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The oxidation of methionine (Met) into methionine sulfoxide (met-(o)) leads to 

deleterious modifications to a variety of cellular constituents. These deleterious 

alterations can be reversed by enzymes known as methionine sulfoxide reductases (Msr). 

The Msr (MsrA and MsrB) family of enzymes have been studied extensively for their 

biological roles in reducing oxidized Met residues back into functional Met. A wide 

range of studies have focused on Msr both in vivo and in vitro using a variety of model 

organisms. More specifically, studies have noted numerous processes affected by the 

overexpression, under expression, and silencing of MsrA and MsrB. Collectively, the 

results of these studies have shown that Msr is involved in lifespan and the management 

of oxidative stress. More recent evidence is emerging that supports existing biological 

functions of Msr and theorizes the involvement of Msr in numerous biological pathways.  
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I. INTRODUCTION

Oxidative damage by Reactive Oxygen Species: Reactive oxygen species (ROS) are 

responsible for the deterioration of important macromolecules such as proteins, nucleic 

acids, and lipids. ROS are produced during normal cellular activities however; a balance 

is typically maintained between the generation and removal of these oxidants using non-

enzymatic and enzymatic processes. During mitochondrial dysfunction, this balance is 

interrupted resulting in oxidative deleterious alterations to cellular constituents. The 

oxidative damage induced by ROS could result in DNA damage, lipid peroxidation, 

damage to macromolecules, and poly ADP-ribose synthetase activation. Oxidative 

damage can be caused by a variety of ROS present in a biological system and can cause 

disruption of cellular functions that progressively deteriorate over time. In addition to 

possible cell death, oxidative damage has been theorized to contribute to senescence as 

well as many age related neurodegenerative diseases such as Parkinson’s, Alzheimer’s, 

and Huntington’s disease [1]. 

Oxidative damage of methionine residues in proteins: Protein oxidation occurs by direct 

and indirect reactions with ROS and their secondary by-products. These reactions result 

in covalent modifications to amino acids and proteins leading to protein fragmentation or 

protein-protein cross linkages [2].  

Met oxidation results in protein unfolding and harmful alterations in protein function. 

This is due to changes in its physical properties and biochemical structure. The first 
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evidence of these damaging effects was obtained in the 1960s for the inactivation of the 

proteins phosphoglucomutase, chymotrypsin, and the pituitary adrenocorticotropin after 

oxidation of their Met residues [3][4]. More recently, the inactivation by Met oxidation of 

the proteins α- synuclein, β-amyloid peptide, and PrPc prion and their implications in 

Parkinson’s Disease, Alzheimer’s Disease, and Creutzfeldt-Jakob Disease have been 

identified [5]. In addition to the loss or alteration of biological function that numerous 

proteins undergo upon oxidation of Met residues; free Met residues can also undergo 

oxidation. This results in interference with biosynthetic processes including the formation 

of S-adenosyl methionine (SAM) which functions through the transfer of the methyl 

group bound to the sulfur atom in Met [6]. 

Recent bioinformatic analysis of met-(o) in proteins indicates different probabilities of 

Met residues becoming oxidized based on their position [7]. Met residues located on 

more flexible and solvent-exposed structures are more susceptible to oxidation when 

compared to Met residues located in the center of proteins. Additionally, the oxidation of 

Met is enhanced in the proximity of phosphorylation sites as well as the interaction of 

Met with tyrosine and other aromatic amino acids [7]. 

Oxidations Role in Neurodegenerative diseases: The brain is believed to be a major target 

of oxidized proteins due to its increased oxygen consumption rate and poor antioxidant 

defense capabilities [8]. Furthermore, protein oxidation in the brain leads to inactivation 

of enzymatic activity and kinase signaling pathways, neuronal death, and disruption of 

cellular homeostasis [1]. An increase in protein oxidation has been observed in patients 

suffering from Alzheimer’s, Parkinson’s, Amyotrophic Lateral Sclerosis, and 

Huntington’s Disease 
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Reversing Oxidative Damage: The accumulation of ROS in neurodegenerative diseases 

brings the therapeutic possibility that antioxidants might be beneficial in slowing the 

progression of these illnesses. Organisms have several methods of protection that combat 

the damage caused by ROS. These methods include scavenging enzymes such as 

superoxide dismutase, glutathione peroxidase, catalase, and antioxidants like Vitamin E, 

C, and Beta-carotene which render ROS inactive. Furthermore, oxidized proteins get 

tagged by proteasomes for ubiquitination thus, preventing their accumulation and 

avoiding mitochondrial dysfunction. Deregulation of proteasomes have been observed to 

influence oxidative stress through an increase in ROS production [9].  

Methionine: Met is an essential amino acid that is required for protein initiation, 

incorporation into proteins, and one carbon metabolism [10]. Met is a non-polar amino 

acid that has an uncharged side chain as seen in 

Figure 1. It is hydrophobic and is found in the 

interior and at the catalytic sites of proteins. Met 

metabolism provides essential metabolites that 

are important for a variety of pathways and biochemical processes [10]. Amino acid 

residues, such as Met, are susceptible to oxidation that often affects their functional 

properties leading to an alteration in protein function [11]. The sulfur atom found in Met 

makes it especially susceptible to oxidation due to its nucleophilicity. Oxidation of such 

residues have been associated in a variety of pathological conditions, such as 

emphysema, adult respiratory distress syndrome, cataracts, and aging [12]. 

Methionine Sulfoxide: Once oxidized, Met is converted into a mixture of two stereo-

isomeric forms of met-(o) as seen in Figure 2. These forms are referred to as met-S-(o) 

Figure 1: The amino acid - Methionine 
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Methionine Sulfoxide S Methionine Sulfoxide R 

Figure 2: The two epimers of Methionine Sulfoxide- The left image shows the S form 

of methionine sulfoxide whereas the right image shows the R form of methionine 

sulfoxide. The inversion of stereochemistry occurs around the asymmetric sulfur atom.  

and met-R-(o) and are converted by an enzymatically controlled, reversible reaction [13]. 

Met-(o) has two asymmetric chiral centers being a chiral carbon (α) and a chiral sulfoxide 

making it a diastereomer. The asymmetric chiral sulfoxide influences stereo selectivity of 

reactions by acting as a chiral auxiliary for organic synthesis. Sulfur and oxygen can also 

coordinate to Lewis Acids and transition metals in addition to forming covalent bonds 

with heteroatoms. 
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Methionine Sulfoxide Reductase: The catalyzed reduction of met-(o) was discovered in 

the 1930s in rats. Researchers observed that met-(o) could perform the same roles of Met 

in biosynthetic pathways indicating the presence of enzymatic reductase activity [14]. 

Latter studies confirmed this reductant activity and restoration of protein function in 

organisms by a family of enzymes denoted as Methionine Sulfoxide Reductases (Msr) in 

Escherichia coli (E. coli) [15] [16], yeast [17], and rat tissues [18]. Msr enzymes reduce 

met-(o) back into functional Met explaining how cells manage the racemic mixture of 

Met oxidation.  

The two Msr enzymes are designated as MsrA and MsrB sharing the same enzymatic 

capabilities to reduce met-(o). However, they do not share any sequential or structural 

similarities. The NADPH-dependent enzymatic mechanism is essentially the same for 

MsrA and MsrB, despite the structural differences existing in their fold. The reduction of 

met-S-(o) by MsrA involves the interaction between cysteine residues forming a disulfide 

bridge and sulfenic acid intermediate. The reduced active site of Msr is regenerated by 

the reduction of a thiol-disulfide exchange between Msr and reduced thioredoxin as seen 

in Figure 3 [13]. The reduction of met-R-(o) by MsrB1 begins with the formation of 

sulfenic acid by the interaction between selenolate and the sulfoxide sulfur atom. 

Cysteine residues then interact with sulfenic acid forming a selenosulfide bond and water. 

The selenosulfide bond is reduced by an exchange between Msr and reduced thioredoxin, 

regenerating Msr [19]. 

In the last two decades, research around Msr has established a notable propulsion 

displaying the ubiquitous distribution and expression of many isoforms of these enzymes 

from prokaryotes, eukaryotes, plants, and archaea [20] [21] [22]. Distinct species exhibit 
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Figure 3: The reduction of Methionine Sulfoxide to methionine by Methionine 

Sulfoxide Reductase – Methionine sulfoxide gets protonated resulting in the formation 

of a sulfonium ion. The sulfur atom of the sulfonium ion undergoes a nucleophilic attack 

by cysteine (72) located on the N-terminus of Msr. This leads to the formation of a 

covalent intermediate. Cysteine (218) on Msr attacks cysteine (72) facilitating a proton 

transfer. The reduced active site thereby gets regenerated by a thiol disulfide exchange 

using reduced thioredoxin. Image and mechanism courtesy of Brot & Weissbach, 2000. 

different variations in the genetic organization and copy number of orthologs depending 

on the organism [23].  Given the dissimilarities between the two classes of Msr, it is 

surprising that they have similar mechanisms of action and their cell physiology results in 

seemingly analogous functions.  One study showed that out of 131 different strains of 

fully sequenced bacteria species, 92 contain MsrA.  The number remains similar for 

species containing MsrB, as 86 out 131 species contain the gene.  In eukaryotes, eight of 

nine species with fully sequenced genomes that include mammals, insect, nematode, 

plant, fungi, and protocists contain genes coding for both MsrA and MsrB.  Therefore, it 

is thought that the propagation of MsrA and MsrB proteins among such a wide variety of 

species is due to the increasing levels of free oxygen in the atmosphere at the time of 

prokaryote evolution [24]. 
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Methionine Sulfoxide Reductase A: The enzyme MsrA was discovered in the 1980’s by 

Weissbach and colleagues [24]. MsrA is encoded by one gene (Eip71CD) located on 

chromosome 3 of Drosophila Melanogaster (D. Melanogaster). The gene was identified 

as an ecdysone inducible protein with the cytological map position being at 71CD. In D. 

Melanogaster, there are six isoforms (A-D) produced through alternative splicing with 

the primary subcellular location in the cytosol and mitochondria [25]. In mammals, recent 

studies have shown that MsrA can exist in a myristolated form being localized in the 

cytosol [26]. 

Bioinformatics research has predicted that MsrA has eight functional gene and protein 

partners including MsrB, S-adenosyl-methionine synthase (SAM-S), thioredoxin-2, heme 

oxygenase, ecdysone-less, thioredoxin T, ultra-spiracle, and ecdysone receptor. MsrA 

can recognize a variety of different substrates containing a methyl sulfoxide group 

however, its natural substrate in vivo is met-(o).  

Studies analyzing MsrA knockout mice showed an increased vulnerability to oxidative 

stress as well as a decreased in lifespan [27]. Similar studies analyzing MsrA knockout in 

D. Melanogaster observed similar phenotypes. Consequently, recent studies reported 

MsrA knockout mice having enlarged, inefficient, and anatomically deformed 

mitochondria in cardiac myocytes [28]. Overexpression of MsrA in D. Melanogaster, S. 

cerevisiae, Arabidopsis, PC-12 cells, and human T-cells showed enhanced protection 

against oxidative stress and an increase in lifespan [29] [30]. 

Methionine Sulfoxide Reductase B: The enzyme MsrB was discovered by Dr. Weissbach 

and colleagues in 2001 in Neisseria gonorrhoeae (N. gonorrhoeae). MsrB is encoded by 
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one gene (SelR) located on chromosome 3 of D. melanogaster. MsrB is a selenoprotein 

containing a selenocysteine amino acid residue in place of a sulfur. These proteins are 

involved in antioxidant activities due to the properties of the selenol group which has a 

lower pKa value and a higher reduction potential than cysteine. There are eight isoforms 

of the MsrB gene with their subcellular localizations in the cytosol and mitochondria [7]. 

Bioinformatics research has shown five functional gene and protein partners of MsrB 

including MsrA, Grx-1, thioredoxin reductase 2, ATP citrate lyase, and pyrroline 5-

carboyxlate reductase. Silencing MsrB1 has shown an increase susceptibility to oxidative 

stress in mice. Furthermore, knocking out MsrB1 has shown an increase susceptibility to 

oxidative stress in mice while overexpressing MsrB in M. smegmatis showed an increase 

in resistance to oxidative stress [31]. Conversely, overexpression of MsrB under a calorie 

restricted diet extended lifespan in S. cerevisiae [32]. These results suggested the 

importance of MsrB gene expression in the regulation of mitochondrial respiration rate. 

More recent studies found that overexpression of mammalian MsrB in D. Melanogaster 

had no effects on lifespan while still showing an increased resistance to oxidative stress 

in neurons [33]. 

Repair enzymatic abilities of Msr: The ubiquitous distribution of Msr enzymes suggest 

that they play essential roles in the homeostasis of organisms by being involved in the 

defense against oxidative stress [7]. On the other hand, they directly repair oxidative 

damage to proteins by the reduction of Met residues and participate in the scavenging and 

detoxification of ROS. Most widely studied is Msr enzymatic capabilities to act as a 

repair enzyme to Met residues. Proteins containing met-(o) are reduced by Msr, thus 

restoring functionality to the Met residue and overall, to the protein. This role of Msr was 
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first suggested by analyzing the α1-proteninase inhibitor of elastase [34]. When Met 358 

and Met 351 are oxidized, the α1-proteninase inhibitor gets inactivated resulting in 

aberrant release of elastase [34]. This can lead to the hydrolysis of proteins in the 

extracellular matrix such as elastin, causing a variety of diseases such as emphysema. 

Other studies have also observed this enzymatic role of Msr in the proteins Ca-ATPase 

and HIV-2 protease [35][5]. 

More recent evidence is emerging supporting Msr role as a repair enzyme in human 

neuroblastoma cells and primary rat hippocampal and cortical neurons relevant to 

Alzheimer’s Disease (AD) [33]. Neurotoxic Aβ oligomers have been suggested to begin 

the pathological process of Alzheimer’s Disease (AD) by leading to synaptic injury of 

neuronal cells [33]. The formation of amyloid plaques and neurofibrillary tangles made 

of hyper phosphorylated tau are short term downstream effects that are also key features 

of patients suffering from AD.  In vitro studies have indicated an increase in total Msr 

activity and mRNA levels in these cells in response to being treated with met-(o) form of 

Aβ oligomers [33]. Thus, it is suggested that neurons protect against oxidative stress in 

patients with AD by upregulation of the Msr system [33]. Consequently, in vivo studies 

showed a shift from aggregated forms of Aβ oligomers to a more deleteriously soluble 

form in the absence of MsrA exacerbating mitochondrial dysfunction [33]. Mitochondrial 

dysfunction has been observed in patients with neurodegenerative disease and aging 

resulting from an accumulation of ROS.  

Antioxidant properties of Msr: The second biological function of Msr is its ability to act 

as a catalytic antioxidant by cyclic interchange between the reduced and oxidized forms 

of Met. Exposed Met residues in proteins are suggested to act as scavengers of oxidants 
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by the expense of NADPH, preventing the damage of essential cellular constituents. 

Thus, Msr enzymes reduce oxidized Met residues for another round of scavenging. This 

selective involvement of Met residues was first studied in MsrA null mutants of 

Saccharomyces cerevisiae (S. cerevisiae) and mice showing an increase in susceptibility 

to an accumulation of oxidized Met residues than wild type strains [36] [37]. 

The importance of MsrA in cellular resistance to oxidative stress has also been 

documented in human lens cells in which an increase in MsrA lead to an overall increase 

in ROS. Consequently, the overexpression of MsrA resulted in a decrease of ROS [38]. 

During aging and age-associated neurodegenerative disorders, an increase in intracellular 

content of oxidized proteins occurs [23]. This increase has been speculated to be a 

consequence of a decrease in the expression and the loss of Msr activity resulting in an 

inefficient cellular defense system.   

Until previously, little was known about how MsrA reduced ROS to elicit its antioxidant 

capabilities. Recent evidence is suggesting that MsrA exerts its antioxidant effect by 

binding and facilitating the reaction with dimethyl sulfide (DMS), a Met oxidase (Guan). 

Once activated by MsrA, DMS has been observed to scavenge ROS via thiomethyl 

groups, reduce oxidative stress, and mediate longevity in numerous organisms (Guan). 

More recent studies have expanded on the antioxidant properties of Msr in relation to 

ischemic/reperfusion (I/R) injury in numerous tissues including the brain, kidney, and 

heart. ROS have been identified as the major cause of I/R injury leading to high mortality 

and morbidity. This was theorized on results of recent studies showing that cardiac 

myocytes isolated from MsrA deficient mice displayed a hypersensitivity to oxidative 
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stress (Gu). In addition, overexpression of MsrA in cardiac myocytes exhibited protection 

against injury in a hypoxic environment as well as I/R injury (Gu). More novel studies 

have shown that MsrA deletion in vivo, exacerbated the susceptibility of the kidneys to 

I/R injury demonstrating the protective antioxidant role of MsrA (Kim 2015). 

Furthermore, studies have proposed that overexpression of MsrA increased protection of 

the alteration of NF-кB by ROS leading to its inactivation and decrease of cerebral I/R 

injury (Kanayama). Similarly, researchers found that MsrA deficient mice exhibited 

upregulation of E-selectin, an endothelial NF-кB-dependent adhesion molecule that 

contributes to neurovascular inflammation in ischemic stroke (Kanayama). Due to these 

recent findings, clinical studies have now recognized a single nucleotide polymorphism 

in the human MsrA gene that is associated with an increased risk of cardiovascular and 

coronary artery disease (Kanayama). 

Regulatory mechanistic properties of Msr: In addition to the antioxidant properties of 

Msr, it has been observed that these enzymes can also regulate protein function by having 

selective properties towards oxidized Met residues. This allows Msr to activate proteins 

while leaving other proteins in a non-active form. Proteins whose functions have been 

shown to be altered due to Met oxidation and reduction in vivo include the K+ channel of 

the brain. Fast inactivation of this channel occurs when the first twenty amino acids form 

an inhibitory molecule around the entrance of the K+ channel [12]. The third amino acid 

in the inhibitory molecule is Met in which its oxidation results in an increase in polarity 

of the molecule disabling fast inactivation of the K+ channel [12]. Other proteins in 

previous studies that have been observed to be altered by Met oxidation consist of the α 
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isoform of the inhibitory protein кB (IкBα), myosin Ⅱ, the transcriptional factor HypT 

[38]. 

When studying the oxidation of Met as a post-translational modification, added evidence 

for the abilities of Msr to act as a regulatory mechanism was identified in Catechol-O-

methyl transferase (COMT) and Adenylyl Cyclase 1 (AC1). COMT is a crucial enzyme 

that catalyzes the O-methylation of catecholamine neurotransmitters resulting in the 

degradation of cerebral dopamine. Low COMT activity leads to higher dopamine levels 

in the prefrontal cortex reducing the sensitivity of attentional and cognitive deficits. 

Recent studies have suggested that the activity of COMT is positively regulated by MsrA, 

under oxidative conditions [43]. Consequently, these studies showed lack of MsrA 

resulting in a decrease in COMT activity. These results theorize that Msr might be a key 

molecular determinant for the modulation of COMT activity in the brain [43]. AC1 is 

located on the membrane and is activated by the Ca 2+ sensor, Calmodulin (CaM). 

Membranous AC1 catalyze the conversion of ATP into cAMP which plays an essential 

role in the regulation of various cell functions. Structurally, CaM contains nine C-

terminal and N-terminal L-Met residues in which are crucial for molecular interactions 

with AC1 [28]. It has been observed that when all nine Met residues are oxidized in vitro 

by H2O2, CaM is unable to activate AC1 upon binding [28]. Studies indicated a complete 

restoration of CaM activity when met-(o) residues were reduced by both MsrA and MsrB 

[28]. 

In this regard, cardiovascular and hemostatic proteins have become identified to undergo 

reversible Met oxidation. These proteins include Ca2+ calmodulin-dependent protein 

kinase Ⅱ (CaMKⅡ) [44], apolipoprotein A-I, thrombomodulin, and von Willebrand 
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factor. CaMKⅡ is responsible for mediating intracellular calcium signaling by 

phosphorylating proteins and is subject to redox regulation via L-Met281/ L-Met282 

residues. Studies indicate that when these Met residues are oxidized, CaMKⅡ activity is 

constant and independent of Ca2+ [44]. Conversely, the reduction of L-Met281/ L-

Met282 residues by Msr restores CaMKⅡ to its inactive state. Therapeutic approaches 

have been suggested to decrease or inhibit the oxidation of CaMKⅡ to reduce or prevent 

complications of heart disease [44]. Many essential biological processes have been 

suggested to be regulated by the cyclic interconversion of Met and met-(o). Thus, it is 

speculated that Msr enzymes play a role in adhesion of bacteria to cell membranes, 

hormonal and plasma protein interactions, signal transduction of ion-gated channels, I/R, 

and cellular metabolism. A summarization of recent proteins regulated by Met oxidation 

can be found in Table 1. 
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Table 1: Summary of recent literature about the regulatory mechanistic 

properties of Msr 
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Figure 4: Methionine metabolism in Drosophila Melanogaster – Methionine produces the 

primary methyl donor S-adenosyl methionine (SAM) which is converted into S-

adenosylhomocysteine (SAH) by methyltransferases. This results in the donation of a methyl 

group to DNA, RNA, histones, proteins, and smaller metabolites. SAH is then hydrolyzed to 

homocysteine and adenosine by adenosyl homocysteinase (AHCY). Homocysteine is converted 

to cystathionine by cystathionine- B- synthase (CBS) or remethylated to methionine. Image 

courtesy of Zhao, Kim, & Levine, 2012.  

 

Methionine Metabolism: Msr conserves Met for essential metabolic processes by 

preventing its loss as met-(o). Met is required to produce essential metabolites including 

S adenosyl-methionine (SAM), which donates methyl groups to proteins and nucleic 

acids. SAM is also responsible for activating DNA methyltransferases (DNMTs) upon 

binding to initiate DNA methylation.  

 

 

 

 

 

 

 

 

 

Previous studies have observed a developmental delay in rats under Met deficiencies 

[10]. The delays observed in these studies emulate developmental delays detected in Msr 

null mutant D. melanogaster.  Furthermore, more recent studies overexpressing Msr 

observed an increase in SAM activity through increasing Msr activity [46].  The 

biochemical pathway of Met metabolism is shown in Figure 4.  
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DNA methylation: DNA methylation is ubiquitously present in many biological systems 

and is involved in numerous processes. DNA methylation occurs through the transfer of a 

methyl group to the cytosine (C) ring of CpG, CpC, CpA, and CpT dinucleotides in DNA 

by DNMTs in D. melanogaster.  Alterations of DNA methylation may impede the 

binding of transcriptional regulators to the gene resulting in altered epigenetic patterns, 

modifications in splicing patterns, and silencing of gene transcription as depicted in 

Figure 5.  D. melanogaster contains one methyltransferase that belongs to a highly 

conserved DNMT2 family [47]. Other organisms that have only DNMT2 activity include 

schizosaccharoymyces pombe, dictyostelium discoideum, Entamoeba histolytica, and 

Schistosoma mansoni [47]. 

DNA methylation in D. melanogaster is extremely controversial with previous studies 

indicating no DNA methylation by whole genome bisulfite sequencing [48]. More recent 

studies using immunoprecipitation prior to bisulfite conversion and sequencing conclude 

DNA methylation in D. melanogaster [47]. In studies theorizing the presence of DNA 

methylation in D. melanogaster, it has only been observed to occur in the embryo stage 

of development and at specific sequence motifs including CAT, CCA, CATC, ACC, 

CCTT, CACT, TGCCG, TGCT, and CTCT [47]. In addition, these studies theorized high 

density methylated regions in the intron region of genes related to organ and anatomical 

structure development and transcription factors [47]. This data suggests that C 

methylation in DNA dinucleotides of the D. melanogaster genome may participate in 

gene regulation. 
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Figure 5: DNA methylation – DNA methylation is associated with inactive transcription and 

suppressed gene expression. Cytosine is methylated to 5-methylcytosine by DNA 

methyltransferases (DNMT). Binding to a methyl CpG-binding protein to methylated sequences 

prevents access to this sequence by transcription factors, thereby suppressing transcription. MBP 

indicates methyl CpG- binding protein. 
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5-Hydroxytryptophan: Serotonin is a hydrophilic indolamine which acts as a 

neurotransmitter and 

neuromodulator in the central 

nervous system (CNS). In D. 

melanogaster, the serotonergic 

system begins developing in the first 

instar stage of larval development 

and is fully developed in viscosity 

and density in the third instar stage 

[49]. Serotonin commonly gets 

released by serotonergic neurons 

with the excess being transported 

back into the presynaptic neuron by 

the serotonin transporter (SerT) in 

the larval brain as seen in Figure 6. Serotonergic neurons in D. melanogaster are 

responsible for coordination of feeding behaviors as well as control of body mass via the 

insulin/IGF pathway [50] 

Previous studies have shown that excess serotonin in D. melanogaster results in 

“serotonin syndrome” causing numerous detrimental effects including serotonergic- 

induced morphological aberrations known as neuritic spheroids leading to ubiquitination 

[51]. In addition, excess serotonin results in axonal degeneration of the serotonergic 

neuron by apoptosis and autophagic hinderance [51]. 

Figure 6: Serotonin synthesis and release – The initial 

step in serotonin synthesis is facilitated transport of L-

tryptophan from the blood to the brain. L-tryptophan 

gets further converted into 5-hydroxytryptophan and 

then into serotonin. Serotonin is then packaged into 

vesicles and released into the synaptic cleft via fusion. 

Excess serotonin in the synaptic cleft gets transported 

back into the presynaptic neuron by the serotonin 

transporter. Image courtesy of NEUCOGAR.  
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Previous studies analyzing the insulin/IGF pathway in D. melanogaster suggest that a 

decrease in serotonergic neurons leads to inhibition of the insulin/IGF pathway which has 

been shown to lead to developmental delays and growth retardation [50]. Furthermore, 

mutations in the insulin/IGF pathway in D. melanogaster has been shown to affect 

longevity, resistance to oxidative stress, and muscle development due to its activation of 

the mTORC1 biochemical pathway [52] [53].  

Previous phenotypic observations: Our lab has observed numerous phenotypes in D. 

melanogaster completely deficient of any Msr activity. The observed phenotypes include 

developmental delay that is most pronounced during the third instar phase, significantly 

shorter lifespan, reduced locomotion, decrease in body mass, aberrant regulation of 

dopamine levels, and failure to recover from anoxia treatments. D.  melanogaster lacking 

both Msr genes do not exhibit a decline in intracellular ATP levels, an increase in ROS 

production, an increase in protein oxidation or an enhanced sensitivity to paraquat, a 

potent free radical generator. Thus, these diverse phenotypes cannot be explained by an 

overall increase in oxidative stress. However, it is much more likely that Msr is playing 

essential roles in one or numerous biochemical pathways correlating the observed 

phenotypes. 

The three aims of this thesis were 1) determine if the absence of Msr resulted in a Met 

deficiency through specific oxidation to Met residues. 2) Determine if the absence of Msr 

decreased DNA methylation to the serotonin transporter (SerT) projected to occur 

through alteration to SAM or SAM-S. 3) Determine if there is a phenotypic difference 

reflecting SerT functioning in WT60 and B54 compared to A90 and AB46 perhaps 

resulting from aberrant splicing from decreases in DNA methylation.  
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Table 2: Hours taken for each strain to reach the respective developmental milestones. 

II. METHIONINE SUPPLEMENTATION

Background: Met restriction has been shown to lead to growth retardation and 

developmental delays in numerous organisms. More recent studies have hypothesized 

that Msr contributes to normal nutritional requirements by conserving Met for essential 

metabolic processes by preventing its loss as met-(o). To explore whether D. 

melanogaster lacking Msr activity suffer from a Met deficiency, Met supplementation 

was done on A90, B54, AB46, and WT60 to analyze phenotypic restoration. 

Unpublished work by the Binninger Lab detected a developmental delay of 

approximately 20-24hrs. in the third instar to wandering third instar stage occurring in 

AB46 (Table 2). A developmental delay of 20-24hrs was also observed on 10% diluted 

cornmeal food in all strains in the third instar to wandering third instar stage.  The 

developmental delay observed on 10% diluted cornmeal food in A90 and B54 matched 

Genotype 

WT60 A90 B54 AB46 

First instar 25.98 hrs. 25.96 hrs. 25.46 hrs. 25.74 hrs. 

Second instar 51.14 hrs. 51.3 hrs. 50.06 hrs. 51.06 hrs. 

Third instar 77.54 hrs. 77.2 hrs. 76.16 hrs. 77.94 hrs. 

Wandering third 

instar 

120.2 hrs. 120 hrs. 121.8 hrs. 147.4 hrs. 

Pupariation 127.5 hrs. 127.3 hrs. 128 hrs. 147.4 hrs. 

Eclosion 228.2 hrs. 228.6 hrs. 225.7 hrs. 247.6 hrs. 
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that of the WT60 with no exacerbated developmental delay detected in AB46 

summarized in Table 3. 

In attempts to rescue the developmental delay observed on 10% diluted cornmeal food in 

A90, B54, AB46, and WT60, a series of Met supplementations were established (0mM, 

0.1mM, 0.5mM, 

and 1.0mM). 

Since Met is 

known to be a 

necessary amino 

acid in all eukaryotic and prokaryotic organisms, it was speculated that the absence of 

Msr activity would result in an accumulation of met-(o). This accumulation would limit 

the availability of Met needed for metabolic processes resulting in the developmental 

delay observed on standard cornmeal food. On diluted food, it was suggested that a 

limited amount of Met was available resulting in the developmental delay observed in all 

strains. The assay measured the time from egg laying to eclosion.  The average eclosion 

time for each strain was taken for each concentration of Met utilized.  

  

 

 

 

 

Genotype 

 WT60 A90 B54 AB46 

100% 120.2 hrs. 120 hrs. 121.8 hrs. 141.6 hrs. 

50% 121.5 hrs. 121 hrs. 122.5 hrs. 141.1 hrs. 

25% 124.6 hrs. 123.5 hrs. 122.9 hrs. 142.3 hrs. 

10% 136.1 hrs. 136.2 hrs. 134.5 hrs. 142.6 hrs. 

Table 3: Hours taken for each strain to reach the respective 

developmental milestones on various percentages of diluted food. 
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Materials and Methods: 

Strains Utilized 

 The genetic strains of D. melanogaster used in the following studies were made by 

former graduate students and made available in the Binninger Lab. These were 

genetically modified with the use of P-element jump-out excisions leading to observed 

null mutations. The 

genetic strains were 

denoted as WT60, AB46, 

B54, and A90 and can be 

summarized in Table 4. 

Pre-lay for recent fertilized eggs 

Females hold fertilized eggs in their oviducts for an extended period therefore, a pre-lay 

insured that newly fertilized eggs were chosen for the following studies.  Pre-lays were 

performed by placing approximately 100 flies of each strain in a plastic cup. The cup was 

flipped onto a grape agar plate containing a tablespoon of yeast paste located in the 

center. Yeast paste is prepared with yeast extract and water until the consistency of 

peanut butter. The flies were incubated at 25ºC for an hour and flipped onto a fresh grape 

agar plate containing a tablespoon of yeast paste and incubated at 25ºC for two hours. 

After incubation, the grape agar plates were removed, and 20 eggs of each strain were 

collected by a toothpick and placed into a new vial of food.  

Phenotype Strain 

Description 

Genotype 

Wild-type WT60 MsrA+/+/MsrB+/+

No MsrA activity A90 MsrAΔ/Δ/MsrB+/+ 

No MsrB activity B54 MsrA+/+/MsrBΔ/Δ 

Complete Absence of 

Msr activity 

AB46 MsrAΔ/Δ/ MsrBΔ/Δ 

Table 4: Genetic Strains utilized in the following experiments. 



23 

Recipe for Grape Juice Agar 

The recipe for the grape juice agar used in the performed pre-lays was developed by a 

former graduate student. 12g of agar was added to 350mL of water and boiled on a hot 

plate until all the agar was dissolved. 150mL of 100% grape juice was then added with 3g 

of sucrose until dissolved. The grape juice solution was then cooled to 60°C. 0.4g of 

methylparaben was dissolved in 10mL of 95% ethanol and added to the grape juice 

solution. Plates were poured and allowed to cool and solidify at room temperature.  

Protocol for making Met supplemented 10% diluted cornmeal food  

To make 10% diluted cornmeal food, 1.35g of agar was added to 135g of water and 

boiled on a hot plate at 100°C until all the agar was dissolved. 15mL of 100% cornmeal 

food was then melted and combined with the water and agar and kept at 100°C for an 

additional 20 minutes. 10mL of this food was then added to empty vials. After the food 

cooled down to 50°C, 1mL of each Met concentration was added and the vials were 

vortexed to insure proper mixing.      

Experimental design 

Fresh eggs obtained from a pre-lay were transferred by a toothpick to separate food vials 

containing 10 mL of 10% diluted cornmeal food supplemented with 0mM, 1mM, 10mM 

or 100mM of Met. The vials were kept in the 25ºC incubator and monitored twice a day 

for 11 days (n=3). Puparia were marked with a Sharpie to assure old puparia were not 

counted at multiple time points. Eclosion was determined by the number of adult fly’s 

present at each time point. The average eclosion time for the wild type and double mutant 

strain were determined.  
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Statistical Analysis: The statistical significance of Met supplementations on 10% diluted 

cornmeal food were evaluated using GraphPad Prism Software. A two-way ANOVA 

without replication was performed for each experimental trial (n=3). In addition, a one-

way ANOVA and post-hoc two-key test was completed. 

Results: No significant difference in the developmental delay was observed in A90, B54, 

AB46, and WT60 on 10% diluted cornmeal food upon any addition of Met (Figure 7, 

Figure 8, Figure 9, and Figure 10). A developmental delay (20-24hrs.) was observed in 

A90, B54, and WT60 in which emulated the previous phenotypic observation of the 

Binninger Lab on 10% diluted cornmeal food. No developmental difference was detected 

in A90 and B54 on 10% diluted cornmeal food with any added Met concentration. A 48-

hr. developmental delay was observed in AB46 mimicking the phenotype seen by the 

Binninger Lab on standard cornmeal food (Table 5, Table 6, and Table 7). Therefore, the 

results indicate no phenotypic restoration by Met supplementation in A90, B54, AB46, 

and WT60 on 10% diluted cornmeal food. 
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Genotype 

 WT60 A90 B54 AB46 

0mM 241 hrs. 242 hrs. 242 hrs. 243 hrs. 

0.1mM 242 hrs. 244 hrs. 240 hrs. 241 hrs. 

1.0mM 243 hrs. 242 hrs. 243 hrs. 242 hrs. 

10mM 243 hrs. 243 hrs. 241 hrs. 240 hrs. 

Genotype 

 WT60 A90 B54 AB46 

0mM 240 hrs. 242 hrs. 239 hrs. 244 hrs. 

0.1mM 241 hrs. 244 hrs. 243 hrs. 241 hrs. 

1.0mM 244 hrs. 240 hrs. 242 hrs. 244 hrs. 

10mM 240 hrs. 243 hrs. 244 hrs. 241 hrs. 

Genotype 

 WT60 A90 B54 AB46 

0mM 244 hrs. 241 hrs. 243 hrs. 240 hrs. 

0.1mM 240 hrs. 243 hrs. 243 hrs. 241 hrs. 

1.0mM 245 hrs. 243 hrs. 241 hrs. 244 hrs. 

10mM 242 hrs. 244 hrs. 244 hrs. 241 hrs. 

Table 5: Trial one of Methionine Supplementations – Methionine 

supplementations in Msr genetic strains. Egg laying to eclosion was averaged 

among Msr mutant strains grown on 10% diluted cornmeal food with added 

concentrations of Met.  

Table 6: Trial two of Methionine Supplementations – Methionine 

supplementations in Msr genetic strains. Egg laying to eclosion was averaged 

among Msr mutant strains grown on 10% diluted cornmeal food with added 

concentrations of Met.  

Table 7: Trial three of Methionine Supplementations – Methionine 

supplementations in Msr genetic strains. Egg laying to eclosion was averaged 

among Msr mutant strains grown on 10% diluted cornmeal food with added 

concentrations of Met.  

 

 

 



26 

 

 

Figure 7: Duration of egg laying to eclosion – Each strain (20 eggs per vial) 

was maintained on 10% diluted cornmeal food with the addition of 0mM Met. 

The average times from egg laying to eclosion of the WT60, A90, B54, and 

AB46 are shown. The data represented is based on the average of three trials per 

genotype. All trials were run in unison. No significant difference (p=0.9) is seen 

with the addition of 0mM Met. 

Figure 8: Duration of egg laying to eclosion – Each strain (20 eggs per vial) 

was maintained on 10% diluted cornmeal food with the addition of 0.1mM Met. 

The average times from egg laying to eclosion of the WT60, A90, B54, and 

AB46 are shown. The data represented is based on the average of three trials per 

genotype. All trials were run in unison. No significant difference (p=0.1) is seen 

with the addition of 0.1mM Met. 
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Figure 9: Duration of egg laying to eclosion – Each strain (20 eggs per vial) 

was maintained on 10% diluted cornmeal food with the addition of 1.0mM Met. 

The average times from egg laying to eclosion of the WT60, A90, B54, and 

AB46 are shown. The data represented is based on the average of three trials per 

genotype. All trials were run in unison. No significant difference (p=0.5) is seen 

with the addition of 1.0mM Met. 

Figure 10: Duration of egg laying to eclosion – Each strain (20 eggs per vial) 

was maintained on 10% diluted cornmeal food with the addition of 10mM Met. 

The average times from egg laying to eclosion of the WT60, A90, B54, and 

AB46 are shown. The data represented is based on the average of three trials per 

genotype. All trials were run in unison. No significant difference (p=0.9) is seen 

with the addition of 10mM Met. 
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III. DNA METHYLATION

Background: Previous studies have shown that the overexpression of Msr increases the 

enzymatic activity of SAM-S. SAM-S 

is responsible for the activation of Met 

into SAM. SAM is a methyl donor that 

binds to methyltransferases. Once 

bound, these methyltransferases 

become activated and transfer a methyl 

group to the 5-cytosine ring in CpG, 

CpC, CpT, and CpA dinucleotides in 

DNA resulting in DNA methylation in 

D. melanogaster. Alterations of DNA 

methylation influences the binding of 

transcriptional regulators to genes 

resulting in silencing of gene 

transcription as well as alternative 

splicing patterns. 

To investigate whether the absence of Msr activity decreased DNA methylation in SerT, 

three genes in D. melanogaster were chosen. Two of these genes were chosen based on 

DNA methylation status referenced by previous literature with SerT being chosen due to 

Figure 11: Principles of methylation analysis using 

bisulfite genomic sequencing – After treatment with 

sodium bisulfite, un-methylated cytosine residues are 

converted into uracil whereas 5-methylcytosine (5mC) 

remains unaffected. After PCR amplification, uracil 

residues are converted to thymine. Image courtesy of Li 

& Tollefsbol, 2011.  
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its putative contribution to phenotypes observed in Msr mutants.  Different regions of 

these three genes were PCR amplified and subjected to bisulfite sequencing, restriction 

digestion, and PCR analysis.  After bisulfite treatment of DNA isolated from each 

genotype, unmethylated C residues were converted to uracil (U) whereas 5-

methylcytosine (5mC) remained unaffected. After PCR amplification, U residues were 

converted to thymine (T) as seen in Figure 11. DNA methylation status was interpreted 

by comparing PCR digestion patterns of bisulfite treated DNA with those of DNA not 

treated with bisulfite.  Lastly, DNA sequencing was done to compare raw chromatogram 

data to agarose gels regarding the presence and degree of DNA methylation in D. 

melanogaster for validation 

Materials and Methods: 

Gene Selection 

The genes chosen for identification and analysis of DNA methylation patterns in D. 

melanogaster needed to have a GC content greater than 50% with CpG islands being 

localized at various sites.  CpG islands are regions where CpG dinucleotides are present 

at significantly higher levels than what is typical for the eukaryotic genome. The location 

of the CpG islands in D. melanogaster were predicted using an algorithm developed by 

Gardiner-Garden et al. Furthermore, genes were chosen based on findings from previous 

scientific literature confirming their methylation status in D. melanogaster. The genes 

chosen for DNA methylation analysis included the Serotonin transporter (SerT), Protein 

kinase cGMP dependent 21D (Pkg21D), and Cytochrome p-450 (Cyp4D1).  
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SerT is located on the 2nd chromosome spanning from 24,404,595-24,411,074bp. SerT 

has a GC content of 50.6% in the 6,480bp genome.  Studies involving bisulfite 

sequencing of the whole D. melanogaster genome in embryos found no methylation 

occurring to SerT. In addition to satisfying the requirements listed above, aberrant 

functioning of SerT could contribute to the phenotypes observed by the Binninger Lab in 

AB46 which made the DNA methylation status of SerT of upmost interest. 

Pkg21D is located on the 2nd chromosome between 786,153-790,798bp. It has a GC 

content of 50.7% in the 4,645bp genome. Studies involving bisulfite sequencing of the 

whole D. melanogaster genome in embryos found that Pkg21D is methylated at various 

intron/exon regions. 

Cyp4D1 is located on the X chromosome between 2,159,145-2,162,180bp. It has a GC 

content of 54.4% in the 3,035bp genome. Studies involving bisulfite sequencing of the 

whole D. melanogaster genome in embryos also found methylation occurring to 

intron/exon regions of Cyp4D1. 

The presence of DNA methylation in Pkg21D and Cyp4D1 could be compared to 

previous scientific findings adding validity to the success of the bisulfite reaction 

solidifying the choice of Pkg21D and Cyp4D1 for methylation analysis as positive 

controls. 

DNA isolation protocol 

Genomic DNA was isolated from larvae in the third instar to wandering third instar stage 

in each strain using a phenol/chloroform-based procedure. Approximately 40 larvae were 

homogenized in 400µL of hominization buffer with 15µL of 10mg/mL Proteinase K and 
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incubated at 37°C for 30 minutes. The homogenate was then transferred to a tube 

containing 600µL of phenol, extracted for 5 minutes, and vortexed at 13.3rpm for 5 

minutes. The aqueous phase was transferred to a tube containing 600µL of phenol: savag 

(1:1), extracted for 5 minutes, and vortexed at 13.3rpm for 5 minutes. The aqueous phase 

was transferred to a tube containing 600µL of savag, extracted for 2 minutes, and 

vortexed at 13.3 rpm for 5 minutes. The aqueous phase was transferred to a tube 

containing 4M NaCl and 900µL of absolute ethanol, vortexed briefly, and centrifuged at 

4°C for 20 minutes at 13.3 rpm. The ethanol was decanted and 1mL of 70% ethanol was 

added and centrifuged for 5 minutes at 13.3 rpm at 4°C. The ethanol was removed, and 

the pellet could dry for 10 minutes in which it was resuspended in 50µL of nanopure 

water. 

Primer Design 

Unmethylated C’s convert to T’s while methylated C’s remain C’s after the DNA is 

subjected to bisulfite treatment. Therefore, primer sequences were designed for each gene 

to contain very little C residues. The primers were also designed to be 20-30 nucleotides 

in length, have similar annealing temperatures, contain a GC content greater than 50%, 

and produce an amplicon greater than 100bp but less than 800bp. This is due to the 90% 

DNA degradation suggested to occur during the bisulfite reaction that affects PCR 

amplification. The thermal cycler settings for the amplification of each gene include a 

denaturation step at 94°C for 1 minute, an annealing step at the respective Tm for each 

set of primers for 1 minute, and elongation step at 72°C for 1 minute. 
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Genomic regions of each gene were chosen to amplify due to previous scientific findings 

on DNA methylation in D. melanogaster as well as the presence of one BstBI restriction 

site. The second intron region of SerT was chosen with recent studies suggesting the 

absence of DNA methylation. The first intron region of Pkg21D was selected with recent 

studies showing the presence of DNA methylation. The cDNA of Cyp4D1 was chosen 

with recent studies suggesting the presence of DNA methylation. The designed primers, 

annealing temperatures, and produced amplicon sizes prior to bisulfite treatment and 

restriction digestion are summarized in Table 8. 

Restriction Digestions 

A restriction digestion with the enzyme BstBI was done to PCR products of SerT, 

Cyp4D1, and Pkg21D that were bisulfite and non-bisulfite treated to detect the presence 

of DNA methylation. BstBI recognizes the restriction site TTCGAA and only cuts once 

in the PCR product of each gene. For the restriction digestions, a 31µL total volume 

reaction was made with 10µL of the PCR product, 18µL of water, 2µL of Tango buffer, 

Gene 3’ Primer 5’ Primer Amplicon 

Size 

Anneal. 

Temp 5’ 

Anneal. 

Temp 3’ 

SerT CCAAAGGTGC

TGTCCAGTCC 

ACTGGGTACC

CCTGCATCAT 

791bp 60°C 58°C 

Pkg21D TTCAGTGGGGT

AGGCATGGG 

CCTGAATGGA

ATAACCCTGTT 

600bp 56°C 60°C 

Cyp4D1 CCCAAGTAGA

GAGGGGAGAT 

GTGCTTCACCA

GTTCACAGAG 

550bp 60°C 58°C 

Table 8: PCR amplification – Primers chosen for amplification of the 2nd intron region of 

SerT, intron region of Pkg21D, and the cDNA of Cyp4D1 for methylation analysis after 

digestion with BstBI. 
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and 1µL BstBI as recommended by the manufacturer. To load onto the 2% agarose gel, 

5µL of 6X loading dye was added.  

For non-bisulfite treated DNA, the PCR products of each gene were designed to digest 

into two identifiable fragment sizes by BstBI which can be summarized in Table 8. 

Cyp4D1 was designed to be two fragments at 350bp and 200bp after BstBI digestion. 

Two fragment sizes of 535bp and 256bp were intended for SerT after BstBI digestion. 

Lastly, the BstBI digestion of Pkg21D was meant to produce two fragments at 400bp and 

200bp. To visualize the DNA fragments, a 2% agarose gel was made with standard 1X 

TAE and ran at 120V for 40 minutes. The gel was imaged using VersaDoc Imaging 

System (Bio-Rad). 

After bisulfite treatment and digestion with BstBI, the produced amplicon sizes of the 

PCR products for each gene were intended to result in two identifiable fragment sizes if 

DNA methylation was present. If DNA methylation was absent, then the produced 

amplicons sizes of the PCR products for each gene were designed to result in one 

identifiable fragment size. As stated previously, these patterns were thought to occur due 

to the chemistry of the bisulfite reaction. To summarize, if C in the restriction site of the 

PCR product was methylated, C would remain C resulting in two fragments for each gene 

(Table 9). If C in the restriction site of the PCR product was not methylated, then bisulfite 

sequencing would convert C to U making the restriction site TTUGAA. After PCR 

amplification, U would be converted into T further converting the restriction site into 

TTTGAA. Due to the conversion of the restriction site, BstBI would not cut. Thus, the 

produced amplicon size of each gene would be one fragment (Table 9).  
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Bisulfite Reaction protocol 

The genomic DNA was pre-denatured by boiling in a water bath for 20 minutes. To 

ensure full denaturing of the DNA, 2µL of 3M NaOH with 380µL of 5M sodium bisulfite 

solution (Table 10) was added, mixed, and incubated in the thermal cycler at 50°C for 4 

hours. Sodium bisulfite 

can only react with C in 

single stranded DNA thus, 

DNA denaturation is a 

critical step. After the 

incubation, the bisulfite treated DNA was purified with the use of the Promega DNA 

purification kit and eluted in water to a final volume of 50µL. To desulfonate the DNA, 

11µL of 3M NaOH was added and allowed to incubate at 37°C for 15 minutes. To 

precipitate the DNA, 166µL 5M ammonium acetate, 750µL of absolute ethanol, and 

200µL isopropanol were added and allowed to incubate at -20°C for 1 hour. The samples 

were then centrifuged at 13.3 rpm for 20 minutes at 4°C and the supernatant decanted. 

Gene Amplicon size prior 

to bisulfite 

treatment 

Amplicon size if 

methylated after 

bisulfite treatment 

Amplicon size if un-

methylated after 

bisulfite treatment 

SerT 535bp, 256bp 535bp, 256bp 791bp 

Pkg21D 200bp, 400bp 200bp, 400bp 600bp 

Cyp4D1 350bp, 200bp 350bp, 200bp 550bp 

Reagents/Volumes 1mL 2mL 

Sodium Bisulfite 0.475g 0.95g 

Degassed Water 0.625g 1.25mL 

2M NaOH (80mg/mL) 175µL 350µL 

1M hydroquinone (110mg/mL) 125µL 250µL 

Table 9: Expected PCR product amplicon sizes of bisulfite treated, and non—

bisulfite treated DNA after digestion with BstBI. 

Table 10: Reagents and volumes of 5M Sodium Bisulfite 

Solution 



35 

The DNA was washed with 200µL of 70% ethanol and centrifuged at 13.3 rpm for 

another 10 minutes. The ethanol was decanted, and the DNA pellet was dried at room 

temperature for 10 minutes and resuspended in 20µL of nanopure water.  

DNA sequencing: DNA sequencing was done on bisulfite treated Cyp4D1 in each 

genotype to determine if the bisulfite reaction was successful in the conversion of C and 

T residues based on 5mC methylation status. DNA sequencing was also completed for a 

more sensitive and effective way to compare methylation across each genotype as well as 

confirm the digestion patterns observed on the agarose gels.  

Bisulfite treated DNA samples were reamplified and purified by the Qiagen QIAquick 

PCR purification kit and prepared at a concentration of 5ng/µL as seen in Figure 23. The 

forward and reverse primers were prepared concentrations of 1.7pmol/µL. DNA 

sequencing and data analysis was completed by GenScript USA Inc. located in 

Piscataway, NJ.  The instrumentation utilized included the ABI 3730xl sequencer with 

full QC review and secure data delivery.  

Results: The results indicated partial methylation occurring in all larvae strains at the 

restriction site in SerT, Pkg21D, and Cyp4D1 with the presence of three bands in varying 

amounts when DNA of each genotype was isolated, bisulfite treated, digested, and PCR 

amplified as seen in Figure 20, Figure 21, and Figure 22. This restriction patterns were 

different than the observed two bands resulting from DNA of each genotype not bisulfite 

treated as seen in Figure 14, Figure 15, and Figure 16. 

When analyzing the partial methylation occurring in Pkg21D and Cyp4D1, all three 

bands in WT60, B54, A90, and AB46 look similar in brightness suggesting partial 



36 

methylation with no difference in degree across all strains as found in previous literature 

(Figure 20) (Figure 21). However, when examining the partial methylation occurring in 

SerT, a very thick, bright band was observed in A90 and AB46 at 790bp representing a 

larger amount of DNA being un-methylated than when compared to B54 and WT60 not 

found by previous literature (Figure 22). 

When analyzing the raw chromatography data from DNA sequencing of bisulfite treated 

Cyp4D1 in each genotype, it was concluded through Blast analysis and multiple sequence 

alignments via Ugene, that the primers designed for Cyp4D1 annealed to the Foraging 

gene (For) in D. melanogaster showing a 98% homology. The primers designed for 

Cyp4D1 had 100% homology to a region of the For gene that, when amplified, would 

result in an equivalent size fragment observed on the agarose gels as well as similar 

fragment sizes when digested with BstBI. For simplicity, Cyp4d1 will now be referred to 

as Cyp4d1/For for the remainder of the paper. 

The raw DNA sequence of the For gene in Drosophila was compared to the raw bisulfite 

treated DNA sequences provided by the sequencing of A90, B54, AB46, and WT60. 

Utilizing multiple sequence alignment, a 98% similarity was found between the raw 

sequences of each genotype when compared to the For gene with a couple of base 

changes. Out of these base changes, it was noticed that C residues on the For gene were 

changed to T residues on the Cyp4D1/For gene of each genotype when bisulfite treated. 

When looking at the chromatogram peaks of these nucleotides in each genotype, 

complete conversion of C residues into T residues were seen represented by a single peak 

indicating successful bisulfite nucleotide conversion of unmethylated 5mC’s as seen in 

Figure 28, Figure 29, and Figure 30. 
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The raw chromatography data of the Cyp4D1/For gene in each genotype was then 

evaluated for partial methylation of C and T residues being represented by both a C and T 

peak. It was found that there were 15 partially methylated residues in A90 (Figure 24), 17 

partially methylated residues in B54 (Figure 25), 21 partially methylated residues in 

AB46 (Figure 26), and 17 partially methylated residues in WT60 (Figure 27).  In 

addition, 80% of the residues of the Cyp4D1/For gene in which the raw chromatography 

data indicated the occurrence of partial methylation are all motifs in which recent 

literature has observed methylation occurring to in D. melanogaster as stated above.  

When taken in totality, the results of the DNA sequencing confirmed the wrong gene was 

amplified however, also confirmed that the bisulfite reaction was successful in the 

conversion of C and T residues based on 5mC methylation status. The DNA sequencing 

results also confirmed the digestion patterns on the agarose gels in which suggested no 

significant changes in methylation occurred across A90, B54, AB46, and WT60 in 

Cyp4d1/For. It should be noted however, that the exact percentage of nucleotides 

methylated could not be determined from an agarose gel alone without the DNA 

sequencing data. However, the agarose gels were successful in determining significant 

changes in methylation across genotypes as well as the presence of DNA methylation.  
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Figure 12: Verification that primers amplified the Pkg21D (600bp) 

and Cyp4D1 (550bp) genes in each genotype prior to bisulfite 

treatment - Lane 1 = 100bp ladder, Lane 3 = Pkg21D A-, Lane 4 = 

Pkg21D B-, Lane 5 = Pkg21D WT, Lane 6 = Pkg21D AB-, Lane 7 = 

Cyp4D1 A-, Lane 8 = Cyp4D1 B-, Lane 9 = Cyp4D1 WT, Lane 10 = 

Cyp4D1 AB-. 
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Figure 13: Verification that primers amplified the SerT 

(791bp) gene – Lane 1 = 100bp ladder, Lane 7 = SerT A-, 

Lane 8 = SerT B-, Lane 9 = SerT WT, Lane 10 = SerT AB-. 

 

Figure 14: Verification that the restriction enzyme BstBI digested 

SerT prior to bisulfite treatment (535bp and 256bp) in each 

genotype – Lane 1 = 100bp ladder, Lane 2 = SerT A-, Lane 3 = SerT 

B-, Lane 4 = SerT WT, Lane 5 = SerT AB-. 

 



40 

 Figure 15: Verification that the restriction enzyme BstBI 

digested Pkg21D prior to bisulfite treatment (200bp and 

400bp) in each genotype – Lane 1 = 100bp ladder, Lane 2 = 

Pkg21D A-, Lane 3 = Pkg21D B-, Lane 4 = Pkg21D WT, Lane 5 = 

Pkg21D AB-. 

Figure 16: Verification that the restriction enzyme BstBI 

digested Cyp4D1 prior to bisulfite treatment (200bp and 

350bp) in each genotype – Lane 1 = 100bp ladder, Lane 2 = 

Cyp4D1 A-, Lane 3 = Cyp4D1 B-, Lane 4 = Cyp4D1 WT, 

Lane 5 = Cyp4D1 AB-. 
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Figure 17: Verification that primers amplified the Cyp4D1 

(550bp) gene in each genotype after bisulfite treatment – 

Lane 1 = 100bp ladder, Lane 2 = Cyp4D1 A-, Lane 3 = Cyp4D1 

B-, Lane 4 = Cyp4D1 WT, Lane 5 = Cyp4D1 AB-. 

 

Figure 18: Verification that primers amplified the Pkg21D 

(600bo) gene in each genotype after bisulfite treatment – Lane1 = 

100bp ladder, Lane 3 = Pkg21D A-, Lane 4 = Pkg21D B-, Lane 5 = 

Pkg21D WT, Lane 6 = Pkg21D AB-. 
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Figure 19: Verification that primers amplified the SerT 

(791bp) gene in each genotype after bisulfite treatment – 

Lane 1 = 100bp ladder, Lane 2 = SerT A-, Lane 3 = SerT B-, 

Lane 4 = SerT WT, Lane 5 = SerT AB-. 

Figure 20: Pkg21D digested with BstBI after 4 hours of 

bisulfite treatment in each genotype – Lane 1 = 100bp ladder, 

Lane 4 = Pkg12D A-, Lane 5 = Pkg21D B-, Lane 6 = Pkg211D 

WT, Lane 7 Pkg21D AB-. 
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Figure 21: Cyp4D1 digested with BstBI after 4 hours of 

bisulfite treatment in each genotype – Lane 1 = 100bp ladder, 

Lane 6 = Cyp4D1 A-, Lane 7 = Cyp4D1 B-, Lane 8 = Cyp4D1 

WT, Lane 9 = Cyp4D1 AB-. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: SerT digested with BstBI after 4 hours of bisulfite 

treatment in each genotype – Lane 1 = 100bp ladder, Lane 5 = 

SerT A-, Lane 6 = SerT WT, Lane 8 = SerT AB -, Lane 9 = SerT 

B-. 
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Figure 23: Qiagen purified and reamplified Cyp4D1 (20ng/µL) 

after 4 hours of bisulfite treatment in each genotype used for 

DNA sequencing – Lane 1 = Cyp4D1 A-, Lane 2 = Cyp4D1 B-, 

Lane 3 = Cyp4D1 WT, Lane 4 = Cyp4D1 AB-, Lane 5 = 100bp 

ladder.  
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Figure 24: Raw chromatography data of the For gene in A90 bisulfite 

treated DNA indicating partial methylation – After bisulfite treatment, all 

unmethylated C’s convert to T’s while methylated C’s remain C’s. Complete 

bisulfite conversion of a single residue shows a single peak while the 

presence of both C and T peaks indicate partial methylation.  

 

Figure 25: Raw chromatography data of the For gene in B54 bisulfite 

treated DNA indicating partial methylation – After bisulfite treatment, all 

unmethylated C’s convert to T’s while methylated C’s remain C’s. Complete 

bisulfite conversion of a single residue shows a single peak while the 

presence of both C and T peaks indicate partial methylation.  
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Figure 26: Raw chromatography data of the For gene in AB46 bisulfite treated 

DNA indicating partial methylation- After bisulfite treatment, all unmethylated C’s 

convert to T’s while methylated C’s remain C’s. Complete bisulfite conversion of a 

single residue shows a single peak while the presence of both C and T peaks indicate 

partial methylation.  

Figure 27: Raw chromatography data of the For gene in 

WT60 bisulfite treated DNA indicating partial methylation – 

After bisulfite treatment, all unmethylated C’s convert to T’s 

while methylated C’s remain C’s. Complete bisulfite conversion 

of a single residue shows a single peak while the presence of both 

C and T peaks indicate partial methylation. 
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Figure 28: Raw chromatography data of the For gene in B54 bisulfite 

treated DNA indicating complete bisulfite conversion – After bisulfite 

treatment, all unmethylated C’s convert to T’s while methylated C’s remain 

C’s. Complete bisulfite conversion of a single residue shows a single peak 

while the presence of both C and T peaks indicate partial methylation.  

Figure 29: Raw chromatography data of the For gene in AB46 

bisulfite treated DNA indicating complete bisulfite conversion – 

After bisulfite treatment, all unmethylated C’s convert to T’s while 

methylated C’s remain C’s. Complete bisulfite conversion of a 

single residue shows a single peak while the presence of both C and 

T peaks indicate partial methylation.  
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Figure 30: Raw chromatography data of the For gene in WT60 bisulfite 

treated DNA indicating complete bisulfite conversion – After bisulfite 

treatment, all unmethylated C’s convert to T’s while methylated C’s remain 

C’s. Complete bisulfite conversion of a single residue shows a single peak 

while the presence of both C and T peaks indicate partial methylation.  
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IV. 5-HYDROXYTRYPTOPHAN SUPPLEMENTATION

Background: It was previously suggested by this paper that the absence of Msr activity 

might influence DNA methylation. This was suggested because recent literature observed 

an increase in SAM through the overexpression of Msr.  The previous experiment 

explored this correlation through methylation analysis of a single CpG dinucleotide in 

three genes of D. melanogaster larvae lacking MsrA, MsrB, or all Msr activity. The data 

theorized varying levels of methylation occurring to the second intron of SerT in A90 and 

AB46 when compared to B54 and WT60. Consequently, little to no changes were 

observed in the levels of methylation in the cDNA of Cyp4D1/For and the first intron of 

Pkg21D in A90, B54, AB46, and WT60. Methylation data suggested that the complete 

absence of MsrA activity resulted in a decreased level of methylated CpG dinucleotides 

in the SerT gene.  

Perhaps the lack of methylation occurring from the absence of MsrA is resulting in 

aberrant splicing of SerT. This abnormal splicing would cause protein misfolding and 

partial or complete loss of protein function to SerT. The biological role of SerT in D. 

Melanogaster is the reuptake of serotonin back into the presynaptic serotonergic neurons. 

Irregular functioning of SerT would either lead to an increase or decrease of serotonin in 

the CNS. As stated above, previous studies have theorized that an excess of serotonin in 

the CNS could result in gradual loss of serotonergic neurons through axonal 

degeneration. This loss indirectly inhibits the insulin/IGF pathway leading to the 
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phenotypes observed by the Binninger Lab. These phenotypes include developmental 

delays and growth retardation in D. melanogaster. To explore if there is a phenotypic 

difference reflecting SerT functioning in WT60 and B54 compared to A90 and AB46, a 

5-HTP supplementation was completed. The developmental checkpoints were averaged 

for each genotype from egg laying to eclosion when raised on 10% diluted cornmeal food 

supplemented with varying concentrations of 5-HTP. 

Materials and Methods: 

Pre-lay for recent fertilized eggs 

A pre-lay was completed to ensure that newly fertilized eggs were chosen for the 

following studies. The protocol for performing a pre-lay as well as the grape agar recipe 

used during a pre-lay can be found above. 

Protocol for making 5-HTP supplemented 10% diluted cornmeal food 

To make 10% diluted cornmeal food, 1.35g of agar was added to 135g of water and 

boiled on a hot plate at 100°C until all the agar was dissolved. 15mL of 100% cornmeal 

food was then melted and combined with the water and agar and kept at 100°C for an 

additional 20 minutes. 10mL of this food was then added to empty vials. After the food 

cooled down to 50°C, 1mL of each 5-HTP concentration was added and the vials were 

vortexed to insure proper mixing.     



51 

Experimental design 

Fresh eggs obtained from a pre-lay were transferred by a toothpick to separate food vials 

containing 10 mL of 10% diluted cornmeal food supplemented with 0mM, 0.1mM, 

0.5mM or 1.0mM of 5-HTP. The vials were kept in the 25ºC incubator and monitored 

twice a day for 11 days (n=2). Puparia were marked with a Sharpie to assure old puparia 

were not counted at multiple time points. Eclosion was determined by the number of 

adult fly’s present at each time point. The average eclosion time for the wild type and 

double mutant strain were determined.  

Statistical Analysis: The statistical significance of 5-HTP supplementations to 10% 

diluted cornmeal food were evaluated using GraphPad Prism Software. A two-way 

ANOVA without replication was performed for each experimental trial (n=2). 

Results: The results indicated an exacerbated developmental delay of approximately 40 

hrs. in A90 and AB46 with the addition of 0.5mM and 1.0mM 5-HTP on 10% diluted 

cornmeal food. This is significantly different than the developmental delay of an 

estimated 20 hrs. observed in WT60 and B54 with the addition of 0.5mM and 1.0mM 5-

HTP on 10% diluted cornmeal food. The developmental delay detected in A90, B54, 

AB46, and WT60 with the addition of 0mM and 0.1mM of 5-HTP on 10% diluted 

cornmeal food was averaged at 20 hrs. These results suggest that the absence of MsrA is 

influencing the serotonergic system in D. melanogaster.  

 

 



52 

Genotype 

WT60 A90 B54 AB46 

0mM 243 hrs. 246 hrs. 240 hrs. 245 hrs. 

0.1mM 245 hrs. 241 hrs. 246 hrs. 243 hrs. 

0.5mM 241 hrs. 284 hrs. 244 hrs. 247 hrs. 

1.0mM 243 hrs. 286 hrs. 243 hrs. 288 hrs. 

Control 227 hrs. 226 hrs. 226 hrs. 243 hrs. 

Genotype 

WT60 A90 B54 AB46 

0mM 243 hrs. 246 hrs. 240 hrs. 245 hrs. 

0.1mM 245 hrs. 241 hrs. 246 hrs. 243 hrs. 

0.5mM 241 hrs. 284 hrs. 244 hrs. 247 hrs. 

1.0mM 243 hrs. 286 hrs. 243 hrs. 288 hrs. 

Control 227 hrs. 226 hrs. 226 hrs. 243 hrs. 

Genotype 

WT60 A90 B54 AB46 

0mM 241 hrs. 244 hrs. 241 hrs. 244 hrs. 

0.1mM 245 hrs. 243 hrs. 244 hrs. 243 hrs. 

0.5mM 244 hrs. 286 hrs. 242 hrs. 241 hrs. 

1.0mM 243 hrs. 285 hrs. 246 hrs. 285 hrs. 

Control 228 hrs. 225 hrs. 226 hrs. 247 hrs. 

Table 11: Trial one of 5-HTP supplementation in Msr genetic strains – Egg laying to 

eclosion was averaged among Msr mutant strains grown on 10% diluted cornmeal food 

with added concentrations of 5-HTP. 

Table 12: Trial two of 5-HTP supplementation in Msr genetic strains – Egg laying to 

eclosion was averaged among Msr mutant strains grown on 10% diluted cornmeal food 

with added concentrations of 5-HTP. 
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Figure 31: Duration of Egg laying to Eclosion – Each strain (20 eggs 

per vial) was maintained on 10% diluted cornmeal food with the 

addition of 0mM 5-HTP. The average times from egg laying to 

eclosion of the WT60, A90, B54, and AB46 are shown. The data 

represented is based on the average of two trials per genotype. All 

trials were run in unison. No significant different (p=0.1) is seen with 

the addition of 0mM 5-HTP. 

Figure 32: Duration of Egg laying to Eclosion – Each strain (20 eggs 

per vial) was maintained on 10% diluted cornmeal food with the 

addition of 0.1mM 5-HTP. The average times from egg laying to 

eclosion of the WT60, A90, B54, and AB46 are shown. The data 

represented is based on the average of two trials per genotype. All 

trials were run in unison. No significant different (p=0.09) is seen with 

the addition of 0.1mM 5-HTP. 
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Figure 33: Duration of Egg laying to Eclosion – Each strain (20 eggs 

per vial) was maintained on 10% diluted cornmeal food with the 

addition of 0.5mM 5-HTP. The average times from egg laying to 

eclosion of the WT60, A90, B54, and AB46 are shown. The data 

represented is based on the average of two trials per genotype. All 

trials were run in unison. No significant different (p=0.0002) is seen 

with the addition of 0.5mM 5-HTP. 

Figure 34: Duration of Egg laying to Eclosion – Each strain (20 eggs 

per vial) was maintained on 10% diluted cornmeal food with the 

addition of 1.0mM 5-HTP. The average times from egg laying to 

eclosion of the WT60, A90, B54, and AB46 are shown. The data 

represented is based on the average of two trials per genotype. All 

trials were run in unison. No significant different (p=0.0001) is seen 

with the addition of 1.0mM 5-HTP. 
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V. DISCUSSION

Methionine Supplementation: The Binninger Lab has observed numerous phenotypes in 

D. melanogaster lacking MsrA, MsrB, and all Msr activity. Previous studies by the 

Binninger Lab found no overall increase in protein oxidation or alterations in intercellular 

ATP levels. These studies suggested ulterior functions of Msr and its involvement in 

central biochemical pathways.  

Met is the initiating amino acid in the synthesis of almost all eukaryotic proteins while 

Met metabolism produces essential metabolites for numerous pathways and biological 

processes. Preceding studies have shown the involvement of Met restriction in numerous 

organisms in relation to growth retardation, extended lifespan, developmental delay, 

histone methylation, and inhibition of the mTORC1 pathway [54] [55]. Similar studies 

have correlated the absence of Msr activity to Met deficient mice exhibiting growth 

retardation and developmental delays [10].  

In the present study, Met supplementations were done on nutritionally deficient food to 

A90, B54, AB46, and WT60. These were completed to 1) verify that the developmental 

delay observed in AB46 on regular food was not caused by a Met deficiency due to 

increases in met-(o) and 2) to explore whether B54 and A90 shared similar phenotypes in 

development for the suggestion of an epimerase. The results of these studies suggest that 

the developmental delay observed in AB46 is not caused by a Met deficiency. Also, B54 

and A90 shared similar developmental delays in Met supplemented nutritional deficient 
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food suggesting the presence of an epimerase for met-(o). Furthermore, sufficient Met is 

hypothesized to enter Met metabolic pathway further theorizing the involvement of Msr 

in one or several central mechanisms. 

DNA Methylation: SAM is critical for the development of living organisms with its 

decrease resulting in developmental delay, aberrant histone methylation, and lethality 

[56] [57]. Researchers have detected an increase in SAM-S via overexpression of Msr 

[46]. Given that SAM is the universal methyl donor, it plays essential roles in 

determining the extent of DNA methylation. Furthermore, an excess of serotonin in D. 

melanogaster was theorized to be present in the Msr mutants resulting in their observable 

phenotypes. Thus, our lab wanted to explore if the absence of Msr activity could decrease 

or alter DNA methylation to the SerT. If there were methylation differences to SerT 

across genotypes, this would suggest aberrant functioning of SerT that might lead to an 

increase of serotonin due to failure of re-uptake into presynaptic neurons. To investigate 

this hypothesis, three genes in D. melanogaster (SerT, Cyp4D1/For, Pkg21D) were 

chosen and subjected to bisulfite sequencing, restriction digestion, and PCR analysis. In 

each strain, the PCR digested patterns of bisulfite treated DNA were compared with the 

patterns of DNA not bisulfite treated. 

The results indicated that DNA methylation did occur to the CpG dinucleotide located in 

the restriction site in SerT, Cyp4D1/For and Pkg21D in each strain being represented by 

three bands on the agarose gel after bisulfite treatment and restriction digestion. 

Furthermore, the brightness and width of the three bands representing Pkg21D and 

Cyp4D1/For in A90, B54, AB46, and WT60 all visually appeared similar theorizing 

equal amounts of DNA methylation later confirmed by DNA sequencing. Consequently, 
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the brightness and width of the three bands displayed by the second intron of SerT in 

A90, B54, AB46, and WT60 were visually different. A decrease in DNA methylation 

was observed in A90 and AB46 when compared to B54 and WT60. These results suggest 

that the absence of MsrA correlated reductions in DNA methylation in D. melanogaster 

larvae in the third instar to wandering their instar stage. An epimerase was suggested in 

previous studies for met-(o) due to lack of phenotypic differences among B54 and A90.  

However, these results found a phenotypic difference between B54 and A90 thus, an 

epimerase for met-(o) is no longer suggested.  

DNA sequencing of Cyp4D1/For was done after agarose gel analysis of DNA 

methylation in each genotype to determine if the bisulfite reaction was successful at 5mC 

conversion as well as compare the raw chromatogram data to the digestion patterns 

observed on the agarose gels for validation purposes. DNA sequencing, multiple 

sequence alignments, and blast analysis confirmed that the primers designed for Cyp4D1 

annealed to the For gene with 100% homology. Due to scientific literature finding that 

the For gene is methylated in D. melanogaster, a comparison to the agarose gels could 

still be accurately made.  

When comparing the raw chromatography data of Cyp4D1/For in each genotype to the 

agarose gels, both DNA methylation analysis methods were consistent with one another. 

Both the raw chromatography data and the agarose gels suggested the presence of 

methylation in the For gene. Furthermore, both these methods theorized no significant 

difference in the degree of methylation occurring across Msr genotypes. The raw 

chromatography data was able to locate the specific C residues in Cyp4D1/For that were 

not methylated in each genotype by DNA sequence comparison and peak analysis. In 
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addition, the raw chromatography data was able to indicate the specific residues in which 

partial methylation was observed in each genotype. When doing peak analysis on all four 

genotypes, the peaks looked very sharp and evenly spaced suggesting clean samples 

sequenced with the forward primer. Consequently, the peaks of Cyp4D1/For sequenced 

with the reverse primer did not have clean evenly spaced peaks indicating an unclean 

sample. Due to this result, the DNA sequence collected from the forward primer was used 

to base the above inferences on. When doing peak analysis on complete bisulfite 

converted residues in each genotype, an illustration of A90 could not be used. This is 

because the raw chromatography data reflecting those nucleotides had a flat signal due to 

the residues being located at the end of the sequence. However, complete conversion of 

C’s in the wild type For gene were observed by comparison to the raw DNA sequences 

of each genotype bisulfite treated. 

When taken in totality, the DNA sequencing of Cyp4D1/For in each genotype increased 

the validity and reliability of agarose gel analysis of DNA methylation due to the 

consistency between the two methods.  This consistency increased the legitimacy of the 

DNA methylation results observed in SerT. The only disagreement that occurred was 

amplification of the wrong gene which is why DNA sequencing of bisulfite treated SerT 

in each genotype is essential for future experiments to conclude any changes in DNA 

methylation in Msr mutants.  If the amplification of SerT was successful, then changes 

observed in DNA methylation to SerT in each genotype would give the Binninger Lab a 

new target relating the absence of MsrA to the phenotypes observed. This additional 

information could also lead to central biochemical pathways that Msr might play an 

essential role in. If the amplification of SerT was found not to be successful and a 
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different genomic region/gene was amplified as with Cyp4D1/For, then the results would 

offer a new target relating Msr to DNA methylation. This information could also suggest 

biochemical pathways that Msr might play a vital role in. 

Alternative splicing is a highly conserved process throughout evolution that increases 

transcriptome and proteome diversity allowing the generation of multiple mRNA 

products from a single gene [58]. Recent literature has revealed new data reflecting the 

importance of DNA methylation in the regulation of mRNA splicing and alternative 

splicing in the exon-intron architecture of eukaryotes [58]. This data theorizes that DNA 

methylation occurring to the flanking intron sequences allows splicing machinery to 

recognize splice sites. Deleterious alterations in this splicing process could result in 

developmental abnormalities, hereditary diseases, and cancer [58].  

DNA methylation in D. melanogaster has been a controversial topic for a long time due 

to instrument sensitivity and published false positives. However, more recent studies are 

coming into scientific agreement about the presence of DNA methylation in D. 

melanogaster embryos. This present study is the first to show DNA methylation in 

larvae, SerT methylation in Msr mutants, as well as a correlation between the absence of 

MsrA and DNA methylation.   

5-HTP Supplementation: SerT, in all organisms, is responsible for the re-uptake of 

serotonin back into the presynaptic serotonergic neurons in the larval brain of D. 

melanogaster. Changes in DNA methylation in an intron of SerT observed in the previous 

study, could lead to changes in intron/exon architecture and alternative splicing [58]. 

These changes might result in aberrant functioning of SerT.  
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5-HTP is the precursor of serotonin therefore, an increase in 5-HTP will lead to an 

increase in serotonin. Similarly, if deleterious alterations to SerT in A90 and AB46 were 

occurring, excess serotonin or serotonin deficiency would be exhibited. To test this 

hypothesis, 5-HTP supplementations were completed on 10% diluted food to A90, B54, 

AB46, and WT60. The results indicated an exacerbated developmental delay in A90 and 

AB46 of approximately 60 hours with 0.5mM and 1.0mM of 5-HTP. This is significantly 

different than the developmental delay of an estimated 20 hours observed in WT60 and 

B54. These results suggest the presence of excess serotonin, serotonin syndrome, 

indirectly occurring from the lack of MsrA in D. melanogaster. 

As stated previously, serotonin syndrome causes various detrimental effects including 

neuritic spheroids of serotonergic neurons leading to their ubiquitination [51]. 

Furthermore, serotonin syndrome results in axonal degenerations of the serotonergic 

neurons by apoptosis and autophagic hinderance [51]. Loss of serotonergic neurons by an 

excess in serotonin would begin phenotypically showing between the third instar to 

wandering third instar stage in D. melanogaster. Researchers have shown that decreases 

in serotonergic neurons inhibit the insulin/IGF pathway resulting in developmental delays 

and growth retardation in numerous organisms [50]. Furthermore, observed mutations in 

the insulin/IGF pathway in D. melanogaster shows deleterious effects to longevity, 

resistance to oxidative stress, and muscle development due to its alterations of the 

mTORC1 biochemical pathway [59]. 

Future Studies: Future studies should repeat the 5-HTP supplementation with carbidopa, 

an inhibitor of aromatic acid decarboxylation. Carbidopa prevents 5-HTP metabolism in 

the liver resulting in an increase in serotonin in the blood. Furthermore, fluorescent 
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microscopy of serotonergic neurons in D. melanogaster in the third instar to wandering 

third instar stage should be completed in Msr mutants to assess possible loss. 

Furthermore, DNA sequencing of bisulfite treated SerT needs to be done to 1) verify that 

successful amplification of SerT was completed and subjected to DNA methylation 

analysis and 2) conclude differences in DNA methylation observed in A90 and AB46 to 

those in WT60 and B54.  
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