 also shows 

cAMP concentrations of repeated samples from trial 1 that were not detected in the 

non-acetylated assay. All other conditions showed no significance in cAMP between 

treatments. An inexplicable result observed was the cAMP concentrations present in 

the isolated cumulus cells. An increase in cAMP within the cumulus cells treated with 

SL1344 with pWSK29-SSPH1-Cya was expected, however was not observed. The 

cAMP concentration of 1.5 pmol/mL of cumulus cells infected with SL1344 + 

plasmid-Cya, compared to 1 pmol/mL and 1.4 pmol/mL (cumulus cells infected with 

SL1344- and SW399 respectively) confirmed that no increase in internal cAMP arose. 

These data imply that Cya was not introduced into the cumulus cells by S. 
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typhimurium. Trial 3 produced interesting and significant results (table 19, figure 15). 

Oocytes stripped of their cumulus cells and infected with SL1344 with pWSK29-

SSPH1-Cya showed a drastic increase in cAMP compared to their negative controls 

(table 19). The cAMP values from DN oocytes were comparable to oocytes with no 

ZP and no COCs, 124 and 168 fmol per oocyte respectively. These results may 

indicate that the Zona Pellucida of the bovine oocytes was compromised either by S. 

typhimurium or chemically, and the oocyte plasma membrane was penetrated by S. 

typhimurium’s type III secretion needle. This finding is interesting when comparing 

the thickness of the ZP found to be approximately 27 µm (20) to the actual injectisome 

which is about 50 nm in length (500 times smaller) (1). A possible explanation is that 

the ZP was slightly torn during removal of COCs, possibly because of HA treatment. 

Moreover, the ZP which may normally protect against pre-implantation embryos from 

viral and bacterial infections by preventing their physical contact can become 

susceptible to infection upon breaking or shedding of the ZP (21). However, according 

to another source, infectious agents do not appear to pass through the Zona Pellucida, 

although some have been shown to adhere to the glycoproteins on the surface (22). 

The article goes on to state that due to the physical size of bacteria, it is unlikely they 

would penetrate the ZP, although some have been able to adhere with varying affinity 

for the layer. The results imply that not only could S. typhimurium adhere to the Zona 

Pellucida, it was able to secrete effector proteins directly into the ooplasm. The 

mechanism remains unknown. 
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Table 10: OD600 of S. typhimurium at mid-log growth phase. S. typhimurium was 

grown under SPI-1 inducing conditions (0.3M NaCl). 1 mL was taken from each culture 

and pelleted at 13,400 rpm for 5 minutes. 100 µl of sterile PBS was used to re-suspend 

the pellet. Each strain of Salmonella was added to a respective 500 µl well at a ratio 

of 1x10
2
 cfu to 1 oocyte. 

 

 

 

Table 11: Trial 1 cAMP standard concentrations.  

Standards 

RLU 

Value1 

RLU 

Value2 

Average 

RLU NSB 

Corrected 

RLU Bo 

%B/

Bo 

Log

%B/

Bo 

pmol/

mL 

pmol/

well 

S1 2314786 n/a 2314786 2212561 102225 3599091 2.8 0.5 15 0.75 

S2 2902740 3234859 3068800 2212561 856239 3599091 23.8 1.4 5 0.25 

S3 4099059 4016912 4057986 2212561 1845425 3599091 51.3 1.7 1.7 0.08 

S4 4817985 5194629 5006307 2212561 2793746 3599091 77.6 1.9 0.56 0.03 

S5 5202428 5443668 5323048 2212561 3110487 3599091 86.4 1.9 0.19 0.01 

 

 

 

Strain OD600 

SL1344 w/pWSK29-Cya 0.72 

SL1344 w/o plasmid 0.78 

Salmonella invA- 0.53 
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Figure 10: Trial 1 cAMP standard curve. The equation of the line, y=-9.9x+19.2 

was used to derive the concentrations of cAMP (pmol/mL) in the unknown samples. 

 

Table 12: Trial 1 cAMP concentrations inside bovine oocytes. Oocytes were 

infected with ~100 S. typhimurium per oocyte. Eggs stripped of both cumulus cells and 

zona pellucidae showed a significant increase in cAMP levels.  

RLU 

Corrected 

RLU %B/Bo 

log%B/

Bo pmol/mL 

corrected 

dilutionX2 pmol/well fmol/oocyte Treatment 

5735298 3522737 98 2.0 -0.74 -1.5 -0.74 -24.6 COC13W/P 

5169154 2956593 82 1.9 0.03 0.059 0.03 0.98 COC13- 

5528490 3315929 92 2.0 -0.47 -0.95 -0.47 -15.8 COCINW/P 

6120038 3907477 109 2.0 -1.2 -2.4 -1.2 -39.7 COCUT 

6046166 3833605 107 2.0 -1.1 -2.2 -1.1 -37 DN13W/P 

6169001 3956440 110 2.0 -1.3 -2.5 -1.2 -41.6 DN13- 

6219109 4006548 111 2.0 -1.3 -2.6 -1.3 -43.4 DNINW/P 

5791627 3579066 99 2.0 -0.81 -1.6 -0.81 -26.9 DNUT 

4475092 2262531 63 1.8 1.2 2.4 1.2 40.1 NZP13- 

5812770 3600209 100 2.0 -0.83 -1.7 -0.83 -27.8 NZPINW/P 

5842353 3629792 101 2.0 -0.87 -1.7 -0.87 -29 NZPUT 

2606891 394330 11 1.0 8.9 17.7 8.9 295 NZP13W/P 

y = -9.8762x + 19.152 
R² = 0.9931 
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Figure 11: cAMP compared between treatments. 

 

 

From the results (figure 11), it was clear that the acetylated form of the assay 

was required to ensure positive cAMP values for all samples. However, the results 

show that there was an increase in cAMP in the oocytes stripped of COCs and ZP that 

were infected with SL1344 containing pWSK20-Cya. Also, note that the ratio of 

infection was 100 bacteria to 1 oocyte. In the next two oocyte infections, the ratios 

were increased to 1x10
5
 and 1x10

6
 bacterial cells per oocyte. The results are shown 

below.  

 

Table 13: OD600 of S. typhimurium at mid-log growth phase. S. typhimurium was 

grown under SPI-1 inducing conditions (0.3M NaCl). 1 mL was taken from each culture 

and pelleted at 13,400 rpm for 5 minutes. 100 µl of sterile PBS was used to resuspend 

the pellet. Each strain of Salmonella was added to a respective 500 µl well at a ratio 

of 1x10
5
 cfu to 1 oocyte. 

Strain OD600 

SL1344 w/pWSK29-Cya 0.50 

SL1344 w/o plasmid 0.52 

SL1344 w/o plasmid 0.46 
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Table 14: Acetylated cAMP standards from trial 2. In this trial, 30 oocytes per well 

(500 µl) were infected with S. typhimurium at a ratio of 100,000 to 1 oocyte.  
Trial 2 

Standards 

VALUE

1 

VALUE 

2 

Corrected 

Bo 

AVE 

RLU 

Corrected 

RLU %B/BO 

LOG%

B/BO 

cAMP 

Conc. 

S1 880587 1053162 1740430 966875 107497 6.2 0.79 5 

S2 1012893 945314 1740430 979104 119726 6.9 0.84 2.50 

S4 1414457 1273788 1740430 1344123 484745 27.9 1.4 1.25 

S4 1922034 1906695 1740430 1914365 1054987 60.6 1.8 0.625 

S5 2016072 2024150 1740430 2020111 1160733 66.7 1.8 0.313 

S6 1968018 2428419 1740430 2198219 1338841 76.9 1.9 0.156 

S7 2609359 2529244 1740430 2569302 1709924 98.2 2 0.078 

S8 2499967 2586631 1740430 2543299 1683921 96.8 2 0.039 

 

 

 

 

Figure 12: Trial 2 acetylated cAMP standard curve. The first standard was 

excluded from the data set because it deviated from the standards and the value was 

too low. cAMP concentrations were derived from the equation from the best fit line, 

y=-2.2x+4.3. 

 

 

 

 

 

 

 

 

 

 

 

y = -2.1536x + 4.3245 
R² = 0.9913 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

0.00 0.50 1.00 1.50 2.00 2.50 

cA
M

P
 p

m
o

l/
m

L 

Log%B/Bo 

cAMP Standard Curve 

cAMP Standard Curve 

Linear (cAMP 
Standard Curve) 



54 
 

 
 

 

Table 15: Trial 2 cAMP concentrations per oocyte. Each egg was infected with 

approximately 10
5
 S. typhimurium. Samples labeled DN2 stand for denuded oocytes 

from trial 2, W/P implies with plasmid pWSK29-Cya, 10X; diluted 10 times, 13-; 

SL1344 without plasmid, UT; untreated oocytes, invA; Salmonella with invA deletion 

containing plasmid pWSK29-Cya, NZP; oocytes with no cumulus cells and no zona 

pellucida, COC; oocytes that have intact COC and ZP, Cum; cumulus cells stripped 

from COC oocytes after infection treatments. 

 

Treatments 

RLU 

VAL1 

RLU 

VAL2 

AVE 

RLU 

corrected 

RLU 

%B/

BO 

LOG

%B/

BO 

Corr.

Dil. 

cAMP 

(pmol/

mL) 

pmol/

well 

fmol/ 

oocyte 

DN2W/P 2308330 2225215 2266773 1407395 83.3 1.9 2 0.32 0.16 5.4 

DN210X 2965252 2569222 2767237 1907859 113 2.1 10 -1.2 -0.61 -20.5 

DN213- 2534007 2460645 2497326 1637948 97.0 2 2 0.04 0.02 0.66 

DN2UT 1809187 2085465 1947326 1087948 64.4 1.8 2 0.81 0.40 13.4 

NZP2W/P 703700 717096 710398 -148980 -9 N/A 

  

N/A N/A 

NZP210X 737312 798523 767918 -91461 -5.4 N/A 

  

N/A N/A 

NZP213- 2228008 2173367 2200688 1341310 79.4 1.9 2 0.41 0.21 6.9 

NZP2UT 2061757 1895130 1978444 1119066 66.2 1.8 2 0.75 0.38 12.5 

DN1W/P 2808382 2653448 2730915 1871537 111 2.0 6 -0.63 -0.32 -10.5 

DN113- 2377232 2615178 2496205 1636827 97 2.0 6 0.12 0.061 2.0 

NZP1W/P 1293250 1289252 1291251 431873 26 1.4 6 7.6 3.8 127 

NZP10X 2007019 1805455 1906237 1046859 62.0 1.8 10 4.3 2.2 73.1 

NZP113- 2143484 1883332 2013408 1154030 68.3 1.8 6 2.1 1.0 34.7 

COC1W/P 2378566 2613005 2495786 1636408 97 2.0 6 0.12 0.062 2.1 

COC113- 2162112 2291740 2226926 1367548 81.0 1.9 6 1.1 0.57 18.9 

CUMW/P 1745779 1506176 1625978 766600 45.4 1.7 2 1.5 0.73 

 CUMW/P10

X 2925101 2702311 2813706 1954328 116 2.1 10 -1.5 -0.73 
 

CUM13- 2179749 1965628 2072689 1213311 72 1.9 2 0.60 0.30 

 CUMINVA 1931533 1353258 1642396 783018 46.4 1.7 2 1.4 0.71 
 

CUMUT 1906691 1756982 1831837 972459 58 1.8 2 1.0 0.51 
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Figure 13: Comparison of average cAMP (fmol/oocyte) between treatments. The 

results show that oocytes stripped of COCs and ZP were susceptible to infection by S. 

typhimurium. Although the levels of cAMP are high between cumulus cells isolated 

from COCs after infection, the results seem indicate this is attributable to intrinsic 

cAMP levels present in the cells rather than external cAMP from S. typhimurium. 

 
 

 

 

 

Table 16: OD600 of S. typhimurium at mid-log growth phase. S. typhimurium was 

grown under SPI-1 inducing conditions (0.3M NaCl). 1 mL was taken from each culture 

and pelleted at 13,400 rpm for 5 minutes. 100 µl of sterile PBS was used to resuspend 

the pellet. Each strain of Salmonella was added to a respective 500 µl well at a ratio 

of 1x10
6 

cfu to 1 oocyte.  

Strain OD600 

SL1344 w/pWSK29-Cya 0.51 

SL1344 w/o plasmid 0.52 

SL1344 w/o plasmid 0.47 
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Table 17: Trial 3 acetylated cAMP standards. The first two standards, S1 and S2 

were thrown out because their RLUs were much lower than the lower limit of the 

assay (NSB) and were not reliable to generate an accurate curve. 

Standards RLU  NSB 

corrected 

RLU Bo 

% 

B/Bo Log%B/Bo 

cAMP 

pmol/ml 

S1 1547994 1484562 63432 2411787 2.6 0.42 5 

S2 1486551 1484562 1989 2411787 0.1 -1.08 2.50 

S3 

1757050.

5 1484562 272489 2411787 11.3 1.1 1.25 

S4 2059632 1484562 575070 2411787 24 1.4 0.625 

S5 2354631 1484562 870069 2411787 36.1 1.6 0.313 

S6 

3016891.

5 1484562 1532330 2411787 64 1.8 0.156 

S7 

3488729.

5 1484562 2004168 2411787 83.1 1.9 0.078 

S8 3251895 1484562 1767333 2411787 73.3 1.9 0.039 

 

 

 

 

 
Figure 14: Trial 3 acetylated cAMP standard curve. The equation of the line, y=-

1.3x+2.6 was used to determine the concentrations of cAMP in the unknown samples. 
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Table 18: Trial 3 treaments and RLUs. 

Treatment RLU#1 RLU#2 Average NSB corrected RLU BO %B/Bo Log%B/Bo 

DN3W/P 1551463 1642844 1597153 1484562 112591 2411787 5 0.7 

DN3w/p10x 2270200   2270200 1484562 785638 2411787 33 1.5 

DN13- 3453072 4710370 4081721 1484562 2597159 2411787 108 2.0 

DN3UT 3396573 3278577 3337575 1484562 1853013 2411787 77 1.9 

NZP3W/P 1428071 1397673 1412872 1484562 -71690 2411787 -3.0 N/A 

NZP3w/p10x 2089010   2089010 1484562 604448 2411787 25.1 1.4 

NZP13- 3273725 3118103 3195914 1484562 1711352 2411787 71.0 1.9 

NZP3UT 3411017 4225591 3818304 1484562 2333742 2411787 97 2.0 

COCW/P 2838286 3377206 3107746 1484562 1623184 2411787 67.3 1.8 

COCw/p10x 3550858   3550858 1484562 2066296 2411787 86 1.9 

COC13- 2841415 2974921 2908168 1484562 1423606 2411787 59.0 1.8 

COCINVA 3452483 3257677 3355080 1484562 1870518 2411787 78 1.9 

COCUT 4650676 6141173 5395924 1484562 3911362 2411787 162.2 2.2 

 

 

 

 

 

Table 19: Trial 3 oocyte infection. cAMP concentrations are broken down into pmol 

per mL, per well and fmol per oocyte for each treatment.  

cAMP 

pmol/ml 

Dilution 

Factor 

correction for 

dilution cAMP 

pmol/ml pmol/well fmol/oocyte Treatment 

1.7 3 5.0 2.5 124.1 DN3W/P 

0.52 10 5.2 2.6 129.3 DN3w/p10x 

-0.18 3 -0.55 -0.28 -13.8 DN13- 

0.014 3 0.043 0.021 1.1 DN3UT 

N/A 3 

undetectable         

(too high) N/A N/A NZP3W/P 

0.67 10 6.7 3.4 167.7 NZP3w/p10x 

0.061 3 0.18 0.091 4.6 NZP13- 

-0.12 3 -0.36 -0.18 -9.1 NZP3UT 

0.092 3 0.28 0.14 6.9 COCW/P 

-0.050 10 -0.50 -0.25 -12.4 COCw/p10x 

0.17 3 0.51 0.25 12.7 COC13- 

0.009 3 0.026 0.013 0.66 COCINVA 

-0.42 3 -1.3 -0.64 -31.8 COCUT 
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Figure 15: Oocyte infection with a ratio of 10
6
 bacteria to 1 oocyte. Treatments 

DN3 w/p 10x (no COCs and diluted 10 times, from trial 3) infected with plasmid 

pWSK29-Cya had 10 times more cAMP (129 fmol/oocyte) as compared with the 

highest value of intrinsic cAMP observed in the negative control, COC13- (13 

fmol/oocyte). Treatment NZP3 w/p 10x (no zona pellucida, from trial 3) infected with 

plasmid pWSK29-Cya showed at the least 13 times more CAMP (13 fmol/oocyte was 

the highest intrinsic cAMP value from the negative controls). (See table 15).  
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The implications of creating a bacterial shuttle system that can deliver drug 

therapies or act as a contraceptive are monumental and contribute largely to the scientific 

technology boom witnessed today. Currently, several research groups have begun 

research and trials of Salmonella typhimurium as a multifunctional drug therapeutic 

vessel. In a recent study by Nguyen 2010, attenuated Salmonella typhimurium’s type III 

secretion system was utilized to deliver drug therapies to sites of tumor growth. The 

bacteria were able to mediate complete eradication of tumors and suppress metastatic 

tumor growth. Moreover, S. typhimurium was genetically engineered to express and 

secrete target proteins into the tumor tissue (18). Nguyen 2010 showed that S. 

typhimurium’s anti-tumor effects could be regulated under the inducible arabinose pBAD 

promoter with the addition of L-arabinose intravenously. Utilizing an arabinose promoter 

ensures that expression is tightly controlled. This method shows great promise for use in 

other tissues and cells as well. Using Salmonella typhimurium as a contraceptive may be 

feasible. In a study by Zhang 1997, attenuated S. typhimurium was engineered to express 

recombinant murine ZP3 (primary glycoprotein receptor on oocyte surface). ZP3 is 

responsible for sperm and oocyte adhesion. When the bacteria were orally administered 

to the mice, a mucosal antibody response in the reproductive tract and a systemic immune 

response against ZP3 was elicited, which resulted in 50% infertility in the mice (after 

several boosters) (2). My experiments show that S. typhimurium is unable to penetrate 

bovine oocyte’s zona pellucidae unless growth reaches 1,000,000 cfu. With such a large 

number of bacteria, one must ensure that it directly targets the egg cell and nothing else. 

Studies have already demonstrated that Salmonella typhimurium has a propensity to be 

found in tumor tissue and epithelial cells. Therefore, regulation of S. typhimurium to the 

oocyte must be very tight prior to moving forward with animal trials.  
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Although S. typhimurium is far from replacing hormone-signaling birth control, 

there is a more practical use in sight. Attenuated S. typhimurium could be an alternative 

to micro-injection procedures. A few advantages to utilizing the bacteria are that high 

levels of most eukaryotic proteins can be produced in them and directly secreted and 

possibly translocated into the target host cell. This would bypass the tedious procedures 

of isolating and injecting the protein into the proper target cell. However, a problem may 

occur when a protein is isolated for function because there is the possibility of the protein 

refolding into an improper three-dimensional structure. If this were to happen, the protein 

would no longer be able to perform its innate task. On the other hand, S. typhimurium is 

an expert molecular biologist and has a high success rate at injecting its proteins into host 

cells with those proteins subsequently carrying out their programmed functions. Dr. 

Pablo Ross, a veteran to microinjection into oocytes, has agreed that utilizing bacteria, 

which can perform the same procedure (translation of protein and injection into host cell) 

within a few hours, would be extremely advantageous, especially in terms of time saved.  

Development of PLC-ζ1 Constructs 

 Many hurdles were crossed while attempting to create phospholipase C-ζ 

constructs which ranged from simple beginners’ errors such as making LB-Agar plates 

with inactive antibiotic, which produced numerous colonies following transformation, 

which led to false positives to more complex errors that were more difficult to detect. The 

mistake that went overlooked (LB-agar plates without ampicilin) led to additional 

negative results such as the lack of PLC-ζ PCR product. Once this error was realized and 

active ampicilin was added to LB-agar plates, more errors arose. An array of erroneous 

results were encountered that could be attributed to an early lack of experience with basic 

wet laboratory techniques. 
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 A year went by with only minimal progress in the completion of my constructs, 

but with more experience in cloning procedures, better results were obtained. PLC-ζ1 

wildtype and mutant constructs in pBAD24 were finally completed, and the attempt to 

create a SopE-PLC-ζ1 fusion protein was made. The fusion was necessary for PLC-ζ 

secretion and translocation through S. typhimurium’s type III secretion apparatus. SopE is 

an N-terminal amino acid signal sequence taken from Salmonella typhimurium’s 

effector/secreted protein SopE, which mediates SPI-1 TTSS-dependent secretion (19). 

Only the first 104 amino acids of the effector were necessary to secrete and translocate 

proteins fused to this sequence. The first 78 amino-terminal codons were shown to 

mediate protein secretion (19). The construction of the expression vector was seemingly 

successful to the point of sequencing. The sequencing results continued to show a PLC-

ζ1 wildtype or mutant in pBAD24; however, SopE was never present. This was vexing 

until one day the PCR primers ordered to create and amplify the insert were checked. 

This investigation was not done in vain, as it was discovered that the forward primer 

contained a BamH1 endonuclease site rather than EcoR1.  

 The correct forward primer with an EcoR1 site was made to produce a new 

SopE fragment. The DNA sequencing results for my construct showed a portion of SopE 

sequence upstream of PLC-ζ1. However, there were approximately 100 base pairs 

missing from the 5’ end in every single strain. These experiments were replicated several 

times to rule out experimental error. As previously mentioned, the first 78 N-terminal 

amino acids of SopE are important for protein secretion and therefore, the mutation 

would have blocked PLC-ζ secretion through the TTSS. With no explanation for this 

seemingly random and inexplicable deletion, collaborator Dr. Wolfgang Hillen suggested 

that the enzyme used for the 5’end, EcoR1 may have exhibited star activity. Star activity 
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occurs when restriction endonucleases cleave sequences that are similar but not identical 

to their defined recognition sequence. After investigation into the first 100 base pairs, a 

sequence similar to EcoR1 (5’-GTATAC-3’), with the exception of the fifth and sixth 

nucleotides which were thymine rather than adenine and cytosine respectively, (5’-

GTATTT-3’) was identified. Further experiments were executed using high affinity 

EcoR1 restriction enzyme. This remedied the error. 

PLC-ζ Expression 

 The SopE-PLC-ζ1 wildtype and mutant constructs were electroporated into two 

strains of Salmonella typhimurium: SL1344 and 14028. The strains were then induced 

using 0.1 M L-arabinose and were run on a Western blot. No detection of PLC-ζ1 was 

observed for any of the strains, and further experiments were done in wild type E.coli 

BL21 (DE3) lysis. BL21 (DE3) was transformed with SopE-PLC-ζ1 wild type and 

mutant as well as the original constructs (PLC-ζ1 wild type and mutant) all in the 

expression vector pBAD24, which contains an arabinose inducible promoter. The growth 

conditions and inducing conditions were altered and visualized on a Western blot. 

Articles citing expression of PLC-ζ1 claimed successful expression with the addition of 

0.2% w/v L- arabinose to induce PLC-ζ1 in BL21(DE3) under the control of the pBAD-

arabinose promoter (23). These articles also mentioned 0.1 M IPTG at midlog growth 

phase with room temperature shaking for 4 hours, which yielded expression under a Lac 

promoter. Many trials were performed utilizing the aforementioned methods which 

varied from 1 mM-13 mM (0.2% w/v) L-arabinose with induction at midlog phase 

followed by growth from 1 hour to overnight. However, PLC-ζ1 was not detected in any 

Western blots. A positive control, PET, containing a 3’-his-tag was detected using an anti 

C-terminal his-tag antibody from Invitrogen. All PLC-ζ1 wildtype and mutant sequences 
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contained a 3’-hexahistidine tag for recognition and isolation purposes. Although the 

expression of PLC-ζ1 was not a success, the project is far from complete. The ultimate 

goal of expressing, secreting, and translocating PLC-ζ1 through S. typhimurium’s type III 

secretion system and into an oocyte’s cytoplasm is still a future aim. However prior to 

this feat, the bacteria must be tested to verify this goal is achievable (i.e. secretion and 

translocation of protein into ooplasm).  

 Although PLC-ζ 1 expression was not observed following induction, many 

possibilities remain. In one study led by Grasa et al. 2008, PLC-ζ was synthesized under 

the IPTG inducible promoter and purified on Glutathione-Sepharose beads prior to 

immuno-detection (24). Perhaps PLC-ζ was indeed expressed but was unable to be 

detected due to protein aggregation following lysis. However, protein expression under a 

pBAD-inducible promoter eliminated the presence of inclusion bodies (25). Another 

probable cause could be that the untranslated region of PLC-ζ should have been cloned 

along with the open reading frame. Within the 2.2 kb sequence, untranslated regions at 

the 5’ and 3’ ends along with the 1941 bp ORF were cloned into expression plasmid 

pBAD (23). Their efforts were successful as evident by PLC-ζ’s expression under an 

arabinose promoter and isolation using G-sepharose beads prior to detection. However, 

this does not seem to be the contributing factor since Grasa et al. 2008 created a PLC-ζ 

construct using the human PLC-ζ full-length complementary DNA, did not mention 

incorporating PLC-ζ UTRs, and were able to express PLC-ζ. Another possibility remains 

(observed by many researchers working with PLC-ζ, including Dr. Rafael Fissore) that 

even low levels of protein are detrimental to the cell. PLC-ζ, as stated before, is under the 

AraC-pBAD promoter, which is not completely turned off in the absence of L-arabinose. 

However, the promoter can be repressed by the addition of 0.2% glucose, which limits 
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expression from 200 to 1,200 fold (25). With this capability, the expression of PLC-ζ 

could be more tightly regulated which could eliminate the issue of protein toxicity even at 

low levels. Conversely, the issue may be that PLC-ζ was over-expressed, and repression 

of protein production is necessary once more to avoid overproduction and toxicity. In 

E.coli, protein hyper-production can lead to rRNA and ribosomal destruction, 

accumulation of heat shock proteins and lethality (25). To further touch on techniques for 

pBAD promoter repression, the literature reveals that several factors contribute to 

efficient repression of gene expression. The factors range from lowering the L-arabinose 

concentrations (<0.1 µM being ineffective for induction and >1330 µM leading to 

promoter saturation) to the type of medium used (rich media being ideal for its abundance 

of other carbon sources; catabolites can repress the promoter) (25). More studies must be 

done to verify the possible reasons for the negative results. Reverse transcriptase PCR 

can be done to determine whether the issue with PLC-ζ expression lies within the 

translation of the mRNA or in the isolation techniques of PLC-ζ.  

ZP Invasion 

According to current knowledge, infection of bovine oocytes with Salmonella 

typhimurium has never been tested and therefore the amount of colony forming units to 

add to 30 oocytes in a 500µl suspension in M199 media was initially speculative. Data 

obtained from previous S. typhimurium infection experiments with HeLa cells was used 

to devise the bovine oocyte infection experiments. However, several factors were 

considered obstacles between the two experimental conditions. HeLa cells are adherent 

cells and the bacteria were spun down onto them, which allowed for greater contact 

between their surfaces. Two problems occurred with bovine oocytes; (1) the oocytes are 

not adherent cells (they are suspended in media); and (2) the oocytes are much too 
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sensitive for centrifugation). Thus, the major concern remained that the eggs could lyse. 

Another issue raised the question of how many bacterial cells to add to the egg 

suspension to ensure sufficient contact. In order to determine this, varying ratios were 

applied in three experiments. The first trial was tested in a ratio of 100 bacteria to 1 egg. 

This ratio was used because of prior success in infection experiments of S. typhimurium 

and HeLa cells. The results from the three trials showed that the bacteria were able to 

secrete and translocate adenylate cyclase into the ooplasm in samples where the cumulus 

cells and zona pellucidae were chemically removed. All other samples showed no 

substantial increase in cAMP levels. In the following experiment, 100,000 bacteria were 

added per oocyte and the results revealed similar findings as the first trial. The final trial 

was performed with a 10-fold increase in bacteria per oocyte and the results suggested 

that S. typhimurium was able to secrete and translocate Cya into the ooplasm of eggs 

devoid of COCs but with their ZP intact. 

 

 

As previously noted, bovine zona pellucida is 500 times thicker than the length of 

S. typhimurium’s type III secretion needle; 30 µm and 50nm (illustration 7) (1), 

respectively.   As observed experimentally, S .typhimurium was able to secrete and 

translocate adenylate cyclase (Cya) into the ooplasm of the oocytes and produce higher 

Illustration 7- Needle complex anatomy (Kimbrough and Miller 

2002) shows electron micrographs of the needle complex. 
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levels of cAMP than observed in samples infected without adenylate cyclase. S. 

typhimurium’s needle is too short to penetrate both the ZP and plasma membrane of the 

oocyte. Therefore, either Salmonella was able to digest the proteinacious membrane of 

the zona using its own proteases, or the tight glycoprotein network of the ZP was 

compromised by the addition of hyaluronidase (HA). The smallest pore size and fiber 

size composing the ZP network between species seem to be observed in cows and across 

all species the pores are largest from the outer surface and decrease in size centripetally 

(26). From the study by Vanroose et al. 2000, the mean diameter of the outer pores 

present in the ZP was estimated to be about 182 +/- 69 nm. They also noted that viral 

entry of BHV-1 (180-200nm) and BVDV (45-55nm) was possible, however they were 

unable to pass through the inner layers of the ZP towards the egg. The size of a bacterial 

cell is around 2000 nm long and 500 nm in diameter, which is also much larger than 

viruses and the size of the largest pores in the outer surface. The study goes on to explain 

that the morphology of the ZP changes after fertilization which may be attributed to the 

lytic action of the acrosomal enzymes such as HA (26). The lytic action of HA may be 

accountable for S. typhimurium’s successful passage through the ZP to the oocyte plasma 

membrane. Another possibility is that a threshold of 1,000,000 bacteria per oocyte is 

necessary to penetrate the zona pellucida. More experiments are necessary to test both 

assumptions.  
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