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CHAPTER I
INTRODUCTION
Blood Glucose Regulation
The body relies on tight control of blood glucose levels to maintain proper bodily functions. After a meal, the body is designed to lower blood glucose by removing glucose from the bloodstream and into peripheral organs; during periods of fasting, the body produces glucose through breakdown of glycogen and de novo synthesis which is then released into the bloodstream to prevent low blood glucose levels. Throughout evolution, hypoglycemia, or blood glucose levels below the normal range, was the major concern for the human population; for this reason, the body has adopted a number of mechanisms to raise blood glucose levels (1). In today’s society, however, elevated blood glucose, or hyperglycemia, is a major risk factor for several other disease states. Prolonged elevations in fasting blood glucose (FBG) levels increases the risk for type 2 diabetes (T2D), cardiovascular associated mortality (CAM), adverse pregnancy outcomes, heart disease, atherosclerosis, brain atrophy, and several types of cancer (2–15). Acute hypoglycemia is uncommon in today’s society, at least outside of individuals with diabetes mellitus (DM), but can be accompanied by other symptoms such as irritability, nausea, blurred vision, slurred speech, and/or drowsiness (16). Chronic hypoglycemia can lead to organ failure, permanent neurological damage, and even death (17–19). To avoid these complications, a network of organs including the pancreas, liver, adrenal glands, intestine, kidneys, adipose tissue, brain, and muscle tissue work together to maintain glucose levels within the euglycemic range (Fig. 1.1).
[image: A diagram of human organs
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Figure 1.1: Whole body regulation of blood glucose levels. Multiple organs work together to maintain euglycemia including the brain, liver, adrenal glands, kidneys, adipose tissue, muscle tissue, intestine, and pancreas. Blood glucose levels are maintained by balancing glucose uptake and glucose production through hormone secretion, food intake, and energy expenditure. Image adapted from (20) and generated using BioRender.com.


	Brain control of blood glucose: The brain relies almost entirely on glucose as a fuel, so maintaining blood glucose levels is of great importance to its function. Of note, the body maintains glucose concentrations at approximately 5 mM, but under these euglycemia conditions, the concentration of glucose in the brain is between 1 and 2 mM, depending on brain region (21). Additionally, while whole body glucose concentrations range from as low as 2 mM during severe hypoglycemia to as high as 20 mM during severe hyperglycemia, fluctuations of glucose in the brain range only from 0.5 mM during hypoglycemia to 5 mM during hyperglycemia (21). 
	The glucostatic hypothesis was first proposed in the 1950’s and suggested that glucose receptors in the brain help to regulate food intake in response to blood glucose levels (22). Since then, two populations of glucose-sensing neurons have been shown to exist in the hypothalamus of the brain, glucose-excited (GE) and glucose-inhibited (GI) neurons (23, 24, 20). As their names imply, GE neurons are activated by and GI neurons are inhibited by high levels of glucose (20, 25). While glucose-sensing neurons are not unique to the hypothalamus and have also been identified in the nucleus solitarius and amygdala (24, 26–29), a majority of the research concerning these neurons has been carried out in hypothalamic regions. Mechanisms underlying the signaling pathways that lead to neurotransmitter release in these glucose-sensing neurons have been proposed and are described in Figure 1.2, but are still an active area of investigation (20, 30). In the case of GE neurons, several populations have been identified that utilize alternate glucose-sensing strategies, which likely developed as a fail-safe to preventing the brain from experiencing a glucose deficit, and are being investigated (23, 31). The potential 


[image: figure 2]

Figure 1.2: Proposed mechanism of activation of glucose-excited and glucose-inhibited neurons in the hypothalamus of the brain. High glucose in the brain (i.e., 5mM glucose) activates GE neurons whereas low glucose in the brain (i.e., 1mM glucose) activates GI neurons. These pathways have not been fully elucidated, but the best proposed mechanisms of activation are shown here. Taken from (20); generated using BioRender.com.

involvement of astrocytes in the activation of GI and GE neurons is also an active area of research (20).
Two specific populations of glucose-sensing neurons that have been extensively studied because of their role in regulating glucose levels by controlling food intake and energy expenditure are POMC neurons, a subpopulation of GE neurons (32–34), and NPY (also known as AGRP) neurons, a subpopulation of GI neurons (35, 36).	These neurons play opposing roles in energy homeostasis in the hypothalamus; specifically POMC neuronal activation results in decreased food intake and increased energy expenditure while activation of NPY neurons causes increased food intake and decreased energy expenditure (37). POMC and NPY neurons also impact activation of other GE neurons through release of melanocortins and neuropeptide Y (NPY) neurotransmitters, respectively, as GE neurons are activated by melanocortins and inhibited by NPY (38–40). GE and GI neurons can also be regulated by the hormones insulin and leptin (41); the release of these hormones will be discussed in more detail in later sections of this thesis.
A critical role of glucose-responsive neurons is setting the lower limit for the acceptable blood glucose range through a counter-regulatory response (CRR) (42). The first response to modest hypoglycemia is a decrease in insulin secretion by pancreatic islet beta cells which does not involve the CRR. When whole body glucose levels fall below 3.8 mM, a level at which glucose uptake by the brain is measurably reduced, the CRR is activated (42, 43). The CRR occurs in a series of hierarchical stages. First, glucagon secretion from pancreatic islet alpha cells is increased; the actions of glucagon are described in more detail in the following sections. When pancreatic islet function, and thus glucagon secretion, is impaired, epinephrine, a hormone secreted by the adrenal gland, is required to return to euglycemia (42, 43). Cortisol and growth hormone also play a role in the CRR by protecting against hyperinsulinemia, though these hormones do not directly participate in protecting against or returning from hypoglycemia (44, 45). In states of chronic hyperglycemia, such as in individuals with T2D, this lower limit increases, resulting in a CRR being mounted at higher blood glucose levels, and thereby maintaining elevated blood glucose levels (46, 47). In patients with type 1 diabetes (T1D), the CRR becomes impaired because of repeated hypoglycemic events and is no longer capable of raising glucose levels properly (48). 
Liver control of blood glucose: The liver aids in raising blood glucose levels, during periods of fasting and exercise. This is done through glycogenolysis, the breakdown of glycogen into glucose, and gluconeogenesis, a process of de novo glucose synthesis. Glycogenolysis is the predominant form of hepatic glucose production during short periods of fasting, gluconeogenesis becomes more prominent during long fasting periods as glycogen stores are depleted (49). In glycogenolysis, glycogen phosphorylase uses free phosphate (Pi) to break individual glucose monomers off the glycogen chain at alpha (1,4) glycosidic bonds generating glucose-1-phosphate (G1P); phosphoglucomutase then converts G1P to glucose-6-phosphate (G6P). In gluconeogenesis, precursors such as fructose, lactate, alanine, are converted to pyruvate and then to G6P. Additionally, glycerol can enter the gluconeogenesis pathway by first being converted to dihydroxyacetone phosphate (DHAP) and then to G6P (50, 51). For glucose to be released into the bloodstream at the end of glycogenolysis or gluconeogenesis, the G6P formed must be dephosphorylated into glucose and Pi. In the liver, this is completed by transporting G6P into the endoplasmic reticulum (ER) lumen from the cytosol through a G6P transporter; once in the ER lumen, glucose-6-phosphatase catalytic subunit 1 (G6PC1) then dephosphorylates G6P (52). 
The liver also aids in lowering blood glucose levels by taking up glucose from the blood stream through GLUT2 transporters (53, 54). Insulin also acts on the liver, activating signaling pathways that indirectly stimulate glucose uptake by stimulating glucose utilization, uptake, and glycogen storage while also suppressing hepatic glucose production (55). In healthy individuals, high levels of insulin suppress gluconeogenesis modestly (~20%) while completely suppressing glycogenolysis; insulin signaling also regulates transcription of gluconeogenic genes, such as G6PC1 (55, 56). Glucose taken up by the liver can be converted and stored as glycogen, can enter the pentose phosphate pathway, or can be converted to fructose-6-phosphate (F6P) which can then enter the hexosamine pathway or be used in fatty acid production via the glycolytic generation of acetyl-CoA. Glucagon can also act on the liver by stimulating the conversion of glycogen to glucose and by reducing glucose uptake and storage (57). Additionally, the liver helps regulate blood glucose levels through its role in clearance of insulin, as approximately 80% of insulin secreted from the pancreas is cleared in its first pass through the liver, reducing the amount of insulin that reaches peripheral tissues (58).
Adrenal gland control of blood glucose: The adrenal gland produces cortisol, a hormone that promotes gluconeogenesis, and releases it in response to low blood glucose levels. Cortisol secretion follows a circadian pattern and is thought to be particularly important after waking; cortisol release raises blood glucose and this ensures that glucose levels only fall modestly during the overnight fast (59, 60). Cortisol release is primarily responsible for the dawn phenomenon which results in hyperglycemia observed in patients with diabetes after waking, as these people are unable to mount a proper insulin response to keep blood glucose levels steady (61). 
Additionally, epinephrine is produced by the adrenal gland; epinephrine acts to increase hepatic glycogenolysis and gluconeogenesis and decrease glucose uptake and utilization in peripheral tissues (62, 63). As detailed above, liver gluconeogenesis and glycogenolysis both function to increase blood glucose concentration. 
	Intestinal control of blood glucose: After digestion, the intestine helps to absorb glucose from a meal before releasing it into the bloodstream, demonstrating one mechanism by which the intestine regulates glucose levels (64, 65). Studies have shown that the intestine is also capable of producing glucose and thereby raising blood glucose levels, in the absence of liver glucose production during fasting (66). This increase in intestinal glucose production is largely due to increased gene expression of gluconeogenic genes (e.g., G6PC1), which is driven by increased levels of glucagon and glucocorticoids and increased acidosis (66).
Additionally, the enteroendocrine cells of the intestine regulate glucose levels by releasing glucagon-like peptide-1 (GLP-1) and gastric inhibitor peptide (GIP). These hormones are responsible for the incretin effect, the observation that orally ingested glucose stimulates the secretion of approximately twice the amount of insulin from pancreatic beta cells as intravenously infused glucose (67). GLP-1 potentiates glucose-stimulated insulin secretion (GSIS) from the pancreatic beta cell (68). It also inhibits glucagon secretion from the alpha cell (69), though whether this is through indirect actions of the products secreted by the beta cell or a direct effect of GLP-1 is debated because of low GLP-1 receptor expression in alpha cells (70–72). 
On the other hand, the GIP receptor is expressed similarly on both alpha and beta cells (73). Most studies report that GIP acts on alpha cells to stimulate glucagon secretion (73, 74), but recent studies suggest that GIP can only stimulate glucagon secretion under fasting conditions in healthy humans (75).  This is counterintuitive as GIP is secreted following a meal. GIP also stimulates alpha cells to secrete GLP-1, potentially priming beta cells for insulin secretion (76). In the beta cell, GIP acts to potentiate insulin release and also promotes beta cell survival (76). 
Kidney control of blood glucose: Like the liver, the kidney is also capable of releasing glucose into the bloodstream through the process of gluconeogenesis. During an overnight fast, the kidneys contribute about a quarter of the glucose released into the bloodstream; the proportion of glucose contributed by the kidneys increases after 48 hours when the liver has depleted its glycogen stores (77). After a meal, while gluconeogenesis in the liver is repressed, gluconeogenesis from the kidney accounts for approximately 60% of glucose release into the bloodstream (78). Therefore, while insulin does suppress gluconeogenesis in the (79, 80), the extent of suppression by insulin  in the kidney is less than the ~20% repression observed in the liver (78). Unlike in the liver, glucagon does not act on the kidney to increase gluconeogenesis (81). 
The kidney also influences blood glucose levels by reabsorbing glucose from the glomerular filtrate back into the bloodstream. This reabsorption is largely accomplished through the sodium-glucose co-transporter 2 (SGLT2), with SGLT1 accounting for the remaining 10% of glucose reabsorption (82). In healthy adults, the kidney reaches its reabsorption threshold at a plasma glucose concentration of 11 mmol/L, and excess glucose is excreted through the urine (77). In individuals with T2D, SGLT2 expression is increased, resulting in increased glucose reabsorption from the glomerular filtrate, leading to increased blood glucose levels (83).
	Muscle tissue control of blood glucose: Skeletal muscle is the main site of glucose removal from the bloodstream following a meal. It is estimated that up to 75% of glucose removal is achieved by peripheral muscle tissue (84–86). This uptake is carried out by GLUT transporters, particularly GLUT4. Insulin binding to its receptor on muscle cells causes GLUT4 to translocate to the plasma membrane, allowing glucose uptake from the blood (87, 88). Studies have shown that translocation of GLUT4 is essential for glycemic homeostasis (89–91), but the translocation mechanism is still being elucidated. In mice, overexpression of GLUT4 in the muscle results in increased insulin-stimulated glycogen storage with complex effects on glycemia depending on the age and fasting/fed state of the mouse (91). In muscle-specific GLUT4 knockout (KO) mice, a significant reduction in insulin dependent glucose uptake was observed, but glycogen levels did not decrease (92). 
Adipose tissue control of blood glucose: While it plays a smaller role in glucose disposal than muscle tissue, the adipose plays an important role in maintaining euglycemia (84, 85). Both an excess and a lack of adipose tissue can lead to impairments in glucose homeostasis (93). Similarly to muscle tissue, the adipose tissue expresses high levels of GLUT4, which transports glucose from the bloodstream into adipocytes (86, 94). Mice expressing high levels of GLUT4 in the adipose are highly sensitive to insulin and glucose tolerant (95), but KO of GLUT4 in the adipose tissue results in glucose intolerance and insulin resistance, despite normal adiposity (96).
The adipose, specifically white adipose tissue, is also responsible for the secretion of leptin and the amount of leptin secreted increases as body fat increases (97). Leptin serves to regulate blood glucose levels through its ability to adjust food intake and energy expenditure via leptin receptors in the central nervous system (98). The impacts of lack of this hormone or the lack of functional leptin receptor have been extensively studied using the ob/ob and db/db mouse models, respectively. Ob/ob mice have complete leptin deficiency and are characterized by obesity, hyperphagia and neuroendocrine abnormalities (99); Db/db mice encode a nonfunctional form of the leptin receptor in the hypothalamus of the brain, resulting in a lack of leptin signaling; these mice are characterized by elevated circulating leptin levels, persistent hyperphagia, obesity, and diabetes (100).

Regulation of Blood Glucose by the Pancreas
The pancreas is comprised of both exocrine and endocrine tissue. Exocrine tissue, which makes up approximately 95% of the pancreas by mass, is made of mini structures called acini that are primarily responsible for secreting digestive enzymes such as proteases, amylases and lipases and bicarbonate (101). The remainder of the pancreas is composed of endocrine tissue, which is organized into structures called the islets of Langerhans (referred to as islets for the remainder of this thesis). There are five distinct cell types within the islet—alpha, beta, pancreatic polypeptide (PP), delta, and epsilon—each of which secrete specific hormones. In humans, all five cell types found in the islet are interspersed throughout the islet (102). In mice, however, alpha cells form the mantel and beta cells form the core of the islet with the remaining cell types interspersed (102).
Islet cell hormone secretion: The pancreas secretes several hormones from islets that help maintain glucose levels. Alpha cells account for approximately 20% or 40% of the cells in mouse or human islets, respectively (103). These cells secrete glucagon under conditions of low glucose stimulating hepatic glucose production to raise blood glucose levels (103). Beta cells are the most prevalent cell type in the islet and account for up to 70% of the cells in mouse islets and 50% of the cells in human islets (103). Beta cells synthesize and release insulin in response to elevated blood glucose levels (more detail in the Glucose-stimulated insulin secretion (GSIS) section below) resulting in glucose uptake from the blood into peripheral tissues and suppression of hepatic glucose production (103). PP cells, also known as gamma cells, make up less than 5% of cells in both mouse and human islets (103); these cells secrete pancreatic polypeptide in response to low glucose or high protein levels which then acts to reduce appetite and thus food intake (102). Less than 10% of both mouse and human islets are composed of delta cells which secrete somatostatin, a hormone that suppresses both insulin and glucagon secretion (104). Finally, epsilon cells make up less than 1% of both mouse and human islets (102). Epsilon cells secrete ghrelin, a hormone that induces hunger, thereby increasing food intake (102). Together, the cells of the islet work together to regulate appetite and maintain proper blood glucose levels through their effects on other organs of the body. 


Glucose-Stimulated Insulin Secretion (GSIS) 
First-phase insulin secretion: Insulin is secreted from pancreatic islet beta cells in a biphasic manner in response to glucose stimulation. This initial release of insulin, called the ‘first-phase’, results in a rapid and robust influx of insulin into the bloodstream. This is accomplished through a readily releasable pool of insulin secretory granules that are thought to be primed and docked to the membrane, awaiting a fusion stimulus (105).
In the canonical GSIS pathway in human beta cells, glucose enters the beta cell though the GLUT1 transporter in humans (GLUT2 transporter in rodents) and is rapidly converted to G6P by glucokinase. G6P then continues down the glycolysis pathway, resulting in adenosine 5′-triphosphate (ATP) production; this raises the ATP: adenosine diphosphate (ADP) ratio within the beta cell (106), causing ATP-sensitive potassium channels (KATP) to close (107). Recent evidence suggests the compartmentalization of glycolysis enzymes at the plasma membrane, which allows for direct channeling of substrates from one enzyme to another, locally controls ATP and ADP levels and thus closure of KATP channels (108). KATP channel closure results in depolarization of the beta cell plasma membrane stimulating the opening of voltage-sensitive calcium channels (107). As calcium flows into the beta cell down its concentration gradient, it stimulates fusion of insulin secretory granules with the plasma membrane, ultimately resulting in insulin release into the bloodstream (109–112) (Fig. 1.3). 
  Second-phase insulin secretion: After this initial, first-phase secretion of insulin, the release rate of insulin drops, but is maintained at a lower level through the ‘second-phase’ of insulin secretion, until euglycemia is reached (113). During this second-phase, insulin secretory granules must migrate to the plasma membrane; this is 
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Figure 1.3: Pathway of glucose-stimulated insulin secretion. Glucose enters the beta cell through glucose transporters where it is hydrolyzed to glucose-6-phosphate (G6P) by glucokinase. G6P then continues down the glycolysis pathway, raising the ATP/ADP ratio. This closes ATP-sensitive K+ channels, resulting in cellular depolarization. This depolarization opens voltage-sensitive Ca2+ channels allowing Ca2+ to flow into the cell. This calcium influx stimulates insulin secretory granule fusion with the plasma membrane, releasing insulin into the bloodstream. Instead of continuing down the glycolysis pathway, G6P can be transported into the endoplasmic reticulum (ER) lumen where it can be hydrolyzed by G6PC2 to glucose and free phosphate. This creates a futile substrate cycle between G6PC2 and glucokinase. 

accomplished through F-actin and microtubule reorganization within the beta cell that allows granules to reach the membrane (114, 115). After reaching the plasma membrane, these granules must dock and prime to the membrane before they can fuse and release insulin into the bloodstream (116), a process that occurs at locations termed hotspots (115). 
Several amplifying pathways exist in beta cells to regulate this second-phase insulin secretion until euglycemia is reached (Fig. 1.4). NADPH is one of the most well-studied positive regulators of second-phase GSIS; NADPH is generated when G6P enters the pentose phosphate pathway, a fate discussed in more detail below. NADPH acts by reducing glutathione (GSH) ultimately enhancing insulin granule trafficking to the plasma membrane (117, 118). Evidence from studies using cycloheximide also suggest there are also short-lived proteins downstream of NADPH-mediated effects that regulate the amplifying GSIS pathway, though the specific identity of these proteins was not determined (119). Fatty acids have also been shown to positively regulate the second-phase of GSIS (120, 121), and deprivation of fatty acids from beta cells causes of loss of GSIS (122). 
As insulin is sometimes secreted for several hours after a meal to reach euglycemia, and first-phase insulin secretion lasts for only a few minutes, second-phase insulin secretion accounts for a majority of insulin released (123). Insulin secretion is not constant, but instead is released in a pulsatile manner (124, 125); increased blood glucose levels typically increase the amplitude, but not the frequency of these pulses (126, 127). This pulsatile secretion better suppresses hepatic glucose production and is more efficacious at stimulating insulin signaling pathways in the liver (128). Additionally, 
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Figure 1.4: Amplifying pathway of glucose-stimulated insulin secretion. An overview of the glucose-stimulated insulin secretion amplification pathways including contributions from the pentose phosphate pathway, TCA cycle, and translational regulation. Adapted from (129) using BioRender.com.

some evidence suggests that the pulsatility of insulin secretion may play a role in preventing insulin resistance. When exposed to insulin, peripheral tissues downregulate insulin receptor and the insulin signaling pathways experience negative feedback (130); by secreting insulin in pulses, the negative feedback has sufficient time to decay, allowing for activation of the insulin signaling pathways again (131). 

Alternative G6P Fates in the Beta Cell
While a majority of G6P in the beta cell continues down the glycolysis pathway, ultimately resulting in insulin secretion, there are several other fates for G6P (Fig. 1.5). Flux through these alternative fates indirectly alters insulin secretion from the beta cell.
Glycogen storage in beta cells: In addition to continuing down the pathway of glycolysis or being shuttled into the ER, G6P can also be processed and stored in the form of glycogen (Fig. 1.5). Cellular levels of glycogen are mainly determined by the expression of two enzymes: glycogen synthase, which converts glucose to glycogen, and glycogen phosphorylase, which breaks down glycogen into glucose. Under normal conditions, approximately 10% of glucose is converted into glycogen in the beta cell (132). However, glycogen accumulation is not present in the beta cells during euglycemia or after acute bouts of hyperglycemia (133, 134). In models of chronic hyperglycemia, glycogen is present in high amounts in beta cells as compared to other cells in the islets or in acinar tissue (133, 135–137). At this stage, the effects of glycogen content on beta cell function are still debated (134, 137, 138); as such, the benefits or detriments of modifying glycogen storage in the beta cell is still unknown.


[image: ]Figure 1.5: Fates of glucose-6-phosphate (G6P) in the beta cell. In the beta cell, glucose is phosphorylated to G6P by glucokinase. Most of this G6P then enters the glycolysis pathway, but there are many other possible fates as well, as indicated here. Figure generated using BioRender.com.

Pentose phosphate pathway: G6P can also be shuttled into the pentose phosphate pathway, though rates of flux through this pathway are relatively low in beta cells (139) (Fig. 1.5). The pentose phosphate pathway ultimately generates ribose-5-phosphate (R5P) and NADPH; these products are necessary for cellular survival and proliferation, contributing to nucleic and fatty acid synthesis. Cell culture studies have shown that inhibition of enzymes in the pentose phosphate pathway result in impaired GSIS (140–142). The pentose phosphate pathway does not produce ATP (143) and thus these impairments in GSIS are likely not due to an interference with the first-phase of insulin secretion. However, the NADPH produced in the pathway likely impacts the second-phase of insulin secretion through the reduction of glutathione (117, 144). It has been shown that beta cells with a high insulin secretory capacity express higher amounts of enzymes in NADPH-generating pathways, such as glucose-6-phosphate dehydrogenase (G6PD) (145). In islets isolated from T2D donors and in cell culture models of islet dysfunction, the addition of intermediate metabolites from the pentose phosphate pathway were able to rescue impaired glucose-stimulated insulin secretion (117). G6P flux through the pentose phosphate pathway remains constant when cells or islets are acutely treated over a wide-range of glucose concentrations (132), but it is modified by chronically elevated glucose levels (140).
Glucocorticoid activation: In the beta cell, G6P can also be hydrolyzed to 6-phosphogluconate (6PG) by hexose-6-phosphate dehydrogenase (H6PD) (Fig. 1.5). This reaction also generates NADPH which can then be utilized by 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1) to convert inactive glucocorticoids to their active form (146, 147). Global deletion of H6pd in mice results in hypoglycemia, muscle abnormality, and increased sensitivity to insulin (148–150) while the global deletion of Hsd11b1 in mice results in resistance to hyperglycemia, improved glucose tolerance, and improved hepatic insulin sensitivity (151, 152). Studies in INS-1 832/13 cells suggest that flux through this pathway is at maximal capacity even at whole body glucose concentrations of 2 mM (153). 
Hexosamine pathway: G6P is converted to F6P in the second step of glycolysis. Instead of continuing down the glycolysis pathway where it would form fructose-1,6-bisphosphate, F6P can instead enter the hexosamine pathway where it is converted to N-acetylglucosamine-6-phosphate by glutamine:fructose-6-phosphate amidotransferase (GFAT) (Fig. 1.5). Conversion by GFAT is the rate-limiting step in the hexosamine pathway (154). Flux through this pathway is increased under conditions of glucotoxicity and insulin resistance (155, 156). Ultimately, this pathway leads to the production of uridine diphosphate-N-acetyl glucosamine (UDP-GlcNAc), which is a substrate for N- or O-linked glycosylation, a modification that can alter gene transcription and protein activity (157). Overexpression of GFAT in isolated islets leads to beta cell deterioration, impairment in GSIS, and reduction of several beta cell-specific genes such as INS, GLUT2, and GCK (158). 
G6PC2-glucokinase futile cycle: Finally, G6P can instead be shuttled into the ER lumen through a G6P transporter (G6PT) instead of continuing down the glycolysis pathway (Figs. 1.3 & 1.5). After transport to the ER lumen, G6P can then be hydrolyzed by G6PC2, which sits in the ER membrane, back to glucose and free phosphate. This creates a futile substrate cycle opposing the action of glucokinase. While there is general agreement that glucose-6-phosphatase (G6Pase) activity exists in pancreatic islets (159–164), previous studies in rat (164) and mouse (165, 166) islets concluded that it was insufficient to mediate a level of glucose cycling that was physiologically significant. When considering these data, it is important to note that G6PC2 in rats is a pseudogene, and it is hypothesized that G6PC1 instead mediates glucose cycling in rat islets (167). This data led to the accepted dogma for GSIS, in which glucokinase was the only factor that determines the rate of beta cell glycolytic flux and the sensitivity of GSIS to glucose (168–171). Data from the O’Brien lab, described in the “G6PC2” section below, challenged this view and suggested a new mechanism in which the futile substrate cycle formed between glucokinase and G6PC2 fine tunes the rate of beta cell glycolytic flux, the sensitivity of GSIS to glucose, and the influence of beta cells on fasting blood glucose (FBG). 

Glucose-6-Phosphatase (G6Pase) System
Glucose-6-phosphatase catalyzes the conversion of G6P to glucose and Pi and exists as a multicomponent enzyme system located in the ER membrane (52, 172–174). This system is comprised of a glucose-6-phosphatase catalytic subunit (G6PC) isoform (52) and transporters for G6P, glucose, and Pi (175–177); the glucose transporter is yet to be identified, but information about the other transporters and the catalytic subunits in the glucose-6-phosphatase (G6Pase) system is below.
	G6P and Pi transporters: The SLC37 family of transporters localizes to the ER membrane and transport G6P from the cytosol into the ER lumen of cells (178). This family consists of four members—SLC37A1, SLC37A2, SLC37A3, and SLC37A4. While all of these enzymes are ubiquitously expressed, SLC37A4 is the major isoform in the gluconeogenic organs (i.e., liver, kidney, and intestine) as well as the major isoform in the pancreas (178). SLC37A1 and SLC37A2 act as G6P/Pi antiporters capable of homologous Pi/Pi and heterologous G6P/Pi exchanges (176, 179). The transport properties of SLC37A3 have yet to be characterized. SLC37A4 has been shown to transport G6P into the ER lumen, but whether it acts as a transporter (177) or a G6P/Pi antiporter (176) is disputed. Mutations in SLC37A1 are associated with breast and colorectal cancers(180, 181), SLC37A2 has been implicated in vitamin D and progesterone signaling (182, 183), and mutations in SLC37A3 are associated with congenital hyperinsulinism in infancy (184). Loss of function mutations in the SLC37A4 gene results in glycogen storage disease type 1b (GSD1b). Patients with these mutations exhibit symptoms of impaired glucose homeostasis, hepatomegaly, low birth weight, enlarged kidneys, and hyperlipidemia, which can be explained by loss of glucose release by the liver under conditions of low blood glucose. These patients also experience neutropenia and myeloid dysfunction (185), which can be explained by the loss of G6Pase activity in non-hepatic tissues, explained in more detail in the G6PC3 section below.
The glucose-6-phosphatase catalytic subunit gene family: The G6PC gene family consists of three isoforms: G6PC1, G6PC2, and G6PC3 (52). G6PC1, also known as G6PC or G6Pase, is primarily expressed in the liver, kidney, and intestine (186, 187). G6PC2, also known as IGRP, is predominantly expressed in pancreatic islet beta cells (159, 188). The GTEx portal suggests trace expression of G6PC2 in multiple other tissues. However, investigation of the phenotypes of mice with global versus tissue-specific deletion of G6pc2 provide no evidence that this trace expression is biologically significant (189–193). G6PC3, also known as UGRP, is ubiquitously expressed with especially high expression in kidney, testis, skeletal muscle, and brain (194, 195). The gene encoding G6PC2 is located on chromosome 2; the genes encoding G6PC1 and G6PC3 are located on chromosome 17. All three of these proteins are predicted to encode proteins with nine transmembrane domains that reside in the endoplasmic reticulum (ER) membrane with active sites in the ER lumen (52, 194). While all of these proteins are predicted to carry out the same function, hydrolysis of G6P to glucose and Pi, G6PC1 shows the highest activity, followed by G6PC3, with G6PC2 showing the lowest activity (196, 197). Table 1.1 summarizes the key features of the G6PC gene family. 
	G6PC1: As described above, the liver plays a key role in glucose homeostasis. Briefly, after a meal, glucose is taken up by the liver where it can be stored as glycogen. Under fasting conditions, when glucose levels in the blood begin to fall, the liver produces glucose through glycogenolysis and gluconeogenesis; both of these processes result in the generation of G6P. To prevent the reentry of G6P into various metabolic processes, G6P must be dephosphorylated to generate glucose and free phosphate (Pi) which is catalyzed in the liver by G6PC1. 
	G6PC1 transcription is regulated by insulin signaling through a binding site for the transcriptional activator FOXO1 in the promoter region. In the presence of insulin, FOXO1 is prevented from entering the nucleus via phosphorylation of the protein by PKB (198), which leads to a decrease in G6PC1 expression (199). In conditions of type 1 and type 2 diabetes, increased expression of G6PC1 is observed, likely due to the decrease in insulin secretion or insulin signaling under these conditions, leading to increased hepatic glucose production. Overexpression of G6PC1 using adenovirus vectors recapitulates many of the phenotypes associated with non-insulin dependent
[image: ]Table 1.1: Key features of the glucose-6-phosphatase catalytic subunit (G6PC) gene family. The proteins that are members of the G6PC gene family share several similar features but differ in several key features including their primary site of expression and conditions that are associated with inactivating mutations in each of the proteins. 


diabetes (200, 201). Loss of function mutations in G6PC1 have been linked to glycogen storage disease type 1a (GSD1a); nearly 100 mutations linked to GSD1a have been identified to date (202). When G6PC1 is non-functional, G6P cannot be hydrolyzed and glucose cannot be generated from glycogenolysis and gluconeogenesis, resulting in improper blood glucose maintenance. Typically, patients with GSD1a show symptoms of hypoglycemia, hepatomegaly, low birth weight, enlarged kidneys, and hyperlipidemia (203).  
	G6PC3: G6PC3 was the last G6PC isoform to be discovered and was predicted to share the same function as the other G6PC proteins due to sequence homology and predicted topology (194). Studies using G6pc3 KO mice found decrease G6Pase activity in the brain of these mice, but no significant metabolic phenotype (189). These mice did, however, have defective neutrophil and macrophage function, leading to congenital neutropenia (204, 205). This is consistent with human data where loss of function mutations in G6PC3 results in Dursan Syndrome, a disorder characterized by neutropenia, heart defects, and urogenital malformations (206–209).
	Interestingly, while G6PC3 is capable of dephosphorylating G6P, recent studies have suggested that the primary substrate of G6PC3 is actually 1,5-anhydroglucitol-6-phosphate (1,5-AG6P) (210). 1,5-anhydroglucitol (1,5-AG) is a glucose analog present in the blood that can also be taken up into cells through glucose transporters; once in the cell, 1,5-AG is phosphorylated by hexokinases to 1,5-AG6P (210). Typically, 1,5-AG6P is then dephosphorylated by G6PC3, but when the function of G6PC3 is lost, 1,5-AG6P builds up in the cell, causing product inhibition for the first step of glycolysis (210). This causes severe problems in neutrophils as glucose metabolism is used almost entirely for energy production in these cells (211). Studies suggest that SGLT2 inhibitors may be a viable treatment option for patients without functional G6PC3 as these inhibitors decrease the concentration of 1,5-AG in the blood (210, 212, 213). 
G6PC2: Activity of the G6PC2 isoform is by far the lowest in this family of proteins. This protein is expressed primarily in pancreatic islets; in mice, expression in beta cells is approximately 20-fold higher than in alpha cells and, in humans, expression is approximately 6-fold higher in beta cells than in alpha cells (159, 188, 214). Despite many attempts (159, 162, 188, 215), only one group had previously successfully reported activity of human G6PC2 following overexpression in COS cells (196). Additionally, studies investigating G6Pase activity in islets have shown wide ranges of glucose cycling depending on the model system being used and the disease state of the organism in the case of in vivo models (160, 161, 164, 166). For this reason, as described above, in the canonical pathway, glucokinase has been considered the only factor influencing the sensitivity of GSIS to glucose. However, data from the O’Brien lab provides strong evidence that G6PC2 is expressed and functional in pancreatic islet beta cells at a level sufficient to influence GSIS sensitivity and overall blood glucose levels. 
We propose that G6PC2 creates a futile substrate cycle with glucokinase, thereby regulating the set point of GSIS (Fig. 1.3). This paradigm is supported by several pieces of data. First, we have demonstrated high rates of glucose cycling in mouse (216) and human (192) islets using stable isotopes and shown that both G6Pase activity (190) and glucose cycling (216) are abolished in mouse islets in which G6pc2 has been deleted. Additionally, G6PC2 has a higher affinity for G6P than G6PC1 (196), leading to the prediction that G6PC2 is maximally active at lower glucose concentrations. This contrasts with glucokinase, which has a low affinity for glucose and is more active at higher glucose concentrations (217, 218). Furthermore, mathematical modeling predicts that these putative differences in activity would result in parallel shifts in the glucose versus insulin dose response curve in response to altered glucokinase or G6PC2 expression (Fig. 1.6). This prediction is supported by data using perfused pancreata in which we have directly shown that deletion of G6pc2 in mice causes a leftward shift in the sensitivity of GSIS to glucose (190); this mirrors the effect of glucokinase overexpression, which also results in a leftward shift of the dose response curve (219, 220). G6PC2 levels are not expected to impact insulin sensitivity, so the expected result of shifting the GSIS curve left would be a decrease in blood glucose levels. 
Studies in mice, on several genetic backgrounds, have shown that loss of G6pc2 reduces FBG levels with no change in insulin levels (189–191). Additionally, mutations in G6PC2 in the human population have been associated with variations in FBG in multiple populations (221–224). One concern when considering G6PC2 as a therapeutic target is that previous LabWAS studies have suggested that inhibition of G6PC2 may have potential adverse effects, such as increasing the risk of acute pancreatitis (192). This is supported by altered Prss1 expression in G6pc2 KO mice; Prss1 expression has previously been associated with pancreatitis risk (192, 225). While this information does not preclude G6PC2 as a therapeutic target, future studies should explore the effects of any G6PC2 inhibitors that are developed on pancreatitis.

Figure 1.6: G6PC2 modulates the set point of glucose-stimulated insulin secretion. The expression of G6PC2 does not affect insulin sensitivity, so insulin levels remain the same regardless of whether G6PC2 expression is low or high. The set point of glucose-stimulated insulin secretion is modified, however such that, under fasting conditions, glucose levels will be lower when G6PC2 expression is low and glucose levels will be higher when G6PC2 expression is high. 
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The importance of G6PC2 during periods of stress and in various nutritional states has also been investigated. During periods of stress, G6PC2 expression is enhanced by glucocorticoids through a glucocorticoid response element (GRE) in its promoter region (191, 226). This would lead to a transient increase in blood glucose levels, making blood glucose more available for peripheral tissues, which would be beneficial during periods of stress. Previous data has shown that the absence of G6PC2 has beneficial effects in mice on a high-fat diet, as these mice showed limited hyperglycemia (190, 193). In contrast, a lack of G6PC2 has negative consequences in mice on a ketogenic diet or in periods of prolonged fast, as these mice showed an increased incidence of hypoglycemia (193). 

Treatments to Lower Blood Glucose
Studies show that even small differences in FBG can have a profound impact on health over time. For example, reduction of FBG from 5.5 mM to 5 mM is associated with a 25% reduction in the risk of CAM in Asian populations (5). Furthermore, in Europeans increasing FBG from 90 mg/dl to 99-108 mg/dl increases the risk of CAM by 30% (3). In addition, elevation of FBG into the pre-diabetic range (101-125 mg/dl) has been shown to increase the risk for T2D development (227–230) by driving the decline in beta cell function (231, 232) and mass (233), which underlies the progress to T2D. Finally, because the risk of diabetic complications (234) and CAM (3–5) further increase when FBG reaches the diabetic range (>125 mg/dl), inhibitors that lower FBG would also have therapeutic potential for the treatment of patients with T2D. For all these reasons, drugs that maintain proper blood glucose levels have been a focus of scientific investigation for more than 50 years. Current drugs aimed at regulating blood glucose act in two major ways either by lowering FBG levels or by improving glucose tolerance. 
Current small molecule therapeutics: Several types of drugs designed to lower blood glucose levels have been approved by the Food and Drug Administration (FDA); frequently more than one type of drug is needed to maintain blood sugar levels over time. Metformin, the most common oral medication used to treat type 2 diabetes (T2D), was derived from the natural product galegine, and was not designed to target a particular pathway (235). Metformin has been shown to decrease fasting glucose concentrations (236) and improve glucose tolerance (237). While the mechanisms of action for metformin are not fully elucidated, it has been shown to act in AMP-activated protein kinase (AMPK)-dependent and AMPK-independent manners and to target both the liver and the intestine (235). In the liver, metformin inhibits complex I of the electron transport chain in the mitochondria, limiting ATP production, and leading to a decrease in gluconeogenesis, as the process is energy-intensive (238). Metformin treatment has also been shown to lower mRNA levels of G6PC1, the enzyme required for the terminal step of gluconeogenesis and glycogenolysis (239). In the intestine, metformin improves glucose utilization (240, 241) and increases GLP-1 secretion (242, 243). 
Many drugs designed to target specific pathways of glucose generation or reabsorption have also been approved by the FDA. These include sulfonylureas, SGLT-2 inhibitors, thiazolidinediones (TZDs), GLP-1 and dual GLP-1/GIP receptor agonists, and dipeptidyl peptidase-4 (DPP-4) inhibitors. Sulfonylureas lower FBG by stimulating insulin secretion by islet beta cells by blocking ATP-sensitive K+ channels resulting in cellular depolarization (244). Additionally, sulfonylureas decrease clearance of insulin by the liver (244). SGLT-2 inhibitors lower FBG by decreasing glucose reuptake in the kidneys, causing increased amounts of glucose to be excreted in the urine, and decreasing blood glucose levels (245). TZDs improve glucose tolerance and act to lower blood glucose levels by regulating gene expression through binding of peroxisome proliferator-activated receptor-gamma (PPAR-gamma), a nuclear transcription regulator, and thereby decreasing insulin resistance (246–248). GLP-1 and dual GLP-1/GIP receptor agonists improve glucose tolerance by interacting with their respective receptors to exert the same insulin stimulatory effects observed by endogenous GLP-1 or GIP; these drugs can also have the added benefit of decreasing islet beta cell apoptosis and stimulating proliferation (249). Dipeptidyl peptidase 4 (DPP-4) functions to eliminate GLP-1 in cells. DPP-4 inhibitors prevent DPP-4 from degrading GLP-1 thereby exerting effects similar to GLP-1 and GIP-1/GIP receptor agonists and resulting in improved glucose tolerance (250).
Potential future therapeutic targets: Due to the biological importance of regulating blood glucose levels, genome-wide association studies (GWAS) were performed to identify gene loci associated with variations in blood glucose. These studies identified the G6PC2-ABCB11 gene locus as being highly associated with fasting blood glucose levels (221, 251). Recent GWAS studies have shown the G6PC2 locus is also highly associated with random glucose levels (252). The GCK, MTNR1B, GCKR, SLC30A8, ADCY5, DGKB, and SLC2A2 gene loci are also highly associated with variations in fasting blood glucose levels (253). While most of these GWAS studies have been done In European populations (253, 254), the G6PC2 locus has also been identified as highly associated with FBG in East Asian populations (255). Some of these genes show high expression levels in the pancreas (e.g., G6PC2, GCK and SLC30A8), liver (e.g., GCK, GCKR, and SLC2A2), or brain (e.g., DGKB) while others show more broad expression patterns (e.g., ADCY5) or expression in tissues not typically considered to be involved in glucose regulation (e.g., MTNR1B expression is highest in the testis), according to the GTEx portal. Several of these genes have been suggested or targeted (256) as potential therapeutic targets for lowering blood glucose.
G6PC2 as a therapeutic target: We are particularly interested in exploring the viability of targeting G6PC2 as a method for regulating blood glucose levels. Interestingly, despite an association between the G6PC2 locus and variations in blood glucose, and an association between variations in blood glucose and T2D risk, GWAS analyses do not detect an association between the G6PC2 gene locus and T2D risk (192, 257). When looking at the canonical GSIS pathway, one may expect that deletion of G6PC2 would increase the generation of reactive oxygen species (ROS) because there would be an increased flux through the glycolysis pathway which generates ROS. However, we hypothesize that following deletion of G6PC2 ROS levels would actually remain the same because of the decrease in blood glucose level (Fig. 1.7). For this reason, we would not expect to see an increase in beta cell death due to ROS generation following deletion or inhibition of G6PC2 and believe this is why an association between G6PC2 and T2D has not been observed in GWAS analyses. 
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Figure 1.7: Hypothesis on the generation of reactive oxygen species (ROS) in beta cells in the presence and absence of G6PC2. Under conditions where blood glucose levels remained constant, one would expect ROS generation in beta cells to increase after deletion of G6PC2 due to increased flux through the glycolysis pathway. However, deletion of G6PC2 decreases blood glucose levels under fasting conditions. Additionally, the time to reach euglycemia should be less in the absence of G6PC2. For these reasons, we hypothesize flux through glycolysis, and thus ROS generation, would remain, no matter the level of G6PC2 expression.  

There are four especially promising reasons for considering G6PC2 as a therapeutic target to lower FBG and decrease the risk of conditions associated with elevated FBG (2–15). First, a combination of molecular and genetic data comparing the effects of mutations in G6PC2 on protein expression and activity (258, 259) and their effects on FBG have revealed that mutations that have only modest effects on enzyme activity/expression are nonetheless associated with altered FBG (258, 259). Second, published data suggest that therapies that specifically target G6PC2 will selectively affect β cell function (189–192, 216, 226, 260, 261), without systemic side effects. Third, G6PC2 shares less than 50% sequence homology with G6PC1 and G6PC3 (52) indicating that it may be possible to develop inhibitors that selectively target the G6PC2 isoform. Fourth, treatment of pre-diabetic individuals with metformin has been shown to reduce FBG and lower the risk of progression to T2D (262, 263). Unfortunately, metformin often fails to work over time (264). However, this observation provides clear evidence that establishes a precedent that lowering FBG in pre-diabetic individuals will have clinical benefit.  

Protein Structure and Drug Discovery
Drug discovery is a time consuming and costly process, with development costing anywhere from $300 million to upwards of $2 billion dollars, per drug, depending on the drug target (265, 266). Drug discovery takes place in a series of stages. Briefly, compounds are first screened against the target of interest to identify hits. This initial screen can be done with a panel of random compounds, a panel of compound fragments, or with select compounds based on the protein structure and homology to proteins with known inhibitory compounds (267). These hits then undergo limited optimization to determine lead compounds. Following lead compound identification, lead optimization takes place. This compound can then proceed to pre-clinical and eventually clinical trials, assuming success at each stage. 
While some drug discovery is undertaken without a specific protein target, genomic, proteomic and structural studies over the last decade have provided numerous new molecules to target with the drug discovery pipeline (268–270). In recent years, drug discovery has been further aided by the use of virtual screening mechanisms that utilize artificial intelligence/ machine learning (271–274). Additionally, structure-based drug design (SBDD) has enhanced this process, particularly in the lead compound discovery and optimization stages. In SBDD, briefly, the target protein structure is determined and then analyzed for potential binding sites. Libraries of compounds are then docked computationally to these sites and scored for their binding ability and selectivity. Compound modification to enhance binding affinity or specificity, based on the protein structure, is then performed and an additional round of screening will occur. Top compounds are then experimentally generated and tested in biochemical assays. If the assay results are good, structure of the protein with the compound bound will be determined. The compound will then be further optimized based on the potential interactions available, tested again, and the bioavailability will be assessed before clinical trials (275). 

Biochemical Methods for the Determination of Protein Structure 
While not explicitly necessary in the drug design process, knowing the structure of a protein significantly aids in the successful development of small molecule inhibitors. There are several methods frequently used to determine protein structure, which will be discussed in detail below including x-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryogenic electron microscopy (cryo-EM). The structure of a protein is essential to its function and proteins with similar structures often have similar functions. Much of our knowledge of protein structure has come from painstaking, experimental studies that identify structures one protein at a time. Attempts to predict a proteins tertiary structure from its amino acid sequence alone has been an ongoing area of research for more than 50 years (276), though these attempts have fallen short until recently (277–282). 
	X-ray crystallography: Prior to 2013, a majority of the protein structures in the Protein Data Bank (PDB) were determined using x-ray crystallography. This technique relies on the ability to produce well-structured 3D crystals from purified protein samples, something that proves challenging for complex targets, such as integral membrane proteins. Crystallization of glycosylated proteins or proteins with a high degree of flexibility is also difficult (283). There are two major techniques to produce crystals through vapor diffusion: hanging-drop and sitting-drop crystallization, but both rely on the same basic principles (284). Briefly, a ‘drop’ of purified protein is placed in a sealed chamber, typically a 96-well plate, with crystallization solution below the drop in the well. The protein drop then equilibrates with the crystallization solution, supersaturating the protein. This supersaturation allows for crystal nucleation and finally crystal growth, given a proper crystallization solution. Elucidating the correct conditions in which crystals will form, instead of forming salt crystals or precipitating the protein, is typically the most difficult part of determining structures using x-ray crystallography (204)
	After effectively generating and verifying the identity of the crystals, they must be harvested from the crystallization drop and cooled, which limits damaged caused by radiation (285). The crystals can then be mounted such that an x-ray beam can be passed through the crystal; this is typically done using a synchrotron, a circular particle accelerator that used magnetic fields to propel electrons. As the x-ray beam passes through the crystal, diffraction images are produced and collected. This diffraction data is them processed through complex algorithms to generate an experimental structure of the protein (283). 
Nuclear magnetic resonance (NMR) spectroscopy: NMR is an effective method for determining protein structure, conformations, and complexes. To perform NMR, isotopically labeled proteins must first be generated so that the nuclei have a net spin; the type of labeling determines the type of NMR performed (e.g., 1H-NMR, 13C-NMR, 15N-NMR). The sample is then placed in a static magnetic field where different elements can be differentiated by the frequency required to change the energy state of the nuclei. This energy state transition generates a signal that is used to generate a spectra (286). There are numerous programs available to determine the chemical shift of spectra and interpret the data to identify structural information about a protein (287). There are several limitations of NMR spectroscopy including an inability to study molecules with ionic states, difficulty studying proteins with large molecular weights, the amount of sample required for good spectra, and difficulty resolving atoms with similar resonance frequencies (286). 
Cryogenic electron microscopy (cryo-EM): Cryo-EM has experienced rapid growth in use over the past decade, contributing a large number of entries to the PDB. This is largely due to technological advances allowing for improved data collection at a faster rate. Briefly, cryo-EM works by plunge-freezing purified molecules on an EM grid in liquid ethane. The grids are then imaged using an electron beam and 2D projections are generated. A large number of these projections are then computationally aligned and combined to produce a single, 3D structure (288). Typically, the purification process is the most difficult step in using cryo-EM to determine structure (289)
Cryo-EM has been particularly successful in determining the structures of large complexes, integral membrane proteins, and modified chromatin (288). Another advance made is that of cryogenic electron tomography (cryo-ET) which allows for in situ visualization of molecules in a native state. Cryo-ET provides a link between high-resolution single particle structures, like those obtained from NMR, x-ray crystallography, and cryo-EM, and whole cell visualization (290). 

AlphaFold2 (AF2) 
The above methods are used to experimentally determine protein structure, a process that frequently takes years of work. Until recently, however, this was the only way to determine protein structure as attempts to computationally determine protein structure from amino acid sequence fell short (277–282). Recent advances, such as those found in the AF2 algorithm from DeepMind, have overcome these challenges and generated a freely available program for predicting 3D protein structure from amino acid sequence (277, 291). The basic principles of the AF2 algorithm can be divided into four parts: (1) protein databases are queried and a multiple sequence alignment (MSA) for the protein of interest is constructed, (2) the MSA and any potential template structures are passed through a linked set of transformer neural networks that emphasize the concept of attention (292), (3) the information gained in step 2 is passed through another neural network that generates a 3D structure, (4) all information generated in steps 1-3 is passed through steps 2 and 3 again to refine the prediction (277, 293). While AF2 is a major breakthrough in the prediction of protein structure, it is important to remember that the structure produced is just a prediction; experimental validation of structures produced by AF2 is required, but the AF2-predicted structure is an excellent tool for hypothesis generation.
AF2 and drug discovery: The publication of the AF2 algorithm is likely to enhance SBDD, removing the time-consuming processes of protein purification and structural determination. While the accuracy of side chain projections predicted by the AF2 model is disputed (294), as a rule-of-thumb, AF2-predicted structure with a predicted local-distance difference test (pLDDT) > 80 (confident to very high) are comparable to experimental data for in silico modeling purposes (277, 291). Given this, AF2 is likely to have the highest impact on the early stages of the drug design process including hit and lead compound generation and optimization, particularly when the compounds being developed are small molecules (271). It may also enhance detection of off-target protein binding (271). 
Despite the benefits AF2 will have on the drug discovery process, a majority of clinical drug development fails from a lack of clinical efficacy, toxicity, or commercial need – problems that AF2 does not aid in overcoming (295). Additionally, AF2 models cannot yet account for changes in protein conformation that occur upon binding of a ligand or substrate or how the solvent or presence and absence of ions impacts on protein structure; though techniques are being developed to overcome these shortcomings (296, 297). Nevertheless, AF2 is likely to have measurable impact on the drug design process, the magnitude of which is yet to be determined. 
For example, as previously discussed, G6PC2 is a potential therapeutic target for lowering blood glucose levels and knowing the protein structure would aid in the development of potential inhibitors. Unfortunately, determining the structure of G6PC2, or its related isoforms, has proved difficult, likely due to the fact that the protein is inserted into the ER membrane; purification, an important step in determining protein structure with most methods, of membrane proteins is notoriously difficult  (298). A protocol for the purification of any active G6PC isoform has only recently been developed (299),  which may aid in structural determination, but is not the only hurdle that needs to be overcome. Despite these difficulties, AF2 is able to generate a predicted structure of the protein, providing a way to investigate the G6PC2 structure, which can also be used in SBDD for virtual small molecule screenings. 

Summary
In summary, the contents of this thesis will focus on factors contributing to the expression and activity of G6PC2, a protein found primarily in beta cells, the insulin-producing cells of pancreatic islets. Our and others’ studies have shown that G6PC2 is one factor contributing to the regulation of blood glucose levels. Given the contribution of blood glucose levels to the increased risk of several conditions, we propose G6PC2 should be studied as a potential therapeutic target for lowering fasting blood glucose levels. 
	Previous studies have investigated several common G6PC2 single nucleotide polymorphisms (SNPs) that are associated with changes in FBG and shown that these SNPs result in alterations in mRNA and/or protein expression (258, 259). The studies described in Chapter III investigate the impact of several rare, non-synonymous SNPs found in the G6PC2 gene. We hypothesized that non-synonymous SNPs that decrease protein expression or activity will be associated with decreased FBG levels in humans. These studies are the first to investigate the G6Pase activity of G6PC2 in vitro following transient transfection of a stable cell line, a feat that was accomplished through the use of a modified pJPA5 expression vector that confers high G6PC2 expression. 
	Having solidified the conclusion that G6PC2 is a viable therapeutic target for lowering blood glucose levels, we next sought to characterize the enzyme in more detail, providing information that could later be used in drug design. Chapter IV utilizes insights gained from the AF2-predicted structure to investigate the importance of residues in several key regions of the protein: a predicted disulfide bond, a phosphatidic acid phosphatase motif, a potential substrate cavity, and a cholesterol recognition amino acid consensus motif. We identified that residues in these regions are required for maximal G6Pase activity, providing information about regions that could be targeted with small molecule inhibitors. 
	Finally, we sought to characterize a previously identified small molecule inhibitor of G6PC2. These studies, described in Chapter V, suggest that a small molecule, designated VU0945627 and previously suggested to be a specific G6PC2 inhibitor (196), is also able to inhibit G6PC1 at high inhibitor concentrations and activates G6PC3. This work begins to analyze the residues of G6PC2 that are critical for VU0945627 to exert its effects through computational and mutational analyses. Additionally, we show that VU0945627 inhibits G6P transport. 
	Taken together, the data obtained from this thesis validates G6PC2 as a therapeutic target that should be considered for lowering blood glucose levels. Through analysis of the AF2-predicted structure and subsequent mutational analyses, we identify several regions that could be exploited in the development of small molecule inhibitors. Finally, we characterize a previously described small molecule inhibitor of G6PC2, VU0945627. 


CHAPTER II
MATERIALS AND METHODS
Expression Vector Construction
	The construction of plasmids encoding human G6PC2 (accession number NM_021176) and mouse G6PC2 (accession number NM_021331) in the pcDNA3.1D V5 His-TOPO vector has been previously described (159, 194). Both of these plasmids contain the G6PC2 open reading frame (ORF) with the native stop codon replaced with an AAG codon encoding lysine followed by sequence encoding a V5 His Tag. In human G6PC2 a common SNP, rs492594, switches a valine to a leucine at AA219 (194). In this study the human G6PC2 sequence designated as wild type (WT) contained a leucine at AA219.
	A human G6PC1 cDNA (Accession number BC130478; IMAGE clone number 40146509) was purchased from Transomic technologies (Huntsville, AL). This plasmid was used as the template in a PCR reaction with the following primers to generate a human G6PC1 V5 His Tag pcDNA3.1D plasmid:
Sense strand: 5’-GG GGTACC GAGCTC GGATCC AGTACCCTT CACC ATG GAG GAA GGA ATG AAT-3’; Kpn I, Sac I, BamH I restriction enzyme sites, consensus Kozak and start codon sequences, respectively, are underlined.
Anti-sense strand: 5’-CCG CTCGAG CG GCC GCC ACT GTG CTG GAT ATC TGC AGA ATT GTC TTG ACC CTT CAA CGA CTT CTT GTG CGG-3’; Xho I restriction enzyme site and a codon encoding a lysine that replaces the native stop codon, respectively, are underlined. The PCR fragment was digested with Kpn I and Xho I and ligated into Kpn I and Xho I digested pcDNA3.1D V5 His-TOPO.
	The pJPA5 expression vector was a generous gift from Dr. David Jacobson (Vanderbilt University) (300). This vector was modified by insertion of a polylinker containing the following restriction enzyme sites 3’ of the CMV promoter and 5’ untranslated region sequence (Fig. S2): EcoR I, HinD III, Bgl II, BamH I, EcoR V, Xho I and Pme I creating the plasmid pJPA5 MOD. Human G6PC1 and G6PC2 V5 His pJPA5 MOD plasmids were generated by sub-cloning the ORFs plus V5 His Tag sequence from the pcDNA3.1D vectors described above into pJPA5 MOD as a Hind III – Pme I fragments.
	A human G6PC2 no Tag pJPA5 MOD plasmid was generated using PCR in conjunction with the G6PC2 V5 His pJPA5 MOD plasmid described above as the template and the following primers: 
Sense strand: 5’-G GAATTC CACC ATG GAT TTC CTT CAC AGG-3’; EcoR I restriction enzyme site, consensus Kozak and start codon sequence, respectively, are underlined.
Anti-sense strand: 5’-CCG CTCGAG TGATCA GCTAGC CTT CTG ACT CTT CTT TCC GCT-3’; Xho I, Bcl I, Nhe I restriction enzyme sites and a codon encoding a lysine that replaces the native stop codon, respectively, are underlined. The PCR fragment was digested with EcoR I and Xho I and ligated into EcoR I and Xho I digested pJPA5 MOD.
	A human G6PC2 His Tag pJPA5 MOD plasmid was generated by digesting the human G6PC2 no Tag pJPA5 MOD plasmid with Nhe I and Xho I and ligating the following primers that encode a 6X His Tag:
Sense strand: 5’-CTAGC CAT CAT CAC CAT CAC CAT TAA TAG C-3’; Nhe I compatible end and stop codons, respectively, are underlined.
Anti-sense strand: 5’-TCGAG CTA TTA ATG GTG ATG GTG ATG ATG G-3’; Xho I compatible end is underlined.
	A human G6PC2 V5 His Tag pJPA5 MOD plasmid terminating at AA 282 was generated using PCR in conjunction with the G6PC2 V5 His pJPA5 MOD plasmid described above as the template and the following primers: 
Sense strand: 5’-CCC AAGCTT GGTACC GAGCTC GGATCC AGT-3’; HinD III, Kpn I, Sac I and BamH I restriction enzyme sites, respectively, are underlined. This primer recognizes the polylinker sequence 5’ of the G6PC2 sequence.
Anti-sense strand: 5’-CCC AAGCTT GATATC TGC AGA ATT GTC TTG ACC CTT GCA GCT CAG GAG GAA CAT-3’; HinD III, EcoR V restriction enzyme sites and a codon encoding a lysine that replaces the stop codon in the Arg283STOP variant, respectively, are underlined. The PCR fragment was digested with HinD III and EcoR V and ligated into HinD III and EcoR V digested G6PC2 V5 His pJPA5 MOD.
	A mouse G6PC2 no Tag pJPA5 MOD plasmid was generated using PCR in conjunction with the G6PC2 pcDNA3.1D plasmid described above as the template and the following primers: 
Sense strand: 5’-G GAATTC CACC ATG GAT TTC CTT CAT AGG-3’; EcoR I restriction enzyme site, consensus Kozak and start codon sequence, respectively, are underlined.
Anti-sense strand: 5’-CCG CTCGAG TGATCA GCTAGC CTT TTT AGT CTT CTT GTC ACC-3’; Xho I, Bcl I, Nhe I restriction enzyme sites and a codon encoding a lysine that replaces the native stop codon, respectively, are underlined. The PCR fragment was digested with EcoR I and Xho I and ligated into EcoR I and Xho I digested pJPA5 MOD. A mouse G6PC2 His Tag pJPA5 MOD plasmid was generated using the same strategy as described for the human G6PC2 plasmid. For all the plasmids described above DNA sequencing was used to verify the absence of secondary mutations in the ORFs and Tag sequences.
	Site-directed mutagenesis using the Quikchange II kit (Agilent Technologies, Santa Clara, CA) was used to change specific codons in human G6PC1 and G6PC2 in the context of the pcDNA3.1D and pJPA5 MOD vectors, respectively. DNA sequencing was used to verify all codon changes and the absence of secondary mutations in the ORF. Two or more independent plasmid preparations were analyzed for each SNP variant described. For those variants that reduced expression, the ORFs plus C terminal V5 His Tag sequence were sub-cloned into a vector that had not previously been used for site-directed mutagenesis. This controlled for the presence of secondary mutations in the vector backbone that would not have been identified by sequencing. Plasmids purification was achieved by centrifugation through cesium chloride gradients (301).
An EGFP cassette encoding a 5’ thrombin recognition sequence and 3’ His-tag was generated using PCR in conjunction with a CMV EGFP plasmid (214) as the template and the following primers: 
Sense strand: 5’-CCG CTCGAG GCTAGC AAT GGC CTG GTG-3’; Xho I and Nhe I restriction enzyme sites, respectively, are underlined.
Anti-sense strand: 5’-CCG CTCGAG TCTAGA TTA GTG ATG GTG-3’; Xho I, Xba I restriction enzyme sites and stop codon, respectively, are underlined. The PCR fragment was digested with Xho I and ligated into Xho I digested pGEM7. The EGFP cassette was then sub-cloned from pGEM7 as a Nhe I – Xho I fragment into the previously described human G6PC2 no Tag pJPA5 MOD plasmid (171) that had been digested with Nhe I and Xho I to generate a plasmid encoding G6PC2 with a C-terminal EGFP-tag.
	For baculovirus construction, the human G6PC2 open reading frames with either a C-terminal His-tag or EGFP-tag were isolated from the plasmids described above as EcoR I – Xba I fragments and ligated into the pEG BacMam vector that had been digested with EcoR I and Xba I.
Site-directed mutagenesis using the Quikchange II kit (Agilent Technologies, Santa Clara, CA) was used to change specific codons in human G6PC2 in the context of the modified pJPA5 and BacMam vectors described above. DNA sequencing was used to verify all codon changes and the absence of secondary mutations in the open reading frame. The open reading frames of all mutants were sub-cloned into a vector that had not previously been used for site-directed mutagenesis to control for the potential presence of secondary mutations in the vector backbone that would not have been identified by sequencing.
A plasmid containing the full length human G6PC3 open reading frame (ORF) (194) was used as the template in a PCR reaction with the following primers to generate a plasmid encoding human G6PC3 with a C-terminal His-tag in the pJPA5 vector:
Sense strand: 5’-G GAATTC CACC ATG GAG TCC ACG CTG GGC-3’; EcoR I restriction enzyme site, consensus Kozak and start codon sequences, respectively, are underlined.
Anti-sense strand: 5’-CCG CTCGAG CTA TTA ATG GTG ATG GTG ATG ATG GCTAGC CTT GGA AGA GTG GAT GGG CGG; Xho I restriction enzyme site, two stop codon, 6X His-tag, Nhe I restriction enzyme site and a codon encoding a lysine that replaces the native stop codon, respectively, are underlined. The PCR fragment was digested with EcoR I and Xho I and ligated into EcoR I and Xho I digested pJPA5.
SNP Databases
	Human G6PC2 SNPs were identified using the dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), UCSC Genome Browser (https://genome.ucsc.edu/) and HumSAVR (http://omictools.com/humsavar-tool) databases.
Cell Culture
	Rat islet-derived 832/13 cells (302) were grown in RPMI medium supplemented with 10% (vol/vol) fetal bovine serum (FBS), 0.05 mM β-mercaptoethanol, 100 U/ml penicillin and 100 g/ml streptomycin. Sf9 insect cells were grown in serum free Sf-900-II SFM media. HEK293S cells, an immortalized human embryonic kidney cell line, (303) were grown in suspension in DMEM medium supplemented with 10% (vol/vol) FBS. Mouse islet-derived bTC-3 cells (304) were grown in DMEM medium supplemented with 5% (vol/vol) FBS and 15% (vol/vol) horse serum.
Protein Expression and Western Blotting
	To determine whether wild type and variant human G6PC1 and G6PC2 proteins were expressed at similar levels, plasmids (3 μg) encoding these proteins were transfected into semi-confluent 832/13 cells in 3.5 cm diameter dishes using the lipofectamine reagent (InVitrogen, Waltham, MA) as previously described (305). Cells were then incubated for 18-20 hours in serum-containing medium before harvesting using trypsin, pelleting at 3500g for 1 min at room temperature, washing in PBS and resuspending in 50 mM Tris, pH 8.0, 150 mM NaCl, 5.8 mM PMSF, and 1% NP-40. The Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, MA) was used for protein quantitation. Cell extracts (10 μg) were electrophoresed on 10 % SDS-polyacrylamide gels and the proteins transferred to a PVDF membrane (Perkin Elmer, Waltham, MA) or nitrocellulose membrane (InVitrogen, Waltham, MA) in the case of Ponceau S staining. Protein expression was then determined by immunoblotting using the following antibodies: (1) a primary anti-beta actin mouse monoclonal antibody (1:10,000, Sigma, St. Louis, MO) with a secondary anti-mouse horseradish peroxidase (HRP) antibody (1:10,000, Promega, Madison, WI); (2) a conjugated mouse monoclonal anti-V5-horseradish peroxidase (HRP) antibody (1:100-1:5000, InVitrogen, Waltham, MA); or (3) a primary 6x-His tag mouse monoclonal antibody (1:2000, InVitrogen, Rockford, IL) with a secondary goat anti-mouse IgG2b HRP antibody (1:2000, Invitrogen, Rockford, IL). HRP activity was assayed using the Pierce™ ECL reagent (Thermo Fisher Scientific, Waltham, MA) and either Ponceau staining and/or beta actin expression were used as loading controls. Protein expression was quantified by scanning V5 or 6x-His and actin signals on PVDF membranes using a Molecular Imager Gel Doc XR+ System with Image Lab software (BioRad). Images were saved as .jpg files and quantified using ImageJ. As previously observed, both the human (194) and mouse (195) G6PC1 expression plasmids generate protein doublets, likely indicating the use of variable glycosylation (306). 
The ratio of V5 or 6x-His to actin expression obtained with the variants shown was expressed as a percentage relative to the ratio obtained with WT human G6PC1 or G6PC2. To determine whether WT and variant human G6PC2 His-tagged proteins were expressed at similar levels, plasmids (3 μg) encoding these proteins were transfected into semi-confluent 832/13 cells using the lipofectamine reagent (InVitrogen, Waltham, MA) and protein expression was then quantitated by western blotting using actin as an internal control as previously described (192). Normalized expression was determined as the ratio of 6x-His to actin expression obtained with the variants shown as compared to the ratio obtained with WT human G6PC2.
Isolation of Microsomal Membranes
	Cells in six 3.5 cm diameter dishes were transfected and harvested as described above before resuspension in 1 mL cold 50 mM Tris HCl pH 8.0, 50 mM NaCl, 0.5 mM EDTA, 10% glycerol. Cells were then sonicated for 30 seconds (3 second pulses with 10 second breaks). Cell debris was removed by centrifuging the homogenate at 7800g for 6 minutes at 4C. The supernatant was then diluted ~3-fold with the same buffer before being subjected to a high-speed spin (214,000g) for 30 min at 4 C using a Beckman TLA 100.3 rotor to isolate a microsomal membrane fraction, which was then resuspended using 300-400 μL of the same resuspension buffer. This isolation method produced microsomal membranes that were disrupted. 
Measurement of Glucose-6-Phosphatase (G6Pase) Activity In Vitro
	For the measurement of G6PC2 activity, microsomal membranes (75 μl) isolated from control cells or cells transiently transfected with a plasmid encoding G6PC2 were mixed with 2X reaction buffer (75 μl; 58 mM MES, 42 mM Tris, 100 mM NaCl pH 6.6) or the same 2X reaction buffer supplemented with 4 mM G6P. Reactions were incubated in a 30 C water bath for 30-120 minutes and then placed on ice for 1 minute. Reactions were then quenched using a 12% SDS solution (150 μl) and vortexed. A 1:1 mixture of cold Pi chelating solution (300 μl; 2% ammonium molybdate: 12% ascorbic acid) was added to each reaction before incubation at room temperature for 5 minutes. A developing solution (450 μl; 80 mM sodium citrate, 150 mM sodium meta-arsenite, 2% glacial acetic acid) was then added to the reaction and incubated at room temperature for 20 minutes. The absorbance of the solution was then measured using a plate reader at 850 nm. The correspondence of absorbance at 850 nm to the total nmol of Pi released was determined from a Pi standard curve. Pi generation by G6PC2 was determined by subtracting the total nmol Pi released by the 2x reaction buffer sample from the total nmol Pi released by the 4mM G6P sample, thus eliminating Pi introduced by the reaction buffer and microsomes. G6Pase activity (nmol/min/mg) was determined by dividing the Pi generated by the length of the assay and the mg total microsomal protein (as determined by a BioRad Bradford Assay). Control G6Pase activity was subtracted by G6PC2 G6Pase activity as indicated. Normalized activity was determined by dividing the G6Pase activity of G6PC2 variants by the G6Pase activity of the WT protein. Relative G6Pase activity was then calculated by dividing normalized activity by normalized expression (determined as described above). When appropriate, hyperbolas were fitted by a Michaelis–Menten model using R. Figure 2.1 depicts a representative G6PC2 experiment from transfection to phosphate detection. 
	For the measurement of G6PC1 activity, microsomal membranes (10 μl) isolated from control cells or cells transiently transfected with a plasmid encoding G6PC1 were diluted with resuspension buffer (65 μl) and then mixed with 2X reaction buffer as described above. Reactions were incubated in a 30 C water bath for 10 minutes and then placed on ice for 1 minute before continuing the assay as described above for G6PC2.
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Figure 2.1: Experimental Procedure for transfection of cells and isolation of microsomal membranes for glucose-6-phosphatase activity assays. Briefly, cells are transfected with G6PC constructs; wild type proteins and non-transfected cells are also transfected with every experiment. After transfection, cells are harvested; a portion is saved for western blot analysis and the remainder are sonicated and spun to isolate microsomal membranes. These microsomal membranes are resuspended, and a portion incubated with glucose-6-phosphate in a 30C water bath. Reactions are quenched with SDS and phosphate is detected using a colorimetric assay. The amount of phosphate in the reaction is determined by comparison to a phosphate standard curve.



Measurement of Glucose-6-Phosphatase (G6Pase) Activity In Situ
	G6Pase activity was measured in situ as previously described (260). Briefly, semi-confluent 832/13 cells in 3.5 cm diameter dishes were co-transfected with 2 μg of a 
G6pc1-firefly luciferase fusion gene construct, 0.5 μg of SV40-Renilla luciferase (Promega, Madison, WI) and 1 μg of an expression vector encoding WT or variant G6PC2, using the lipofectamine reagent (InVitrogen, Waltham, MA). Following transfection, cells were incubated for 18-20 hours in serum-free medium supplemented with 2 or 11 mM glucose. Cells were then harvested using passive lysis buffer (Promega, Madison, WI) and both firefly and Renilla luciferase activity were assayed using the Dual Luciferase Assay kit (Promega, Madison, WI). To correct for variations in transfection efficiency, the results were calculated as a ratio of firefly to Renilla luciferase activity.
Electronic Health Record (EHR)-Based Analyses of Human Research Subjects
	EHR-based analyses were conducted as previously described (192) using data on human subjects in the Vanderbilt University Medical Center (VUMC) BioVU DNA biobank. Genotyping data in BioVU is linked to the Synthetic Derivative (SD), a de-identified version of the VUMC EHR repository. Methods used to perform phenome-wide association studies (PheWAS) and laboratory value-wide association studies (LabWAS) have been previously published (307–309). PheWAS data were analyzed using an additive model whereas LabWAS data were analyzed using an additive generalized linear regression model.
DTT Treatment of Microsomal Membranes
	For the analysis of the effect of DTT, DTT was added to the G6Pase reaction buffer and/or microsomal membrane resuspension buffer to a final concentration of 3mM. Where indicated, the microsomal membrane resuspension buffer included a final concentration of 0.5% LMNG to solubilize G6PC2 and the LMNG concentration was maintained at 0.5% in the G6Pase reaction.
Recombinant Baculovirus Production and HEK Cell Infection
pBacMam plasmids encoding the L219 and V219 G6PC2 His-tagged or EGFP-tagged variants were transformed into DH10Bac competent cells for site-specific transposition of the expression cassette into the bacmid vector. Baculoviruses were generated as previously described (299). Briefly, isolated bacmid was transfected into adherent Sf9 cells using Cellfectin II. Transfected cells were then incubated for 5 days at 27°C; media containing the P1 baculovirus was then harvested and filtered. To amplify the virus, the P1 virus was diluted 1000-fold into a Sf9 cell suspension growing in serum free Sf-900-II SFM media (Gibco) and incubated for 4 days at 27°C while shaking at 130 rpm. The cells were removed by centrifugation, and the supernatant containing P2 baculovirus was filter sterilized. P2 viral titer was determined; the average P2 viral titer used for experiments was 3*107 pfu/mL. P1 and P2 baculovirus preparations were supplemented with 2% FBS and stored at 4°C, protected from light. HEK cells at a density of ~2 million cells/mL were infected with 10% vol/vol P2 virus. Cells were incubated with shaking for 20-24 hours at 37 C. After 20-24 hours, sodium butyrate was added to a final concentration of 5mM. The cells were then shaken for an additional 42-48 hours at 30 C (total shaking time 66-72 hours) before harvesting.
Protein Solubilization and Purification
	G6PC2 was purified from HEK cells by adapting a protocol previously designed for the isolation of G6PC1 from Sf9 cells (299). Briefly, baculovirus-infected HEK cells were pelleted by centrifugation for 15 minutes at 5000 rpm. The supernatant was removed, and the pellet resuspended in 50 mL lysis buffer (50 mM Tris-HCl pH 8, 50 mM NaCl, 0.5 mM EDTA, 10% glycerol). The solution was then homogenized using a glass homogenizer and transferred to a beaker. The solution was stirred continuously and protease inhibitors (benzamidine (1:500), leupeptin, pepstatin, chymostatin, and PMSF (1:1000)) were added. Cells were then lysed, while still being stirred, by sonication for 8 minutes (10 seconds on, 10 seconds off, 40% amplitude with a minute break after 4 minutes). Cell debris was removed by centrifugation for 20 minutes at 10,000 rcf. The supernatant was then subjected to a high-speed spin (200,000 rcf for 1.5 hours) to isolate microsomal membranes. The microsomal membranes were kept on ice overnight before resuspension in a buffer (50 mM Tris-HCl pH 8, 100 mM NaCl, 10% glycerol) containing LMNG (0.5%) or LMNG plus CHS (0.05%) at a final concentration of 80 mg/ml membrane protein. The mixture was then stirred on ice for 1 hour before being centrifuged for 30 minutes at 250,000 rcf. The supernatant, containing the membrane fraction that was resuspended in detergent, was filtered, imidazole was added to a concentration of 25 mM, and added to nickel resin pre-equilibrated with the resuspension buffer. This solution was nutated for 2 hours at 4C. The solution was then poured into a column and the resin washed with five column volumes of washing buffer (resuspension buffer with 50 mM imidazole). The protein was then eluted from the resin with elution buffer (resuspension buffer with 300 mM imidazole). Eluted protein was then injected onto a size exclusion column that had been equilibrated with gel filtration buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol). The washing, elution, and gel filtration buffers also contained 0.2% 



Figure 2.2: Synthesis of VU0945627 (Compound 3). The synthesis of VU0945627 followed the previously published, eight-step procedure originally published by Baker, W. R., et al (International Patent WO 9634851, 1996). 

LMNG with or without 0.02% CHS. Protein concentration from the protein fraction was determined using a nanodrop.
VU0945627 (Compound 3) Synthesis
	The synthesis of VU0945627 followed the previously published procedure by Baker, W. R., et al (International Patent WO 9634851, 1996) as outlined below and detailed in Figure 2.2. 
Compound 1. To a solution of diethyl 2,5-dihydroxyterephthalate (1.0 g, 4.0 mmol) in dichloromethane (13 mL) was added pyridine (1.3 mL, 16.0 mmol) at room temperature. After stirring 10 min, triflic anhydride (1.62 mL, 2.9 mmol) was added to reaction mixture at -10 °C. The reaction was warmed up to room temperature, stirred for 3 hr, quenched with 1N HCl, extracted with EtOAc (3 x 15 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by ISCO column chromatography eluting with 0 to 50% EtOAc in hexanes to afford the white solid title compound 1 (1.90 g, 91%); 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 2 H), 4.49 (q, J = 7.2 Hz, 4 H), 1.44 (t, J = 7.2 Hz, 6H). 
Compound 2. A mixture of 1 (1.825 g, 3.52 mmol), vinyltributyl tin (1.03 mL, 3.52 mmol), PdCl2(PPh3)2 (74 mg, 0.106 mmol), and lithium chloride (450 mg, 10.56 mmol) in 1,4-dioxane (12 mL) was sparged with Argon for 5 min, and heated at 85 °C for 4 hr. The reaction was cooled to room temperature, filtered through celite pad, and washed with EtOAc. The filtrate was washed with water (15 mL) and the combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by ISCO column chromatography eluting with 0 to 50% EtOAc in hexanes to afford the white solid title compound 2 (1.37 g, 98%); 1H NMR (400 MHz, CDCl3) δ 8.24 (s, 1H), 7.78 (s, 1H), 7.43 (d, J = 17.6, 11.2 Hz), 5.77 (d, J = 17.6 Hz, 1H), 5.51 (d, J = 11.2 Hz, 1H), 4.47 (q, J = 7.2 Hz, 2H), 4.41 (q, J = 7.2 Hz, 2H), 1.46–1.38 (m, 6H). 
Compound 3. A mixture of 2 (1.37 g, 3.47 mmol), sodium periodate (3.71 g, 17.35 mmol), RuCl3 hydrate (24 mg, 0.104 mmol) in solution of chloroform (8 mL), acetonitrile (8 mL), and water (50 mL) was stirred at 60 °C for 12 hr. The reaction mixture was diluted with EtOAc (50 mL), acidified with HCl (0.1 N), washed with water (50 mL) and brine (50 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by ISCO column chromatography eluting with 50 to 100% EtOAc in hexanes to afford the white solid titled compound 3 (0.805 g, 56%). 
Compound 4. To a solution of 3 (0.884 g, 2.13 mmol) in dichloroethane (14 mL) was added DIPEA (1.11 mL, 6.39 mmol), followed by addition of PyBroP (1.49 g, 3.2 mmol) and N-benzyl-1-(4-phenoxyphenyl)methanamine (0.741 g, 2.56 mmol) at 0 °C. The reaction was stirred for 2 hr at room temperature, quenched with sat. NH4Cl (20 mL), extracted with dichloromethane (3 x 15 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by ISCO column chromatography eluting with 0 to 50% EtOAc in hexanes to afford the oil compound 4 (1.31 g, 90%); 1H NMR (400 MHz, CDCl3) 7.98 (d, J = 4.80 Hz, 1H), 7.90 (d, J = 4.8 Hz, 1H), 7.42-7.27 (m, 7H), 7.12 (dt, J = 7.2, 0.8 Hz, 1H), 7.08-6.98 (m, 5H), 6.92 (d, J = 8.8 Hz, 1H), 4.78 (s, 2H), 4.47-4.39 (m, 2H), 4.38-4.31 (m, 2H), 4.22 (d, J = 15.6 Hz, 1H), 1.40 (dt, J = 7.2, 3.6 Hz, 1H), 1.33 (dt, J = 7.2, 5.2 Hz, 6H). 
Compound 5. A mixture of 4 (1.372 g, 2.0 mmol), vinylbutyltin (0.76 mL, 2.6 mmol), PdCl2(PPh3)2 (42 mg, 0.06 mmol), and lithium chloride (0.254 g, 6.0 mmol) in 1,4-dioxane (13 mL) was sparged with Argon for 5 min, and heated at 80 °C for 2 hr. The reaction was cooled to room temperature, quenched with water (20 mL), extracted with EtOAc (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by ISCO column chromatography eluting with 0 to 30% EtOAc in hexanes to afford the oil compound 5 (1.0 g, 89%); 1H NMR (400 MHz, CDCl3) 8.20 (d, J = 4.80 Hz, 1H), 7.87 (d, J = 1.2 Hz, 1H), 7.44-7.28 (m, 8H), 7.14-6.98 (m, 6H), 6.92 (d, J = 8.8 Hz, 1H), 5.76 (dd, J = 17.6, 3.2 Hz, 1H), 5.46 (dd, J = 11.2, 2.8 Hz, 1H), 4.75 (s, 2H), 4.38-4.30 (m, 4H), 4.23 (d, J = 17.2 Hz, 2H), 1.37 (t, J = 7.2 Hz, 3H), 1.31 (t, J = 6.4 Hz, 3H). 1.40 (brs, 2H). 
Compound 6. A mixture of 5 (150 mg, 0.266 mmol), sodium periodate (1.21 mL), OsO4 (0.027 mL, 4 wt.% in water) in 1,4-dioxane (4.4 mL) was stirred for 1 hr at room temperature. The reaction mixture was diluted with EtOAc (10 mL), washed with water (10 mL) and brine (7 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by ISCO column chromatography eluting with 0 to 30% EtOAc in hexanes to afford the oil compound 6 (0.41 g, 81%); 1H NMR (400 MHz, CDCl3) 10.6 (d, J = 3.2 Hz, 1H), 8.53 (d, J = 4.8 Hz, 1H), 7.92 (s, 1H), 7.92-7.28 (m, 7H), 7.14-7.09 (m, 2H), 7.05-6.97 (m, 4H), 6.92 (d, J = 8.4 Hz, 1H), 4.76 (brs, 2H), 4.46-4.39 (m, 2H), 4.36 (dq, J = 7.2, 2.0 Hz, 2H), 4.19 (d, J = 16.8 Hz, 2H), 1.40 (t, J = 7.2 Hz, 3H), 1.35 (dt, J = 10.4, 3.2 Hz, 3H). 
Compound 7. To a solution of 6 (122 mg, 0.216 mmol) in MeOH (5 mL) was added sat. LiOH (0.8 mL). The reaction was stirred for 4 hr at 60 °C, acidified with 3N HCl, diluted with EtOAc (10 mL), washed with water (10 mL) and brine (7 mL). The white solid crude product 7 (88 mg, 80%) was used in the next step without further purification; 1H NMR (400 MHz, d6-DMSO) δ 8.13 (d, J = 10.4 Hz, 1H), 7.77 (d, J = 10.4 Hz, 1H), 7.42-7.23 (m, 8H), 7.18-7.12 (m, 3H), 7.00 (J = 7.6 Hz, 1H), 6.94 (dd, J = 8.4, 2.4 Hz, 2H), 6.87 (d, J = 8.4 Hz, 1H), 4.61 (brs, 2H), 4.21 (d, J = 9.2 Hz, 1H). 
VU0945627. To a solution of 7 (0.764 g, 1.50 mmol) in MeOH (6) was added 4 Å molecular sieves (1.5 g), followed by addition of 4N HCl (1.13 mL, 4.50 mmol). The reaction mixture was heated for 4 hr at 60 °C, diluted with EtOAc (12 mL), filtered through celite pad, and concentrated in vacuo. The crude product was purified by Gilson HPLC eluting with 15 to 95% acetonitrile in water (0.1% TFA) to afford the white solid product VU0945627 (0.297 g, 38%); 1H NMR (400 MHz, d6-DMSO) δ 8.18 (d, J = 2.4 Hz, 1H), 7.79 (d, J = 11.2 Hz, 1H), 7.44 - 7.23 (m, 7H), 7.19 – 7.12 (m, 3H), 7.02 (d, J = 7.6 Hz, 1H), 6.95 (d, J = 7.6 Hz, 2H), 6.88 (d, J = 8.4 Hz, 1H), 6.60 (d, J = 6.8 Hz, 1H), 4.24 (d, J = 9.6 Hz, 2H), 3.57 (s, 3H); LCMS ESI-MS(m/z) calc’d for C31H25NO7 [M+H]+: 523.54 measured 524.4.
PyRx Computational Docking
PyRx computational docking (310) was used to dock VU0945627 to the AlphaFold2-predicted models of G6PC2 and SLC37A4 obtained from the EMBL-EBI DeepMind AlphaFold2 Protein Structure Database (277). The 2D ligand structure of VU0945627 in structure-data format was converted to 3D using OpenBabel (311) and energy-minimized using a universal force field with 200 steps, saved in PDBQT format. Size and position of the grid box, search space, and AutoDock Vina scoring function were set in PyRx (310). For both G6PC2 and SLC37A4 the docking grid box size was set to encompass the entire protein. PyRx generated nine docked poses for each docking run, and 10 independent runs were executed each with a corresponding docking score (relative docked binding energy, kcal/mol). Poses associated with the lowest energy docking score were used for further structural analyses and design of mutations. Output files were saved in PDBQT format and docked poses were visualized using molecular graphics software PyMOL (312) or UCSF ChimeraX (313).
Glucose Cycling
	Glucose cycling was measured in mouse bTC-3 cells as previously described (139). Briefly, in a series of replicate wells (n=4), βTC-3 cells were treated with either Compound 3 (at 12.5, 25, and 50 μM) or DMSO control for 24 and 48h. At each timepoint, extracellular media was collected and stored at -80°C for glucose cycling analysis while the cells were washed with PBS, detached using 0.05% Trypsin-EDTA (Gibco; Cat no. 25300062) and counted using a Cedex XS cell counter (Roche; Cat no. 702070001) for cell viability assessment. Media glucose mass isotopomer distribution and glucose concentration were measured at 24 and 48h by gas chromatography-mass spectrometry and these values were then used to calculate glucose cycling, as described previously (139, 216). The standard error of the mean (SEM) in glucose cycling was calculated using a propagation of uncertainty calculation. These experiments were performed by Dr. Mohsin Rahim, a former graduate student in the lab of Dr. Jamey Young.
Statistical Analysis
	Enzyme activity data were analyzed using either the Student’s t-test: two sample, two-sided test assuming equal variance or using an analysis of variants (ANOVA) test with the Tukey’s Honest Significant Difference or Dunnett’s Multiple Comparison post-hoc test, as stated. Briefly, a Tukey’s post-hoc test was used when all samples were compared and a Dunnett’s post-hoc test was used when samples were compared only to the WT. P values were as indicated. EHR associations were analyzed with logistic and linear regressions using the PheWAS package in R and the LabWAS package in R. Gender, median age of record, and the first 10 Principal Component Markers were included as covariates in the PheWAS and LabWAS regressions. PheWAS and LabWAS results were deemed significant if the P-value of the association passed a Bonferroni multiple testing correction.


CHAPTER III
NONSYNONYMOUS SINGLE-NUCLEOTIDE POLYMORPHISMS IN THE G6PC2 GENE AFFECT PROTEIN EXPRESSION, ENZYME ACTIVITY, AND FASTING BLOOD GLUCOSE

Introduction
	G6PC2 encodes a glucose-6-phosphatase (G6Pase) catalytic subunit that modulates the sensitivity of insulin secretion to glucose and thereby regulates fasting blood glucose (FBG). A common single nucleotide polymorphism (SNP) in G6PC2, rs560887, is an important determinant of human FBG variability. This SNP has a subtle effect on G6PC2 RNA splicing which raises the question as to whether non-synonymous SNPs with a major impact on G6PC2 stability or enzyme activity might have a broader disease/metabolic impact. Previous attempts to characterize such SNPs were limited by the very low inherent G6Pase activity and expression of G6PC2 protein in islet-derived cell lines. In this study, we describe the use of a plasmid vector that confers high G6PC2 protein expression in islet cells, allowing for a functional analysis of 22 non-synonymous G6PC2 SNPs, 19 of which alter amino acids that are conserved in mouse G6PC2 and the human and mouse variants of the related G6PC1 isoform. We show that 16 of these SNPs markedly impair G6PC2 protein expression (>50% decrease). These SNPs have variable effects on the stability of human and mouse G6PC1, despite the high sequence homology between these isoforms. Four of the remaining 6 SNPs impaired G6PC2 enzyme activity. Electronic health record-derived phenotype analyses showed an association between high-impact SNPs and FBG, but not other diseases/metabolites. While homozygous G6pc2 deletion in mice increases the risk of hypoglycemia, these human data reveal no evidence that the beneficial use of partial G6PC2 inhibitors to lower FBG would be associated with unintended negative consequences.

Results
G6PC2 Protein Expression is Enhanced using the pJPA5 Plasmid
[bookmark: _Hlk150757188]	Analyses of the functional effects of non-synonymous G6PC2 SNPs have been limited by an inability to drive high G6PC2 protein expression in islet-derived cell lines, preventing the detection of G6PC2 enzyme activity in vitro (159, 188, 194, 195, 260). To overcome this limitation we compared the level of human G6PC2 protein expression driven by a number of plasmid vectors in the islet-derived 832/13 cell line (302). Western blotting analyses demonstrated that enhanced expression of G6PC2 protein could be achieved when the human G6PC2 open reading frame (ORF) with a V5 C terminal tag was ligated into the pJPA5 vector (300) (Fig. 3.1A). Under the experimental conditions used, these Western blotting assays were semi-quantitative, allowing comparison of concentrations to be made between constructs, but not absolute determination of protein concentration (Fig. 3.1B) (Fig. 3.2). The pJPA5 vector contains additional cytomegalovirus (CMV) 5’ untranslated region and linker sequence relative to the pcDNA3.1D vector used in our initial experiments (Fig. 3.3). In contrast to G6PC2, when the human G6PC1 ORF was ligated into the pJPA5 plasmid, G6PC1 protein expression was only enhanced modestly relative to that achieved with the pcDNA3.1D vector (Fig. 3.1A). Similar levels of G6PC1 and G6PC2 protein expression were achieved using the pJPA5 vector (Fig. 3.1A).




Figure 3.1: Comparison of human G6PC1 and G6PC2 protein expression driven by the pcDNA3.1D and pJPA5 vectors. 832/13 cells were transiently transfected with either pcDNA3.1D or pJPA5 expression vectors encoding human G6PC1 or G6PC2 with a C terminal V5 His Tag. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental Procedures. Panel A: G6PC expression was assessed using an anti-V5 antibody and equal protein loading was confirmed using both Ponceau staining and measurement of actin expression. Panel B: The conditions used to assess G6PC2 and actin expression are semi-quantitative. Representative blots are shown.


Figure 3.2: Quantification of G6PC2 and actin expression and total protein loading. 832/13 cells were transiently transfected with a pJPA5 expression vector encoding human G6PC2 with a C-terminal V5 His-tag Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental Procedures. G6PC expression was assessed using an anti-V5 antibody and equal protein loading was confirmed using both Ponceau staining and measurement of actin expression. The conditions used to assess G6PC2 and actin expression and total protein loading are semi-quantitative. Results show mean data +/- SD; n=3.


pJPA5         1 TAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCG     50
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3        1 TAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCG     50

pJPA5        51 CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACC    100
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3       51 CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACC    100

pJPA5       101 CCCCGCCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAA    150
                |||   ||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      101 CCC--GCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAA    148

pJPA5       151 TAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCC    200
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      149 TAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCC    198

pJPA5       201 CACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGA    250
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      199 CACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGA    248

pJPA5       251 CGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCT    300
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      249 CGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCT    298

pJPA5       301 TATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATT    350
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      299 TATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATT    348

pJPA5       351 ACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTT    400
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      349 ACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTT    398

pJPA5       401 TGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTT    450
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      399 TGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTT    448

pJPA5       451 TGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCC    500
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      449 TGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCC    498

pJPA5       501 GCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATAT    550
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      499 GCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATAT    548

pJPA5       551 AAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCAC    600
                ||||||||||| | | |  ||            || ||||    | ||||
pcDNA3      549 AAGCAGAGCTC-TCTGGCTAA------------CTAGAGA----ACCCAC    581

pJPA5       601 -GCTGTTTTGACCTCCATAGAAGACACCGGGACCGATCCAGCCTCCGCGG    649
                 |||                                              
pcDNA3      582 TGCT----------------------------------------------    585

pJPA5       650 CCGGGAACGGTGCATTGGAACGCGGATTCCCCGTGCCAAGAGTGACGTAA    699
                                                                  
pcDNA3      586 --------------------------------------------------    585

pJPA5       700 GTACCGCCTATAGAGTCTATAGGCCCACCCCCTTGGCTTCGTTAGAACGC    749
                 |||                             ||||||      | || 
pcDNA3      586 -TAC-----------------------------TGGCTT------ATCG-    598

pJPA5       750 GGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG    799
                      |||||                         |||||| |      
pcDNA3      599 -----AAATTA-------------------------ATACGACT------    612

pJPA5       800 ACACTATAGAATAACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTC    849
                 ||||||||                              ||         
pcDNA3      613 -CACTATAG------------------------------GG---------    622

pJPA5       850 CCAGGTCCAA-CTGCACCTCGGTTCTATCGATTGAATTCAAGCTTGGTAC    898
                  ||  |||| |||               | |   | | |||||||||||
pcDNA3      623 --AGACCCAAGCTG---------------GCT---AGTTAAGCTTGGTAC    652

pJPA5       899 CGAGCTCGGATCCAGTACCCTTCACCATGGATTTCCTTCACAGGAATGGA    948
                ||||||||||||||||||||||||||||||||||||||||||||||||||
pcDNA3      653 CGAGCTCGGATCCAGTACCCTTCACCATGGATTTCCTTCACAGGAATGGA    702

pJPA5       949 GTGCTCATAATTCAGCA    965
                |||||||||||||||||
pcDNA3      703 GTGCTCATAATTCAGCA    719


Figure 3.3: Alignment of pcDNA3 and pJPA5 Vector Sequences. The human G6PC2 open reading frame was sub-cloned as a Hind III – Pme I fragment from the pcDNA3 to the pJPA5 vector. An alignment of the vector sequence 5’ of the Hind III cloning site (red) is shown. The alignment was performed using the EMBOS Water program (https://www.ebi.ac.uk/Tools/psa/). Both vectors share sequences from the cytomegalovirus immediate early enhancer and promoter with the TATA box shown in green. The pJPA5 vector contains additional cytomegalovirus immediate early promoter/5’ untranslated region sequence shown in blue and a Sp6 promoter shown in orange.


Multiple Non-Synonymous G6PC2 SNPs Alter G6PC2 Protein Expression
	We previously attempted to circumvent the prior limitations associated with low G6PC2 protein overexpression in islet-derived cell lines by indirectly examining the effects of 22 non-synonymous G6PC2 SNPs, that are conserved between mouse and human G6PC1 and G6PC2, on mouse G6PC1 protein expression and enzyme activity in 832/13 cells and/or human G6PC2 protein expression in COS cells (260). This approach exploited the much greater catalytic activity of G6PC1 versus G6PC2 (196) but a major caveat is the fact that G6PC1 and G6PC2 share only 50% sequence identity (Fig. 3.4) so even mutations of conserved amino acids (AAs) may have differential effects on G6PC1 and G6PC2 activity and stability. In addition, COS cells, a fibroblast-like cell line derived from kidney tissue, may lack factors in islets that impact protein folding or stability, alter interactions between G6PC2 and other proteins, or alter post-translational modifications, all of which could affect the impact of specific SNPs.
	Of the 22 SNPs previously examined using this indirect approach, nine of them (Gln16His, Val53Ile, Asn68Ile, Tyr124Cys, Ser203Arg, Phe215Ser, Tyr222His, His250Tyr, and Leu301Ser) resulted in a less than 15% change in mouse G6PC1 activity in a novel, intact cell glucose-6-phosphatase assay (260), and so were not reanalyzed in this study. The remaining 13 G6PC2 SNPs either impaired mouse G6PC1 activity more than 15% or were associated with reduced human G6PC2 protein expression in COS cells (Gln8Glu, Ser30Phe, Arg79Gln, Thr107Arg, Gly114Arg, Met126Val, His177Tyr, Tyr207Ser, Phe256Leu, Arg293Trp, Pro313Leu, Ser 324Pro and Pro340Leu) (260).
	Having now achieved relatively high expression of human G6PC2 protein in an islet-derived cell line using the pJPA5 vector, we re-analyzed the direct effects of these 


Figure 3.4: Conservation of amino acids between human G6PC2, mouse G6PC2, human G6PC1 and mouse G6PC1. Sequence alignment showing the conservation of AAs between human (h) and mouse (m) G6PC1 and G6PC2. Residues highlighted in yellow represent conserved AAs that are changed by a human G6PC2 SNP and where mutation in G6PC1 can cause GSD type 1a (202) (Table 3.1). Residues highlighted in pink represent conserved AAs that are changed by human G6PC2 SNPs but where mutation in G6PC1 has not been associated with GSD type 1a. Residues highlighted in green represent non-conserved AAs that are changed by human G6PC2 SNPs. Identities are indicated by filled circles and similarities by vertical bars. Gray boxes represent putative transmembrane domains determined using the TMHMM algorithm (https://services.healthtech.dtu.dk/) (314). The predictions made by this program differ from earlier models (188, 315). The Figure shows the predicted domains for human G6PC1. G6PC1 and G6PC2 have an extended sequence motif (KXXXXXXRP-(X12-54)-PSGH-(X31-54)-SRXXXXXHXXXD) (boxed), similar to that found in bacterial vanadate-sensitive haloperoxidases and mammalian phosphatidic acid phosphatases, that constitutes the active site of these enzymes (316). G6PC1 and G6PC2 also share a C terminal ER retention sequence (KK; boxed) (317). Adapted from Ref. (260).

13 SNPs on G6PC2 protein expression and activity. We also analyzed an additional 6 non-synonymous G6PC2 SNPs (Trp59Arg, Gly64Arg, Trp73Arg, Leu148Pro, His174Tyr and Gly186Asp), that were identified in various databases (see Experimental Procedures) since our previous study. These SNPs also affect AAs that are conserved in mouse and human G6PC1 and mouse G6PC2 (Fig. 3.4). We hypothesized that the conservation of these 19 AAs indicated that they were likely to be functionally important. In addition, we also analyzed 3 additional SNPs, which affect AAs that are not conserved in mouse or human G6PC1. Two are missense changes (Leu219Val and Ile273Val) (Fig. 3.4) and one generates a termination mutation (Arg283STOP) lacking the C terminal 72 AAs. We hypothesized that studying the functional effect of these three variants was important because they have relatively high minor allele frequencies (MAFs) (MAF > 0.05). Therefore, if they were found to affect G6PC2 function, they would likely be amenable to further analysis using human biobanks linked to medical records.
	For a subset of 9 of the 19 SNPs that affect AAs conserved in mouse and human G6PC1, mutation of these AAs in human G6PC1 has been shown to cause glycogen storage disease type 1a (GSD1a) (202), directly demonstrating that they are functionally important (Fig. 3.4; Table 3.1). We assessed the impact of these 9 human G6PC2 SNPs on G6PC2 protein expression in 832/13 cells using Western blotting (Figs. 3.5 and 3.6) (Table 3.1). All 9 AA changes were associated with a substantial (>50%) reduction in G6PC2 protein expression (Figs. 3.5 and 3.6) (Table 3.1). 
	Next, we examined the impact of the 10 human G6PC2 SNPs, that affect AAs that are conserved in human and mouse G6PC1 but are not associated with GSD1a, on human G6PC2 protein expression in 832/13 cells. Six of these 10 variants (Ser30Phe, 
Table 3.1: Analysis of the effect of human G6PC2 SNPs that affect conserved amino acids associated with GSD1a in the context of human G6PC1. Human G6PC2 SNPs were identified that affect amino acids (AAs) conserved between mouse and human G6PC1 and mouse and human G6PC2 where a mutation is known to cause GSD1a in the context of human G6PC1. The amino acid change associated with GSD1a is shown as are the domain location and the effect of the AA change as predicted using the SIFT algorithm (318) and AlphaMissense (319). The location of putative transmembrane domains for human G6PC1 were determined using the TMHMM algorithm (https://services.healthtech.dtu.dk/) (314). The predictions made by this program differ from earlier models (188, 315). Protein expression was quantified as described in Experimental procedures. Results show mean data ± SD, n = 4–10. TM, transmembrane domain. 





Figure 3.5: Analysis of the effect of human G6PC2 SNPs on G6PC2 protein expression. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding human G6PC2 with a C terminal V5 His Tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental procedures. G6PC2 expression was assessed using an anti-V5 antibody and equal protein loading was confirmed by measurement of actin expression. Representative blots are shown. G6PC, glucose-6-phosphatase catalytic subunit; SNP, single-nucleotide polymorphism.
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Figure 3.6: Analysis of the effect of human G6PC2 SNPs that affect conserved amino acids associated with GSD1a in the context of human G6PC1, on G6PC2 protein expression. Human G6PC2 SNPs were identified that affect AAs conserved between mouse and human G6PC1 and mouse and human G6PC2 where a mutation is known to cause GSD1a in the context of human G6PC1 (Table 3.1). The effect of these G6PC2 SNPs on G6PC2 protein expression was determined as described in Fig. 3.5. Protein expression was quantified as described in Experimental procedures. Results show mean data −/+ SD, n = 4–10. ∗ p < 0.05 vs. WT as determined by ANOVA (f-value = 113.8; p-value = <2e-16) with Dunnett post hoc analysis. G6PC, glucose-6-phosphatase catalytic subunit; SNP, single-nucleotide polymorphism.


Leu148Pro, His174Tyr, Pro313Leu, Ser324Pro, and Pro340Leu) resulted in a substantial (>50%) decrease in G6PC2 protein expression (Figs. 3.5 and 3.7) (Table 3.2). The other four variants (Gly8Glu, Gly114Arg, Met126Val, Phe256Leu) resulted in little (<35%) to no change in protein expression (Figs. 3.5 and 3.7) (Table 3.2). 
	Finally, we analyzed the impact of the termination mutation (Arg283STOP) and the two additional SNPs (Leu219Val and Ile273Val) that affect AAs that are not conserved in mouse or human G6PC1 (Fig. 3.4) on human G6PC2 protein expression in 832/13 cells. Expression of the truncated variant was markedly reduced (Fig. 3.5). Neither the Val219Leu nor Ile273Val SNPs resulted in a marked change in G6PC2 protein expression (Figs. 3.5 and 3.7) (Table 3.2). 
Identification of Non-Synonymous G6PC2 SNPs that Alter G6PC2 Activity In Vitro
	For the six variants that have little to no effect on G6PC2 protein expression (Gly8Glu, Gly114Arg, Met126Val, Val219Leu, Phe256Leu and Ile273Val) (Figs. 3.5 & 3.7) (Table 3.2) we considered the possibility that they might instead affect G6PC2 enzyme activity. To address this possibility, we directly measured glucose-6-phosphatase activity (G6Pase) in vitro using microsomal membranes prepared from 832/13 cells that had been transiently transfected with plasmids encoding these G6PC2 variants. Our previous attempts at detecting microsomal G6Pase activity in vitro following transient expression of G6PC2 in various cell lines had been unsuccessful, however, these studies all used the pcDNA3.1D vector (159, 188, 194, 195). With the much higher G6PC2 protein expression achieved with the pJPA5 vector (Fig. 3.1A) low microsomal G6Pase activity could now be detected in vitro following transient expression of G6PC2 in 832/13 cells (Fig. 3.8A). 
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Figure 3.7: Analysis of the effect of human G6PC2 SNPs that affect amino acids that are not associated with GSD1a in the context of human G6PC1, on G6PC2 protein expression. Human G6PC2 SNPs were identified that affect AAs conserved between mouse and human G6PC1 and mouse and human G6PC2, which are not associated with GSD1a in the context of human G6PC1, as well as amino acids that are not conserved in G6PC1 (Table 3.2). The effect of these G6PC2 SNPs on G6PC2 protein expression was determined as described in Fig. 3.5. Protein expression was quantified as described in Experimental procedures. Results show mean data −/+ SD, n = 4 to 10. ∗p < 0.05 vs. WT, as determined by ANOVA (f-value = 39.6, p-value = <2e-16) with a Dunnett’s post hoc analysis. G6PC, glucose-6-phosphatase catalytic subunit; SNP, single-nucleotide polymorphism.


Table 3.2: Analysis of the effect of human G6PC2 SNPs that affect amino acids that are not associated with GSD1a in the context of human G6PC1. Human G6PC2 SNPs were identified that affect amino acids conserved between mouse and human G6PC1 and mouse and human G6PC2 that are not associated with GSD1a in the context of human G6PC1, as well as amino acids that are not conserved in G6PC1. The domain location and the effect of the AA change as predicted using the SIFT algorithm (318) and AlphaMissense (319) are shown. The location of putative transmembrane domains for human G6PC1 were determined using the TMHMM algorithm (https://services.healthtech.dtu.dk/) (314). The predictions made by this program differ from earlier models (188, 315). Protein expression was quantified as described in Experimental procedures. Results show mean data ±SD, n = 4–10. N.A., not applicable; N.D., not detected; TM, transmembrane domain. 



G6pc2 is a pseudogene in rats such that endogenous G6PC2 activity is absent in rat 832/13 cells (188). The background activity in the G6Pase assay (Fig. 3.8A) is therefore due to an unknown phosphatase. Higher G6Pase activity was detected following transient expression of His tagged mouse G6PC2 compared to His tagged human G6PC2 (Fig. 3.8B), though this was largely due to the higher protein expression of mouse G6PC2 (Fig. 3.8C). Figure 3.6D shows that when the pcDNA3.1D vector was used to drive G6PC1 protein expression to a similar level as G6PC2 protein expression achieved with the pJPA5 vector (Fig. 3.1A), G6PC1 exhibited much higher G6Pase activity than G6PC2 in these in vitro assays (Fig. 3.8D).
	We previously showed that conversion of AA 176, the phosphate acceptor site in G6PC1 (320), from a histidine to an alanine does not affect G6PC1 protein expression (260), though it abolishes phosphatase activity (320). Similarly, mutation of the equivalent AA in G6PC2, histidine 174, abolished phosphatase activity (Fig. 3.9A), without affecting G6PC2 protein expression (Figs. 3.9B). The in vitro G6Pase assay showed that the Gly8Glu and Ile273Val variants did not affect activity whereas the Gly114Arg, Met126Val, Val219Leu and Phe256Leu variants were associated with reduced activity (Fig. 3.9A). For the Gly114Arg, Met126Val and Phe256Leu variants these results are consistent with the SIFT analyses that predicted these variants would be deleterious (Table 3.2). In contrast, the effects, or lack thereof, of the Gly8Glu, Ile273Val and Leu219Val variants (Fig. 3.9A) were at odds with the SIFT predictions (Table 3.2).






Figure 3.8: Analysis of G6PC2 glucose-6-phosphatase (G6Pase) activity. A, B, and D, 832/13 cells were transfected with pJPA5 or pcDNA3.1D expression vectors encoding the proteins shown, microsomes were isolated and G6Pase activity was measured as described in Experimental procedures. In (A) results show mean data −/+ SD, n = 3–4. ∗p < 0.05 Control vs. Buffer, ∗∗p < 0.05 G6PC2 vs. Control, two-way ANOVA. Using data collected at the t = 120 time point, mean G6PC2 and Control G6Pase activity −/+ SD were 8.36 ± 0.67 and 4.04 ± 0.13 nmol/min/mg, respectively. In (B) results show mean data −/+ SD, n = 3–5. Statistical comparisons were made using one-way ANOVA (f-value = 44.14; p-value = 2.23e-5) with a Tukey post-hoc test; ∗ p < 0.05. In (D) results show mean data −/+ SD, n = 10–11. Statistical comparisons were made using a t test; ∗p < 0.05. C, 832/13 cells were transiently transfected with pJPA5 expression vectors encoding G6PC2 as shown. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental procedures. G6PC2 expression was assessed using an anti-His antibody and equal protein loading was confirmed by measurement of actin expression. Representative blots are shown. Statistical comparisons were made using a t test; ∗p < 0.05. G6Pase, glucose-6-phosphatase; G6PC, glucose-6-phosphatase catalytic subunit.
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Figure 3.9: Analysis of the effect of human G6PC2 SNPs on G6PC2 G6Pase activity. A, 832/13 cells were transfected with pJPA5 expression vectors encoding the WT or variant G6PC2 His Tag proteins shown, microsomes were isolated and G6Pase activity was measured as described in Experimental procedures. Results show mean data −/+ SD, n = 3–8. Statistical comparisons were made using ANOVA (f-value = 51.58; p-value = 1.96e-15) with a Dunnett post-hoc analysis versus WT; ∗ p < 0.05. C, control lysate. B, 832/13 cells were transiently transfected with pJPA5 expression vectors encoding WT or catalytically dead G6PC2 (AA 174 Ala) as shown. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental procedures. G6PC2 expression was assessed using an anti-V5 antibody and equal protein loading was confirmed by measurement of actin expression. Representative blots are shown. G6Pase, glucose-6-phosphatase; G6PC, glucose-6-phosphatase catalytic subunit.

Analysis of Non-Synonymous G6PC2 SNPs that Alter G6PC2 Activity In Situ
	Chou and colleagues (179) have shown that G6PC1 appears to couple to the SLC37A4 G6P transporter resulting in the activation of G6P transport. The mechanism is unknown, and no evidence exists for a physical interaction between G6PC1 and SLC37A4. However, we considered the possibility that the Gly8Glu variant, which did not affect G6PC2 activity in vitro (Fig. 3.9A), might affect an interaction between G6PC2 and SLC37A4 that activated G6P transport and hence G6PC2 activity. To address this possibility we used an in situ assay previously developed by our lab to study the effect of G6PC1 mutations on G6PC1 enzyme activity in intact cells (260). This transient transfection assay uses a combination of a glucose-responsive G6pc1-luciferase fusion gene and the rat 832/13 cell line. We previously showed that luciferase activity is induced by elevated glucose in this assay but repressed by co-transfection with a plasmid encoding G6PC1 (260). We hypothesized that G6PC1 reduces intracellular G6P, the key metabolite in glucose-regulated gene transcription (260, 321). Again, taking advantage of the high G6PC2 protein expression conferred by the pJPA5 vector, this assay was used to study G6PC2 activity in intact cells. Luciferase activity was induced by elevated glucose but repressed by co-transfection with a plasmid encoding G6PC2 (Fig. 3.10). Co-transfection with the catalytically dead G6PC2 AA 174 variant was used to control for ER stress (Fig. 3.10). Using this assay we observed that the G6PC2 Gly114Arg variant abolished G6Pase activity in situ (Fig. 3.10) as it did in vitro (Fig. 3.9A), whereas the G6PC2 Gly8Glu variant still repressed luciferase activity (Fig. 3.10), indicating that it does not disrupt a putative activating interaction between G6PC2 and SLC37A4.




Figure 3.10: Analysis of the suppression of glucose-stimulated fusion gene expression by G6PC2 in 832/13 cells. 832/13 cells were transiently cotransfected with the −7248/+62 G6pc1-luciferase fusion gene (2 μg), an expression vector encoding Renilla luciferase (0.5 μg) and expression vectors (1 μg) encoding either wild type (WT), catalytically dead (D; AA 174 Ala), or variant (AA8, AA114) G6PC2. Following transfection, cells were incubated for 18 to 20 h in serum-free medium in the presence of 2 or 11 mM glucose. Cells were then harvested and luciferase activity assayed as described in Experimental procedures. Results show mean data −/+ SD (n = 3–6) and were calculated as the ratio of firefly:Renilla luciferase activity. Statistical comparisons to 11 mM WT were made using a two-way ANOVA (F-value = 27.46; p-value = 3.07e-15) with a Dunnett's Multiple Comparisons post-hoc test; ∗p < 0.05. G6PC, glucose-6-phosphatase catalytic subunit.

A Subset of Non-Synonymous G6PC2 SNPs Alter G6PC1 Protein Expression
	A surprising aspect of the analysis of G6PC2 SNPs that affect AAs conserved between G6PC1 and G6PC2 were the number that showed reduced G6PC2 protein expression (Tables 3.1 & 3.2). Similar analyses of mutations in G6PC1 that result in GSD1a suggest the majority mainly affect enzyme activity rather than G6PC1 protein expression (202, 203). To explore the hypothesis that G6PC2 protein expression is more sensitive to the effects of mutations than G6PC1, we repeated the analysis of the 19 SNPs that affect AAs conserved between G6PC1 and G6PC2 by analyzing their effect on human G6PC1 protein expression in 832/13 cells using Western blotting (Fig. 3.11).
	Table 3.1 and Figure 3.12 show the impact of the 9 G6PC2 SNPs that affect AAs whose mutation in human G6PC1 has been shown to cause GSD1a. Table 3.2 and Figure 3.13 show the impact of the 10 G6PC2 SNPs that affect AAs that are conserved in human G6PC1 but are not associated with GSD1a. Overall these results do not support the hypothesis that G6PC2 stability is more sensitive to the effects of mutations than G6PC1. Instead, a more complex pattern emerged in which certain mutations had a greater effect on G6PC1 stability than G6PC2 and vice versa (Table 3.1 and 3.2) (Fig. 3.14).
	Interestingly a comparison of these results with our published data examining the effect of some of these same SNPs on mouse G6PC1 protein expression (260) suggests that several of these SNPs differentially affect the stability of mouse and human G6PC1. For example, Ser34Phe, Trp63Arg, Thr111Arg and Tyr209Ser had limited effects on mouse G6PC1 protein expression (260) but markedly reduced human G6PC1 protein expression (Tables 3.1 & 3.2). A direct, simultaneous comparison of the effects of these SNPs on mouse and human G6PC1 protein expression broadly replicated these 



Figure 3.11: Analysis of the effect of human G6PC2 SNPs on G6PC1 protein expression. 832/13 cells were transiently transfected with pcDNA3.1D expression vectors encoding human G6PC1 with a C terminal V5 His Tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental procedures. G6PC1 expression was assessed using an anti-V5 antibody and equal protein loading was confirmed by measurement of actin expression. Representative blots are shown. G6PC, glucose-6-phosphatase catalytic subunit; SNP, single-nucleotide polymorphism. 
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Figure 3.12: Analysis of the effect of human G6PC2 SNPs that affect conserved amino acids associated with GSD1a in the context of human G6PC1, on G6PC1 protein expression. Human G6PC2 SNPs were identified that affect AAs conserved between mouse and human G6PC1 and mouse and human G6PC2 where a mutation is known to cause GSD1a in the context of human G6PC1 (Table 3.1). The effect of these G6PC2 SNPs on G6PC1 protein expression was determined as described in Fig. 3.5. Protein expression was quantified as described in Experimental procedures. Results show mean data −/+ SD, n = 4–8. Statistical comparisons were made using ANOVA (f-value = 41.31; p-value = <2e-16) with a Dunnett post hoc analysis; ∗p < 0.05 vs. WT. G6PC, glucose-6-phosphatase catalytic subunit; SNP, single-nucleotide polymorphism.
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Figure 3.13: Analysis of the effect of human G6PC2 SNPs that affect amino acids that are not associated with GSD1a in the context of human G6PC1, on G6PC1 protein expression. Human G6PC2 SNPs were identified that affect AAs conserved between mouse and human G6PC1 and mouse and human G6PC2, that are not associated with GSD1a in the context of human G6PC1 (Table 3.2). The effect of these G6PC2 SNPs on G6PC1 protein expression was determined as described in Fig. 3.5. Protein expression was quantified as described in Experimental procedures. Results show mean data −/+ SD, n = 4–10. Statistical comparisons were made using ANOVA (f-value = 25.38; p-value = <2e-16), with Dunnet post hoc analysis; ∗p < 0.05 vs. WT. G6PC, glucose-6-phosphatase catalytic subunit; SNP, single-nucleotide polymorphism.


Figure 3.14: Analysis of the effect of human G6PC2 SNPs on human G6PC1 and G6PC2 protein expression. 832/13 cells were transiently transfected with pcDNA3 or pJPA5 expression vectors encoding human G6PC1 or G6PC2 with a C-terminal V5 His-tag, respectively. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental Procedures. G6PC2 expression was assessed using an anti-V5 antibody and equal protein loading was confirmed by measurement of actin expression. Results show mean data -/+ SD derived from Figs. 3.6, 3.7, 3.12, & 3.13.





Figure 3.15: Comparison of the effect of specific amino acid changes on the expression of mouse and human G6PC1. Human G6PC2 SNPs were identified that affect AAs conserved between mouse and human G6PC1 and mouse and human G6PC2 (Tables 3.1 and 3.2). The effect of these G6PC2 SNPs on mouse and human G6PC1 protein expression was determined as described in Fig. 3.5. A representative blot is shown. G6PC, glucose-6-phosphatase catalytic subunit.

observations (Fig. 3.12) ruling out the possibility that these differences arose due to changes in the 832/13 cell line in the time since our previous analyses and instead suggesting that human G6PC1 is more sensitive to mutations than mouse G6PC1.
Human Biobank Studies Find No Evidence for Association between Non-Synonymous G6PC2 SNPs and T2D
	We previously searched for evidence for association between G6PC2 and T2D risk in humans using Vanderbilt University’s Medical Center (VUMC) BioVU biobank, a DNA biobank linked to a de-identified version of the Vanderbilt electronic health records, called the Synthetic Derivative (SD) (322, 323). These studies took advantage of systematic and efficient approaches that have been developed that involve screening the SD with specific SNPs to identify both novel phenotype-variant associations, referred to as PheWAS, and novel associations with clinical lab data, including plasma hormone/metabolites, referred to as LabWAS (307, 308, 324–326). For these earlier analyses we used the G6PC2 rs560887 SNP that has been shown to affect G6PC2 RNA splicing (259) and has been linked by GWAS to variations in FBG (221, 251). LabWAS and PheWAS analyses showed that the G6PC2 rs560887 ‘A’ allele was associated with reduced random blood glucose but not altered risk for T2D, respectively (192). As a positive control, BioVU analyses using the established rs13266634 T2D-associated SNP in the SLC30A8 gene (327) did detect an association with T2D (192). We hypothesized that an association between the G6PC2 rs560887 SNP and T2D could have been missed due to modest effect of this SNP on G6PC2 RNA splicing (259). We therefore repeated the LabWAS and PheWAS analyses using the Ser30Phe, His177Tyr, Tyr207Ser, Ser324Pro and Arg283STOP SNPs that are present on the array used to genotype BioVU samples and that have a marked deleterious effect on G6PC2 protein expression (Table 3.1 & 3.2). The effects of these SNPs were analyzed as a combined dataset to compensate for their very low MAF. These analyses showed that reduced G6PC2 protein expression was associated with reduced random blood glucose but not altered risk for T2D (Table 3.3). When analyzed individually only rs2232323 (Tyr207Ser) was associated with blood glucose, though at lower significance than observed with the combined dataset (p< 5.43E-05).

Discussion
	This study focused on the effects of 22 human G6PC2 SNPs, 19 of which affect AAs that are conserved between human and mouse G6PC1 and human and mouse G6PC2 (Fig. 3.4). Of these 22 variants, 16 were found to decrease human G6PC2 protein expression by more than 50% when expressed in the islet-derived 832/13 cell line (Tables 3.1 & 3.2) (Fig. 3.16). Four of the six variants that had little to no impact on G6PC2 protein expression instead reduced G6PC2 activity (Figs. 3.9, 3.10, & 3.16).
	We previously only studied the effect of 8 of these 22 variants on G6PC2 protein expression in COS cells. Six were found to markedly reduce G6PC2 protein expression (His177Tyr, Tyr207Ser, Arg293Trp, Pro313Leu, Ser 324Pro and Pro340Leu) whereas two (Gly8Glu and Leu219Val) had little effect (260). These results mirror those observed in 832/13 cells and suggest that G6PC2 protein expression and/or stability are mainly determined by ubiquitous rather than cell line-dependent factors.
	PheWAS and LabWAS analyses have the potential to identify previously unknown associations between a SNP linked to a particular disease or clinical parameter and other


Table 3.3: Analysis of the association between high impact G6PC2 SNPs with laboratory analytes and disease phenotypes using electronic health record (EHR)-derived analyses. Data show an association between high impact G6PC2 SNPs and blood glucose but not T2D in the total BioVU population. For each laboratory value, we tested for associations between the median of all lab values for an individual against the number of minor alleles for that individual. All associations were adjusted for covariates median age of record, sex, and HER-reported race using linear regression. The units for all measurements in any given lab were consistent within the lab (e.g., all blood glucose values were reported in mg/dl). “Phecode” refers to the numerical abbreviation for individual phenotype in the Vanderbilt EHR. FDR, false discovery rate; N_no_SNP, number of records with a missing predictor; OR, odds ratio; SE, standard error.
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Figure 3.16: Location of amino acids that influence G6PC2 protein expression or enzyme activity. The TMHMM algorithm (https://services.healthtech.dtu.dk/) (314) was used to predict the location of transmembrane domains in human G6P1. The predictions made by this program differ from earlier models (188, 315). Panel A shows the predicted domains for human G6PC2 based on the location of these domains in human G6PC1, matching the model shown in Figure 3.4. Residues highlighted in color represent AAs where the alternate rare allele of specific SNPs result in markedly reduced expression (orange) or activity (blue). The AlphaFold2 algorithm (277, 291) was used to generate a predicted model of human G6PC2. Panel B shows the locations of residues that reduced activity (green) or expression (yellow to red in increasing severity). In Panel B, the top represents the side of the protein located in the ER lumen and the bottom represents the side of the protein located in the cytosol.

diseases/clinical parameters. For example, we recently showed that the ‘C’ allele of the non-synonymous rs13266634 SNP in the SLC30A8 gene, which confers a gain of function in the ZnT8 zinc transporter, is associated not only with increased T2D risk and blood glucose, but also with increased risk for hemolytic anemia and decreased mean corpuscular hemoglobin (328). Similarly, we showed that the G6PC2 rs560887 ‘A’ allele, which reduces G6PC2 expression, is associated not only with reduced blood glucose, but also with increased taurine levels and increased risk for acute pancreatitis (192). Our analysis of the combined effect of the deleterious Ser30Phe, His177Tyr, Tyr207Ser, Ser324Pro and Arg283STOP SNPs only found an association with reduced blood glucose and no other diseases/metabolites (Table 3.3), though reduced G6PC2 expression was associated with a trend towards reduced hemoglobin A1c (p< 0.0036). The lack of replication of our previous observations of associations between G6PC2 and altered taurine levels and increased risk for acute pancreatitis (192) may be explained by a lack of power given the low MAFs of these non-synonymous SNPs relative to rs560887. Our results on the effect of the His177Tyr and Tyr207Ser SNPs on G6PC2 protein expression are consistent not only with our previous results in COS cells (260) but also with previous reports from other groups (329–331). However, with the Leu219Val variant we see little effect on protein expression (Figs. 3.5 and 3.7) (Table 3.2) in contrast to Mahajan et al. (329) who observed decreased protein expression of the Leu219 variant relative to Val219. The explanation for this difference is unclear but we observe the same result using G6PC2 expressed using the pcDNA3.1D vector in COS cells (260) and the pJPA5 vector in 832/13 (Figs. 3.5 and 3.7) (Table 3.2) and bTC-3 cells (Fig. 3.17).
	
Figure 3.17: Analysis of the effect of the human G6PC2 Leu219Val SNP on G6PC2 protein expression. bTC-3 cells were transiently transfected with pJPA5 expression vectors encoding human G6PC2 with a C-terminal V5 His-tag. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested and protein expression assayed by Western blotting as described in Experimental Procedures. G6PC2 expression was assessed using an anti-V5 antibody and equal protein loading was confirmed by measurement of actin expression. The blot shows data derived using two independent Leu219 (WT: P1, P2) and four independent Val219 plasmids (AA219: P1-P4). 

Because G6PC2 regulates FBG and FBG affects T2D risk multiple studies have searched for the expected association between G6PC2 and T2D risk. A few studies have reported weak associations (329, 332, 333) but a comprehensive meta-analysis performed using the rs560887 G6PC2 SNP identified no association (257). Studies on beta cell-specific G6pc2 KO mice suggest that trace G6pc2 expression in peripheral tissues is not biologically important with respect to regulation of FBG, consistent with the predominant expression of G6pc2 in beta cells (192). We hypothesize that this trace G6pc2 expression in peripheral tissues is not regulating pathways that are masking the expected association between G6PC2 and T2D risk. Instead, we think the explanation for the lack of an association lies in the fact that G6PC2 regulates the glucose sensitivity of GSIS. This creates a situation in which reduced G6PC2 protein expression lowers FBG without affecting fasting plasma insulin (189, 190, 192, 260). Because this reduced FBG would be associated with unchanged glycolytic flux we previously speculated (192) that it would therefore also be associated with no change in generation of damaging reactive oxygen species (ROS) that appear sufficient to drive beta cell failure (231, 232), explaining the lack of association with T2D risk. One caveat with this concept is that an association with T2D risk could have been missed because rs560887 has a mild effect on G6PC2 RNA splicing (259). However, our BioVU analyses using non-synonymous G6PC2 SNPs that have a major effect on G6PC2 protein expression/activity still found no association with T2D risk (Table 3.3). Our data suggest that while a therapy directed at G6PC2 may not affect T2D risk, it would likely still be beneficial in preventing other negative consequences of elevated FBG (2–9).


CHAPTER IV
EXPERIMENTAL INVESTIGATION OF THE ALPHAFOLD2-PREDICTED STRUCTURE OF HUMAN G6PC2

Introduction
	G6PC2 encodes a glucose-6-phosphatase (G6Pase) catalytic subunit, primarily expressed in pancreatic islet beta cells, that modulates the sensitivity of insulin secretion to glucose and thereby regulates fasting blood glucose (FBG). Mutational analyses were conducted to validate an AlphaFold2 (AF2)-predicted structure of G6PC2 in conjunction with a novel method to solubilize and purify G6PC2 from a heterologous expression system. These analyses show that residues forming a predicted intramolecular disulfide bond are essential for G6PC2 expression and that amino acids (AAs) forming part of a type 2 phosphatidic acid phosphatase (PAP2) motif are critical for enzyme activity. Additional mutagenesis shows that AAs forming a predicted substrate cavity modulate enzyme activity and substrate specificity and AAs forming a putative cholesterol recognition amino acid consensus (CRAC) motif influence protein expression or enzyme activity. This CRAC motif begins at residue 219, the site of a common G6PC2 non-synonymous single nucleotide polymorphism (SNP), rs492594 (Val219Leu), though the functional impact of this SNP is disputed. In microsomal membrane preparations, the L219 variant has greater activity than the V219 variant, but this difference disappears when G6PC2 is purified in detergent micelles. We hypothesize that this was due to a differential association of the two variants with cholesterol. This concept was supported by the observation that the addition of cholesteryl hemi-succinate to the purified enzymes resulted in a substantial decrease in the Vmax of the V219 but not the L219 variant. We anticipate that these observations should support the rational development of G6PC2 inhibitors designed to lower FBG.

Results
AF2 and AA Sequence Analyses Reveal the Presence of Multiple Putative Motifs in G6PC2
[bookmark: _Hlk150762367]	The predicted AF2 structure of G6PC2 retains an identical structural fold previously described for G6PC1 (277, 291) (Fig. 4.1). Figure 4.1 shows the protein structure displayed as a cartoon model with certain residues as spheres (Fig. 4.1A) and as a space filling model (Fig. 4.1B). The model predicts a disulfide bond between cysteine residues 105 and 243 and allowed visualization of a substrate cavity leading to the putative active site (Fig. 4.1). The AF2 model also supports the presence of a modified type 2 phosphatidic acid phosphatase (PAP2) motif (316) and a cholesterol recognition amino acid consensus (CRAC) motif (334) in G6PC2 as suggested by amino acid (AA) sequence analyses (Fig. 4.1). Mutational analyses were performed to explore the veracity of these predictions.
A Predicted G6PC2 Disulfide Bond is Critical for G6PC2 Protein Expression
	The disulfide bond predicted by the AF2 model between cysteine residues 105 and 243 is depicted in Figure 4.1. Based on a combination of previous studies examining the location of the active site of G6PC1 (316, 320, 335), conservation between G6PC1 and G6PC2 (194), and the orientation of G6PC2 in the ER (174, 202), this disulfide bond is 

Figure 4.1: Generation of Predicted G6PC2 Structure. Using the AF2 algorithm (277, 291), a predicted structure of human G6PC2 was generated and visualized using PyMol (336). The protein structure is displayed as a cartoon model with certain residues as spheres (Panel A) and a space filling model (Panel B). In both models, a putative disulfide bond is shown in yellow, a modified phosphatidic acid phosphatase motif (316) is shown in green, a predicted substrate cavity is shown in blue, and a cholesterol recognition amino acid consensus motif (334) is shown in red, with residue 219 in orange. 


predicted to be located in the ER lumen where there is a relatively high oxidative redox potential, conducive to forming such bonds (337). We hypothesized that mutation of AA 105 and 243 would destabilize the protein if this predicted bond was truly present. To test this hypothesis, we mutated these cysteine residues individually and in tandem to determine the impact on G6PC2 expression. Mutation of these residues to alanine, either individually or together, abolished protein expression (Fig. 4.2A). Additionally, we mutated these residues to serine to test the hypothesis that an intramolecular serine-serine hydrogen bond might be able to stabilize the protein. Mutating residues 105 and 243 to serine, either individually or in tandem, failed to restore expression of the protein (Fig. 4.2B). These data indicate that two cysteine residues are critical for G6PC2 expression, supporting the existence of an intramolecular disulfide bond in G6PC2, as suggested by the AF2 model.
	We also investigated the effect of dithiothreitol (DTT) treatment on the G6Pase activity of G6PC2. In microsomal membranes, the addition of 3 mM DTT to either the reaction buffer alone or to both the reaction and resuspension buffers resulted in a modest decrease in G6Pase activity (Fig. 4.2C). After solubilization of G6PC2 using lauryl maltose neopentyl glycol (LMNG), G6Pase activity increased, for reasons that are unclear (Fig. 4.2D). Some potential reasons for this increased activity may include: the addition of LMNG allowing for G6P to circumvent the G6P transporter and access the catalytic subunit, the addition of LMNG increasing accessibility to the active site of G6PC2, or the addition of LMNG disrupting the association of G6PC2 with other lipids, changing the proteins ability to hydrolyze G6P. Using solubilized G6PC2, when 3 mM DTT was added to either the reaction buffer alone or to both the reaction and resuspension buffers there 

[bookmark: _Hlk116549669]Figure 4.2: Analysis of the Effect of Mutation of G6PC2 Residues Forming a Predicted Disulfide Bond. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either WT or mutated human G6PC2 with a C-terminal His-tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested, and G6PC2 expression in whole cell lysates after mutation of the indicated residues to either alanine (Panel A) or serine (Panel B) was assessed by Western blotting using an anti-6xHis antibody, with equal protein loading confirmed by measurement of actin expression. Representative western blots are shown (n=3). Relative G6Pase activity was determined as described in Experimental Procedures and expressed relative to the G6Pase activity of WT G6PC2 in the absence of DTT and LMNG (Panels C & D). Reported values are the mean  SEM (n=3-7). Panel C: ANOVA F-value = 76.18; p-value = 2.99e-8. Panel D: ANOVA F-value = 12.84; p-value = 0.002. Panels C& D: * p < 0.05 versus no DTT or LMNG, ^ p<0.05 versus DTT in reaction buffer as determined by ANOVA with Tukey’s post-hoc test.




was no change in G6Pase activity (Fig. 4.2D). While mutational analyses support the existence of an intramolecular disulfide bond in G6PC2, these studies with DTT suggest that the predicted disulfide bond in G6PC2 appears to be either resistant to cleavage by DTT or not required once the enzyme has been inserted in the ER membrane.
The Predicted PAP2 Motif is Critical for G6P Hydrolysis by G6PC2
	The AF2 model contains a fold consistent with the presence of a modified type 2 phosphatidic acid phosphatase (PAP2) motif (316, 338) as suggested by sequence analyses (Fig. 4.1). The PAP motif is comprised of six regions that span from residues 72 to 178 (Fig. 4.3A). The G6PC family PAP2 motif contains a terminal glutamine (found in ~12% of PAP2 containing proteins) instead of the consensus aspartic acid (found in ~65% of PAP2 containing proteins) (316, 339) (Fig. 4.3A). To test the functional importance of this motif in G6PC2, we mutated one residue in each of the six regions that comprise this motif, including four predicted catalytic residues—Arg79, His115, Arg168, and His174 (203, 320) (Fig. 4.3A). Multiple AA substitutions at each residue were tested to identify mutants that retained protein expression. Several methods to predict the impact of AA substitution on protein function have been reported (340) and a combination of these were used to inform the mutagenesis in these studies. This approach was successful except for AA 79 where all mutations tested resulted in reduced protein expression (Fig. 4.3B). To account for these variations in protein expression observed, relative G6Pase activity was determined by dividing enzyme activity by protein expression, both of which were normalized to wild type (WT) levels (Fig. 4.3C). The data show that individual mutation of residues in all six regions of the PAP2 motif resulted in a significant decrease in enzyme activity (Fig. 4.3C). Interestingly, mutation of AA 178 from the WT glutamine to the 

Figure 4.3: Analysis of the Effect of Mutation of G6PC2 Residues Forming a PAP2 Motif. Panel A: The consensus PAP2 motif sequence; mutations were made to the residues shown in red. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding WT or mutated human G6PC2 with a C-terminal His-tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested, and G6PC2 expression in whole cell lysates after mutation of the indicated residues to the AA shown was assessed by Western blotting using an anti-6xHis antibody, with equal protein loading confirmed by measurement of actin expression. Representative western blots are shown (n=3-4) (Panel B). Relative G6Pase activity (Panel C) was determined as described in Experimental Procedures. Reported values are the mean  SEM (n=3). ANOVA F-value = 25.89; p-value = 9.57e-11. * p < 0.05 compared to WT, as determined by one-way ANOVA, with Dunnett’s post-hoc test. 

consensus aspartic acid (Fig. 4.3A) resulted in reduced rather than increased enzyme activity (Fig. 4.3C). These data support the AF2 model and indicate that G6PC2 contains a bona fide PAP2 motif critical for its hydrolysis of G6P.
Mutation of the G6PC2 Substrate Cavity Alters G6Pase Activity
	Comparison of the AF2-predicted structures of human G6PC1 and G6PC2 revealed that the putative substrate cavities leading to their active sites have similar features (Fig. 4.4A). In particular, R36 and D252 in human G6PC2, corresponding to R40 and D254 in human G6PC1 are conserved (Fig. 4.4A). We mutated R36 and D252 individually and together to alanine to determine the impact of disrupting these conserved residues on G6PC2 protein expression and enzyme activity. The R36A mutant retained WT levels of protein expression whereas the D252A mutant had impaired expression (Fig. 4.4B). To account for these variations in protein expression observed, relative G6Pase activity was determined by dividing enzyme activity by protein expression, both of which were normalized to wild type (WT) levels (Fig. 4.4C). Individual mutation of either residue, but not both residues together, increased the relative G6Pase activity of G6PC2 (Fig. 4.4C).
	The AF2 model predicts that R40 in G6PC1 and R36 in G6PC2 form an ionic interaction in the substrate cavity. In G6PC1, R40 is in close enough proximity to form an interaction with either D254 or D310 (Fig. 4.4A). In G6PC2, the only potential ionic interaction R36 can form is with D252, as residue 308, which corresponds to D310 in G6PC1, is a histidine in G6PC2 (Fig. 4.4A). We hypothesized that the ionic interaction between R40 and D310 in human G6PC1 contributes to the much higher G6Pase activity of G6PC1 relative to G6PC2 (341). We therefore substituted H308 with aspartic acid in 
Figure 4.4: Analysis of the Effect of Mutation of G6PC2 Residues Forming a Putative Substrate Cavity. Panel A: AF2 predicted structure of human G6PC2 and human G6PC1 (277, 291) with key residues in the putative substrate cavity labeled and colored in blue and the putative active site in pink. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding WT or mutated human G6PC2 with a C-terminal His-tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested, and G6PC2 expression in whole cell lysates after mutation of the indicated residues to the AA shown was assessed by Western blotting using an anti-6xHis antibody, with equal protein loading confirmed by measurement of actin expression. Representative western blots are shown (n=3-5) (Panel B). Relative G6Pase activity was determined as described in Experimental Procedures. Reported values are the mean  SEM (n=3-5) (Panel C). Panel D: the kinetics of G6P hydrolysis for WT and mutated human G6PC2 were determined. Reported values are the mean  SEM (n=3-4). Panel C: ANOVA F-value = 20.86; p-value = 1.69e-7. * p < 0.05 compared to WT as determined by one-way ANOVA with Dunnett’s post-hoc test. 

G6PC2 to determine whether it would result in increased activity. We also mutated H308 to glutamic acid to determine whether an acidic residue, rather than aspartic acid specifically, would lead to increased activity. Both mutations had little effect on protein expression (Fig. 4.4B) but, consistent with our hypothesis, both increased relative G6Pase activity (Fig. 4.4C).
	The kinetic parameters of these mutants were assessed to determine if any of them altered the apparent affinity for the substrate G6P in addition to relative maximum velocity. The R36A, D252A, and H308D variants increased the Km of G6PC2 for G6P approximately 2.5-7-fold in addition to increasing the relative activity, suggesting these mutations can release the reaction products quicker than the WT protein (Fig. 4.4D). In combination, these data demonstrate that differences in the putative substrate cavity contribute to the markedly higher G6Pase activity of G6PC1 relative to G6PC2.
Mutation of the G6PC2 Substrate Cavity Alters Substrate Specificity
	In addition to altered substrate affinity, we hypothesized mutations in the putative substrate cavity could affect substrate specificity. Indeed, these mutations had complex effects on the ability of G6PC2 to hydrolyze different sugar phosphate moieties (Fig. 4.5). While WT G6PC2 hydrolyzed G6P, fructose-6-phosphate (F6P), and ribose-5-phosphate (R5P) at similar rates, its hydrolysis of mannose-6-phosphate (M6P) was approximately two-fold greater (Fig. 4.5A). The R36A, D252A, and H308D variants all increased hydrolysis of G6P and F6P (Fig. 4.5B & 4.5C), the R36A variant decreased hydrolysis of M6P (Fig. 4.5D), and the H308D variant increased hydrolysis of F6P (Fig. 4.5E). The complexity of these data suggests that different AAs in the substrate cavity play unique roles in the hydrolysis of different sugar phosphate substrates.


Figure 4.5: Analysis of the Effect of Mutation of G6PC2 Substrate Cavity Residues on Substrate Specificity. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding WT or mutated human G6PC2 with a C-terminal His-tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested, and G6PC2 expression in whole cell lysates after mutation of the indicated residues to the AA shown was assessed by Western blotting using an anti-6xHis antibody, with equal protein loading confirmed by measurement of actin expression. Representative western blots are shown in Figure 4B. Relative activity was determined as described in Experimental Procedures. Reported values are the mean  SEM (n=3-6). Panel A ANOVA: F-value = 5.46; p-value = 0.025.  Panel B ANOVA: F-value = 29.54; p-value = 0.0001. Panel C ANOVA: F-value = 36.64; p-value = 5.07e-5. Panel D ANOVA: F-value = 7.32; p-value = 0.01. Panel E ANOVA: F-value = 7.76; p-value = 0.009. *p < 0.05 versus G6P (Panel A) or WT G6PC2 (Panels B-E) as determined by one-way ANOVA with Dunnett’s post-hoc test. 

Mutation of a Predicted Cholesterol Binding Motif Alters Maximal Activity
	The AF2 model predicts that the residues comprising a cholesterol recognition amino acid consensus (CRAC) motif (334) in G6PC2 are located on the exterior of the protein (Fig. 4.1). We initially identified this motif through sequence analysis of human G6PC2 (Fig. 4.6A), though the predictive power of this sequence alone is disputed (342–345). This CRAC motif spans from residue 219 to 226 (Fig. 4.6A). In humans, residue 219 is the site of a common non-synonymous SNP, rs492594 (188). In the European population, alleles encoding a leucine or valine at residue 219 are in approximately equal abundance(329). The first AA in the consensus CRAC motif can be either a valine or leucine (Fig. 4.6A), suggesting that both common variants of G6PC2 (L219 and V219) might support cholesterol binding. We hypothesized that mutating residues in this region may alter G6PC2 activity by altering the interaction of G6PC2 with cholesterol. The three critical residues in this motif, located at AAs 219, 222, and 226, were mutated to alanine and the effect on G6PC2 expression and G6Pase activity were assessed. In addition, we compared the activity of the V219 and L219 variants and analyzed a L219V/Y222A double mutant. We found that G6PC2 expression was similar to WT regardless of the AA at residue 219, but mutation of residue 222 or 226 to alanine decreased expression (Fig. 4.6B). To account for these variations in protein expression observed, relative G6Pase activity was determined by dividing enzyme activity by protein expression, both of which were normalized to wild type (WT) levels (Fig. 4.6C). The impact of these mutations on relative G6Pase activity was complex; mutation of residue 219 to valine decreased activity, mutation of residue 226 to alanine increased activity, and all other mutants had no effect on activity (Fig. 4.6C). These data suggest that mutating residues in the CRAC 

Figure 4.6: Analysis of the Effect of Mutation of G6PC2 Residues Forming a CRAC Motif. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding WT or mutated human G6PC2 with a C-terminal His-tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were subsequently harvested, and protein expression assayed by Western blotting as described in Experimental Procedures. G6PC2 expression was assessed using an anti-6xHis antibody and equal protein loading was confirmed by measurement of actin expression. Consensus CRAC motif with residues mutated highlighted in red (Panel A). A representative western blot is shown (n=4-5) (Panel B). Relative G6Pase activity was determined as described in Experimental Procedures. Reported values are the mean  SEM (n=4-5) (Panel C). ANOVA F-value = 22.19; p-value = 2.78e-8. * p < 0.05 compared to WT as determined by one-way ANOVA with Dunnett’s post-hoc test.


motif can regulate G6PC2 activity, but from these studies it was unclear whether this was due to altered association with cholesterol or due to other altered properties, such as changes in protein conformation.
Purified G6PC2 L219 and V219 Variants Exhibit Similar Activities
	We hypothesized that the approximately 50% lower activity of the V219 variant relative to the L219 variant in microsomal membranes was due to a differential association of the two variants with cholesterol. To test this hypothesis we modified a recently reported protocol for the overexpression, solubilization and purification of catalytically active G6PC1 (299). Specifically, instead of heterologous expression in an insect cell host, we expressed G6PC2 in HEK293 cells in suspension via baculovirus transduction. This purification protocol resulted in a 1000-fold higher G6PC2 G6Pase specific activity than observed in microsomal membrane preparations (Fig. 4.7A). After purification of the human G6PC2 L219 and V219 variants in LMNG micelles, we strikingly no longer observed a difference in the activity of the L219 and V219 variants (Fig. 4.7A). We interpreted this observation to reflect the loss of functionally relevant lipids, including cholesterol, following detergent solubilization. When the variants were purified in the presence of cholesterol hemi-succinate (CHS), a cholesterol analog with higher aqueous solubility (346), the Vmax of the V219 variant was reduced ~90% whereas the Vmax of the L219 variant was reduced only ~40% (Fig. 4.7A). This observation suggests that our hypothesis was correct and that the loss of endogenous lipid binding explained the loss of a difference in activity between the purified L219 and V219 variants. In addition, the data suggest that interactions of the V219 variant with the cholesterol derivative are distinct from the L219 variant.
In addition to exploring the effects of purifying G6PC2 in the presence of CHS, we investigated the effects of acute cholesterol treatment on the activity of G6PC2 purified in the absence of CHS. Under these conditions, addition of cholesterol decreased the activity of the V219 but not the L219 variant (Fig. 4.7B). The addition of cholesterol had no effect on the activity of either variant after purification in the presence of CHS (data not shown). We ensured these effects were not due to differences in the amount of protein used in the assay by determining the concentration using a nanodrop and further confirming the expression through western blot analysis (Fig. 4.7C). These data suggest an important role for cholesterol in the regulation of G6PC2 activity.
	For optimization of the G6PC2 purification protocol, we generated EGFP-tagged G6PC2 variants to allow easy tracking of protein expression. Interestingly, we observed that when an EGFP-tag was present on the C-terminal end of the L219 and V219 proteins, there was no difference in the Km or Vmax of these variants when purified in the presence or absence of CHS (Fig. 4.7D). In addition, in microsomal membrane preparations, the difference in activity observed between the L219 and V219 His-tagged variants (Fig. 4.6C) disappeared with the EGFP-tagged variants (Fig. 4.7E). We hypothesize that these observations are due to the presence of the EGFP-tag changing the ability of the fusion proteins to interact with lipids. This observation is consistent with other papers showing that differences in the C-terminal tag of a protein can influence protein expression, solubility, and/or activity (347–350).


Figure 4.7: Analysis of the Kinetics of Human G6PC2 L219 and V219 Variants. The human G6PC2 L219 or V219 variants with a C-terminal His-tag (Panels A & B) or C-terminal EGFP-tag (Panels D & E) were expressed using baculovirus in HEK293S cells (Panels A, B & D) or using transient transfection in 832/13 cells (Panel E) as described in Experimental Procedures. Cells were then harvested and G6PC2 purified with or without the addition of CHS during solubilization as indicated. Concentration of purified protein was determined using a nanodrop and equal amounts of protein, confirmed by western blot analysis, were used in each assay. A representative western blot of His-tagged proteins is shown (n=3) (Panel C). Representative datasets for are shown with the graph line indicating the average kinetic curve as calculated using R (Panels A & D). Panels A & B: G6Pase activity was determined as described in Experimental Procedures. Reported values are the mean  SEM (n=3). Panel A: Vmax ANOVA F-value = 15.89; p-value = 0.00098. Km ANOVA F-value = 1.043; p-value = 0.43. * p < 0.05 for Vmax, as determined by ANVOA with Tukey’s post-hoc test. Panel B: * p < 0.05 as determined by pairwise t-tests with multiple test correction. No statistical differences in Km were observed. Panel D & E: Relative G6Pase activity was determined as described in Experimental Procedures. Reported values are the mean  SEM (n=2-5). No significant differences in Vmax or Km were observed, as determined by ANOVA (Panel D) or student’s t-test (Panel E). 
Discussion
	The AF2 algorithm for the prediction of protein structure has allowed us to visualize the 3D structure of human G6PC2 for the first time (Fig. 4.1). The predicted protein structure and sequence analysis identified several key regions of interest within the protein. These regions included a predicted disulfide bond, a modified PAP2 motif, a putative substrate cavity, and a CRAC sequence. The data obtained from the studies described here highlight the utility of structural models in identifying regions of importance throughout a protein and demonstrate that multiple regions influence G6PC2 enzyme activity, which could be targeted therapeutically with small molecule inhibitors (Figs. 4.2-4.7).
Mutation of the predicted disulfide bond in G6PC2 abolished protein expression (Fig. 4.2A) and this could not be restored by replacing these residues with serine residues capable of forming a hydrogen bond (Fig. 4.2B). These data indicate that these two cysteine residues, that are predicted by AF2 to form a disulfide bond, are critical for protein folding and/or protein stability. This is consistent with the observation that mutation of one of the equivalent residues in G6PC1, cysteine residue 109, also results in a significant decrease in protein expression (351). Interestingly, in assays using isolated microsomal membranes, the addition of DTT to the reaction buffer or the reaction and resuspension buffer had little effect on G6PC2 activity (Fig. 4.2C). Similarly, repeating this analysis with the addition of LMNG to solubilize G6PC2, showed that DTT did not change G6Pase activity (Fig. 4.2D). We hypothesize that this negative result indicates that, once G6PC2 is inserted in the ER membrane, the disulfide bond predicted by AF2 is dispensible for activity. However, other methods, such as mass spectrometry, will be required to definitively determine if this disulfide bond exists.
	Multiple AAs in the G6PC2 PAP2 motif are critical for enzyme activity (Fig. 4.3). These data fit with previous mutagenesis studies on PAP2 motif containing proteins (316), including studies on G6PC1 showing that mutation of residues in its PAP2 motif result in loss of enzyme activity (203, 316, 320, 335). Interestingly, mutation of AA 178 from glutamine, as found in the G6PC family of proteins, to the aspartic acid found in most PAP2 motif containing proteins (Fig. 4.3A), resulted in reduced, rather than increased enzyme activity (Fig. 4.3C). This suggests a unique evolutionary divergence of the G6PC sub-family of PAP2 motif proteins. Mutating residue 178 from glutamine to aspartic acid does not impact protein expression, which we hypothesize is because these AAs are similarly sized and should both be capable of forming hydrogen bonds with nearby residues. Instead, due to the internal location of this residue within the protein and its close proximity to the active site residues, we hypothesize that modifying the charge of this AA prevents the enzyme from being able to hydrolyze G6P, possibly through changing the polarity of the active site, since residue 178 is near the phosphate acceptor, H176.
Prior to the publication of the AF2 algorithm, attempts were made to identify residues that explained the marked difference in the G6Pase activity of G6PC1 and G6PC2, but these studies had limited success (215, 352). In contrast, while the accuracy of sidechains projections in AF2 predicted structures is debated (291, 294), the predicted structure provided an excellent template for hypothesis generation that we have validated through experimentation. For example, in the AF2-generated structure of human G6PC2, R36 is predicted to interact with D252. In contrast, in human G6PC1 the equivalent residue, R40, is predicted to interact with D310. This putative interaction cannot occur in human G6PC2 as the aspartic acid is replaced with histidine at the equivalent position (H308). We hypothesized that this difference in ionic interactions partially explains why G6PC2 has decreased activity compared to G6PC1. Our mutational analyses support the hypothetical role of such side chain interactions in catalysis as mutation of residue 308 to aspartic or glutamic acid, that would allow an ionic interaction to occur between residues 36 and 308 in G6PC2, increase G6Pase activity (Fig. 4.4). Multiple mechanisms may explain the increase in activity caused by these residue 308 mutations. For instance, charged residues can be used to capture and position substrates in an active site (353). The benefit of additional charged residues in the substrate cavity may also explain why individual mutation of residues 36 and 252, which would break the predicted ionic interaction and make another charged residue available for interacting with the substrate, increase the G6Pase activity of G6PC2 whereas mutation of both residues does not (Fig. 4.4). Alternatively, studies in G6PC1 have suggested that D254, the residue corresponding to D252 in G6PC2, may directly interact with G6P during hydrolysis and support the formation of a substrate bound state (354). By promoting a potential ionic interaction between residues 36 and 308 in G6PC2, this may allow D252 to interact with the substrate. While these mutagenesis studies show that there are residues critical to the activity and expression of G6PC2, we acknowledge that from these studies alone, we can only speculate as to how these mutations are exerting their effects. While advances have been made in using AF2 to predict how mutations will impact protein structure and stability, these techniques are still being optimized (319, 355, 356). Future studies will use molecular dynamics (MD) modeling to investigate how different sugar phosphate moieties fit into the active site of G6PC2 and how mutations to this region impact these interactions.
Our data suggest that cholesterol can modulate the activity of G6PC2 (Fig. 4.7). Additionally, our previous studies with mouse G6PC1 showed that enzyme activity decreased in the presence of cholesterol hemisuccinate (299). We hypothesize that this regulation by cholesterol is physiologically relevant because, while the concentration of cholesterol in the endoplasmic reticulum is relatively low (357), it matches those used in our studies. While we would expect that the attenuation of G6PC2 activity by cholesterol would result in an increase in GSIS at submaximal glucose concentrations (190), this effect of cholesterol may be masked by its other actions on beta cell function. Indeed, islet cholesterol overload decreases GSIS (358) and reduces plasma insulin levels (359). While these studies strongly imply that G6PC2 activity is modulated by cholesterol, a key question is whether other lipids also regulate G6PC2 activity. This appears possible because fatty acids (360, 361) and the phospholipid composition of liver microsomes (362) impacts rat G6PC1 activity. In addition, other PAP domain containing enzymes are also regulated by phospholipids and sphingolipids (363). Interestingly, the putative CRAC motif found in human G6PC2 is also present in mouse G6PC2 and mouse G6PC1 but is not conserved in human G6PC1. Future studies will explore the potential differential regulation of these enzymes by lipids. Single-particle cryo-transmission electron microscopy (SP-TEM) will also be considered as a future approach to visualize potential G6PC2-lipid interactions which could validate these findings (364). 
	Overall, these studies provide insight into the molecular mechanisms underlying G6PC2 activity. G6PC2 has been proposed as a drug target for the treatment of patients with elevated FBG levels; the data obtained from these studies will be invaluable in future experiments that seek to design or optimize small molecule inhibitors of G6PC2.


CHAPTER V
BIOCHEMICAL AND METABOLIC CHARACTERIZATION OF A G6PC2 INHIBITOR

Introduction
	Three glucose-6-phosphatase catalytic subunits, that hydrolyze glucose-6-phosphate (G6P) to glucose and inorganic phosphate, have been identified, designated G6PC1-3 (52), but only G6PC1 and G6PC2 have been implicated in the regulation of fasting blood glucose (FBG) (189, 190, 192, 261, 365). Elevated FBG has been associated with multiple adverse clinical outcomes, including increased risk for type 2 diabetes and various cancers (2–5, 7–11, 13, 366). Therefore, G6PC1 and G6PC2 inhibitors that lower FBG may be of prophylactic value for the prevention of multiple conditions. The studies described here characterize a G6PC2 inhibitor, designated VU0945627, previously identified as Compound 3 (196). We show that VU0945627 preferentially inhibits human G6PC2 versus human G6PC1 but activates human G6PC3. VU0945627 is a mixed G6PC2 inhibitor, increasing the Km but reducing the Vmax for G6P hydrolysis. PyRx virtual docking (310) to an AlphaFold2-derived G6PC2 structural model suggests VU0945627 binds two sites in human G6PC2. Mutation of residues in these sites reduces the inhibitory effect of VU0945627. VU0945627 does not inhibit mouse G6PC2 despite its 84% sequence identity with human G6PC2. Mutagenesis studies suggest this lack of inhibition of mouse G6PC2 is due in part to a change in residue 318 from histidine in human G6PC2 to proline in mouse G6PC2. Surprisingly, VU0945627 still inhibited glucose cycling in the mouse islet-derived bTC-3 cell line. Studies using intact mouse liver microsomes and PyRx docking (310) suggest that this observation can be explained by an ability of VU0945627 to also inhibit the G6P transporter SLC37A4. These data will inform future computational modeling studies designed to identify G6PC isoform-specific inhibitors.
	
Results
High G6PC3 Expression and Enzyme Activity are Detected using the pJPA5 Plasmid
	Analyses of the functional effects of G6PC2 mutations had been limited by an inability to drive high G6PC2 protein expression, preventing the detection of G6PC2 enzyme activity in vitro (159, 188, 194, 195, 226). This limitation was recently overcome following the demonstration that high G6PC2 protein expression and enzyme activity could be achieved when the islet derived 832/13 cell line was transfected with a plasmid in which the human G6PC2 open reading frame had been ligated into the pJPA5 vector, in contrast to the pcDNA3.1D vector used in previous studies (341). Similarly, Figure 5.1A shows that high G6PC3 protein expression could also be achieved when the human G6PC3 open reading frame was ligated into the pJPA5 vector. And in contrast to previous studies using the pcDNA3.1D vector (194), a clear increase in microsomal G6Pase activity could be detected following overexpression of G6PC3 in the 832/13 cell line using the pJPA5 vector (Fig. 5.1B).
 

Figure 5.1. Comparison of Human G6PC1, G6PC2 and G6PC3 Protein Expression Driven by the pJPA5 Vector. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either human G6PC1, G6PC2 or G6PC3 with C-terminal His-tags. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested and protein expression assayed by western blotting as described in Experimental Procedures. Panel A: G6PC expression was assessed using an anti-His antibody and equal protein loading was confirmed using measurement of actin expression. A representative western blot is shown. Panel B: G6Pase activity was determined at pH 6.5 and 2 mM G6P as described in Experimental Procedures. Reported values are the mean +/- SEM (n=3). Statistical comparisons were made using a T test; *p<0.05.


The Kinetics of G6P Hydrolysis Differ Between Human G6PC1, G6PC2 and G6PC3
	To compare the kinetics of G6P hydrolysis by the three G6PC isoforms, they were expressed using transient transfection in the 832/13 cell line (Fig. 5.1A). The previously reported Km values, measured at pH 6.5, following overexpression of these proteins in COS cells were 1.77 mM (G6PC1; (367)), 0.45 mM (G6PC2; (196)) and 2.22 mM (G6PC3; (197)), which are similar to the values obtained following expression in 832/13 cells (Figs. 5.2A-C). Also consistent with previous studies (196, 197), at low 2 mM G6P concentrations both G6PC1 and G6PC3 are more active at pH 6.5 than pH 8.0 whereas the activity of G6PC2 is insensitive to pH over this range (Figs. 5.2A-C). Finally, following expression in 831/13 cells, the observed Vmax for G6P hydrolysis by G6PC1 was considerably greater than that for G6PC2 and G6PC3, with G6PC3 also having a higher Vmax for G6P hydrolysis relative to G6PC2, similar to results obtained following transient transfection of COS cells (196, 197) (Figs. 5.2A-C).
VU0945627 inhibits Human G6PC1 and G6PC2 but Activates G6PC3
	Figure 5.3 shows that VU0945627 has selective effects on the hydrolysis of G6P by the three G6PC isoforms. Since VU0945627 was suggested to be selective for G6PC2 we initially screened the effects of VU0945627 on both G6PC1 and G6PC3 at a single high 150 μM concentration whereas we screened the effects of VU0945627 on G6PC2 at a range of concentrations encompassing the published EC50 (196). VU0945627 increased the Km for G6P hydrolysis by G6PC1 without affecting the Vmax (Fig. 5.3A), suggesting a competitive mode of inhibition, whereas it both increased the Km and decreased the Vmax for G6P hydrolysis by G6PC2 (Figs. 5.3B & C), indicating a mixed mode of inhibition. Surprisingly, at a concentration of 150 μM, VU0945627 increased both

Figure 5.2. G6P Hydrolysis by Human G6PC1, G6PC2 and G6PC3 Show Distinct Kinetics. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either human G6PC1, G6PC2 or G6PC3 with C-terminal His-tags. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested, microsomal membranes were isolated and G6Pase activity determined at the pH shown as described in Experimental Procedures. Representative datasets for G6PC1 (Panel A), G6PC2 (Panel B) and G6PC3 (Panel C) are shown with the graph line indicating the average kinetic curve as calculated using R. Reported Km and Vmax values are the mean mM +/- SEM or mean nmol/min/mg +/- SEM, respectively (n=4-8). Data are graphed as relative activity with each dataset normalized to the activity at the maximum [G6P] tested (80 mM for G6PC1 and G6PC3; 2 mM G6P for G6PC2). Statistical comparisons of Km and Vmax at pH 6.5 versus pH 8.0 were made using T tests; *p<0.05. 


Figure 5.3. VU0945627 Inhibits Human G6PC1 and G6PC2 but Activates G6PC3. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either human G6PC1, human G6PC2 or human G6PC3 with C-terminal His-tags. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested, disrupted microsomal membranes were isolated and G6Pase activity determined, as described in Experimental Procedures, at either pH 6.5 (for G6PC1 and G6PC3) or pH 8.0 (for G6PC2) in the presence or absence of the indicated concentrations of G6P and VU0945627. Representative datasets for G6PC1 (Panel A), G6PC2 (Panels B & C) and G6PC3 (Panel D) are shown with the graph line in Panels A, B & D indicating the average kinetic curve as calculated using R. Reported Km and Vmax values are the mean mM +/- SEM or mean nmol/min/mg +/- SEM, respectively (n=3-6). Data are graphed as relative activity with each dataset normalized to the activity at the maximum G6P concentration tested in the absence of VU0945627 (80 mM for G6PC1 and G6PC3; 2 mM G6P for G6PC2). For G6PC1 (Panel A) and G6PC3 (Panel D) statistical comparisons of Km and Vmax at pH 6.5, in the presence versus absence of VU0945627 were made using T tests; *p<0.05. For G6PC2 (Panel B) statistical comparisons of Km and Vmax at pH 8.0, in the presence versus absence of various concentrations of VU0945627 were made using one-way ANOVA (Km: F-value = 22.08; p-value = 9.91e-5) (Vmax: F-value = 33.77; p-value = 1.52e-5). * p<0.05 as determined with a Dunnett’s post-hoc test.



Figure 5.4. VU0945627 exhibits a lower EC50 for Inhibition of Human G6PC2 than G6PC1. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either human G6PC1, human G6PC2 or human G6PC3 with C-terminal His-tags. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested, microsomal membranes were isolated and G6Pase activity determined, as described in Experimental Procedures, at either pH 6.5 (for G6PC1 and G6PC3) or pH 8.0 (for G6PC2) in the presence or absence of the indicated concentrations of VU0945627 and either 10 mM G6P (for G6PC1), 2 mM G6P (for G6PC2) or 80 mM (for G6PC3) G6P. Representative datasets for G6PC1 (Panel A), G6PC2 (Panel B) and G6PC3 (Panel C) are shown with the graph line indicating the average EC50 curve as calculated using R. Reported EC50 values (mM) and maximal inhibition (%) values are means ± SEM (n=4-6). Data are graphed as percent activity with each dataset normalized to the activity detected in the absence of VU0945627. Statistical comparisons of EC50 values relative to G6PC2 were made using T tests; *p<0.05. 

the Km and Vmax for G6P hydrolysis by G6PC3 indicating that it acts as an activator rather than an inhibitor (Fig. 5.3D). Investigation of the effects of VU0945627 over a range of concentrations shows that the compound exhibits a higher EC50 for inhibition of human G6PC1 (Fig. 5.4A) than G6PC2 (Fig. 5.4B), rather than being selective for G6PC2 as previously reported (196). In addition, the EC50 for activation of G6PC3 by VU0945627 is similar to the EC50 for inhibition of G6PC2 (Fig. 5.4C). 
VU0945627 is Predicted to Bind to Two Sites in G6PC2
	To explore the mechanism whereby VU0945627 inhibits G6PC2, PyRx computational docking (310) was used to computationally dock this molecule to the AlphaFold2-predicted model of human G6PC2 (Fig. 5.5). An agnostic blinded docking was performed that included all regions of human G6PC2, regardless of whether regions may exist within or outside the membrane. Ten iterations of the docking analysis, each of which generated nine low energy conformations of VU0945627 for a total of 90 protein-ligand binding predictions. The results suggested the existence of two distinct binding sites for VU0945627 in human G6PC2 (Fig. 5.5A), designated Site 1 (Fig. 5.5B) and Site 2 (Fig. 5.5C), consistent with the kinetic data suggesting that VU0945627 is a mixed inhibitor of G6PC2 (Fig. 5.3B). This analysis found that 41 of 90 VU0945627 poses were in position to interact with residues in Site 1, whereas 49 of 90 VU0945627 poses were in position to interact with residues in Site 2. The lowest energy VU0945627 binding pose of each iteration was positioned to interact with residues in Site 1 and had an average relative binding energy of -8.8 kcal/mol (Table 5.1). These data suggest VU0945627 is capable of binding to multiple sites in G6PC2, as evaluated by virtual molecular docking.	 

Figure 5.5: PyRx Software Predicts Two VU0945627 Binding Sites in G6PC2. PyRx (310) computational docking was performed for VU0945627 binding to the AlphaFold2-predicted structure for human G6PC2 (Uniprot Q9NQR9). VU0945627 was prepared for docking by energy minimization with 200 steps using a universal force field (UFF). The energy minimized VU0945627 was globally docked to human G6PC2 with AutoDock Vina (368) with 10 iterations of the 9 lowest energy conformations, resulting in 90 final ligand-protein conformations for each protein model were visualized in PyMOL (Panel A). Panel B and Panel C show an individual VU0945627 conformation that was selected to highlight G6PC2 residues that frequently interact with VU0945627 at both Site 1 and Site 2, respectively.

Table 5.1: PyRx Analysis of VU0945627 Docking to the AF2-predicted Structure of Human G6PC2. The computational docking of VU0945627 to the AF2-predicted structure of human G6PC2 was performed using PyRx. Before docking, the compound was energy minimized by 200 steps using a universal force field (UFF). The global docking was performed to find the most favorable binding site for VU0945627. Docking was performed 10 times and each time 9 conformations are created, generating 90 total VU0945627 conformations. The binding energies (kcal/mol) of each conformation in 10 docking runs are shown. Binding energies corresponding to conformations interacting with residues in site 1 are shown in red and with residues in site 2 are shown in green.




Table 5.2 shows the ten G6PC2 residues in each site most frequently predicted to interact with VU0945627. To evaluate this docking model, multiple residues within Site 1 and Site 2 were mutated to alanine to determine whether the variants affected G6PC2 protein expression (Fig. 5.6A), whether they retained G6Pase activity (Fig. 5.6B), and whether they were no longer inhibited by VU0945627 (Fig. 5.6C). As a control, the effects of mutating two residues outside Site 1 and Site 2, which we previously demonstrated did not alter protein expression or G6Pase activity (369), were also investigated. Based on the AlphaFold2-predicted model for G6PC2 and mutational analyses, Site 1 is located near the G6PC2 substrate cavity whereas Site 2 is located near a cholesterol binding motif (369). Mutation of the control residues outside Site 1 and Site 2 did not affect G6PC2 expression, activity, or inhibition by VU0945627 (Figs. 5.6A-C; gray bars). In contrast, mutation of some residues in both Site 1 (Figs. 5.6A-C; blue bars) and Site 2 (Figs. 5.6A-C; red bars) G6PC2 expression, activity and/or inhibition by VU0945627. While these data broadly support the hypothesis generated from PyRx analyses, namely that residues in both Site 1 and Site 2 are required for maximal inhibition of G6PC2 by VU0945627, the data also indicate that the mechanism of G6PC2 inhibition by VU0945627 is likely complex. This conclusion is reinforced by the observation that combined mutation of residues in both Sites 1 and 2, that individually reduce inhibition of G6PC2 activity by VU0945627, did not have an additive effect (Fig. 5.6C; purple bars). Thus, the data suggest that although maximal inhibition of G6PC2 by VU0945627 requires the presence of intact residues in Sites 1 and 2, VU0945627 is still capable of partially inhibiting G6PC2 when residues in these Sites are mutated.


Table 5.2: G6PC2 Residues Predicted by PyRx to Interact with Human G6PC2. The AlphaFold2-predicted structure of human G6PC2 with VU0945627 docked was determined using PyRx (310) as described in Figure 5.5. The putative G6PC2 binding sites were visualized in PyMOL. The Table shows the conservation in human G6PC1, mouse G6PC1 and mouse G6PC2 of the 10 G6PC2 residues in Site 1 and Site 2 that are most frequently predicted to bind VU0945627.



Figure 5.6. Multiple Amino Acids Influence the Inhibition of G6PC2 by VU0945627. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either wild type (WT) or mutated human G6PC2 with a C-terminal His-tag. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested, and G6PC2 expression in whole cell lysates was assessed by western blotting using an anti-6xHis antibody, with equal protein loading confirmed by measurement of actin expression, whereas G6Pase activity in the presence of 2 mM G6P and presence or absence of VU0945627 (150 mM) was measured at pH 8.0 in microsomal membranes, as described in Experimental Procedures. Panel A: Normalized expression was calculated as the ratio of 6x-His to actin expression obtained with the mutants shown and expressed relative to the ratio obtained with WT human G6PC2. Reported values are the means +/- SEM (n=3-7). Panel B: G6Pase activity was determined as described in Experimental Procedures and expressed relative to WT G6PC2. Reported values are the mean +/- SEM (n=3). Panel C: The effect of VU0945627 is graphed as percent inhibition. Reported values are the mean +/- SEM (n=3). Mutations outside Sites 1 and 2 are shown in gray; mutations in Site 1 are shown in red; mutations in Site 2 are shown in blue; combined mutations in Sites 1 are 2 are shown in purple. Statistical comparisons against WT G6PC2 were made using T tests; *p<0.05

VU0945627 Inhibits Human but not Mouse G6PC2
	Table 5.2 shows that several of the residues in human G6PC2 that are predicted to interact with VU0945627 are not conserved in human G6PC1, mouse G6PC1 or mouse G6PC2. This lack of conservation might explain the higher EC50 for VU0945627 for inhibition of human G6PC1 G6P hydrolysis versus human G6PC2 (Fig. 5.4); it also raised the possibility that the inhibitory effect of VU0945627 was more selective for human than mouse G6PC2. Surprisingly, Figure 5.7A shows that at 2 mM G6P, 150 μM VU0945627 inhibits human but not mouse G6PC2. Under these conditions, VU0945627 inhibited both human and mouse G6PC1 (Fig. 5.7A), with maximal inhibition of human G6PC1 at 2 mM G6P greater than maximal inhibition at 10 mM G6P (Fig. 5.4A), consistent with kinetic data (Fig. 5.3A).
Table 5.2 shows that five of the residues frequently predicted to be in close enough proximity to interact with VU0945627 in human G6PC2 (F40, H308, Q311, L212 and H318) are distinct from the equivalent residues in mouse G6PC2. We assumed that the change from L212 in human G6PC2 to V212 as present in mouse G6PC2 would be silent and hypothesized that the presence of the other four unique residues in mouse G6PC2 contributes to the lack of inhibition by VU0945627. To investigate this hypothesis, we mutated these four residues in human G6PC2 to the residue found in mouse G6PC2 and investigated whether the variants affected G6PC2 protein expression (Fig. 5.7B), whether they retained G6Pase activity (Fig. 5.7C) and whether they were no longer inhibited by 150 μM VU0945627 (Fig. 5.7D). Figure 5.7D shows that only mutation of residue H318 to proline reduced the ability of VU0945627 to inhibit human G6PC2.
	

Figure 5.7. VU0945627 Inhibits Human but not Mouse G6PC2. 832/13 cells were transiently transfected with pJPA5 expression vectors encoding either wild type (WT) or mutated human or mouse G6PC1 or G6PC2 with C-terminal His-tags. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested, and protein expression in whole cell lysates was assessed by western blotting using an anti-6xHis antibody, with equal protein loading confirmed by measurement of actin expression, whereas G6Pase activity in the presence of 2 mM G6P and presence or absence of VU0945627 (150 mM) was measured at either pH 6.5 (for G6PC1) or pH 8.0 (for G6PC2) in microsomal membranes, as described in Experimental Procedures. Panels A: The effect of VU0945627 is graphed as percent inhibition. Reported values are the mean +/- SEM (n=3-4). Statistical comparisons were made using one-way ANOVA (F-value = 16.83, p-value = 0.0002) with a Tukey’s post-hoc test; *p<0.05. For Panels B-D, statistical comparisons against WT G6PC2 were made using ANOVA with Dunnett’s post-hoc test; *p<0.05. Panel B: Normalized expression was calculated as the ratio of 6x-His to actin expression obtained with the mutants shown and expressed relative to the ratio obtained with WT human G6PC2. Reported values are the means +/- SEM (n=3-5). ANOVA F-value = 6.747, p-value = 0.003. Panel C: G6Pase activity was determined as described in Experimental Procedures and expressed relative to WT G6PC2. Reported values are the mean +/- SEM (n=3-5). ANOVA F-value = 4.895, p-value = 0.01. Panels D & E: The effect of VU0945627 is graphed as percent inhibition. Reported values are the mean +/- SEM (n=3-5). Panel D: ANOVA F-value = 43.51, p-value = 9.48e-8. Panel E: * p < 0.05 as determined by a T test. 


 	To further explore the importance of this residue we performed the reciprocal experiment, changing residue P318 in mouse G6PC2 to a histidine. This mutation did not change the expression or relative activity of the protein (data not shown) but it did increase the inhibition of mouse G6PC2 by VU0945627 (Fig. 5.7E), further implicating this residue in mediating the action of VU0945627.	
VU0945627 Blocks G6P Hydrolysis in Intact Microsomes
The studies described above were all performed on disrupted microsomes from cells expressing G6PC1 or G6PC2. Since VU0945627 is hydrophobic and Sites 1 and 2 are buried in the ER membrane, we hypothesized that it would be equally effective at inhibiting G6PC enzyme activity in intact microsomal membranes. To explore that possibility, we compared the ability of VU0945627 to inhibit the hydrolysis of G6P and mannose-6-phosphate (M6P) by G6PC1 in intact versus disrupted mouse liver microsomes. SLC37A4, the most abundant G6P transporter in liver does not transport M6P whereas G6PC1 hydrolyzes both G6P and M6P (174, 299). As such, the relative degree of G6P and M6P hydrolysis observed in microsome preparations is taken to reflect the degree to which the microsomes are intact versus disrupted (174). Figure 5.8A shows that the rate of G6P hydrolysis is much greater than the rate of M6P hydrolysis in intact liver microsomes, as expected (174), but surprisingly VU0945627 inhibited G6P hydrolysis in these intact microsomes at a concentration as low as 12.5 μM. In contrast, in disrupted microsomes, the rate of G6P hydrolysis was similar to the rate of M6P hydrolysis, again as expected (174), and inhibition of G6P hydrolysis was only observed at a higher concentration of 50 μM VU0945627 (Fig. 5.8B), identical to the concentration of VU0945627 that inhibited mouse G6PC1 following expression in 832/13 cells (Fig. 

Figure 5.8. VU0945627 Blocks G6P Hydrolysis in Intact Microsomes. Intact (Panel A) and disrupted (Panel B) microsomes were prepared from mouse liver and the hydrolysis of G6P (2 mM) and M6P (2 mM) at pH 6.5 in the absence or presence of the indicated concentration of VU0945627 was assessed as described in Experimental Procedures and expressed relative to the rate of G6P hydrolysis in the absence of VU0945627. Reported values are the mean +/- SEM (n=3-4). Panel C: 832/13 cells were transiently transfected with pJPA5 expression vectors encoding wild type mouse G6PC1 with a C-terminal His-tag. Following transfection, cells were incubated for 18-20 hours in serum-containing media. Cells were subsequently harvested and G6Pase activity in the presence of 2 mM G6P at pH 6.5 and in the absence or presence of the indicated concentration of VU0945627 was assessed in microsomal membranes as described in Experimental Procedures. Reported values are the mean +/- SEM (n=3). Statistical comparisons versus G6P hydrolysis in the absence of VU0945627 were made using ANOVA with a Dunnett’s post-hoc test; *p<0.05. Panel A: F-Value = 77.46; p-value = 4.24e-13. Panel B: F-value = 3.064; p-value = 0.03. Panel C: F-value = 9.268; p-value = 0.0056.

5.8C). These data suggest that our hypothesis was incorrect and instead of being equally effective at inhibiting G6PC enzyme activity in intact and disrupted microsomal membranes, VU0945627 is more effective at inhibiting G6P hydrolysis in intact microsomal membranes.
VU0945627 Blocks Glucose-Stimulated Gene Expression
	To further explore whether VU0945627 can cross cell membranes and inhibit G6Pase activity within intact cells, we utilized an in situ assay previously developed by our lab to study the effect of G6PC1 mutations (260) and G6PC2 SNPs (341) on G6PC enzyme activity as well as the effect of G6PC overexpression on flux through the hexose-6-phosphate dehydrogenase and 11β-hydroxysteroid dehydrogenase type 1 pathway (153). This transient transfection assay uses a combination of a glucose-responsive G6pc1-luciferase fusion gene and the rat islet-derived 832/13 cell line that lacks endogenous G6PC2 (260, 341). In this assay, glucose induces luciferase activity by elevating intracellular G6P, the key metabolite in glucose-regulated gene transcription (260, 321) whereas co-transfection with plasmids encoding G6PC1 or G6PC2 reduces intracellular G6P and hence luciferase activity (153, 260, 341). Figure 5.9 shows that overexpression of mouse G6PC1 repressed glucose-stimulated fusion gene expression, as previously reported (260). In the presence of catalytically inactive G6PC1, a control for ER stress (260), VU0945627 did not affect glucose-stimulated G6pc1-luciferase fusion gene expression at concentrations up to 12.5 μM nor did it block the activity of wild type G6PC1 at 12.5 μM (Fig. 5.9), though both of these trended towards significance. These data again suggested that VU0945627 can traverse the plasma membrane.
[bookmark: _Hlk154575360]Figure 5.9: VU0945627 Blocks Glucose-Stimulated Gene Expression in in situ Assay. 832/13 cells were transiently co-transfected with the −7248/+62 G6pc1-luciferase fusion gene (2 μg), an expression vector encoding Renilla luciferase (0.5 μg) and expression vectors (0.1 μg) encoding either a catalytically dead mG6PC1 control (Control) or mouse G6PC1 (mG6PC1). Following transfection, cells were incubated for 18 to 20 h in serum-free medium containing 2 or 30 mM glucose and the absence or presence of various VU0945627 (Compound 3) concentrations. Cells were then harvested and luciferase activity assayed as described in Experimental procedures. Results show mean data −/+ SD (n = 4) and were calculated as the ratio of firefly luciferase activity:μg total protein. Statistical comparisons were made using a three-way ANOVA with a Dunnett post hoc analysis * p<0.05. Glucose; inhibitor; plasmid; glucose*plasmid; and inhibitor*plasmid F-values and P-values were 180.881, 1.14e-12; 5.684, 0.009; 176.604, 1.47e-12; 58.241, 7.2e-8; and 0.844, 0.44, respectively.

VU0945627 Blocks Glucose Cycling in Mouse bTC-3 Cells
	To further explore the action of VU0945627 in intact cells we examined its ability to inhibit glucose cycling in mouse islet-derived bTC-3 cells using a previously described method that incorporates the use of stable isotopes (139, 216). VU0945627 inhibited glucose cycling in bTC-3 cells (Fig. 5.10A) without substantially affecting cell viability at concentrations up to 50 μM (Fig. 5.10B). These data suggest that VU0945627 can traverse the plasma membrane. However, this result was paradoxical because the maximal effect of VU0945627 on glucose cycling was observed at a concentration as low as 12.5 μM in this mouse-derived bTC-3 cell line (Fig. 5.10A), even though this concentration of VU0945627 does not inhibit mouse G6PC2 activity in isolated microsomal membranes from transfected cells (Fig. 5.7A).
VU0945627 is Predicted to Bind to SLC37A4 within the Putative G6P Transporter Pore
	We hypothesized that there were two possible explanations for the observations that VU0945627 appears to inhibit mouse G6PC2 activity in intact cells (Fig. 5.10A) but not in disrupted microsomes (Fig. 5.7A) and that it inhibits mouse G6PC1 activity in intact microsomes (Fig. 5.8A) at lower concentrations than disrupted microsomes (Fig. 5.8B). Specifically, we hypothesized that either VU0945627 is metabolized within intact microsomes to generate a higher affinity G6PC inhibitor or that VU0945627 can inhibit G6Pase activity indirectly through another mechanism. We speculated that one potential indirect mechanism might involve inhibition of G6P transport by SLC37A4, which is the most highly expressed G6P transporter in the liver (178). 

*
*
*

Figure 5.10: VU0945627 Blocks Glucose Cycling in bTC-3 Cells. Comparison of glucose cycling rates (Panel A) and cell viability (Panel B) at 11 mM glucose in bTC-3 cells in the presence and absence of the indicated concentrations of VU0945627. Data represent means +/- SEM (n=3-4).*p < 0.05 vs no VU0945627. Panel A: SEM and statistical comparisons determined using a propagation of uncertainty calculation. Panel B: statistical comparisons determined using two-way ANOVA (concentration*inhibitor F-value = 2.827, p-value = 0.05), no statistical differences were found with Dunnett post-hoc analysis. 

Figure 5.11: PyRx Software Predicts Two VU0945627 Binding Sites in SLC37A4. PyRx (310) computational docking was performed for VU0945627 binding to the AlphaFold2-predicted structure for mouse SLC37A4 (Uniprot Q9D1F9). VU0945627 was prepared for docking by energy minimization with 200 steps using a universal force field (UFF). The energy minimized VU0945627 was globally docked to mouse SLC37A4 with AutoDock Vina (368) with 10 iterations of the 9 lowest energy conformations, resulting in 90 final ligand-protein conformations for each protein model. The putative channel binding sites were visualized in PyMOL with lateral (Panel A) and vertical (Panel B) views shown.

	To explore this possibility, PyRx docking (310) was again used to determine if VU0945627 would be predicted to bind the AlphaFold2-predicted model of mouse SLC37A4 in a position that might interfere with G6P transport (Fig. 5.11). The AlphaFold2-predicted model of mouse SLC37A4 shows the expected putative transporter pore surrounded by alpha helices (Fig. 5.11A & B). Blinded docking was performed that included all regions of SLC37A4, agnostic to any particular binding site, including the presumed membrane exposed region and the putative transporter pore region. Ten iterations of the docking, which each generated nine low energy conformations, found that 86 of 90 VU0945627 poses were in position to interact with residues located within the putative pore. The average binding energy for the lowest energy VU0945627 binding pose in each of the 10 runs was -7.7 kcal/mol (Table 5.3). These lowest energy binding poses are shown in Figure 5.11. These data suggest that if VU0945627 binds SLC37A4, it is likely to bind in the G6P transporter pore and reduce G6P transport by SLC37A4, consistent with the observed inhibition of G6Pase activity by VU0945627 at lower concentrations in intact microsomes and cells than observed in disrupted microsomes.
VU0945627 Inhibits Purified G6PC2
Due to the existence of a possible physical interaction between G6PC isoforms and SLC37A4 (179) it was possible that the inhibition of G6PC2 observed in disrupted microsomes was entirely due to an indirect effect of VU0945627 binding to SLC37A4 and indirectly affecting the activity of G6PC2, especially because the expression of SLC37A4 varies between tissues. Additionally, the ratio of SLC37A4 to other G6P transporters varies between cell types. To address this possibility, we investigated the ability of VU0945627 to inhibit purified G6PC2. In addition, because in humans G6PC2 residue 
Table 5.3: PyRx Analysis of VU0945627 Docking to the AF2-predicted Structure of Mouse SLC37A4. The computational docking of VU0945627 to the AF2-predicted structure of mouse SLC37A4 was performed using PyRx. Before docking, the compound was energy minimized by 200 steps using a universal force field (UFF). The global docking was performed to find the most favorable binding site for VU0945627. Docking was performed 10 times and each time 9 conformations are created, generating 90 total VU0945627 conformations. The binding energies (kcal/mol) of each conformation in 10 docking runs are shown. Binding energies corresponding to conformations located within the predicted protein pore are shown in blue and outside the pore in yellow.



219 is the site of a common non-synonymous single nucleotide polymorphism (SNP),  rs492594 (341) and alleles encoding a leucine or valine at residue 219 are in approximately equal abundance in the European population (329) we purified both variants.
	G6PC2 residue 219 is the first residue in a putative cholesterol recognition amino acid consensus (CRAC) motif (369). We have recently shown that, in microsomal membrane preparations, the L219 variant has greater activity than the V219 variant (341), but when G6PC2 is purified in detergent micelles the L219 and V219 variants are equally active (369). The reason why a difference in activity is observed in microsomal membranes appears to be due to a differential association of the two variants with cholesterol, which is lost following purification. This conclusion is based on the observation that the addition of cholesteryl hemi-succinate (CHS) to the purified enzymes results in a substantial decrease in the Vmax of the V219 variant but a modest effect on the L219 variant (369). Figure 5.12A shows that VU0945627 inhibited the activity of both the V219 and L219 purified G6PC2 variants (Fig. 5.12A) and the magnitude of this inhibition was not affected by the amino acid at position 219 or CHS (Fig. 5.12B). These data indicate that the inhibitory effect of VU0945627 on the G6Pase activity of G6PC2 is not dependent on ER microsomal lipids or the presence of SLC37A4. Together, these data suggest VU0945627 directly inhibits G6PC2 and requires intact amino acids in Sites 1 and 2 for the maximal response, and that VU0945627 is also capable of inhibiting G6P transport by SLC37A4.
Figure 5.12: VU0945627 Inhibits Purified G6PC2. The human G6PC2 L219 or V219 variants with a C-terminal His-tag were expressed using baculovirus in HEK293S cells and purified as described in Experimental Procedures. G6Pase activity was then determined in the presence of 2 mM G6P at pH 6.5 in the presence or absence of VU0945627 (150 mM) and CHS (0.02 mM). Reported values are the mean G6Pase activity (nmol/min/mg) (Panel A) or percent inhibition by VU0945627 (Panel B) +/- SEM (n=3). Panel A: statistical comparisons versus the L219 or V219 G6PC2 variants in the absence of VU0945627 were made using ANOVA. ANOVA F-value = 7.04; p-value = 0.002. * p<0.05 as determined by Tukey post-hoc test. Panel B: no statistical differences were found using two-way ANOVA.

Discussion
	This study focused on characterizing a G6PC2 inhibitor, VU0945627, previously identified as Compound 3. Kinetic analyses reveal that VU0945627 is a mixed G6PC2 inhibitor, both increasing the Km and lowering the Vmax for G6P hydrolysis (Fig. 5.3). However, VU0945627 is not selective for G6PC2; inhibition of G6P hydrolysis by human G6PC1 is observed at much higher inhibitor concentrations and VU0945627 activates, rather than inhibits, human G6PC3 (Fig. 5.3 & 5.4). 
PyRx docking and mutagenesis studies suggest that VU0945627 binds two sites in G6PC2, designated Site 1 and Site 2. The simplest hypothesis is that the binding of VU0945627 to Site 1 in G6PC2, which is near the substrate cavity, affects the Km for G6P hydrolysis, acting like a competitive inhibitor, whereas binding of VU0945627 to Site 2 in G6PC2 affects the Vmax, acting like a noncompetitive inhibitor. The intricacies of these predictions were not assessed here, however, as our experiments only screened mutants at single G6P and inhibitor concentrations. This approach is therefore only able to determine whether residues in these Sites contribute to inhibitor binding under the specific conditions tested. As such, our experiments are unable to distinguish whether the mutations made have marked effects on the Km and/or Vmax for G6P hydrolysis; these experiments also do not negate the possibility that the inhibitory action of VU0945627 is being indirectly affected by a conformational change in the protein induced by mutations. To directly address these possibilities, future experiments could involve detailed analyses of the effects of the individual mutants on the kinetics of G6P hydrolysis and G6PC2 inhibition by VU0945627. However, our priority is to optimize VU0945627 so as to generate a high-affinity G6PC2-specific inhibitor before performing such studies. 
	Experiments in mice suggest that the nature of the physiological benefits associated with G6PC2 are that it confers a transient, beneficial elevation in FBG during periods of stress (191, 226) and that it protects against mild hypoglycemia in response to a ketogenic diet or prolonged fasting (193). Previous biobank and molecular analyses have demonstrated an association between reduced G6PC2 activity and reduced FBG with no consistent evidence for negative consequences (192, 341). In one biobank study, performed using the rs560887 G6PC2 SNP that has a mild effect on G6PC2 RNA splicing (259), reduced G6PC2 expression was linked to an increased risk for acute pancreatitis (192). However, a second study examining the impact non-synonymous G6PC2 SNPs that have a major effect on G6PC2 protein expression and/or activity did not replicate this association (341). The global deletion of G6pc2 in mice lowers FBG by ~20 mg/dl (189, 190, 192, 261). We have no evidence for negative long-term consequences of G6pc2 deletion in mice though demonstrating the predicted benefits of reduced FBG, based on human studies, is likely to be challenging in mice given their much shorter life span. Overall, these observations suggest that future studies should be designed to optimize inhibitors that completely, rather than partially block G6PC2 activity. This contrasts with G6PC1 where future studies should be designed to identify partial inhibitors given that deletion of G6pc1 in mice results in severe hypoglycemia (365), similar to humans with inactivating mutations in G6PC1, the cause of glycogen storage disease type 1a (202). This also contrasts with G6PC3 where inhibition should be avoided, given that mutations in G6PC2 result in neutropenia (209). 
	While VU0945627 inhibits both G6PC2 in disrupted microsomes (Fig. 5.3) and purified G6PC2 (Fig. 5.12), an analysis of the action of VU0945627 in intact mouse liver microsomes (Fig. 5.8) and in intact bTC-3 cells (Fig. 5.10), surprisingly suggests that it also blocks the G6P transporter SLC37A4 (Fig. 5.11). G6P transport assays would be needed to conclusively support this hypothesis. Previous studies have investigated the potential of SLC37A4 inhibitors to blunt hepatic glucose production but the results were disappointing in that they led to increased hepatic fat accumulation (370–372). While this raises the possibility that G6PC1 inhibitors might also have the same deleterious effect, studies from the Newgard lab show that overexpression of G6PC1 (200, 201) and SLC37A4 (373) have different effects on liver metabolism. In addition, by promoting NADPH generation in the ER lumen, SLC37A4 also influences liver glucocorticoid metabolism independently of G6PC1 (374). Finally, the effects of major SLC37A4 (178, 375) and G6PC1 (202) mutations are not identical because SLC37A4 is ubiquitously expressed (192, 376) and couples with G6PC3 in non-hepatic cells in contrast to G6PC1, which is mainly expressed in the liver, kidney and intestine (174, 192). These observations highlight that, while G6PC1 and SLC37A4 are both critical for G6P hydrolysis, the unique biological functions of these proteins indicate that inhibition of G6PC1 and SLC37A4 will have distinct effects. Therefore, while inhibition of SLC37A4 should be avoided, it cannot be concluded from studies showing negative effects of strong SLC37A4 inhibition that partial inhibition of G6PC1 would also have deleterious effects. As such, the potential value of obtaining partial G6PC1 inhibitors remains high.
	Despite the high amino acid sequence conservation between human and mouse G6PC2, we discovered that, surprisingly, VU0945627 does not inhibit mouse G6PC2 (Fig. 5.7). The latter observation can be explained in part by a change in the amino acid present at residue 318 (Fig. 5.7E). Interestingly, despite VU0945627 not inhibiting mouse G6PC2, docking analyses using PyRx indicate that VU0945627 can bind to four sites in mouse G6PC2 (Fig. 5.13; Table 5.4). Two of these sites are in a similar location to the two sites identified in human G6PC2 (Figs. 5.5 & 5.13). Furthermore, VU0945627 binds mouse and human G6PC2 with similar binding energies (Tables 5.1 & 5.4). An analysis of the VU0945627 binding sites predicted by PyRx in human G6PC2 using mutagenesis supports the validity of the PyRx predictions (Fig. 5.6). Assuming that these PyRx predictions are also valid for mouse G6PC2, the lack of inhibition of mouse G6PC2 activity by VU0945627 implies that VU0945627 can bind mouse G6PC2 but that this binding does not induce a conformational change sufficient to alter activity. These observations highlight a limitation in silico docking analyses and emphasize the importance of in vitro experiments to assess functional interactions.
	In summary, the data presented here suggest that VU0945627 non-selectively targets SLC37A4 and G6PC2 but the information generated and the approaches taken will be useful in the design of future inhibitors that selectively target G6PC2 and/or G6PC1.



Figure 5.12: PyRx Analysis of VU0945627 Docking to the AF2-predicted Structure of Mouse G6PC2. The computational docking of VU0945627 to the AF2-predicted structure of mouse G6PC2 was performed using PyRx. Before docking, the compound was energy minimized by 200 steps using a universal force field (UFF). The global docking was performed to find the most favorable binding site for VU0945627. Docking was performed 10 times and each time 9 conformations are created, generating 90 total VU0945627 conformations. The AF2-predicted structure of mouse G6PC2 with all 90 VU0945627 conformations, visualized using PyMOL, is shown.

Table 5.4: PyRx Analysis of VU0945627 Docking to the AF2-predicted Structure of Mouse G6PC2. The computational docking of VU0945627 to the AF2-predicted structure of mouse G6PC2 was performed using PyRx. Before docking, the compound was energy minimized by 200 steps using a universal force field (UFF). The global docking was performed to find the most favorable binding site for VU0945627. Docking was performed 10 times and each time 9 conformations are created, generating 90 total VU0945627 conformations. The binding energies (kcal/mol) of each conformation in 10 docking runs are shown. Binding energies corresponding to conformations located in site 1 are shown in red, in site 2 are shown in green, in site 3 are shown in yellow, and in site 4 are shown in white. 




CHAPTER VI
SUMMARY AND FUTURE DIRECTIONS

Thesis Summary
	The work described in this dissertation aimed to further elucidate the role of G6PC2 in the beta cell and its regulation of FBG and solidify whether it’s a valid therapeutic target for lowering blood glucose levels. Chapter III of this thesis describes studies that investigated the impact of rare non-synonymous SNPs on G6PC2 protein expression, activity, and human blood glucose levels. Chapter IV describes studies that identified regions of the protein that could be potentially targeted with small molecule inhibitors. Finally, Chapter V describes studies that further characterized a small molecule previously suggested to be a specific inhibitor of G6PC2 (196), though our data suggest this is not the case.
	Previous studies had demonstrated that deletion of G6pc2 in mice resulted in decreased FBG levels (189, 190, 192, 261) and that common non-synonymous SNPs were associated with blood glucose variations in the human population (221, 251, 258, 259). Additionally, previous work suggested that acute pancreatitis may be a potential adverse consequence of G6PC2 inhibition (192). We expanded on this work by investigating the impact of rare non-synonymous G6PC2 SNPs on protein expression, G6Pase activity, and human phenotypes and lab values within the BioVU population (341). Of 22 SNPs tested, we identified 16 that significantly decreased protein expression when plasmids encoding the variants were transiently transfected into 832/13 cells (Figs. 3.3, 3.4, & 3.5). These data are the first, to our knowledge, to show that G6Pase activity can be detected following transient transfection of the islet-derived 832/13 cell line with plasmids encoding human G6PC2 (Fig. 3.6). Previous reports measured G6PC2 activity following baculoviral transduction and transient transfection of the kidney, fibroblast-like COS-7 cell line (196). These previous reports utilized a pcDNA3.1D vector, but our previous attempts at detecting microsomal G6PC2 activity following transient expression of various cell lines with this expression vector had been unsuccessful (159, 188, 194, 195). This may be explained by the fact that Petrolonis et. al. used more than three times the amount of DNA in their transfection protocol (196) than is used in our experiments. Our experiments instead required the use of a modified pJPA5 expression vector, as opposed to the pcDNA3.1D vector, as the former provided much higher protein expression (Fig. 3.1). Using this new vector, we determined that of the six variants that did not decrease protein expression, four resulted in decreased G6Pase activity (Fig. 3.7). This work was able to identify a correlation between SNPs reducing protein expression and/or activity and reductions in FBG in the BioVU human population and did not identify any detrimental phenotypes associated with decreases in G6PC2 function (Table 3.3) (341). Previous data from the lab investigating a common G6PC2 SNP detected an association between this SNP and acute pancreatitis in some populations (192). We hypothesize this association may have been a false positive, given that the SNPs examined here should have a larger impact on G6PC2 function, but future experiments should remain mindful of this concern as G6PC2 is also expressed in the pancreatic acinar tissue, though no changes to acinar morphology were detected in G6pc2 KO mice (192). 
	These data, along with the previous data from the lab (189–193, 226, 261), solidified G6PC2 as a viable therapeutic target for lowering FBG in humans, thereby potentially reducing the risk of conditions associated with elevated FBG, such as T2D, CAM, adverse pregnancy outcomes, and certain types of cancer (2–15). Structural biology aids in rational drug design by allowing visualization of pockets where small molecules can interact and identifying regions critical to enzyme function. Though the structure of human G6PC2 has not been experimentally determined, we are able to visualize the structure of the protein through the use of the AF2 algorithm and extrapolate its predicted location within a simulated membrane based on molecular dynamics (MD) modeling simulations that have been performed with G6PC1 (377). In analyzing the structure, we were able to determine four regions we hypothesized modulated G6PC2 expression and/or activity: a disulfide bond, a phosphatidic acid phosphatase type 2 (PAP2) motif, a substrate cavity, and a cholesterol recognition amino acid consensus (CRAC) motif (Fig. 4.1). 
	We found that mutations that disrupted the predicted disulfide bond, by mutating either or both cysteine residues involved in the bond, resulted in a loss of protein expression in transfected 832/13 cells (Fig. 4.2). Additionally, generation of G6PC2 variants with mutations to the PAP2 motif, where four of the residues are predicted to be directly involved in G6P hydrolysis based on the active site of the related G6PC1 isoform, resulted in a loss of G6Pase activity (Fig. 4.3). We also found that mutation of residues within the substrate cavity that resulted in the new availability of a charged amino acid increased the G6Pase activity of G6PC2 (Fig. 4.4). Furthermore, these mutations altered the affinity for and turnover rate of different sugar phosphate moieties (Fig. 4.5). Finally, we investigated the role of residues that comprised a CRAC motif and found that mutating these residues impacted protein expression and/or activity in a complex way (Fig. 4.6). Using purified protein, we found that two variants of G6PC2, with differing residues at the C-terminal residue of the CRAC motif, showed similar G6Pase activity in the absence of endogenous lipids but differential reductions in activity following purification in the presence of cholesterol hemi-succinate (CHS) (Fig. 4.7). 
	Finally, this thesis sought to characterize a previously identified small molecule VU0945627, previously identified as Compound 3, that was suggested to be a specific inhibitor of G6PC2 (196). Given the sequence identity and structural similarity of G6PC2 and the related G6PC1 and G6PC3 isoforms, we sought to determine the enzyme kinetics of G6P hydrolysis for all isoforms (Fig. 5.2) and how addition of VU0945627 impacted these kinetics (Fig. 5.3). As previously reported, VU0945627 was able to inhibit human G6PC2, but contrary to previous reports, we found that VU0945627 was also able to inhibit human G6PC1 at high concentrations; to our surprise, we found that VU0945627 acts as an activator of human G6PC3 (Fig. 5.3). Of note, if investigated in situ or in vivo, hydrolysis by G6PC3 may be decreased due to the potential inhibitory effects of the compound on the G6P transporter. We next utilized the AF2-predicted structure of human G6PC2 and the PyRx software to visualize where VU0945627 was predicted to interact with G6PC2 (Fig. 5.5). This analysis suggested that VU0945627 could interact with human G6PC2 in two binding pockets, one near the substrate cavity and another near the CRAC motif, which fit with data indicating that VU0945627 inhibited human G6PC2 through a mixed mode of inhibition (Fig. 5.3). We next probed how mutation of amino acids in G6PC2 frequently predicted to interact with VU0945627 impacted the ability of VU0945627 to inhibit G6P hydrolysis and found that mutation of many of these residues decreased the ability of VU0945627 to exert its effects (Fig 5.6). Interestingly, both the L219 and V219 variants were equally inhibited by VU0945627 when expressed in microsomes (data not shown), consistent with observations with the purified proteins (Fig. 5.12), but mutation of this AA to alanine partially reduced the inhibitory effect of VU0945627 (Fig. 5.7C). This suggests either that VU0945627 can interact with a leucine or valine but not alanine at this position or that mutation of AA 219 to alanine induces a conformational change that affects VU0945627 binding elsewhere in G6PC2.
In investigation of intact microsomal membranes from mouse liver, we found that VU0945627 inhibited G6P hydrolysis at lower concentrations than in disrupted microsomal membranes isolated from 832/13 cells (Fig. 5.8); we hypothesized that this could be caused by inhibition of the SLC37A4 transporter in these microsomes. PyRx modeling found that VU0945627 was predicted to interact with SLC37A4 in the putative pore of the channel, suggesting that VU0945627 is also capable of inhibiting this protein (Fig. 5.11). Glucose cycling experiments further validate this, as low VU0945627 concentrations reduce glucose cycling in bTC3 cells, a mouse insulinoma cell line (Fig. 5.10). Our data suggests that VU0945627 does not inhibit mouse G6PC2 (Fig. 5.7A), the isoform that would be present in bTC3 cells endogenously, even at high concentrations, so all effects on glucose cycling are likely due to an inhibition of the SLC37A4 transporter. 
	
Future Directions
	The work described in this dissertation has contributed to the field’s knowledge in several ways. First, it further elucidates the role of G6PC2 in the regulation of FBG. It also identifies several residues in G6PC2 required for proper protein function and reveals mutations that increase activity of the protein. Finally, it suggests several potential protein regions that could be targeted to inhibit G6PC2 and characterizes a previously identified G6PC2 small molecule inhibitor. While these studies validate G6PC2 as a therapeutic target, future studies should aim to experimentally validate the AF2-predicted structure of G6PC2, likely through the use of cryo-EM, and perform in silico and in vitro small molecule screenings to find a compound that specifically inhibits G6PC2. Furthermore, molecular dynamics (MD) simulations should be performed that investigate the hydrolysis of different sugar phosphate moieties by WT and mutant G6PC2, which will provide additional information about the hydrolysis mechanism of the protein. These MD experiments could initially be performed using the AF2-predicted structure but would be more insightful if performed using the experimentally determined structure of G6PC2. Additionally, future studies should investigate potential additional consequences of inhibiting the protein, other than an increase in glycolytic flux, such as changes to ROS generation, cAMP production, or pulsatile insulin secretion. Finally, future experiments should investigate the control strength of the different steps in G6P hydrolysis; this control strength analysis would determine how much each step in the pathway contributes to the overall production of substrate. In this pathway, the analysis would investigate the control strength of transport of G6P into the ER, G6P hydrolysis by G6PC2, and glucose and Pi transport out of the ER. Another future experiment would determine whether other proteins and lipids interact with G6PC2 in vivo to regulate hydrolysis of G6P. 	  
	Experimental validation of the G6PC2 structure: While the AF2-predicted structure of G6PC2 provides an excellent basis for hypothesis generation, it only predicts a single conformation of the protein and all the docking studies described in this thesis were performed using that individual conformation. Not only would experimental determination of the structure of G6PC2 confirm or refute the AF2-predicted structure, but it would also allow for the generation of additional hypotheses, if multiple conformations of the protein were determined, or more precise hypothesis generation, if the resolution was good enough such that side chain orientation was determined. Additionally, determining the structure with the substrate, G6P, bound or with the VU0945627 inhibitor docked would provide critical information about the protein’s mechanism of action. The size of G6PC2—human G6PC2 monomers are ~40 kDa in size—is towards the upper end of what can be determined using NMR spectroscopy. The size of the protein makes x-ray crystallography a good strategy for structural determination, and experiments to crystalize the protein using hanging- or sitting-drop techniques could be performed. However, due to the technical difficulties in obtaining crystals and the fact that x-ray crystallography can only provide one structural state at a time, I instead propose attempting to determine the structure using cryo-EM, despite the fact that the protein is slightly below the suggested minimum size for this method. 
Several approaches could be attempted to overcome the Cryo-EM size limitations of this protein. 1) A plasmid construct could be generated encoding two copies of the human G6PC2 sequence. Given that the N- and C- termini of G6PC2 lie on the opposite sides of the membrane, a transmembrane-linker sequence would need to be constructed between the two copies of the protein. The linker sequence would need to be long enough to allow both copies of the protein to correctly fold and position within a membrane, but not so long as to introduce additional variability in the structural determination. 2) A similar approach could be taken but linking the human G6PC2 structure to the G6P transporter, SLC37A4, as this protein is slightly larger in size (~46 kDa). This approach may have an added benefit of uncovering a protein-protein interaction between these proteins; functional coupling of the proteins has been demonstrated (179), but a physical interaction has not been identified. Preliminary data, based on studies with G6PC1, indicates that this may be a valid strategy, but that considerations regarding the orientation of the proteins will need to be considered. These studies found that the order of these proteins in the fusion construct is important, as a G6PC1-SLC37A4 fusion protein construct retained activity, but that activity was lost in the SLC37A4-G6PC1 fusion protein construct. Activity could be restored in this fusion construct if a transmembrane (TMB) linker was inserted between the proteins to generate a SLC37A4-TMB-G6PC1 construct (Fig. 6.1). 3) A modified version of G6PC2 could be generated that contains a soluble, rigid four-helix apocytochrome b562 (BRIL) which is recognized by a high-affinity anti-BRIL antibody fragments (378). This approach has been successful in serving as a fiducial EM marker previously (379, 380). Preliminary data, based on studies of G6PC1, shows that this construct retains catalytic activity, and thus may be a successful strategy, if the BRIL sequence is inserted in the protein between transmembrane helices 3 and 4. This approach has the added benefit of increasing the exposed protein region, which can aid in particle alignment. 
Determining the structure of human G6PC2, particularly the location of the amino acid side chains, will allow for more precise in silico screening of small molecule potential inhibitors of the protein, which can then be modified with greater accuracy to produce high affinity, potent inhibitors of G6PC2. Additionally, using cryo-EM to determine the structure 

Figure 6.1: Generation of G6PC1-SLC37A4 Fusion Protein Constructs. 832/13 cells were transiently transfected with expression vectors encoding human G6PC1 or human G6PC1-SLC37A4 fusion constructs, as stated, with a C-terminal V5 His Tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Cells were harvested, microsomes were isolated, and G6Pase activity (nmol Pi/min/mg (total protein)) was determined as described in Experimental Procedures 

may provide the structures of several conformational states of the protein which could be exploited in inhibitor design. For instance, a small molecule that binds to an intermediate state of G6P hydrolysis, preventing the enzyme from hydrolyzing additional G6P molecules could be developed.
In addition to determining the structure of the protein, additional future experiments should be used to examine structural features of human G6PC2 as predicted by the AF2 
model, such as an intramolecular disulfide bond. If a high (<4 Å) resolution was achieved with cryo-EM studies, this would show if the side chain residues of these cysteines were in close enough spatial proximity to be consistent with the presence of a disulfide bond; however, other methods, such as mass spectrometry, would be required for confirmation. 
In silico, in vitro, and in vivo small molecule screening: In silico screens to identify additional small molecule inhibitors of G6PC2 could be performed on the AF2-predicted or experimentally determined structure of G6PC2; the latter would provide more accurate information, particularly if several conformations of G6PC2 could be screened. Following in silico screening, Docking studies investigating if the small molecules predicted to interact with G6PC2 also interact with SLC37A4, G6PC1, and G6PC3 should be performed, to preliminarily screen specificity. Docking simulations that place G6PC2 in a simulated membrane environment should also be considered, as the lipids present in vivo may alter the inhibitory potential of the small molecules being analyzed. While PyRx has been used in the studies described in this thesis and could be used for docking analysis in the future, other programs, such as RosettaDock, DiffDock, or SwissDock could also be used, depending on if global or site-directed protein:ligand docking is being performed. Computational tools can also be used to investigate if VU0945627 can be modified to improve its affinity for or increase its specificity towards G6PC2. 
After in silico screening, compounds predicted to inhibit G6PC2 should be synthesized and investigated in in vitro experiments. The Vanderbilt Molecular Design and Chemical Synthesis Center could be used to synthesize these compounds, if they are not publicly available. These in vitro experiments should investigate inhibition following transient transfection of all human G6PC isoforms into INS-1 832/13 cells. The inhibition of all mouse G6PC isoforms should also be determined, as this will inform in vivo studies. Furthermore, inhibition of SLC37A4 should also be assessed utilizing intact versus disrupted microsomes isolated from mouse liver. While inhibition of SLC37A4 and G6PC3 should be avoided, partial G6PC1 inhibitors may also be of therapeutic benefit for individuals with T2D by reducing hepatic glucose production. 
Of note, there have been several previously reported inhibitors of G6PC1. While these inhibitors are unsuitable for clinical trials because complete inhibition of G6PC1 would result in excess glycogen accumulation in the liver, in silico analysis could attempt to modify these compounds to make them selective for G6PC2 instead. This route could be particularly useful if these previously described small molecules have been shown to not inhibit SLC37A4. 
After a compound that selectively inhibits G6PC2, at least as determined by inhibition of G6Pase activity in transiently transfected cells and in intact and sonicated mouse liver microsomes, as described above, the effects of the compound on glucose cycling and GSIS should be measured in human islets. These experiments will ensure that the small molecule compound does not inhibit human SLC37A4, in addition to not inhibiting mouse SLC37A4.
After these in vitro screening experiments have been performed, compounds that selectively inhibit G6PC2 should be investigated in in vivo experiments, likely using mouse models. The precise methodology of these in vivo experiments will depend on the ability of the compounds identified to inhibit the mouse isoforms of the G6PC proteins versus the human isoforms and humanized mouse models may need to be generated. Alternatively, if the mouse isoform is not inhibited, other rodent models, such as guinea pigs, could be explored for use as a model organism if the compound is found to inhibit G6PC2 from that organism. 
	Effects of G6PC2 deletion on ROS generation: Collaborative work between the labs of Richard O’Brien and Jamey Young have shown that glycolytic flux is increased in islets from G6pc2 KO mice compared to WT mice (192) and in bTC3 cells where G6pc2 has been knocked-out using CRISPR/Cas9 gene editing (139). In addition to increasing GSIS (Figs. 1.3 & 1.6), this increased flux through the glycolysis pathway would also be predicted to increase the generation of reactive oxygen species (ROS) (Fig. 1.7). This is theoretically problematic as beta cells are especially sensitive to ROS due to low levels of genes that detoxify the cell, such as superoxide dismutase, catalase, and glutathione peroxidase (381). This increased flux through the glycolysis pathway, and thereby the increase in ROS generation, in KO samples compared to WT samples, however, is contingent upon external glucose levels being the same between the two samples. In vivo under fasting conditions, deletion of G6PC2 results in decreased glucose levels, and thereby we propose that glycolytic flux and hence ROS generation would remain the same in WT and KO samples. 
The concept that G6PC2 levels will not influence ROS production is supported by the observation that GWAS, PheWAS, and LabWAS studies detect an association between G6PC2 and blood glucose levels and between increased blood glucose and T2D risk, but do not detect an association between G6PC2 and T2D risk. If decreased G6PC2 function increased ROS production, one would expect beta cell death to occur at higher rates and an association between G6PC2 SNPs and T2D to be detected. However, one cannot rule out the possibility that an association between G6PC2 and T2D has thus far not been uncovered simply because these genetic studies are not sufficiently powered, particularly given the fact that the risk of developing several conditions is associated with increased fasting blood glucose (e.g., certain cancers, CAM, stroke) and no associations between G6PC2 and any of these conditions have been reported either.
Interestingly, an association between G6PC2 and FBG is observed in individuals without T2D but not in individuals with T2D (192). As such, inhibition of G6PC2 would likely not be a valid treatment for T2D, as it is not likely to lower FBG and thereby decrease any beta cell damage that is occurring. Instead, while G6PC2 inhibition is not predicted to affect ROS generation in beta cells and hence T2D risk, it could be used as a preventative strategy, for conditions other than T2D, by lowering blood glucose levels prior to disease development. 
To test the hypothesis that ROS levels would remain the same regardless of the amount of G6PC2, I propose incubating isolated islets from WT and KO mice in the glucose level observed in vivo, 130 and 109 mg/dL respectively, and then determining the levels of ROS in the islets under these conditions. I would also suggest incubating the KO islets at 130 mg/dL to demonstrate, as proof of principle, that if islets without G6PC2 were exposed to the same elevated glucose level as WT islets, then ROS levels would increase. Several methods are available to measure ROS generation including using a fluorescent probe such as 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) (382) or dihydroethidium (DHE) (383). 
While these experiments would begin to elucidate the impact of G6PC2 loss on beta cell ROS generation under static conditions, they would fail to account for the decrease in glycolytic flux due to the decreased time required to return to euglycemia following a meal. For this reason, it would be ideal to examine ROS generation in vivo in WT and KO mice under fasting and fed conditions. It would also be interesting to examine changes in ROS generations in mice on different diets (i.e., standard chow diet versus high fat diet). To perform these experiments, I would propose injecting WT and G6pc2 KO mice with AAV8-Grx1-roGFP2, an adenoviral vector targeted to pancreatic beta cells that encodes a ROS sensitive fluorescent indicator (384), and performing intravital microscopy to examine basal ROS generation and ROS generation over time following a glucose bolus. Additionally, to address concerns that lack of G6PC2 may increase overall stress on the beta cells making them more susceptible to dysfunction and death, beta cell death could be assessed in WT and G6pc2 KO mice after exposure to conditions expected to stress the beta cell, such as periods of high fat diet feeding. 
Effects of G6PC2 deletion on cAMP production: Increased flux through the citric acid cycle and increased flux through enzymes, such as isocitrate dehydrogenase (IDH), that generate NADPH was also detected following CRISPR/Cas9 deletion of G6pc2 in bTC3 cells, beyond the level that could be explained by the increase in glycolytic flux (139). This increased NADPH generation can lead to enhanced insulin release by reducing glutathione, leading to activation of glutaredoxin, which reduces and activates sentrin/SUMO-specific protease 1 (SENP1) (117, 144). SENP1 mediates insulin exocytosis by removing SUMOylation, a post-translational modification, from proteins that traffic insulin secretory granules to the plasma membrane, resulting in increased movement of these granules (118). In addition to generating NADPH levels, IDH also produces CO2 as a biproduct. Some studies have shown that adenylyl cyclase, an enzyme that converts ATP to cyclic AMP (cAMP), is activated by increases in CO2 concentration (385). This stimulation by CO2 is likely due to a conversion of CO2 to HCO3-, which has been implicated in the stimulation of adenylyl cyclase in several cell types (386–388), though not specifically in any islet cell type. By activating adenylyl cyclase and increasing the concentration of cAMP, one may expect increased CO2 production in beta cells to have similar beneficial phenotypes as are observed with GLP-1 and GIP agonists, which also work by stimulating adenylyl cyclase. In other words, increased CO2 production from increased IDH activity may lead to potentiated GSIS. This hypothesis fits with the observation that, in G6pc2 KO cells, GSIS is enhanced two fold in the presence of 5 mM glucose beyond what would be expected from the effects observed on glycolysis and glucose cycling (139). Thus, future studies should investigate the effects of CO2 on adenylyl cyclase activity in beta cells, specifically, and measure the levels of cAMP and CO2 within WT and G6pc2 KO beta cells.
Effect of G6PC2 on pulsatile insulin secretion: Experiments investigating cAMP generation are particularly interesting because cAMP is also thought to play a role in the regulation of pulsatile insulin secretion through activation of PKA, Epac2, and Rap1 (389). Several confounding pieces of data investigating the impact of regulating G6PC2 expression suggest that G6PC2 may have a role in regulating pulsatile GSIS in addition to glycolytic flux. For instance, studies investigating common G6PC2 SNP, rs560887 have identified an association between the A-allele of this SNP and reduced hepatic glucose production and reduced plasma insulin levels 30 minutes after an oral glucose tolerance test (390, 391). These findings are unexpected as G6PC2 is expressed at only trace levels in the liver and therefore should not impact hepatic glucose production. Additionally, the G6PC2 rs560887-A allele results in reduced G6PC2 expression which, based on our proposed model, would result in increased insulin levels, not decreased as observed (190, 392). Additionally, enhanced insulin action caused by enhanced pulsatile GSIS could explain why decreased amino acid levels are observed in the plasma of G6pc2 KO mice compared to WT mice (393), as increased insulin action would enhance amino acid uptake and protein synthesis (394). Therefore, we propose that decreased G6PC2 expression enhances pulsatile GSIS, which is more efficacious than non-pulsatile insulin secretion, thereby improving the repression of hepatic glucose production by insulin and reducing the overall level of insulin secretion. In contrast, when G6PC2 expression is elevated, the opposite effects on pulsatile GSIS, hepatic glucose production, and insulin levels would be observed. 
To examine the role of G6PC2 on pulsatile GSIS, rapid sampling of chronically catheterized conscious mice following a mild hyperglycemic clamp could be performed in WT and G6pc2 KO mice (395, 396). The same methodology could be used to quantify hepatic glucose production if metabolic tracers were used (396). Of note, calcium levels have been previously shown to impact pulsatile insulin secretion (397) and we cannot rule out that the level of G6PC2 impacts cytosolic calcium levels, which is resulting in the effects observed. Changes in calcium levels in WT and G6pc2 KO mice could be monitored by injecting mice with AAV8-INS-GcAMP6s, an adenoviral vector targeted to pancreatic beta cells that encodes a calcium sensor (384), and calcium levels could be measured with intravital microscopy following a glucose bolus in a similar experiment to measuring ROS levels described above. 
Investigation of the control strengths of proteins involved in G6P hydrolysis: Several studies have explored the relationship between the G6P transporter and G6PCs attempting to determine the control strength of each step of G6P hydrolysis, namely transport of G6P into the ER lumen, hydrolysis of G6P, and transport of glucose and Pi out of the ER lumen. In rat hepatocytes, overexpression of G6PC1 (200, 201) or G6PT (373) using adenovirus is sufficient to increase G6P hydrolysis. Previous overexpression studies in COS-1 cells, show that overexpression of both G6PT and G6PC1 or G6PC3 increase G6P uptake, but overexpression of either individually has no effect (179). These overexpression studies show that protein levels are increased, but do not necessarily confirm that the overexpressed proteins are properly folded, trafficked to the correct location, or all have activity. Additionally, these studies do not account for any changes to ER stress that may occur due to overproduction of these proteins. These studies suggest that the reaction controlling the rate of G6P hydrolysis may be cell type specific, possibly dependent on the relative expression levels of the G6P transporter and catalytic subunit.
To begin to explore the control strength of G6PC2 on this pathway, I will take advantage of the mutations identified in this these that increased the rate of G6P hydrolysis. I propose introducing these mutations using CRIPSR/Cas9 gene editing in bTC3 cells and then performing metabolic flux analyses to explore how these gain of function mutations in G6PC2 impact glucose cycling. By using CRIPSR/Cas9 gene editing instead of overexpressing the protein, we eliminate the confounding factor that overexpression of the protein increases ER stress and that is responsible for the observed effects (398). If these gain of function mutations do not alter glucose cycling, this would suggest that transport of G6P into the ER lumen, or transport of glucose and Pi out of the lumen, have a greater control strength than G6P hydrolysis. If these gain of function mutations increase glucose cycling, this would suggest that hydrolysis of G6P by G6PC2 has the greater control strength. These experiments could be supplemented with studies looking at the impact of gain of function mutations to SLC37A4 on the pathway as well.  
	Investigation of proteins that interact with members of the G6PC subfamily: To date, studies have not identified any proteins that directly interact with any member of the G6PC family of proteins. However, data investigating the stability of G6PC1 and G6PC2 following cycloheximide treatment, a drug that blocks protein translation, in islet-derived 832/13 or hepatocyte-derived HepG2 cells transiently transfected with these proteins shows variable stability. Figure 6.2A indicates that in the hepatoma cell line, where endogenous G6PC1 expression is high, G6PC1 has increased stability; however, G6PC2 has increased stability in the insulinoma cell line. While endogenous G6PC1 is also present in the hepatoma cell line, the stability of this endogenous protein is not measured. This differential stability following transfection suggests that there are cell type specific factors impacting the stability of these proteins. 
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Figure 6.2: Stability of Human G6PC1 and Human G6PC2. 832/13 or HepG2 cells were transiently transfected with pJPA5 expression vectors encoding human G6PC2 or human G6PC1 with a C-terminal V5 His Tag. Following transfection, cells were incubated for 18–20 h in serum-containing media. Media was aspirated and fresh media supplemented with 17uM cycloheximide was added. Cells were incubated for the time indicated and subsequently harvested. Protein expression was assessed using an anti-V5 antibody and equal protein loading was confirmed by measurement of actin expression, as described in Experimental Procedures, and plotted relative to expression after 0 hours of cycloheximide treatment (A). Lines were fit to the showing the reduction in G6PC expression using R (B). G6Pase activity (nmol/min/mg) after cycloheximide treatment for hG6PC2 in 832/13 cells or hG6PC1 in HepG2 cells was determined as described in Experimental Procedures (C). Relative Activity, as graphed, was determined as described in Experimental Procedures. * = p < 0.05 compared to 0 hours.

To investigate other proteins that may interact with the G6PC family members, I propose that performing pull-down analyses on G6PC1 and G6PC2 in both the 832/13 insulinoma cell line and the HepG2 hepatoma cell line. To do this, His-tagged G6PC proteins will be transfected into the different cell types. These can then be pulled-down using a Ni-NTA column. A gel can then be run, and silver stain used to detect the presence of other proteins that were pulled-down with the G6PC protein–a Coomassie stain could also be used but would be less sensitive than a silver stain. The additional bands present on the gel could be cut out of the gel and sent for identification by mass spectroscopy.  This would be particularly important for bands that were significantly higher in one cell type or with one G6PC isoform as compared to another, thereby potentially explaining the correlations seen in the cycloheximide stability experiments.
One confounding factor in analyzing these results is that the activity of microsomal membranes obtained after cycloheximide treatment was also investigated (Fig. 6.2C) and an increase in relative activity was observed as protein expression decreased. This suggests that at least some of the protein being lost, as detected by Western blotting, is either improperly folded or non-functional protein. This highlights one limitation of overexpression experiments using transient transfection. This non-active protein may identify protein interactions that do not occur with active, properly folded protein and thus any potential protein interactions should be validated. If an antibody that recognizes the interacting protein is available, coimmunoprecipitation could be used to confirm that protein binds G6PC1 or G6PC2. This should be done using non-transfected culture cells that express both the G6PC of interest and the identified protein or using homogenized tissue that expresses the G6PC of interest (i.e. liver or islet). Alternatively, a yeast-2-hybrid screen could be done to confirm the interactions obtained in the transient transfection overexpression system. Finally, in silico investigation of protein-protein interactions could also be performed to further validate that the identified proteins are interacting with the properly folded G6PC1 or G6PC2 proteins. 
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