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Abstract  

 Milk proteins are produced in mammary epithelial cells from amino acids (AA). Excess 

AA that are not used for protein synthesis are excreted by the cow as nitrogenous (N) waste 

products through urine. Excretion of N waste in large quantities poses threats to both natural 

ecosystems and human health through soil, water, and air contamination. In addition to being a 

substrate for protein synthesis, some essential AA (EAA) are sensed by the mechanistic target of 

rapamycin complex one (mTORC1), to regulate metabolic processes, including protein synthesis. 

The purpose of the experiments is to determine if mTORC1 stimulating EAA have additive effects 

on mTORC1 signaling in MAC-T cells. Efficient simulation of mTORC1 via additive EAA 

interactions could reduce the AA requirement for protein synthesis and nitrogen excretion. 

 

Literature Review 

Components of Milk Production for the Dairy Industry  

A major current goal of the dairy industry today is to maximize the yield of milk protein 

components from lactating dairy cows while maximizing income. Milk producers do not decide 

the selling price for their milk because it depends on the market. As a result, milk producers can 

attempt to limit the costs associated with production, such as altering the feed for dairy cows, in 

order to try to maximize and increase their profits (von Keyserlingk et al., 2013). Although many 

think milk protein is essential for common dairy products such as milk or yogurt, milk protein is 

critical for other food products as well. For example, milk protein concentrates are complete dairy 

proteins containing whey and casein protein that are derived from skim milk and are often added 

to various foods in production (Argarwal et al., 2015). Skim milk lacks the milk fat component. 

Milk fat is often utilized for other dairy products such as butter and heavy cream. Examples of 

foods that have milk protein concentrates added to them are ice cream, dairy dessert products, 

certain meat products, and baked goods (Argarwal et al., 2015). Milk protein concentrates are 

utilized because the addition of them can elevate or enhance the amount of protein in a given food 

product, as well as add additional minerals such as calcium and magnesium (Argarwal et al., 2015).  



Environmental Impacts of the Dairy Industry  

Maximizing milk protein yield, without considering the efficiency of dietary nitrogen for 

its production, increases the amount of nitrogenous waste excretion from dairy cows which serves 

as a global threat to our environment. The impact of nitrogen excretion by lactating dairy cows is 

a concern facing the environment and dairy industry. Concentrated animal agriculture that is often 

used in the dairy industry contributes a significant amount of nitrogen waste to groundwater 

sources through the emission of ammonia (Knowlton et al., 2006). Over the years, the amount of 

greenhouse gas emission and nitrogenous waste pollution from confined animal feeding 

operations, such as that of a dairy cattle farm, have increased substantially (Gilbert, 2020). The 

increase in environmental waste produced by confined animal feeding operations pose a threat to 

the environment by inducing additional harmful algal blooms and creating hypoxic water sources 

for various forms of marine life (Gilbert, 2020). Dairy cattle have less efficient dietary amino acid 

utilization compared to that of other animals such as swine or poultry (Lapierre et al., 2010). About 

25% of dietary nitrogen is sequestered for milk protein in dairy cows in the mammary glands and 

the remainder is excreted through ammonia-rich urea (Arriola Apelo et al., 2014). With over 9 

million dairy cows in the U.S., the nitrogen excretion associated with dairy farms is a substantial 

source of pollution (Broderick et al., 2008). Therefore, nitrogen that is excreted as waste in the 

form of ammonia can be harmful to the environment through contamination of soil, air, and water 

sources (Richardson et al., 2009). 

The Cost to the Dairy Industry  

In addition to the potential harm that excessive nitrogenous waste excretion poses to the 

environment, it can also be costly to the dairy industry. In fact, protein and amino acid supplements 

are the most expensive nutrient fraction in a lactating dairy cow ration (M.J., VandeHaar et al., 



2006). Many dairy producers tend to overfeed their dairy cattle with the hope of maximizing their 

milk yield, however, it has been shown that the excess amino acids fed to a dairy cow are excreted 

as nitrogenous waste and are not sequestered by the mammary gland in order to produce additional 

milk protein (Colmenero et al., 2006). Overfeeding of dairy cows leads to further harmful 

nitrogenous excretion and serves as an obstacle to maximizing the dietary protein efficiency for 

lactating dairy cows in a sustainable way (M.J., VandeHaar et al., 2006). This overfeeding leads 

to additional pollution to natural resources and an increased ammonia emission from dairy farms. 

Although overfeeding serves an additional cost to the dairy industry, underfeeding dairy cows 

serves a greater economic risk to farmers than overfeeding because they are unable to meet their 

maximum amount of milk production (M.J., VandeHaar et al., 2006). Underfeeding still requires 

producers to supply the cattle with a diet, however, that diet is not sufficient and leads to reduced 

milk protein yield, which displays how underfeeding has two great costs associated with it. An 

efficient combination of the dietary essential amino acids is essential to limiting not only the cost 

to the dairy industry, but also the harmful cost to our environment. Efficiently feeding the dairy 

cow can help lower the environmental and monetary costs that are associated with the metabolic 

processes of the dietary essential amino acids that a dairy cow ingests on a daily basis.  

The role of essential amino acids 

Amino acids are the nutrients that are absorbed in the small intestine after milk protein 

hydrolysis and then later absorbed by other tissues in order to be utilized for protein synthesis, 

including milk protein synthesis (C. Omphaleius et al., 2019). However, some amino acids are 

recycled to form other amino acids that may not be in high concentrations. Examples of this 

mechanism of amino acids being recycled for other uses is included in studies performed by C. 

Omphaleius et al. and Lapierre et al. The study conducted by C. Omphaleius et al. looked at the 



mammary gland uptake of amino acids to the mammary gland’s output of amino acids. This ratio 

of the uptake to output was examined for each amino acid. Namely, the ratio for arginine (Arg) 

was higher than one indicating that the uptake was greater than the output which displayed that 

Arg can be used to catabolize and synthesis non-essential amino acids in the mammary gland, such 

as proline (Pro) which is present in lower concentrations. This finding was consistent with that of 

Lapierre et al., 2010 that also demonstrated how amino acids can undergo transamination, 

transferring their nitrogen to synthesize other nonessential amino acids in the mammary gland. 

The study done by Lapierre et al., 2010 demonstrated how the nitrogen in lysine can be used to 

synthesize nonessential amino acids such as serine, alanine, or glutamate. From these studies, it is 

evident that amino acids play a vital role in the synthesis of other amino acids that are needed for 

further protein synthesis. Furthermore, these studies also demonstrate the need to further 

investigate the interactions between amino acids in order to fully maximize milk protein yield 

while minimizing the excretion of nitrogenous waste.  

mTORC1  

In order to maximize milk protein synthesis, the mammary gland needs to be stimulated to 

absorb more amino acids. However, it is also important to be mindful of the nitrogenous waste 

excretion that is associated because the mammary gland does not Overall, nitrogen is an important 

nutrient for milk protein production. In order to minimize nitrogen losses, nutritional management 

strategies need to prioritize mammary extraction efficiency of amino acids for milk protein 

synthesis and reduce recycling of excess amino acids to the liver, where they will be converted to 

urea for urinary excretion. Prior to studies done by Griinari et al., (1997), the effect of insulin on 

milk protein synthesis had not been investigated in depth. This study found that the mammary 

gland could not maximize milk protein synthesis on its own by observing how the presence of 



insulin enhanced overall milk protein yield (Griinari, et al., 1997). Griinari et al., (1997) revealed 

that there was the potential for milk protein synthesis to be enhanced by other factors, such as 

insulin, but did not fully explore the role of insulin on protein synthesis. In order to increase the 

efficiency of protein synthesis, the mammary gland needs to be stimulated to sequester more amino 

acids while simultaneously limiting the amino acids that are excreted as nitrogenous waste forms 

by the dairy cow.  

The mechanistic target of rapamycin complex one (mTORC1) is a cellular complex that 

connects environmental factors to the metabolic cellular processes that are essential to preserving 

homeostasis (Rabanal-Ruiz et al., 2017). When nutrients are in excess, mTORC1 stimulates 

biosynthetical pathways, such as promoting cellular growth or the synthesis of proteins (Rabanal-

Ruiz et al., 2020). Although amino acids are utilized as the building blocks for proteins, they also 

serve as vital signaling molecules which are capable of stimulating mTORC1 (Dong et al., 2018).  

Other cellular components besides amino acids, such as hormones, have the ability to 

influence the stimulation of mTORC1. For example, the presence of the hormone insulin 

potentiates the stimulation of the mTORC1 complex in the mammary gland to further sequester 

essential amino acids (Pszczolkowski, et al., 2020). Pszczolkowski et al., (2020) reported that 

insulin is required for essential amino acid stimulation of mTORC1 in the mammary epithelial 

MAC-T cell line. From this study, Pszczolkowski,et al.,(2020) had deduced that five essential 

amino acids were responsible for the majority of the mTORC1 stimulation. The amino acids found 

to be primarily in charge of the activation of mTORC1 in MAC-T cells in the previously mentioned 

study were methionine (Met), isoleucine (Ile), threonine (Thr), leucine (Leu), and arginine (Arg). 

However, it was found by L. Doepel et al., (2004) that each individual amino acid has a different 

efficiency as a substrate for protein, which is vital for their conversion to milk protein. (L.Doepel, 



et al.,2004). Studies have been done in order to analyze the individual impact of specific essential 

amino acids and their relationship with milk protein synthesis. Notably, from the Doepel et al., 

(2004) study, it was found that histidine and methionine, individually, were the top two most 

efficient amino acids with their respective conversion into milk protein. The efficiency in this 

study was calculated by taking the ratio of the amino acid taken up by the mammary gland and 

comparing it to the fraction of amino acids that were converted into milk as an output. Studies 

done prior to Doepel et al., such as that performed by Bequette et al., (1998) examined how 

individual amino acids are metabolized and how a major proportion of the loss of absorption of 

essential amino acids occurs in the mammary gland itself. However, this specific study did not 

examine the conversion efficiency of specific amino acids into milk protein.  Additionally, 

Bequette et al., (1998) analyzed the limitations of amino acid uptake for milk protein synthesis. 

However, this study had limitations as it examined amino acids based on their structure, such as 

sulfur containing amino acids including methionine, or branch chained amino acids including 

leucine. Beyond examining amino acids collectively, recent studies have examined which amino 

acids may serve as limiting for milk protein production. Met and Lys have been shown to be the 

two most limiting amino acids as it relates to milk production (Dong et al., 2018). Dong et al., also 

had found that there is the potential for other amino acids that are not Met and Lys that can serve 

as stimulators of protein synthesis. Those additional amino acids were Thr, Ile, Val, and Leu. A 

key kinase for protein phosphorylation, mammalian target of rapamycin (mTOR), transfers various 

stimuli into protein phosphorylation reactions which ultimately impacts protein synthesis (Castro 

et al., 2016). From the study by Castro et al., which was conducted in the MAC-T cell line model, 

it was found that insulin did not have much of an impact on the sensitivity of the kinase mTOR. 

However, this same study had found that the sensitivity of mTOR was increased by the essential 



amino acids Ile and Leu. These findings correspond to a previous study conducted by Appuhamy 

et al., 2012 where the essential amino acids found to have the greatest effect on stimulating mTOR 

phosphorylation and protein synthesis were Ile, Leu, Thr, and Met. Although studies have 

collectively looked at the functions of essential amino acids, not much is known on how 

combinations of amino acids function to improve the efficiency of mTORC1 stimulation.  

Examining how TOR stimulating essential amino acids interact with each other is needed 

in order to further understand how these amino acids affect mTORC1 stimulation and impact the 

overall efficiency of stimulation. Therefore, the purpose of the experiments performed is to study 

how Arg, Leu, and Ile each interact with Met at different concentrations, respectively. 

Understanding how combinations of TOR stimulating essential amino acids impact mTORC1 

stimulation can aide in understanding how they contribute to overall protein synthesis as amino 

acids are the building blocks of proteins. 

Methods 

 These experiments were performed in a bovine mammary epithelial cell line (MAC-T). 

These cells were not passed more than 20 times to new dishes in order to prevent the loss of cellular 

function or mutation. Cells were passed before the experiments to produce multiple replications 

for each treatment group. The cells were starved for a 16-hour starvation period once the cells 

reached about 85% confluency to maximize their response to the treatments that were added to 

them. After starvation, the cells were treated for a one-hour period and then harvested to collect 

only the protein from each sample. Ultimately, the protein lysate from each sample was ran through 

a western blot and then imaged in the LICOR Odyssey imaging system in order to quantify and 

visualize the relationship between the concentrations of mTOR stimulating essential amino acids 

and total protein.  



Passing Cells 

 Cells were passed when they were at about 80 to 85% confluency. Prior to passing, 

media, phosphate buffer saline (PBS), and trypsin were heated to 37 ºC. The old media was 

aspirated, dishes were then washed with 10 mL of PBS and incubated in trypsin at 37ºC in the 

incubator for 5 minutes. At the end of the incubation period, cell detachment was confirmed 

under the microscope and 10 mL of MAC-T growth media that contains fetal bovine serum 

(FBS) was added to stop trypsin activity. Cells were aspirated and pelleted for 5 minutes at 500 

rcf. The supernatant was discarded, and the pellet was resuspended in growth media. Cell 

concentration and viability were determined by manual counting under the microscope using 

trypan blue dye as a viability marker. After being counted, the cells were diluted to desired 

seeding density and plated in 6cm dishes with 3 mL of growth media per dish. The growth media 

base was Dulbecco’s Mod. of Eagle’s Medium / Ham’s F-12 50/50 Mix with L- glutamine and 

15 mM HEPES (DMEM/F-12 50/50, 1X; Corning). 10% FBS, 10 ug/mL insulin, and 1% 

antibiotic/antimycotic were added to the 500 mL bottle of DMEM-F12 Corning media. All of 

these components made up the growth media for the MAC-T cells utilized throughout the 

experiments.  

 

Cell Starvation 

Cells were starved at about 80-85% confluency for a starvation period of 16 hours. The 

starvation media consisted of 4.16 g of DMEM-F12 powder, 1.78 g HEPES, 1.85 g sodium 

carbonate, 1% of 1M sodium acetate, and 1% penicillin streptomycin. The remainder of the 500 

mL volume of the media was comprised of ultrapure q-water. 1 mL of each nonessential amino 

was added to the media. The nonessential amino acids that were added were 2.47 mg/mL Gly, 



14.09 mg/mL Pro, 4.67 mg/mL Ala, 1.02 mg/mL Cys, 12.86  mg/mL Glu, 5.85 mg/mL Asn, 4.75 

mg/mL Asp, 8.87 mg/mL Ser, 7.85 mg/mL Tyr, and 13.26 mg/mL Gln. Only non-TOR 

stimulating essential amino acids were included in the starvation media. Those non-TOR 

stimulating essential amino acids were each added at 1 mL with the following concentrations:  

9.26 mg/mL Val, 11.69 mg/mL Lys, 3.89 mg/mL His, 6.95 mg/mL Phe, and 2.08 mg/mL Trp. 

The TOR stimulating essential amino acids (Leu, Ile, Met, Thr, and Arg) were not included in 

the starvation media as they were the primary focus of the experiments. The definition of non-

TOR versus TOR stimulating essential amino acids is based off the findings seen in 

Pszczolkowski, et al., (2020). Following the starvation period, the cells were washed with PBS 

and the treatment media was added.  

Cell Treatment  

All treatments were made from the base starvation media for each experiment. Varying 

concentrations of the TOR stimulating essential amino acids being examined were added for 

each treatment All treatment groups had an insulin concentration of 25 nM. All treatments were 

added after the cells had their starvation media aspirated and been washed with PBS. Once 

treated, the cells were placed in the incubator for an hour and then harvested on ice.  

Experiment Group A 

The treatments in experimental group A consisted of varying concentrations of leucine 

and methionine. The three concentrations of methionine utilized were 0 uM, 40 uM, and 120 uM. 

Each group of methionine concentrations were paired with varying concentrations of leucine. 

The leucine concentrations utilized were 0 uM, 25 uM, 50 uM, and 150 uM. The leucine and 

methionine pairings totaled for twelve individual treatments in group A. The other TOR-EAA 

were not included in the experimental media.  



Experiment Group B  

The treatments in experimental group B consisted of varying concentrations of isoleucine 

and methionine. The methionine concentrations were 0 uM, 40 uM, and 120 uM. The isoleucine 

concentrations were 0 uM, 25 uM, 50 uM, and 150 uM. The other TOR-EAA were not included 

in the experimental media. 

Experiment Group C  

Treatment group C tested varying concentrations of arginine and methionine. The 

methionine concentrations were 0 uM, 40 uM, and 120 uM. The arginine concentrations were 0 

uM, 50 uM, 100 uM, and 150 uM. Each methionine concentration was paired with each arginine 

concentration for a total of twelve individual treatments. The other TOR-EAA were not included 

in the experimental media. 

Cell Harvest  

   Labeled tubes were placed on ice. The solutions needed, PBS and RIPA lysis buffer 

which included Halt protease inhibitor, RIPA stock (1M HEPES, 5M NaCl, 500 mM EDTA, 100 

mM sodium orthovanadate, 500 mM NaF, 100 mM sodium pyrophosphate, 100 mM sodium 

beta-gylcerophosphate, and remainder qH20) and 10X detergent (1% SDS, 10% sodium 

deoxycholate, 10% triton, qH2O) were also placed on ice. The media was then aspirated from the 

plates using a vacuum system and 3 mL of PBS were added to each plate. Once the PBS wash 

was equally dispersed among the plate it was also aspirated. 60 uL of cold RIPA lysis buffer was 

added to each plate to cover the entire surface of the dish. Plates were scraped individually with 

separate cell scrapers per plate. The cell lysate was gathered and transferred to the appropriately 

labeled microfuge tube. Cell lysates were centrifuged at 4ºC for 10 minutes at 18,000 rcf. The 



supernatant, which contains cellular soluble content, was transferred to a new microfuge tube. 

The pellet was discarded. Protein lysate samples were stored at -80ºC for later analysis.  

BCA Protein Assay 

Lysate protein concentration was determined by a bicinchoninic acid assay (BCA assay). 

For the BCA assay, the working reagent was made up consisting of 200 uL BCA solution per 

sample and 4 uL of 4% cupric sulfate per sample. After creating the working reagent, 5 uL of 

each sample was pipetted into a 96-well plate. All samples were tested in duplicates. A total 

volume of 200 uL of the combined working reagent was added to each well. The 96-well plate 

was shaken for 30 seconds and then placed in the incubator at 37 ºC for 30 minutes. After the 

incubation period, absorbance was measured at 562 nm using a plate reader. Lysate protein 

concentration was calculated based on an established standard curve. Lysate protein 

concentrations were standardized to 1.25 mg/mL by the addition of RIPA buffer. 10 uL of 5X 

protein loading dye was added to each lysate sample. The protein loading dye consisted of 22.5 

mL of 20% SDS buffer, 11.25 mL glycerol, 1.68 g Tris-HCl, 11.25 mL of beta-mercaptoethanol, 

and 37.5 mg Orange G. All samples were heated to 95 ºC for 10 minutes to denature proteins.  

Western Blot 

 Proteins were separated by electrophoresis in 16% acrylamide gels for 40 minutes at 150 

volts and then were transferred to nitrocellulose membranes for one hour at 20 volts. After 

transferring, membranes were dyed with Revert staining in order to visualize the samples and 

their protein bands. The total protein stain of the entire gel was imaged for two minutes in the 

700 channel in order to visualize the ladder and protein bands. Utilizing the ladder and stained 

protein bands, the membranes were then cut based upon the specific proteins that were being 

targeted. Revert Reversal solution was used to remove the dye from the membrane strips after 



they were cut. Strips of the cut membrane were incubated in LICOR Blocking buffer with TBS 

solution for one hour. For this experiment, focus had been placed upon the proteins AKT, 

phosphorylated AKT (Ser473), 4EBP1, phosphorylated 4EBP1(Ser65), S6, phosphorylated S6 

(Ser240/244), and the loading control actin. The primary antibodies utilized were as follows: 

AKT (Cell Signaling Technology, 2920S), phosphorylated AKT (Cell Signaling Technology, 

4060S), 4EBP1 (Santa Cruz Biotech, A1918), phosphorylated 4EBP1 (Cell Signaling 

technology, 9451S), S6 (Cell Signaling Technology, 2317S), phosphorylated S6 (Cell Signaling 

Technology, 5364S), and actin (Cell Signaling Technology, 4970S). For primary antibody 

incubations, the membranes were placed into heat sealed bags with 1 mL of the blocking buffer 

and a specific amount of primary antibody depending on the protein of interest. Membranes 

incubated overnight on a rotating shaker in the fridge. Before applying the secondary antibody, 

the membranes were washed five times for ten-minute intervals with TBST. The secondary 

antibodies used were as follows: anti-mouse 700 (LI-COR Biosciences 925-68020), anti- rabbit 

800 (LI-COR Biosciences 925-32211),and anti-mouse HRP (LI-COR Biosciences 926-80010). 

After the washes, 10 mL of 5% milk with TBST mixed with secondary antibody was added to 

each membrane and then incubated for one hour at room temperature on the shaker. After five 

10-minute interval TBST washes, the membranes were scanned to acquire the images of the 

protein samples.  

Results 

 The results for Experiment Group A and Experiment Group B were averaged from the 

four replications of each experiment. The results for Experiment Group C were averaged for 

three total replications of the experiment. The values examined were the ratios of total protein to 

the loading control, the ratio of phosphorylated protein to the loading control, and the ratio of 



phosphorylated protein to total protein. The loading control for all of the experimental groups 

was actin.  

Experimental Group A Results 

 The averages for each ratio for their respective protein are plotted below for the 

experiment that examined the relationship between leucine and methionine concentrations.  
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Figure 1. Phosphorylated S6 to Total S6 Ratio: This figure plots the 

individual Met concentrations against the increasing Leu concentrations for the 

protein S6.  



The p-values (p) for the data plotted in Figure 1 were as follows; for Leu  p=.59182, and for Leu 

squared, p=.01795. For Met, p=.71311, and for Met squared, p=.10216. The Leu squared value 

was significant and demonstrated a quadratic effect.  

 

The p- values for 

the data presented in Figure 2 were as follows; for Leu was p=.3699, for Leu squared p=.2674, 

for Met p=.4359, and for Met squared, p=.2365.  
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Figure 2. Phosphorylated AKT to Total AKT Ratio: This figure plots 

the individual Met concentrations against the increasing Leu 

concentrations for the protein AKT. 
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The p-values for the data presented in Figure 3 were as follows; for Leu was  

p=.0352981, for Leu squared p=.4429866, for Met p=.422464, and for Met squared, p=.0689961. 

  

The p- values for 

the data presented in Figure 4 were as follows; for Leu p=.01149, for Leu squared p=.02678, for 

Figure 3. Phosphorylated 4EBP to Total 4EBP Ratio: This figure plots 

the individual Met concentrations against the increasing Leu concentrations 

for the protein 4EBP. 
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Figure 4. Phosphorylated S6 to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Leu concentrations.  

 

0

0.005

0.01

0.015

0.02

0.025

0.03

0 25 50 150

Si
gn

al
 

Leucine uM 

pAKT to Actin Ratio 

0 uM Met

40 uM Met

120 uM Met



Met p=.13343, and for Met squared, p=.32348. For the Leu p-values, each was less then p=.05. 

Leu showed a quadratic effect.  

 

 

The p-values for the data presented in Figure 5 were as follows; for Leu p=.3738, for Leu 

squared p=.2713, for Met p=.4396, and for Met squared, p=.2404.  

 

Figure 5. Phosphorylated AKT to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Leu concentrations.  
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Figure 6. Phosphorylated 4EBP to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Leu concentrations 

for the phosphorylated 4EBP to loading control ratio. 

 



The p-values for the data presented in Figure 6 were as follows; for Leu p=.0352981, for Leu 

squared p=.4429866, for Met p=.4224642, and for Met squared, p=.0689961. The p-value for 

Leu was less than .05 and significant. For Leu, a linear effect was shown.  

 

 

The p-values for the data presented in Figure 7 were as follows; for Leu p=.91538, for Leu 

squared p=.82053, for Met p=.01183, and for Met squared, p=.16468. The p-value for Met was 

less than .05 and significant showing a linear trend.  
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Figure 7. Total S6 to Actin Ratio: This figure plots the individual Met 

concentrations against the increasing Leu concentrations for the S6 to 

loading control actin ratio.  
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Figure 8. Total AKT to Actin Ratio: This figure plots the individual Met 

concentrations against the increasing Leu concentrations for the total AKT to 

loading control (actin) ratio.  

 



The p-values for the data presented in Figure 8 were as follows; for Leu p=.77235, for Leu 

squared p=.23713, for Met p=.47641, and for Met squared, p=.04774. The p-value for Met 

squared was less than .05 and significant showing a quadratic trend. 

 

 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 9 were as follows; for Leu p=.960601, for Leu 

squared p=.94993, for Met p=.822674, and for Met squared, p=.292095. The p-value for Met 

was less than .05 and significant showing a linear trend. 

Experimental Group B Results 

 The following graphs plot the ratios associated with the experiment that examined the 

relationship between isoleucine and methionine concentrations.  
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Figure 9. Total 4EBP to Actin Ratio: This figure plots the individual 

Met concentrations against the increasing Leu concentrations for the total 

4EBP to loading control (actin) ratio.  

 



 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 10 were as follows; for Ile p=.5384, for Ile squared 

p=.2958, for Met p=.3919, and for Met squared, p=.2741.  

 

 

 

 

 

 

 

 

 

 

 

 

    

    

    

    

    

    

    

    

    

        

  
  
 
 

             

                           

        

         

          

Figure 10. Phosphorylated S6 to Total S6 Ratio: This figure plots the 

individual Met concentrations against the increasing Ile concentrations for 

the phosphorylated S6 to Total S6 protein ratios.  
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Figure 11. Phosphorylated AKT to Total AKT Ratio: This figure plots 

the individual Met concentrations against the increasing Ile concentrations 

for the phosphorylated AKT to Total AKT protein ratios.  

 



The p-values for the data presented in Figure 11 were as follows; for Ile p=.02687, for Ile 

squared p=.34791, for Met p=.83320, and for Met squared, p=.00993. For Ile the p-value was 

less than .05 and significant showing a linear trend. For Met squared, the p-value was also 

significant showing a quadratic effect.  

 

 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 12 were as follows; for Ile p=.02687, for Ile 

squared p=.34791, for Met p=.83320, and for Met squared, p=.00993. For Ile the p-value was 

less than .05 and significant showing a linear trend. For Met squared, the p-value was also 

significant showing a quadratic effect.  
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Figure 12. Phosphorylated S6 to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Ile concentrations for 

the phosphorylated S6 to the loading control actin ratio.  
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Figure 13. Phosphorylated AKT to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Ile concentrations for the 

phosphorylated AKT to the loading control actin ratio.  

 



 The p-values for the data presented in Figure 13 were as follows; for Ile p=.02826, for Ile 

squared p=.35277, for Met p=.83484, and for Met squared, p=.01071. For Ile the p-value was 

less than .05 and significant showing a linear trend. For Met squared, the p-value was also 

significant showing a quadratic effect.  

 

 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 14 were as follows; for Ile p=.28181, for Ile 

squared p=.48404, for Met p=.52949, and for Met squared, p=.03639. For Met squared, the p-

value was significant showing a quadratic effect. 
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Figure 14. Total S6 to Actin Ratio: This figure plots the individual Met 

concentrations against the increasing Ile concentrations for total S6 to the 

loading control actin ratio.  
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Figure 15. Total AKT to Actin Ratio: This figure plots the individual 

Met concentrations against the increasing Ile concentrations for total 

AKT to the loading control actin ratio.  

 



The p-values for the data presented in Figure 15 were as follows; for Ile p=.02846, for Ile 

squared p=.35277, for Met p=.83484, and for Met squared, p=.01071. The p-value for Ile was 

significant and demonstrated a linear effect. For Met squared, the p-value was significant 

showing a quadratic effect. 

Experimental Group C Results 

 The following graphs plot the ratios associated with the experiment that examined the 

relationship between arginine and methionine concentrations on protein signaling.  

 

 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 16 were as follows; for Arg p=.16172, for Arg 

squared p=.30822, for Met p=.03818, and for Met squared, p=.84571. The p-value for Met was 

significant and demonstrated a linear effect.  

 

 

 

 

 

 

 

 

 

 

 

 

         

  
  
 
 

           

                           

        

         

          

Figure 16. Phosphorylated S6 to Total S6 Ratio: This figure plots the 

individual Met concentrations against the increasing Arg concentrations for 

the protein S6.  

 



 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 17 were as follows; for Arg p=.79599 for Arg 

squared p=.09733, for Met p=.95151, and for Met squared, p=.24604. From this, arginine tended 

to have a quadratic effect based of the Arg squared p-value being less then .1.  

 

 

 

 

 

 

 

 

 

 

 

 

    

    

    

    

   

    

    

    

    

         

  
  
 
 

           

                      

        

         

          

Figure 17. Phosphorylated AKT to Total AKT Ratio: This figure plots 

the individual Met concentrations against the increasing Arg 

concentrations for AKT.  

 

 

    

   

    

   

    

   

    

   

    

         

  
  
 
 

           

                       

        

         

          

Figure 18. Phosphorylated S6 to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Arg concentrations for 

phosphorylated S6 versus the loading control actin.  

 



The p-values for the data presented in Figure 18 were as follows; for Arg p=.104557 for Arg 

squared p=.137689, for Met p=.001136, and for Met squared, p=.414131. Arginine tended to 

have a linear effect. Methionine’s p-value was significant being less than .05 and had a linear 

effect on the phosphorylation of S6.  

  

 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 19 were as follows; for Arg p=.79599 for Arg 

squared p=.09733, for Met p=.95151, and for Met squared, p=.24604. Arginine tended to have a 

quadratic effect on AKT phosphorylation.  

 

 

 

 

 

 

 

    

   

    

   

    

         

  
  

 
 

           

                 

        

         

          

Figure 19. Phosphorylated AKT to Actin Ratio: This figure plots the 

individual Met concentrations against the increasing Arg concentrations 

for phosphorylated AKT versus the loading control actin.  

 

 

   

   

   

   

   

   

         

  
  
 
 

           

                     

        

         

          

Figure 20. Total S6 to Actin Ratio: This figure plots the individual Met 

concentrations against the increasing Arg concentrations for total S6 

versus the loading control actin ratio.  

 



The p-values for the data presented in Figure 20 were as follows; for Arg p=.88772 for Arg 

squared p=.0763, for Met p=.7244, and for Met squared, p=.41543. Arginine tended to have a 

quadratic effect on total S6 protein level. Methionine tended to linearly increase total S6 protein 

level. 

 

 

 

 

 

 

 

 

 

 

The p-values for the data presented in Figure 20 were as follows; for Arg p=.1844694 for Arg 

squared p=.2743350, for Met p=.0521957, and for Met squared, p=.5902645. Methionine tended 

to linearly decrease total AKT protein level. 

Discussion  

 For the analysis of the results, any p-value less than .05 was considered significant. In 

addition to noting the statistical significance, if p-value’s were less than .1 trends were analyzed. 

The trends examined were linear and quadratic trends on protein level or on phosphorylation of 

the protein. Quadratic trends were determined from the squared term, and linear effects were 

determined based off of the p-value associated with the selected amino acids.  

 

   

 

   

 

   

         

  
  
 
 

           

                      

        

         

          

Figure 21. Total AKT to Actin Ratio: This figure plots the individual Met 

concentrations against the increasing Arg concentrations for total AKT versus 

the loading control actin ratio.  

 



 For experimental Group A, the effects of concentrations of methionine and leucine on 

protein signaling were examined. The phosphorylated to total protein ratios were calculated and 

plotted. For the phosphorylated S6 to total S6 ratio, the p-value for Leu squared was less than 

.05. Leucine tended to have a quadratic effect on the signaling ratio of phosphorylated S6 to total 

S6. The p-values for phosphorylated AKT to total AKT were all greater than .05 meaning that 

they were not statistically significant and did not demonstrate any trends on the ratios of protein 

signaling. For phosphorylated 4EBP to total 4EBP, Leu had a p-value less than .05 and 

demonstrated a linear effect on the phosphorylated to total protein ratio. The protein loading 

control for this experiment was actin. Both the phosphorylated protein and total protein were 

compared to actin signaling in a ratio. The phosphorylated S6 to actin ratio had a Leu p-value 

and Leu squared p-value that were both statistically significant. Due to both of them being 

significant, the quadratic effect dominated and demonstrated that leucine had a quadratic effect 

on the phosphorylation of S6. The phosphorylation of AKT did not have any statistically 

significant p-values and did not demonstrate any clear trends. However, for the phosphorylation 

of 4EBP leucine tended to have a linear effect on the phosphorylation of 4EBP. The total S6 to 

actin ratio for Met had a statistically significant p-value being less than .05 and demonstrated that 

methionine had a linear effect on the total protein signaling of S6. As the methionine 

concentration increased, generally the total protein signaling decreased. For AKT total protein 

signaling, the Met squared p-value was less than .05 and demonstrated that methionine tended to 

have a quadratic effect on the total protein signaling of AKT Lastly, for total 4EBP none of the 

p-values showed any statistical significance and no clear trends were seen in the plot. 

 For experimental Group B, the effects of concentrations of methionine and isoleucine on 

protein signaling were analyzed. However, 4EBP was not included in this set of data due to 



expiration issues with the antibody. As a result, only S6 and AKT were analyzed. The 

phosphorylated S6 to total S6 ratios did not demonstrate any statistical significance or clear 

trends. However, for the phosphorylated AKT to total AKT ratios, isoleucine had a p-value of 

p=.02687. Isoleucine tended to have a linear effect on the phosphorylated to total AKT protein 

signaling. In addition, the p-value for Met squared was p=.00993. This value was less than .05 

meaning it was statistically significant and showed how methionine tended to have a quadratic 

effect on the phosphorylated AKT to total AKT ratio. The phosphorylated protein to loading 

control actin ratios were examined in order to determine what type of effect the amino acids had  

on the phosphorylation of the specified proteins. For the phosphorylation of S6 to actin, the p-

value for Met was p=.001016. This was statistically significant and demonstrated that as the 

methionine concentration increased, the level of S6 phosphorylation increased as well. 

Methionine tended to have a linear effect on S6 protein phosphorylation. The phosphorylated 

AKT to actin ratio for Ile had a p-value of p=.02846. This value was significant and showed how 

isoleucine had a linear effect on the phosphorylation of AKT. Additionally, the p-value for Met 

squared was p=.01071. Methionine tended to have a quadratic effect on the phosphorylation of 

AKT. For the total S6 to actin ratio, the p-value for Met squared was statistically significant 

(p=.03639). Methionine had a quadratic effect on the total protein signaling for S6. For total 

AKT to actin ratio, the p-value for Met (p=.006153) was statistically significant and showed how 

methionine tended to have a linear effect on the total protein signaling of AKT.  

For experimental Group C, the effects of concentrations of methionine and arginine on 

protein signaling were examined. The phosphorylated to total protein ratios were calculated and 

plotted. Data for 4EBP was not included for experimental group C due to issues with the primary 

antibody that was utilized. Ratios for S6 and AKT were utilized to study the effects of Met and 



Arg on protein signaling. The p-value for Met for the phosphorylated S6 to total S6 ratio was 

p=.03818. This showed how methionine had a statistically significant effect on the signaling 

ratio of the protein with a linear effect. The p-value for Arg squared for the ratio of 

phosphorylated AKT to total AKT was p=.09733. Although it was not less than .05, this p-value 

was less than .1 and used to determine what type of effect arginine had on the signaling ratio. 

Arginine tended to have a quadratic effect on the signaling ratio of phosphorylated AKT to total 

AKT. The p-value for phosphorylated S6 to actin ratio for Met was p=.001136. This value was 

statiscally significant and demonstrated how methionine had a linear effect on the 

phosphorylation of S6. Additionally, arginine tended to have a linear effect on the 

phosphorylation of S6. For the phosphorylation of AKT to actin ratio, the p-value of Arg squared 

was p=.09733. This p-value was less than .10 which allowed for the analysis of the trend 

arginine had on the phosphorylation of AKT. Arginine tended to have a quadratic effect on the 

phosphorylation of AKT. The total S6 to actin ratio data suggested that arginine tended to have a 

quadratic effect on the total signaling of S6 while methionine tended to have an increasing linear 

effect on the signaling of S6. Lastly, methionine tended to linearly decrease the total AKT 

protein signal.  

From the data, it is evident that pairing certain TOR stimulating essential amino acids 

have an effect on the phosphorylation and total protein signaling of proteins. Despite the findings 

from these experiments, there were some setbacks. Analysis of 4EBP for all of the experiments 

was not possible due to issues with the primary antibody. In the future, cell culture experiments 

could be performed in primary bovine mammary epithelial cells with the same treatments 

utilized in these experiments in order to see how the treatments affect the overall casein 



synthesis. Casein is a key protein in milk protein. Therefore, this proposed experiment would be 

closer to analyzing how these amino acid concentrations affect milk protein synthesis.  
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