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Abstract 

Title of Dissertation: Regulation of Glucokinase in Pancreatic Beta Cells 

Kendra Seckinger, Doctor of Philosophy, 2018 

Dissertation Directed by: Mark A. Rizzo, Associate Professor, Department of Physiology 

Glucose homeostasis is a tightly coordinated process that ensures an adequate source 

of cellular energy. Blood glucose concentrations are coupled to changes in activity of 

glucokinase (GCK) in β-cells of the pancreas. GCK acts as the glucose sensor and is 

responsible for the phosphorylation of glucose that leads to insulin secretion from the 

pancreas to constrain glucose concentrations within physiologic levels. However, the 

underlying mechanistic details explaining how GCK maintains this tight control over 

glucose metabolism are unclear. First we elucidated the role of intracellular Ca2+, 

particularly Ca2+ mobilized from the endoplasmic reticulum, in GCK activation. We then 

investigated the cellular regulation of GCK through post-translational S-nitrosylation. 

Finally, we assessed changes in GCK activity that occur during the development of 

diabetes. To quantitatively assess this GCK activity in vitro, we used Förster resonance 

energy transfer (FRET) spectroscopy, fluorescence microscopy and GCK biosensors 

expressed in cultured pancreatic β-cells and primary mouse islets. This work describes 

our homotransfer FRET-GCK biosensor and improved data analysis methodology to 

understand the cellular regulation of GCK activity. To create the homotransfer biosensor, 

we attached two mVenus fluorescent proteins to GCK and transfected this single-color 

biosensor into cultured β-cells. We used the inherent polarization of light in combination 

with FRET principles to precisely measure GCK activation in living cells under various 

conditions.   
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Chapter 1. Introduction1 

Glucokinase: the glucose sensor of the β-cell 

Glucose is a major source of energy for cells and is necessary for proper cell 

function. Following a meal, there is an acute rise of glucose in the blood that stimulates 

insulin release from the pancreas. Glucose is the essential stimulus for insulin secretion 

from β-cells, which acts on fat and muscle in particular, to stimulate uptake of glucose or 

storage as glycogen. During glucose stimulated insulin secretion (GSIS) (Fig. 1.1), 

glucose is rapidly transported into the β-cell via the GLUT2 transporter where it is 

phosphorylated to glucose-6-phosphate by the key enzyme glucokinase (GCK). Glucose 

metabolism leads to a subsequent increase the ATP/ADP ratio which closes ATP-

sensitive K+ channels and depolarizes the cell membrane allowing an influx of Ca2+ 

through voltage-gated Ca2+ channels. The rise in intracellular Ca2+ stimulates insulin 

granule trafficking to the membrane and secretion of insulin into the blood.  

Normal blood glucose levels are tightly regulated and kept between 4-7 mM (1). 

In the fasted state when glucose levels are low, gluconeogenesis is stimulated in the liver. 

Conversely in the postprandial state when blood glucose levels are high, insulin is 

secreted from the pancreas to maintain normoglycemia. Of particular interest, GCK is 

responsible for the precise maintenance of blood glucose levels because its activity is 

rate-limiting for GSIS and is therefore, known as the glucose sensor. 

GCK is a unique hexokinase isozyme because it has a much lower affinity for 

glucose (S0.5 ~ 7-8 mM) than other hexokinases that are saturated at physiologic glucose  

                                                
1. Portions of this chapter are published in Snell, NE, Rao, VP, Seckinger, KM, Liang, J, 
Leser, J, Mancini, AE & Rizzo, MA. (2018). Homotransfer FRET Reporters for Live Cell 
Imaging. Biosensors, 8(4), 89.	
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Figure 1.1. A schematic of glucose stimulated insulin secretion in the β-cell.  
This figure is reproduced with permission from (2), Copyright Massachusetts Medical 
Society.  
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levels and has a high Km that matches plasma glucose concentrations (3, 4). This is 

important because extracellular glucose levels and glucose levels within β-cells rapidly 

equilibrate when blood glucose levels fluctuate (5, 6). GCK also links the blood glucose 

concentration to the rate of insulin secretion (7). When GCK expression is increased, the 

amount of glucose metabolism also increases proportionally (8). Perhaps the most unique 

aspect of GCK is that it displays sigmoidal rather than hyperbolic dependence on glucose 

concentration. β-cells are unique in that glycolysis is controlled primarily by GCK 

activity (9). This is most powerfully demonstrated through molecular genetics, where 

GCK mutations that perturb GCK activity show a quantitative relationship with blood 

sugar levels in humans (10).  

Maturity Onset Diabetes of the Young, GCK subtype 

Mutations in the GCK gene can result in two different forms of diabetes, maturity 

onset diabetes of the young, GCK subtype (GCK-MODY) (11) and a severe type of 

diabetes that presents at birth called permanent neonatal diabetes (PND) (12). PND, a 

recessive disorder, can be caused by homozygous or compound heterozygous inactivating 

GCK mutations and requires insulin treatment within the first month of life (13). GCK-

MODY is an autosomal dominant subtype of diabetes characterized by early onset and 

mild chronic hyperglycemia (14). On the other hand, heterozygous activating GCK 

mutations cause hyperinsulinemic hypoglycemia (15). These activating mutations cause 

GCK activation at lower than normal glucose concentrations leading to improper insulin 

secretion and hypoglycemia that demonstrates the essential role of GCK for normal 

GSIS.  
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Mild hyperglycemia is present at birth, but because of the mild symptoms, GCK-

MODY is not usually diagnosed until late adolescence (16).  MODY patients have an 

impaired glucose response in ! -cells and increased postprandial hepatic glucose 

production (17, 18). In GCK-MODY, the GSIS mechanism remains functional, but the 

glucose threshold is shifted to the right requiring increased plasma glucose levels to 

stimulate insulin secretion (19). However, blood glucose levels may not reach levels high 

enough to be within the diabetic range. Additionally long-term studies indicate that GCK-

MODY patients do not experience the same complications as in T2D; therefore, the 

standard recommendation for GCK-MODY treatment is actually no treatment (18). 

The majority of monogenic diabetes genes are ! -cell genes (20). Linkage analysis 

studies in large, primarily Caucasian, families led to the discovery of the first MODY 

gene encoding GCK in the early 1990s (16, 21). Other genes that cause other subtypes of 

MODY include those that encode insulin (22), the two KATP channel subunits, Kir6.2 

(23) and SUR1 (24, 25), peroxisome proliferator-activated receptor (PPAR)! (26) and the 

insulin receptor (27). However, the four most common genetic causes are those that affect 

GCK (28), hepatic nuclear factor 1 alpha (HNF1A) (29), hepatic nuclear factor 4 alpha 

(HNF4A) (30), and hepatic nuclear factor 1 beta (HNF1B) (31). GCK-MODY is the 

second most prevalent subtype and accounts for approximately 30-50% of MODY cases 

(32). Although GCK-MODY is one of the most common subtypes, it is also likely to be 

under-recognized due to its asymptomatic presentation. 

Since its initial discovery as a MODY gene, more than 600 different GCK 

mutations, including missense, non-sense, and splice site mutations, have been identified 

in >1,400 families (33). The vast majority of these mutations are inactivating and result in 
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chronic hyperglycemia (>5.5 mol/L of glucose) (34). There is no Òhot spotÓ of mutagenic 

activity; rather GCK mutations can occur in the glucose-binding pocket, in either the 

large or small domain, as well as in the hinge region connecting the two domains (33, 

35). These domains in GCK are depicted in Fig. 1.2A. Different types of GCK mutations 

can affect different types of metabolic diseases. Activating mutations tend to be located in 

the allosteric binding site (also in the hinge region connecting the large and small 

domains) and cause hyperinsulinemia (36, 37). Relatively small kinetic changes in GCK 

can have a significant impact on insulin secretion (38). For example, the G264S mutation 

raises the threshold for GSIS and causes diabetes with only a 5% reduction in GCK 

activity compared to non-diabetic individuals (39).  

Some GCK-MODY mutants are known to inhibit GCK enzyme kinetics, reduce 

its stability, or increase GCK turnover (28). However, there are also diabetes-causing 

mutations that contribute to the diabetic pathogenesis and lack these characteristics. 

V367M and C371S have no obvious defect in their glucose phosphorylation kinetics (10, 

40, 41); they do, however, prevent nitrosylation of GCK and reduce association with 

neuronal nitric oxide synthase (nNOS) in vitro (42, 43). Of particular interest, one of 

these nitrosylation-preventing mutations (C371R) has been discovered as GCK-MODY 

culprit in a 14-year-old patient (40) demonstrating the importance of post-translational 

nitrosylation in normal GCK regulation in humans.  

GCK model of cooperativity 

GCK’s unique enzymatic properties facilitate β-cell glucose sensing and provide 

amechanism for enhanced glucose metabolism when blood sugar levels rapidly  
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Figure 1.2. GCK structure and conformations. (A) Closed form of the GCK structure 
complexed with glucose (red, ball-and-stick model) and compound A (yellow, ball-and-
stick model). Compound A binds GCK in the allosteric binding site. The two domains are 
connected by connecting region (green). (B) Super-open form of GCK depicting the 99° 
opening between the large and small domains. This figure is reprinted from (35), with 
permission from Elsevier © 2004. 
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increase after a meal. GCK is a 50 kDa monomer that shows sigmoidal kinetics with 

respect to glucose, with a Hill coefficient of ~1.7-1.8 (44). GCK is able to maintain strict 

control over insulin secretion because of its low affinity for glucose (S0.5 ~7-8 mM) (44). 

The crystal structure of GCK has been identified in the glucose free, Ôsuper-openÕ 

conformation and bound to glucose and a GCK activator in the ÔclosedÕ conformation 

(Fig. 1.2) (35). However, the crystal structure of GCK bound to glucose alone has not 

been resolved as of yet, and the molecular basis underlying positive cooperativity for 

glucose is unclear.  

Recent studies propose the non-allosteric cooperativity arises from a type of 

Ôkinetic cooperativityÕ, in which glucose induces conformational changes in GCK in a 

multi-step process (Fig. 1.3) (45, 46). In this model, glucose-free GCK exists in a 

partially unfolded Ôsuper-openÕ, inactive conformation (35). Association with glucose 

stabilizes the small domain leading to the adoption of potential intermediate 

conformational states, one of which is thought to be catalytically more efficient. In 

addition to the super-open and closed forms (35, 47), it is proposed that GCK has an 

additional form wherein glucose is not bound, but the small domain of GCK is ordered 

and resembles the open form of other hexokinases (35). In this mnemonic model, GCK 

ÒremembersÓ its active conformation and is primed to bind glucose more rapidly than if it 

was completely open and disordered (48).  

 It is less clear, however, whether glucose drives similar conformational transitions 

in living cells. The GCK conformational states that have been identified ex vivo generally 

occur under conditions (0-200 mM of glucose) (48) that lie far outside the ~4-10 mM 

physiologic range. Further, GCK regulation in ! -cells is complicated by the existence 
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Figure 1.3. Kinetic model of GCK activation.Glucokinase appears to exist in three 
conformations and to have two catalytic cycles. This figure is reprinted from (35), with 
permission from Elsevier © 2004. 
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of post-translational regulatory mechanisms (42), GCK binding partners (49), as well as 

hormonal influences (50). In order to investigate the regulation of GCK in living cells, we 

developed a GCK biosensor to quantify GCK activity using fluorescence microscopy.  

Introduction to FRET 

Fluorescent proteins (FPs) form the backbone of modern intracellular biosensors. 

Genetic encoding permits utilization of the natural protein expression machinery to allow 

cell-type specific labeling, even in whole organisms. Fusion to biosensing protein 

domains also enables reporting of dynamic subcellular events, such as changes in second 

messenger concentrations or post-translational modifications. These biosensors are 

designed to modulate either the intensity of a single fluorescent protein or energy transfer 

between two different fluorophores. The two fluorescent protein design-strategy relies on 

transferring energy from the excited state of the donor fluorescent protein to the 

unexcited acceptor fluorescent protein, which is then free to emit a photon. Energy 

migration proceeds through the Fšrster resonance energy transfer (FRET) mechanism. 

Importantly, FRET efficiency is highly sensitive to both separation distance and relative 

orientation of the FRET pair (51–53). Distance changes as small as one nm can 

substantially affect the observed amount of energy transfer (54, 55). Thus, FRET is 

especially well-suited for reporting the protein conformation changes that occur during 

biosensor activation. 

Differently colored donor and acceptor fluorophores are typically incorporated 

into FRET-based biosensors (56, 57). Such heterotransfer FRET designs use a blue-

shifted donor, such as a cyan fluorescent protein (CFP), paired with a red-shifted acceptor 

like a yellow fluorescent protein (YFP). FRET can then be quantified by exciting the 
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donor and measuring the ratio of donor and acceptor fluorescence. While this strategy has 

proven robust, the broad spectra of fluorescent proteins can limit some applications. First, 

it is difficult to pair two-color sensors with secondary sensors or optical tools like the 

channelrhodopsins (ChR). Second, both the donor and acceptor emission spectra of the 

FRET pair overlap thereby hindering quantification and requiring the use of special 

illumination conditions to avoid crosstalk (58) or corrective algorithms to account for 

bleed-through of the donor fluorescence into the acceptor channel (59–61).  

Both of these issues can be resolved by re-engineering two-color sensors to 

incorporate fluorescent proteins of the same color. FRET between two identical 

fluorescent species, known as homotransfer, was first observed in the early 20th century 

(62, 63), well before the application of two-color FRET to experimental biology in the 

late 1960Õs (54). Thus, the principles of FRET theory, including the dependence of energy 

transfer efficiency on the separation distance and relative orientation of the FRET pairs, 

were first derived from homotransfer measurements between fluorescein molecules in a 

concentrated glycerol solution (64, 65). 

Measurement of homotransfer FRET requires the use of polarized light to 

separate photons from the donor and acceptor fluorophores (66, 67). Polarization 

microscopy is particularly beneficial for quantification because it can be measured much 

more precisely than fluorescence intensity (66, 68–71).  

Photoselection during fluorescence illumination 

Fluorescence illumination must first be linearly polarized to measure 

homotransfer FRET. Light waves have oscillating electric and magnetic fields that arise 

perpendicularly to each other. The extent that an electric field oscillates with spatial 
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uniformity is its polarization. The modern convention is to describe planar polarization 

relative to the orientation of light's electric field. Linear polarizers that restrict the electric 

fields to a single direction (Fig. 1.4A) are the primary type used for polarization 

microscopy. 

Absorption of light by organic fluorophores is selective for specific light 

polarizations (72). Since light absorption involves physical displacement of an electron 

from one orbital to another, it is highly dependent on the geometry of the photon's electric 

field in addition to its energy. Thus, illumination of a solution of randomly oriented 

fluorophores with polarized light will only excite a small subset of molecules that can 

accommodate the orientation of the light wave. This phenomenon is known as 

photoselection (Fig. 1.4B) (73). 

The extent that emission retains its polarization during photoselection is a function of 

how quickly the dye can rotate during the lifetime of the excited state. Fluorescence 

lifetimes generally last a few nanoseconds. Small fluorophores in aqueous solutions, such 

as fluorescein, have rotational diffusion times in the hundreds of picoseconds. Extensive 

movement during the excitation state produces essentially isotropic fluorescence (i.e., 

photons of any geometry) indicated by a loss of measurable polarization. Large 

fluorescent proteins, on the other hand, rotate much more slowly and have rotational 

diffusion times roughly 10-fold greater than their fluorescence lifetimes (74–76). 

Consequently, they don't move much during the fluorescence cycle, and the measured 

polarization of emitted photons is very close to the photoselection plane. Fluorescent 

protein fluorescence, is thus, highly anisotropic. 
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Figure 1.4. Principles of polarized microscopy. (A) Plate polarizers are used to 
constrain the illumination light to a single orientation. (B) Polarized light can only 
stimulate absorption in fluorophores with compatible molecular geometries. (C) 
Fluorescent proteins illuminated with polarized light will emit light in the same 
polarization plane. Photons emitted from FRET excited fluorophores come from alternate 
orientations, depolarizing fluorescence as a function of FRET efficiency. 
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The constraint placed by molecular size on fluorescent protein anisotropy is so 

strong that the only practical method to depolarize fluorescence is to transfer energy to a 

second molecule outside the photoselection plane through FRET (Fig. 1.4C). Further, the 

amount of depolarization observed is strongly proportional to the amount, i.e., efficiency, 

of FRET. For example, shortening the distance separating two tandem fluorescent 

proteins increases depolarization through enhanced FRET (58, 76). The theory 

underlying these experimental observations is quite sound, as it was this relationship 

between depolarization and fluorophore distance/orientation that led to the discovery of 

FRET and derivation of the Fšrster equation (64, 65).  

Steady-state polarization measurements  

Widefield systems can be configured for steady-state fluorescence polarization 

microscopy by addition of plate polarizers into the optical pathway (70, 77). An 

excitation polarizer can be placed between the light source and the fluorescence filter 

cube. After the emitted light passes through the fluorescence filter cube, images 

containing parallel (P) and perpendicular (S) components may be simultaneously 

collected with a single camera using an image-splitting device.  

Double-fluorophore biosensors 

The most straightforward method for constructing a homotransfer reporter is to 

convert a validated heterotransfer biosensor by swapping out the fluorescent proteins for 

a homotransfer pair. Calcium biosensors were among the first converted to homotransfer 

(76, 78), but several others have since been adapted (Table 1). Biosensors of varied 

design have been successfully converted to homotransfer reporters, demonstrating the 

robustness of the approach. Classic ‘molecular switch’ type sensors, such as the AKARs 
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that contain both external sensing domains and internal effector-binding domains, have 

been converted to homotransfer reporters in four different colors (76). Sensors that report 

changes in a full sequence protein, like myosin light chain kinase (MLCK) (76) or GCK 

(79), have also been successfully converted to homotransfer sensors. The superior 

performance of mVenus variants in homotransfer reporters is likely related to the 

fluorescence properties of mVenus, which is both an excellent FRET donor because of its 

high quantum yield and a superb FRET acceptor because of its high extinction coefficient 

(80).  

  



 15 

Sensor Color Reference 
PKA (AKAR)  CFP, YFP, GFP, mCherry (76) 

cAMP (ICUE3) YFP (76) 
Calcium (Cameleon) CFP, YFP, mCherry (76, 78) 

Calcium (Twitch-4) YFP (81) 
ER Calcium (D1) CFP (76) 

MLCK  YFP (76) 
PKC (CKAR) CFP, YFP, mCherry (76) 

MAPK (EKAR) CFP, YFP, mCherry (76) 
Glucokinase YFP (79) 

 

Table 1. Double-Fluorescent Protein Homotransfer Reporters. 
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Chapter 2. Regulation of glucokinase by intracellular calcium levels in pancreatic β-

cells1 

Abstract 

Glucokinase (GCK) controls the rate of glucose metabolism in pancreatic β-cells, 

and its activity is rate-limiting for insulin secretion. Post-translational GCK activation can 

be stimulated through either G protein-coupled receptors or receptor tyrosine kinase 

signaling pathways, suggesting a common mechanism. Here we show that inhibiting Ca2+ 

release from the endoplasmic reticulum (ER) decouples GCK activation from receptor 

stimulation. Furthermore, pharmacological release of ER Ca2+ stimulates activation of a 

GCK optical biosensor and potentiates glucose metabolism, implicating rises in 

cytoplasmic Ca2+ as a critical regulatory mechanism. To explore the potential for glucose-

stimulated GCK activation, the GCK biosensor was optimized using circularly permuted 

mCerulean3 proteins. This new sensor sensitively reports activation in response to 

insulin, glucagon-like peptide 1, and agents that raise cAMP levels. Transient, glucose-

stimulated GCK activation was observed in βTC3 and MIN6 cells. An ER-localized 

channelrhodopsin was used to manipulate the cytoplasmic Ca2+ concentration in cells 

expressing the optimized FRET-GCK sensor. This permitted quantification of the 

relationship between cytoplasmic Ca2+ concentrations and GCK activation. Half-maximal 

activation of the FRET-GCK sensor was estimated to occur at " 400 nM Ca2+. When 

expressed in islets, fluctuations in GCK activation were observed in response to glucose, 

and we estimated that posttranslational activation of GCK enhances glucose metabolism 

                                                
1 This chapter is published in Markwardt, ML, Seckinger, KM, & Rizzo, MA. (2016). 
Regulation of glucokinase by intracellular calcium levels in pancreatic beta cells. Journal 
of Biological Chemistry, 291, 3000-3009.	
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by " 35%. These results suggest a mechanism for integrative control over GCK activation 

and, therefore, glucose metabolism and insulin secretion through regulation of 

cytoplasmic Ca2+ levels. 

Introduction 

Coupling between blood glucose levels and β-cell metabolism is achieved first by 

efficient glucose transport into the β-cell and second by the complex enzymatic properties 

of GCK. Under sufficiently high glucose concentrations in vitro, GCK undergoes a 

conformational shift that accelerates its activity and gives it a non-allosteric sigmoidal 

dependence for glucose (48). In cells, enhanced GCK activity can be achieved through 

cysteine S-nitrosylation via reaction with NO (42) or by interaction with the 

phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK2) bifunctional enzyme (82, 

83). Our laboratory has extensively characterized the regulation of GCK by the NO 

pathway, describing roles for GCK S-nitrosylation in human diabetes (84), incretin 

hormone signaling (50), and regulation of GCK protein levels (43). 

Regulation of GCK by NO proceeds through the neuronal-type NOS (43, 85, 86). 

Prior to activation, GCK associates with NOS dimers on secretory granules (86). S-

nitrosylation of GCK leads to release of the activated GCK into the cytoplasm. Notably, 

NO production by this NOS variant requires association with Ca2+-calmodulin (87–89), 

which completes the electron transport chain and leads to l-arginine catalysis and 

generation of NO. In islets, NOS activation can dynamically respond to Ca2+ oscillations 

(90), but whether this dynamic behavior can couple to GCK activation is unknown. 

Furthermore, the nature of the Ca2+ signals that lead to GCK activation are unknown. 

Given that the Ca2+ environment in β-cells is highly dynamic (91), understanding the 
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precise nature of the signals that lead to GCK activation is important for understanding 

the physiologic context of GCK regulation. This study employs an optical biosensor 

approach to quantify the nature of the relationship between cytoplasmic Ca2+ levels and 

GCK activation in living β-cells. 

We have noted previously that two different signaling systems can stimulate 

GCK S-nitrosylation: insulin (42, 85), which signals through receptor tyrosine kinases 

and insulin receptor substrate-facilitated pathways (92), and glucagon-like peptide 1 

(GLP-1) (50), which signals primarily through Gs protein-coupled receptors (93). 

Notably, GCK activation can proceed even in the absence of extracellular Ca2+ influx or 

even glucose (85). Given the essential requirement for Ca2+ in neuronal NOS activation, 

we hypothesized that mobilization of the intracellular Ca2+ pool, specifically the ER pool, 

mediates receptor-mediated GCK activation. 

Methods 

Reagents 

DNA preparation kits were from Qiagen. DNA primers were from Integrated 

DNA Technologies. Chemicals were from Sigma-Aldrich unless noted otherwise. 

Cell Culture 

βTC3 cells (from Ref. (85)) and primary islets from 6- to 12-week-old male 

C57/BL6 mice were cultured and prepared for microscopic observation as described 

previously (84). All animal care procedures received institutional approval in accordance 

with federal guidelines. MIN6 cells (from Ref. (94)) were cultured in DMEM with 4.5 

g/liter glucose, L-glutamine, and sodium pyruvate (Cellgro) supplemented with 10% fetal 

bovine serum (ThermoFisher); 4 µl/liter β-mercaptoethanol; and 1% penicillin-
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streptomycin solution (HyClone). INS1E cells (from Ref. (95)) were cultured as 

described previously (95). Transfections were performed using LipoD293 from SignaGen 

Laboratories according to the instructions of the manufacturer. For fura-2 studies, cells 

were labeled with 2 µM fura-2 acetoxymethyl ester (40 min, 37 °C) (Invitrogen) prior to 

washing and experimentation. 

Vector Preparation  

Circularly permuted mCerulean3 (mCer3) (96)  variants were created using the 

four-primer PCR method, with the GGSGG linker sequences encoded by sense (s) primer 

5′-T GGC AGC GGT GGC ATG GTG AGC AAG G-3′ and antisense (as) primer 5′-CC 

ACC GCT GCC A CC CTT GTA CAG CTC G-3′. These were used in conjunction with 

the following end primers to generate fragments of the appropriate length: cp49, 5′-TTT 

A CCG GTC CGC ACC ATG ACC ACC GGC AAG-3′ (s) and 5′-CCC AGA TCT GAG 

TCC GGA GCA GAT GAA CTT CAG GG-3′ (as); cp157, 5′-TTTA CCG GTC CGC 

ACC ATG CAG AAG AAC GGC-3′ (s) and 5′-CCC AGA TCT GAG TCC GGA CTT 

GTC GGC GGT-3 (as); cp173, 5′-TTT ACC GGT CGC CAC CAT GGA CGG CAG 

CGT G-3′ (s) and 5′-CCC AGA TCT GAG TCC GGA CTC GAT GTT GCA GTT GC-3′ 

(as); cp195, 5′-TTT A CCG GTC CGC ACC ATG CTG CCC GAC AA-3′ (s) and 5′-

CCC AGA TCT GAG TCC GGA CAG CAC GGG GC-3′ (as). N- and C-terminal 

fragments were linked and amplified by PCR prior to insertion into derivative pQE9 and 

C1 vectors using AgeI and BglII restriction sites (58). Subsequent cloning into FRET-

GCK (85) from C1 vectors was accomplished using NheI and BglII restriction sites. The 

sequences were confirmed by DNA sequencing (Genewiz). Generation of recombinant 

proteins and spectroscopic characterization were performed as described previously (96). 
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The ER-localized channelrhodopsin (ChR)-mCherry-ER construct was created by fusing 

the ER retention sequence from pER-ECFP (Clontech) to the C terminus of 

hChR2(H134R-mCherry (97) using BsrGI and XbaI restriction sites. 

Adenoviral vectors were constructed by subcloning the FRET-GCK biosensor 

coding sequence into an existing pAdTrack-CMV vector. Viruses were then generated by 

the Mid-Atlantic Nutrition Obesity Research Center core facility using the AdEasy 

system (98). 

Fluorescence Microscopy 

FRET imaging and NADH/NADPH (collectively referred to as NAD(P)H) 

autofluorescence assays were performed using confocal/two-photon microscopy (84) or 

wide-field microscopy (50) methods as indicated and as described previously. Imaging 

devices, conditions, and the imaging buffer have been described in detail elsewhere (50, 

84). Specimens for Fluo-4 imaging were prepared by labeling cells with acetoxymethyl 

ester conjugate (Life Technologies, 5 µM, 30 min, 37 °C) according to the 

recommendations of the manufacturer. Data were collected in the wide field under 470- 

nm LED illumination and a high-efficiency enhanced GFP filter cube (Zeiss) for 

collection. 

Quantitative fura-2/FRET imaging was performed essentially as described 

previously (99) but incorporated 360- and 380-nm LED illumination for collecting fura-2 

fluorescence. Ca2+ concentrations were obtained using the fura-2 Ca2+ imaging 

calibration kit (Invitrogen) according to the kit instructions. For experiments utilizing 

ChR-mCherry-ER, FRET biosensor illumination was changed to 400 nm, whereas 455-

nm pulses were used to activate ChR. ChR-mCherry-ER fluorescence was captured using 
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530-nm LED illumination with the Zeiss dsRed (no. 43) filter set prior to 

experimentation. ChR was activated by manual triggering of 455-nm LED fluorescence 

for " 1-s intervals as indicated, except for collection of quantitative data for curve fitting. 

For those experiments, the Zeiss AxioVison Smart Experiments function was used to 

precisely activate ChR using three trains of 15 1-s pulses. FRET ratios from maximum 

cytoplasmic [Ca2+] obtained before and after pulsing were normalized to FRET ratios 

obtained from mutant GCK proteins resistant to S-nitrosylation (84, 85). Cross-talk 

fluorescence was subtracted from FRET signals as described previously (99). The 

minimum FRET-GCK ratio was approximated from using a sensor containing the C371S 

mutation (FRET ratio, 0.27 ± 0.009 (S.E.), n = 10 independent replicates). The maximum 

FRET ratio was estimated by treatment of cells expressing the FRET-GCK with 100 

µM diethylamine NONOate (Calbiochem) (FRET ratio, 0.42 ± 0.015, n = 15 independent 

replicates). Curve fitting and statistical analysis was performed using GraphPad Prism 

software. T-tests were used to assess statistical significance (Graphpad Prism, p<0.05) 

unless otherwise noted. Image analysis was performed using Zeiss Axiovision software 

or ImageJ. The non-ratio images in Figs. 2.3F, 2.3G, and 2.4B were pseudocolored cyan 

and yellow using Adobe Photoshop. Ratio images were generated from the original 

images by using ImageJ software for smoothing, image ratioing, masking the 

background, and applying the pseudo-color look-up table. ImageJ was also used to 

generate the kymograph in Fig. 2.4B. 

Results 

ER Ca2+ couples receptor signaling to GCK activation 
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To study dynamic GCK regulation, we utilized two methods we established 

previously as useful assays for studying GCK activation by NO in living cells. First, we 

developed a FRET-GCK biosensor on the basis of the GCK structure that can sensitively 

report activation by S-nitrosylation (85, 100). Second, we can quantify glucose-

stimulated changes in NAD(P)H autofluorescence (43, 50, 84). Because GCK is rate-

limiting for glucose metabolism (10), changes in GCK activity are reflected by glucose-

dependent rises in NAD(P)H (101). Therefore, stimulation of GCK S-nitrosylation results 

in corresponding potentiation of glucose-stimulated rises in NAD(P)H autofluorescence 

(84). These previously established assays were used to probe the relationship between 

changes in cytoplasmic Ca2+ and GCK activation. 

To test whether insulin-stimulated FRET-GCK biosensor activation requires Ca2+ 

release from the ER, we used inhibitors of the two primary ER Ca2+ channels: 2-

aminoethoxydiphenyl borate (2-APB) (102) to block inositol 1,4,5-trisphosphate 

receptors (IP3Rs) and inhibitory concentrations of ryanodine (103, 104) to block Ca2+ 

release from ryanodine receptors (Fig. 2.1A). Both of these agents inhibited activation of 

FRET-GCK by insulin. Furthermore, stimulating concentrations of ryanodine (2.5 nM) 

also activated the FRET-GCK sensor, indicating that inducing ER-Ca2+ release is 

sufficient for activating GCK. Importantly, these inhibitors did not significantly affect the 

basal FRET ratio (Fig. 2.1B). Similarly, potentiation of glucose metabolism by insulin, as 

measured by increased NAD(P)H autofluorescence, was inhibited by application of ER 

Ca2+ channel blockers (Fig. 2.1C), supporting a role for ER Ca2+ in activating GCK. 

Consistent with our FRET-GCK experiment, the activating dosage of ryanodine (2.5 nM)  
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Figure 2.1. Insulin-stimulated activation of GCK requires release of ER Ca2+. (A) 
βTC3 cells expressing the FRET-GCK sensor were glucose-starved for 3 h prior to 
treatment as indicated. Cells were observed by fluorescence microscopy, and FRET ratios 
were normalized to baseline conditions as described previously (50). Treatment was with 
100 nM insulin (Ins, 5 min) or a stimulatory dose of ryanodine (Ry, 2.5 nM). Inhibitors of 
IP3Rs (100 µM 2-APB) and ryanodine receptors (100 µM ryanodine) were applied prior 
to stimulation. Error bars indicate mean ± S.E. (n ≥ 5 independent replicates). **, p < 
0.01; *, p < 0.05; ns, not significant as determined by ANOVA. (B) FRET ratios from 
βTC3 cells expressing the FRET-GCK sensors and left untreated or treated with 100 µM 
2-APB or 100 µM ryanodine. The ratios were normalized to the untreated group. 
ANOVA was used to determine statistical significance. ns, p > 0.05 compared with the 
untreated group, Tukey’s multiple comparison test, n = 5 independent replicates; error 
bars indicate mean ± S.E. (C) -fold increase in NAD(P)H autofluorescence was measured 
by two-photon microscopy of cultured βTC3 cells as described previously (5). 
Treatments were as in (A), with the inclusion of 5 mM glucose (Glc) with the stimulatory 
dose. Results were normalized to pretreatment NAD(P)H fluorescence (n ≥ 15 
independent replicates). ***, p < 0.001 by ANOVA; ns, not significant as determined by 
ANOVA. (D) Effects of the selected treatments on intracellular Ca2+  in cells labeled with 
Fluo-4 (n = 5 independent replicates). *, p < 0.05; **, p < 0.01 by ANOVA compared 
with the insulin-treated group; error bars indicate mean ± S.E. Change in fluorescence 
was normalized to baseline (ΔF/F0).  
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also potentiated glucose metabolism (Fig. 2.1C). The effects of the treatments on 

cytoplasmic Ca2+ were confirmed in cells labeled with Fluo-4 (Fig. 2.1D). Co-stimulation 

with insulin and ER Ca2+ channel blockers significantly decreased cytoplasmic Ca2+ 

levels through mechanisms that are not entirely clear but may be related to direct 

association of phosphorylated IRS proteins with sarcoendoplasmic reticulum calcium 

transport ATPase Ca2+ pumps on the ER (105). 

We next tested whether ER Ca2+ release is a general mechanism for GCK 

activation by testing whether GLP-1, a G protein-coupled receptor agonist, also requires 

ER Ca2+ to activate GCK. Inhibition of ER Ca2+ release blocked activation of the FRET-

GCK biosensor (Fig. 2.2A), potentiation of glucose metabolism (Fig. 2.2B), and GLP-1-

stimulated increases in cytoplasmic Ca2+ (Fig. 2.2C). These findings are consistent with 

the required mobilization of the ER Ca2+ pool for GCK activation. Therefore, release of 

ER Ca2+ appears to be an important regulator of GCK activity and glucose metabolism in 

β-cells. 

Glucose stimulates GCK activation 

Our observations raise the important question of whether glucose itself can 

regulate GCK through the S-nitrosylation mechanism. Although receptor signaling is 

known to enhance Ca2+-induced Ca2+ release from intracellular stores (106–110), Ca2+-

induced Ca2+ release can be observed in the absence of receptor-mediated signaling (111, 

112), albeit to a lesser extent. Although we did not find conclusive evidence supporting 

glucose-specific regulation of GCK in our initial studies (85), our earliest-generation 

FRET-GCK biosensors were hampered by incorporating fluorescent proteins with low  
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Figure 2.2. GLP-1-stimulated activation of GCK requires release of ER Ca2+. (A) 
βTC3 cells expressing the FRET-GCK sensor were glucose-starved for 3 h prior to 
treatment as indicated. Cells were observed by fluorescence microscopy, and FRET ratios 
were normalized to baseline conditions. Treatment was with 30 nM GLP-1 (5 min). 
Inhibitors of IP3Rs (100 µM 2-APB) and ryanodine receptors (100 µM ryanodine) were 
applied prior to stimulation. Error bars indicate mean ± S.E. n ≥ 6 independent replicates. 
***, p < 0.001 by ANOVA; ns, not significant as determined by ANOVA. (B) -fold 
increase in NAD(P)H autofluorescence was measured by wide-field microscopy of 
cultured βTC3 cells as described previously (7). Treatments were as in (A) with the 
inclusion of 5 mM glucose with the stimulatory dose. Results were normalized to pre-
treatment NAD(P)H fluorescence. n ≥ 10 independent replicates; *, p < 0.05 by ANOVA; 
ns, not significant as determined by ANOVA. (C) Effects of the selected treatments on 
intracellular Ca2+ in cells labeled with Fluo-4 (n = 5 independent replicates; *, p < 0.05; 
**, p < 0.01 by ANOVA; error bars indicate mean ± S.E. Change in fluorescence was 
normalized to baseline (ΔF/F0). 
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brightness and unstable fluorescence (96) and may have missed smaller glucose effects 

because of the poor signal-to-noise ratio of the biosensor. 

An optimized FRET-GCK sensor with improved brightness and sensitivity was  

developed by incorporating circularly permuted cyan fluorescent proteins (CFPs) derived 

from mCer3 (96). These new CFPs were created by linking the natural N and C terminiof 

mCer3 by a GGSGG linker. New N termini were created at amino acid positions 49, 157, 

and 195 (Fig. 2.3A). Each new mCer3 variant was substituted into the FRET donor 

position in the FRET-GCK sensor and expressed in βTC3 cells. Cells were stimulated 

with GLP-1 to activate the sensor, and the increase in FRET ratio, or dynamic range, was 

normalized to the standard deviation of FRET ratios in unstimulated cells (Fig. 2.3B). 

The optimized FRET-GCK sensor containing cp173-mCer3 provided contrast over 10 

S.D. and was the FRET-GCK sensor used for the rest of this study. The variant 

incorporating cp157-mCer3 was also bright and outperformed the previous-generation 

sensor, leading us to further characterize the fluorescence properties of this protein in 

addition to cp173-mCer3. The excitation and emission spectra of cp157-mCer3 (ϵ, 

25000 m−1cm−1; quantum yield, 0.77) and cp173-mCer3 (ϵ, 25000 M−1cm−1; quantum 

yield, 0.86) were comparable with the parent mCer3 protein (Fig. 2.3, C–E). 

Furthermore, we examined the subcellular distribution of the optimized FRET-

GCK sensor containing cp173-mCer3. Stimulation with GLP-1 (Fig. 2.3F) or 2.5 

nM ryanodine (Fig. 2.3G) resulted in similar activation patterns as those observed using 

earlier versions of the FRET-GCK sensor (85, 100) and is consistent with activation on 

secretory granules and translocation to the cytoplasm (42, 43). 
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Figure 2.3. Creation of an optimized FRET-GCK sensor. (A) Circularly permuted 
versions of mCer3 were created by linking the N- and C- termini with a GGSGG linker. 
New starting codons were inserted at several positions in the mCer3 sequence as 
indicated. (B) FRET-GCK sensors were created using these new circularly permuted 
mCer3 variants, and the baseline FRET ratio was measured in glucose-starved βTC3 
cells. Cells were treated with GLP-1 (30 nM, 3 min) to quantify the dynamic range (n ≥ 5 
independent replicates, error bars indicate S.E. (C–E) Absorption (dashed lines) and 
emission spectra (solid lines) of cp157-mCer3 and cp173-mCer3 variants were 
comparable with the parent protein in purified protein samples. (F and G) Activation of 
the optimized FRET-GCK sensor containing cp173-mCer3 in βTC3 cells observed in 
response to treatment with GLP-1 (F, 30 nM, 3 min) or ryanodine (G, Ry, 2.5 nM, 3 min). 
The images were collected under CFP-specific, wide-field illumination, and uncorrected 
ratio images were made by dividing the two images. FRET images were pseudocolored to 
represent the indicated FRET range (Y/C, yellow/cyan fluorescence). Scale bars = 10 µm. 
Non-cytoplasmic regions were masked in the ratio (FRET) image for clarity. (H–J) βTC3 
cells expressing the FRET-GCK sensor (H & I) or ICUE3 cAMP sensor (J) were 
incubated under glucose-free or low-glucose (Glc) conditions (2 mM) for 3 h prior to 
stimulation with 30 nM GLP-1 (H), 100 nM insulin (Ins, H), 5 µM forskolin (I and J), or 
100 µM isobutylmethylxanthine (IBMX, I and J) as indicated. FRET measurements are 
shown for time points preceding stimulation (white columns) and 3 min post-stimulation 
(black columns). Values were normalized to the baseline, and error bars indicate S.E. (n 
= 7 independent replicates for FRET-GCK and 5 independent replicates for ICUE3; *, p 
< 0.05; **, p < 0.01; ***, p < 0.001; paired t test for individual treatments). 
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To further explore the conditions underlying the molecular regulation of the 

FRET-GCK sensor, we tested the effect of glucose fasting conditions (85) on the 

regulation of GCK by GLP-1 and insulin (Fig. 2.3H). Our previous studies have noted 

that a brief glucose starvation period does not adversely affect βTC3 cells (50), but it is 

unclear whether stimulation of FRET-GCK could occur in cells exposed to low amounts 

of glucose that do not elicit secretion. Changing the glucose fasting conditions to 2 mM 

did not significantly affect the ability of GLP-1 or insulin to stimulate GCK activation 

(Fig. 2.3H). Further analysis by two-factor ANOVA (p > 0.05) did not show significant 

interaction between basal glucose conditions and stimulation. Pre-stimulated FRET ratios 

for low-glucose and glucose-free conditions were not significantly different (p > 0.05, 

ANOVA, Tukey’s multiple comparison test). We also found that increasing cAMP levels 

with forskolin or isobutylmethylxanthine activated the FRET-GCK sensor (Fig. 2.3I), 

consistent with previous work tying cAMP levels to GLP-1 activation of GCK (113). The 

ability of these treatments to affect cAMP levels in βTC3 cells was confirmed in cells 

expressing the ICUE3 cAMP FRET indicator (114) (Fig. 2.3J). 

Fluctuations in FRET-GCK activation patterns (Fig. 2.4, A and B) were observed 

in the presence of 5 mM glucose. Representative traces are shown in Fig. 

2.4A (red and blue), and the FRET ratio increases over time compared with cells left 

unstimulated (black). Coincident changes to FRET-GCK activation and Ca2+ were 

observed in response to glucose (Fig. 2.4C) in cells labeled with fura-2 to track 

Ca2+ changes (99). Even so, the FRET-GCK ratio decreased rapidly, likely from diffusion 

out of the region of interest. This is supported by our previous work on the 

compartmentalized nature of GCK regulation and by the low magnitude of the FRET). 
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Figure 2.4. Glucose stimulates periodic activation of GCK in βTC3 cells. (A) 
Fluctuating FRET (YFP/CFP) ratios in βTC3 cells were observed in the presence of 5 
mM glucose (glc, blue and red) but not under glucose-free conditions (black). FRET 
ratios were normalized to the initial intensity values. Lines indicate linear regression to 
show overall trend. (B) CFP and YFP images under CFP illumination for a cell incubated 
with 5 mM glucose. Bottom panel, kymograph of FRET ratio images for the region 
indicated by the red line (CFP panel). FRET ratios (Y/C, yellow/cyan fluorescence) are 
represented by the indicated colors. Scale bar = 10 µm. (C) βTC3 cells were transfected 
with the sensor and labeled with fura-2 for quantification of Ca2+. Glucose stimulation 
resulted in increased Ca2+ and FRET-GCK sensor activation. 
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ratio change. By 3 min, glucose-activated FRET decreases to " 50% of the levels 

observed for stimulation through cell surface receptors or manipulators of cAMP (Fig. 

2.3, H and I  

The relatively weak stimulation of GCK by glucose may be related to the βTC3 

cell model, which shows key differences from islets with respect to their glucose-

stimulated Ca2+ behaviors. Notably, they lack the ability to oscillate and are known for 

their highly variable response to glucose (108). MIN6 cells, however, are known to 

exhibit oscillatory Ca2+ behaviors (94, 115–117) similar to those reported in islets. To 

investigate potential regulation of GCK by Ca2+ oscillations, MIN6 cells expressing the 

optimized FRET-GCK sensor were labeled with fura-2. Under low-glucose conditions (2 

mM, Fig. 2.5), Ca2+ remained low, and no changes in GCK biosensor FRET were 

observed. Increasing glucose levels to 20 mM in the presence of tetraethylammonium 

(116, 118) induced Ca2+ oscillations (Fig. 2.5A). Strong activation of FRET-GCK was 

observed only in response to the initial Ca2+ influx. The response persisted for several 

minutes with a slow deactivation. The response is likely maximal because the sensor did 

not respond to later Ca2+ oscillations. Physiologic glucose levels (7.5 mM) also produced 

similar results, although with dissimilar patterns of Ca2+ oscillations (Fig. 2.5, B and C). 

Optical release of ER Ca2+ can activate GCK 

To quantify the relationship between cytoplasmic Ca2+ concentration and GCK 

activation more systematically, we developed an approach to optically stimulate release 

of Ca2+ from the ER. However, resting Ca2+ levels at 2 mM glucose in βTC3 cells and 

MIN6 cells (Fig. 2.6A) proved to be highly variable and poorly suited to such an 

approach. A third cell line, INS1E cells, displayed consistently low levels of intracellular  
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Figure 2.5. GCK activation in MIN6 cells during Ca2+ oscillations. (A–C) MIN6 cells 
expressing the optimized FRET-GCK sensor were labeled with fura-2. Cells were 
incubated in 2 mM glucose prior to stimulation with high glucose (20 mM total, A) or 
physiologic glucose (7.5 mM total, B and C) and 20 mM tetraethylammonium to 
stimulate Ca2+ oscillations, as indicated by the dashed line. Fura-2 ratios are represented 
by the black traces, and FRET ratios normalized to the mean 2 mM ratio are colored red. 
FRET-GCK activation was associated with the initial Ca2+ influx but not subsequent rises 
in Ca2+ for fast (A), slow (B), or stochastic (C) patterns of Ca2+ oscillations. 
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Figure 2.6. Use of ChR to characterize the relationship between GCK activation and 
cytoplasmic Ca2+. (A) Resting levels of Ca2+ for βTC3, MIN6, and INS1E cells in 2 mM 
glucose as measured using fura-2 (n > 80 independent replicates). INS1E cells display 
consistently low Ca2+ levels that enable systemic study of the Ca2+/GCK relationship 
using an ER-localized ChR. (B) Co-expression of ER-localized ChR-mCherry-ER and an 
ER-localized Ca2+ indicator in INS1E cells. Scale bar = 10 µm; a cyan fluorescent protein 
image is shown for the D1 sensor. (C) Spontaneous and optically induced Ca2+ behaviors 
were tracked in INS1E cells expressing ChR-mCherry-ER and labeled with fura-2. The 
asterisks indicate pulses of 455-nm LED light (1 s). (D) INS1E cells co-expressing ChR-
mCherry-ER and the D1 FRET-based Ca2+ sensor were exposed to activated light pulses 
(indicated by bars). Depletion of the ER-Ca2+ is indicated by a decrease in the FRET 
ratio. Data were smoothed for presentation clarity (GraphPad Prism, second-order 
smoothing). (E) Closely spaced pulses were used to raise the cytoplasmic Ca2+ 
concentration of an INS1E cell expressing ChR-mCherry-ER. (F) Fura-2 was used to 
quantify the cytoplasmic Ca2+ concentration in cells expressing ChR-mCherry-ER and the 
FRET-GCK biosensor. Optical pulses were used to raise cytoplasmic Ca2+ concentration, 
and FRET-GCK activation was normalized as described under “Materials and Methods.” 
Data were fit using a log(agonist) versus normalized response model. 
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Ca2+, making it most suitable for quantifying the relationship between intracellular 

Ca2+ levels and GCK activation using an optically gated cation channel. An mCherry-

tagged channelrhodopsin was targeted to the ER (ChR-mCherry-ER) (Fig. 2.6B). ChRs 

are non-selective cation channels that can be activated optically (119, 120)..Insertion of 

an ER retention sequence into the C terminus of the mCherry epitope tag constrained its 

localization to the ER, as evidenced by colocalization with a luminal ER Ca2+ sensor (Fig. 

2.6B). Using optical pulses, we were able to recreate similar changes in cytoplasmic Ca2+ 

in cultured β-cells, as observed naturally (Fig. 2.6C). Furthermore, when co-expressed 

with an ER-localized FRET Ca2+ sensor (D1) (121), optical stimulation of ChR-mCherry-

ER resulted in depletion of Ca2+ from the ER, as indicated by a change in the FRET ratio 

(Fig. 2.6D). Prolonged elevation of the cytoplasmic Ca2+ concentration was achieved by 

manipulation of pulsing conditions (Fig. 2.6E). This permitted quantification of the 

relationship between the cytoplasmic Ca2+ concentration and GCK biosensor activation 

(Fig. 2.6F). Half maximal activation of the biosensor was observed at " 400 nM Ca2+, 

with a steep Hill coefficient in the 4–6 range (95% confidence intervals). These values 

agree well with the measured half-maximal activity of NOS in vitro (" 300 nM) (122) and 

the proposed stoichiometry of Ca2+-calmodulin-mediated activation of dimeric NOS (89, 

123). 

To explore whether glucose can activate GCK in a more physiologic context, the 

optimized FRET-GCK biosensor was expressed in primary mouse islets. Fluctuations in 

sensor activation were observed under continuous glucose stimulation (Fig. 2.7A) or 

upon transition from 2 to 7.5 mM glucose stimulation (Fig. 2.7B). Fluctuations in GCK 

activation were observed in parallel with fluctuations in NAD(P)H fluorescence (Fig.  
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Figure 2.7. Glucose-stimulated regulation of GCK in islets. (A) The optimized FRET-
GCK sensor was expressed in an isolated mouse islet using adenoviral vectors. Dynamic 
changes in the FRET ratio were observed by fluorescence microscopy in an islet 
stimulated with 7.5 mM glucose. (B) FRET-GCK activation was tracked along with 
changes in NAD(P)H fluorescence in an islet cell stimulated with 7.5 mM glucose (total). 
The change from 2 to 7.5 mM glucose is indicated by the dashed line. Normalization was 
to resting (2 mM glucose) values. (C) Islet cells expressing WT sensors or those with 
mutations that block GCK S-nitrosylation (V367M and C371S). FRET ratios and 
NAD(P)H autofluorescence were measured by fluorescence microscopy before (2 mM 
glucose) and after addition of glucose (7.5 mM total). Error bars indicate mean ± S.E. n 
≥ 9 independent replicates; **, p < 0.01; ***, p < 0.001; ANOVA. 
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2.7B). Furthermore, glucose failed to activate two mutant sensors that are not S-

nitrosylated (Fig. 2.7C, white). Glucose-stimulated changes in NAD(P)H were also 

reduced in the cells expressing theses mutant sensors (Fig. 2.7C, white) even though these 

mutations do not substantially alter glucose phosphorylation kinetics in vitro (42, 84). 

These results suggest that the glucose-stimulated GCK S-nitrosylation potentiates 

metabolism by an additional " 35%. 

Discussion 

The optimized FRET-GCK sensor and ChR-ER are enabling technical advances 

Here we developed two novel reagents that enable a more sensitive study of the 

regulation mechanisms that control β-cell glucose metabolism. Creation of the circularly 

permuted mCer3 variants provided an efficient method for sensor optimization. Simple 

swapping of mCerulean for the brighter mCer3 did improve the brightness of the probe 

but not its performance in this case, as defined by improvement of the ratio of the 

dynamic range to measurement precision. This is consistent with our experience with 

upgrading the first generation ECFP to Cerulean, where the dynamic range between 

activated and deactivated FRET conformations was decreased slightly (100). Notably, 

circular permutation of mCer3 was well tolerated, and the optimized FRET-GCK sensor 

containing cp173-mCer3 displays greatly improved contrast between S-nitrosylated and 

denitrosylated conformations while retaining the advances in measurement precision 

associated with mCer3 development (96). 

To our knowledge, this is the first use of an optically gated, non-selective cation 

channel to stimulate release of Ca2+ from the ER. ChR-mCherry-ER was useful for 

systematic exploration of the relationship between GCK activation and ER Ca2+ release. 
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Unlike permeabilized cell approaches, the integrity of the cytoplasmic environment 

remains intact. Here we show that periodic Ca2+ oscillations can be recreated in culture. 

Therefore, we expect that this approach will be useful for exploring the function of Ca2+ 

oscillations not only for β-cell physiology but also for other systems where oscillatory 

activity is known to occur (124). Even so, our approach has special utility for studying β-

cells and should permit close examination of the spatial aspects of GCK regulation (125, 

126) and enable a more direct exploration of the connection between metabolic and Ca2+ 

oscillations in living β-cells. Finally, the optical approach for modulating ER Ca2+ offers 

advantages over pharmacological agents, like 2-APB, that have off-target effects and 

complex pharmacology (127). 

Cytoplasmic Ca2+ and GCK activation  

Our data suggest a tight connection between a rise in the cytoplasmic Ca2+ 

concentration and GCK activation. The initial Ca2+ influx following exposure to 

stimulatory concentrations of glucose seems to be most important and, in islets and MIN6 

cells, leads to a prolonged activation of GCK spanning several minutes. Even in βTC3 

cells, low levels of activated GCK tended to rise over time, fitting well with what is 

known about the mechanism of GCK activation. Association with NOS on secretory 

granules is essential for GCK activation (43) and results in dissociation of the complex 

and release of GCK into the cytoplasm. The mechanism behind denitrosylation of GCK is 

unknown but does not appear to be rapid enough to allow fast cycling of GCK activation. 

Rather, the model we favor is a burst of GCK activation following exposure to post-

prandial conditions (i.e. high glucose and hormones such as GLP-1), perhaps contributing 
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to the first phase of insulin secretion or the highly dynamic first responder type of 

secretion observed in vivo (128), although that remains to be proven. 

Also unclear is the relationship between glucose and hormonal activation of GCK. 

Strong stimuli, such as those used to induce GCK oscillations in MIN6 cells, seem to 

saturate GCK activation, whereas stimulation of islets with physiologic levels of glucose 

does seem to allow the possibility of low-frequency GCK oscillations. The actual 

physiology underlying hormone stimulation of islet function is not well understood 

because it is difficult to distinguish between systemic and direct actions of hormones 

such as insulin (129), GLP-1 (130), and kisspeptin (131, 132). Synergistic GCK 

activation between glucose and hormonal signaling can occur at multiple levels, 

especially those influencing cAMP dynamics (133), as suggested by our finding that 

increasing cAMP levels with forskolin or isobutylmethylxanthine can activate GCK. A 

detailed investigation will be required to understand the nuances of GCK regulation 

during co-stimulation. 

With regards to the dependence of GCK on ER Ca2+ versus Ca2+ influx, our 

pharmacological studies strongly support a role for ER Ca2+, but, as noted above, 

interpretation of these studies can be difficult because such agents tend to be less specific 

than desired. Even so, it is questionable whether extracellular Ca2+ influx during an action 

potential would raise cytoplasmic Ca2+ levels high enough to activate GCK. Previous 

measurements have found that extracellular Ca2+ is buffered quickly and raises 

Ca2+ levels only within a short distance from the plasma membrane (134). Furthermore, 

we have shown that extracellular Ca2+ influx is not essential for activating GCK because 

it can be observed in the presence of voltage-gated Ca2+ channel blockers (85). Taken 
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together with our finding that activation of our GCK sensor by ER-ChR requires raising 

cytoplasmic Ca2+ to " 300–400 nM, GCK activation almost certainly requires 

mobilization of the ER Ca2+ pool. The proposed ER-Ca2+ mechanism also makes sense 

from the vantage point of spatial regulation of GCK activation, given that release of ER 

Ca2+ is more likely to reach NOS-GCK complexes on secretory granules than 

extracellular Ca2+ because the vast majority of insulin granules are located in the cell 

interior away from the plasma membrane. 

Dynamic Ca2+ oscillations and GCK activation  

Both cytoplasmic Ca2+ and metabolism (135) are known to exhibit oscillatory 

behaviors, and connections between the two have been observed (136). Suggested 

mechanisms tying metabolic oscillations to Ca2+ oscillations most frequently invoke 

PFK2, although this is not without controversy (137). The dual oscillator theory was 

derived from computational muscle models and emphasizes PFK2 activity. Importantly, 

these models assume a permissive role for GCK and static activity (138). Although this 

assumption should hold true for tissues, such as skeletal muscle, that phosphorylate 

glucose using hexokinase, β-cell metabolism has a much different relationship with 

glucose because of its dependence on GCK. As Fridlyland and Phillipson (9) point out, β-

cells are notable for the “near-dominant” control of glycolysis by GCK activity. Indeed, 

even in the dual oscillator model, a precise amount of GCK activity is needed for the 

simulations to work because oscillations disappear with too little or too much GCK 

activity (138). Future work is required to fully unravel the influence of dynamic GCK 

activity on metabolic and Ca2+ oscillations. 

Mechanism of GCK control by ER Ca2+ channels  
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Our results also show sensitivity of GCK regulation to both IP3R and ryanodine 

receptor regulation. This was not unexpected because both receptor systems couple 

strongly to the generation of IP3 (92) (93). Even so, it is unclear how generalizable our 

findings are with regard to the specific receptors involved in ER Ca2+ release. Some 

studies clearly favor a role for IP3Rs over ryanodine receptors in receptor-mediated 

potentiation of secretion (139), although expression of ryanodine receptors in islets is 

indeed prevalent, and their high conductance for Ca2+ suggests a prominent role in β-cell 

Ca2+-induced Ca2+ release (140). Additional mechanisms for ER Ca2+ release have also 

been described, such as through nicotinic acid adenine dinucleotide phosphate (141). 

Even so, it is likely that individual mechanisms will prove to be synergistic, given the 

relationship between cytoplasmic Ca2+ concentration and GCK activation. 

We favor an integrative model where islets respond to a variety of factors in the 

extracellular milieu, including glucose, gap-junctional communication, and hormonal 

and, likely, neuronal inputs to produce a coordinated and integral secretory output. 

Naturally, further investigation will be required to quantitatively assess the control 

strength of the various possible regulatory mechanisms over GCK activation. Our 

optimized FRET-GCK sensor is perhaps a useful tool for such an investigation. 
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Chapter 3. Nitric oxide activates β-cell glucokinase by promoting formation of the 

‘glucose-activated’ state1 

Abstract 

 Insulin release from the pancreas is tightly controlled by glucokinase (GCK) 

activity which couples β-cell metabolism to changes in blood sugar. Despite only having 

a single glucose-binding site, GCK displays positive glucose cooperativity. Ex vivo 

structural studies have identified several potential protein conformations with varying 

levels of enzymatic activity, yet it is unclear how living cells regulate GCK cooperativity. 

To better understand the cellular regulation of GCK activation, we developed a 

homotransfer FRET–GCK biosensor and used polarization microscopy to eliminate 

fluorescence crosstalk from FRET quantification and improve the signal-to-noise ratio. 

This approach enhanced sensor contrast compared to the heterotransfer FRET–GCK 

reporter and allowed observation of individual GCK states using an automated method to 

analyze FRET data at the pixel level. Mutations known to activate and inhibit GCK 

activity produced distinct anisotropy distributions, suggesting that at least two 

conformational states exist in living cells. High glucose activated the biosensor in a 

manner consistent with GCK's enzymology. Interestingly, glucose-free conditions did not 

affect GCK biosensor FRET, indicating that there is a single low-activity state, counter to 

proposed structural models of GCK cooperativity. Under low glucose conditions, 

application of chemical NO donors efficiently shifted GCK to the more active 

conformation. Notably, GCK activation by mutation, high glucose, a pharmacological 

                                                
1. This chapter is published in Seckinger, KM, Rao, VP, Snell, NE, Mancini, AE & 
Rizzo, MA. (2018) Nitric Oxide Activates -Cell Glucokinase by Promoting Formation of 
the ‘Glucose-Activated’ State. Biochemistry, 57(34), 5136-5144. 



 43 

GCK activator, or S-nitrosylation all shared the same FRET distribution. These data 

suggest a simplified model for GCK activation in living cells, where post-translational 

modification of GCK by S-nitrosylation facilitates a single conformational transition that 

enhances GCK enzymatic activity.  

Introduction 

Glucokinase (GCK) sets the rate of glucose metabolism in the pancreatic β-cell, 

making it the primary controller of glucose-stimulated insulin secretion. Resting blood 

sugar levels are therefore quantitatively tied to GCK activity (10), and mutations that 

alter the ability of GCK to phosphorylate glucose are associated with human diseases. 

Notably, deactivating human GCK mutations cause type 2 maturity-onset diabetes of the 

young (GCK-MODY) and neonatal diabetes mellitus when homozygous or compound 

heterozygous, and activating mutations are linked to clinical hyperinsulinemia (15, 28). 

GCK activity shows positive cooperativity for glucose dependence, which is 

thought to facilitate the metabolism of rising blood glucose levels in the β-cell (143, 144). 

Simulations of glucose-stimulated insulin secretion have shown that the ATP/ADP ratio 

is most steeply coupled to glucose concentrations in the range of 5–10 mM, past the 

inflection point for GCK cooperativity, before plateauing above 10 mM glucose (9). 

Given that an increase in the ATP/ADP ratio drives closure of the ATP-dependent K+ 

channels leading to glucose-initiated action potentials and insulin secretion, the specific 

activity of GCK at 5–10 mM glucose is critical for the β-cell secretory response to the 

postprandial rise in the level of glucose (14). 

The mechanism underlying glucose-dependent changes in GCK activity is 

atypical. GCK has only a single glucose-binding site (145), and regulation of the 
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conformational change underlying its allostericity is thought to be primarily kinetic (46). 

The GCK structure consists of two globular domains with the active site residing in the 

cleft between the two lobes (35, 146). In the absence of glucose, the small domain has 

been shown to unfold partially into a “super-open” conformation. Glucose binding 

stabilizes folding of the small domain in an “open” state. Once the compound is bound, a 

second conformational change can occur where the structure clamps around glucose. The 

activated “closed” state is transient but can be stabilized at sufficiently high glucose 

concentrations and can also promote the association of a replacement substrate quickly 

after the release of glucose 6-phosphate but before GCK can relax to the “open” 

conformation (48). 

While the sequence of events that contribute to the glucose allosteric trait has 

been studied using ex vivo nuclear magnetic resonance and X-ray crystallography, 

important questions bout GCK activation in a physiologic context remain. First, the 

extent that each of the three identified GCK conformations exists in nature is unclear, 

where the range of glucose levels is far narrower (4–8 mM) than the experimental 

conditions (0–200 mM) (48) used to identify the different GCK states. Second, cellular 

regulation of GCK activity can involve post-translational regulation through protein–

protein interactions (42, 82, 126) or modifications such as S-nitrosylation of Cys371 by 

nitric oxide (NO) (42). It is unknown how these cellular regulatory mechanisms affect 

known GCK conformational states or whether they induce entirely new ones. 

To reconcile the biochemical studies with cellular models of GCK regulation, we 

developed a homotransfer Förster resonance energy transfer (FRET) GCK biosensor and 

used quantitative analyses to measure steady-state conformational changes in living cells. 
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This methodology was then used to examine the number of detectable GCK 

conformational states in living β-cells under various conditions. Our findings suggest a 

mechanism underlying physiologic activation of GCK by glucose and NO in pancreatic 

β-cells. 

Methods 

Reagents 

DNA preparation kits were from Qiagen. DNA primers were from Integrated 

DNA Technologies. Chemicals were from Sigma-Aldrich unless otherwise noted. 

Cell Culture 

βTC3 cells (147) were cultured in Dulbecco’s modified Eagle’s medium growth 

medium supplemented with 4.5 g/L glucose, l-glutamine (Cellgro), 10% horse serum 

(ThermoFisher), 2.5% fetal bovine serum (Invitrogen), and a 1% penicillin/streptomycin 

solution (HyClone). Cells were incubated at 37 °C with 5% CO2. For experiments, cells 

were seeded on 35 mm dishes containing No. 1.5 glass coverslips (MatTek). 

Transfections were performed using LipoD293 from SignaGen Laboratories according to 

the manufacturer’s instructions. Experiments were performed 48–72 h post-transfection. 

Vector Preparation 

The mCerulean fluorescent protein (FP) in a previous two-color FRET sensor  

(50) was replaced with an mVenus FP using NheI and BglII restriction sites to create the 

homotransfer FRET GCK reporter. Point mutagenesis utilized the QuikChange method 

(Agilent) with the following primers; GCK(A456V), sense (5′-

GGTCTCTGCGGTGGTCTGCAAGAAGGCTT-3′) and antisense (5′-

AAGCCTTCTTGCAGACCACCGCAGAGACC-3′); GCK(K414E), sense (5′-
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CTCGGGTGCAGCTCGTACACGGAGCCA-3′) and antisense (5′-

TGGCTCCGTGTACGAGCTGCACCCGAG-3′). The mVenus tandem dimer was 

constructed by removing GCK from the FRET GCK sensor using the BglII and BamHI 

restriction sites. The two mVenus FPs were ligated with a 10-amino acid linker sequence 

(SGLRSPPVAT) remaining between them. DNA sequencing (Genewiz, South Plainfield, 

NJ) was used to verify successful construction of all sensors. 

Fluorescence Microscopy 

Transfected βTC3 cells were incubated in serum-free imaging medium [125 mM 

NaCl, 5.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES, 2 mM glucose, and 

0.1% bovine serum albumin (pH 7.4)] for 3 h before imaging. Images were collected 

using a Zeiss AxioObserver microscope equipped with a 20×, 0.75 NA Plan-Apochromat 

objective. For heterotransfer experiments, cells were excited with a 455 nm light-emitting 

diode and a T455LP filter cube (Zeiss). CFP-emitted light and YFP-emitted light were 

separated by a Dual-View instrument (Optical Insights) containing the CFP and YFP 

filter sets. For the homotransfer experiments, cells were excited using polarized 505 nm 

light and a 46 HE YFP filter cube. Parallel (P) and perpendicularly (S) oriented emitted 

photons were separated by a Dual-View instrument (Optical Insights) containing the 

polarization filter set (70, 76, 77). Images were collected at 37 °C using a Zeiss 

incubation system with a water-cooled Hamamatsu C10600 Orca R2 camera. Curve 

fitting and statistical analysis were performed using GraphPad Prism. T-tests were used 

to assess statistical significance (Graphpad Prism, p<0.05) unless otherwise noted. 
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Ratio FRET Images 

Ratio images were generated from image data collected using a 20×, 0.75 NA 

objective and a 1.6× optovar for additional magnification. Images were smoothed before 

background subtraction and image division using FIJI software (148). For the sake of 

clarity, a threshold mask was applied to exclude noncellular regions. 

Calculation of Pixel Anisotropy (r) Values 

Dual-View images containing parallel (P) and perpendicular (S) fluorescence 

were separated into their component images and aligned by batch processing in FIJI. 

Images were then processed using R statistical computing language (https://www.r-

project.org) and the Bioconductor EBImage analysis package (149). Pixels from cells 

were separated from the background using pixel intensity values as selection criteria. 

Anisotropy values were calculated for each pixel using the expression (P – gS)/(P + 2gS), 

where g corrects for the polarization bias of the instrument (70). Pixels containing an 

insufficient signal or approaching saturation were excluded from the analysis. 

Results 

Homotransfer FRET GCK Sensor 

We have previously used heterotransfer FRET biosensors to examine GCK 

activation in living cells (42, 43, 50, 84, 85, 142). Even so, the two-color approach has 

inherent disadvantages, including a low signal-to-noise ratio (150) and spectral overlap 

(58, 151), that can be circumvented using a homotransfer approach. Therefore, we 

converted a two-color FRET GCK sensor (50) to a homotransfer reporter by replacing the 

cyan FRET donor with a second mVenus fluorescent protein (FP). The resulting sensor 

contains two mVenus FPs at the N- and C-termini of GCK (Fig. 3.1A).  
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Figure 3.1. Characterization of the homotransfer FRET–GCK biosensor. (A) 
Schematic of the homotransfer FRET–GCK sensor. In the absence of FRET, illumination 
with polarized light produces emitted photons with a parallel polarization. FRET is 
depolarizing and results in the emission of randomly oriented photons relative to the 
illumination plane. (B) βTC3 cells transfected with the heterotransfer FRET–GCK sensor 
(white) or homotransfer FRET–GCK sensor (gray) were incubated in low glucose 
conditions for 3 h before imaging. Cells were pre-treated with 50 µM βME for 5 min 
before stimulation with 50 nM exendin-4 (Ex-4). FRET ratios were calculated 3 min 
post-stimulation with Ex-4 and normalized to pre-stimulation values. Error bars indicate 
SD. (C) The Δ FRET/ standard deviation value was calculated for the heterotransfer 
FRET–GCK sensor (white) or homotransfer FRET–GCK sensor (gray). Error bars 
indicate SEM. n = 13 cells, ** p < 0.01. (D) FRET map of the heterotransfer FRET–GCK 
sensor: CFP channel, YFP channel and the YFP/CFP ratio. (E) FRET map of 
homotransfer FRET–GCK sensor: S channel, P channel and the S/P ratio. The top rows 
of (D) and (E) show baseline fluorescence, and the bottom rows are after stimulation with 
50 nM Ex-4 for 3 min. Areas of red indicate increased FRET and sensor activation. Scale 
bar = 10 µm. 
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βTC3 insulinoma cells were transiently transfected with either FRET sensor and 

incubated under low-glucose conditions for 3 h before images were collected by  

fluorescence microscopy. Addition of exendin-4, a glucagon-like peptide-1 receptor 

agonist, was used to stimulate GCK activation (50, 113, 152). The ratio of acceptor to 

donor  

fluorescence under CFP illumination was used to quantify heterotransfer FRET. For 

homotransfer FRET, we illuminated the sample with polarized light and collected 

fluorescence emissions in geometries parallel (P) and perpendicular (S) to the 

illumination plane (Fig. 3.1A). Depolarized fluorescence from increased FRET (64) 

increases the calculated S/P ratio. Exendin-4 induced similar changes in the FRET ratio 

for each sensor (Fig. 3.1B). However, polarization measurements typically have a signal-

to-noise ratio that is better than that of intensity-based measurements. If the standard 

deviation of baseline FRET ratios is factored in (142), conversion to the homotransfer 

strategy improved the dynamic range approximately 4-fold (Fig. 3.1C). Intensity maps of 

the FRET ratios depict areas with increased levels of activation for the heterotransfer 

sensor and homotransfer sensor (Fig. 3.1D,E). Exendin-4 stimulation induced similar 

activation patterns across the two sensors. 

Automated Pixel Analysis 

To facilitate quantitative analysis of the homotransfer FRET GCK data, we 

normalized polarization values by calculating fluorescence anisotropies. A decreased 

anisotropy indicates an increased level of depolarization from FRET. Our approach was 

also modified to enhance the statistical power of the data set. Previously, hand-drawn  
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Figure 3.2. Automated pixel image processing for quantitative FRET measurements. 
βTC3 Cells transfected with the homotransfer FRET–GCK sensor were cultured in low 
glucose for 3 h and pre-treated with 50 µM βME for 5 min before imaging. Quantitative 
FRET measurements were made from (A) hand-selected regions of interest consisting of 
~100 pixels from ~160 cells. The histogram of the anisotropy values is shown in (B), 
mean = 0.26, SD = 0.05; n ~160 regions of interest. (C) Anisotropy values were also 
calculated from individual pixels of each image of the same ~160 cells in (A, B) Scale 
bar = 10 µm. (D) Histograms of the anisotropy values show the collective data, mean = 
0.27, SD = 0.02; n ~80,000 pixels. 
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regions of interest of ∼100 pixels were used to pool information together for FRET 

calculations (Fig. 3.2A,B). While data reduction in this manner is useful for quantifying 

cellular GCK dynamics, it also decreases the number of measurements and obscures the 

variability of the raw data. For more in-depth quantitative analyses, we calculated 

anisotropy values for each pixel (Fig. 3.2C,D). Saturated pixels and those with 

insufficient brightness above background were excluded from the analysis. Consideration  

of the anisotropy data at the pixel level increased the number of measurements from 160 

cells to >80000 pixels. 

FRET States Resulting from GCK Mutations 

Point mutations were introduced into the GCK sensor to promote enzymatic states 

with high (A456V) and low (K414E) activity. The A456V mutation activates GCK in a 

manner that is independent of glucose and is associated with decreased blood glucose 

levels and hyperinsulinemia (153, 154). Contrastingly, the K414E mutant is a known 

GCK-MODY mutation and shifts the activation curve to the right (38, 154). An 

anisotropy map shows a larger amount of FRET with the GCK(A456V) mutant than with 

the GCK(K414E) mutant (Fig. 3.3A). Areas with higher levels of FRET GCK activation 

are colored blue. The density plot distribution (Fig. 3.3B) of pixel anisotropies under low-

glucose conditions also shows distinct differences. The inactive mutant is shifted toward 

anisotropies higher than that of GCK(A456V). Even so, the standard deviation of 

calculated anisotropies is approximately the same, suggesting that each mutant occupies a 

similar number of conformational states. We then pooled together data from several 

dishes (Fig. 3.3C). The mean anisotropies were ∼0.25 for FRET GCK(A456V) and ∼0.26  
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Figure 3.3. Active and Less-active GCK states. (A) Changes in the anisotropy of 
GCK(A456V) and GCK(K414E) are shown globally as an anisotropy map. Areas of blue 
indicate increased FRET. Scale bar = 10 µm. (B) A normalized density plot shows the 
distribution of anisotropy values for GCK(A456V) (solid line) and GCK(K414E) (dashed 
line); n ~500 cells; SD = 0.04. (C) Mean anisotropy values are plotted for each mutant 
incubated in glucose-free (white) or 2 mM glucose (gray) conditions for 3 h before 
experimentation; n = 3 or 4, each is an average of ~150 cells from a separate culture dish. 
Error bars = SEM. ** p < 0.01. 
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for FRET GCK(K414E). This difference was significant under both low-glucose and 

glucose-free conditions (Fig. 3.3C). Glucose did not affect the anisotropy values for 

either mutant sensor (Fig. 3.3C), indicating their conformational states are glucose-

independent. 

Effects of a GCK Activator on Biosensor FRET 

GCK activators (GKA) bind to a small pocket near the C-terminus of GCK that is 

lined by Ala456. To test whether these small molecules produce changes in FRET GCK 

anisotropies similar those of our activating mutant, βTC3 cells were treated with PF-

04937319 (155) (Fig. 3.4). Activation of the sensor was observed throughout the 

cytoplasm (Fig. 3.4A). The FRET GCK sensor reported an anisotropy of ∼0.25 in the 

presence of the GKA (Fig. 3.4B,C) that was significantly reduced compared to that of 

untreated control cells (Fig. 3.4C). In addition, the mean anisotropy value is shared by the 

activating A456V mutation, suggesting that the GKA and A456V induce similar 

conformational changes in GCK. 

Glucose Dependence of FRET GCK Activation 

Next, we conducted a dose–response study with glucose (Fig. 3.5A). Activation 

of the sensor displayed a sigmoidal relationship with glucose consistent with the 

enzymatic activity of endogenous GCK (156, 157). Because 2 mM glucose is below the 

threshold for GCK activation (158, 159), we considered this to be indicative of the low-

activity, likely “open”, state; 25 mM glucose, while higher than the highest level β-cells 

ever experience in vivo, is commonly used to induce maximal GCK enzymatic activity in 

living cells (44, 160). As expected, the change in FRET is significantly higher for the 25  
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Figure 3.4. FRET–GCK response to a GCK activator. βTC3 cells expressing the 
homotransfer FRET–GCK sensor were cultured in imaging buffer with 2 mM glucose 
and 50 µM βME for 3 h. Cells were then either left untreated or stimulated with GKA (10 
µM PF-04937319) immediately before image collection. Panel A shows representative 
anisotropy maps for the two conditions. Areas of blue indicate increased FRET. Scale bar 
= 10 µm. (B) Normalized density plots show FRET–GCK pixel anisotropies for GKA-
treated (solid line) and control conditions (untreated, dashed line); n ~ 300 cells; SD = 
0.04. The average anisotropies of cells left untreated (–, white) or treated with the GKA 
(gray) are shown in (C). n = 3 replicates, each n represents the mean r from ~100 cells 
from the same culture dish. Error bars = SEM. ** p <0.01. 
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Figure 3.5. Glucose-dependence of the homotransfer FRET–GCK biosensor. (A) 
βTC3 cells with the homotransfer FRET–GCK sensor were incubated in low glucose 
media for 3 h before imaging. Cells were pre-treated with 50 µM βME for 5 min before 
stimulation. Pre-stimulation imaging media contained 2 mM glucose and was adjusted to 
final glucose concentrations of 2, 7.5, 12.5 or 25 mM as indicated. Images were collected 
of ~500 cells for each group. The mean –Δ anisotropy is plotted for clarity. Error bars = 
SEM; ** p < 0.01. (B) An anisotropy map shows the change between the 2 and 25 mM 
glucose conditions. Areas of blue indicate increased FRET. Scale bar = 10 µm. (C) The 
normalized density plot shows the anisotropy distribution of 2 mM glucose (solid line) 
and 25 mM glucose (dashed line); n ~500 cells; SD = 0.04. (D) The distribution of 
anisotropy values is shown from cells transfected with the mVenus tandem construct 
incubated in 2 mM glucose; n ~250 cells; SD = 0.04. The average anisotropies comparing 
2 mM glucose (white) to 25 mM glucose (gray) are shown in (E) for the mVenus-
mVenus construct; n = 3, each n is an average of ~150 cells. Error bars = SEM; p > 0.05. 
  



 56 

mM glucose-treated cells than for cells in 2 mM glucose. Representative images of the 

anisotropy values show increased levels of activation in cells treated with 25 mM glucose 

(Fig. 3.5B). Under 2 mM glucose conditions, the peak value for pixel anisotropies is 

∼0.26 and shifts to ∼0.25 at 25 mM glucose (Fig. 3.5C). 

 To test for the potential effects of glucose on FRET in a manner that was 

independent of GCK, we removed GCK from the biosensor to create a tandem mVenus–

mVenus dimer separated by a short linker sequence. The density plot distribution of the 

mVenus–mVenus construct (Fig. 3.5D) reveals an anisotropy (indicating an increased 

level of FRET) much lower than that of the GCK homotransfer sensor at 2 mM glucose 

(Fig. 3.5C). The average anisotropies of the tandem fusion were not affected by low or 

high glucose concentrations (Fig. 3.5E). These results indicate that glucose alone does 

not change FP anisotropy in the absence of the GCK protein sequence. 

To explore the effect of glucose-free conditions on the GCK conformation in 

living cells (35), βTC3 cells transfected with the GCK homotransfer sensor were cultured 

in 2 mM glucose or glucose-free medium for 3 h before imaging (Fig. 3.6A,B). The 

average FRET GCK pixel anisotropies (Fig. 3.6A) and density plot distributions (Fig. 

3.6B) were not significantly different between these conditions, suggesting a single 

detectable state under low-glucose and glucose-free conditions. 

NO Facilitates the Transition of GCK to the Activated State 

Previously, we reported that S-nitrosylation participates in GCK activation by 

hormone-activated receptors (43). To further understand how NO regulates GCK, βTC3 

cells were transfected with the homotransfer FRET GCK sensor and incubated under 

low-glucose conditions as before. Cells were then treated with either S-nitroso-N-acetyl-  
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Figure 3.6. Glucose-independent mVenus fluorescence. (A) Mean anisotropy values 
for the homotransfer FRET–GCK sensor in cells cultured in glucose-free (white) or low 
glucose (gray) conditions for 3 h before imaging; n = 3, each n is an average of ~50 cells. 
Error bars = SEM. (B) Distribution of anisotropy values of the same cells in (A) 
incubated in glucose-free (solid line) or low glucose (open circles) conditions; n ~150; 
SD = 0.04. 
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dl-penicillamine (SNAP) to stimulate GCK S-nitrosylation, or β-mercaptoethanol (βME), 

a disulfide bond reducing agent, for 5 min before imaging. The anisotropy map (Fig. 

3.7A) depicts the range of values measured from a representative cell from each 

treatment with areas with increased levels of GCK activation colored blue. 

 SNAP-treated cells have increased levels of GCK sensor activation compared to 

those of βME-treated cells (Fig. 3.7B). The average FRET value for the cells treated with 

SNAP is ∼0.25, while the average FRET value for the βME-treated cells is ∼0.26 (Fig. 

3.7C). Even so, SNAP can promote protein S-nitrosylation through varied mechanisms 

beyond chemical release of NO (161, 162). Stimulation of cells with a strict chemical NO 

releasing agent, 2-(N,N-diethylamino)-diazenolate-2-oxide (DEANO) (163, 164), also 

stimulated FRET GCK biosensor activation compared to that of cells treated with βME 

(Fig. 3.7D). To further examine the mechanism underlying SNAP-mediated GCK 

activation, we utilized a FRET GCK sensor that lacks the S-nitrosylation site. The C371S 

mutation has been previously shown to block GCK S-nitrosylation (42). Stimulation with 

SNAP (Fig. 3.7E) or a high glucose concentration (Fig. 3.7F) did not significantly change 

the fluorescence anisotropy of the C371S mutant FRET GCK sensor in βTC3 cells. 

Notably, the anisotropy values observed in the presence of SNAP, DEANO, and βME 

converged with the measurements made using the high- and low-GCK activity mutants 

(Fig. 3.3C) and high and low glucose concentrations (Fig. 3.5C). These data suggest that 

S-nitrosylation facilitates the transition of GCK to the same activated conformational 

state that is also induced by 25 mM glucose, GKAs, or GCK(A456V). 
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Figure 3.7. NO facilitates the transition of GCK to the active state. Cells with the 
homotransfer FRET–GCK sensor were cultured in low glucose for 3 h before imaging. 
(A) Anisotropy map of cells treated with 100 µM SNAP or 50 µM βME for 5 min before 
image collection. Areas of blue indicate increased FRET. Scale bar = 10 µm. (B) The 
normalized distribution plots of SNAP (solid line) and βME (dashed line); n ~450 cells; 
SD = 0.04. The average anisotropies of SNAP (white) and βME (gray) are shown in (C). 
n = 3, each n is an average of ~150 cells. Error bars = SEM. ** p < 0.01. (D) Cells plated 
as in (C) were treated with either 100 µM DEANO or βME. n=4; error bars = SEM; ** p 
< 0.01. (E, F) Cells expressing a FRET–GCK sensor with a mutated S-nitrosylation site 
(C371S) were treated with SNAP (D), βME (D), or the indicated glucose concentrations 
(E). Each n is the average of ~75 cells. Results were not significant by t-test (p >0.05). 
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Discussion 

Overall, FRET GCK biosensors, and generally GCK-FP fusions, have proved to 

be useful probes for understanding GCK regulation in living cells. Fusion of FP to the N- 

or C-terminus does not affect GCK localization (85, 126), and expression of wild-type  

(WT) GCK-YFP fusion proteins does not alter β-cell metabolism in culture (84). GCK-

FP fusions are S-nitrosylated (42), can bind to known GCK-binding proteins (43, 165, 

166), and are also cleared through the ubiquitin-proteasome-mediated pathway like the 

native GCK protein (167). Finally, Ca2+-dependent GCK activation of FRET GCK 

sensors through the NO pathway precisely agrees with the Ca2+ concentration required to 

activate neuronal nitric oxide synthase (nNOS) (43). Together, these previous studies 

show that fusion of FPs to GCK minimally perturbs GCK structure and cellular 

regulation. 

The use of FPs to measure changes in protein conformation requires additional 

consideration because the large FP size limits their rotational mobility and makes 

calculations of distance more difficult. In addition, FPs tend to be less bright and have 

greater spectral overlap than the organic fluorophores typically used for structure 

determination. Standard data reduction strategies, including pixel binning, image 

smoothing, and using calculations of normalized regions of interest, are used to improve 

the signal-to-noise ratio of the FRET measurements. 

Compared to intensity-based approaches, polarization eliminates the need to 

correct for fluorescence crosstalk and delivers 10-fold more precise measurements (66, 

68–71). The improved data quality enables analysis of pixel anisotropies. This enhances 

our statistical power by increasing the number of measures ∼500-fold. The enhanced 
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ΔFRET/standard deviation value means that we can better distinguish between small 

changes in FRET. While there is overlap, the average anisotropy value of each state is 

significantly different. The high precision and contrast of the homotransfer anisotropy 

sensor coupled with the individual pixel analysis allows us to quantify small anisotropy 

differences reliably. Thus, we can perform an extensive quantitative analysis of FRET 

GCK image data that permits extraction of two likely GCK FRET states. 

Effects of MODY Mutations on GCK Conformation 

We chose GCK mutations A456V and K414E because of their likely influence on 

GCK conformational states. Ala456 is located in the allosteric binding pocket formed by 

the C-terminus and the small domain (168). This allosteric binding site is shared by all of 

the recently developed GKAs, and thus, it is not surprising that GCK(A456V) similarly 

enhances glucose affinity and catalytic efficiency (154, 155). Conversely, Lys414 is 

located in an α-helix that participates in ATP binding (168). While the K414E mutation 

does decrease the ATP affinity, it also decreases the affinity for glucose to a comparable 

degree (168) suggesting that the reduced activity of this mutant reflects a conformational 

shift in GCK. 

Two Measurable GCK Conformations in Living Cells 

FRET efficiency is steeply dependent on the distance separating the donor and 

acceptor. Even a 1 nm increase between the FRET pair can reduce FRET efficiency by as 

much as 50% (64). This steep distance dependence has made FRET quite useful for 

mapping protein structures and tracking the conformational dynamics of small globular 

proteins (54, 169–172), similar to GCK. Thus, FRET provides sufficient spatial 
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sensitivity to track complex protein conformational changes and multiple states of 

interaction. 

The anisotropy distribution for the activated FRET GCK(A456V) mutant is 

shared by the activated WT FRET GCK sensor stimulated by either a high glucose level, 

NO, or a GKA. Similarly, the distribution of the inactivated FRET GCK(K414E) sensor 

is shared by the WT FRET GCK sensor in the absence of glucose, under low-glucose 

conditions, and in cells treated with βME. Furthermore, the SD for each condition is 0.04 

and is equivalent to the SD for the mVenus tandem dimer. Together, these observations 

support the idea that each condition represents one of two measurable GCK 

conformations in living cells. This is supported by studies monitoring the intrinsic 

fluorescence of GCK with stopped-flow fluorimetry (173), which also reported only two 

identifiable states in recombinant GCK preparations. Importantly, our study relies on 

steady-state fluorescence measurements that are unlikely to detect intermediate 

conformational transitions. 

Interestingly, we do not see any difference in FRET between low-glucose and 

glucose-free conditions. Our observation is counter to structural studies that have 

identified an inactive “super-open” glucose-free conformation that contains a partially 

unfolded small domain (35). If the large change in GCK conformation between the 

“super-open” and “open” conformations is also 12°, as it is for hexokinase I (35), FRET 

measurements would almost certainly be able to distinguish between the two proposed 

glucose-free states given the magnitude of the conformational change. 

Even so, the distribution of anisotropy values for the FRET GCK sensor does not 

skew or shift when cells are incubated under glucose-free conditions rather than in 2 mM 
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glucose (Fig. 3.6). Cytoplasmic glucose levels roughly equilibrate with the extracellular 

glucose level because of the presence of GLUT2 glucose transporters in islets (6, 174) 

and β-cells (5). Exposure to low glucose levels (< 1 mM) has been shown to deplete 

intracellular glucose concentrations to a fraction of the extracellular concentration within 

3 h (5). After incubation for 3 h in glucose-free or 2 mM glucose medium, we do not 

report a bimodal distribution under either condition. These data suggest a singular GCK 

conformation exists in living β-cells under low-glucose conditions. 

It is also noteworthy that the low-glucose experiments utilize concentrations 

below the physiologic range. Fasting blood glucose levels are generally around 3.5–5.5 

mM in healthy individuals, whereas clinical hypoglycemia occurs in the range of 2–3 

mM (175). The fasting blood sugar level remains above 2 mM even in patients with 

genetically linked persistent hyperinsulinemic hypoglycemia of infancy (10) Thus, it is 

unclear whether physiological conditions would permit formation of the proposed apo-

glucose GCK conformations in vivo. 

GCK Regulation by S-Nitrosylation 

Our evidence suggests that an elevated glucose level and S-nitrosylation both 

induce the same high-activity GCK conformational state. The distribution of FRET GCK 

anisotropy values was the same for 25 mM glucose (Fig. 3.5C) and SNAP-induced (Fig. 

3.7B) conformational states. Additionally, the distribution was also shared with a FRET 

GCK sensor containing the A456V activating mutation (Fig. 3.3B). All three treatments 

are associated with enhanced GCK activity (43, 153, 176), suggesting a shared 

conformational state that is highly active. Conversely, deactivating conditions, 2 mM 
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glucose (Fig. 3.5C), denitrosylation with βME (Fig. 3.7B), and the K414E inactivating 

mutation (Fig. 3.3B), also converged on a single FRET GCK anisotropy distribution. 

Physiologic Regulation of GCK 

Our findings also point to the importance of NO in activating GCK. The glucose 

levels (∼25 mM) needed to activate GCK efficiently are outside the physiologic range of 

4–8 mM (177); 7.5 mM glucose is not only within the postprandial blood glucose 

concentration range but also the glucose concentration at which half-maximal activation 

of GCK occurs (28). At this concentration, FRET ratios are highly variable, suggesting a 

mixture of activated and inactivated conformations (Fig. 3.5A). If an intermediate 

conformation existed, we would expect the variability to be much smaller, similar to 

those of the 2 and 25 mM groups. Our data suggest that S-nitrosylation facilitates GCK’s 

transition to the higher-activity state and stabilizes the fully active conformation. 

 

Author Contributions – KMS and VPR performed the experiments and analyzed the 

data. Data in Figs. 3.4 and 3.7 were collected with the assistance of VPR. NES and MLM 

assisted with data analysis. KMS and MAR wrote the manuscript. AEM and VPR 

assisted with editing the manuscript. MAR conceived the experiments and assisted with 

data analysis. 

 

Further permission related to the material in this chapter, published in Ref. (79), should 

be directed to the ACS. https://pubs.acs.org/doi/abs/10.1021/acs.biochem.8b00333.   
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Chapter 4. Glucokinase activity in diabetic mouse islets 

Abstract 

 Type 2 diabetes (T2D) is a global health issue, and millions of people continue to 

be diagnosed every year. There are many contributors to the development of T2D, but 

one of the known risk factors is obesity. One of the key characteristics of T2D is chronic 

elevated blood glucose levels thought to be the result of dysfunctional ! -cell signaling. 

There remains a gap in knowledge around the molecular mechanism of defective glucose 

sensing that occurs in the pathogenesis of diabetes. Glucokinase (GCK) controls the rate 

of glucose metabolism in β-cells and is known to act as the glucose sensor. To investigate 

the role of GCK activity during the early stages of diabetes development, we expressed 

our homotransfer Förster resonance energy transfer (FRET) GCK biosensor in mouse 

islets from diet-induced obese (DIO) mice. This approach resulted in the finding that 

GCK activity is decreased in diabetic islets compared to controls. Interestingly, we also 

found that intracellular Ca2+, an important post-translational regulator of GCK, was also 

decreased suggesting that GCK activity is disrupted in the early stages of diabetes. 

Introduction 

As of 2017, it’s estimated there are 450 million people with diabetes, and that 

number is expected to climb to more than 690 million by 2045 (178). Obesity is a key 

risk factor for the development of type 2 diabetes (T2D) and insulin resistance (179). 

T2D is a metabolic disorder characterized by chronic hyperglycemia resulting from 

insufficient insulin secretion from the pancreatic ! -cell combined with insulin resistance, 

particularly in skeletal muscle and the liver. Complications of T2D can include vision 

loss, impaired kidney function, stroke, and heart disease (175). T2D has a complex 
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pathogenesis that is not fully understood but it is thought that a combination of 

environmental and genetic abnormalities most likely contribute to the disease progression 

(180, 181).  

 Currently there are more than 100 known T2D variants and a majority of them 

are genes that are active in ! -cells or involved in insulin secretion (182–185). This 

indicates that ! -cell dysfunction is a crucial step for the development of diabetes. It is 

well documented in the literature that late stages of T2D are characterized by ! -cell 

fatigue, insulin resistance, and decreased ! -cell mass (186–189). With proper early 

diagnosis and adoption of lifestyle changes, primarily a combination of weight loss and 

dietary adjustments, it is possible to ameliorate symptoms before irreversible ! -cell 

damage occurs. Therefore, understanding the changes that take place during the 

development of diabetes is important to accurately identify appropriate therapeutics. 

As the glucose sensor in the β-cell, GCK has a critical role in the progression of 

diabetes. Decreased insulin secretion along with a decrease in GCK activity has been 

shown in hepatocytes of diet-induced obese (DIO) mice (190). Studies have shown that 

GCK and glucose transporter 2 (GLUT2) are downregulated in T2D in both the liver and 

pancreas (191, 192). However, due to the limitations with the availability of islets from 

T2D patients, the activity of GCK in the pancreas is still unclear. Although cultured ! -

cells are a good model for understanding the molecular mechanism of GCK regulation 

(79), islets are necessary to understand the pathophysiology of the disease phenotype. ! -

cells within islets retain their dynamic Ca2+ oscillations (193–195) that are known to post-

translationally regulate GCK through neuronal nitric oxide synthase (nNOS) activation 

(42, 84).  
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A hallmark of early stage T2D is the loss of the first phase insulin response. We 

predict that this loss is influenced by a decrease in GCK activity. Determining if 

dysfunctional glucose sensing is due in part to a decrease in GCK activity is critical 

knowledge needed to develop appropriate treatments for diabetes. To investigate the 

development of T2D, we used an established mouse model of pre-diabetes where mice 

are fed a high-fat diet to induce obesity and insulin resistance. The DIO model is similar 

to the human progression of T2D including weight gain, elevated blood glucose, and 

impaired glucose tolerance (194, 196, 197). DIO mice also exhibit impaired insulin 

secretion in response to increased blood glucose concentrations and a decrease in β-cell 

function (198, 199). Most importantly, these mice exhibit loss of the surge of insulin that 

is secreted in the first 10 minutes after blood glucose levels rise (200). Here, we 

investigated the changes that occur in ! -cell glucose sensing in the early stages of T2D.  

Methods  

Reagents 

 All reagents were purchased from Sigma-Aldrich unless otherwise noted. 

Animals 

We used male, 12-week-old C57BL/6J mice purchased from Jackson Laboratories 

(Bar Harbor, Maine). Females were not used because they are resistant to the DIO 

phenotype. Diet-induced obese (DIO) mice were placed on a 60% high fat diet (Research 

Diets, Inc., D12492) and littermate controls were maintained on a regular chow diet of 

10% fat (Research Diets, Inc., D12450B). Mice were allowed 48 h of acclimatization 

after arrival and were weighed prior to islet collection. 

Islet Collection 
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Islets were harvested using collagenase digestion as described previously (50) 

followed by hand selection. Briefly, 1-2 mL of collagenase type V solution was injected 

into the common bile duct. A series of washes were performed, and islets were 

individually picked under a dissection microscope. Islets were seeded on 35 mm dishes 

containing No. 1.5 glass coverslips (MatTek). The coverslips were pre-treated with 

human extracellular matrix (Corning) at room temperature for 4 h prior to seeding. Islets 

were cultured for one week before imaging to assure attachment to the coverslip in 

Roswell Park Memorial Institute (RPMI) 1640 w/L-glutamine (Corning), 10% fetal 

bovine serum (Invitrogen), 5.5 mM glucose, and 1% penicillin-streptomycin solution 

(Fisher Scientific) at 37¡C with 5% CO2.  

Fluorescence Microscopy 

NAD(P)H autofluorescence assays were performed as before (see Chapter 3; 

(79)). Islets were incubated in serum-free imaging media for 3 h prior to imaging and 

excited using a 365 nm LED and DAPI filter cube (Zeiss). For the FRET–GCK 

homotransfer experiments, islets were excited using 505 nm polarized light and a 46 HE 

YFP filter cube. Pixel anisotropy values were calculated as described previously (79). 

Statistical analysis was performed using GraphPad Prism software. T-tests were used to 

assess statistical significance (Graphpad Prism, p<0.05) unless otherwise noted. 

AAV -GCK Infection  

The adenoviral vector was constructed by subcloning the homotransfer FRET–

GCK biosensor into an existing rAAV8 vector with the rat insulin promoter (SignaGen).  

Islets were cultured and allowed to attach to the glass-bottomed MatTek dishes. For 

transfection of the AAV-GCK, the media was removed from the MatTek dish except for 
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~150 µL remaining on the coverslip. We added 0.5 µL of the AAV-GCK (stock titer  = 

1.98E+13 viral genome/mL) to dishes containing groups of ~3-7 islets and incubated at 

37¡C with 5% CO2 for 6 h. Then 2 mL of fresh media was added, and the islets were 

cultured for approximately one week. 

Fura-2 Imaging 

Islets were cultured in imaging media containing 2 mM glucose for 3 h before 

labeling with 2 µM fura-2 acetoxymethylester (Invitrogen). Islets were incubated with 

fura-2 for 15 min at 37 °C and washed with fresh imaging buffer before imaging. Islets 

were excited using a 365 nm LED and DAPI cube together with a 380 nm LED and CFP 

cube. Changes in intracellular Ca2+ were expressed as 365:380 ratio. 

Results 

Diet-induced obese (DIO) islets have decreased glucose metabolism  

 Diet-induced obese (DIO) mice were maintained on a high fat diet (HFD) and 

gained significantly more weight than the controls (Fig. 4.1A) consistent with previous 

reports (197, 200). To measure glucose metabolism in response to physiologic glucose 

stimulation, 5.5 mM glucose was added to fasted islets (i.e. cultured in 2 mM glucose for 

3 h prior to imaging) for a final concentration of 7.5 mM glucose, and the NAD(P)H 

autofluorescence was measured over time (Fig. 4.1B). There was significant difference in 

NAD(P)H between control and DIO islets showing  ~20% reduction in the magnitude of 

glucose response in DIO islets compared to controls (Fig 4.1B, C). This was shown in the 

time course depicting the average NAD(P)H response from 6-8 islets (Fig. 4.1B). The 

individual fold-change increases in NAD(P)H from each islet that make up Fig. 4.1B 

were plotted and the deficit in glucose metabolism remained unchanged (Fig. 4.1C). This  
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Figure 4.1. DIO islets have decreased metabolism under physiological glucose 
concentrations. (A) Mouse weights for control (white) or DIO (gray) mice. n ≥ 27 mice, 
**** p < 0.0001. Error bars indicate mean ± S.E. (B-F) Islets were cultured in 2 mM 
glucose for 3 h and pre-treated with 50 µM BME for 5 min prior to imaging. NAD(P)H 
autofluorescence was normalized to pre-stimulated fluorescence. (B) Time-resolved 
changes to NAD(P)H for control (black squares) or DIO (open circles) islets. Points 
represent the mean ± S.E. (error bars) for n ≥ 6 islets. The arrow indicates addition of 
glucose. (C) The fold-change increase in NAD(P)H autofluorescence after addition of 
glucose for control (white) or DIO (gray) islets. n ≥ 6 islets. * p < 0.05. Error bars 
indicate mean ± S.E. A pseudocolor lookup table was applied to representative images to 
indicate fluorescence intensity for control (D) or DIO (E) islets. Scale bar = 50 µm.  
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indicates a decreased metabolic response to physiological concentrations of glucose in 

diabetic islets. The glucose response is depicted as a pseudo-color map of NAD(P)H 

autofluorescence for control (Fig. 4.1D) and DIO (Fig. 4.1E) islets. This depressed 

glucose metabolism seen in DIO islets points to a defect in GCK activity because of its 

role as the glucose sensor and its rate-limiting control of glucose phosphorylation. 

Intracellular Ca2+ in diabetic islets 

Fura-2 ratios were calculated to determine the resting intracellular Ca2+   

concentration in DIO and control islets (Fig 4.2). DIO islets have ~10% less Ca2+ than 

controls (Fig. 4.2A). A ratio image showed that the DIO islets have less overall 

cytoplasmic Ca2+  (Fig. 4.2B). These data agree with our previous findings that 

dysregulated intracellular Ca2+ also results in a loss of GCK activity (142).  

GLP-1 potentiation of glucose metabolism 

We have shown previously that glucagon-like peptide 1 (GLP-1) potentiates 

glucose stimulate insulin secretion (GSIS) in both ! -cells and islets (50). To test whether  

DIO islets respond in kind to GLP-1 treatment, we examined the increase in NAD(P)H 

autofluorescence in fasted islets (Fig. 4.3A). Co-stimulation with 30 nM GLP-1 and 7.5 

mM glucose failed to stimulate the same increase in glucose metabolism in DIO islets 

compared to controls over a period of 5 min. The average fold-change in NAD(P)H for 

individual islets shows a consistent deficit in glucose metabolism in DIO islets (Fig. 

4.3B).  
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Figure 4.2. DIO islets have less cytoplasmic Ca2+ compared to control islets. (A) 
Control (white) or DIO (gray) islets were labeled with fura-2 for quantification of 
cytoplasmic Ca2+. n  ≥ 5 islets, each data point = average of 8-10 cells per islet; * p < 
0.05. Error bars indicate mean ± S.E. (B) Ratio image of a control (left) or DIO (right) 
islet. Scale bar = 50 µm.  
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Figure 4.3. DIO islets are less responsive to pharmacological activation of GCK. 
Islets were cultured in low glucose conditions for 3 h and pre-treated with 50 µM BME 
for 5 min prior to imaging. NAD(P)H autofluorescence was normalized to pre-stimulated 
fluorescence. (A) Time-resolved changes to NAD(P)H for control (black squares) or DIO 
(open circles) islets. Points represent the mean ± S.E. (error bars) for n = 5 islets. The 
arrow indicates addition of 30 nM GLP-1 and glucose. (B) The fold-change increase in 
NAD(P)H autofluorescence after addition of glucose (± S.E.) for control (white) or DIO 
(gray) islets; n ≥ 6 islets; * p < 0.05. Error bars are mean ± S.E.  
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GCK activity in DIO islets 

To investigate whether DIO islets have decreased GCK activity, we expressed the 

homotransfer FRET–GCK sensor (79) in primary mouse islets. To confirm that  

expression of the homotransfer GCK sensor did not adversely affect glucose metabolism, 

NAD(P)H autofluorescence was measured from transfected ! -cells and their 

untransfected neighbors (Fig. 4.4A). There was no significant difference in the amount of 

fluorescence collected from either group suggesting that expression of the sensor was 

well tolerated. To quantify GCK activity, the anisotropy was calculated for transfected β-

cells from control and DIO islets (Fig. 4.4B). After stimulation with glucose, the DIO  

islets maintained a higher anisotropy than controls indicating less FRET and, therefore, 

less GCK activation. This was also depicted in the anisotropy map where areas of 

increased FRET are shown in blue (Fig. 4.4C). Together these results support the 

observation that DIO islets have less GCK activity.  

Discussion  

 Here, we demonstrated that dysfunctional glucose sensing occurs in primary islets 

isolated from diabetic mice. DIO islets exhibit a decrease in glucose metabolism in 

response to physiologic concentrations of glucose compared to control islets. Because 

glucose phosphorylation by GCK is the rate-limiting step, this suggests that DIO islets 

have a decrease in GCK activity. This deficit in metabolism suggests that alterations in 

GCK activity occur early in the development of diabetes. Our data also agrees with other 

groups demonstrating glucose intolerance in the DIO model (201, 202).  

 Using fura-2, DIO islets were shown to have decreased cytoplasmic Ca2+ which 

could be responsible for the decreased glucose metabolism we measured previously with  
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Figure 4.4. GCK homotransfer FRET sensor shows less activity in DIO islets.Islets 
were cultured in low glucose conditions for 3 h prior to imaging. (A) Fold-change in 
NAD(P)H autofluorescence in control islets transfected with the homotransfer FRET 
GCK biosensor. Fluorescence was measured in transfected cells and their untransfected 
neighbors and there is no significant difference in the NAD(P)H in either group; n ≥ 4 
cells; error bars indicate mean ± S.E. (B) Islets were pre-treated with 50 µM BME for 5 
min prior to stimulation with glucose. Anisotropy measurements from control (white) or 
DIO (gray) islets transfected with the GCK biosensor. n ≥ 13 cells; ** p < 0.01; error 
bars indicate mean ± S.E. (C) Anisotropy map of cells with the GCK sensor treated with 
glucose. Areas of blue indicate increased FRET. Scale bar = 50 µm. 
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the NAD(P)H assay. ER Ca2+ release is necessary to fully activate GCK (142). If DIO 

islets have less Ca2+, it is likely that they could also have a defect in glucose metabolism 

due to impaired GCK activity. Dysfunctional Ca2+ dynamics could be an early sign of ER 

stress. Chronic ER stress is known to cause diabetes by inducing ! -cell death, but the role 

of early ER dysfunction in ! -cells isnÕt clear. ! -cells from human T2D subjects exhibit 

more ER stress compared to lean controls (203). However, because the pancreata were 

collected during autopsy, the timing of the onset of ER stress remains unknown. Our 

results indicate that decreased cytoplasmic Ca2+ occurs early in T2D development 

suggesting that ER dysfunction could be a key first step on the path to diabetes and a 

potential target for diabetes therapies. 

 DIO islets also show a diminished response to pharmacologic activation of GCK. 

Stimulation with GLP-1 can regulate post-translational activation of GCK in ! -cells and 

normal islets (50). DIO islets have a similar blunted response to GLP-1 as ! -cells treated  

with the nNOS inhibitor, N(G)-Nitro-L-arginine methyl ester (L-NAME) or expressing 

mutations in GCK that prevent S-nitrosylation (50). Because nNOS signaling requires 

sufficient Ca2+ concentrations, DIO islets could also have a defect in post-translational S-

nitrosylation as a result of their decreased cytoplasmic Ca2+ concentrations. Therefore, 

post-translational regulation of GCK could be responsible for the lack of GLP-1 

stimulated GCK activity. Additional experiments will need to be performed to examine 

the role S-nitrosylation during the progression of diabetes. 

Because of its role as the glucose sensor and the measured decrease in 

metabolism, we wanted to further investigate GCK specific activity in the DIO model. 

Therefore, we transfected diabetic and normal islets with the homotransfer FRET–GCK 
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biosensor. The result was a significant increase in anisotropy in the DIO islets indicating 

less GCK activity. The decrease in GCK biosensor activity in DIO β-cells is important 

because it suggests that dysfunctional glucose sensing occurs early in the development of 

diabetes before ! -cell exhaustion and a reduction in ! -cell mass. Our results suggest that 

preservation of GCK activity should be investigated further as a treatment option for pre-

diabetes. 

We have previously provided evidence supporting the importance of intracellular 

Ca2+ concentrations in modulating GCK activity under normal conditions (142). In 

addition to impaired insulin secretion, disorganized intracellular Ca2+ oscillations have 

been measured in ! -cells from diabetic mice (204). Upon appropriate stimulation, ER  

Ca2+ is released through the IP3R and RyRs in ! -cells. When Ca2+ release from the ER 

pool is blocked, GCK activation is also inhibited (142).  

Altered Ca2+ can cause ER stress and subsequent activation of the unfolded 

protein response leading to ! -cell death (205–207). ER Ca2+ is an important aspect of 

GCK regulation and could play a critical role in the loss of the first phase insulin 

response by inhibiting GCK activity via disruption of nNOS signaling. In summary, the 

decrease in cytoplasmic Ca2+, reduced pharmacologic activation of GCK, and decreased 

biosensor activity all indicate a defective glucose sensing mechanism in diabetic islets. 

 

Author Contributions  – All data in this chapter were collected and analyzed by KMS.   
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Chapter 5: Concluding Remarks1 

The work in this dissertation demonstrates that ER Ca2+ is an important regulator 

of glucose sensing in β-cells of the pancreas because it controls the post-translational S-

nitrosylation of glucokinase (GCK), the glucose sensor. In Chapter 2, we found ER Ca2+ 

release is required to fully activate GCK in order to phosphorylate glucose and facilitate 

insulin secretion to maintain normal blood glucose levels within the narrow physiologic 

range. In β-cells, GCK is half maximally activated at cytoplasmic Ca2+ concentrations 

similar to the half-maximal activation of neuronal nitric oxide synthase (nNOS). When 

nNOS activity is inhibited, GCK activity decreases accordingly. This relationship serves 

to indicate the importance of nitrosylation via nNOS activation.  

To accomplish our goal of elucidating the regulatory mechanisms of GCK 

activity, we created a homotransfer FRET–GCK biosensor and used polarized light to 

quantitatively measure GCK activity in both cultured β-cells and primary mouse islets as 

discussed in Chapter 3. We concluded that GCK adopts two separate conformations in 

living cells. Of particular note, we found evidence for a single, high activity GCK 

conformational state induced by high glucose levels, activating mutations, and S-

nitrosylation. S-nitrosylation facilitates the switch from low to high GCK activity.  

Lastly in Chapter 4, we determined that diabetic islets have decreased cytoplasmic 

Ca2+ concentrations in addition to a decrease in GCK biosensor activity, which is likely a 

result of early ER stress. In summary, our data suggest a critical role for ER dysfunction 

                                                
1. Portions of this chapter are published in Snell, NE, Rao, VP, Seckinger, KM, Liang, J, 
Leser, J, Mancini, AE & Rizzo, MA. (2018). Homotransfer FRET Reporters for Live Cell 
Imaging. Biosensors, 8(4), 89.	
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in the pathophysiology of type 2 diabetes due to defective post-translational S-

nitrosylation of GCK via disruption of cytoplasmic Ca2+ concentrations (Fig. 5.1).  

ER stress and GCK activity 

 Regulation of blood glucose levels requires adequate numbers of functional β-

cells that respond appropriately to changes in blood glucose levels. β-cells must be able 

to increase insulin production in times of increased demand such as during pregnancy 

(208) or obesity (209). Increased demand for insulin understandably requires an increase 

in insulin production to maintain normal blood glucose levels. Because of this increased  

need, β-cells secrete insulin at higher than normal production levels through increased 

processing of proinsulinin the ER. However, this also increases the likelihood of protein 

misfolding causing ER stress and subsequent activation of the unfolded protein response 

(UPR). The UPR is an adaptive mechanism that allows for cells to maintain normal 

protein levels by removing improperly folded proteins. However, chronic ER stress 

activates pro-apoptotic signaling via the UPR and induces cell death.  

The transition from pre-diabetes to diabetes may depend on the ability of the ER 

to adapt to changes in insulin secretion demand. The Akita mouse is an example of 

diabetes caused by ER dysfunction. A spontaneous mutation in the insulin 2 gene (Ins2) 

results in misfolding of insulin, and these mice exhibit hyperglycemia and reduced β-cell 

mass (210). This model is important because it highlights the role of ER stress in β-cell 

apoptosis and reduced β-cell mass in type 2 diabetes (T2D). In order to facilitate insulin 

secretion, there must also be an increase in GCK activity because glucose 

phosphorylation is the rate-limiting step in this pathway. However, the data presented in 

Chapter 4 suggest that GCK activity is blunted in DIO islets. This means that these mice  
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Figure 5.1. ER dysfunction decreases GCK activity. Diabetes-induced ER dysfunction 
disrupts intracellular Ca2+

 concentrations and Ca2+-dependent CaM activation of nNOS. 
This leads to a decrease in GCK activity by reducing post-translational nitrosylation of 
GCK and impairs insulin secretion. [CaM: calmodulin; nNOS: neuronal nitric oxide 
synthase] 
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are less likely to produce adequate amounts of insulin in the remaining β-cells. 

ER dysfunction in β-cells has been documented in many people with T2D (203). 

It is possible that some β-cells may undergo apoptosis during this early phase of ER 

dysfunction resulting in decrease number of functional β-cells. This places an additional 

burden on the remaining β-cells causing additional ER stress. As mention earlier, chronic 

ER stress leads to β-cell apoptosis, and it is well established that β-cell apoptosis is the 

final stage of β-cell dysfunction before the development of frank diabetes (186).  

One way that β-cells may compensate for the decrease in activity in individual 

cells is to induce β-cell proliferation. Indeed, studies have shown that during the 

beginning stages of obesity, normal glucose levels are maintained by increasing β-cell 

mass and function (189, 211). In fact, β-cell proliferation can occur in as little as 1 week 

of consumption of a high fat diet (212, 213). Therapies designed to preserve β-cell mass 

and function are critical for effective diabetes treatment.  

Our data in Chapter 4 show that intracellular Ca2+ dynamics and downstream 

activation of GCK are disrupted in DIO islets. Because nNOS activation is Ca2+ 

dependent it’s reasonable to also predict that the decrease in GCK activity is due to 

impaired GCK S-nitrosylation. Together, the data presented here have demonstrated the 

importance of ER Ca2+ release and post-translational S-nitrosylation for the regulation of 

GCK in pancreatic β-cells. 

The importance of proper GCK-MODY diagnosis 

An individual with GCK-MODY usually does not require pharmacological 

intervention with the exception of during pregnancy. GCK polymorphisms are associated 

with T2D and gestational diabetes. If the fetus did not inherit the mother’s MODY 
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mutation, then insulin would be required to control fetal growth; otherwise no treatment 

is necessary (214). For most cases, complete cessation of treatment for GCK-MODY 

patients is well tolerated because of the mild hyperglycemia and lack of complications 

common in T2D (215). Current literature suggests that people with GCK-MODY have 

the same risk of developing T2D as the general population. Population studies indicate 

that the prevalence of GCK-MODY is 1 in 1,000 (216). However, many GCK-MODY 

patients continue to be misdiagnosed, with some estimates predicting as many as 95% of 

MODY cases having been erroneously diagnosed (217). This means it is possible that the 

GCK-MODY symptoms may be more severe than originally thought because these 

patients have been erroneously included in the T2D group (218). Therefore, patients 

could be receiving unnecessary treatments that will not result in improved blood glucose 

levels, but have an increased risk of hypoglycemia. 

We know that the C371R GCK-MODY mutation has a defect in S-nitrosylation 

but normal enzyme kinetics. This is particularly interesting because hyperglycemia 

persists even with functional wild-type allele (40). Therefore, we can conclude that S-

nitrosylation is a critical post-translational regulator of GCK activity in humans. 

GCK in other tissues 

Although the work detailed here focuses on the role of GCK expression in β-cells, 

GCK is also expressed in other tissue types. The GCK gene is located on chromosome 

7p15.3-15.1 and is composed of 12 exons. The upstream neuroendocrine promoter (1a) is 

functional in pancreatic α- and β-cells, glucose-sensing neurons in the brain, and 

enteroendocrine cells in the gut (219–222). The downstream promoter (1b) regulates 

expression in the liver (223).  
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Liver 

Hepatocytes contribute to glucose homeostasis by stimulating glucose production 

in the fasted state and uptake of glucose in the postprandial state (224). Hepatocytes are 

able to modulate GCK expression in response to changes in the nutritional state because 

the hepatocyte-specific promoter is activated by insulin when glucose levels rise and is 

suppressed by glucagon in the fasted state (225). However, GCK doesn’t have the same 

critical role of ‘glucose sensor’ in hepatocytes because the liver is exposed to much larger 

fluctuations in the blood glucose than is experienced in peripheral tissues (225). Due to 

its dependence on insulin, hepatic GCK expression is reduced when insulin secretion is 

impaired in T2D (191, 226). 

Mice lacking global expression of GCK experience a severe deficit in glucose 

homeostasis and die within a few days of birth (227). This phenotype is also observed 

when pancreas-specific GCK is ablated. However, only mild hyperglycemia exists when 

GCK is knocked out in the liver suggesting compensation by GCK in the pancreas (228). 

This highlights the critical importance of the β-cell isoform.   

GCK regulation in hepatocytes also differs from the pancreas due to expression of 

glucokinase regulatory protein (GKRP) (229). GKRP functions as a potent GCK inhibitor 

by binding GCK in its inactive conformation and inhibiting activation by preventing 

rearrangement of the small domain (190). Maximum binding occurs when glucose 

concentrations are low (~5 mM glucose) to prevent inappropriate phosphorylation (190, 

230). In addition to its ability to inhibit glucose phosphorylation, GKRP also determines 

the subcellular localization of GCK in hepatocytes (231, 232). In the absence of GKRP, 

GCK exclusively remains in the cytoplasm because of its strong nuclear export signal 
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(233, 234). In the postprandial state, rising glucose levels cause dissociation of GKRP 

and GCK translocates into the cytoplasm for phosphorylation of glucose to occur (235).  

Brain 

The brain relies almost entirely on glucose as a source of energy, and glucose-

sensing neurons experience changes in activity based on changes in extracellular glucose 

concentration (236, 237). Assessing the role of GCK in the brain has been difficult 

because of its low expression levels although early researchers have been able to 

determine that GCK is under control of the same promoter (1b) as β-cells (219). Recent 

studies using a GCK-cre mouse line have been successful in confirming GCK expression 

in hypothalamic and limbic regions of the brain (238). Because the brain has a 

dependency on glucose, it is plausible that it also has a mechanism to control blood 

glucose levels. Recently, it has been proposed that the hypothalamic arcuate nucleus may 

influence insulin secretion through a complex neuronal network (239). Indeed, when 

GCK activity is blocked in the hypothalamus, a rapid feeding response is observed in rats 

to restore normal blood glucose levels (240, 241). The regulatory mechanism of GCK in 

the brain is still unclear. However, post-translational S-nitrosylation in hypothalamic 

neurons is currently being investigated in our lab as well. 

Future Directions 

FRET between fluorophores of the same species offers distinct advantages over 

the standard heterotransfer FRET method due to the use of fluorescence polarization 

microscopy to quantify FRET between two fluorophores of identical color. Some of these 

advantages include enhanced signal-to-noise, greater compatibility with other optical 

sensors, increased measurement precision, and improved methods for data analysis. We 
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have investigated the dependence of GCK on ER Ca2+ release and quantitatively 

measured GCK activity in β-cells and islets using our FRET–GCK biosensors. 

More work is needed to unravel the complex mechanism of glucose homeostasis, 

and we can employ the FRET technologies described here to assist in that endeavor. One 

of the principal advantages of employing homotransfer reporters is the ability to 

accommodate secondary fluorescence and optogenetic tools. Homotransfer reporters 

allow us to measure multiple two-color FRET sensors in the same cell at the same time. 

Proof of principle studies have shown that as many as three homotransfer biosensors 

(CFP calcium sensor, YFP MAPK sensor, and mCherry AKAR sensor) can be used 

together in a single living cell. 

We can employ multiplexed experimentation in future studies to investigate GCK 

regulation. For instance, we have recently acquired a transgenic mouse with β-cell 

specific expression of the homotransfer GCK biosensor. This mouse model will be useful 

because we won’t have to rely on AAV transfection of islets. While the AAV-GCK 

transfection is well tolerated (Fig. 4.4), a couple of the challenges we faced were low 

AAV-GCK transfection efficiency and long culture periods between islet isolation and 

imaging. Islets had to be cultured for at least a week to insure attachment to the coverslip 

before transfection with the AAV-GCK sensor. They were then cultured for 

approximately one more week until expression of GCK. Although normal glucose 

metabolic responses were measured in freshly isolated islets and those cultured for two 

weeks, the transgenic model reduces this time by half. Additionally, GCK control will be 

subject to all of the physiologic regulators that are difficult to recapitulate in culture such 

as neuronal input or mechanical stimulation by blood flow through the islet vasculature.  
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There comes a point when β-cell compensation is no longer sufficient to maintain 

normal glucose levels and diabetes is irreversible (186). Understanding the changes that 

occur early in β-cell dysfunction will provide insight for developing therapies to maintain 

functional β-cells. Although it has been difficult to determine exactly how much β-cell 

mass changes in humans due to a limited supply of pancreata samples, autopsies have 

shown that obese T2D patients have as much as a 50% reduction in β-cell mass compared 

to non-diabetic individuals (242). However, these samples were also collected after T2D 

diagnosis, the timing of the β-cell loss remains unknown. When fed a high-fat diet, mice 

with a haploinsufficiency of β-cell specific GCK (GCK +/-) showed a decrease in β-cell 

replication and insufficient β-cell hyperplasia compared to wild-type mice (243). 

Therefore, not only does GCK play a critical role in glucose stimulated insulin secretion 

but it also plays a part in protecting β-cells in response to high fat diet-induced insulin 

resistance (243). This suggests that loss of β-cell mass is a critical component of diabetes 

progression. 

In recent years diabetes therapies have been focused on glucokinase activators 

(GKAs) (244–246). These small molecules bind to the allosteric binding site of GCK to 

induce activation. Our work has demonstrated that there is a decrease in GCK activity in 

the early stages of diabetes development; therefore, GKAs seem like the perfect solution 

because they would increase GCK activity. However, this is less than an ideal therapeutic 

strategy because constitutively active GCK would most likely lead to β-cell exhaustion 

because of the much higher secretion of insulin. They are also likely to cause 

hypertriglyceridemia due to over-activation of the hepatic GCK isoform (247). As 

mentioned previously, increased insulin demand causes ER stress, and GKAs would most 
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likely accelerate β-cell apoptosis. Long-term use of these compounds is also thought to be 

hepatotoxic (37). 

We propose rather that preservation of functional β-cells is the critical first step in 

diabetes treatment. β-cell turnover is quite slow, and new cells are created from the 

existing β-cell population so it important that ER stress is ameliorated before irreversible 

β-cell loss (248). We hypothesize that early ER dysfunction leads to impaired GCK 

activity; therefore maintaining normal ER processing is key to regulating cytoplasmic 

Ca2+ concentrations.   
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