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CHAPTER 1 

 

Introduction 

 

1.1 Significance 

 The goal of my project was to develop novel compounds to monitor and 

modulate N-acylphosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD), 

to aid in researching and potentially treating a variety of diseases in which this enzyme 

appears to be important. In order to understand the motivation behind this goal, one 

must first understand the largescale impacts that those diseases have. While the tools 

developed from my research could benefit our understanding of many diseases, I will 

focus primarily on cardiometabolic diseases, as their linkage to NAPE-PLD is the most 

well-established. Cardiometabolic diseases are a cluster of diseases including obesity, 

hypertension, type 2 diabetes, fatty liver disease, and heart disease that typically occur 

together and have shared pathophysiological aspects. Namely, they are characterized 

by inflammatory responses to an excess of energy substrates such as glucose and fatty 

acids, and an accompanying dysregulation of the transport and catabolism of those 

substrates. 

 

1.1.1 Obesity 

 Approximately 13% of adults worldwide are obese (body mass index ≥ 30),1 and 

an estimated 2 billion people, including children, are overweight (body mass index ≥ 25) 

or obese.2 Obesity is also increasingly common among children: 124 million children 

aged 5-19 are obese, and 39 million under the age of 5 are overweight or obese.1 With 

so many people afflicted by this condition worldwide, it is unsurprising that the global 

economic burden of obesity equals about 2.2% of global annual gross domestic 

product, or 1.92 trillion dollars per year.3 
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 Given the prevalence of obesity, many remedies have been developed, including 

dietary changes, nutritional supplements, surgeries, and pharmacotherapies. Some of 

them have been beneficial, with particular promise among the glucagon-like peptide-1 

receptor agonists,4, 5 but it is clear from the high incidence of obesity worldwide that 

those treatments generally ineffective. In fact, less than 1% of people who use weight 

loss remedies return to a clinically normal body weight without undergoing bariatric 

surgery.6 And even among those who do receive bariatric surgery, there is a strong 

chance of the obesity returning, though researchers seldom report on it.7  

 Some of the main impacts of obesity are psychological. Obesity represents an 

extreme psychosocial burden for people with and without it, and that burden is 

aggravated by the weight cycling that so often happens as people repeatedly attempt to 

lose weight.8, 9 Additionally, having obesity increases the likelihood of developing a 

number of diseases.1 For adults, those conditions include cardiovascular diseases, type 

2 diabetes and non-alcoholic fatty liver disease (NAFLD), musculoskeletal disorders, 

and some cancers.1, 10 For children, there is an increased risk of disability in adulthood, 

premature death, and early markers of the diseases seen in adults.1 NAPE-PLD 

appears to endogenously combat the development of obesity and several of its 

concomitant cardiometabolic diseases.11 

 

1.1.2 Type 2 Diabetes 

 One of those diseases is type 2 diabetes mellitus (T2D). About 6.3% of all people 

alive have T2D.12 The annual global economic burden of all forms of diabetes, with T2D 

comprising about 90% of all diabetes cases,13 is around 1.3 trillion dollars.14 T2D is the 

9th leading cause of death worldwide, causing 1 million deaths per year, not accounting 

for the other diseases that T2D induces.12 

 T2D, much like obesity, increases the likelihood of developing a number of other 

conditions. Those include NAFLD,15, 16 cardiovascular diseases,17 eye damage, kidney 

diseases, tooth diseases, neuropathy, delayed wound healing, skin problems, and 

hearing impairment.13, 18-20 T2D itself, however, is quite mild at its onset, and often its 
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symptoms are not noticed until years after the disease has started.13, 20 However, when 

the disease is allowed to progress untreated, its symptoms worsen and its concomitant 

diseases begin to arise.13, 20 Fortunately, combinations of medications and lifestyle 

changes can, and often do, allow individuals to live normally.20, 21 However, some 

patients’ T2D still worsens even with medications.22, 23 And due to socioeconomic health 

disparities, many patients are unable to access those resources, so their T2D worsens 

as well.24 

 

1.1.3 Non-Alcoholic Fatty Liver Disease 

 NAFLD is a disease that is strongly associated with diabetes, obesity, and many 

other cardiometabolic diseases.16 It affects some 30% of adults worldwide,15, 25 and has 

been increasing in prevalence since 2005.26 It causes a significant economic burden 

and decreases the quality of life for millions of people each year.16 Like T2D, the 

progression of NAFLD is insidious. Initially, NAFLD symptoms are subtle and frequently 

go undetected.10, 16, 27 Even when NAFLD is suspected, a liver biopsy is needed in order 

to conclusively diagnose it, which is a significant impediment for many people.10, 27, 28 

Eventually, the condition worsens and develops into one of the more severe stages of 

fatty liver disease, such as non-alcoholic steatohepatitis (NASH).10, 27 This often leads to 

the development of particularly harmful phenotypes such as cirrhosis and hepatocellular 

carcinoma.10, 27 And these more severe forms of NAFLD are common—about 20% of 

people with NAFLD will develop NASH.16 

The mortality of NAFLD depends strongly on the stage of NAFLD in question: 

patients with cirrhosis or cancer more often die from those conditions, while those with 

only mild symptoms succumb to the cardiovascular diseases that typically accompany 

NAFLD.16 Interventions, similarly, take two general routes. During the early stages of 

NAFLD, cases can be managed with lifestyle changes and medications.16, 28, 29 Once 

the disease has progressed to a more severe stage, however, more extreme measures 

such as chemotherapy and liver transplantation are needed. This has made NASH the 

second most common reason for liver transplantation worldwide.10 With liver donor-

patient matches taking up to 5 years to find, patients with cirrhotic NASH can often die 



4 

before their surgeries.30 Unfortunately, even with liver transplantation, NAFLD 

recurrence is common because there are so many other diseases, particularly 

cardiometabolic, that can contribute to the development of NAFLD.27, 31 

 

1.1.4 Ischemic Stroke 

 Strokes are an incredibly common complication of cardiometabolic diseases. 1 in 

4 adults will have a stroke in their lifetime, which amounts to 12.2 million strokes per 

year worldwide, or one stroke every 3 seconds.32 Of those, approximately 80% are 

ischemic strokes, which arise from loss of blood flow to the brain, typically due to 

atherosclerosis.14, 33 Strokes are the 2nd leading cause of death worldwide, and ischemic 

strokes alone account for some 3.3 million deaths globally per year.32 Strokes also lead 

to debilitating complications such as paralysis, cognitive impairment, speech problems, 

emotional dysregulation, neuropathy, chronic idiopathic pain, motor control problems, 

and depression.34 As a result, 63 million years of healthy life are lost each year due to 

ischemic stroke-related death and disability.32 Unsurprisingly, this has made the total 

estimated worldwide cost of strokes fall between 450 and 700 billion dollars per year.32, 

35 

 Currently, the only way to prevent this debilitating and prolific condition is to 

reduce one’s risk factors.34, 36 However, those risk factors are abundant and include 

common conditions such as heart disease, obesity, diabetes, atrial fibrillation, high 

blood pressure, high cholesterol, and lack of exercise.34, 36 Fortunately, the 

complications of ischemic strokes can be reduced or eliminated by the timely 

administration of life-saving medications or surgeries. However, one has to receive 

intravenous thrombolytic medication within about 4 hours from the onset of an ischemic 

stroke in order for it to be effective.34 Because strokes can go unnoticed at their onset 

and because many people lack access to intervention therapies, only 5% of ischemic 

stroke patients receive medical interventions in time and less than 1% receive 

mechanical thrombectomies in time.33, 34 If the stroke proves to be non-fatal, 

unfortunately the outlook is still poor. 1 in 4 stroke survivors will have another stroke 

within 5 years, and there are currently about 101 million people worldwide who have 
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experienced a stroke and survived.34, 35 On top of that, the recovery process is 

extremely difficult, expensive, and is not guaranteed to succeed.36 As such, any 

research directed towards understanding or possibly reducing the prevalence of this 

devastating condition is of paramount importance. 

 

1.1.5 Coronary Artery Disease 

 Cardiovascular disease causes even more deaths worldwide than strokes. There 

are many types of cardiovascular disease, but the one on which we focus is the most 

prevalent among them: coronary artery disease (CAD). CAD is also referred to as 

ischemic heart disease, coronary heart disease, atherosclerotic cardiovascular disease, 

and heart disease. CAD is the number one cause of death, disability, and years of 

healthy life lost in the world, and has been since 1990.37 It affects about 1.72% of the 

world’s population and has an associated financial burden of nearly a trillion dollars.37 

 A major reason for the prevalence of CAD is that only 2-7% of the world’s 

population has no CAD risk factors.37 Compounding the issue, more than 70% of people 

who have at least one risk factor for CAD have additional risk factors.37 Importantly, 

those risk factors include cardiometabolic diseases, making CAD quite common among 

those with cardiometabolic disease.38 Furthermore, not all of CAD’s risk factors have 

effective treatments, and the accumulation of side-effects from those treatments can 

negate their benefits.39 

Being the leading cause of death worldwide, CAD has many therapies 

specifically designed to prevent and treat it. Current treatments include statins, 

antiplatelet agents, vascular growth factors, and surgeries.40 Despite clear reductions in 

mortality gained from CAD treatments, its overall mortality remains high and is expected 

to increase in the future.37, 39 

 

1.2 Atherosclerosis 

 CAD and ischemic strokes share a primary underlying cause: atherosclerosis.41-
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46 As those conditions are the top two causes of death worldwide, it is important to 

understand, and ideally prevent, their shared pathophysiology. 

 

1.2.1 Biochemistry of Atherosclerosis 

Atherosclerosis begins when modified lipoproteins accumulate in the 

subendothelial layer of arteries.45-47 This is failure point number one, and it is the target 

of cholesterol-reducing drugs like the statins, as well as diet and exercise. Lipoprotein 

accumulation causes endothelial cell dysfunction, which causes the release of an 

inflammatory stimulus, which recruits leukocytes (particularly monocytes) into the 

arterial wall.44-49 These subendothelial monocytes then differentiate into macrophages 

and internalize the cholesterol-laden lipoproteins, transforming the macrophages into 

dysfunctional foam cells.44-46, 48, 49 Foam cells secrete chemical factors that promote the 

formation of more foam cells and cytokines that recruit additional immune cells to the 

area.44, 46, 49 Eventually, the foam and immune cells die, often by apoptosis.46, 47, 49 If 

these apoptotic cells are efficiently cleared by functional macrophages, in a process 

called efferocytosis, no further inflammation and damage occurs.46, 47, 50 However, the 

ongoing accumulation of modified lipoproteins, reactive oxygen species, and 

inflammatory cytokines within the subendothelial space appears to dramatically impair 

the ability of macrophages to perform efferocytosis.45-48, 51, 52 This is failure point number 

two, which our research aims to combat. 

Without effective efferocytosis to clear them, apoptotic foam and immune cells 

undergo secondary necrosis, rupture, and trigger a strong inflammatory response.46, 47, 

51, 52 This response is characterized by the recruitment of additional immune cells, 

further impairment of efferocytosis, increased apoptosis, and buildup of necrotic cells 

into a “necrotic core” at the center of the lesion.45-47, 49, 51, 52  Next, vascular smooth 

muscle cells migrate to the lesion and form a collagen-rich fibrous cap between the 

lesion and the arterial lumen.49, 51 This, again, keeps the plaque stable for a time.49, 51, 53 

However, the smooth muscle cells eventually succumb to the strongly inflammatory 

environment of the necrotic core—often becoming foam cells before they do so—and 

undergo apoptosis and secondary necrosis while the stabilizing collagen is degraded.49, 
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51, 53 This is failure point number three, which is difficult to prevent due to the strength 

and recursiveness of the inflammatory signals within the plaque. 

At this point, the necrotic core is large and unstable, which is a pathological 

hallmark of advanced atherosclerosis.45-47, 51 Furthermore, the only barrier between the 

growing plaque and the arterial lumen is a thin layer of endothelial cells undergoing 

continual damage from the inflammatory necrotic core.51 Eventually, this barrier 

breaches and the plaque ruptures.46, 51 Circulating clotting factors, fulfilling their duty to 

prevent blood loss, form a thrombus to cover the breach in the arterial wall.46, 49, 51 

However, due to the already large size of the plaque, addition of a thrombus occludes 

the arterial lumen, resulting in tissue hypoxia and damage.46, 49, 51 This is failure point 

number four, and it is currently targeted by antiplatelet agents (to stop thrombosis), 

stents, bypass surgeries, and vascular growth factors (to bypass the blocked artery).40 

Due to their small size, arteries that supply the heart and the brain are more likely to 

become occluded by atherothrombosis, which causes myocardial infarction and strokes, 

respectively.45-47, 49, 51 

 

1.2.2 Rescuing Efferocytosis 

 The impairment of efferocytosis is a key failure point in the progression of 

atherosclerosis. To find a way to prevent that failure, researchers have been interested 

in identifying and modulating biochemicals that endogenously enhance efferocytosis. 

1.2.2.1 Pro-Resolving Mediators 

 Pro-resolving mediators (PRMs) include any protein or biochemical that 

promotes efferocytosis, healing, the resolution of inflammation, and/or macrophage M2 

polarization. Many PRMs are factors that are directly involved in the performance of 

efferocytosis. On the macrophage side, those factors include MerTK, TAMs, TIMs, SR-

BI, LRP1, Gas6, MFG-E8, TG2, αvβ3 integrin, miR-21, ApoE, EPO, Rho-family 

GTPases, and CD36.45-47, 50, 54-56 On the apoptotic cell side, those factors include PS, 

calreticulin, CX3CL1, Fas, Fas ligad, S1P, lyso-PC, and ICAM-1.45-47, 50, 54, 56 

Additionally, several PRMs have been shown to be pro-resolving by activating key 
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signaling cascades. These PRMs include IL-10, TGF-β, IL-4, IL-6, CD86, CCR7, 

ApoA1, and ABCA1 (acronyms from this paragraph are defined in the Abbreviations List 

on page xiv).45-47, 50, 54, 56, 57  

1.2.2.2 Lipid-Derived PRMs 

 Within the class of PRMs, there is a sub-class of specialized pro-resolving 

mediators (SPMs). SPMs are signaling lipids derived from docosahexaenoic acid (DHA) 

and eicosapentaenoic acid (EPA),58, 59 that have been proposed to exert pro-resolving 

effects including anti-inflammatory and pro-efferocytotic signaling in macrophages.46, 58, 

59 These findings remain highly controversial, as a consortium of researchers 

investigating SPMs found that they are synthesized at low levels, that their proposed 

receptors are not validated, and that their levels do not change as expected.60 

Furthermore, the researchers demonstrated that the most commonly used method for 

measuring SPMs cannot reliably quantify their levels.60 Therefore, the benefits of SPMs 

to efferocytosis and the resolution of inflammation remain unclear. However, recent 

studies suggest that another family of signaling lipids may be important in regulating 

efferocytosis: N-acylethanolamines. 

 

1.2.3 NAEs in Atherosclerosis 

 Recently, N-acylethanolamines (NAEs) have been identified as pro-efferocytosis, 

pro-resolving regulators of atherosclerosis.53, 61 When bone marrow-derived 

macrophages (BMDMs) are polarized to the pro-resolving M2c phenotype, levels of the 

NAE palmitoylethanolamide (PEA) are increased, but they are decreased when the cells 

are polarized to the pro-inflammatory M1 phenotype.53 Administering a different NAE, 

oleoylethanolamide (OEA), directly increased M1-to-M2 polarization.61 Matching its 

effects on macrophage polarization, NAE administration to macrophages increased 

expression of efferocytosis effectors like MerTK and SR-BI, and enhanced both 

phagocytosis and efferocytosis by macrophages of all polarization states (though more 

strongly M2c).53, 61 
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 As expected, NAE’s ability to increase efferocytosis results in improved 

outcomes in atherosclerosis. NAE administration reduced plaque size and macrophage 

accumulation in early atherosclerotic lesions,53 and in established lesions it increased 

plaque stability, decreased M1 and increased M2 polarization, reduced macrophage 

accumulation, decreased necrotic core size, and decreased the amount of apoptosis in 

the plaques.53, 61 Based on these findings, it is logical to conclude that a treatment that 

increases NAE production would combat atherosclerosis via increased macrophage 

efferocytosis capacity. 

 

1.2.4 NAPE-PLD in Atherosclerosis 

 The primary biosynthetic enzyme for NAEs is N-acylphosphatidylethanolamine-

hydrolyzing phospholipase D (NAPE-PLD).11, 62-64 Logically, if the products of NAPE-

PLD are involved in increasing efferocytosis and hindering atherosclerosis, then NAPE-

PLD itself is involved as well. And, indeed, initial evidence supports this notion. In 

cultured macrophages, M1 polarization caused a reduction in Napepld expression, 

matching the changes in NAE levels.53 As atherosclerosis developed in mouse models 

of the disease, Napepld expression was progressively downregulated.53 Even in 

humans, NAPEPLD expression was shown to be reduced in atherosclerotic plaques, 

particularly in unstable plaques, and specifically the macrophages within in those 

plaques expressed less NAPEPLD.53 Conversely, increasing the levels of N-

acylphosphatidylethanolamine (NAPE)—which NAPE-PLD hydrolyzes to create NAE—

in mice with atherosclerosis reduced atherosclerotic lesion necrosis.65 And, in 

unpublished experiments (described in Chapter 5), we have seen that BMDMs from 

Napepld-/- mice efferocytose less. Based on this information, we hypothesized that by 

modulating NAPE-PLD, one could adjust NAE levels, which would change macrophage 

efferocytosis capacity, which would alter the progression of atherosclerosis. 
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1.3 NAPE-PLD 

 Based on the above information, investigations into NAPE-PLD’s role in 

regulating efferocytosis and combatting atherosclerosis are warranted. Before 

addressing NAPE-PLD’s many other biological roles, however, fundamental information 

about this enzyme should be detailed.  

 

1.3.1 NAPE-PLD Fundamental Information 

 NAPE-PLD is a member of the zinc metallo β-lactamase family, class B.66, 67 It is 

a membrane-bound protein, and it exists as a homodimer.66-69 NAPE-PLD orthologs are 

found in mammals, fish, invertebrates, and yeast, suggesting highly conserved functions 

in normal physiology.62, 70-72 The enzyme is expressed in a variety of tissues throughout 

the body, suggesting that it has significant physiological roles.62, 67, 70, 71 NAPE-PLD’s 

biochemical role is to hydrolyze NAPE into NAE and phosphatidic acid (PA), and unlike 

other PLDs, it cannot hydrolyze phosphatidylethanolamine (PE) or phosphatidylcholine 

(PC).67, 70 Thanks to the elucidation of NAPE-PLD’s structure using X-ray 

crystallography, the mechanism with which it hydrolyzes NAPEs has been predicted. 

 

1.3.2 NAPE-PLD Catalysis 

 A likely catalytic mechanism for NAPE-PLD has been proposed based on its 

crystal structure,68 and it has been represented graphically below (Figure 1). Seven 

residues coordinate the two catalytic Zn2+ ions, which in turn interact with a free 

hydroxide ion and the oxygens of NAPE’s phosphate group. At least three oxygens on 

the NAPE hydrogen bond with other residues of the enzyme to ensure substrate binding 

and, likely, selectivity. The zinc-stabilized hydroxide ion, possibly assisted by D189, 

performs a nucleophilic attack on the phosphorus. This dislodges the ethanolamine 

oxygen, which likely forms a stabilizing hydrogen bridge with H321. The glycerophospho 

oxygen is less likely to receive those electrons as it lacks a hydrogen bond/bridge 

donor. Throughout this transition state, the substrate is stabilized by its bonds to the 
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catalytic zincs and the coordinating side chains. Then, the two products—PA and 

NAE—leave the enzyme active site, though the mechanism for this release is not 

known. Meanwhile, a proton is abstracted from a free water molecule by either the NAE 

product or H321, creating a new hydroxide ion for the zinc ions to coordinate. Thus, 

NAPE-PLD converts one multifunctional molecule (NAPE) into two signalling molecules 

(NAE and PA). 

 

 

1.4 NAPE-PLD Substrates and Products 

 NAPE-PLD, by degrading NAPEs and creating NAEs and PAs, has many 

functions throughout the body. Due to the nature of NAPE-PLD’s substrates and 

products, those functions include the biochemical regulation of several diseases. 

 

1.4.1 Roles in Diseases 

NAPE-PLD, NAEs, and particularly NAPEs play protective and healing roles in 

cells in response to cellular damage, stress, tissue degeneration, infection, and injury.69, 

70, 73-75 Due to their promotion of cell growth and proliferation,73, 74, 76, 77 NAPE-PLD and its 

products are upregulated in some cancer cells,76, 78, 79 though they are downregulated in 

others.74, 80 As mentioned previously, macrophages express less NAPE-PLD and 

Figure 1. NAPE-PLD catalytic mechanism. Key active site residues (listed by amino acid and 

position in protein sequence) of NAPE-PLD (represented by wavy line) are shown bound to 

the catalytic zinc ions and to the NAPE substrate. Proposed mechanism is shown, with 

eventual release of PA and NAE products. This figure illustrates the findings of a previously 

published work (Magotti et al., 2015).  
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produce less NAE when exposed to infection or inflammatory stimuli.53, 73 And in 

inflammatory diseases such as colitis,73, 81-83 celiac disease,84 diabetic retinopathy,62, 85 

allergic reactions,53, 86 and arthritis,73 NAPE-PLD and NAEs appear to have protective, 

anti-inflammatory effects. Certain NAEs have also been shown to have analgesic 

effects, particularly in cases of chronic pain.73, 86-89 Additionally, NAPE-PLD and NAEs 

are known to promote male and female fertility,66, 74, 90-92 and are decreased in the 

tissues of miscarried placentae.93, 94 Though, the roles of NAPE-PLD, NAPEs and NAEs 

have been best characterized in cardiometabolic diseases. 

 

1.4.2 Roles in Cardiometabolic Diseases 

1.4.2.1 Obesity: Food Intake 

The actions of NAPE-PLD and NAEs combat obesity via two mechanisms: 

reducing food intake and decreasing adipogenesis. 

Within the small intestine, NAPEs exert hypophagic effects that are mediated by 

their resultant NAEs.95-98 In response to the ingestion of dietary fats, more NAPEs are 

synthesized in the small intestine.87, 98-100 NAPE-PLD is also more active in the small 

intestine in response to food intake, converting those NAPEs into NAEs.89, 99, 101 Those 

NAEs include OEA, PEA, SEA, and LEA. OEA induces satiety primarily by activating 

vagal afferent neurons in the proximal small intestine via peroxisome proliferator-

activated receptor alpha (PPAR-α) activation, which then activate neurons in key 

regions of the brain to inhibit food intake.89, 99, 102-109 PEA also decreases food intake, 

possibly by the same mechanism as OEA.86, 105, 107 SEA (stearoylethanolamide) and 

LEA (linoleoylethanolamide) also seem to decrease food intake, though less strongly 

than either OEA or PEA, and their mechanisms are not yet established.74, 87, 88, 99, 100, 109 

This overall mechanistic pathway and the role that it has in obesity have been 

confirmed by experimental interventions. The small intestines of fasted animals produce 

less NAPE,74 have decreased Nape-pld activity,89, 99, 101 and produce less NAE.74, 100, 102, 

104, 107 Animals that have been fed high-fat or high-sugar diets for as little as one week 

show reduced resting levels of NAEs in the small intestine, abrogated release of NAEs 
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in response to food intake, and reduced small intestinal Nape-pld expression.88, 100, 110 

When the feeding model is allowed to progress to diet-induced obesity, postprandial 

NAPE secretion in the small intestine is lost,98, 100 resting NAE levels are decreased,11, 

99, 100 and NAEs are not produced in response to food intake.11, 87, 100 When 

administered to the small intestines of lean animals, NAPEs, Nape-pld, and NAEs 

protect against diet-induced obesity,87, 96-98, 103-105 while knockout of Napepld induces 

obesity.11 When administered to obese animals, NAPE and NAE reduce food intake and 

body weight, and for NAPE, that effect is dependent upon Nape-pld activity.96-98, 102, 104, 

107, 111 

When taken together, these findings make it clear that small intestinal NAPE-

PLD activity decreases food intake, and that its failure can cause obesity. Therefore, by 

modulating NAPE-PLD activity, one can externally regulate both food intake and 

obesity. 

1.4.2.2 Obesity: Adipogenesis 

The second mechanism by which NAPE-PLD combats obesity is by reducing 

adipogenesis. 

Normal adipose tissue produces NAEs.112 However, the adipose tissue of obese 

and high-fat-eating animals gain mass, lose NAE synthesis, and have reduced fatty acid 

metabolism gene expressions, all of which are partially a result of decreased Nape-pld 

activity.11, 65, 89, 96, 97, 104, 112, 113 Conversely, when NAEs are administered to animals on a 

high-fat diet, they gain less weight primarily due to reduced gain in adipose mass.65, 88, 

96, 103, 104, 112 

In concurrence with this apparent role of NAPE-PLD, small intestinal and 

adipose-specific knockouts of Napepld both cause increased fat gain, decreased lipid 

catabolism, decreased basal metabolic rate, and obesity.11, 112 Confirming the 

importance of NAPE-PLD in this process, when NAEs, but not NAPEs, are administered 

to mice with whole-body Napepld knockouts, those phenotypes are rescued.96 

 So, by both reducing food intake and increasing adipose lipid metabolism, NAPE-

PLD combats obesity. 
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1.4.2.3 Non-Alcoholic Fatty Liver Disease 

NAPE-PLD and NAEs play a role in regulating NAFLD, as well. Even though 

NAPE-PLD is not highly expressed in the liver,63, 70, 96 it is thought that NAEs 

synthesized in the small intestine travel to the liver to exert protective effects.65, 97, 108 

Supporting this, knockout of Napepld in the small intestine causes hepatic steatosis.11 

Within the liver, NAEs reduce fat accumulation and inflammation, both before and after 

the onset of NAFLD.65, 88, 89, 96, 97, 103, 113, 114 Therefore, compounds that increase NAE 

biosynthesis in the small intestine could protect against NAFLD. 

1.4.2.4 Inflammation 

Cardiometabolic diseases lead to chronic inflammation in a variety of tissues, 

which seems to be mediated by altered NAPE-PLD activity, NAE levels, and PPAR-α 

activity.11, 73, 96, 100, 112, 113, 115  PEA acts as an endogenous anti-inflammatory agent by 

activating PPAR-α and possibly by other mechanisms.11, 73, 86, 87, 104, 112, 116 OEA and 

SEA may be anti-inflammatory as well.11, 73, 86, 87, 100, 104, 113, 116 NAPE-PLD activity itself 

is anti-inflammatory within adipose tissue,96, 112 and the enzyme hydrolyzes pro-

inflammatory phosphatidylethanolamine-modified isolevuglandins.117 Based on the 

existing research, it seems that modulating NAE biosynthesis could be an effective 

means of researching and treating inflammation. 

1.4.2.5 Type 2 Diabetes 

NAPE-PLD, via its creation of NAEs, has multiple roles in protecting against the 

pathophysiology of T2D. OEA and possibly PEA activate G protein-coupled receptor 

119 (GPR119) in small intestinal L-cells,62, 88, 89, 95, 101, 118, 119 which causes the release of 

active forms of glucagon-like peptide 1 (GLP-1),11, 62, 95, 101, 105, 118, 119 which plays a 

critical role in maintaining normal glycemic levels in response to food intake.11, 88, 89, 95, 99, 

100, 120 There is also evidence to show that the OEA produced in response to food/fat 

intake binds to newly-made GLP-1, travels with it to other tissues, and makes the 

receptor of GLP-1 more sensitive to the GLP-1.100, 120 And, increasing GLP-1 levels, 

administering GLP-1 analogs, and increasing receptor sensitivity to GLP-1 are all 
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thought to be protective against T2D.95, 100, 120 Together, these results suggest that 

NAPE-PLD’s biosynthesis of NAEs protects against the development of T2D. 

In people with diabetes, wound healing is impaired due to an abundance of 

bacterial biofilms and chronic inflammation.121, 122 One of the reasons for the chronic 

inflammation in diabetic wounds is that the resident macrophages become 

dysregulated. They remain in the pro-inflammatory M1 polarization state in the absence 

of infection and have an impaired ability to perform efferocytosis,56, 122, 123 thereby 

contributing to the inflammatory state and preventing healing. As discussed in section 

1.2, NAPE-PLD activity appears to polarize macrophages to a pro-healing M2 state and 

to enhance efferocytosis, both of which help in wound healing.122, 123 Therefore, 

activators of NAPE-PLD might be used to improve wound healing in diabetics. 

 

1.5 Scope of the Dissertation 

Based on all of the above information, we predicted that modulating NAPE-PLD 

activity could be an effective means of both studying and treating cardiometabolic 

diseases, particularly due to the enzyme’s role in regulating efferocytosis. However, no 

NAPE-PLD activators and only a few potent NAPE-PLD inhibitors existed.124-126 

 

1.5.1 Hypotheses and Goals 

 The primary goal of my project was to discover novel modulators of NAPE-PLD 

that could be used as research tools to determine the effect of NAPE-PLD modulation 

on efferocytosis, and that had the potential to be developed into therapeutics. We 

hypothesized that inhibiting NAPE-PLD activity or expression would decrease 

efferocytosis, and that activating NAPE-PLD would increase efferocytosis. Due to the 

potential health benefits of NAPE-PLD activators and the fact that any NAPE-PLD 

activator would be the first of its kind, we focused our efforts more heavily on activators. 

 This primary goal was accomplished in four steps. The first was identifying 

potential NAPE-PLD modulators by high-throughput screening. The second was 
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validating and characterizing the activities of those modulators. The third was 

developing a selective NAPE-PLD activity assay that worked in live cells. The fourth 

was demonstrating the modulators’ ability to modulate NAPE-PLD activity in living cells 

safely and effectively, so that they could be used to test the hypothesis that NAPE-PLD 

activity regulates efferocytosis.  

 

1.5.2 Experimental Overview 

 The experiments that we performed in order to accomplish those goals are 

summarized below. They have been separated into sub-sections, matching their 

chapters in the text of this dissertation. 

1.5.2.1 Chapter 2: NAPE-PLD Modulator Identification 

 First, we performed experiments geared towards discovering novel NAPE-PLD 

modulators. This started with a pilot study to establish the methods that would be used. 

Then, I further optimized the modulator screening assay, which was performed cell-free 

using purified protein (“in vitro”). Next, I performed a high-throughput screening on 

nearly 40,000 molecules. I then performed a limited structure-activity relationship study 

around a selection of the hits to find the most promising modulator candidates. Finally, I 

determined the potency and efficacy of the members of our best class of candidate 

activators. By the conclusion of these experiments, we had identified a novel class of 

potent and efficacious NAPE-PLD activators. 

1.5.2.2 Chapter 3: Compound Characterization 

 Next, we performed initial characterizations of our newfound NAPE-PLD 

activators. First, I validated their activation of NAPE-PLD. Next, we performed assays to 

characterize their mechanism of action. Finally, I assessed their selectivity for NAPE-

PLD. By the conclusion of these experiments, we had validated that our newly 

discovered compounds were positive allosteric modulators of NAPE-PLD, and that they 

did so with an acceptable degree of selectivity. 
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1.5.2.3 Chapter 4: Development of Flame-NAPE, a Selective Probe for Measurement of 

NAPE-PLD Activity 

 Then, lacking a selective method for measuring NAPE-PLD in live cells, we 

synthesized a new, PLD-selective fluorogenic activity probe molecule and used it to 

develop an in-cell NAPE-PLD activity assay. To do this, we first synthesized the probe 

molecule, measured its fluorescence properties, and characterized its hydrolysis by 

Nape-pld. Next, we determined the selectivity of the probe molecule for hydrolysis by 

Nape-pld, both in vitro and in cells. Finally, I demonstrated the viability of this novel 

NAPE-PLD activity assay in four different cell types. By the conclusion of these 

experiments, we had developed a fluorescence-based method for selectively measuring 

PLD activity in cells, significantly improving upon existing assay methods. 

1.5.2.4 Chapter 5: Effects of NAPE-PLD Activators in Cells 

 Finally, we utilized what we had discovered in the previous studies to determine 

whether the NAPE-PLD activators were safe and effective in cells, and to determine the 

effects of NAPE-PLD activity modulation on macrophage efferocytosis capacity. To do 

this, I first determined the cytotoxicity of the compounds in two types of cells. Then, I 

assessed how well they altered NAPE-PLD activity in those cells. Next, I validated their 

ability to activate NAPE-PLD. Lastly, we tested the hypothesis that pharmacological 

NAPE-PLD modulation is an effective means of regulating macrophage performance of 

efferocytosis. By the conclusion of these experiments, we had demonstrated that our 

novel NAPE-PLD activators had strong potential for use in research and in vivo settings, 

and that they could be used to enhance efferocytosis pharmacologically. 
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CHAPTER 2 

 

NAPE-PLD Modulator Identification 

Sections 2.1 and 2.7 include text from Symmetrically Substituted Dichlorophenes 

Inhibit N-acyl-phosphatidylethanolamine Phospholipase D that has been adapted to 

clarify individual contributions and have been reproduced with the permission of the 

publisher.126 This research was originally published in the Journal of Biological 

Chemistry. Geetika Aggarwal, Jonah Zarrow, Zahra Mashhadi, C. Robb Flynn, Paige 

Vinson, C. David Weaver, and Sean S. Davies. Symmetrically Substituted 

Dichlorophenes Inhibit N-acyl-phosphatidylethanolamine Phospholipase D. J Biol 

Chem. 2020; 295(21):7289-7300. © the Authors. Author contributions: GA, CRF, PV, 

CDW, and SSD conceptualization; GA, PV, and SSD data curation; GA, JEZ, PV, and 

SSD formal analysis; GA, JEZ, and ZM investigation; GA, PV, CDW, and SSD 

methodology; GA, JEZ, and SSD writing—original draft; JEZ, CRF, PV, CDW, and SSD 

writing—review and editing; CRF and CDW resources; PV and SSD supervision and 

project administration; CDW software; SSD funding acquisition. 

Sections 2.2-2.7 are adapted from Small Molecule Activation of NAPE-PLD 

Enhances Efferocytosis by Macrophages, published in bioRxiv, and has been 

reproduced with the permission of the publisher.127 Authors: Jonah E. Zarrow, Abdul-

Musawwir Alli-Oluwafuyi, Cristina M. Youwakim, Kwangho Kim, Andrew N. Jenkins, 

Isabelle C. Suero, Margaret R. Jones, Zahra Mashhadi, Kenneth P. Mackie, Alex G. 

Waterson, Amanda C. Doran, Gary A. Sulikowski, and Sean S. Davies. Author 

contributions: JEZ performed the majority of experiments, he also analyzed data, 

created figures, interpreted results, and assisted in writing of the initial manuscript. KK 

contributed to design of analogs. MAJ synthesized BT-PSP analogs. ZM assisted with 

conception of the project, and purification of enzyme. AGW contributed to molecular 

design and edited the manuscript. ACD assisted in conception of the project and 

assisted in writing the initial manuscript. GAS assisted with the conception of the 

project, molecular design of activator analogs, supervised the synthesis and 

characterization of compounds, provided guidance on the project, obtained financial 
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support, and edited the manuscript. SSD conceived and guided the overall project, 

supervised various studies, obtained financial support, oversaw interpretation of the 

data, created figures, and wrote the manuscript. 

 

2.1 Pilot Study 

 In order to identify potential small-molecule modulators of NAPE-PLD, we first 

needed to clear three hurdles. The first was developing a rapid and reliable method for 

measuring NAPE-PLD activity. The second was using that assay to develop and test a 

high-throughput screening (HTS) methodology that could be used for a large-scale 

screening. And the third was demonstrating that each of the planned screening, 

characterization, and validation methodologies could work for our purposes. In order to 

accomplish this, Dr. Geetika Aggarwal led a pilot study in which we developed a NAPE-

PLD activity assay, screened a small library of compounds for NAPE-PLD modulators, 

and performed appropriate follow-up tests on the hit compounds.126 This pilot study was 

essential to the larger screening project because it established the methods that would 

be used and it demonstrated that the larger project was feasible. 

 

2.1.1 PED-A1 Assay Development 

 An optimal HTS assay requires high reproducibility and sufficient dynamic range 

to reliably detect both activators and inhibitors. Fluorogenic substrates had been 

previously used successfully in high-throughput screenings for modulators of lipase 

activity,128, 129 as well as NAPE-PLD.124, 125 PED-A1 is a quenched fluorogenic NAPE 

analog that has previously been used to measure phospholipase A1 (PLA1) activity in 

vitro and in tissue samples,130 and could theoretically serve as a substrate for NAPE-

PLD. 

To test if PED-A1 could be used as a substrate for NAPE-PLD, Dr. Aggarwal 

incubated PED-A1 with purified recombinant mouse Nape-pld and measured the 

appearance of fluorescence, adapting an existing NAPE-PLD activity assay.124 
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Incubation of active Nape-pld with PED-A1 resulted in a rapid rise in fluorescence, while 

incubation with Nape-pld that had been inactivated by boiling did not (Figure 2 A). The 

Michaelis constant (KM) of recombinant mouse Nape-pld for PED-A1 (3±0.5 µM) was 

then determined by varying the concentration of PED-A1 incubated with 0.1 µM Nape-

pld (Figure 2 B). Later experiments (Chapter 4) revealed a more accurate KM of 4.0±0.5 

µM. 
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To ensure that this new assay could tolerate small variations in buffer 

composition, she then determined the concentration ranges of Nape-pld, N-octyl-β-D-

glucoside (NOG, used to stabilize Nape-pld) and dimethyl sulfoxide (DMSO, vehicle 

component for PED-A1 and for screening compounds) where Nape-pld activity did not 

differ by more than 10% from its maximal activity. For NOG, this was 0.2–0.6% (w/v) 

and for DMSO this was 1.0–3.7% (v/v) (Figure 3). Based on these results, a final 

concentration of 0.1 µM Nape-pld, 0.4% NOG (w/v), and 1.6% DMSO (v/v) was used in 

all subsequent assays of the pilot study. 

 

Figure 2. PED-A1 is a fluorogenic Nape-pld substrate. A. Incubation of PED-A1 with active 

recombinant mouse Nape-pld (open circles) resulted in rapid generation of fluorescence, 

while incubation with boiled Nape-pld (closed squares) did not. Data shown as mean ± 

standard error of the mean (SEM), n = 6 technical replicates. B. Recombinant Nape-pld (1 

µM) was incubated with 0-20 µM PED-A1 and fluorescence (ex/em 488/535 nm) was 

measured to calculate Michaelis constant (KM). Data shown as mean ± SEM, n = 9 technical 

replicates. Non-linear fit determined using Michaelis-Menten equation in GraphPad Prism 

7.04 
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To assess the assay’s ability to reproducibly distinguish between normal and 

inhibited signals across replicate wells in a 384-well plate (typically used for HTS), Dr. 

Aggarwal added 100 μM lithocholic acid (LCA) or vehicle in checkerboard fashion to a 

384-well plate, and then determined initial rate of fluorescence change (t = 30-100 s) 

and steady state fluorescence (t = 419-420 s) (Figure 4). The calculated Z’ (0.45-0.47) 

(used to quantify HTS assay quality) demonstrated that the signal windows were 

sufficiently separated to observe hits in the screen, regardless of plate position.131 

Therefore, we concluded that the PED-A1 assay was ready to be used in HTS. 
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Figure 3. Assay component optimization. A. Optimization of NOG concentration. Enzyme at 

0.5 µM, PED-A1 at 4 µM, DMSO at 1.14% (v/v). Points are mean ± SEM from two replicate 

experiments. B. Optimization of enzyme concentration. PED-A1 at 4 µM, DMSO at 1.14% 

(v/v), NOG at 0.4% (w/v). Points are mean ± SEM from two replicate experiments. C. 

Optimization of DMSO concentration. Enzyme at 0.15 µM, PED-A1 at 4 µM, NOG at 0.4% 

(w/v). Individual points from one experiment shown. 

Figure 4. Pilot study checkerboard assay. Enzyme was treated with lithocholic acid (LCA) 

(100 µM) or vehicle (DMSO), in a checkerboard pattern across a 384-well plate. Enzyme 

activity reported as increase in fluorescence over time. Plate position shown to assess for 

location-dependent variability, ticks represent the end of a row. Z’ was calculated to be 0.45 

using WaveGuide software (WaveFront Biosciences), indicating sufficient signal separation. 
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2.1.2 Pilot Screening 

With guidance from members of the Vanderbilt University HTS Core, Dr. 

Aggarwal screened 2,388 biologically active and structurally diverse compounds (the 

Vanderbilt Spectrum Collection compound library) at a final concentration of 10 µM. For 

all compounds, a B-score for both initial rate of fluorescence change and steady-state 

fluorescence value was calculated (Figure 5),132 but only initial rate B-scores were used 

to identify hits. B-scores represent the number of standard deviations away from the 

average a certain value is. Compounds with a B-score 3 or more standard deviations 

above (activators) or below (inhibitors) the mean were classified as potential hits after 

confirmation by manual inspection (Figure 6). Structures known to potentially interfere 

with the assay due to fluorescence or quenching were eliminated from further study. 

This yielded 14 inhibitor hits and 12 activator hits. She then re-assayed the compounds 

to confirm the original findings. While all 14 of the potential inhibitors demonstrated 

reproducible activity in the confirmation assay, none of the 12 potential activator 

compounds did (data not shown). 

 

Figure 5. Representative high-throughput screening (HTS) assay curves. Labelled are key 

time points used in calculations, as well as signals from vehicle and inhibitor control wells. Y-

axis is total fluorescence (RFU). Figure generated using WaveGuide software. 
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2.1.3 Validation Assays 

Dr. Aggarwal next determined whether the reduction in fluorescence by any of 

the 14 potential inhibitor compounds was due to direct quenching of fluorescence, 

rather than inhibition of Nape-pld. To test this, the compounds were incubated with 

BODIPY FL C5, which bears the same fluorophore as PED-A1. For each compound, the 

fluorescence of BODIPY FL C5 after treatment with 10 µM compound for 30 min was 

compared to vehicle treatment. None of the 14 hit compounds altered fluorescence by 

more than 10% (Figure 7), indicating they were genuine inhibitors of Nape-pld. 
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Figure 6. Pilot HTS results. B-scores (using initial rate) for all 2,388 compounds in the 

Vanderbilt Spectrum Collection. Compounds are distributed randomly along the X-axis. 

Values below the red dotted line represent reduced initial rate (inhibitors), points above the 

red dotted represent increased initial rate (activators).  

 

Figure 7. Putative Nape-pld inhibitors 1 through 14 (Inh1-14) do not directly quench BODIPY 

fluorescence. BODIPY FL C5 was incubated with vehicle (DMSO) or 10 µM of each putative 

inhibitor for 30 min and then fluorescence measured (ex/em 488/535 nm). Individual results 

are shown, with mean ± 95% confidence interval (95% CI). 
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All 14 inhibitor compounds (Inh1-14) were then purchased from commercial 

sources to validate the screened compounds. Dr. Aggarwal did this by analyzing the 

purchased compounds with mass spectrometry to confirm their identity and purity. She 

then performed concentration-response curve (CRC) studies using the purchased 

stocks to establish potency. The half-maximal inhibitory concentrations (IC50) of these 

compounds ranged from 1.6 μM to 19.1 μM, meaning that they were all more potent in 

vitro than best NAPE-PLD inhibitor at the time, ARN-19874 (Table 1).124  

Table 1. Concentration-response curves (CRCs) of initial inhibitors from pilot screening. 
Shown are compound names, structures, results of CRCs, and calculated half-maximal 

inhibitory concentrations (IC50) with 95% confidence intervals (95% CI) 

Inhibitor # 
(common name) 

Structure 
Concentration-

Response Curve 
IC50 (µM) 
(95% CI) 
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Inh6 
(Gossypol) 
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Inh13 
(Nordihydroguaiaretic 

acid) 
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2.1.4 Kinetics Assay 

Next, we wanted to assess the mechanisms by which the inhibitor hits modulated 

NAPE-PLD, so Dr. Aggarwal conducted a Michaelis-Menten kinetics test for the top two 

inhibitors. Inhibition of recombinant Nape-pld with Inh1 and Inh2 reduced the maximum 

reaction velocity (Vmax) but did not increase KM, consistent with a non-competitive 

mechanism of inhibition. The apparent KI for both Inh1 and Inh2 was ~2 μM (Figure 8). 
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Figure 8. Mechanism of inhibition by Inh1 and Inh2 (bithionol, Bith). A. Recombinant mouse 

Nape-pld was incubated with 0-3 µM Inh1, 0-10 µM PED-A1 was added, and the initial 

velocity (t = 1-4 min) of PED-A1 hydrolysis determined for each. Non-linear best-fit curves 

(noncompetitive inhibition, least squares fit) are shown. Points are mean ± standard 

deviation (SD), n = 3 technical replicates. B. Same as A but using Bith. 
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2.1.5 Structure-Activity Relationships 

 The two most potent inhibitors, Inh1 (hexachlorophene) and Inh2 (bithionol, Bith), 

share a symmetrically substituted dichlorophene structure, with Bith having a thioether 

linker rather than an alkane linker, as well as lacking the 5/5’-chloro groups of Inh1 

(Table 1). Since NAPE-PLD crystallizes as a homodimer,68 the potency of these 

symmetrical compounds may arise from acting at the dimer interface (i.e., by binding to 

similar residues on both NAPE-PLD monomers). However, this idea alone was 

insufficient for us to understand the importance of the compounds’ structural features for 

binding and activity. I therefore used commercially available dichlorophene analogs to 

carry out a limited structure-activity relationship (SAR) study. 

Table 2. CRCs of compounds from pilot SAR study. Shown are compound names, structures, 
results of CRCs, and calculated IC50 with 95% confidence intervals (95% CI). Compounds are 

arranged in an order to enhance understanding of the structure-activity relationship. 

Inhibitor # 
(common name) 

Structure 
Concentration-

Response Curve 
IC50 (µM) 
(95% CI) 
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Replacement of Inh1’s hydroxyl groups with chloro groups yielded a compound 

with no inhibitory activity (Inh15, Table 2), suggesting that the hydroxyl groups were 

critical for activity. Inh16 (chlorophene), with only a hydroxyl and a chloro group on one 

of the two aromatic rings, had only weak inhibitory activity, indicating that the 

substitutions around the rings were important for activity. Inh17 (dichlorophen) and 

Inh18 (fenticlor) have a hydroxyl and a chloro group on both aromatic rings, and both 

compounds were about 10-fold less potent than Inh1 and Bith, but more potent than 

Inh16. This showed, again, that the presence of functional groups on the aromatic rings 

was important for activity. Inh19, where both hydroxyl groups of Inh17 are replaced with 

methoxy groups, gave no measurable inhibitory activity, supporting the need for the 

hydroxyl groups. Symmetrical addition of methyl (Inh20), chloro (Inh21), or bromo 

groups (Inh22) at the 2- and 2’- position of Inh17 resulted in less, equal, or more potent 

inhibition of Nape-pld than with Inh17, respectively. This suggested that the addition of 

strong electronegative groups (at least at this position) enhances inhibitory activity. 

Addition of a trichloromethyl group to the carbon bridging the two aromatic rings of 

Inh21 (Inh23) increased potency about 10-fold, corroborating the importance of 

electronegative groups. Inh24, where the 1-/1’- hydroxyl groups of Inh17 are at the 3-/3’- 

position instead and there is dimethyl substitution on the carbon bridging the two 

aromatic rings, is about 3-fold less potent than Inh17. Inh25 (triclosan) also showed 

about 3-fold less potency than Inh17, while Inh26 (triclocarban) showed no inhibitory 

activity. 

All together, these SAR results suggested that symmetrical halide substitution of 

the two phenolic groups is critical for potent inhibition. Additionally, the 1-, 1’- hydroxyl 

groups are critical for inhibition, and addition of electronegative groups to the structure 

typically increases potency. And, although Inh22 and Inh23 showed similar potency to 

Inh1 and Bith, they also showed significantly greater cytotoxicity in HEK-293 cells (data 

not shown), so we pursued further testing only with Inh1 and Bith. 
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2.1.6 Cell-Based Assays 

 We wanted to assess whether these compounds could be used to inhibit NAPE-

PLD in live cells. As HEK-293 cells endogenously express NAPE-PLD, are easily 

cultured cells, and have been extensively used as a model cell type,117, 124 we used 

them to assess the cellular activities of our candidate inhibitors. 

First, Dr. Aggarwal determined the effects of our inhibitors on cell viability in order 

to determine whether they could be safely used to inhibit NAPE-PLD in live cells. Inh1-

14 were each tested at a concentration equal to 5 times that of their own calculated IC50 

(5xIC50). At these concentrations, six of the fourteen compounds gave cell viability 

>70%: Inh1, 2, 4, 7, 12, and 14 (Figure 9 A). As Inh1 and Bith (Inh2) had become the 

focus of our studies, she then determined the maximum concentrations of Inh1 and Bith 

that could be used for cellular inhibition studies without causing severe cytotoxicity. 

HEK-293 cells were treated with 0-100 μM compounds and cytotoxicity was measured 

as before. Both inhibitors showed high cytotoxicity at 100 μM (Figure 9 B-C), so 20 μM 

was chosen as the maximum concentration for inhibition studies. 

 

To measure NAPE-PLD inhibition in live cells, I treated HEK-293 cells with 0-20 

μM of each inhibitor for 30 min, followed by administration of PED-A1. Inh1 and Bith 

inhibited cellular NAPE-PLD activity with IC50s of 9.8 μM and 10.7 μM, respectively 

(Figure 10). This indicated that both compounds could be used to modulate NAPE-PLD 

Figure 9. Effect of inhibitors on cell viability. A. HEK-293 cells were incubated for 24 h with a 

concentration of inhibitor representing 5x the IC50 for recombinant Nape-pld for that 

compound. Resulting cell viability was measured by MTT assay and normalized to that of 

vehicle-treated cells. Three replicate wells of 24-well plate were used for each compound. 

Mean and individual points are shown for each treatment. B-C. The same method was used 

to measure the cytotoxicity of Inh1 and Bith at a range of concentrations, 6 replicate wells 

per dose. Mean ± 95% CI shown. 
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in cells, albeit less potently than in vitro. By the conclusion of the pilot study, we had 

established a set of methods that could be used for a larger screening of potential 

NAPE-PLD modulators. And we established that finding potent and selective 

modulators of NAPE-PLD using these methods was possible. 
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2.2 Assay Development 

 While the HTS method developed by Dr. Aggarwal was effective, proven, and 

reliable, it had two weaknesses that we wanted to address before conducting our larger 

HTS for NAPE-PLD modulators. The first problem was that, since we planned to screen 

many more compounds than in the pilot screening, it would be simpler to test more 

compounds in each plate. To accomplish that, we attempted to use 1,536-well plates 

instead of 384-well plates. The second problem was that PED-A1 is an expensive 

compound, and each assay plate used a lot of it. Therefore, I also sought a way to dilute 

the PED-A1 without compromising the reliability of its signal. Then, after pursuing those 

modifications, I finalized the HTS assay protocol and assessed its reliability with a 

checkerboard assay. 

Figure 10. Inh1 and Inh2 inhibit the NAPE-PLD activity of HEK-293 cells. 0-20 µM of Inh1 

(A) or Bith (B) were added to confluent wells of HEK-293 cells plated in 96-well plates and 

incubated for 30 min. PED-A1 was then added and NAPE-PLD activity determined by 

change in fluorescence (ex/em 488/530 nm) over 25 min and then normalized to control. 

Points represent mean ± SEM, n = 6 (3 wells on two replicate days). IC50 and 95% 

confidence interval calculated using log(inhibitor) vs. normalized response-variable slope 

analysis. 
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2.2.1 1,536-Well Plate Trials 

 Using 384-well plates, Dr. Aggarwal was able to test 320 compounds at a time to 

screen a total of 2,388 compounds. With a screening library of 100,000 total 

compounds, we sought to quadruple the number of compounds tested per plate by 

using 1,536-well plates. However, after several attempts with the help of Dr. Paige 

Vinson, we determined that the Agilent Bravo robotic liquid handlers could not precisely 

pipette the same volume into each of the wells on the plate (data not shown). This was 

likely due to the fact that the robot was designed for use on 96- or 384-welll plates, not 

1,536. Therefore, we decided to proceed using a 384-well plate-based method. 

 

2.2.2 PED-A1 Dilution 

 PED-A1 is an expensive substrate, costing around $200 for 100 μg. While the 

PED-A1 assay was developed using a benchtop-grade plate reader, the camera used in 

the HTS assay (Panoptic, WaveFront Biosciences) is of much higher quality and can 

detect much weaker fluorescence signals than a simple plate reader. Therefore, we 

reasoned that we could dilute the PED-A1 while increasing the gain settings of the 

Panoptic instrument and still observe the same signal quality. I did not simply dilute the 

PED-A1 in a larger amount of buffer, however. The concentration of 4 μM PED-A1 was 

specifically chosen because it was approximately equal to the substrate’s KM with Nape-

pld, thereby allowing the detection of both activators and inhibitors. So, when reducing 

the amount of PED-A1 administered, I replaced it with 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-palmitoyl (C16-NAPE), an optically inactive NAPE-PLD 

substrate with a KM around that of PED-A1.70, 133 This allowed me to reduce the amount 

of PED-A1 used while maintaining a constant total amount of substrate available to the 

enzyme. 

 Determining the degree to which we could dilute PED-A1 while maintaining 

assay quality happened in three steps, all performed with consultation from Dr. Vinson. 

First, I created conditions that replicated the endpoints of Nape-pld hydrolysis of four 

different concentrations of PED-A1, using the same buffers as in the HTS assay and 



33 

using BODIPY FL C5 + C16-NAPE to mimic the planned doses of PED-A1 + C16-NAPE 

(BODIPY FL C5 has the same fluorescence properties as hydrolyzed PED-A1).126, 133 

Then, using simple trial and error, I identified camera settings that gave a robust signal 

for each concentration of fluorophore. I found that even when diluting the fluorophore 

10-fold, I could still detect a robust signal. 

 However, the PED-A1 assay is not an endpoint assay—it relies on signals from 

early time-points. So, in the second experiment, I expanded the set of BODIPY FL C5 

dilutions to include three doses that were chosen to mimic periodic time points in the 

reactions of each PED-A1 dilution (12 total conditions, 3 doses per dilution). I again 

tuned the camera’s settings to capture strong signals for each of the different surrogate 

time-points of a particular BODIPY FL C5 dilution. This yielded four sets of camera 

settings that could detect the hydrolysis of four doses of PED-A1 over time. 

 I then tested these camera settings in a third and final test to determine if diluting 

the PED-A1 would be viable. For each of four dilutions of PED-A1 (still with C16-NAPE 

to replace the lost PED-A1), I tested three conditions using the Nape-pld activity assay: 

vehicle-treated, LCA-treated, and enzyme-free. Each PED-A1 dilution was tested 

separately, as the camera settings for each were different. Then, I compared the 

differences in signal between the three treatment conditions for each PED-A1 dilution. I 

found that in all dilutions, the different conditions could be reliably differentiated based 

on their signals (Figure A1 in Appendix). Since diluting the PED-A1 10-fold would be the 

least expensive option and it yielded signals as robust as those with undiluted PED-A1, 

we proceeded using the 10-fold dilution and its associated camera settings. 

 

2.2.3 High-Throughput Screening Method 

2.2.3.1 Checkerboard Assay 

 In order to verify that this updated assay could reliably detect modulator hits 

anywhere on the plate, I next performed a checkerboard assay with help from Corbin 

Whitwell and Dr. Vinson of the Vanderbilt University HTS Core.126 In it, we administered 

DMSO and LCA to Nape-pld in a checkerboard pattern across a 384-well plate to 
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determine how well their signals could be differentiated. Also, one column of wells 

contained PED-A1 with no enzyme, and another contained enzyme with no PED-A1. 

The former showed us how much signal bleeding we would see between neighboring 

wells, while the latter allowed us to be sure that the enzyme and buffers would not 

create significant background signal. As in the pilot HTS, the time used to calculate 

Nape-pld activity was the 30-100 second initial slope range. From this checkerboard 

assay, we could see that there was no meaningful signal bleeding or background 

fluorescence (data not shown). We could also see qualitatively that the DMSO and LCA 

signals were differentiable (Figure 11). Quantitatively, the plate’s Z’ score was 0.676, 

which indicated that the assay could reliably differentiate hits and non-hits.131 
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2.2.3.2 Screening Method 

 In its final form, I performed the HTS method as follows, with assistance and 

consultation from the Vanderbilt University HTS Core. 40 µL of Nape-pld (0.1 µM final) 

and NOG (0.4% w/v final) in 50 mM Tris-HCl buffer (pH = 8.0) were administered to the 

central 320 wells of a 384-well plate. Columns 1, 2, 23, and 24 received a checkerboard 

pattern of either that same Nape-pld mixture, or a solution with buffer in place of Nape-

Figure 11. HTS checkerboard assay. Enzyme was treated with LCA (100 µM) or vehicle 

(DMSO), in a checkerboard pattern across a 384-well plate. Enzyme activity reported as 

increase in fluorescence over time during the steady-state period. Plate position shown to 

assess for location-dependent variability, ticks represent the end of a row. Z’ was calculated 

to be 0.676 using WaveGuide software (WaveFront Biosciences), indicating robust signal 

separation. 
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pld—these columns were used as control wells. In parallel, Corbin Whitwell 

administered 35 nL of test compounds (10 µM final), vehicle controls (DMSO), and 

inhibitor controls (Bith, 10 µM final) to appropriate wells of a black-walled, clear-bottom, 

384-well test plate using an Echo acoustic liquid handler. Next, a Bravo robotic liquid 

handler transferred 30 µL of the contents of each well of the enzyme solution-containing 

plate to the test plate and pipetted three times to mix. The test plate was incubated at 

37 °C for 1 h and the enzyme plate was discarded. 

During this incubation, 30 µL of PED-A1 (diluted as explained previously) was 

added to each well of another 384-well plate (enough volume to test four plates of 

compounds). This plate was sealed, kept on ice, and kept in the dark until it was 

needed, to prevent degradation of the substrate and evaporation of the ethanol in its 

vehicle. Also during the incubation, the WaveFront Panoptic instrument was prepared 

for use (camera cooled, testing chamber heated to 37 °C, robotic liquid handlers 

primed, and protocols prepared). 

After the 1 h incubation, the test plate was moved to the Panoptic instrument, 

where another Bravo robot transferred 5 µL of PED-A1 into all wells of the plate. 

Fluorescence excitation/emission (ex/em) of 482/536 nm was read over the course of 4 

min. The data for that plate were extracted and the next plate was run. 

 

2.3 High-Throughput Screening 

Using this assay, I tested a total of 39,328 compounds for Nape-pld modulation. 

Compounds were a structurally diverse set selected from the Vanderbilt Discovery 

Collection (High-Throughput Screening Core, Vanderbilt University), which is a library of 

compounds that are lead-like and unlikely to cause pan-assay interference. 
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2.3.1 Hit Selection Information 
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HTS data were analyzed using WaveGuide software (WaveFront Biosciences). 

For each kinetic curve (Figure 12), the initial slope was calculated as the slope between 

the 30 s and 100 s timepoints. Initial slopes were used as that is the region where the 

concentration of substrate is approximately constant, and because at later timepoints 

the signals of activator hits could have already begun to plateau and so show a 

misleadingly small difference from controls. Using the 64 total vehicle, enzyme-free, and 

inhibitor controls on each plate, B-scores were calculated for each compound-

containing well.132 As B-scores represent the number of standard deviations away from 

the mean a particular value is,132 hits were defined as compounds with absolute B-

scores of 3 or higher. 

 

2.3.2 HTS Results 

 A total of 1,404 hits were identified, of which 1,005 were inhibitors and 399 were 

activators (Figure 13, Table 3). This represented an overall hit rate of 3.6%. A Z’ score 

was calculated for each screening plate to ensure that hits could be reliably detected in 

each one (Z’ ≥ 0.5),131 and the average Z’ across all of the screening plates was 0.52. 

Figure 12. Sample fluorescence kinetics curves from high-throughput screening. One 

example well for each type of control used and hit observed are graphed as labelled. All five 

curves come from the same test plate. Region highlighted in blue is the initial slope region, 

used to calculate B-scores. Curves are comprised of individual fluorescence readings (ex/em 

482/536 nm), measured every second. 
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B-Score Range Number of Hits 

12 to 10 3 

10 to 6 12 

6 to 5 14 

5 to 4 56 

4 to 3 314 

3 to -3 37,924 

-3 to -5 770 

-5 to -7 174 

-7 to -10 49 

-10 to -12 9 

-12 to -21 3 

Table 3. Summary of HTS results. Shows total numbers of compounds scoring within given B-
score ranges. Compounds with B-scores ≥ 3 were considered to be activator hits, compounds 

with B-scores ≤ -3 were considered to be inhibitor hits. 

 

2.3.3 Re-Run Samples 

 Certain plates and compounds had to be tested a second time. Entire plates 

were re-run if their Z’ scores were below 0.5. And if that plate contained compounds 

with potential fluorescent properties (identified manually), then those compounds were 

replaced with vehicle controls. Individual compounds were also re-run if the 

Figure 13. Results of high-throughput screening. B-scores of each hit are shown as 

individual points. Non-hits are represented by the rectangle in the center. Compounds are 

separated by their B-scores, as shown by both lines and colors. Compounds with B-scores ≥ 

3 were considered to be activator hits, compounds with B-scores ≤ -3 were considered to be 

inhibitor hits. 
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experimenter or any of the robotic liquid handlers logged an error in its preparation (for 

example, if not enough of the compound was added to the well). The results of these re-

run samples were incorporated into the data presented above, replacing their data from 

the initial assessments. 

 

2.4 Replication and Structure-Activity Relationships 

 Next, I re-ran the HTS assay on the most promising compounds, to determine 

whether their previously strong performances were replicable. In the process, I also 

tested new compounds whose structures were similar to those of the top inhibitor and 

activator hits. The method used for these assays was the same as in the high-

throughput screening, except each compound was tested in triplicate and more control 

wells were included. 

 

2.4.1 Compound Selection 

 While it could have been beneficial to replicate the activities of all of the 

compounds tested, doing so was not feasible and did not meet our needs. Instead, we 

focused on the most promising compounds: those with the highest and lowest B-scores, 

and their structural analogs. So, for the replication assay, I tested the compounds that 

most strongly changed Nape-pld activity in the initial screening (B-scores above 3.8 and 

below -4.8). We also identified several hundred compounds in the Vanderbilt chemical 

libraries with similar structures to the best hits with the help of Dr. Ian Romaine and 

tested those as well. In both categories of compounds, we favored potential activators, 

as no other NAPE-PLD activators existed, and they have the highest therapeutic 

potential. Therefore, ~75% of the compounds tested in this assay were potential 

activators. 
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2.4.2 Results 

Of the 562 compounds tested, 15 were strong activators and 6 were strong 

inhibitors (Figure 14). The compounds have been organized by their compound 

identification numbers to make it apparent that compounds with similar structures (and, 

therefore, similar identification numbers) had similar activities. At the conclusion of this 

assay, we had a selection of promising candidate modulators. 
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2.5 Concentration-Response Curves 

 We had identified many promising modulator candidates, but we did not know 

how potent they were and to what extent they could change Nape-pld’s activity. 

Therefore, I performed concentration-response curves using the same activity assay as 

in the HTS but testing each compound at a graded range of concentrations. 

 

 

Figure 14. Replication and SAR results. Average Nape-pld activity (RFU/min) normalized to 

vehicle controls for each compound (n = 3 replicate wells) are plotted against compound 

identification number. Compounds in the red region (75-125%) were non-modulators. 

Compounds in the orange regions (50-75% and 125-250%) were weak modulators. 

Compounds in the green regions (0-50% and 150-300%) were strong modulators. Total 

numbers of compounds in each region are shown. Compounds with similar identification 

numbers are similar in structure. All compounds were tested at 10 µM. 
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2.5.1 Initial Concentration-Response Curve Results 

 The results of this experiment are summarized in Table 4 and the full curves are 

presented in Figure A2 (in Appendix). I identified several strong Nape-pld inhibitors and 

many potent Nape-pld activators. All of the best activators were of the same structural 

class, which prompted me to do a second round of CRCs. In this follow-up experiment, I 

tested all remaining compounds in the Vanderbilt chemical library with similar structures 

to the top activators. I also tested two compounds with structures similar to our top 

inhibitors, and one with a structure similar to a different activator hit. These results are 

summarized in Table 5 and the full curves are presented in Figure A3 (in Appendix). 

This experiment demonstrated that the structural class of our top activators was robust, 

as it contained many potent and efficacious Nape-pld activators. 

Table 4. Summary of initial Nape-pld CRC results. EC50 is concentration required to produce 
half-maximal activity for that specific compound. Emax is the maximum amount of Nape-pld 

activity elicited by that specific compound. Values were calculated from non-linear curve fits 
using log(compound) vs. response, variable slope. 

Inhibitors Activators 

Compound 
Identification 

Number 
IC50 (µM) 

IC50 95% CI 
(µM) 

Compound 
Identification 

Number 

EC50 
(µM) 

EC50 95% CI 
(µM) 

Emax 

VU0617254 5.213 4.21 to 6.44 VU0506534 0.2677 0.113 to 0.425 201.3 

VU0643207 6.505 4.77 to 8.91 VU0506517 0.7665 0.533 to 1.04 195.3 

VU0614378 8.711 6.99 to 10.9 VU0506575 0.9519 0.659 to 1.31 219.1 

VU0625283 12.21 10.3 to 14.5 VU0506605 1.038 0.801 to 1.23 160.8 

VU0613571 13.16 11.7 to 14.6 VU0506536 1.543 0.773 to 2.77 223.9 

VU0642955 14.70 12.8 to 16.9 VU0506542 2.132 0.105 to 7.01 175.9 

VU0535890 15.02 11.5 to 20.0 VU0506539 2.375 1.47 to 3.66 167.3 

VU0643006 15.35 13.0 to 18.2 VU0644762 8.334 5.39 to 14.9 139.7 

VU0613570 15.63 12.9 to 18.9 VU0533641 N/A N/A <120 

VU0628477 16.09 14.4 to 18.0 VU0534491 N/A N/A <120 

VU0611271 16.65 12.0 to 23.9 VU0620581 N/A N/A <120 

VU0644470 16.92 14.5 to 19.7 VU0496613 N/A N/A <120 

VU0604956 17.30 13.3 to 23.0 VU0545679 N/A N/A <120 

VU0643305 18.07 14.0 to 23.8 VU0611881 N/A N/A <120 

VU0522028 18.62 14.4 to 24.5 VU0636960 N/A N/A <120 

VU0630638 18.77 12.8 to 29.0 VU0519825 N/A N/A <120 

VU0643011 20.52 17.4 to 24.3 VU0519827 N/A N/A <120 

VU0613568 20.55 17.6 to 24.0 VU0533614 N/A N/A <120 

VU0619032 20.59 17.9 to 23.7 VU0302900 N/A N/A <120 
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VU0643164 21.58 17.2 to 27.8 VU0494051 N/A N/A <120 

VU0643170 22.74 18.6 to 28.2 VU0521234 N/A N/A <120 

VU0643169 23.13 16.6 to 34.0 VU0619943 N/A N/A <120 

VU0534990 23.40 21.5 to 25.6 VU0642673 N/A N/A <120 

VU0497392 23.75 20.4 to 28.0 VU0509082 N/A N/A <120 

VU0532188 25.10 18.0 to 36.8 VU0519824 N/A N/A <120 

VU0525353 25.92 21.8 to 31.2 VU0613198 N/A N/A <120 

VU0546159 26.82 19.9 to 37.7 VU0630726 N/A N/A <120 

VU0640175 27.83 22.0 to 36.2 VU0643245 N/A N/A <120 

VU0511527 28.27 25.5 to 31.5 VU0643296 N/A N/A <120 

VU0526103 31.17 23.3 to 43.8 

 

VU0640191 32.02 24.2 to 44.2 

VU0610885 32.02 26.3 to 39.8 

VU0640185 33.22 25.6 to 44.8 

VU0514333 34.13 29.0 to 40.7 

VU0643233 36.62 27.1 to 52.5 

VU0625294 38.80 27.6 to 58.8 

VU0528508 39.62 33.7 to 47.4 

VU0541105 40.08 35.1 to 46.3 

VU0519850 40.43 36.8 to 44.6 

VU0526442 41.18 34.3 to 50.4 

VU0611121 44.06 35.0 to 56.5 

VU0528012 45.77 38.3 to 55.9 

VU0529510 47.17 37.9 to 61.0 

VU0641984 48.92 35.5 to 73.1 

VU0610704 49.21 42.8 to 56.9 

VU0543974 58.64 43.7 to 84.9 

VU0648659 154.7 105. to 337. 

VU0608714 N/A N/A 
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Table 5. Summary of follow-up Nape-pld CRC results. Values calculated from non-linear 
curve fits, using log(compound) vs. response, variable slope. 

Compound 
Identification 

Number 

EC50 
(µM) 

EC50 95% CI 
(µM) 

Emax Structure 

VU0506488 0.387 0.13 to 0.71 135.5 

 

VU0506486 0.441 0.2 to 0.86 167.9 

 

VU0506601 1.06 poor fit 171.2 

 

VU0506484 2.56 1.97 to 3.14 161.5 

 

VU0506541 3.30 2.52 to 5.95 152.6 

 

VU0506485 29.0 poor fit 231.6 

 

VU0506572 N/A N/A <120 

 

VU0522368 N/A N/A <120 

 

VU0644767 N/A N/A <120 

 

VU0649732 N/A N/A <120 
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2.5.2 BT-PSP Scaffold Investigation 

2.5.2.1 Selection of Scaffold 

 Based upon that information, the lack of existing NAPE-PLD activators, and the 

importance of increasing NAPE-PLD activity in cardiometabolic diseases, we decided to 

limit our research into the new NAPE-PLD inhibitors and instead make this newly 

discovered activator scaffold the focus of our research. It was named the benzothiazole-

phenyl-sulfonamide class (BT-PSP) after its defining structural moieties (Figure 15). 

 

2.5.2.2 Testing of New Compounds and Batches 

 To expand our selection of BT-PSPs, Dr. Margaret Jones, Dr. Kwangho Kim, and 

the Vanderbilt University Molecular Design and Synthesis Center (SynCore) made 9 

additional compounds. Also, to control for batch effects, all other BT-PSPs were either 

re-synthesized by Dr. Kim of the SynCore or were re-ordered from the original vendor 

by the Vanderbilt HTS Core. Two BT-PSPs were not included in this process: 

VU0506572 and VU0506541. The former because it showed poor activity but could not 

be considered inactive, and the latter because we had difficulty obtaining a new stock of 

it. I performed CRCs on all new stocks of compounds, and then replicated those results 

one or more times. The results are summarized in the next sub-section, and the 

synthetic mechanisms for the synthesized compounds are provided in the original 

publication of their discovery.127 

 At the same time as the BT-PSPs, I performed CRCs on several other 

compounds. I replicated the CRCs of 5 of the top inhibitor hits, confirming their activities 

Figure 15. BT-PSP scaffold diagram. Structural groups responsible for the name of the BT-

PSP scaffold are shaded (benzothiazole group in gray, piperidine in lilac, sulfonamide in red, 

and phenyl in blue). R groups are substituted around the 6-membered ring portion of the 

benzothiazole group and include various numbers and arrangements of methyl and methoxy 

groups. Aromatic rings (blue) are typically phenyl groups with mono-halogen substitutions. 
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(Figure 16 A-E). I tested two published NAPE-PLD inhibitors: ARN-19874 and LEI-

401,124, 125 because I had previously seen a lack of efficacy from ARN-19874 and 

wanted to replicate that result and see if it also applied to LEI-401. ARN-1974’s lack of 

efficacy was confirmed and is still unexplained (Figure 16 F), though may be due to 

poorer quality of the commercially available product compared to the original 

synthesized product. LEI-401 was considerably less potent than had been reported in 

its original publication (Figure 16 G),125 but it is possible that our different experimental 

design and our use of mouse rather than human NAPE-PLD were responsible for that. 

Finally, to assist in testing our novel fluorogenic NAPE-PLD substrate (Chapter 4), I 

tested two inhibitors of enzymes with phospholipase A1 activity to see if they would 

interfere with our results by modulating Nape-pld (Figure 16 H and I). Neither compound 

modulated Nape-pld to a meaningful extent. 
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2.5.2.3 BT-PSP CRC Results 

 The final summary results of the BT-PSP CRCs using either re-ordered or re-

synthesized compound batches are shown in Table 6 (the full CRC curves are in Figure 

A4 in Appendix). In total, we identified twenty promising NAPE-PLD activators with low-

micromolar or high-nanomolar potencies that strongly increased Nape-pld activity. Two 

additional analogs had little to no effect on Nape-pld despite having similar structures to 

the other compounds, which made them especially useful for comparing the effects of 

NAPE-PLD activation to the effects of the BT-PSP scaffold itself. 

Figure 16. Nape-pld CRCs of miscellaneous compounds. Individual points are mean ± SD 

from 3 replicate wells. Inhibitor curves were calculated using log(inhibitor) vs. normalized 

response, variable slope in GraphPad Prism 9. Activator curve (I) was calculated using 

log(agonist) vs. response, variable slope (four parameters) in GraphPad Prism 9. Graphs 

with flat curves did not show sufficient dose-dependent activity changes to generate a well-

fitting curve. 
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2.6 Conclusions 

 In order to better study the role of NAPE-PLD in cardiometabolic diseases, we 

needed new small-molecule modulators of its activity—ideally activators. To find such 

molecules, Dr. Aggarwal and the Davies Lab first developed a NAPE-PLD activity assay 

and used it to identify and characterize 14 new NAPE-PLD inhibitors. Next, I further 

optimized the activity assay and used it to screen nearly 40,000 compounds for NAPE-

PLD modulators. This yielded 1,404 hits, for a total hit rate of 3.6%. After replicating our 

Table 6. Summary of BT-PSP Nape-pld CRC results. Compounds were either purchased from commercial 

source or prepared in house by chemical synthesis, each CRC was performed on two or more replicate days. 

Values calculated using non-linear curve fits (log(agonist) vs. response, variable slope—four parameters). EC50 

is concentration needed for 50% maximal activator effect, expressed in µM. Emax is maximal efficacy expressed 

as fold-increase in Nape-pld activity versus vehicle only. a 95% CI for EC50 and Emax indeterminant due to poor 

curve fit. b Not active. 

Compound 
Identification 

Number 
Structure 

EC50 
(95% CI) 

Emax
 

(95% CI) 

Compound 
Identification 

Number 
Structure EC50 

(95% CI) 
Emax 

(95% CI) 

VU0506484 
 

2.3 
(1.8-3.1) 

2.1 
(2.0-2.2) 

VU05060601 
 

0.94 
(0.71-1.2) 

1.8 
(1.8-1.9) 

VU0506485 

 

12.0 
(7.3-85.9) 

2.0 
(1.8-4.0) 

VU0506605 

 

0.74 
(0.50-1.22) 

2.1 
(2.0-2.2) 

VU0506486 
 

0.32 
(0.15-0.58) 

1.8 
(1.7-1.9) 

VU0934231 

 

1.1a 2.0a 

VU0506488 
 

3.3 
(2.7-4.2) 

1.7 
(1.6-1.8) 

VU0934205 
 

N/Ab <1.2 

VU0506539 
 

0.74 
(0.46-1.1) 

1.7 
(1.6-1.8) 

VU0934212 

 

2.5 
(1.8-3.3) 

1.6 
(1.5-1.6) 

VU0506542 

 

0.95 
(0.66-1.36) 

1.9 
(1.9-2.0) 

VU0934233 
 

N/Ab <1.2 

VU0506517 

 

1.1 
(0.9-1.4) 

2.0 
(2.0-2.1) 

VU0934209 

 

3.5 
(2.4-5.4) 

1.9 
(1.8-2.1) 

VU0506534 
 

0.30 
(0.17-0.47) 

2.1 
(2.0-2.2) 

VU0934227 
 

4.1 
(2.6-9.1) 

1.7 
(1.6-1.9) 

VU0506533 

 

0.30 
(0.16-0.44) 

2.6 
(2.6-2.8) 

VU0934210 

 

1.8 
(1.3-2.3) 

2.4 
(2.3-2.6) 

VU0506536 
 

1.1 
(0.7-1.6) 

2.3 
(2.2-2.4) 

VU0934203 
 

4.8 
(3.2-7.4) 

1.8 
(1.7-2.0) 

VU0506575 
 

0.57 
(0.34-0.92) 

2.4 
(2.3-2.5) 

VU934211 

 

1.4 
(1.0-1.9) 

2.1 
(2.0-2.2) 
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results and conducting some limited SAR, we discovered that all of our best activators 

shared a common core structure. We named this the BT-PSP scaffold, and then 

evaluated a series of BT-PSPs for modulation of Nape-pld activity. We observed that 

the BT-PSPs are a potent and efficacious class of Nape-pld activators. 

 The experiments described in this chapter yielded a suite of Nape-pld activators 

with sufficiently low EC50 (half-maximal effective concentration) and sufficiently high 

Emax (maximum inducible activity) to be considered useful research tools. On top of that, 

we discovered the first true NAPE-PLD activators (with reasonable potency and 

replicable activity69). As discussed previously, NAPE-PLD activators have the potential 

to dramatically change the landscape of NAPE-PLD research, cardiometabolic disease 

research, and cardiometabolic disease treatments. However, at this point, the BT-PSPs 

were not yet ready to be used by others. We first needed to validate their ability to 

modulate NAPE-PLD, characterize their activity, and determine how selective they were 

for NAPE-PLD. 

 

2.7 Methods 

 

2.7.1 Pilot Study 

2.7.1.1 Reagents 

 Recombinant hexahistidine-tagged mouse Nape-pld was expressed and purified 

as described previously.117 N-((6-(2,4-DNP)amino)hexanoyl)-1-(BODIPY™ FL C5)-2-

hexyl-sn-glycero-3-phosphoethanolamine (PED-A1) and BODIPYTM FL C5 were 

purchased from Thermofisher scientific, USA. Rabbit anti-NAPE-PLD primary antibody 

was obtained from Abcam. Human embryonic kidney 293 (HEK-293) cells were 

purchased from American Type Culture Collection (Manassas, VA). The fourteen hit 

inhibitor compounds used for confirmation were purchased from MicroSource Discovery 

Systems, Inc. Dulbecco’s modified Eagle’s medium (DMEM medium), optiMEM (1X) 

reduced serum medium and heat-inactivated fetal bovine serum (HI-FBS) were from 
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Gibco chemicals. Lithocholic acid and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were purchased from Millipore-Sigma. N-octyl-β-D-

glucoside (NOG) was obtained from Cayman Chemicals (Ann Arbor, MI). Standard 

protein molecular weight marker was purchased from Invitrogen. Nickel nitrilotriacetic 

acid-agarose was from GE Healthcare. The Spectrum Collection compound library was 

provided by the Vanderbilt University High Throughput Screening Core facility and was 

originally obtained from MicroSource (Gaylordville, CT). The collection includes a wide 

range of biologically active and structurally diverse compounds consisting of active 

drugs (50%), natural products (30%) and other bioactive components (20%). 

2.7.1.2 Boiled Nape-pld Activity Assay 

Recombinant mouse Nape-pld or boiled Nape-pld was diluted in assay buffer 

containing 50 mM Tris-HCl, pH 8.0 and 1% NOG to a final concentration of 1.0 µM and 

incubated with 10 µM PED-A1. Fluorescence (ex/em 488/530 nm, fixed bandwidth 16 

nm) was measured at 1-minute time points for 2 h in 96-well plate reader (Synergy H1 

Hybrid Multi-Mode Reader, BioTeK). 

2.7.1.3 NAPE-PLD Activity Assay Optimization 

The KM for PED-A1 hydrolysis by recombinant mouse Nape-pld was determined 

by enzyme kinetics. Briefly, Nape-pld was diluted in assay buffer to a final concentration 

of 4.5 μg mL-1 and enzyme kinetics was performed in a 384-well plate using 0–20 µM 

PED-A1. Fluorescence (excitation 482±18 nm; emission 536±20 nm) was measured for 

15 min using a Wavefront Panoptic kinetic imaging plate reader. 

The effect of varying the concentration of NOG (0–1%) concentration was 

measured using final concentration of 4 µM PED-A1 and 4.5 μg mL-1 Nape-pld. For the 

DMSO tolerance test, DMSO (35 nL–900 nL) was transferred onto an empty 384-well 

plate using an Echo liquid handler. Then, 30 μL of 4.5 μg mL-1 enzyme diluted in assay 

buffer containing 0.4% NOG (w/v) was dispensed into the DMSO-containing plate using 

a Bravo liquid handler robot, followed by 5 μL PED-A1 (final concentration 4 µM) and 

fluorescence kinetics (ex/em 482/536 nm) measured for 15 min. 
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The consistency of replicates across the 384-plate was determined using the 

final optimized concentrations of DMSO (1.6%, v/v), NOG (0.4%, w/v), and 4.5 μg mL-1 

Nape-pld, with replicates of the NAPE-PLD inhibitor, lithocholic acid (LCA), dispersed in 

checkerboard pattern across the plate (“Checkerboard Assay”), and then 5 μL PED-A1 

(4 µM final concentration) added. The Z’ score for LCA inhibition across the plate was 

calculated as Z’ = 1 – [3(X + X’)/(Y – Y’)], where Y and Y’ are the mean values of PED-

A1 produced fluorescence in the absence and presence, respectively, of LCA as a 

control inhibitor at initial rate of reaction. X and X’ are standard deviation of PED-A1 

produced fluorescence. 

2.7.1.4 Pilot Screening 

Screening was performed on 2,388 compounds. 35 nL of 10 mM test compounds 

and 140 nL of 100% DMSO were combined in black-walled, clear bottom 384-well 

plates using an Echo Acoustic liquid handler, resulting in a final compound 

concentration of 10 µM for the primary screen. 175 nL of 20 mM LCA or 175 nL of 

DMSO were added to control wells as inhibited and uninhibited signal controls, 

respectively. 30 µL of 4.5 μg mL-1 Nape-pld enzyme in buffer solution with 0.4% NOG 

(w/v) was dispensed in each well using an Agilent Bravo robotic liquid handler. Plates 

were incubated at 37 °C for 1 h. The assay was initiated by the Panoptic instrument’s 

internal Bravo robotic liquid handler when it dispensed 5 µL of PED-A1 (4 µM final) in 

buffer solution (1.6% DMSO final, v/v) to each well. Changes in fluorescence (ex/em 

482/536 nm) were measured for 15 min. Initial slope measurements used slope from t = 

30-100 s. 

To assess effect of compounds on BODIPY fluorescence, 4 µM of BODIPY FL 

C5 was incubated with or without 10 µM of each compound in total 80 µL of 50 mM Tris-

HCl (pH = 8.0) in a 96-well plate and fluorescence (ex/em 482/536 nm) measured for 30 

min using a Biotek Synergy H1 plate reader. 

Screening and most CRC experiments were performed in the Vanderbilt High-

Throughput Screening (HTS) Core Facility with assistance provided by Dr. Paige Vinson 

and Corbin Whitwell. The Spectrum Collection was distributed by the Vanderbilt HTS 
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Core. The WaveFront Biosciences Panoptic kinetic imaging plate reader is housed and 

managed within the Vanderbilt HTS Core Facility, an institutionally supported core. 

2.7.1.5 Concentration-Response Curves 

The IC50 for each hit compound was determined using similar conditions as for 

screening except that concentration of inhibitor was varied from 0 to 200 μM. The 

averaged initial slope measurements for Nape-pld activity in the absence of inhibitor 

were set as 100% activity and the normalized % activity calculated by dividing the initial 

slope observed with each concentration of inhibitor by this value. Fitting of the response 

curve and calculation of the IC50 and 95% confidence interval (95% CI) was performed 

using log(inhibitor) vs. normalized response -variable slope analysis in GraphPad Prism 

version 7.04. 

2.7.1.6 Cytotoxicity 

The effects of the compounds on the viability of HEK-293 cells were determined 

using MTT assay to measure changes in cellular redox state. Briefly, 10×104 HEK-293 

cells/well were seeded in 24-well plates for 24 h. Cells were treated with a concentration 

of each compound that represented 500% of the IC50 concentration determined in the 

CRC assay (5×IC50) prepared in opti-MEM reduced serum media containing 1% HI-FBS 

for 24 h (Gibco 21985-070). After treatment, media was removed, and 300 μL of 0.5 mg 

mL-1 MTT solution was added. After 3 h, the media was removed, the purple crystals 

dissolved in 100 µL of DMSO, and 80 µL transferred to 96-well plate, and absorbance 

measured at 590 nm. Percent viability was normalized to cells treated with vehicle 

(DMSO) only. 

2.7.1.7 Cellular NAPE-PLD Activity 

HEK-293 cells in DMEM buffer containing 4.5 g L-1 glucose, 4 mM L-glutamine, 1 

mM sodium pyruvate, phenol red and supplemented with 10% HI-FBS were seeded at 

~20,000 cells/well in tissue culture-treated, clear-bottom, black-walled, 96-well plates. 

After reaching ~95% confluency (48 h), the medium was removed and replaced with 

similar DMEM buffer (70 μL per well) except without phenol red or HI-FBS. 5 μL of 

inhibitor or vehicle solutions were then added to each well to generate final 
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concentrations of inhibitors of 0.2–20 μM. 30 min after addition of inhibitors, 5 μL of 56 

μM PED-A1 was added to each well (3.5 μM final concentration), and fluorescence 

signal (ex/em 488/530 nm) was recorded every minute for 25 min in Synergy H1 plate 

reader. NAPE-PLD activity was measured as the increase in fluorescence from time = 

1-25 min and normalized to average activity found in absence of inhibitor. For each 

concentration of inhibitor, 3 replicate wells on two separate days were measured (n = 6 

wells total) and mean ± SEM (standard error of the mean) determined. 

 

2.7.2 Modulator Identification 

2.7.2.1 HTS Method and Modifications 

 Starting with the final assessment of the PED-A1 dilution, all remaining assays in 

this chapter utilized a variation of the HTS method described in 2.2.3.2. Therefore, I will 

detail those variations here. Each assay will be preceded by a letter, to help separate 

them from each other. (A) For the final PED-A1 dilution assay, the wells used are 

described alongside the results (all other wells were left empty). The camera settings 

that worked best for the dilution that was used in the HTS assay were: camera 

temperature of -70 °C, exposure 30 ms, emission gain of 111, pre-gain of 1, 1x1 

binning, 1000 ms cycle time, no flat field correction, no well mask. (B) The modifications 

to the HTS method used in the checkerboard assay are described in the main text. (C) 

In the replication assays, the only modification to the HTS method was in compound 

plating. Wells A3-22 and P3-P22 were left empty; inhibitor (10 µM Bith) controls were in 

wells A1, A2, P1, P2, A23, A24, P23, and P24; vehicle controls were in columns, 2, 6, 

10, 14, 18, 22, and 23 (excluding the top and bottom rows); in columns 1 and 24 were 

alternating enzyme-free and vehicle controls, reversed in order between them, and 

excluding the top and bottom rows. Test compounds were plated in triplicate in the 

remaining wells of the plate, and were arranged so as to minimize any location-based 

differences in signal. (D) In the concentration-response curve (CRC) assays, columns 1, 

2, 23, and 24 were the same as in the replication assays, except the inhibitor control 

wells were left empty. Rows A and P were completely empty. Columns 3-22 of rows B, 
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F, J, and N contained vehicle-treated controls, as did rows B-O of columns 12 and 13. 

Columns 3-11 and 14-22 of row O contained the same doses of Bith as were used for 

the test compounds; this was included as a control to confirm assay viability for each 

plate. Finally, the remaining wells contained graded concentrations of test compounds, 

in triplicate, arranged for ease of compound distribution. 

2.7.2.2 Materials 

 Initial stocks of candidate modulators were purchased from Life Chemicals and 

provided by the Vanderbilt University HTS Core. After the replication assay, candidate 

modulator compounds were repurchased from the same manufacturer or were 

synthesized by the SynCore, to check for batch effects. The results of the CRCs and all 

subsequent assays using BT-PSPs were performed using the re-ordered or re-

synthesized stocks of the compounds. BT-PSP synthesis information can be found in 

the paper from which these results have been adapted.127 N-palmitoyl-dioleoyl-PE (C16-

NAPE) was purchased from Avanti Polar Lipids. PED-A1 was purchased from Millipore-

Sigma, and BODIPY FL C5 was purchased from ThermoFisher Scientific. 

The method for expression and purification of recombinant mouse Nape-pld was 

performed as follows. Escherichia coli (E. coli) DH5α cells bearing a pQE80L1 plasmid 

conferring ampicillin resistance and expression of recombinant wild-type mouse 

Napepld with a C-terminus hexahistidine tag was used for mouse Nape-pld 

expression.126 Bacteria were grown in 2 L of media (Luria Broth with 100 μg/mL 

ampicillin) at 37 °C, expression was induced using isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Sigma I5502) when OD600 = 0.5-0.8 (optical density at 

600 nm), and expression was carried out at 28 °C for 16 h. Pelleted cells were lysed 

using both probe sonication and lysozyme (MP Biomedicals 100834), and purified using 

cobalt affinity beads according to manufacturer specifications (Cytiva Life Sciences 

28957499). After elution from the column with 250 mM imidazole, protein was pooled 

and dialyzed in Hank’s balanced saline solution (HBSS) with 6-8 kDa molecular weight 

cutoff dialysis tubing (Spectra/Por 1). During cell lysis and in all subsequent steps until 

dialysis, protease inhibitors were present (Sigma 04693132001). Following dialysis, the 

pooled protein was concentrated using 10 kDa molecular weight cutoff centrifuge tubes 
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(Millipore-Sigma). Protein concentration was determined using a Bradford assay (Bio-

Rad). 

2.7.2.3 Analyses 

All statistical analyses and non-linear regression analyses were performed using 

GraphPad Prism 9 software, except for calculation of B-scores and initial fluorescence 

slopes, which were calculated using WaveGuide software (WaveFront Biosiences). All 

chemical structures were generated using ChemDraw Professional 22.0 software 

(PerkinElmer Informatics). Unless stated otherwise, all experiments were replicated two 

or more times on separate days, normalized to same-day controls, and combined for 

analysis. 

2.7.2.4 HTS Core Acknowledgement 

Screening and CRC experiments were performed in the Vanderbilt High-

Throughput Screening (HTS) Core Facility with assistance provided by Dr. Paige 

Vinson, Dr. Joshua Bauer, and Corbin Whitwell. The Discovery Collection was 

distributed by the Vanderbilt HTS Core. The WaveFront Biosciences Panoptic kinetic 

imaging plate reader is housed and managed within the Vanderbilt HTS Core Facility, 

an institutionally supported core. 
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CHAPTER 3 

 

Compound Characterization 

 Having discovered a series of first-in-class NAPE-PLD activators, we next 

performed experiments designed to characterize their activities. We did this by verifying 

their modulation of NAPE-PLD, characterizing their mechanism of action on NAPE-PLD, 

and determining their selectivity for NAPE-PLD. In addition to determining how the BT-

PSPs work, these experiments would test their usefulness in future research efforts. 

This chapter is adapted from Small Molecule Activation of NAPE-PLD Enhances 

Efferocytosis by Macrophages, published in bioRxiv, and has been reproduced with the 

permission of the publisher.127 Authors: Jonah E. Zarrow, Abdul-Musawwir Alli-

Oluwafuyi, Cristina M. Youwakim, Kwangho Kim, Andrew N. Jenkins, Isabelle C. Suero, 

Margaret R. Jones, Zahra Mashhadi, Kenneth P. Mackie, Alex G. Waterson, Amanda C. 

Doran, Gary A. Sulikowski, and Sean S. Davies. Author contributions: JEZ performed 

the majority of experiments, he also performed the synthesis of N-oleoyl-DHPE, 

analyzed data, created figures, interpreted results, and assisted in writing of the initial 

manuscript. ANJ assisted in development and performance of LC/MS assays. ZM 

assisted with conception of the project, purification of enzyme, and LC/MS assays. ICS 

assisted with LC/MS assay development. AGW provided guidance on medicinal 

chemistry to the project and edited the manuscript. ACD assisted in conception of the 

project and assisted in writing the initial manuscript. GAS assisted with the conception 

of the project, provided guidance on the project, obtained financial support, and edited 

the manuscript. SSD conceived and guided the overall project, supervised various 

studies, obtained financial support, oversaw interpretation of the data, created figures, 

and wrote the manuscript. All authors reviewed the manuscript. 

The fluorescence interference experiment was performed in the Vanderbilt High-

Throughput Screening Core Facility with assistance provided by Dr. Paige Vinson, Dr. 

Joshua Bauer, and Corbin Whitwell. LC/MS experiments were conducted at the 

Vanderbilt Mass Spectrometry Research Core, with assistance from Dr. M. Wade 
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Calcutt and Brian Hachey. Allison Pickens also assisted with LC/MS assay 

development. Drs. Raymond Blind and Alex Waterson assisted with conceptualization 

of target engagement assays. Experiments performed in the laboratory of Dr. D. Borden 

Lacy were conducted with the help of Dr. Heather Kroh. 

 

3.1 Validation Assays 

 Thus far, we had only tested our compounds in one type of assay: PED-A1-

based. While PED-A1 is a close analog of native NAPEs, the two are not identical. 

Therefore, we needed to perform orthogonal assays in order to validate our compounds’ 

ability to modulate Nape-pld’s hydrolysis of NAPEs. 

 

3.1.1 Fluorescence Interference Test 

 To determine whether our hits were identified simply because they augmented or 

inhibited the fluorescence of our reporter molecule, I conducted a fluorescence 

interference assay on the HTS hits with the best B-scores (non-BT-PSPs included). The 

format of this assay was the same as the Nape-pld activity replication assay (section 

2.4), but with BODIPY FL C5 in place of PED-A1. Under these conditions, only one of 

the tested compounds significantly altered fluorescence (Figure 17), and it was a 

compound bearing a known fluorophore (VU0549410). As the other compounds did not 

either enhance or diminish BODIPY fluorescence, we concluded that they did not score 

as hits simply due to this form of assay interference. 
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3.1.2 In Vitro LC/MS Assay Development 

 In order to assess whether the BT-PSPs would affect NAPE-PLD’s hydrolysis of 

genuine NAPEs, we first needed to establish an assay that directly measured the NAPE 

substrates and the NAE products of NAPE-PLD hydrolysis. A liquid chromatography-

mass spectrometry (LC/MS)-based assay was perfectly suited to these needs. Over the 

course of nearly two years, members of the Davies lab (Dr. Sean Davies, Allison 

Pickens, Isabelle Paz, Andrew Jenkins, and myself) troubleshot various components of 

the assay until we discovered a set of parameters that would allow us to measure the 

conversion of NAPEs to NAEs in vitro. The full methods are detailed in section 3.5, but 

the most impactful alteration was using N-acylated dihexanoyl-PEs as our NAPE 

species. This helped the NAPEs remain in solution and, therefore, be available to the 

Nape-pld for hydrolysis. The use of hexanoyl chains in the non-reacting positions of 

lipids is well-established practice in lipid research, as it helps to overcome this common 

hydrophobicity problem.134-137 

 

 

Figure 17. Top HTS hits did not interfere with fluorescence. Effect of candidate modulators 

on BODIPY FL C5 fluorescence (ex/em 482/536 nm), normalized to vehicle-treated controls. 

Each point represents the mean ± SD of 3 technical replicates of one compound. Within 

each test plate (four total), an ordinary one-way ANOVA with Dunnett’s multiple comparisons 

test was run. The compound shown as a red triangle significantly differed from control 

(p<0.0001) and was eliminated from further evaluation. All other compounds did not 

significantly differ from control. 
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3.1.3 In Vitro LC/MS Test 

 Using this method, Andrew Jenkins and I were able to test whether or not our 

best BT-PSPs would modulate Nape-pld’s hydrolysis of true NAPEs. Recombinant 

mouse Nape-pld was pre-treated with VU0506534 (activator), VU0506533 (activator), 

VU0934233 (neutral), or vehicle for 30 min, then 1,2-dihexanoyl-sn-glycero-3-

phosphoethanolamine-N-oleoyl (NOPE) was added and the reactions were incubated at 

37 °C for 90 min. Then, the levels of unreacted NOPE and produced OEA were 

measured by LC/MS. Both VU0506534 and VU0506533 significantly increased the 

OEA/NOPE ratio, while VU0934233 had no significant effect (Figure 18). These results 

validated our compounds’ ability to modulate Nape-pld (or not modulate, in the case of 

VU0934233), as their activity using NAPE as a substrate matched their activity when 

using a fluorogenic substrate. 

 

 

3.2 Activity Characterization 

 Small-molecule enzyme modulators operate through a variety of mechanisms. 

Some of these mechanisms rely on the molecule upregulating the transcription of the 

Figure 18. BT-PSP effects validated by LC/MS assay in vitro. Activity of recombinant mouse 

Nape-pld using N-oleoyl-phosphatidylethanolamine (NOPE) as substrate, with measurement 

of NOPE and resulting OEA by LC/MS/MS. Ratio of OEA to NAPE was normalized to 0 µM 

compound control. Points represent mean ± SD from 6 replicates (two days, 3 replicates per 

day). The assays of VU0506534 and VU0934233 were performed using the same 0 μM 

compound replicates, as they were run on the same days. 1-way ANOVA for VU0506534 

and VU0934233 p=0.0243, and for VU0506533 p<0.0001. Results from Dunnett’s multiple 

comparison test for individual compounds are represented by *p=0.0374, **p=0.0029, 

****p<0.0001. 
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enzyme (“inducers”). In other mechanisms, the small molecule binds to a ligand or 

substrate and ensures that it reaches the enzyme (“chaperones”). And in still other 

mechanisms, the molecule binds to the enzyme itself to modulate its activity. To this 

point, we had been measuring compound-induced changes in Nape-pld activity using 

purified enzyme. So, we would be unable to see a change in activity if the compounds 

were inducers. But if they served as chaperones, that would be a problem because they 

would potentially not do so when outside of the confines of our in vitro assay. Therefore, 

we performed studies designed to characterize the nature of the interaction between our 

compounds and NAPE-PLD, and to determine whether their effects were due to direct 

engagement of NAPE-PLD or to effects on its substrates. 

 

3.2.1 Competition Assays 

Some of these studies were competition assays. I conducted the first such assay 

in vitro using three compounds of interest: a NAPE-PLD inhibitor (LEI-401),125 a BT-

PSP NAPE-PLD activator (VU0506534), and an inactive BT-PSP compound 

(VU0934233). When administered alone, LEI-401 dose-dependently decreased PED-A1 

hydrolysis down to nearly 0 activity at the highest dose (Figure 19 A). In the presence of 

VU0506534, LEI-401 again dose-dependently decreased activity, but up until the 

highest dose (where the ratio of LEI-401 to VU0506534 was five to one) there was still 

increased activity from VU0506534. This was consistent with VU0506534 behaving as a 

positive allosteric modulator, whose effects can still be seen when adding an inhibitor 

until so much inhibitor is present that any activation is ineffectual. When the data were 

normalized to either vehicle alone (for LEI-401 doses without VU0506534) or to 

VU0506534 alone (for LEI-401 doses with VU0506534), we could see that LEI-401 

inhibited Nape-pld to the same extent at each dose, with or without VU0506534 present 

(Figure 19 B). This indicated that LEI-401 and VU0506534 do not affect each other’s 

ability to modulate the enzyme. In total, these data were consistent with VU0506534 

acting as a positive allosteric modulator of NAPE-PLD, and binding to a different site 

than LEI-401. 
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I also utilized the inactive BT-PSP, VU0934233, in this competition assay. At 

every dose tested, VU0934233 alone had no effect on Nape-pld activity (Figure 19 A). 

When in the presence of VU0506534, however, VU0934233 dose-dependently 

eliminated the augmentative effects of VU0506534. This was not an inhibitory effect that 

only manifested when the two compounds could interact, as a dose of VU0934233 well 

above that needed to completely eliminate VU0506534-enhanced activity caused no 

significant reduction in activity from the next-lowest dose. Instead, it appeared that 

VU0506534 and VU0934233 bind to Nape-pld at the same site—which made sense 

given their structural similarities—but that VU0506534 caused an allosteric change that 

increases enzyme activity while VU0934233 did not. And as more VU0934233 was 

added, less VU0506534 could bind to their shared binding site and so the activity 

returned to that seen when only VU0934233 was present. Again, these data were 

consistent with VU0506534 acting as a positive allosteric modulator of NAPE-PLD. 

Figure 19. VU0506534 competes with analog but not LEI-401 for Nape-pld binding in vitro. 

A. Effects of compounds on PED-A1 hydrolysis by recombinant mouse Nape-pld, normalized 

to vehicle-only controls. Compound concentrations are listed in µM (- means 0 µM). Bars 

show mean ± 95% CI. Ordinary one-way ANOVA, p<0.0001. Tukey multiple comparisons 

test was run to compare all groups with each other, groups sharing letters did not 

significantly differ from each other (p>0.05). B. Data from same competition assay data, re-

normalized to either 0 µM LEI-401 + 5 μM VU0506534 for all samples containing VU0506534 

(“VU0506534” line), or to 0 μM LEI-401 + 0 µM VU0506534 for all samples without 

VU0506534 (“Vehicle” line). Samples treated with the same concentration of LEI-401, with or 

without VU0506534 present, did not significantly differ, according to Šídák’s multiple 

comparisons test. Points are mean ± SD. 
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I also performed a competition assay in cultured cells, which is detailed in 

Chapter 5 (section 5.3.2). The relevant conclusions from this assay were that 

VU0506534 modulated PED-A1 hydrolysis in cells by acting on Nape-pld, and that Bith 

and VU0506534 did not affect each other’s ability to modulate the enzyme. These data 

further indicated that VU0506534 and, by extension, the other BT-PSPs are positive 

allosteric modulators of NAPE-PLD. 

 

3.2.2 Michaelis-Menten Kinetics 

 Another informative way of characterizing the nature of a modulator’s effects on 

an enzyme is to construct a Michaelis-Menten kinetics curve. In this, reaction rate with 

and without the test compound present are plotted as a function of substrate 

concentration. 
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My results (Figure 20) indicated that VU0506534 increased Nape-pld activity both by 

increasing substrate affinity (decreasing K1/2) and by increasing maximum reaction 

velocity (Vmax). Had only the K1/2 (concentration of substrate that produces a half-

maximal enzyme response) changed, it would have been possible that VU0506534 was 

serving as a chaperone for the substrate. But since both K1/2 and Vmax changed, it was 

Figure 20. Michaelis-Menten kinetics of VU0506534. K1/2 and Vmax for Nape-pld hydrolysis of 

flame-NAPE with vehicle (DMSO) were 12.9 µM and 227 RFU/min, respectively. K1/2 and 

Vmax for hydrolysis with 10 µM VU0506534 were 5.9 µM and 421 RFU/min, respectively. 

Activity was measured as slope of fluorescence signal from recombinant mouse Nape-pld 

hydrolysis of fluorogenic substrate during the linear phase (1-4 min) of the reaction. Reaction 

kinetics values calculated using allosteric sigmoidal non-linear regression curves. Points are 

mean ± SD from 12 replicates (6 per experiment, two replicate days). 
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much more likely that VU0506534 binds to the enzyme and induces a conformation 

change that increases substrate binding and catalysis. This conclusion was 

corroborated by the fact that VU0934233 and VU0934205 had no effect on PED-A1 

hydrolysis despite their structural similarities to the other BT-PSPs. While small 

structural differences can affect a compound’s binding interactions on an enzyme, they 

are less likely to affect a compound’s ability to chaperone a substrate to the enzyme. 

 

3.2.3 Target Engagement 

 We next performed a series of experiments with the goal of validating the claim 

that BT-PSPs modulate NAPE-PLD by inducing conformational changes after binding 

directly to the enzyme. 

3.2.3.1 Thermal Shift Assay 

 The first assay that Dr. D. Borden Lacy’s laboratory at Vanderbilt University and I 

performed was differential scanning fluorimetry. When a protein binds to a molecule, its 

structure changes and becomes either more or less stable. This change in stability can 

be detected as a change in the temperature at which the protein loses structural 

integrity (“melts”). Therefore, the melting temperatures of purified, recombinant mouse 

Nape-pld with and without VU0506534 were measured using a Tycho NT.6 instrument 

(NanoTemper). Since our enzyme assay is normally conducted in the presence of a 

detergent, we also performed this experiment using our typical detergent (NOG) and a 

detergent often used by other groups (Triton X-100).124, 126 However, under all 

conditions tested, the enzyme yielded low signals and misshapen curves (Figure 21).138 

As a result, this experiment was inconclusive. The only conditions where the curves 

appeared to be somewhat normal were in the presence of Triton X-100. 
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4.2.3.2 Detergent Assays 

 To further probe the effects of detergent on Nape-pld, I first tested Nape-pld 

activity in the presence of Triton X-100 (0.1% v/v). Compared with our typical detergent 

of NOG, the enzyme had much lower activity in the presence of Triton X-100 (Figure 22 

A). This was somewhat surprising, as the thermal shift assay indicated that Nape-pld 

structure was more stable in the presence of Triton X-100. Despite the low overall 

enzyme activity, VU0506534 appeared to increase activity to a higher degree in the 

presence of Triton X-100 than NOG (5.3-fold vs. 2.2-fold), while Bith was equally potent 

under both conditions (Figure 22 B-C). The reasons for this cannot yet be determined, 

but it is noteworthy that even with VU0506534’s increased maximal activity, a 5.3-fold 

increase in the Triton-stabilized activity was still approximately half as much total Nape-

pld activity as a 2.2-fold increase in the NOG-stabilized activity. 

 

 

Figure 21. Thermal shift assay yields no conclusive information. b is Nape-pld + vehicle, a is 

Nape-pld + VU0506534 (33 µM), b+n is b with added NOG (0.4% w/v), a+n is a with added 

NOG (0.4% w/v), b+t is b with added Triton X-100 (0.1% v/v), and a+t is t with added Triton 

X-100 (0.1% v/v). The shapes, amplitudes, and texture of these curves indicated assay 

failure.  
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Another detergent that I assessed was deoxycholic acid (DCA). DCA was used 

to help crystallize NAPE-PLD and high doses of it have been used to enhance NAPE-

PLD activity in aqueous solutions.68, 69 Therefore, we reasoned that DCA might stabilize 

our purified recombinant Nape-pld, and so make measuring its melting point easier. 

Before measuring this, I needed to determine whether VU0506534 activated Nape-pld 

in the presence of DCA, because if it did not then we would be unable to see an effect 

of VU0506534 in the thermal shift assay. Unexpectedly, I saw that DCA dose-

dependently inhibited Nape-pld activity (Figure A5 A in Appendix). While VU0506534 

was able to counteract this inhibition at certain doses (Figure A5 B in Appendix), the fact 

that DCA negatively impacted Nape-pld kinetics eliminated it from consideration as a 

detergent to use in thermal shift assays. 

Figure 22. Triton X-100 and NOG differentially alter Nape-pld activity and modulation. A. 

Nape-pld reaction rate during the linear phase when solubilized by either NOG (0.4% w/v) or 

Triton X-100 (0.1% v/v). Two-tailed t-test, ****p<0.0001. Mean ± 95% CI shown. B. Top panel 

shows a sample CRC of VU0506534 with NOG used as the detergent (pulled from Chapter 

2). Plotted is Nape-pld activity (RFU/min) normalized to vehicle controls. Emax = 215%. 

Bottom panel shows CRC of VU0506534 with Triton X-100 used as the detergent. 215% 

activity shown as dotted line, maximal activity measured = 534%. All points are mean ± SD 

(n=3). C. Top panel shows a sample CRC of Bith with NOG used as the detergent (pulled 

from Chapter 2). Bottom panel shows a CRC of Bith with Triton X-100 used as the detergent 

(same non-linear regression used for both: log(inhibitor) vs. normalized response, variable 

slope). All points are mean ± SD (n=3). 

 



64 

 From these detergent tests, we concluded that Triton X-100 could work as the 

detergent when measuring Nape-pld melting temperatures, as both VU0506534 and 

Nape-pld behaved as expected in its presence. However, there was still the problem 

that the thermal shift assay signals were extremely low when we had attempted the 

experiment initially. 

3.2.3.3 Size-Exclusion Chromatography 

 After each round of Nape-pld expression and purification, I ran an SDS-PAGE 

(sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gel and performed either 

Coomassie staining or western blotting in order to confirm that I had, in fact, obtained 

Nape-pld. In every gel, it was apparent that I obtained several truncated forms of Nape-

pld in addition to the desired full-length protein. The presence of these truncated, and 

likely misfolded and inactive, proteins could have contributed to the poor signals seen in 

the thermal shift assay. Therefore, the Lacy lab and I performed size-exclusion 

chromatography in an attempt to isolate full-length Nape-pld.139 

Size-exclusion chromatography cannot be run if the protein is insoluble in 

aqueous solution, and it is incompatible with detergents. As NAPE-PLD is a membrane-

bound enzyme and so is poorly soluble in aqueous solutions without a detergent 

present, we first had to remove all precipitated protein from the sample via 

centrifugation. We expected that this would also remove any large protein aggregates, 

leaving only free NAPE-PLD. An SDS-PAGE gel revealed that the size-exclusion 

column failed to isolate the full-length protein (Figure 23). Based on its size, the full-

length protein was expected to elute in the range of fractions 6-9; instead, it eluted in 

fractions 3 and earlier. Those fractions contained large proteins, but no large proteins 

were seen in the SDS-PAGE gel. However, SDS-PAGE gels denature proteins and 

break up protein aggregates. Therefore, we concluded that the protein was present as 

large aggregates that were not broken up by the size-exclusion column. Non-denaturing 

(Native) PAGE gels, in which protein structures and superstructures remain intact, later 

confirmed this (sections 3.2.3.5 and 3.2.3.6). 
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3.2.3.4 Denature-Renature 

We wanted to isolate full-length Nape-pld, but our protein was present as large 

aggregates, and we had seen that denaturing the protein with β-mercaptoethanol (BME) 

allowed for separation of the individual components of the aggregates. Therefore, my 

next experiment was to denature the aggregated Nape-pld using 8 M urea, pass it over 

an affinity column (the same type used to isolate the protein originally) to bind proteins 

with intact N-terminal hexahistidine tags, and then renature the protein by gradually 

removing the urea from solution. We predicted that this would not only de-aggregate the 

protein, but also help ensure that the protein would re-fold correctly without any other 

proteins surrounding it. The resulting protein had no measurable catalytic activity (data 

not shown), leading us to conclude that denaturing the protein would not be an effective 

means of de-aggregating it. As such, this line of inquiry was abandoned. 

 

Figure 23. Size-exclusion chromatography western blot reveals Nape-pld present as large 

aggregates. f3-f12 are fractions from size-exclusion column, with lower numbers 

representing earlier fractions. Fractions in orange were where Nape-pld was expected to 

elute based on its size (46 kDa). Red bands are ladder, with molecular weights (in kDa) 

labelled. “NP” is crude purified recombinant Nape-pld. “Pel.” is pellet of precipitate removed 

from the sample before it was put onto the column. Green is signal from secondary antibody. 
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3.2.3.5 Native Binding 

 We knew that VU0506534 activated purified Nape-pld, even in its aggregated 

form. Therefore, if this binding induced a large conformational change to the enzyme, 

then it might travel differently on a non-denaturing (Native) gel. I tested this hypothesis 

and saw that VU0506534 may have slightly dimmed one of the aggregate bands, but 

this was not a robust effect (Figure A6 in Appendix). However, the lack of a clear result 

in this experiment did not mean that the compounds did not bind to and change the 

enzyme’s structure—they may have done so, but I simply did not capture it with this 

particular assay. As such, this experiment was also inconclusive. 

3.2.3.6 Reduced Expression Temperature 

 Again, to help us study full-length Nape-pld in the absence of aggregates, I 

attempted a modification to the way that I expressed and purified the protein, with 

consultation from Dr. Zahra Mashhadi. Previously, after inducing plasmid expression, I 

would incubate the transformed bacteria at 28 °C for ~16 h before beginning the 

purification process. In an attempt to reduce the amount of protein aggregation, I 

instead tested the effect of incubating the bacteria at 14 °C for ~25 h. We hypothesized 

that the slightly reduced temperature would allow the protein to remain in a 

thermodynamically favored state and not re-fold into a kinetically favored state. This 

method was effective at diminishing the aggregated protein bands in Native gels (Figure 

24), and I therefore adopted it for all future NAPE-PLD purifications. However, not all of 

the aggregation was eliminated, so we were still unable to prepare Nape-pld in a way 

that would allow the truncated forms of the enzyme to be separated from the intact 

enzyme. 
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3.2.3.7 Native Gel Activity Assay 

 We next questioned whether the free intact enzyme (46 kDa on a Native gel) or 

the enzyme aggregates (150 kDa and above on a Native gel) were the active species in 

our enzyme activity assays. To attempt to answer this question, I treated the enzyme 

with either vehicle or VU0506534, separated the gross enzyme mixture by size using a 

Native gel, administered PED-A1 directly to the gel, and measured fluorescence over 50 

min. I saw no change in fluorescence during the experiment, and quite a high 

fluorescence background signal (data not shown), suggesting that the PED-A1-based 

activity assay simply could not be used on protein bound in a Native gel. At this point, 

Figure 24. Reduced expression temperature yields reduced aggregation on non-denaturing 

(Native) PAGE, Coomassie stained. Lanes are labelled with their contents. Ladder molecular 

weights are indicated on the right. “Flow-thru” is contents of cell lysate that did not bind to the 

affinity column. “Wash 1” and “Wash 2” contain non-specific binders that were washed from 

the affinity column. “28C Nape-pld” is Nape-pld that was purified and dialyzed after being 

expressed at 28 °C. “Elution” is the crude product that eluted from the affinity column. “14C 

Nape-pld” is Nape-pld that was purified and dialyzed after being expressed at 14 °C. Nape-

pld monomer is 46 kDa, homodimer is 92 kDa. 
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we halted attempts to directly measure target engagement, and instead focused on 

alternative routes such as computational modeling (below), mutating the ligand binding 

site (below), kinetics assays (above), and competition assays (above). 

 

3.2.4 In Silico Modeling 

 One potential means of identifying the binding site of the BT-PSPs on NAPE-PLD 

was by using computational (in silico) models. These models are imperfect in that they 

are limited to using the existing crystal structures of the enzyme, they do not perfectly 

model enzymes and their movements, and they cannot easily account for external 

factors like water and small molecules surrounding the enzyme. They can, however, be 

used to generate hypotheses as to where compounds bind, which we could then test 

using more definitive methods. 

3.2.4.1 Binding Site Identification 

 In order to identify potential BT-PSP binding sites, Drs. Sean Davies and Alex 

Waterson performed modeling simulations using four different computational methods 

(Schrödinger Maestro SiteMap, SiteFinder, ProteinsPlus, and Python-Rx140). All four 

methods independently identified a large, druggable pocket in the NAPE-PLD 

homodimer interface where the BT-PSPs might bind (Figure 25 A). Subsequent docking 

simulations at this binding site (using Schrödinger Maestro GLIDEdock) identified a 

potential binding pose for VU0506534, with a favorable binding energy of -9.522±0.101 

kJ/mol. 
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3.2.4.2 Docking Simulation 

 To further understand the specifics of BT-PSP binding and to determine what 

structural changes arise from binding at the identified site, Drs. Zeinab Haratipour and 

Raymond Blind performed a molecular dynamics (MD) simulation of NAPE-PLD’s 

conformational changes after VU0506534 binding. This simulation showed that after 

VU0506534 binding, there was a large change in the structure of the active site: the 

secondary structures surrounding the active site shifted, and the catalytic zinc ions 

rotated 90 degrees within the active site (Figure 25 B). These conformational changes 

were in agreement with the notion that VU0506534 is an allosteric modulator of the 

enzyme. While this simulation did not prove that VU0506534 binds to NAPE-PLD at the 

predicted binding site, it provided confirmation that pursuing further studies on this 

potential binding site could be fruitful. 

 

3.2.5 Mutagenesis 

 The in silico models of modulator binding provided us with an opportunity to 

demonstrate not only whether the BT-PSPs bind directly to NAPE-PLD to alter activity, 

but also where on the enzyme they do so. In order to accomplish this, we planned to 

Figure 25. In silico binding simulations reveal potential allosteric BT-PSP binding site. A. 

Predicted binding site (yellow) identified by molecular modeling simulations (image from 

ProteinsPlus). Ribbon diagram: NAPE-PLD monomer A (red) and monomer B (blue). Ball-

and-stick: NAPE. B. Active site architecture before (pink) and 50 ns after (green) VU0506534 

binding, using molecular dynamics simulation. Ribbon: NAPE-PLD. Spheres: catalytic zinc 

ions. Ball-and-stick: PE (as surrogate for NAPE). 
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express and purify NAPE-PLD with mutations at selected residues in the predicted 

binding site, and then to test their activity with and without BT-PSP treatment. 

3.2.5.1 Planned Mutations 

 Based on the MD simulation, I identified several possible interactions between 

VU0506534 and NAPE-PLD residues. These interactions are listed in Table AT1 (in 

Appendix) and are depicted in Figure 26. From those interactions, Drs. Raymond Blind, 

Sean Davies, and I chose three pairs of mutations to generate: R100A/R99A, 

S106F/K30D, and R99E/S106A. R100A/R99A would remove several strong interactions 

between the enzyme and VU0506534, as well as interactions that structure the binding 

pocket and that connect the two NAPE-PLD monomers. S106F/L30D would eliminate 

additional binding interactions and potentially occlude the binding site. R99E/S106A 

would eliminate a large number of potential hydrogen bonds and therefore hinder 

binding. 

 

3.2.5.2 Mutagenesis Scaffold 

 To date, there is only one crystal structure of NAPE-PLD, which was generated 

using a modified form of human NAPE-PLD.68 Maltose-binding protein (MBP) was fused 

to the N-terminus of the protein, and a hexahistidine tag was added to the C-terminus. 

When the researchers first removed the MBP using Xa protease, they saw that the first 

46 amino acids of NAPE-PLD were also susceptible to proteolysis. Therefore, they 

Figure 26. Potential BT-PSP binding interactions with NAPE-PLD. A. Residues that 

interacted with VU0506534 at the start of the molecular dynamics (MD) simulation. 

VU0506534 shown in salmon, NAPE-PLD in magenta, interactions are dotted yellow lines. 

B. Residues that interacted with VU0506534 at the end of the MD simulation. VU0506534 

shown in salmon, NAPE-PLD in green, interactions are dotted yellow lines. Both images 

were generated using Pymol software (Schrödinger, Inc.). 
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removed the first 46 codons from NAPEPLD and fused MBP to the 47th for all 

subsequent purifications (MBP was still removed with Xa protease during purification). 

 This modified version of human NAPE-PLD is what was used to generate the 

only crystal structure of the enzyme and, therefore, it was used in our in silico binding 

models. Since we did not know how differently the enzyme would fold with the first 46 

amino acids present and how this would affect BT-PSP binding, we concluded that the 

scaffold for our mutagenesis experiments needed to be human NAPE-PLD without the 

first 46 amino acids present (called Δ47 NAPE-PLD). We did not include the MBP 

fusion, however, as we suspected that it was unnecessary. 

So, as a first step, I expressed Δ47 NAPE-PLD in bacteria and purified it using a 

cobalt-loaded histidine tag affinity column. The resulting protein had no catalytic activity 

(Figure A7 in Appendix). With help from Dr. Mashhadi, I then isolated and sequenced 

the expression plasmid to verify that I was expressing the correct protein. The sequence 

was confirmed to be correct. From this, we concluded that the MBP fusion was essential 

for the truncated enzyme to fold and function properly, but that MBP was not necessary 

when the enzyme was full-length. MBP is fused to proteins for three major reasons: it 

helps solubilize proteins, it functions as an affinity tag, and it aids in protein folding.68, 141, 

142 We suspected that our Δ47 NAPE-PLD did not fold properly without the aid of MBP 

and so it could not function properly. However, testing this hypothesis fell outside of the 

scope of this project, and therefore continuing the mutagenesis study did too. 

3.2.5.3 Mutagenesis Future Directions 

 Future mutagenesis experiments in the Davies Lab can help to elucidate the 

nature of BT-PSP binding to NAPE-PLD. The first step would be to express, purify, and 

measure the activity of the same form of Δ47 NAPE-PLD used by the group that 

obtained its crystal structure. Assuming that this form of the enzyme shows activity as it 

has before,68, 69, 124 we would then generate the mutants described above and test their 

activities with and without BT-PSP treatment. 
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3.2.6 Conclusions on Activity Characterization 

 Our efforts into understanding the binding and activity of the BT-PSPs were 

many, varied, and did not always yield meaningful results. As such, I will summarize our 

goals and our findings. We wanted to determine two things from these assays. Do the 

BT-PSPs directly engage NAPE-PLD to induce their effects? And if so, what is the 

nature of this binding—is it allostery or another mechanism, and where is the binding 

site? 

 The competition and Michaelis-Menten kinetics assays indicated that the BT-

PSPs most likely bind directly to Nape-pld to induce their effects, with the Michaelis-

Menten assay providing the additional detail that they likely do not serve as chaperones 

for the substrate. The remaining assays that we performed could not prove target 

engagement by the BT-PSPs, though the in silico models indicated that such binding 

was likely. 

 As for the nature of BT-PSP binding, the competition and kinetics assays 

indicated that this binding is most likely allosteric in nature. The competition assays also 

demonstrated that the BT-PSP binding site is not shared by LEI-401 or Bith, that the 

binding of those inhibitors does not affect BT-PSP binding, and that there is likely to be 

one shared binding site for all of the BT-PSPs. From the in silico models, we learned the 

locations of, key residues within, and conformational changes associated with potential 

binding sites. While these latter pieces of information were not conclusive, they will be 

informative for future experiments aimed at conclusively determining the location of BT-

PSP binding. 

 From these results, it was safe to conclude that the BT-PSPs are positive 

allosteric modulators of NAPE-PLD. And, when combined with the validation assays, we 

could safely conclude that our compounds acted via NAPE-PLD. Future experiments 

will include continued troubleshooting of the thermal shift assay so that we can have 

absolute proof that the BT-PSPs bind to NAPE-PLD. Additionally, continued 

mutagenesis tests (as described above) will allow us to determine where and how the 

BT-PSPs bind to NAPE-PLD. 
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3.3 Selectivity 

 While it is easy to become myopic and only focus on the actions of one enzyme 

of interest, a small, drug-like molecule could well modulate one or more other enzymes. 

Also, a compound that has high efficacy on a mouse-derived enzyme could have no 

effect on the human ortholog. Of course, without tremendous resources, one cannot test 

the effects of a molecule on every pertinent enzyme and ortholog. Therefore, we 

selected three of the most important selectivity assays for our testing of the BT-PSPs. 

 

3.3.1 Human NAPE-PLD 

 All of our assays so far had been performed using murine protein or mouse-

derived cell lines. However, for the BT-PSPs to have any impact on human health, they 

needed to have efficacy on human NAPE-PLD. Therefore, my first test of selectivity was 

to repeat the CRCs of our BT-PSPs using purified, recombinant, full-length, human 

NAPE-PLD, with help from the Vanderbilt HTS Core. All of the compounds retained their 

activities with human NAPE-PLD (Figure 27). However, determining compound potency 

and maximal efficacy was difficult, as the activities tended to decline at higher 

concentrations. This was most likely due to solubility issues, and was not observed in 

earlier experiments possibly because the compound stocks were much newer at that 

time.143, 144 Nevertheless, the compounds demonstrated a biologically relevant amount 

of activation of human NAPE-PLD, confirming their utility in human-directed research. 
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3.3.2 Fatty Acid Amide Hydrolase 

 Fatty acid amide hydrolase (FAAH) is an enzyme that catalyzes the conversion 

of NAEs to free fatty acids and ethanolamine, and it is one of the primary degraders of 

NAEs.11, 62-64 As we intended to use our NAPE-PLD activators to investigate the effects 

of increasing NAE levels, it was crucial to know whether they had effects on FAAH. If a 

compound activated both NAPE-PLD and FAAH, it would be much less useful to 

researchers. A compound that activated NAPE-PLD but inhibited FAAH would be 

increasing NAE levels via two mechanisms and so could be more useful for studying 

NAE effects; however, it would also be a poorer candidate for in vitro studies. Bolstering 

this need to investigate the effects of our compounds on FAAH was the fact that a 

series of potent FAAH inhibitors with chemical structures strikingly similar to the BT-

PSPs had been published.145 

Figure 27. BT-PSPs activate human NAPE-PLD. Activity of purified recombinant human 

NAPE-PLD in the presence of graded concentrations of each BT-PSP compound was 

measured using PED-A1 and normalized to activity in absence of test compound. Each 

individual replicate was normalized to vehicle controls and then averaged (mean ± SD 

shown). A nonlinear curve fit with variable slope (four parameters) was used to generate 

each curve shown. 
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I used a commercially available FAAH modulation assay (Cayman 10005196) to 

determine whether our compounds affected FAAH activity. I found that at 33μM, most of 

the BT-PSPs had small effects on FAAH activity (Figure 28 A). Furthermore, I saw that 

there was no robust dose-dependence to the compounds’ inhibition of FAAH (Figure 28 

B), and that none of the compounds inhibited FAAH by at least 50% even at the highest 

dose tested (Figure 28 A-B). Therefore, we concluded that the BT-PSPs did not have 

enough FAAH-inhibitory activity to merit concern or additional investigatory 

experiments. 

 

Figure 28. BT-PSP effects on FAAH activity. A. FAAH activity with BT-PSPs at 33 μM, 

normalized to vehicle controls. “Inhibitor” is JZL-195, a FAAH inhibitor. Ordinary one-way 

ANOVA, p<0.0001. Dunnett’s multiple comparisons test, *p<0.05 vs Vehicle. Mean ± 95% CI 

shown. B. Concentration-response curves of FAAH activity (normalized to vehicle controls) 

with select compounds. CRC for VU0506534 was run as part of A, not B. Ordinary one-way 

ANOVA, p<0.0001. Dunnett’s multiple comparisons test, *p<0.05 vs vehicle controls. Points 

are mean ± SD. 
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3.3.3 Soluble Epoxide Hydrolase 

 The published inhibitors that helped to instigate the FAAH modulation assay also 

inhibit soluble epoxide hydrolase (sEH).145 sEH is an enzyme with important roles in 

cardiometabolic diseases and endocannabinoid signaling,43, 59, 146-148 and it is involved in 

the synthesis of the SPMs.59 So, it was important to investigate whether the BT-PSPs 

affected sEH, independent of the fact that they closely resembled known sEH inhibitors. 

To test this, I again employed a commercially available activity assay (Cayman 

10011671) and saw that the compounds had some inhibitory activity against sEH 

(Figure 29 A). As with FAAH, the dose-dependence of this inhibition was not robust 

(Figure 29 B). Unlike with FAAH, several of the compounds inhibited sEH to a high 

degree (Figure 29 A). Therefore, we concluded that future medicinal chemistry efforts 

would be indicated in order to reduce this inhibition and, in the meantime, controls 

would be added to account for this mild off-target effect. 
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3.4 Conclusions 

 Prior to the experiments detailed in this chapter, we had identified a series of 

compounds of the same structural class that strongly activated Nape-pld: the BT-PSPs. 

In order to validate these results, we tested their effects on the fluorophore used in the 

activity assay, and we demonstrated that their modulatory effects also apply to the 

hydrolysis of NAPE-PLD’s actual substrate. We next performed experiments to 

Figure 29. BT-PSP effects on sEH activity. A. sEH activity with BT-PSPs at 33 μM, 

normalized to vehicle controls. Ordinary one-way ANOVA, p<0.0001. Dunnett’s multiple 

comparisons test, *p<0.05 vs Vehicle. Mean ± 95% CI shown. B. Concentration-response 

curves of sEH activity (normalized to vehicle controls) with select compounds. CRC for 

VU0506534 was run as part of A, not B. Ordinary one-way ANOVA, p<0.0001. Dunnett’s 

multiple comparisons test, *p<0.05 vs vehicle controls. Points are mean ± SD. 
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characterize the behavior of our compounds. While many of these experiments did not 

yield meaningful results, we were able to demonstrate that the BT-PSPs are positive 

allosteric modulators of NAPE-PLD. I then demonstrated that they modulated human 

NAPE-PLD in addition to mouse Nape-pld. And I demonstrated that they had weak 

effects on two important enzymes, sEH and FAAH. These off-target effects should not 

significantly interfere with the use of these compounds to probe the roles of NAPE-PLD 

activity, as long as bona fide inhibitors are also tested as controls. 

 Together, these results demonstrated that the BT-PSPs are true positive 

allosteric modulators of NAPE-PLD, that they are reasonably selective, and that they 

can be used as research tools. These results made the BT-PSPs the first class of 

verified NAPE-PLD activators ever published. However, to this point, all of our 

experiments had been performed in vitro. While in vitro studies are useful for building 

biochemical understanding, compounds that work in cells are much more widely useful 

in research settings. In order to test the effects of the BT-PSPs in live cells, however, 

we first needed to develop a NAPE-PLD activity assay that worked in cells. 

 

3.5 Methods 

 

3.5.1 General 

3.5.1.1 Materials 

 LEI-401, [2H4]OEA, and N-[2H4]palmitoyl-dioleoyl-PE were purchased from 

Cayman Chemicals. PED-A1 was purchased from ThermoFisher Scientific. Flame-

NAPE was synthesized as previously described.133 N-oleoyl-dihexanoyl-PE was 

synthesized using dihexanoyl-PE (Avanti Polar Lipids) and oleoyl chloride (Millipore-

Sigma) as previously described.127 

3.5.1.2 NAPE-PLD Purification 

 For all assays that made use of purified, recombinant NAPE-PLD, the protocol 

for enzyme expression and purification is the same as in Chapter 2. For the full-length 
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human NAPE-PLD, the expression plasmid was pET, a hexahistidine tag was inserted 

at the C-terminus of the enzyme, and this expression plasmid was designed with and 

purchased from VectorBuilder. The same was true for Δ47 NAPE-PLD, with the added 

step of removing the nucleotides for the first 46 amino acids from the full-length human 

NAPE-PLD sequence. 

3.5.1.3 Analyses 

 All statistical analyses were performed using GraphPad Prism 9 software. For 

human NAPE-PLD CRCs, slopes were calculated as described in Chapter 2 using 

WaveGuide software. Unless stated otherwise, all experiments with accompanying 

statistical analyses were replicated two or more times on separate days, normalized to 

same-day controls, and combined for analysis. All chemical structures were generated 

using ChemDraw Professional 22.0 software (PerkinElmer Informatics). Residues to 

mutate on Δ47 NAPE-PLD were identified by hand using Pymol software (Schrödinger, 

Inc.). 

 

3.5.2 In Vitro LC/MS 

 For LC/MS assays, NOPE was added as substrate after 1 h pre-incubation with 

VU0506534, VU0506533, and/or VU0934233. 90 min after NOPE was added, the 

reaction was quenched by adding 3 volumes of ice-cold methanol containing [2H4]OEA 

and N-[2H4]palmitoyl-dioleoyl-PE and then 6 volumes of ice-cold chloroform.149 The 

lower phase was dried under nitrogen gas and dissolved in 100 μL mobile phase A. 

High performance liquid chromatography was performed using a 2.1 mm C18 guard 

column (Phenomenex AJ0-8782), and a rapid gradient ramp. Mobile phase A was 5:1:4 

(v/v/v) isopropanol: methanol: water, with 0.2% v/v formic acid, 0.66 mM ammonium 

formate and 3 μM phosphoric acid included as additives. Mobile phase B was 0.2% (v/v) 

formic acid in isopropanol. Initial column conditions were 5% mobile phase B, followed 

by gradient ramp to 95% B over 0.5 min, held at 95% B for 2 min, the returned to initial 

conditions (5% B) over 1 min. Flow rate throughout was 100 μL/min. Injection volume 

was 2 μL. The sample injector needle was washed before each injection using a strong 
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wash of methanol, and a weak wash of 1:1:1:1 (v/v/v/v) isopropanol: methanol: 

acetonitrile: water, with 0.2% formic acid, 0.3 mM ammonium formate, and 0.37 mM 

phosphoric acid included as additives. Multiple reaction monitoring for the following ions 

were monitored: OEA [M+H]+: m/z 326.3→ m/z 62.1; [2H4]OEA [M+H]+: m/z 330.3 → 

m/z 66.1; NOPE [M+NH4]+ : m/z 676.5 → m/z 308.3 (quantifier), m/z 693.5 → m/z 271.2 

(qualifier); N-[2H4]palmitoyl-dioleoyl-PE [M+NH4]+: m/z 986.8 → m/z 286.3 (quantifier), 

m/z 1003.8 → m/z 603.5 (qualifier). The ratio of peak height for OEA to [2H4]OEA was 

used to calculate to amount of OEA generated and the ratio of peak height for NOPE to 

N-[2H4]palmitoyl-dioleoyl-PE was used to calculate the amount of NOPE remaining. 

These values were then used to calculate the OEA / NOPE ratio. 

 

3.5.3 NAPE-PLD Activity Assays 

3.5.3.1 384-Well Plate Assay 

 For the CRCs in human NAPE-PLD, the same protocol as used in the mouse 

NAPE-PLD CRCs of Chapter 2 was followed, but with full-length human NAPE-PLD in 

place of mouse NAPE-PLD. 

3.5.3.2 96-Well Plate Assay 

For all remaining NAPE-PLD activity assays in this chapter, the same base 

protocol was followed. Compounds (in DMSO for most, in deionized water for 

detergents) were pre-incubated with NAPE-PLD (final concentration 0.1 µM) and NOG 

(0.4% final, w/v) in 50 mM Tris-HCl buffer (pH = 8.0) for 1 h at 37 °C in black-walled, 

clear-bottom, non-treated, 96-well plates (volume of 70 µL during pre-incubation). Then, 

PED-A1 dissolved in 8% DMSO, 32% ethanol, 60% 50 mM Tris-HCl buffer was quickly 

added to the wells (10 µL added, 4 µM final concentration), the plate was immediately 

placed into a Biotek Synergy H1 plate reader, and fluorescence kinetics were read 

every minute for 50 minutes (ex/em = 488/530 nm). Activities were calculated as slope 

of fluorescence increase from 1-4 min. 
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3.5.4 Gel Electrophoresis 

3.5.4.1 Denaturing Gels 

 Denaturing gels were run as follows. Samples were prepared in Laemmli SDS 

sample buffer (Bio-Rad 1610747), with added β-mercaptoethanol (Millipore-Sigma 

M6250) as denaturant. Samples were heated at 80 °C for 10 min before being loaded 

onto NuPAGE 4-12% Bis-Tris gels (ThermoFisher Scientific) and run using NuPAGE 

MOPS running buffer (ThermoFisher Scientific NP0001) for 50 min at a constant voltage 

of 200 V. For Coomassie staining, gels were then rinsed with deionized water (4 x 5 

min), treated with Coomassie Blue stain (Bio-Rad 1710786) for 1 h, rinsed again with 

deionized water (3 x 15 min), and imaged using a Li-Cor EZreader blot imaging 

machine. For western blot staining, proteins were transferred onto nitrocellulose 

membranes using NuPAGE transfer (NP0006) containing 10% methanol; they were run 

for 75 min at a constant voltage of 30 V. Membranes were blocked using phosphate 

buffered saline (PBS)-based blocking buffer (Li-Cor 927-70001) for 1 h. Membranes 

were treated with a 1:500 dilution of primary antibody (abcam ab95397) in 1:1 blocking 

buffer: 0.1% Tween-20 (Millipore-Sigma) in PBS at 4 °C overnight. After washing the 

membranes with 0.1% Tween-20 in PBS (5 x 5 min), they were treated with a 1:10,000 

dilution of secondary antibody (Li-Cor 926-311) in the same solvent as used for the 

primary antibody for 1 h. Membranes were then washed again and imaged using an 

Odyssey CLX gel imager. 

3.5.4.2 Non-Denaturing Gels 

 For non-denaturing (Native) gels, the overall protocols followed were largely the 

same, with changes listed below. Sample buffer was NativePAGE gel-specific 

(ThermoFisher Scientific BN2003), running buffer was NativePAGE running buffer 

(ThermoFisher Scientific BN2001), samples were not heated before being loaded onto 

4-16% Bis-Tris NativePAGE gels (ThermoFisher Scientific) and run for 100 min at a 

constant voltage of 150 V. Staining proceeded the same way as for denaturing gels. 
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3.5.5 Molecular Dynamics Simulation 

 To study how stable VU0506534 is in the binding site and how it affects the 

structure of the protein, 50ns MD simulation was performed on the complex of 4QN9-

VU0506534. These complexes were then prepped for MD simulation using the 

CHARMM-GUI.150 Briefly, the complex was solvated in an octahedral box of explicit 

TIP3P water with a 10-Å buffer around the protein complex. Potassium (K+) and Cl- 

ions were added to neutralize the protein and simulate physiologic conditions. All 

minimizations and 50 nanosecond MD simulations were performed with Amber17 

employing the ff14SB, TIP3P, GAFF2 force field for proteins, ligand and water 

molecules, respectively.151 All bonds between non-hydrogen atoms and hydrogens were 

fixed with the SHAKE algorithm. The simulation duration was 50ns using a 2fs time step 

with trajectories printed every 5000 ps to create 5000 frames. Analysis of the MD 

simulations was performed on 5000 frames using the CPPTRAJ module of 

AmberTools.152 Root mean square deviation (RMSD) was calculated for all non-

hydrogen atoms of protein residues for each frame in the trajectory using the initial 

structure as the reference, and root mean square fluctuations (RMSF) were calculated 

on the all non-hydrogen atoms of protein residues for each frame in the trajectory using 

the initial structure as the reference. RMSF is also calculated for all atoms of the 

compound for each frame in the trajectory using the initial structure as the reference. 

 

3.5.6 Selectivity Assays 

sEH and FAAH activity assays were performed and analyzed according to the 

manufacturer’s specifications (Cayman 10011671 and 10005196). 
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CHAPTER 4 

 

Development of Flame-NAPE, a Selective Probe for Measurement of NAPE-PLD 

Activity 

This chapter is adapted from Selective Measurement of NAPE-PLD Activity via a 

PLA1/2-Resistant Fluorogenic N-Acyl-Phosphatidylethanolamine Analog and has been 

reproduced with the permission of the publisher.133 This research was originally 

published in the Journal of Lipid Research Methods Section. Jonah Zarrow, Jianhua 

Tian, Brendan Dutter, Kwangho Kim, Amanda C. Doran, Gary A. Sulikowski, and Sean 

S. Davies. Selective Measurement of NAPE-PLD Activity via a PLA1/2-Resistant 

Fluorogenic N-Acyl-Phosphatidylethanolamine Analog. J Lipid Res. 2022; 63(1):100156. 

© the Authors. Author contributions: GAS and SSD conceptualization; JEZ, JT, BD, KK, 

GAS, and SSD methodology; JEZ validation; JEZ and SSD formal analysis; JEZ, JT, 

BD, KK, ACD, and SSD investigation; GAS and SSD resources and funding acquisition; 

SSD data curation; JEZ and SSD writing—original draft; JEZ, KK, ACD, GAS, and SSD 

writing—review and editing; GAS and SSD visualization and supervision; SSD project 

administration. 

LC/MS experiments were conducted at the Vanderbilt Mass Spectrometry 

Research Core, with assistance from Dr. M. Wade Calcutt and Brian Hachey. The 

laboratory of Dr. Amanda Doran cultured the bone marrow-derived macrophages. Dr. 

Zahra Mashhadi assisted with culturing of the remaining cell types and with purification 

of recombinant Nape-pld. 

 

4.1 Background 

 A means for selectively measuring NAPE-PLD activity in cultured cells was vital 

for testing the effectiveness of our candidate NAPE-PLD modulators. As discussed in 

Chapter 1, changes in NAPE-PLD activity may contribute to the progression of 

cardiometabolic diseases. So, measuring NAPE-PLD activity in cultured cells and 
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tissues could help to determine how changes in its activity contribute to 

pathophysiology.  

However, existing methods for measuring NAPE-PLD activity were onerously 

time-consuming and/or lacked selectivity. The most common means of measuring 

NAPE-PLD activity was performed by adding radiolabeled NAPEs to the biological 

system of interest, followed by extraction and separation of resulting NAEs from their 

precursor NAPEs by thin-layer chromatography (TLC).153 This assay is not particularly 

selective for NAPE-PLD activity because it is typically carried out using radiolabeled 

NAPEs bearing two O-acyl chains (diacyl-NAPEs). Diacyl-NAPEs are readily hydrolyzed 

by alternative enzymatic pathways (Figure 30), thereby yielding NAEs without using 

NAPE-PLD.62, 64, 118 
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For example, alpha/beta hydrolase domain-containing protein 4 (ABHD4) exerts 

both phospholipase A1 and A2 (PLA1 and PLA2)-type phospholipase activities to 

hydrolyze diacyl-NAPEs to glycerophospho-N-acyl-ethanolamides (GP-NAEs).62, 64, 154 

These GP-NAEs can then be hydrolyzed to NAEs by the actions of 

Figure 30. Pathways of N-acylethanolamide (NAE) biosynthesis from NAPE. /-hydrolase 

domain-containing protein 4 (ABHD4), Glycerophosphodiester phosphodiesterase (GDE) -1, 

-4, -7, Phospholipase A/Acyltransferase (PLA/AT) 1-5, Phospholipase A2 (PLA2), PLA2 group 

IV-e (PLA2G4e), Protein tyrosine phosphatase non-receptor type 22 (PTPN22), R1-3 (acyl 

chain substituents), SH-2 containing inositol 5' polyphosphatase 1 (SHIP-1). 
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glycerophosphodiester phosphodiesterases (GDEs) such as GDE1 and GDE4 62, 154, 155. 

In theory, this assay can be adapted to make it more selective for NAPE-PLD by using 

radiolabeled NAPEs whose sn-1 and sn-2 ester bonds have been replaced with ether 

bonds (diether-NAPE) to make them resistant to PLA1/2-type phospholipases.62, 64, 154 

However, the results of diether-NAPE hydrolysis differ from those with diacyl-NAPE, 

indicating that the assay may not accurately replicate the hydrolysis of naturally 

occurring NAPEs.110, 156, 157 Furthermore, regardless of which radiolabeled substrate is 

used, the use of radioisotopes requires specialized licensing, handling, and waste 

disposal, and TLC is labor-intensive and time-consuming. 

Another widely used approach for measuring NAPE-PLD activity is to add non-

radiolabeled N-C17:0-phosphatidylethanolamine (C17:0 NAPE) and then measure the 

resulting change in the ratio of C17:0 NAPE to its corresponding NAE product by 

LC/MS/MS (liquid chromatography with tandem mass spectrometry).101, 125, 158 This 

LC/MS/MS assay is at least as labor-intensive, time-consuming, and expensive as the 

radioisotope method. And, unless diether-C17:0 NAPE is used as the substrate, it 

suffers from the same lack of selectivity for NAPE-PLD. Therefore, both of these 

approaches are too cumbersome for measuring NAPE-PLD activity in the large number 

of samples that are often needed for time-course studies or for screening the effects of 

various stimuli in cultured cells and tissues. 

More recently, an alternative approach for measuring NAPE-PLD activity has 

become common. It utilizes PED-A1 or PED6, two commercially available fluorogenic 

compounds designed to measure PLA1 and PLA2 activity, respectively (Figure 31).125, 

126, 130, 159-165 These two NAPE analogs are designed so that their hydrolysis by the 

intended enzyme releases the 2,4-dinitrophenyl quencher moiety (DNP), thereby 

allowing detection of the BODIPY fluorophore. While both PED-A1 and PED6 allow for 

rapid and inexpensive measurement of NAPE-PLD activity in vitro, their sensitivity to 

PLA1 or PLA2 enzymes limits their effectiveness for selectively measuring NAPE-PLD 

activity in tissues and cultured cells, where all three types of enzyme are present. 
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In order to overcome the selectivity issues of the fluorescence-based NAPE-PLD 

activity assays, reduction of ester groups to non-hydrolyzable ether groups was 

considered but eventually determined to be not chemically possible. Dr. Davies then 

requested that the SynCore generate an sn-1/sn-2 dialkyl analog of PED-A1. Although 

the SynCore was able to map out a chemical synthesis route for this analog, initial 

attempts at synthesis showed that the designed route was not likely to provide a 

sufficient yield of the desired compound. Members of the SynCore then proposed two 

alternative PED-A1 analogs. The first had an amide in place of the sn-1 ester of PED-

A1. The second, which came to be called flame-NAPE (fluorogenic amide NAPE 

Figure 31. NAPE-PLD hydrolysis of its substrates. Endogenous NAPE can be hydrolyzed by 

various phospholipases, including PLA1, PLA2, and NAPE-PLD. PED6 is a fluorogenic NAPE 

analog where the dinitrophenol moiety of the N-acyl chain quenches the fluorescence of the 

BODIPY moiety on the sn-2 acyl chain. PLA2 hydrolysis of PED6 releases the quencher 

moiety to generate a fluorescent fatty acid (BODIPY FL C5), while NAPE-PLD hydrolysis 

generates a fluorescent phosphatidic acid (diacyl BODIPY-PA). PLA1 hydrolysis of PED6 

releases the sn-1 fatty acid chain but this does not generate fluorescence. PED-A1 is a 

fluorogenic NAPE where PLA1 hydrolysis generates BODIPY FL C5 and NAPE-PLD 

hydrolysis generates a fluorescent phosphatidic acid (acyl/alkyl BODIPY-PA). The ether 

bond of the PED-A1 sn-2 chain is resistant to PLA2 hydrolysis. Flame-NAPE was designed to 

enable selective detection of NAPE-PLD by substituting an N-methyl amide bond for the sn-1 

ester bond of PED-A1, thereby making it resistant to both PLA1 and PLA2 hydrolysis while 

retaining sensitivity to NAPE-PLD hydrolysis. 
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analog), had an N-methyl amide bond at the sn-1 position (Figure 31). We anticipated 

that these substitutions would grant the probes resistance to PLA1 hydrolysis (Figure 

31), while retaining their ability to rapidly measure cellular NAPE-PLD activity. 

 

4.2 Synthesis and Characterization of Flame-NAPE 

 

4.2.1 Synthesis 

Details on the synthesis of flame-NAPE are provided in the publication from 

which these results are adapted.133 Briefly, commercially available (R)-glycerol 

acetonide was selectively functionalized and protected to provide the central amino diol. 

This enabled the sequential introduction of the sn-2 chain, the phosphate, the 

ethanolamine, the N-acyl chain, and the sn-1 chain. The final product was isolated by 

flash chromatography to >95% purity as indicated by LC/MS and nuclear magnetic 

resonance analysis. Flame-NAPE was synthesized by members of the Molecular 

Design and Synthesis Center of the Vanderbilt University Institute of Chemical Biology 

(Drs. Jianhua Tian, Brendan Dutter, Kwangho Kim, and Gary Sulikowski). 

 

4.2.2 Elimination of Amide Analog 

4.2.2.1 Absorbance Scanning 

Before flame-NAPE, another analog of PED-A1 was synthesized by the 

SynCore. This compound bore an amide group at the position where flame-NAPE has 

an N-methyl amide (see Figure 31 for flame-NAPE structure). Upon receiving this 

compound, called PED-amide, I dissolved it in the same buffer as I would PED-A1 and 

to the same concentration, assuming 100% purity. Then, I performed an absorbance 

scan to determine its concentration relative to PED-A1, whose concentration was 

certain (Figure 32 A). This assay relied on the assumption that, if their structures were 

as predicted, PED-amide and PED-A1 would absorb light equally well at frequencies 

corresponding to their BODIPY and DNP groups. From this assay, I determined that the 
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PED-amide was approximately 4.5% as concentrated as PED-A1 when they were 

diluted the same way. This indicated that the PED-amide was only 4.5% pure. As the 

compound was synthesized and tested by a trustworthy and reputable laboratory, this 

was an unexpected result. 
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4.2.2.2 KM Testing 

 Assuming that the determination of PED-amide’s purity was accurate, I 

performed a dose-response test in order to characterize PED-amide hydrolysis by 

Nape-pld. I saw that, even adjusting for its low purity, PED-amide was scarcely 

hydrolyzed by Nape-pld (Figure 32 B). There were two likely explanations for this. The 

first was that the PED-amide genuinely was not a usable substrate for Nape-pld. As 

flame-NAPE, whose structure is highly similar to that of PED-amide, proved to be a 

usable substrate, this explanation is not particularly likely. The second possible reason 

was that the PED-amide was of poor quality. Under this explanation, the purity of the 

substrate was at or even lower than 4.5%, and when I adjusted for that during the 

activity experiment, I overestimated its degree of purity and/or the high amounts of 

impurities reduced the activity of the enzyme. Determining the reasons for Nape-pld’s 

poor hydrolysis of PED-amide was not necessary, as an alternative substrate was 

synthesized soon thereafter: flame-NAPE. 

Figure 32. PED-amide characterization. A. Absorbance spectrum for PED-A1 and PED-

amide, expressed as optical density (OD). Background (vehicle) signal has been subtracted 

and individual points are averaged across 6 technical replicates (± SD). B. Kinetics of PED-

amide hydrolysis by Nape-pld, at graded concentrations. Individual points represent 

averaged replicate wells (±SD) (5 for each dose PED-amide, 8 for PED-A1). Fluorescence 

(ex/em 488/530 nm) is presented in relative fluorescence units (RFU). 
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4.2.3 Characterization of Flame-NAPE 

4.2.3.1 Substrate Scanning and KM Determination 

As with PED-amide, upon receipt of flame-NAPE I performed an absorbance 

scan to determine its concentration relative to PED-A1 (Figure 33 A). This showed that 

flame-NAPE was 86% as concentrated as PED-A1 when both were diluted the same 

way. All subsequent preparations of flame-NAPE were made proportionately more 

concentrated to account for this. I also performed scans with and without hydrolyzing 

the substrates, to further compare flame-NAPE and PED-A1 (Figure 33 B). These scans 

showed that flame-NAPE and PED-A1 had similar optical properties both when intact 

and after hydrolysis, as expected based on their chemical structures. This also 

demonstrated that flame-NAPE functioned as a Nape-pld substrate. 

I then determined the KM of flame-NAPE at Nape-pld in order to compare it to 

that of PED-A1. I saw that PED-A1 had a KM of 4.0 μM with purified recombinant Nape-

pld and a Vmax of 455 RFU/min (Figure 33 C), consistent with previous results.126 

Similarly, flame-NAPE had a KM of 9.2 μM and a Vmax of 525 RFU/min (Figure 33 C). 

From this, we concluded that flame-NAPE was a robust Nape-pld substrate, with 

sufficiently similar behavior to PED-A1 to be used as an alternative for measuring Nape-

pld activity. What remained to be confirmed was whether flame-NAPE responded to 

PLD activity more selectively than PED-A1 did in vitro and in cells. 
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Figure 33. PED-A1 and flame-NAPE share similar spectrometric and NAPE-PLD utilization 

properties. A. Absorbance spectrum for PED-A1 and flame-NAPE, expressed as optical 

density (OD). Background (vehicle) signal has been subtracted and individual points are 

averaged across three technical replicates (± SD). B. UV/VIS absorbance (left panel) and 

fluorescence emission (right panel) spectra of PED-A1 and flame-NAPE with and without 

incubation with Nape-pld. Excitation at 488 nm was used to determine fluorescence emission 

spectrum. Lines are averaged across three technical replicates. C. Michaelis-Menten plot for 

hydrolysis of PED-A1 (KM = 4.0 µM) and flame-NAPE (KM = 9.2 µM) by recombinant murine 

Nape-pld (4.56 µg/mL). Fluorescence measured using ex/em of 488/530 nm. Each point is 

mean ± SD, n = 6 (two runs, 3 samples per run). 
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4.3 Selectivity of Flame-NAPE 

 

4.3.1 PLA1 in Vitro Tests 

4.3.1.1 PLA1 Fluorescence Test 

Flame-NAPE being resistant to hydrolysis by enzymes with PLA1 activity would 

represent a major advantage over the existing activity probe (PED-A1), which is why 

flame-NAPE was designed without the sn-1 ester bond necessary for it to undergo PLA1 

hydrolysis. To confirm this resistance, I tested the hydrolysis of flame-NAPE and PED-

A1 by PLA1 in vitro. As expected, PED-A1 was readily hydrolyzed to a fluorescent 

product (ex/em 488/530 nm) by 50 min incubation with either PLA1 purified from 

Aspergillus oryzae (A. oryzae) or purified recombinant Nape-pld (Figure 34 A). In 

contrast, flame-NAPE could be hydrolyzed to a fluorescent product only by Nape-pld 

and not by PLA1 (Figure 34 A). 
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4.3.1.2 PLA1 LC/MS Test 

To confirm that the lack of fluorescence after incubation with PLA1 was the result 

of flame-NAPE’s resistance to hydrolysis, Dr. Davies and I developed an LC/MS/MS 

Figure 34. PED-A1 and flame-NAPE selectivity in vitro. PED-A1 and flame-NAPE were 

incubated in vitro with either purified PLA1 from Aspergillus oryzae or recombinant murine 

Nape-pld, and the extent of hydrolysis was measured by fluorescence and by LC/MS/MS. A. 

Fluorescence (ex/em 488/530 nm) generated by phospholipase treatment with PED-A1 or 

flame-NAPE. Ordinary one-way ANOVA p=0.0310; Tukey multiple comparisons test, 

#p<0.0001 vs. each of the other treatments. Mean ± 95% CI shown. B. Representative 

multiple reaction monitoring chromatographs for unhydrolyzed PED-A1(m/z 879.1→ 859.9) 

and unhydrolyzed flame-NAPE (m/z 892.4 → 873.1). C. Representative multiple reaction 

monitoring chromatographs for BODIPY FL C5 (m/z 319.1 → 299.3). 
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multiple reaction monitoring method to measure intact PED-A1 (m/z 879.4 → m/z 

859.9), flame-NAPE (m/z 892.4 → m/z 873.1), and the expected PLA1 hydrolysis 

product of both (BODIPY FL C5, m/z 319.1 → m/z 299.3) and used this method to 

analyze the products of the in vitro fluorescence experiment. Incubation of PED-A1 with 

purified A. oryzae PLA1 for 50 min resulted in complete loss of LC/MS/MS signal for 

intact PED-A1 and the formation of a robust signal for BODIPY FL C5 (Figure 34 B-C). 

In contrast, incubation of flame-NAPE with PLA1 had little effect on the LC/MS/MS signal 

for intact flame-NAPE and failed to generate any signal for BODIPY FL C5 (Figure 34 B-

C). Incubation of flame-NAPE with recombinant Nape-pld resulted in a complete loss of 

signal for intact flame-NAPE and no formation of BODIPY FL C5 (the PLA1 hydrolysis 

product), consistent with flame-NAPE being a selective Nape-pld substrate. 

 From these results, we concluded that flame-NAPE was, in fact, a substrate for 

purified Nape-pld and not for purified A. oryzae PLA1. What remained to be seen was 

whether this selectivity would withstand the addition of many more PLD and PLA1 

enzymes in a complex cellular milieu, as well as whether flame-NAPE could be used to 

measure NAPE-PLD activity in live cells. 

 

4.3.2 PLA1/NAPE-PLD Cellular Tests 

4.3.2.1 Cellular Selectivity Test 

In addition to their use in monitoring NAPE-PLD activity in living cells, PED-A1 

and PED6 have also been used extensively to measure PLA1 and PLA2 activity in cells, 

respectively.125, 126, 130, 159-165 Therefore, the fluorescence measured with these probes 

may reflect multiple phospholipase activities when administered to cells expressing 

many types of phospholipases. Flame-NAPE, on the other hand, might be able to 

overcome this weakness given its in vitro selectivity for Nape-pld over PLA1. 

HepG2 cells are a human hepatocellular carcinoma cell line that express both 

hepatic lipase (which has significant PLA1-type activity) and NAPE-PLD. To determine if 

using flame-NAPE in place of PED-A1 would provide a more selective assay of NAPE-

PLD activity in these cells, I investigated the sensitivity of the two substrates to inhibition 
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of PLA1 and NAPE-PLD. Orlistat (THL) covalently reacts with the catalytic serines of a 

broad range of lipases, including PLA1s such as endothelial lipase and hepatic 

lipase.166-170 Because NAPE-PLD is a zinc metallohydrolase rather than a serine 

hydrolase, THL does not inhibit its activity (shown in Chapter 2). To inhibit NAPE-PLD, I 

used Bith, which the Davies lab had recently identified as a potent and selective NAPE-

PLD inhibitor.126 
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In the absence of these PLA1 and NAPE-PLD inhibitors, addition of either 4 μM 

PED-A1 or 4 μM flame-NAPE to HepG2 cells generated a robust time-dependent 

increase in cellular fluorescence (total fluorescence minus average fluorescence of 

substrate in media without cells), indicating phospholipase activity (Figure 35). The 

fluorescence measured at the 50 min timepoint using 4 µM PED-A1 was 2.9-fold greater 

than the fluorescence measured using 4 µM flame-NAPE, consistent with flame-NAPE 

being hydrolyzed by fewer enzymes than PED-A1. Treatment with the PLA1 inhibitor, 

THL, decreased PED-A1 cellular fluorescence, particularly at time points greater than 

10 minutes (Figure 35). Treatment with Bith also decreased PED-A1 cellular 

fluorescence, and co-treatment with THL and Bith further decreased PED-A1 cellular 

fluorescence (Figure 35). In contrast, while treatment with Bith markedly decreased 

flame-NAPE cellular fluorescence, treatment with THL had no effect on flame-NAPE 

Figure 35. PED-A1 and flame-NAPE selectivity in cells. HepG2 cells in 96-well plates were 

treated with 10 µM tetrahydrolipstatin (THL, a pan-lipase inhibitor), and/or 15 µM bithionol 

(Bith, a NAPE-PLD inhibitor) prior to the addition of either PED-A1 or flame-NAPE (4 μM). 

Representative 50-minute fluorescence time course (1 read per minute) for each treatment. 

Similar time course obtained on two separate days. Symbols represent average of 6-8 

replicate wells for each treatment. 



96 

cellular fluorescence (Figure 35). These results were consistent with PED-A1 cellular 

fluorescence reporting both NAPE-PLD and PLA1 activity, and flame-NAPE cellular 

fluorescence reporting NAPE-PLD but not PLA1 activity. These results also suggested 

that using a relatively short timepoint (e.g., 10 min) as an endpoint makes PED-A1 

cellular fluorescence signals more selective for NAPE-PLD activity than longer time 

points (e.g., 50 min) where PLA1 activity more significantly contributed to the signal 

(Figure 35). 

4.3.2.2 Residual Activity 

The residual cellular fluorescence seen with flame-NAPE after 15 μM Bith 

treatment of the HepG2 cells (27% relative to vehicle-treated cells) likely reflected 

incomplete NAPE-PLD inhibition. The IC95 (95% maximum inhibition concentration) for 

Bith using recombinant Nape-pld is 62.0 µM,126 but I determined that Bith is cytotoxic to 

HepG2 cells at concentrations above 15 μM (Figure A8 in Appendix). In order to see the 

effects of complete NAPE-PLD inhibition on flame-NAPE hydrolysis, I administered 

combinations of NAPE-PLD inhibitors to HepG2 cells. Residual flame-NAPE cellular 

fluorescence when combining 15 μM Bith with LEI-401 (a NAPE-PLD inhibitor)125 was 

only 10%, and only 6% when a third inhibitor was added (Figure 36). This result 

indicated that flame-NAPE was reporting exclusively NAPE-PLD activity. With help from 

Dr. Mashhadi, I attempted to corroborate this conclusion by eliminating NAPE-PLD 

activity using small interfering RNA (siRNA), but the efficiency of the siRNA transfection 

was too variable for that method to be relied upon (Figure A9 in Appendix). However, 

the results from combining NAPE-PLD inhibitors were sufficient confirmation that flame-

NAPE was only reporting NAPE-PLD activity. 
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4.4 Cellular NAPE-PLD Activity Assay Viability 

NAPE-PLD is proposed to play key roles in adipocytes, kidney epithelial cells, 

small intestinal enterocytes, and macrophages.11, 53, 75, 96, 105, 112 Each of these cells 

expresses PLA1s in addition to NAPE-PLD,171-174 so we sought to determine if flame-

NAPE would report NAPE-PLD activity in these cell types more selectively than PED-

A1, as it did in HepG2 cells. 

To determine this, I incubated PED-A1 and flame-NAPE with cultured HEK-293 

cells (human kidney epithelial cells), 3T3-L1 cells (mouse preadipocyte cell line), mouse 

bone marrow-derived macrophages (BMDMs), and Caco-2 cells (human colon 

carcinoma cell line) that had been pre-treated with or without 15 μM Bith for 1 h, and 

cellular fluorescence was analyzed at the 10 min time point (Figure 37 A-D). 

Figure 36. Near-complete inhibition of flame-NAPE cellular fluorescence signal by NAPE-

PLD inhibitors. HepG2 cells were treated with vehicle (DMSO), 33 µM LEI-401, 33 µM 

VU0643006, 15 µM Bith, or a combination thereof, and cellular fluorescence with flame-

NAPE was measured and normalized to vehicle controls. Ordinary one-way ANOVA 

p<0.0001, Tukey’s multiple comparisons test ****p<0.0001. Mean ± 95% CI and individual 

values shown. 
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In all four cell types, Bith inhibited the flame-NAPE signal to a greater extent than 

the PED-A1 signal (47% vs 37% inhibition in HEK-293; 78% vs 55% in 3T3-L1; 82% vs 

72% in BMDM; and 54% vs 39% in Caco-2). These results were consistent with flame-

NAPE cellular fluorescence selectively reporting NAPE-PLD activity, and PED-A1 

Figure 37. Phospholipase activity measured using flame-NAPE is more sensitive to NAPE-

PLD inhibition than activity measured using PED-A1 in many cell types. Various cultured cell 

types were treated with or without 15 µM Bith prior to incubation with PED-A1 or flame-NAPE 

(4 µM). Bars represent average ± SEM, n = 31-48 with 7-16 replicates each for three 

separate experimental days. (A) HEK-293, (B) 3T3-L1, (C) BMDM (bone marrow-derived 

macrophage), and (D) Caco-2. 1-way ANOVA for each cell type p<0.0001, Tukey’s multiple 

comparisons test, *p<0.025, **p<0.0013, ****p<0.0001. Number in parentheses equals 

substrate-normalized cellular fluorescence for Bith-treated cells (mean ± 95% CI). 
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cellular fluorescence reporting the combined activity of NAPE-PLD and PLA1s, even at 

a time point where PED-A1 was at its most selective for NAPE-PLD activity. These 

results also demonstrated that flame-NAPE can be used in a wide variety of cultured 

cells to measure NAPE-PLD activity selectively, rapidly, and easily. 

 

4.5 Conclusions 

Our results demonstrated that the use of flame-NAPE provides a facile method to 

assay NAPE-PLD activity selectively in a variety of cell types. Such an assay has long 

been needed to enable studies elucidating how various external stimuli and signaling 

pathways modulate NAPE-PLD activity and NAE biosynthesis. Understanding the 

control of NAE biosynthesis is critical because NAEs, including anandamide (AEA), 

PEA, and OEA, regulate a host of physiological processes such as feeding, nociception, 

leukocyte infiltration, insulin secretion, and macrophage polarization.53, 62, 86, 102, 175-178 

Therefore, altered activities of their biosynthetic enzymes may be important factors in 

diseases.  

Understanding how NAE biosynthesis is regulated and why it becomes 

dysregulated under certain conditions has been challenging in part due to the lack of 

appropriate methods for measuring the activity of individual NAE-biosynthetic enzymes. 

In addition to NAPE-PLD, at least two other enzymatic pathways metabolize NAPEs into 

NAEs. ABHD4 acts as both a PLA1 and a PLA2 to convert NAPE to glycerophospho-N-

acyl-ethanolamide (GP-NAE),179 which can be converted to NAE by GDE1, GDE4, or 

other similar phosphodiesterases (Figure 30).62, 154, 155 Another alternative pathway for 

NAE biosynthesis utilizes an as yet unidentified NAPE-hydrolyzing phospholipase C 

(NAPE-PLC) that hydrolyzes NAPE to diacylglycerol and phospho-N-acylethanolamide 

(phospho-NAE). Phospho-NAE can then be converted to NAE via phosphatases such 

as PTPN22 and SHIP1 (Figure 30).180 Being able to measure the activity of the various 

members of these pathways selectively would greatly benefit investigations into the 

regulation of NAE biosynthesis. And the novel assay described herein will help in that 

process. 
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Fluorogenic activity assays have considerable advantages compared to methods 

such as TLC and LC/MS/MS in terms of reduced time and resource consumption, as 

long as the probes utilized selectively measure the desired activity. While the 

fluorogenic probes PED6 and PED-A1 have been used in high-throughput screenings to 

identify NAPE-PLD inhibitors in vitro,125-127, 162 they are sensitive to hydrolysis by other 

phospholipases that are likely to be present in cells and tissues. PED6 was originally 

created as a probe for PLA2 activity,159 and PED-A1 was created as a probe for PLA1 

activity.130 Since, for example, ABHD4 has both PLA1 and PLA2 activity, hydrolysis of 

PED-A1 or PED6 by NAPE-PLD is indistinguishable from hydrolysis by ABHD4 as 

measured by fluorimetry. Furthermore, many other PLA1 or PLA2 enzymes that can 

hydrolyze PED-A1 and PED6 are present in cells and tissues where measurement of 

NAPE-PLD activity is desired,130, 181, 182 leading to additional interfering signals. In fact, 

our own studies with THL confirmed that a significant portion of PED-A1 hydrolysis in 

cultured cells resulted from phospholipases other than NAPE-PLD. Therefore, if PED-

A1 (or PED6) is used to measure NAPE-PLD activity in cultured cells or tissues, THL (or 

another appropriate inhibitor) should be added prior to initiation of the assay to block 

signals from other enzymes. 

The use of flame-NAPE to measure NAPE-PLD activity in our assay method 

overcame the major limitations of PED-A1 and PED6. The substitution of an N-methyl 

amide group for the sn-1 ester of PED-A1 made flame-NAPE completely resistant to 

hydrolysis by A. oryzae PLA1. Flame-NAPE fluorescence was not inhibited by THL in 

HepG2 cells, supporting the notion that serine hydrolase-type phospholipases do not 

significantly contribute to flame-NAPE hydrolysis. Flame-NAPE fluorescence was, 

however, significantly inhibited by the NAPE-PLD inhibitor Bith in all of the cell-types 

that we tested and was reduced to nearly 0 when a combination of NAPE-PLD inhibitors 

was used. It is possible that in some cell types, a non-serine hydrolase-type 

phospholipase, such as the putative NAPE-PLC, contributes to flame-NAPE cellular 

fluorescence. One limitation of our validation studies was that the contribution of the 

putative NAPE-PLC to flame-NAPE fluorescence could not be tested directly because 

the enzyme has not been cloned or purified. However, significant NAPE-PLC 

contribution seems unlikely because this putative NAPE-PLC appears to prefer N-
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arachidonoyl-PEs over NAPEs with shorter and more saturated N-acyl chains,180 likely 

making flame-NAPE a poor NAPE-PLC substrate. 

Although the method described herein was designed to measure NAPE-PLD 

activity in cultured cells, the previous use of PED6 in zebrafish embryos and larvae to 

image sites of active PLA2 in the digestive tract suggest that flame-NAPE could be used 

in a similar manner for imaging NAPE-PLD activity in vivo.161, 183 This might be 

particularly useful for examining the effects of diet and other environmental factors on 

intestinal, adipocyte, and macrophage NAPE-PLD activity. Imaging of flame-NAPE 

within cultured cells or tissues could also provide insight into NAPE-PLD localization. 

In summary, flame-NAPE provides a rapid and straightforward method for 

measuring NAPE-PLD activity selectively both in vitro and in cultured cells. This assay 

has the potential to facilitate studies into factors that alter NAPE-PLD activity, the role of 

NAPE-PLD activity in controlling individual NAE levels, whether changes in NAPE-PLD 

activity contribute to disease, and the extent to which potential interventions rescue 

NAPE-PLD activity. And, of course, the flame-NAPE assay represents a simple and 

reliable means for measuring the effects of our novel NAPE-PLD modulators in cultured 

cells. 

 

4.6 Methods  

 

4.6.1 Acquisition of Absorbance and Emission Spectra 

4.6.1.1 Initial Absorbance Scans 

NAPE-PLD substrates (PED-amide, PED-A1, and flame-NAPE) were prepared 

from dried stocks by dissolving in buffer containing 50 mM Tris-HCl pH 8.0, ethanol, and 

DMSO (60:32:8 v/v/v) and the absorbance spectrum from 300 to 700 nm recorded using 

an Eppendorf Biospectrometer kinetic UV/VIS spectrometer. 

 



102 

4.6.1.2 Additional Scans 

 PED-A1 (4 µM) and flame-NAPE (4 µM) were reacted with either Nape-pld or 

vehicle control according to the activity assay protocol described below. After allowing 

the reaction to reach completion (60 min), absorbance at 10 nm intervals from 300 to 

700 nm was read using a BioTek Synergy H1 plate reader (at 37 °C). Also, emission 

was read using the same plate reader at 10 nm intervals from 510 to 700 nm (at 37 °C, 

excitation of 488 nm). For the absorbance spectra, background wells were included in 

order to eliminate background from the test wells. 

 

4.6.2 In Vitro Activity Assays 

Recombinant mouse Nape-pld was expressed in E. coli and purified as 

previously described.126 Purified Aspergillus oryzae PLA1 was purchased commercially 

(Sigma L3295). PED-A1 (ThermoFisher), flame-NAPE, and PED-amide were prepared 

in buffer containing 50 mM Tris-HCl pH 8.0, ethanol, and DMSO (60:32:8 v/v/v). 

4.6.2.1 KM Determination 

55 μL of 50 mM Tris-HCl buffer (pH = 8.0) and 5 μL of 7% (w/v) N-octyl-β-D-

glucoside solution (Millipore 494459) was added to clear-bottom, black-walled, non-

treated, 96-well plates (Thermo 265301), followed by 5 μL of 73 μg/mL Nape-pld (final 

concentration 4.56 μg/mL) or 5 μL of Tris-HCl buffer (for negative controls), and then 5 

μL of test compound vehicle (1.6% DMSO (v/v) in Tris-HCl buffer) and incubated for 1 h 

at 37 °C. To initiate the activity assay, 10 μL of ice-cold substrate was added to every 

well with final concentration from 0 to 20 μM (6 replicates per condition). Fluorescence 

(ex/em 488/530 nm) was measured in a BioTek Synergy H1 plate reader at 37 °C. 

Reaction rate was measured as change in fluorescence from t = 1-4 min, n = 6, mean ± 

SEM. KM values for PED-A1 and flame-NAPE were calculated in GraphPad Prism 7.0 

using nonlinear regression (allosteric sigmoidal) and software; there was evidence of an 

inadequate model for the flame-NAPE regression (F = 3.63, p = 0.0144). 
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4.6.2.2 Determination of Enzyme Selectivity 

60 μL of Tris-HCl buffer was added to wells of a clear-bottom, black-walled, non-

treated, 96-well plate, followed by 5 μL of Nape-pld (4.56 μg/ml final concentration), A. 

oryzae PLA1 (34.6 U/mL final concentration), or Tris-HCl buffer (negative control). 5 μL 

of 7% (w/v) N-octyl-β-D-glucoside solution was added to the wells that received Nape-

pld, and 5 μL of Tris-HCl buffer to wells that received PLA1 or the negative control. After 

1 h of incubation at 37 °C, 10 μL of ice-cold substrate was added (4 μM final 

concentration) and fluorescence was measured as above. Background fluorescence in 

absence of phospholipase was subtracted from all groups. 

 

4.6.3 Cell-Based Assays 

4.6.3.1 Cell Culturing 

HepG2, HEK-293, 3T3-L1, and Caco-2 cells were purchased from ATCC (HB-

8065, CRL-1573, CL-173, and HTB-37, respectively). BMDMs were cultured by the 

laboratory of Dr. Amanda Doran. Bone marrow progenitors were obtained from 8-12-

week-old C57BL6/J mice. These progenitors were cultured using a previously published 

method to yield the bone marrow-derived macrophages (BMDM).52 The base cell media 

for all cell assays was Dulbecco’s modified eagle media (DMEM) with 4.5 g/L glucose, 1 

mM sodium pyruvate, and 4 mM L-glutamine. For the growth of HEK-293 and 3T3-L1 

cells, phenol red and 10% (v/v) heat-inactivated fetal bovine serum (HI-FBS) were 

added to base media. For Caco-2 cell growth, phenol red and 20% (v/v) HI-FBS were 

added to base media. 

4.6.3.2 Activity Assays 

For the assay, all cells were plated at 20,000 cells/well in clear-bottom, black-

walled, tissue culture-treated, 96-well plates; negative control wells had no cells added. 

After the cells reached ~90% confluency, the growth media was removed and 100 

μL/well of treatment media (see below) added, incubated for 1 h at 37 °C, then 5 μL of 
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84 μM PED-A1 or flame-NAPE in Tris-HCl/ethanol/DMSO (60:32:8 v/v/v) added to each 

of the wells (4 μM final). 

For the initial HepG2 cell studies, the treatment media was base media with 

either NAPE-PLD inhibitor Bith (15 μM final), the pan-serine hydrolase lipase inhibitor 

THL (10 μM final), both, or vehicle (DMSO); all contained 0.71% v/v DMSO final. For the 

subsequent HepG2 cell study the treatment media was base media with either 15 μM 

Bith, 33 μM LEI-401 (Cayman Chemicals), 33 µM VU0643006 (Life Chemicals), a 

combination, or vehicle (DMSO); all contained 1.7% v/v DMSO final. For assays with 

HEK-293, 3T3-L1, BMDM, or Caco-2 cells, the inhibitor media was base media with 

either bithionol (15 μM final), or vehicle (DMSO); with the concentration of DMSO in all 

assays being 0.016% v/v final. 

For all cellular experiments, fluorescence (ex/em 488/530 nm) was measured at 

1-minute intervals in a BioTek Synergy H1 plate reader at 37 °C. After the initial study in 

HepG2 cells, subsequent studies used the fluorescence values at 10 min for analysis. 

Final values were reported as substrate-normalized cellular fluorescence. To calculate 

this value, cellular fluorescence was first calculated as the fluorescence in the well 

measured at 10 min minus the average fluorescence of the wells with the appropriate 

substrate, but no cells (background fluorescence) measured at 10 min. This cellular 

fluorescence value was then normalized by dividing this value by the average cellular 

fluorescence value for vehicle (DMSO only) treated cells and multiplying by 100%. Each 

experiment was carried out on at least two separate days and the normalized values 

from separate days combined. 

For HepG2 cells, background fluorescence at 10 min for PED-A1 and flame-

NAPE were typically 12% and 21%, respectively, of the raw fluorescence for vehicle-

treated HepG2 cells. At the 10 min timepoint, the average raw fluorescence measured 

in vehicle-treated HepG2 cells with flame-NAPE was 66% that of similarly treated cells 

with PED-A1. For HEK-293, 3T3-L1, BMDM, and Caco-2 cells where PED-A1 was used 

substrate, the average background fluorescence (wells without cells) at the 10 min 

endpoint was 20%, 23%, 23%, and 19%, respectively, of the raw fluorescence of 

vehicle-treated cells. For HEK-293, 3T3-L1, BMDM, and Caco-2 cells where flame-
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NAPE was used as substrate, the background fluorescence (wells without cells) at the 

10 min endpoint was 24%, 34%, 33%, and 22%, respectively, of total raw fluorescence 

of vehicle-treated cells. The average raw fluorescence at 10 min endpoint for vehicle-

treated HEK-293, 3T3-L1, BMDM, and Caco-2 cells when 4 μM flame-NAPE was used 

as substrate was 89%, 94%, 76%, and 92%, respectively, of the raw fluorescence when 

4 μM PED-A1 was used as substrate. 

4.6.3.3 Cytotoxicity Assay 

A methylthiazoletetrazolium (MTT) assay was used to measure cytotoxicity, 

using a previously reported method.126 The method was modified as follows: treatments 

were conducted in 96-well plates instead of 24-well plates to avoid unnecessary fluid 

transfers, 100 μL of 0.3 mg/mL MTT solution was added after 24 h of treatment, this 

was removed after 3 h of incubation and replaced with 0.1M HCl in isopropanol, 

absorbance at 10 nm intervals from 520-600 nm was read, and absorbance at 560 nm 

(the peak) was used for analysis. 

4.6.3.4 siRNA Silencing of NAPE-PLD 

 NAPE-PLD and control siRNAs were obtained from Origene (SR326044). siRNA 

transfections were performed using Lipofectamine 3000 Transfection Reagent, 

according to manufacturer specifications (Invitrogen L3000015). Cells were treated with 

siRNA for 24 h before the siRNA-containing media was removed and replaced with 

NAPE-PLD modulator treatments. siRNA transfection controls were TYE 563 RNA 

(Origene) and they were used alongside NAPE-PLD siRNA in every plate. Transfection 

efficiency was measured as fluorescence (ex/em 540/570 nm) using a Biotek Synergy 

H1 plate reader. 
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CHAPTER 5 

 

Effects of NAPE-PLD Activators in Cells 

This chapter is adapted from Small Molecule Activation of NAPE-PLD Enhances 

Efferocytosis by Macrophages, published in bioRxiv, and has been reproduced with the 

permission of the publisher.127 Authors: Jonah E. Zarrow, Abdul-Musawwir Alli-

Oluwafuyi, Cristina M. Youwakim, Kwangho Kim, Andrew N. Jenkins, Isabelle C. Suero, 

Margaret R. Jones, Zahra Mashhadi, Kenneth P. Mackie, Alex G. Waterson, Amanda C. 

Doran, Gary A. Sulikowski, and Sean S. Davies. Author contributions: JEZ performed 

the majority of the experiments, he also performed NAPE synthesis, analyzed data, 

created figures, interpreted results, and assisted in writing of the initial manuscript. 

AMAO extracted and cultured BMDMs, assisted with efferocytosis studies, and assisted 

with HEK-293 cell experiments. CMY performed efferocytosis studies and analysis of 

efferocytosis data. ANJ assisted in the development of LC/MS assays. ZM assisted with 

conception of the project, LC/MS assays, and cell culture studies. ICS assisted with 

cellular and LC/MS assays. KM supervised the husbandry of Napepld-/- and control mice 

and femur extraction and provided guidance on Nape-pld biology to the project. AGW 

edited the manuscript. ACD assisted in conception of the project, supervised and 

performed efferocytosis assays, provided guidance on macrophage biology to the 

project, created figures, and assisted in writing the initial manuscript. GAS assisted with 

the conception of the project, provided guidance of the project, obtained financial 
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5.1 Cytotoxicity 

 We wanted to determine whether the BT-PSPs would activate NAPE-PLD in live 

cells, as that would make them more useful in research and clinical settings. Prior to 

administering them to cells, however, we had to determine whether they would be toxic 

to those cells. So, we conducted cellular viability assays. We used RAW 264.7 cells, as 

they are a macrophage cell model, and our primary biological phenomenon of interest 

was the effect of NAPE-PLD modulation on macrophage efferocytosis capacity. We also 

used HepG2 cells because NAFLD has been linked to NAPE-PLD activity and because 

hepatotoxicity of a compound and/or its metabolites (which are typically formed in the 

liver) is an important consideration for any lead drug molecule. 

 

5.1.1 Cytotoxicity: RAW 264.7 

 Before testing the cytotoxicity of all of our compounds, I performed a pilot assay 

on 13 of them. If most of the compounds were substantially cytotoxic, we would have 

had to perform extensive medicinal chemistry to find/create non-toxic BT-PSPs. 

Fortunately, I observed that >75% of cells survived when treated with most of the 

compounds, and >50% survived when treated with the others (data not shown). One 

compound, VU0934205, had only ~30% cell survival, so it was eliminated from future 

cytotoxicity and cellular activity experiments in RAW 264.7 cells. 

 Following this pilot experiment, I conducted a cytotoxicity screening on all but two 

of our BT-PSPs (all at 30 µM). 13 of the 20 compounds tested had favorable cell 

survival (≥75%), five had moderate cell survival (50-75%) and only two had poor cell 

survival (<50%) relative to vehicle controls (Figure 38 A). From these results, we 

concluded that the BT-PSPs were sufficiently non-toxic towards RAW 264.7 cells for 

them to be used in our own and others’ research endeavors. The two compounds 

excluded from this assay were VU0934205 and VU0506534. The former was excluded 

because it showed toxicity in both the RAW 264.7 and HepG2 pilot assays. The latter 

was excluded from this assay because I instead performed a full cytotoxicity CRC on it, 

as it was our top hit. 
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 The cytotoxicity CRC for VU0506534 showed that the compound lacked 

substantial cytotoxicity at any of the doses tested (Figure 38 B). This meant that 

VU0506534 remained in place as the most promising research tool among the BT-

PSPs. I also performed a cytotoxicity CRC on VU0506533 because it was among our 

strongest activators, and in the cytotoxicity screening it only showed 57% cell survival. 

The full cytotoxicity CRC for VU0506533 showed that at doses above 10 µM, ~65% of 

the cells survived, and at 10 µM, cell survival was 73% (Figure 38 C). The 10 µM dose 

was important because it was the dose at which we tested all cellular (and many in 

Figure 38. BT-PSPs lack severe cytotoxicity in RAW 264.7 cells. A. Cell viability at 30 µM for 

BT-PSPs, normalized to vehicle (DMSO) controls. Mean ± 95% CI shown. B. Cytotoxicity 

CRC for VU0506534, normalized to vehicle controls. Points are mean ± SD from n = 8 

technical replicates. C. Cytotoxicity CRC for VU0506533, normalized to vehicle controls. 

Points are mean ± SD from n = 7-8 technical replicates. 
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vitro) activities. We deemed VU0506533’s level of cytotoxicity at 10 µM to be acceptable 

for our assays. 

 

5.1.2 Cytotoxicity: HepG2 

 Once again, before testing the cytotoxicity of all of our compounds, I performed a 

pilot assay on the eight that we expected would be cytotoxic based on the pilot assay in 

RAW 264.7 cells. Most of the compounds did not cause meaningful cytotoxicity (data 

not shown). Only VU0934205 did (~41% cell survival), so it was eliminated from future 

cytotoxicity and cellular activity experiments in HepG2 cells. 

 Following the pilot experiment, I conducted a cytotoxicity screening on all but two 

of our BT-PSPs in HepG2 cells (all at 30 µM). I observed that 17 of the 20 compounds 

tested had favorable cell survival (≥75%), three had moderate cell survival (50-75%) 

and none had poor cell survival (<50%) relative to vehicle controls (Figure 39 A). From 

these results, we concluded that the BT-PSPs were sufficiently non-toxic towards 

HepG2 cells for them to be used in our and others’ research studies. The two 

compounds that were excluded from this assay were VU0934205 and VU0506534. I 

excluded VU0934205 because it showed toxicity in both the RAW 264.7 and HepG2 

pilot assays. I excluded VU0506534 from this assay because I instead performed a full 

cytotoxicity CRC on it, as it was our top hit. 
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The cytotoxicity CRC for VU0506534 in HepG2 cells showed that it lacked 

substantial cytotoxicity at any of the doses tested (Figure 39 B). This meant that 

VU0506534 remained in place as the most promising research tool among the BT-

PSPs. Given the combined results of the cytotoxicity assays in RAW 264.7 and HepG2 

cells, we concluded that the BT-PSPs would be safe to use by other researchers in at 

least the two cell types that we tested, and likely more. 

 

 

Figure 39. BT-PSPs lack severe cytotoxicity in HepG2 cells. A. Cell viability at 30 µM for BT-

PSPs, normalized to vehicle (DMSO) controls. Mean ± 95% CI shown. B. Cytotoxicity CRC 

for VU0506534, normalized to vehicle controls. Points are mean ± SD from n = 12 technical 

replicates. 
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5.2 Cellular NAPE-PLD Activity 

 Having established that the compounds were acceptably non-toxic to cells, we 

were then able to test whether they would modulate NAPE-PLD in cells. This was an 

important test because the intended use of the compounds is to modulate NAPE-PLD in 

biological settings. The method used for these assays was the fluorescence-based 

NAPE-PLD activity assay developed in our laboratory,133 which was detailed in Chapter 

4. 

 

5.2.1 Cellular NAPE-PLD Modulation: RAW 264.7 

5.2.1.1 Single-Dose RAW 264.7 Nape-pld Modulation 

 As a pilot experiment to determine if the BT-PSPs were likely to modulate Nape-

pld activity in RAW 264.7 cells, I first tested two of our top compounds: VU0506534 and 

VU0934209. I also tested Bith, because we knew that it consistently modulated NAPE-

PLD in many cell types in the past.126, 133 For simplicity, I only tested them at one dose, 

10 µM, as that was 10x the in vitro EC50 of most of the BT-PSPs. From these results 

(Figure A10 in Appendix), I saw that VU0506534, VU0934209, and Bith were all able to 

modulate Nape-pld activity in RAW 264.7 cells. Therefore, I proceeded with testing all of 

the BT-PSPs for Nape-pld modulation in RAW 264.7 cells. 

5.2.1.2 RAW 264.7 Nape-pld Modulation CRCs 

Almost all of the BT-PSPs dose-dependently increased Nape-pld activity in RAW 

264.7 cells (Figure 40 A), indicating their utility for studying the role of NAPE-PLD in 

cells generally, and in macrophages specifically. Most BT-PSP compounds that 

increased the activity of recombinant mouse Nape-pld also significantly increased 

Nape-pld activity in RAW 264.7 cells, with a robust correlation between their efficacy in 

the two settings (Figure 40 B). This indicated that the effects of the BT-PSPs were 

robust enough to translate from in vitro to cells. PED-A1 was used in the assays in RAW 

264.7 cells due to a lack of available flame-NAPE, and PED-A1’s poor selectivity was 

overcome by the coadministration of Orlistat to inhibit enzymes with PLA1 activity. In 
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addition to those 5-point CRCs, I also conducted more extensive CRCs on several of 

the top BT-PSPs (Figure 40 C-G). Compounds that showed minimal activity in the 

limited CRCs (VU0506605 and VU0934233) also showed minimal activity in this assay, 

while the opposite was true for compounds that showed strong activity in the initial 

CRCs. These results demonstrated a robust dose-dependence for BT-PSP activation of 

Nape-pld in RAW 264.7 cells. At 10 µM, VU0506534 and VU0506533 increased Nape-

pld activity by 1.5- and 2.2-fold, respectively, while VU0934233 caused no significant 

increase in activity. 
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Figure 40. BT-PSPs dose-dependently increase Nape-pld activity in RAW 264.7 cells. A. 

Limited concentration-response curves of 18 BT-PSPs for Nape-pld activity, using PED-A1. 

Each compound was tested on at least two separate days and the individual replicates from 

each day normalized to vehicle controls and then combined (mean ± SD, n = 4-6). Ordinary 

one-way ANOVAs for each, p<0.05, except for VU0506601 and VU0934233. *p<0.05 vs. 

vehicle controls, Dunnett’s multiple comparisons test. B. Correlation between maximal 

efficacy of 19 BT-PSPs and analogs in the recombinant Nape-pld assay and their efficacy at 

30 μM in cultured RAW 264.7 cells. Maximal efficacy (Emax) is expressed as a percent 

relative to vehicle-treated controls. Simple linear regression (solid line) with 95% confidence 

intervals (dotted lines). Slope = 0.5455, R2 = 0.3394, p = 0.0089 for slope significantly non-

zero. C-G. Extended CRCs for BT-PSPs. Effect of graded concentrations of VU0506542, 

VU0506534, VU0506605, VU0934233, and VU0934209 (respectively) on Nape-pld activity in 

RAW 264.7 cells, measured using PED-A1. Each compound was tested on at least two 

separate days and the individual replicates from each day normalized to vehicle controls and 

then combined (mean ± SD, n = 4-6). Best-fit curves were generated using log(agonist) vs. 

response, variable slope (four parameters) non-linear fits. 
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5.2.2 Cellular NAPE-PLD Modulation: HepG2 

 Next, to see if these effects translated to a different type of cell, from a tissue of 

biological significance, and in cells derived from humans, I performed activity assays in 

HepG2 cells. 

5.2.2.1 Single-Dose HepG2 NAPE-PLD Modulation 

 As with the RAW 264.7 cells, I performed a pilot test to demonstrate BT-PSP 

activity in HepG2 cells before performing more extensive assays. The results of this 

experiment showed that the BT-PSPs could modulate NAPE-PLD activity in HepG2 

cells (Figure A11 in Appendix). Therefore, I proceeded with further testing. 

5.2.2.2 HepG2 NAPE-PLD Modulation CRCs 

 I next performed CRCs in HepG2 cells with some of the most promising BT-

PSPs (Figure 41 A-G). The EC50 of VU0506534 and VU0506533 were 1.5 µM (95% CI 

0.6 to 2.8 µM) and 3.0 µM (95% CI 1.4 to 1.7 µM), respectively. The Emax of VU0506534 

and VU0506533 were 1.6-fold increase (95% CI 1.5 to 1.8) and 1.6-fold (95% CI 1.5 to 

1.8), respectively. This experiment demonstrated that the BT-PSPs dose-dependently 

modulate NAPE-PLD activity in HepG2 cells, indicating their utility in research using 

human-derived cells. In addition to being in a different cell type and one derived from a 

different species than in the RAW 264.7 assays, for graphs A-E I used a different 

fluorogenic substrate (flame-NAPE in place of PED-A1). This was a way to further 

demonstrate the reliability of the effects of the BT-PSPs. All tested compounds except 

for VU0934231 and VU0506575 demonstrated similar activity in HepG2 and RAW 264.7 

cells. For VU0934231, this may have been due to differences between the two cell 

types, as it demonstrated activity in both mouse and human NAPE-PLD in vitro. For 

VU0506575, this effect may have been due to the choice of substrate, as shown by its 

contrasting activities in Figure 41 D and G. 
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5.2.3 Cellular NAPE-PLD Modulation: Other Cell Types 

 In addition to testing for NAPE-PLD modulation in RAW 264.7s and HepG2s, I 

performed modulation experiments in BMDMs and Caco-2s. While the experiments that 

we performed using those cells were not as extensive, they impacted the course of the 

research project. 

5.2.3.1 BMDMs 

 While the Doran Lab and I were determining the optimal method for testing the 

modulators’ effects on efferocytosis, I performed an activity assay in parallel to ensure 

that the compounds would maintain modulatory efficacy under the conditions used. At 

the time, we were determining how long we would treat the BMDMs with our 

compounds before commencing the efferocytosis, and the times we tested were 5 h and 

24 h. The effects of both positive and negative NAPE-PLD modulators were more 

pronounced at 5 h than at 24 h (Figure 42), indicating that the 5 h incubation time was 

the best for observing Nape-pld activity-induced changes. This experiment was also the 

Figure 41. BT-PSPs dose-dependently increase NAPE-PLD activity in HepG2 cells. Effects 

of graded concentrations of VU0506534 (A), VU0506535 (B), VU0934233 (C), VU0506575 

(D), and VU0934231 (E) on NAPE-PLD activity in HepG2 cells, measured using flame-

NAPE. Effect of graded concentrations of VU0506517 (F) and VU0506575 (G) on NAPE-

PLD activity in HepG2 cells, measured using PED-A1. Each compound was tested on at 

least two separate days and the individual replicates from each day normalized to vehicle 

controls and then combined (mean ± SD, n = 5-14). Best-fit curves were generated using 

log(agonist) vs. response, variable slope (four parameters). 
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first demonstration that two of our main compounds of interest (VU0506534 and Bith) 

modulated Nape-pld activity in primary macrophages. 
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5.2.3.2 Caco-2s 

 Early on in the development of the cellular NAPE-PLD activity assay, I performed 

three assays of the effects of various compounds on NAPE-PLD activity in Caco-2 cells. 

Caco-2 cells were used because they are a model of human intestinal epithelial cells, 

which is a tissue of interest in NAPE-PLD research.11, 99, 184, 185 In the first experiment, I 

failed to see any treatment effects because there was strong location-dependent 

variability in all of the treatment groups, particularly the vehicle controls (Figure A12 A in 

appendix). In the second experiment, severe location-agnostic variability was seen 

(Figure A12 B in Appendix), again masking any true variations in activity. Given these 

results and the fact that intestinal epithelial cells transport molecules rapidly across the 

cell membrane,184, 185 in my next experiment I attempted to avoid this problem by 

incubating the cells with the compounds for only 1 min instead of 1 h. In this third 

Figure 42. Nape-pld modulators effective in BMDMs. Effects of compounds on BMDM Nape-

pld activity, with different incubation times, as measured by PED-A1 hydrolysis. Each 

compound treatment is normalized to its same-time controls (DMSO). Mean ± 95% CI and 

individual results shown, assay performed once. Ordinary one-way ANOVA p<0.0001. 

Šídák’s multiple comparisons test results: *p=0.0191, ***p=0.0007, ****p<0.0001. 
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experiment, the inhibitor (Bith) controls that I included had no effect on NAPE-PLD 

activity (Figure A12 C in Appendix). After performing all three of these experiments, I 

concluded that something about the assay method was not working. Eventually, Isabelle 

Paz and I found that the media itself was interfering with our fluorescence signals. We 

never returned to Caco-2s to measure the activity of the BT-PSPs in them, but that will 

be a simple yet effective way of further assessing the utility of the BT-PSPs. 

 

5.3 Cellular NAPE-PLD Modulation Validations 

 Having established that the compounds modulate the hydrolysis of fluorogenic 

NAPE-PLD substrates in various cell types, we attempted to determine whether or not 

this effect was due to true modulation of NAPE-PLD. 

 

5.3.1 Cellular LC/MS Assay 

 In addition to the conclusive data verifying that BT-PSPs modulate Nape-pld 

hydrolysis of NAPEs in vitro (section 3.1.3), Dr. Alli-Oluwafuyi and I obtained preliminary 

data indicating that VU0506534 modulates NAPE-PLD activity in live cells. I 

administered 1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine-N-oleoyl and 1,2-

dihexanoyl-sn-glycero-3-phosphoethanolamine-N-palmitoyl to HEK-293 cells that he 

had transfected with either empty vector (pcDNA3.1, Invitrogen) or NAPEPLD 

overexpression plasmid. We used transfected cells as previous experiments had shown 

that non-transfected cells could not hydrolyze NAPEs fast enough for our assay to 

measure it (data not shown). Using this method, we saw that NAPEPLD transfection led 

to a large increase in NAPE hydrolysis. And we saw that 24 h treatment of the 

transfected cells with 20 µM VU0506534 caused an increase in NAPE hydrolysis 

compared to vehicle. The data from this experiment are not shown because it was 

performed only once and there was enough variability in the data to indicate that much 

larger sample sizes were needed due to insufficient statistical power. However, these 

preliminary data suggested that VU0506534 increases NAPE-PLD hydrolysis of NAPEs 

in live cells. 
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5.3.2 Modulator Competition Assay in Cells 

 As in the in vitro studies (section 3.2.1), I performed a competition assay to verify 

whether BT-PSPs act via NAPE-PLD in cells. For this assay, I used VU0506534 as the 

representative NAPE-PLD activator, Bith as the representative NAPE-PLD inhibitor, and 

RAW 264.7 cells. When administered alone, Bith dose-dependently decreased Nape-

pld activity (Figure 43 A). In the presence of VU0506534, Bith again dose-dependently 

decreased activity (Figure 43 A). If VU0506534 increased the fluorescence signal via a 

different mechanism to Bith, there would have been the same total amount of signal 

increase when VU0506534 was added to each dose of Bith. But that was not the case, 

so we concluded that the two acted via the same enzyme to alter fluorescence. As Bith 

has been conclusively demonstrated to modulate NAPE-PLD activity in cells (see 

Chapters 2 and 4), we could conclude that the compounds’ shared target was NAPE-

PLD. While it would have been beneficial to include conditions where Nape-pld activity 

was completely inhibited, I could not increase the dose of Bith past 15 µM due to 

cytotoxicity (Figure A8 in Appendix). When the data were re-normalized to either vehicle 

alone (for Bith doses without VU0506534) or to VU0506534 alone (for Bith doses with 

VU0506534), we could see that each dose of Bith inhibited Nape-pld activity to the 

same extent, with or without VU0506534 present (Figure 43 B). Together, these results 

verified that VU0506534 acts via NAPE-PLD to increase PED-A1 hydrolysis in cells, 

and that it most likely binds to a different site than Bith when doing so. 
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5.4 Preliminary Macrophage Efferocytosis Data 

 As discussed in section 1.2, researchers have shown that OEA and PEA—two 

major products of NAPE-PLD—enhance macrophage M2 polarization, efferocytosis, 

and ameliorate atherosclerosis phenotypes.53, 61 Following this lead, the Davies Lab 

performed preliminary studies intended to probe the influence of NAPE-PLD activity on 

macrophage efferocytosis capacity. 

 

5.4.1 Confocal Imaging of Phagocytosis 

 After creating the selective PLD activity probe, flame-NAPE, we wanted to 

determine if it could be used to visualize areas of high NAPE-PLD activity in live cells 

when imaged with a confocal microscope. Since we knew that NAPE-PLD products had 

effects on macrophage polarization and efferocytosis, we used macrophages 

performing phagocytosis of apoptotic cells for this test (efferocytosis is phagocytosis of 

Figure 43. Validation of VU0506534’s actions on Nape-pld in cells. A. Bith, a known Nape-

pld inhibitor, blocks increased Nape-pld activity in RAW 264.7 cells induced by VU0506534, 

measured by PED-A1 hydrolysis and normalized to vehicle controls. Numbers indicate 

compound dose in µM. Mean ± 95% CI shown. 1-way ANOVA p<0.0001 Šídák’s multiple 

comparison test, ap<0.05 vs 0 µM Bith + 0 µM VU0506534 group, bp<0.05 vs 0 µM Bith + 20 

µM VU0506534 group. B. The same data normalized to 0 µM Bith + 0 µM VU0506534 for 

groups without VU0506534, or to 0 µM Bith + 20 µM VU0506534 for groups with 

VU0506534. Points are mean ± SD. 2-way ANOVA, Bith factor p<0.0001, VU0506534 factor 

p=0.184, interaction factor p=0.8582. Within each Bith dose, none of the vehicle-VU0506534 

comparisons was significant, Šídák’s multiple comparisons test. 
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apoptotic cells, but it must be validated with genetic markers to conclusively differentiate 

it from other forms of phagocytosis). As an additional benefit, this test had the potential 

to reveal the mechanisms by which NAPE-PLD influences efferocytosis. This 

experiment was performed by Dr. Amanda Doran. 

When the macrophages were not performing phagocytosis, the areas with 

highest Nape-pld activity appeared to be the cell membrane and possibly the 

endoplasmic reticulum (Figure 44 A). When the macrophages were performing 

phagocytosis, the endoplasmic reticulum again had a higher density of Nape-pld 

activity. And, even more strongly, there was Nape-pld activity at the cell membranes of 

both the macrophage and the apoptotic cell, localized in and around the phagocytic 

synapse (Figure 44 B). We made two main conclusions from this experiment. The first 

was that flame-NAPE could, indeed, be used to visualize areas with high NAPE-PLD 

activity in cells. The second was that NAPE-PLD may be directly involved in the process 

of phagocytosis/efferocytosis, and not merely indirectly by increasing NAE levels. 
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5.4.2 NAPE-PLD Knockout and Efferocytosis 

 Since the effects of NAPE-PLD activity on efferocytosis had only been indirectly 

demonstrated (via expression changes, OEA and PEA levels, and via flame-NAPE 

visualization), we wanted to directly demonstrate the effect of NAPE-PLD on 

efferocytosis. To do this, Dr. Linda May-Zhang (formerly of the Davies Lab) generated 

BMDMs from wild-type (WT) and Napepld-/- (NPKO) mice. Then, Dr. Doran and her 

laboratory performed two tests of efferocytosis. The first was an assessment of 

macrophage binding to apoptotic cells, which is a critical initial step in the process of 

efferocytosis. This test showed that NPKO macrophages bound to apoptotic cells less 

frequently than did WT macrophages (Figure 44 C). The second test was a 

measurement of efferocytosis, and in this experiment, NPKO cells performed less 

efferocytosis than WT cells (Figure 44 D). As predicted from NAPE-PLD’s products 

increasing efferocytosis, Napepld knockout decreased efferocytosis. Therefore, we 

concluded that we could enhance efferocytosis by increasing NAPE-PLD activity. 

Figure 44. Preliminary results indicating Nape-pld’s enhancement of efferocytosis. A. 

Confocal microscope image of BMDMs treated with flame-NAPE. Green produced by flame-

NAPE hydrolysis product, BODIPY-PA. B. Confocal microscope images of BMDM 

(unlabeled) phagocytosing an apoptotic T cell (red cell membrane), after treatment with 

flame-NAPE (green, produced by BODIPY-PA). Locations where red and green overlap are 

yellow. Time since addition of flame-NAPE indicated in each image. C. Effect of Napepld 

knockout on macrophage binding to apoptotic T cells (mean ± 95% CI). Unpaired t-test, 

**p=0.0013. D. Effect of Napepld knockout on macrophage efferocytosis of apoptotic T cells 

(mean ± 95% CI). Unpaired t-test, **p=0.0029. 
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5.5 NAPE-PLD and Efferocytosis 

 Based on our preliminary findings that genetic knockout of Napepld decreased 

efferocytosis and that Nape-pld appeared to be directly involved in phagocytosis, and 

based on previous research showing that addition of NAEs hinders atherosclerosis by 

increasing the efferocytotic capacity of macrophages,53, 61 we next determined whether 

pharmacologically activating Nape-pld would enhance efferocytosis. To do this, we used 

established methods for measuring efferocytosis.52, 54 In this method, Jurkat cells 

(immortal T cell line) are irradiated to induce apoptosis, then they are fluorescently 

labelled and fed to differently labelled BMDMs. The two are co-incubated for 45 min, 

fixed, and then passed through a flow cytometer to count cells bearing both labels as a 

percentage of cells bearing only the BMDM label. All of the experiments in this section 

utilized this method, were designed by Dr. Davies and me, and were performed by or 

with the Doran Lab and Dr. Alli-Oluwafuyi. 

 

5.5.1 Efferocytosis Modulation by BT-PSPs 

 Inhibition of Nape-pld with Bith (10 µM) decreased efferocytosis, while activation 

of Nape-pld with VU0506534 or VU0506533 (10 µM) increased efferocytosis (Figure 45 

A). Treatment with VU0934233 (10 µM), which is inactive against NAPE-PLD, slightly 

reduced efferocytosis (Figure 45 A), indicating that the effects of VU0506534 and 

VU0506533 were due to their actions on NAPE-PLD and were not caused by an off-

target effect shared by all BT-PSPs. These results demonstrated that Nape-pld 

inhibition decreases and activation increases efferocytosis, as hypothesized. And, these 

results showed that the BT-PSPs can be used to enhance efferocytosis in primary 

macrophages. 
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Figure 45. BT-PSPs enhance BMDM efferocytosis in a Nape-pld-dependent manner. A. 

BMDM from wild-type mice were treated with 10 µM VU0506534, VU0506533, VU0934233 

or bithionol (Bith) for 6 h prior to initiation of efferocytosis assay. Ordinary one-way ANOVA 

p=0.0004. Dunnett’s multiple comparison’s test p value shown for each comparison. Data 

shown from one representative experimental day (with mean ± 95% CI). All compounds were 

tested on two to six separate experimental days. B. BMDM from wild-type mice were treated 

with 10 µM VU0506534 or with sEH inhibitors AUDA (10 µM) or TPPU (10 µM) for 6 h prior 

to initiation of efferocytosis assay. Ordinary one-way ANOVA p=0.0004. Dunnett’s multiple 

comparisons test p value shown for each comparison. Data shown from one representative 

experimental day of two total experimental days (with mean ± 95% CI). C. BMDM from wild-

type (WT) or Napepld-/- (NPKO) mice were treated with vehicle (Veh) or 10 µM VU0506534 

for 6 h prior to initiation of the efferocytosis assay. 1-way ANOVA p<0.0001, Dunnett’s 

multiple comparison p value shown for each comparison. Data shown from one 

representative experimental day of three total experimental days (with mean ± 95% CI).   
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5.5.2 Efferocytosis Modulation by sEH Inhibitors 

As discussed in section 3.3.3, the BT-PSPs exhibited mild inhibition of sEH. 

Therefore, we needed to determine if the BT-PSPs exerted their pro-efferocytosis 

effects via sEH rather than Nape-pld. To do this, we used two well-characterized and 

potent sEH inhibitors, AUDA and TPPU (12-[[(tricyclo[3.3.1.13,7]dec-1-

ylamino)carbonyl]amino]-dodecanoic acid and N-[1-(1-oxopropyl)-4-piperidinyl]-N’-[4-

(trifluoromethoxy)phenyl)-urea, respectively).146, 186, 187 When administered to BMDMs, 

neither AUDA nor TPPU affected efferocytosis (Figure 45 B). Therefore, we determined 

that the much weaker inhibition of sEH by the BT-PSPs also did not affect efferocytosis. 

Additionally, sEH activity has been proposed to boost efferocytosis via the 

production of SPMs, but this hypothesis has never been directly tested.59, 147 Our results 

in this experiment represented the first published demonstration that sEH activity does 

not, in fact, alter efferocytosis.127 

 

5.5.3 Validation of NAPE-PLD Dependence 

 While the previous experiment demonstrated that sEH inhibition was not 

responsible for BT-PSP enhancement of efferocytosis, we still needed to validate that 

Nape-pld was responsible. To do this, we compared the effects of vehicle and 

VU0506534 treatment on BMDMs from WT and NPKO mice (Figure 45 C). Knocking 

out Napepld reduced efferocytosis, which was consistent with Nape-pld being a positive 

efferocytosis regulator. Treatment of WT macrophages with VU0506534 (10 µM) 

enhanced efferocytosis, matching our previous results. And, in the absence of Nape-

pld, VU0506534 treatment had no effect on efferocytosis. This demonstrated that 

VU0506534 (and, by extension, the other BT-PSPs) enhanced efferocytosis by 

activating Nape-pld. Thus, we conclusively demonstrated that by activating Nape-pld in 

macrophages, we could pharmacologically enhance efferocytosis. 
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5.6 Conclusions 

 In Chapters 2 and 3, I described the discovery, validation, and characterization of 

the first-ever class of NAPE-PLD activators, the BT-PSPs. However, we did not know 

whether that activity would survive the transfer from in vitro to living cells. Therefore, we 

first developed a cell-based NAPE-PLD activity assay. I then determined whether the 

BT-PSPs were toxic to cells, to see if I could safely measure their effects on NAPE-PLD 

in cells. Upon seeing that the compounds were sufficiently non-cytotoxic, I 

demonstrated that they reliably and dose-dependently modulated NAPE-PLD in multiple 

cell lines and using two measurement methods. The combined results of cell-based 

competition assays, in vitro validation assays, and preliminary cell-based validation data 

demonstrated that the BT-PSPs are genuine activators of NAPE-PLD in cultured cells. 

A potential role for NAPE-PLD in regulating efferocytosis was first suggested by 

studies showing that PEA, one of the major products of NAPE-PLD, could increase the 

capacity of macrophages to carry out efferocytosis.53 Furthermore, NAPEPLD 

expression was significantly reduced in unstable atherosclerotic plaques from human 

coronary arteries and impaired efferocytosis has been implicated in the development of 

these plaques.46, 53 Here, we showed that BMDMs derived from Napepld-/- mice have a 

markedly diminished ability to carry out efferocytosis. Furthermore, we found that 

inhibiting Nape-pld activity using Bith phenocopied the effect of Napepld deletion. 

Importantly, treatment of wild-type BMDM with either VU0506534 or VU0506533 to 

increase Nape-pld activity markedly enhanced the capacity of BMDMs to carry out 

efferocytosis. This increase in efferocytosis required Nape-pld, as VU0506534 failed to 

enhance efferocytosis by Napepld-/- BMDMs. Given previous results showing weak 

inhibition of sEH by the BT-PSPs, we also demonstrated that strong sEH inhibition has 

no effect on efferocytosis. Together, these results demonstrated that macrophage 

Nape-pld activity enhances efferocytosis, that modulation of macrophage Nape-pld can 

be used to regulate efferocytosis, and that the BT-PSPs (by activating Nape-pld) are 

effective pharmacological enhancers of efferocytosis. 

 The experiments detailed in this chapter demonstrated that the BT-PSPs are 

first-in-class, valid, viable, and widely usable tool compounds for studying NAPE-PLD in 
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live cells. Furthermore, we demonstrated that they can be used to increase 

efferocytosis. As dysfunctional efferocytosis and downregulation of NAPE-PLD activity 

contribute to the progression of many diseases, the BT-PSPs could have a substantial 

impact on our understanding of those diseases and, potentially, the way we treat them. 

 

5.7 Methods 

 

5.7.1 General 

5.7.1.1 Materials and Reagents 

 LEI-401, [2H4]PEA, [2H4]OEA, and N-[2H4]palmitoyl-dioleoyl-PE were purchased 

from Cayman Chemicals. N-palmitoyl-dioleoyl-PE was purchased from Avanti Polar 

Lipids. PED-A1 was purchased from ThermoFisher Scientific. Flame-NAPE was 

synthesized as previously described.133 NOPE and N-palimtoyl-dihexanoyl-PE were 

synthesized using dihexanoyl-PE (Avanti Polar Lipids) and oleoyl chloride or palmitoyl 

chloride (Millipore-Sigma), respectively, as described previously.127 

5.7.1.2 Analyses 

 All statistical analyses were performed using GraphPad Prism 9 software. Unless 

stated otherwise, all experiments with accompanying statistical analyses were 

replicated two or more times on separate days, normalized to same-day controls, and 

combined for analysis. 

5.7.1.3 Cell Culture 

 RAW 264.7 (ATCC TIB-71), HepG2 (ATCC HB-8065), and Jurkat (ATCC TIB-

152) cells were cultured according to manufacturer specifications. They were grown in 

Dulbecco’s modified eagle medium (DMEM, Gibco 1195-065), supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum (HI-FBS, Corning MT35011CV) and 1% (v/v) 

penicillin-streptomycin antibiotics (Corning, MT30002CI). Jurkats were grown in non-

treated sterile petri dishes and remained in suspension. Before removing the RAW 
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264.7 cells from the plate, the cells were rinsed with 10mL of Dulbecco’s modified 

phosphate buffered saline (Corning MT21031CV). Cell lifters were used to de-adhere 

RAW 264.7 cells, while 4 min incubation in 2 mL of 0.25% Trypsin-EDTA (Gibco 

25200056) was used for HepG2 cells. When plating into assay plates, the antibiotics in 

the growth media were replaced with DMEM, so as to eliminate any interfering effects 

on the assay that they might have had. Caco-2 and HEK-293 cells were cultured 

following the protocols detailed in Chapter 4.  

To generate BMDMs, mice were euthanized with isoflurane and hind legs were 

removed. Marrow was flushed from femurs and tibias using DMEM containing 4.5 g/L 

glucose and a 26-gauge needle. Cell suspensions were passed over a 40-µm filter, 

centrifuged at 500 x g, and resuspended in 50 mL of DMEM containing 4.5 g/L glucose, 

20% L-cell conditioned media, 10% HI-FBS, and 1% penicillin/streptomycin. 10 mL of 

cell suspension was plated into each of five 100-mm dishes and incubated for four days 

at 37 °C and 5% CO2. On day four, non-adherent cells and debris were aspirated from 

the plates and replaced with fresh media. After 7 days of differentiation, cells were 

harvested for use in experiments. 

 

5.7.2 Shared Experimental Methods 

5.7.2.1 Cytotoxicity Assay 

Cells were plated in 96-well plates and allowed to grow to appropriate 

confluency, then test compounds were administered in the presence of a reduced 

amount of serum, and then the cells were incubated with the compounds for 24 h. After 

24 h, the treatment media was removed and replaced with media containing 

methylthiazoletetrazolium (MTT), which is a marker of mitochondrial activity and, 

therefore, of cellular viability. The cells were then incubated for 3 h to give time for the 

MTT reaction to occur, then the media was removed and replaced with a strong solvent 

to dissolve the crystallized, purple product of MTT’s reaction in mitochondria, and finally 

the amount of light absorbed by this purple product was measured for each well using a 

Biotek Synergy H1 plate reader. 



128 

5.7.2.2 Cellular NAPE-PLD Activity Assay 

 The method used for these assays was developed in our laboratory,133 and it is 

detailed in Chapter 4. Instead of phenol red-free DMEM, we used FluoroBrite DMEM 

(ThermoFisher A1896701), as it has superior fluorescence properties. For all assays 

except for those in HepG2 and Caco-2 cells, the PED-A1 + THL method was used; for 

the others, the flame-NAPE method was used.133 

5.7.2.3 Efferocytosis Assay 

 Assays were performed according to previously established protocols.52, 54 Bone 

marrow-derived macrophages were seeded at 0.25 x 106 cells/well in a non-tissue 

culture-treated 24-well plate and allowed to adhere overnight. Macrophages were 

treated with various compounds at a final concentration of 10 µM or DMSO as a vehicle 

for 6 hours prior to each experiment. Jurkat cells were exposed to ultraviolet light (254 

nm) for 5 minutes to induce apoptosis and then incubated in a 37 °C incubator with 5% 

CO2 for 2 hours. Surveillance staining of these cells routinely yields approximately 80-

90% apoptosis (Annexin V+) using this method. Apoptotic Jurkat cells were labeled with 

either CellVue Claret (Millipore Sigma) or Cell Trace Violet (Invitrogen) per the 

manufacturer’s instructions. After staining, cells were resuspended in macrophage 

medium at a density of 0.75 x 106 cells/mL and 500 µL of this suspension was added to 

the drug-containing media on the macrophages to achieve a cell ratio of 3:1 

Jurkats:macrophages. After incubating for 45 minutes at 37 °C and 5% CO2, the 

medium was aspirated and the macrophages were gently washed twice with PBS to 

remove unbound apoptotic cells. Macrophages were then removed from the plate using 

Cell Stripper (Sigma), washed, resuspended in staining buffer consisting of 2% HI-FBS 

in PBS with 2 mM EDTA, and blocked with anti-mouse CD16/32 antibodies for 15 

minutes on ice. After blocking, cells were pelleted and resuspended with F4/80. Cells 

were incubated for 45 minutes on ice in the dark, then washed and resuspended in 

staining buffer for analysis. Cells were analyzed using an Attune NxT cytometer 

(ThermoFisher) and data were analyzed using FlowJo software to quantify the 

proportion of F4/80+ macrophages that co-stained for apoptotic cells (% efferocytosis). 
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5.7.3 Cellular LC/MS Assay 

 This method was the same as the in vitro LC/MS assay, but stably transfected 

HEK-293 cells were used in place of purified Nape-pld. Cells were grown as previously 

described. Cells were transfected with a pcDNA3.1 mammalian expression vector 

bearing NAPEPLD (Invitrogen) using Fugene 6 (Promega E2691), according to 

manufacturer instructions. Additional details are being spared, as no data from this 

experiment are shown. 

 

5.7.4 Preliminary Efferocytosis Experiments 

5.7.4.1 Confocal Imaging 

 To generate images of macrophages not performing efferocytosis, flame-NAPE 

was added to BMDMs and images were taken every minute using a confocal 

microscope. To generate images of macrophages performing efferocytosis, 

fluorescently labelled apoptotic Jurkats (see efferocytosis method for more details) were 

incubated with BMDMs for 45 min, and then flame-NAPE was added immediately 

before imaging. 

 

5.7.4.2 Preliminary Efferocytosis Experiments 

 The methods used for to extract the BMDMSs and perform the efferocytosis 

experiment are the same as those described above. The method used to perform the 

apoptotic cell binding experiment is the same as for the efferocytosis experiment, 

except the BMDMs and T cells are co-incubated at 4 °C instead of 37 °C. This allows for 

cell binding but not engulfment.54  
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CHAPTER 6 

 

Conclusions and Implications 

 Based on existing research, we predicted that modulating NAPE-PLD activity 

could be an effective means of both studying and treating cardiometabolic diseases, 

particularly due to the enzyme’s proposed role in regulating efferocytosis. However, few 

NAPE-PLD modulators existed. Therefore, the goals of this project were to develop 

novel modulators of NAPE-PLD that could be used as research tools, and to then use 

those modulators to test the effects of NAPE-PLD modulation on efferocytosis. In the 

process of completing those goals, we also developed a new, PLD-selective, 

fluorogenic activity probe. This probe improved upon existing methods for PLD activity 

measurement in terms of speed, simplicity, and selectivity. By the time of this project’s 

completion, we had characterized the first-ever pharmacological activators of NAPE-

PLD and demonstrated their utility in research settings. We also demonstrated that 

NAPE-PLD activity enhances efferocytosis, and that NAPE-PLD modulators can be 

used to regulate efferocytosis. These discoveries have the potential to substantially alter 

the field of NAPE-PLD research and our understanding of cardiometabolic diseases. 

Parts of this chapter were adapted from Small Molecule Activation of NAPE-PLD 

Enhances Efferocytosis by Macrophages, published in bioRxiv, and has been 

reproduced with the permission of the publisher.127 Authors: Jonah E. Zarrow, Abdul-

Musawwir Alli-Oluwafuyi, Cristina M. Youwakim, Kwangho Kim, Andrew N. Jenkins, 

Isabelle C. Suero, Margaret R. Jones, Zahra Mashhadi, Kenneth P. Mackie, Alex G. 

Waterson, Amanda C. Doran, Gary A. Sulikowski, and Sean S. Davies. Authors who 

contributed to the writing and editing of this publication: JEZ, AGW, ACD, GAS, and 

SSD. 
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6.1 Quality of the Activators 

Our HTS efforts and subsequent compound testing revealed that molecules of 

the BT-PSP class activate NAPE-PLD. This represented the first discovery of a 

pharmacological NAPE-PLD activator. On top of that, the BT-PSPs were proven to be 

potent and efficacious modulators. They activated Nape-pld with single-micromolar 

EC50s and they increased Nape-pld activity by 1.6- to 2.6-fold, which is a biologically 

meaningful amount.188-191 Our subsequent experiments using the BT-PSPs 

demonstrated that they are suitable tools for researching NAPE-PLD and its actions. 

 

6.1.1 In Vitro Activity  

6.1.1.1 Validation and Characterization 

 Using a combination of competition assays and LC/MS-based assays, we 

verified that the BT-PSPs modulate Nape-pld’s ability to hydrolyze its natural substrates 

as well as activity probes. We also demonstrated that they are positive allosteric 

modulators of NAPE-PLD and gained insights into their potential binding sites. These 

experiments validated our claim that the BT-PSPs are genuine allosteric activators of 

NAPE-PLD. 

6.1.1.2 Selectivity 

 I demonstrated that the compounds’ activities extended from mouse Nape-pld to 

human NAPE-PLD, which showed us that the compounds can be used in human-

directed research and were not mouse-specific. I also demonstrated that the 

compounds had only mild off-target effects on FAAH and sEH. Those effects can be 

reduced or eliminated by medicinal chemistry efforts, and we later demonstrated that 

their inhibition of sEH was not responsible for the compounds’ effects on efferocytosis. 

These were all important tests of BT-PSP quality in vitro, but the majority of NAPE-PLD 

research is conducted in cell and animal models. 
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6.1.2 Cellular Activity 

6.1.2.1 Cytotoxicity 

 Before testing the effects of the BT-PSPs on NAPE-PLD activity in cells, I 

assessed whether they were cytotoxic. I found that the BT-PSPs were predominantly 

non-toxic to cell types of interest, thereby allowing me to proceed with testing in those 

cells. Additionally, the overall lack of BT-PSP cytotoxicity indicated that they can be 

used other research studies, should they prove effective. 

6.1.2.2 Cellular NAPE-PLD Modulation 

 The BT-PSPs proved to be efficacious and acceptably potent NAPE-PLD 

activators in cultured cells. This was demonstrated in a macrophage cell line and a 

hepatocyte line, which are crucial cells in the regulation of atherosclerosis, NAFLD, 

immune responses, and drug metabolism. Because the BT-PSPs were effective 

activators of cellular NAPE-PLD activity, they can be used by researchers to uncover 

the many roles of NAPE-PLD in biological systems. 

6.1.2.3 Efferocytosis Modulation 

 Finally, we showed that NAPE-PLD activators increase the efferocytosis of 

apoptotic cells by macrophages. We confirmed that this was not a result of off-target 

inhibition of sEH, or an effect of the BT-PSP structure independent of any NAPE-PLD-

modulating properties. And we confirmed that the top BT-PSP’s (VU0506534) activation 

of Nape-pld was responsible for its enhancement of efferocytosis. These results 

established the BT-PSPs as a new class of efferocytosis-enhancing molecules. 

Additionally, we showed that both genetic knockout and pharmacological inhibition of 

Nape-pld in macrophages reduced efferocytosis capacity, confirming our finding that 

NAPE-PLD is a positive regulator of efferocytosis. 

 

6.2 Research Implications 

 The immediate intended use of our compounds is as probes in research settings. 

Flame-NAPE will allow for more accurate measurement of NAPE-PLD activity. And as 
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no pharmacological NAPE-PLD activators existed prior to the BT-PSPs, their discovery 

allows entirely new scientific questions to be answered. 

 

6.2.1 NAPE-PLD Research 

6.2.1.1 flame-NAPE 

 Flame-NAPE represents an opportunity for PLD researchers. Prior to its creation, 

researchers who wanted to measure PLD activity—especially NAPE hydrolysis—

without interference from other phospholipases needed to use more cumbersome and 

costly methods like TLC and LC/MS. But with flame-NAPE, they can now rapidly and 

selectively measure PLD activity, even measuring its change over time with kinetic 

assays. Furthermore, the successful use of PED6 to image PLA2 activity in vivo and our 

own use of flame-NAPE to image NAPE-PLD activity in cultured cells indicate that 

flame-NAPE can be used to selectively image PLD activity in vivo.161, 183 The creation of 

this basic but specialized tool will greatly aid research into PLD activity. 

6.2.1.2 BT-PSPs 

 Prior to our characterization of the BT-PSPs, the only way to investigate the 

effects of increased NAPE-PLD activity were by using permanent or inducible increases 

in NAPEPLD expression. While this method is useful and can answer questions about 

NAPE-PLD’s many roles, it also causes changes in cells and throughout the body that 

do not arise after pharmacological treatment.11, 62 Additionally, utilizing pharmacological 

activators enables more versatile, less expensive, more tightly-controlled, faster, and 

simpler experiments than genetic modification does. Lastly, evidence suggests that 

increasing NAPE-PLD activity could help to combat a number of diseases (see Chapter 

1). The BT-PSPs will allow researchers to determine whether or not that is the case. 

 

6.2.2 NAE Research 

 Similar to NAPE-PLD, NAEs have been linked to the biochemistry of a wide 

variety of healthy and diseased tissues, typically in a protective role. With the advent of 
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the BT-PSPs, we can now test those linkages without having to overcome the poor 

pharmacokinetic properties of NAEs. Also, by using BT-PSPs in combination with the 

small-molecule modulators of NAE synthesis and degradation that already exist, 

researchers can now completely control NAE levels in biological settings and so learn 

much more about the roles of NAEs. 

 

6.2.3 Efferocytosis Research 

 The BT-PSPs represent a new way of pharmacologically enhancing 

efferocytosis. Several such mechanisms exist, but none act via NAPE-PLD. And as 

NAPE-PLD was only recently implicated in the regulation of efferocytosis,53, 61 the 

details of its role have not been thoroughly explored. With the advent of the BT-PSPs, 

that gap in knowledge can be filled more easily. Additionally, the dysregulation of 

efferocytosis contributes to the development of a number of diseases,47 so the advent of 

a new tool for enhancing efferocytosis will aid in the characterization of those diseases. 

 

6.3 Disease Implications 

 The BT-PSPs represent a new opportunity for both treating and understanding all 

of the diseases in which NAPE-PLD and NAEs have been implicated. Because each 

disease develops through different (though often linked) mechanisms, the way in which 

BT-PSPs could help alleviate them is different; but shared by all of them is the 

opportunity to deepen our scientific understanding of NAPE-PLD. Having a first-in-class 

tool to study a rarely explored but often-implicated enzyme has the potential to 

transform our understanding of each disease in which it is involved. 

 

6.3.1 Atherosclerosis 

 One of the critical points in the development of atherosclerosis is the failure of 

resident macrophages to perform efferocytosis.45-48, 51, 52 That failure transforms a fatty 

streak to a necrotizing, inflamed plaque in the artery wall.45-47, 49, 51, 52 There are several 
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other points in the development of atherosclerosis where the lesion is relatively stable 

until a certain threshold is passed. While the other failure points have drugs designed to 

target and prevent them, the failure of macrophage efferocytosis capacity does not.40 

 We have demonstrated that the BT-PSPs can be used to pharmacologically 

enhance efferocytosis. Previous trials administering OEA, PEA, or NAE-boosting 

bacteria decreased the size of necrotic cores within atherosclerotic lesions.53, 65, 192 

However, the poor pharmacokinetic properties of OEA and PEA have greatly hampered 

their clinical use, while engineered bacteria that produce these bioactive lipids in situ 

still face significant regulatory hurdles for use in humans. While still at an early stage, 

our work demonstrated that the BT-PSPs represent a potential alternative strategy for 

raising NAE levels, thereby achieving the same effects on atherosclerosis. As 

atherosclerosis underlies the top two causes of death worldwide,32, 37 this potential utility 

of the BT-PSPs is highly impactful. 

 

6.3.2 NAFLD 

 When NAFLD is still mild, lifestyle changes and some medications are effective 

at inhibiting its progression.16, 28, 29 Once the disease worsens, however, more extreme 

treatments like chemotherapy and liver transplantation become necessary.10, 27 As 

previously discussed, NAPE-PLD, via its creation of NAEs, has been shown to protect 

against NAFLD by reducing lipid accumulation and inflammation in the liver. Therefore, 

if their effects successfully translate into animal models, BT-PSPs could be used as 

treatments for NAFLD. 

 

6.3.3 Type 2 Diabetes 

 Current research indicates that NAPE-PLD activity could combat the 

development of T2D by enhancing GLP-1 signaling, and that it could help to rescue the 

impaired wound healing that is typical of diabetics by enhancing macrophage 

efferocytosis capacity. While there are many drugs that effectively combat the 
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development of diabetes, far fewer aid in proper wound healing.121, 122 Because the BT-

PSPs enhance macrophage efferocytosis capacity, they are likely able to rescue this 

latter phenotype.56, 122, 123 The Davies Laboratory intends to investigate the effects of 

topical administration of BT-PSPs to the wounds of diabetic animals. 

 

6.3.4 Obesity 

 Based on the large amount of existing research, it is apparent that increasing 

NAPE-PLD activity will decrease obesity—both by decreasing food intake and by 

reducing adipogenesis. Therefore, the BT-PSPs have great potential in building our 

understanding of the rise and rescue of obesity, and as anti-obesity medications. While 

the BT-PSPs are unlikely to prevent obesity entirely, they are likely to help many people 

and to do so via an as yet unused mechanism. 

 

6.3.5 Healing from Injuries 

 When the body is injured, pain is signaled to the brain, inflammation is started at 

the injury site, infections can enter the body, cells around the wound are strengthened 

to prevent the damage from spreading, damaged cells are repaired, dead cells are 

metabolized, and new cells are grown. NAPE-PLD has been shown to contribute to the 

regulation of each of those responses in order to help the body heal from injuries 

(detailed in Chapter 1). Therefore, by activating NAPE-PLD, BT-PSPs have immense 

therapeutic potential. However, as NAPE-PLD’s precise role in those processes is not 

yet fully elucidated, flame-NAPE and the BT-PSPs can first assist in developing our 

understanding of NAPE-PLD’s roles in the healing process. 

 

6.3.6 Other Conditions 

 NAPE-PLD contributes to the regulation of several other diseases like colitis,73, 81-

83 celiac disease,84 arthritis,73 and certain cancers.74, 76, 78-80 Much like the healing 

process, the role of NAPE-PLD in these diseases is poorly understood. However, as 
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discussed above, flame-NAPE and the BT-PSPs will greatly aid in determining exactly 

how NAPE-PLD is involved in each of those diseases. 

 

6.4 Future Development of the Compounds 

 The next steps for this project will be to develop the NAPE-PLD modulators for 

use in research and clinical settings. 

 

6.4.1 Inhibitors 

 While we focused our research efforts on the NAPE-PLD activators identified by 

the HTS, we also identified several NAPE-PLD inhibitors. While a few NAPE-PLD 

inhibitors already exist,124-126 it is still beneficial to have increased options for several 

reasons. It allows researchers to confirm their results using multiple different inhibitors, 

some compounds may work better in certain settings than others, and some 

compounds may fail in clinical settings while others succeed. For all of these reasons, 

developing the NAPE-PLD inhibitors into more potent, validated, and safe compounds 

will be beneficial. The way that we would do this is to first apply the assays that we 

performed on the activators to the inhibitors—ideally with an even more expansive SAR 

component to enhance our odds of finding stronger compounds—and then to continue 

development in the same manner as we will do for the activators. 

 

6.4.2 Activators 

 There are several avenues of research around the activators that will be 

important to their development as research and clinical tools. 

6.4.2.1 SAR 

 Additional structural-activity relationship studies around the BT-PSP scaffold are 

needed. We will test new BT-PSP compounds for in vitro activity, cytotoxicity, and 

cellular activity. Through these studies, we will be able to learn more about the 
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structural bases for BT-PSP activity, and we are likely to discover even better NAPE-

PLD activators. These SAR studies have already begun and are being conducted by a 

consortium of researchers at Vanderbilt University including the Davies Lab, Dr. Alex 

Waterson, the SynCore, and the HTS Core. 

6.4.2.2 Target Engagement 

 As discussed in Chapter 3, many of the experiments intended to demonstrate 

BT-PSP engagement of NAPE-PLD failed due to unforeseen experimental problems. At 

the conclusion of those experiments, two directions remained promising: thermal shift 

assays and mutagenesis. In order to make the thermal shift assays work with NAPE-

PLD, many experiments of varying the assay components and setup are needed. These 

include isolating intact NAPE-PLD within our gross preparation from its truncated forms, 

determining what detergents would best stabilize the protein without interfering with the 

assay, and ensuring with each step that NAPE-PLD and our chosen activator are still 

active in the modified preparation. 

As for mutagenesis, the next steps are simpler. First, we need to express and 

purify Δ47 NAPE-PLD using the same bacteria and plasmid that were used to obtain its 

crystal structure.68 If this form of NAPE-PLD is catalytically active, our next steps would 

be to perform site-directed mutagenesis on the plasmid to introduce our planned 

mutations, express the resulting proteins, and then test the effects of our mutations on 

NAPE-PLD catalytic activity both with and without BT-PSPs present. This will show us 

the effects of the mutations themselves, whether the BT-PSPs bind to the predicted site, 

how they bind to that site, and confirm that they bind directly to NAPE-PLD. 

6.4.2.3 Mechanisms of Efferocytosis Modulation 

Some mechanisms by which increased NAPE-PLD activity could enhance 

efferocytosis have been proposed. In one, PEA acts via G protein-coupled receptor 55 

to increase the expression of MerTK.53 MerTK is a receptor that helps macrophages 

recognize and bind to apoptotic cells,47, 193 and deletion of MerTK in macrophages 

markedly enhances necrotic core expansion in mice with atherosclerosis.194 In another, 
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OEA acts via PPAR-α to increase the expression of several macrophage M2 phenotype 

markers, which is associated with enhanced efferocytosis.192 

A more complete elucidation of how NAPE-PLD regulates efferocytosis will 

require a variety of approaches including the use of both NAPE-PLD inhibitors and 

activators. Efferocytosis is a complex process involving macrophage recognition of so-

called “find me” and “eat me” signals, and requires the binding, internalization, and 

controlled degradation of apoptotic cells, followed by the export of their constituent 

components like cholesterol.47, 193, 195 The effects of NAPE-PLD modulation on each of 

those steps needs to be examined. NAPEs exert membrane-stabilizing effects196, 197 

and facilitate the lateral diffusion of cholesterol,198 while phosphatidic acids exert 

membrane-bending effects.199 Therefore, the effect of increased NAPE-PLD activity on 

membrane topology as a mechanism to enhance efferocytosis also needs to be 

examined. 

6.4.2.4 Selectivity 

 The scope of the present project did not include extensive selectivity testing. 

While we focused on three of the most important enzymes to test, many others were 

omitted. Those enzymes include the main human phospholipase D enzymes, PLD1 and 

PLD2,76 as well as PLDs from other species like Streptomyces chromofuscus, mice, 

rats, and non-human primates. We should also test BT-PSP effects on enzymes in the 

NAPE-to-NAE biosynthesis pathways, including ABHD4, SHIP1, the PLAATs, GDE1, 

GDE4, GDE7, and PTPN22. Testing for effects on another common NAE-degrading 

enzyme, N-acylethanolamine acid amide hydrolase, would be informative. The 

compounds could also affect enzymes with similar structures to NAPE-PLD, such as 

those in metallo β-lactamase class B family and carbonic anhydrase.66, 126 We should 

test their effects on enzymes that participate in the regulation of efferocytosis, lipid 

metabolism, and satiety signaling. Finally, we should test for any effects on enzymes 

that are crucial for life, like ATP synthase, Krebs cycle enzymes, and DNA polymerases. 

By determining whether the BT-PSPs have any dangerous or efficacy-limiting off-target 

effects on these enzymes, and performing SAR to eliminate any such effects, we will 

ensure that the BT-PSPs are strong candidates for in vivo research. 
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6.4.2.5 In Vivo Studies 

 Because of the many roles that NAPE-PLD plays in biochemical disease 

regulation, we will want to test the effects of BT-PSP treatment on disease progression. 

Initial in vivo studies of the BT-PSPs will include drug metabolism and pharmacokinetic 

profiling, toxicology studies, and longevity studies. If those studies yield favorable 

results, we will assess the efficacy of the BT-PSPs at improving symptoms in diseases 

that have been linked to NAPE-PLD activity. These include atherosclerosis, NAFLD, 

T2D, and obesity. If successful in animal models of disease, the compounds will 

proceed through formulation and safety trials for use in humans, and eventually clinical 

trials. If successful, the BT-PSPs have tremendous therapeutic potential. But even if 

they fail at any of the stages listed above, they still represent immensely useful and 

unprecedented research tools. 
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Figure A1. Signals can still be distinguished using diluted PED-A1. Conditions were 
Nape-pld treated with DMSO (vehicle, blue) or 100 µM LCA (inhibitor, red), and 
enzyme-free treatments (green). To those were administered 4 doses of PED-A1 + 
C16-NAPE. Mean + 95% CI is shown for each treatment, n = 3 replicate wells. Ordinary 
two-way analysis of variance (ANOVA), p<0.0001 for all factors. Tukey’s multiple 
comparisons test within substrate groups, p<0.0001 for all comparisons. 
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Figure A2. Results of initial Nape-pld CRCs. Individual points are mean ± SD from 3 
replicate wells. Inhibitor curves were generally calculated using log(inhibitor) vs. 
normalized response, variable slope in GraphPad Prism 9. Activator curves were 
generally calculated using log(agonist) vs. response, variable slope (four parameters) in 
GraphPad Prism 9. Graphs with flat or no curves did not show sufficient dose-
dependent activity changes to generate a well-fitting curve. 
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Figure A3. Results of follow-up Nape-pld CRCs. Individual points are mean ± SD from 
3 replicate wells. Inhibitor curve was calculated using log(inhibitor) vs. normalized 
response, variable slope in GraphPad Prism 9. Activator curves were calculated using 
log(agonist) vs. response, variable slope (four parameters) in GraphPad Prism 9. 
Graphs with no curves did not show sufficient dose-dependent activity changes to 
generate a well-fitting curve. 
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Figure A4. Results of BT-PSP Nape-pld CRCs. The activity of purified recombinant 
Nape-pld in the presence of graded concentrations of each entry in the series of BT-
PSP compounds in Table 6 was measured using PED-A1 and normalized as % activity, 
with 100% activity being the average activity without compound (vehicle-only). Each 
compound was tested in triplicate on two or more separate days. Each replicate was 
normalized to the average of adjacent vehicle-only wells, and the three replicates from 
each day were averaged together. Then these normalized means (± SD) for each 
experimental day were plotted together on a single graph and the nonlinear curve fit 
with variable slope (four parameters) generated to determine the EC50 and Emax. 
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Figure A5. Effects of deoxycholic acid (DCA) on Nape-pld activity and modulation. 
Because DCA altered the shape of the fluorescence kinetics curves, new metrics of 
Nape-pld activity are shown. A. Nape-pld activity represented as highest slope achieved 
during the full 50 min read time (high value means rapid hydrolysis). Technical 
replicates, mean, and 95% CI are shown. Two-way ANOVA interaction factor p=0.0003, 
row and column factors p<0.0001. Results of Dunnett’s multiple comparisons test 
shown. **p=0.0067, ****p<0.0001. B. Nape-pld activity during the same experiment 
represented as the amount of time it took for each experimental reaction to reach peak 
fluorescence (low value means rapid hydrolysis). Technical replicates, mean, and 95% 
CI are shown. Two-way ANOVA interaction factor p=0.0009, row and column factors 
p<0.0001. Results of Dunnett’s multiple comparisons test shown. *p<0.03, **p=0.002, 
****p<0.0001. 
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Figure A6. Protein binding not elucidated in Native gel. VU0506534 (“VU534”) and 
VU0506533 (“VU533”) binding in non-denaturing (Native) PAGE, Coomassie stain blot. 
Labels above gel indicate treatment. Labelled bands are the ladder, with molecular 
weights (kDa) indicated. 
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Table AT1. Summary of potential binding interactions between VU0506534 and NAPE-
PLD at predicted binding site. Binding site is at the interface of the NAPE-PLD 
homodimer, meaning that there are two mirrored binding sites in one homodimer. To 
help delineate the interactions, only one binding site is summarized here, and one 
monomer is labelled as A and the other as B. Top section contains interactions 
identified in the final pose of the MD simulation, bottom section contains interactions 
identified in the initial pose of the MD simulation. “fnl” = functional. 

Monomer 
Residue 
Number 

Residue Atom Involved Distance Atom on VU0506534 Involved 

B 106 Serine fnl group O 1.9 Benzothiazole NH 

A 100 Arginine fnl group NH2 2.2 Bridge amide O 

A 99 Arginine fnl group NH2 4.1 Benzothiazole S 

A 99 Arginine fnl group NH2 4.1 Bridge amide O 

A 99 Arginine fnl group NH2 4.3 Bridge amide N 

A 30 Lysine fnl group carbons 3 Benzothiazole 6-membered ring 

B 101 Serine fnl group OH 5.2 Fluorine 

 

B 106 Serine fnl group OH 2 Bridge amide O 

B 106 Serine backbone NH 2 Bridge amide O 

A 85 Serine fnl group OH 2.1 Sulfa O 

A 85 Serine backbone NH 4.6 Fluorine 

B 84 Serine fnl group OH 4 Pi system on phenyl 
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Figure A7. Δ47 NAPE-PLD lacks catalytic activity. Shown is PED-A1 hydrolysis 
(measured by fluorescence, ex/em 488/530 nm) measured every minute for 50 min. 
Full-length human NAPE-PLD shown as blue circles, Δ47 human NAPE-PLD as red 
squares. Points are mean ± SD for six technical replicates. Both types of NAPE-PLD 
were administered at 0.1 µM. 
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Figure A8. Cytotoxicity of Bith for HepG2 cells. HepG2 cells were cultured for 24 h in 
the presence of various concentrations of Bith and cell viability measured using MTT. All 
values were normalized to vehicle-only controls. Mean ± 95% CI shown. Ordinary one-
way ANOVA p<0.0001, Tukey’s multiple comparisons test, ****p<0.0001 compared to 0 
μM concentration. 
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Figure A9. Variable siRNA transfection efficiency. Transfection efficiency of 
fluorescently labelled control siRNA during four different NAPE-PLD siRNA 
experiments, as measured by fluorescence (ex/em 540/570 nm) and normalized to the 
average for that experiment. Each set of symbols represents the technical replicates 
from one experiment. 
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Figure A10. Pilot BT-PSP Nape-pld modulation test in RAW 264.7 cells. Effects of 
compounds (10 µM) on Nape-pld activity, as measured by PED-A1 hydrolysis, 
normalized to vehicle (DMSO) controls. Bith included as control with known efficacy in 
this assay. Mean ± 95% CI and individual results shown, assay performed once. 
Ordinary one-way ANOVA p<0.0001. Dunnett’s multiple comparisons test results: 
**p=0.0033, ***p=0.0002, ****p<0.0001 vs. DMSO controls. 
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Figure A11. Pilot BT-PSP NAPE-PLD modulation test in HepG2 cells. Effects of 
compounds (10 µM) on NAPE-PLD activity, as measured by PED-A1 hydrolysis, 
normalized to vehicle (DMSO) controls. Mean ± 95% CI and individual results shown, 
assay performed once. Ordinary one-way ANOVA p<0.0001. Dunnett’s multiple 
comparisons test results: *p=0.0435, ****p<0.0001, all other comparisons did not 
significantly differ from DMSO controls. 
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Figure A12. Caco-2 NAPE-PLD activity assays. A. Effects of plate location on NAPE-
PLD activity, measured by flame-NAPE hydrolysis. Columns received identical 
treatments. Single run. Individual values, mean, and 95% CI shown. Unpaired t-test, 
***p=0.0002. B. Effects of NAPE-PLD modulator treatments on Caco-2s, NAPE-PLD 
activity measured by flame-NAPE hydrolysis. Single run. Individual values and mean 
shown, SD shown to highlight variability. C. Effects of 1 min Bith incubation on NAPE-
PLD activity, measured by flame-NAPE hydrolysis. Single run. Individual values, mean 
and 95% CI shown. Unpaired t-test, p=0.7793. 

 


