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ABSTRACT 

The hexokinase family of enzymes catalyzes the ATP-dependent phosphorylation of 

glucose to generate glucose 6-phosphate and ADP. Consistent with highly evolved catalysts, 

hexokinases I-III possess high apparent substrate affinities (low Km) as a result of specificity 

optimization. Hexokinase IV, commonly known as glucokinase (GCK), has a low apparent 

affinity for its physiological substrate glucose and is not significantly inhibited by the reaction 

product. Interestingly, it displays positively cooperative kinetic behavior while functioning 

exclusively as a monomer with a single glucose binding site. A lag in steady-state saturation 

curves places the inflection point in the range of physiological blood glucose levels, allowing 

activity to be highly tunable in this region. Fasting and fed states can therefore dictate the rate of 

glucose phosphorylation in the reaction that represents the rate-limiting factor of insulin release 

and glycogen synthesis. The most compelling evidence for the pivotal role of GCK in glucose 

homeostasis was the discovery of mutations in the glk gene that result in long-term glycemic 

complications. Established as a central regulator of blood glucose, efforts to target GCK in the 

treatment of diabetic disorders resulted in the development of glucokinase activators. 

Small-molecule activators of GCK bind to an allosteric site and increase the enzyme’s 

apparent affinity for glucose (K0.5). Effects on turnover (kcat) and cooperativity (Hill coefficient) 

can vary widely, and these differences have remained largely uninvestigated. Conflicting kinetic 

models have been proposed in the literature that disagree as to whether glucose binding is pre-

requisite to activator association. Our kinetic activity assays, obtained via stopped-flow, suggest 

that activators can indeed associate with some population of GCK in the absence of glucose. To 

investigate the differing effects on turnover by activators, we performed viscosity variation 

assays. We found that the kcat of GCK is partly dependent on some diffusion-limited process, 

such as product release. In the presence of different activators, whose effects on turnover varied 

from unchanged to augmented 30%, we observed a significant change in dependence for just one 

of the three compounds tested. Compound A increased kcat by 10% and showed a nearly 

complete dependence upon solvent viscosity, suggesting that the activator functions by 

accelerating some preceding event that makes product release the determinant for turnover. 

The precise in vivo regulation of GCK and the presence of its highly effective allosteric 

activation site have led some to speculate the existence of an endogenous activator. Such a 
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molecule would likely provide a safe scaffold in the design of future GCK therapeutics. We 

tested a variety of biogenic compounds using linked-enzyme assays for activating properties. 

When these tests proved unsuccessful, we developed a methodology that would provide the 

ability to genetically select for activating cyclic peptides among a library of 106 unique members. 

We combined a proven genetic selection system devised in-house with a uniquely engineered 

plasmid construct that generates randomized cyclic peptides in vivo. The methodology was 

optimized to be sensitive to the presence of GCK activation. In addition, we describe alternative 

approaches and ongoing efforts on this front. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Glucokinase: A Unique Isozyme of the Hexokinase Family 

 The simple sugar glucose serves as the major source of energy for living cells (1). 

Glucose can undergo oxidation to generate adenosine triphosphate (ATP) for a readily available 

energy source, or it can be stored as a long-term energy source in the form of glycogen. Its 

structural simplicity and stability allow it to participate in a battery of physiological processes, 

including its ability to mediate protein regulation through glycosylation and its role as a 

precursor in the formation of such structural elements as chitin and cellulose (2, 3). The 

importance of this ubiquitous hexose has resulted in a finely-tuned metabolic homeostasis in the 

human body (4). Perhaps one of the most critical components of this highly regulated system is 

the glucose-phosphorylating enzyme, glucokinase. 

 There are four ATP-dependent glucose-phosphorylating enzymes known to exist in 

vertebrates (5). Consisting of hexokinase I, II, III, and IV, this family of enzymes has been well 

characterized. Hexokinases I-III have several commonalities that distinguish them from 

hexokinase IV. Most notably, a molecular weight of approximately 100 kDa, a relatively high 

affinity for glucose, and the ability to be regulated by product inhibition at physiological 

concentrations (6, 7). Hexokinase IV, more commonly referred to as glucokinase, is roughly half 

the size of its isozyme counterparts and displays a unique kinetic response to glucose.  

 

 

 

 

 

Glucokinase (GCK) is a 52 kDa monomer that catalyzes the transformation of glucose to 

glucose 6-phosphate in a reaction that represents the initial and rate-limiting step of the 

glycolytic pathway in hepatic and pancreatic β-cells (Figure 1.1) (8). The breadth of its 

Figure 1.1 The reaction catalyzed by human glucokinase. 
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physiological significance was realized soon after its initial discovery in the liver, when 

Matschinsky and Ellerman demonstrated its presence in pancreatic islet tissue (9, 10). They 

proposed that GCK functions in a dual role: as the hepatic pacemaker in the conversion of 

glucose to glycogen and as the glucose sensor of the insulin-secreting pancreatic β-cell, the latter 

being responsible for maintaining whole-body glucose homeostasis. 

1.2 The Physiological Significance of Glucose and the Role of Glucokinase 

 Glucose enters the pancreatic β-cell via the GLUT transmembrane protein family. The 

abundance of these facilitative transporters is such that intracellular glucose approximates blood 

glucose concentration (11). GCK initiates the breakdown of glucose to generate ATP through 

glycolysis and the TCA cycle. As flux through these pathways increases and ATP accumulates, 

the increased phosphate potential inhibits the ATP-sensitive potassium channel of the cell 

membrane. The resulting membrane depolarization elicits an influx of calcium ions that 

ultimately promote the secretion of insulin from the cell. Glucose turnover by GCK is the rate-

determining event of this process (12). The absence of product inhibition, the prevalence of 

intracellular ATP, and the virtual irreversibility of the reaction ensure that the rate of insulin 

secretion is determined almost entirely by glucose levels and GCK content (13). Moreover, 

inhibitory factors such as the glucokinase regulatory protein (GKRP) are seemingly absent in the 

β-cell (14). 

The function of insulin is to regulate and ensure proper glucose usage. Upon release, it 

reaches the insulin receptors of the myocytes and adipocytes, signaling the uptake and 

subsequent utilization of glucose (15). In the liver, insulin action stimulates glycogenesis via 

several mechanisms, including the indirect activation of the glycogenic enzymes glycogen 

synthase and phosphofructokinase (16, 17). Any number of irregularities that result in 

perturbation of this homeostatic system can produce a diabetic phenotype. The inextricable link 

of GCK to this process led researchers to postulate that the enzyme might represent a causal 

agent in the manifestation of diabetes (18). This was verified upon the observation of crippling 

GCK mutations that resulted in a state of mild hyperglycemia in patients with maturity onset 

diabetes of the young type II (MODYII) (19). Follow-up studies examining the link between the 

GCK gene and patients with perturbed glucose homeostasis led to the discovery of persistent 

hyperinsulinemic hypoglycemia in infancy (PHHI) (20). In contrast to MODYII, this disorder is 

induced by gain-of-function mutations in glk. These discoveries signified the importance of 
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precise regulation of GCK activity, as well as its potential as a drug target in the treatment of 

diabetes mellitus. 

1.3 A Monomeric Enzyme with Positive Kinetic Cooperativity 

The role of glucokinase as a precise regulator of blood glucose homeostasis is attributable 

to its reaction being the rate-limiting process in the insulin secretory pathway. As mentioned in 

section 1.1, hexokinases I-III possess a relatively high apparent affinity for glucose. Comparative 

assessments have reported Km values that range from 0.003 to 0.3 mM glucose for the three 

isozymes (21). GCK, by contrast, retains a glucose concentration at half-maximal velocity (K0.5) 

of 8 mM. This kinetic constant relates directly to its physiological functionality, as its value 

approximates mean blood glucose concentration. Activity of the enzyme is therefore highly 

sensitive to subtle changes in glucose (Figure 1.2). 

 

 

 

 

 

 

 

 

 

 

The sigmoidal-shaped curve seen in a steady-state kinetic plot of glucokinase activity is 

characteristic of an allosterically-regulated system (22). The kinetic behavior of such a system is 

said to be cooperative, and can be mathematically described by a modified Michaelis-Menten 

function known as the Hill Equation (23). This formulation contains a corrective exponential 

factor, the Hill number, which serves as a measure of the degree of sigmoidicity in the curve. A 

Figure 1.2 Kinetic saturation plot for GCK showing its delayed 
response to increasing glucose. Its low substrate affinity allows 
activity to be highly tunable in the range of approximate blood 
glucose range (shaded area). 
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Hill number of unity is indicative of no cooperativity and the function reverts back to the 

Michaelis-Menten equation. A value less than unity signifies negatively cooperative kinetics, 

while a Hill number above one denotes positive cooperativity. GCK kinetics fit with a Hill 

number of 1.7, indicating mild positive cooperativity (22).  

When the kinetic properties of glucokinase were initially realized, cooperativity was a 

known phenomenon. However, there were a number of irregularities that made modeling this 

behavior difficult. Most cooperative enzymes had shown a more significant degree of 

cooperativity and could be described by Hill coefficients that were typically suggestive of the 

number of subunits. GCK proved to maintain its monomeric state under all conditions and 

contained only one glucose binding site (24). 

1.3.1 Proposed Mechanisms of Kinetic Cooperativity in Glucokinase 

Classical models for positive kinetic cooperativity require multiple interacting subunits or 

more than one active site on a single polypeptide (25, 26). Glucokinase presented a cooperative 

response to glucose, but had been known to possess a single substrate binding site while 

functioning exclusively as a monomer under reacting conditions (27). Thus, alternative models 

had to be developed to account for this observed characteristic of the enzyme. Before this time, 

however, the existence of monomeric cooperativity had been speculated by researchers who 

devised different models that could account for such an observation. 

In an early, simplified model for monomeric cooperativity put forth by Rabin, he 

supposes two conformational protein isomers of differing thermodynamic stability (28). In 

absence of substrate, the thermodynamically favorable state (E') prevails. Conversion to the 

catalytically-competent, higher energy species (E'') is achieved via the free energy accompanying 

substrate binding, this being an extension of Koshland’s induced-fit hypothesis (29). The enzyme 

conformation upon product release is therefore distinct from the initial conformation, and the 

differing substrate affinities of the two states results in non-Michaelian behavior. 

 Ricard, Meunier, and Buc (30) built upon the ideas of Rabin, and later Whitehead (31), 

by proposing the mnemonical model (Figure 1.3) for rationalizing cooperativity in a monomeric 

enzyme. They list three requirements for catalysis to follow their postulate: 

 

 1) In absence of ligand, the single-site monomer should exist as an equilibrium of two  

 conformations with one being strongly favored. 
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 2) The binding of a ligand with either conformation should induce a catalytically active  

 conformation distinct from the initial thermodynamically-preferred state. 

 3) The active state should be temporarily stabilized by the last product and capable of  

 undergoing another round of catalysis. Otherwise, the enzyme will slowly relax back to  

 the thermodynamically stable inactive conformation. 

 

 

 

 

 

 

 

 

In the mnemonical model, kinetic cooperativity arises due to the inability of the two 

enzyme conformations to reach equilibrium faster than catalysis. Notably, there is only one 

catalytic cycle owing to the single catalytically-competent enzyme conformation. Early evidence 

in favor of this model being representative of glucokinase cooperativity was presented by Storer 

and Cornish-Bowden using rat liver glucokinase (32). They reported a decrease in cooperativity 

with decreasing [MgATP]2-. They reasoned that when the binding of MgATP2- to the enzyme-

glucose complex becomes rate limiting, the free enzyme form is able to reach a state of 

equilibrium with the binary complex. In terms of the mnemonic model, the equilibration of these 

states violates the requirements for cooperativity, hence the observed trend at decreasing 

[MgATP]2-. More recent work in favor of this model was conducted by Heredia and colleagues 

using stopped-flow transient state kinetics (33). They found that glucose binding traces exhibited 

biphasic kinetics that were best fit to a reversible, two step mechanism in which GCK binds 

glucose to form a transient intermediate followed by a subsequent conformational change to 

form the catalytically-competent complex. They conclude that their results suggest GCK 

Figure 1.3 The mnemonical model for positive cooperativity as it 
applies to glucokinase. Cooperativity arises due to GCK (E) 
having a much greater on rate for glucose (G) than E*, while the 
slow isomerization step keeps the equilibration of these species 
from being faster than catalysis. 
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undergoes a slow, glucose-induced conformational change that exists outside of the catalytic 

cycle. 

Taking a more generalized approach, Neet, Ainslie, and Shill developed a model for 

kinetic cooperativity that accounts for all possible interconversions of enzymatic states (34). This 

paradigm therefore assumes that multiple conformations of the enzyme can perform catalysis, 

albeit at different rates (Figure 1.4). The sum of the rates in each cycle comprises the steady-state 

velocity. The model, known as the ligand-induced slow transition (LIST) model, postulates that 

cooperativity arises as a result of the distributive fates of the enzyme in the catalytic cycles as 

determined by glucose concentrations. 

 

 

 

 

 

 

 

 

 

Recent transient state kinetics investigations by independent research groups reported 

similar results in support of the LIST mechanism. Antoine and researchers noted that glucose 

binding signals were significantly slow to equilibrate and were best described by a sum of four 

exponential terms (35). Of these, the major kinetic phase exhibited a glucose dependency that led 

them to posit a pre-existing equilibrium of two conformational states in absence of glucose. 

Larion and Miller corroborated these results, observing four kinetically distinguishable events 

associated with glucose binding (36). Implementing higher enzyme concentrations allowed them 

to observe previously undetected low-amplitude fluorescence signals at multiple glucose 

concentrations. They employed global fit methods to explore the applicability of this data to 

Figure 1.4 The ligand-induced slow transition model for 
cooperativity as it applies to glucokinase. In contrast to the 
mnemonical model, more than one conformation of the enzyme 
(E/E*) is capable of performing catalysis and isomerization can occur 
at any step of the catalytic cycle. Cooperativity is a result of the 
distribution of high-affinity (E) and low-affinity (E*) catalytic cycles, 
as determined by substrate levels. 
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different kinetic models, which led them to a mechanism involving two unliganded and four 

binary enzyme-substrate complexes. Consistent with the LIST postulate, enzyme species could 

interconvert throughout the catalytic cycle. 

1.4 Allosteric Activators of Human Glucokinase 

As knowledge of the glucokinase gene-related disease states developed, researchers 

continued exploring GCK regulation as a means of treating type 2 diabetes by direct or indirect 

activation (37). These efforts culminated in the discovery of a small-molecule activator that 

functions by direct interaction with the enzyme (38). In a high-throughput screening of 120,000 

synthetic compounds based on GKRP-mediated inhibition of GCK activity, Grimsby and co-

workers found a racemic compound that produced activated kinetics via direct binding to 

glucokinase. Assays with the enantiopure constituents showed chirality-dependent activation, 

revealing the first glucokinase activator to be the R-enantiomer, RO-28-1675 (Figure 1.5A). 

They reported a dose-dependent increase in Vmax with concomitant decrease in K0.5 while Hill 

coefficient remained unchanged (Figure 1.5B). 

 

 

 

Figure 1.5 The first glucokinase activator. (A) Effects of enantiomers on GCK activity in the 
absence (squares) and presence (circles) of the inhibitor GKRP. No significant change was 
observed with the S-enantiomer (open symbols), while the R-enantiomer RO-28-1675 (solid 
symbols, structure inset) increased activity and relieved inhibition by GKRP. (B) Glucose 
saturation plots in the absence (solid circles) and presence of RO-28-1675 (remaining 
symbols, 0.03-20 µM) show dose-dependent increases in maximal velocity. From Grimsby, 
J., et al. (2003) Allosteric Activators of Glucokinase: Potential Role in Diabetes Therapy. 
Science 301:370-373. Reprinted with permission from AAAS. (Appendix E). 
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The researchers undertook a series of in vivo tests to assess the therapeutic viability of 

RO-28-1675. Isolated pancreatic islets showed a reduction in the threshold for glucose-

stimulated insulin release from 7 to 3 mM in the presence of 0 and 10 µM activator, respectively. 

Oral administration of the compound to diet-induced obese mice caused a dose-dependent 

decrease in blood glucose paralleled by an increase in plasma insulin. Further assessments with 

diabetic rodent models under pancreatic clamps proved that RO-28-1675 enhanced hepatic 

glucose disposal over vehicle controls. The in vivo observations of this initial report have since 

been well-substantiated in a number of physiological examinations (39-42). The seminal 

activator report predicted that RO-28-1675 interacts with GCK at an allosteric site that coincides 

with a region harboring activating mutations, suggesting a common mechanism for activation. 

This prediction was verified the following year with the first reported crystal structure of human 

glucokinase (43). 

1.5 Observations of Multiple Conformations of Human Glucokinase 

1.5.1 Crystallographic Structures Show Large Changes in the Small Domain 

Kamata and co-workers used X-ray crystallography to elucidate the structures of ligand-

bound and unliganded human hepatic glucokinase (Figure 1.6). The ligand-bound, “closed 

form,” was the ternary complex of GCK bound to glucose and a synthetic small-molecule 

activator (Figure 1.6A). In congruence with past evidences, the enzyme exists as two domains of 

unequal size (44). The active site resides in a deep interdomain cleft between these two, aptly 

named, large and small domains. This enzyme form also revealed an allosteric site, ~20 Å 

removed from the active site, which contained the activator Compound A. The unliganded, 

“super-open form” was resolved at 3.4 Å (Figure 1.6C). The large domain of this conformer 

showed a sizeable degree of similarity to that of the complexed state. By contrast, the small 

domain was highly dissimilar. An approximate 99° rigid body rotation of this region 

distinguished the two structures. Entailed in this spatial disparity is the absence of the allosteric 

pocket and solvent exposure of the active site cleft found in the glucose-bound form. Later work 

by a separate group of researchers revealed yet another conformation of human glucokinase (45). 
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 A seemingly intermediate state, the “wide open” form, was obtained by X-ray 

crystallography as a ternary GCK-glucose-activator complex (45). Whereas the small domains of 

Figure 1.6 The X-ray crystal structures of human glucokinase in multiple conformations. The 
glucose binding sites are shown below the corresponding structures, and all are shown from 
the same perspective by alignment of the large domains (white) to highlight changes in the 
small domains (yellow). In the closed state (A), a compact conformation excludes solvent 
from the glucose (orange spheres) binding site and allows access to the activator (green 
spheres) binding site. In the active site (D), both domains form extensive hydrogen bonds 
with glucose (orange sticks). The wide open state (B) was the only structure to be found with 
iodide (magenta) at the domain interface. The small domain rotates 44° as a rigid body away 
from that observed in the closed state. As a result, active site residues in the small domain are 
moved far from glucose while all contacts are maintained in the large domain (E). The super-
open state (C) is the unliganded enzyme and shows an additional 55° rotation of the small 
domain away from the active site when compared to the wide open state. The C-terminal 
α13-helix (red) is released from sequestration and moves from a perpendicular to parallel 
position relative to the α5-helix (gray). This movement and relocation of connecting loop I 
(cyan) result in the absence of the allosteric activator site. Active site residues D205 and 
E256 form alternative interactions in the absence of glucose (F). PDB: 1V4S, 4DCH, 1V4T. 
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the closed and super-open forms were reportedly separated by a 99° rotation when idealized as a 

rigid body, crystals of the wide open form show this difference to be 44° when compared to the 

closed form. Consequently, this rotation moves the active site residues in the small domain away 

from glucose, which now only maintains contacts with those of the large domain (Figure 1.6E). 

The super-open form similarly has no substrate interacting residues from the small domain near 

the glucose binding site, but Asn204 and Glu290 are the only active site residues in the large 

domain that are immediately available to form hydrogen bonds with glucose (Figure 1.6F). 

Crystallization of these compounds was significant because it demonstrated that glucokinase is 

capable of binding and stabilizing glucose in more than one conformation. The wide open form 

was elucidated under saturating ammonium iodide, making it difficult to propose a realistic 

catalytic relevance of this structure. This caveat aside, it established that GCK can stabilize 

glucose without active site residues of the small domain and provides a reasonable estimate of 

some intermediate state between the other two structures. Beyond the mechanistic implications, 

the wide open form in the context of the closed and super-open forms could prove useful in the 

design of GCK-targeted therapeutics. 

1.5.2 NMR Spectra Favor An Ensemble of GCK Conformations 

 The application of nuclear magnetic resonance (NMR) to investigate specific 

conformational states of glucokinase was achieved using site-specific isotopic labeling (46). 

Three tryptophans and seventeen isoleucines are well-dispersed throughout both domains of 

GCK, making these residues ideal reporters for whole protein dynamics (Figure 1.7). The 

enzyme contains one tryptophan in the large domain (W257) and two tryptophans in the small 

domain (W99, W167). Using 15N side chain labels, the researchers noted that the 1H-15N HSQC 

spectrum of unliganded GCK shows a single broad peak containing contributions from all three 

residues. Upon the addition of glucose, the single broad peak becomes three isolated cross-peaks 

that were confirmed to be attributable to the three tryptophans using site-directed mutagenesis. 

Two of these peaks (W99, W167) had minor shoulders, which the researchers thought could 

represent a low-populated conformational state. Further support in favor of this assertion is that 

these tryptophans are located in the small domain where crystals have shown to have the most 

substantial structural changes upon glucose binding (43). The multiple tryptophan signals imply 

the existence of multiple glucose-bound conformations, sustaining the relevancy of the 

intermediate wide open crystal structure. 
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 Of the seventeen isoleucines in glucokinase, ten are located in the large domain with the 

remaining residues residing in the small domain. The 1H-13C HMQC spectra for unliganded and 

glucose-bound GCK were obtained using 13CH3-Ile labels. In the absence of glucose, the 

spectrum showed extensive cross-peak overlap and mixed peak intensities. Peak assignment 

found that only one isoleucine in the large domain was absent, while just two of the seven in the 

small domain were visible. The addition of glucose diminished the intensity of the disordered 

peak region and new cross-peaks became visible that corresponded to the remaining probes in 

the small domain. The tenth residue of the large domain appeared, but they noted that peaks in 

this domain remain relatively unchanged when glucose is added to solution. In summation, the 

results of these experiments indicate that unliganded GCK exists as an amalgamation of 

conformational states and is a highly dynamic system. Glucose promotes an increasingly uniform 

landscape, but heterogeneity persists even under excess conditions. 

Figure 1.7 Schematic showing the residues used as isotopic labels for NMR experiments. The 
α-carbon atoms of isoleucines (red) and tryptophans (blue) are shown for the sake of visual 
simplicity. All amino acids in both the large (white) and small (yellow) domains were 
observable in the presence of saturating glucose. Those absent in the unliganded spectra are 
labeled in bold italics. PDB: 1V4S. 
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1.6 A Functional Analysis of Glucokinase Activation 

1.6.1 The Allosteric Activator Binding Site 

The secondary structural elements that form the glucokinase activator binding site 

include the connecting loop I, α5 and α13 helices (Figure 1.8A). In the closed conformation, the 

α13 helix is part of the small domain and rests perpendicular to the α5 helix. It serves as one face 

of the activator binding site, typically forming hydrophobic interactions via V452 and V455 

(Figure 1.8B). The α5 helix, also in the small domain, can form a multitude of interactions with 

activators. Residues M210, I211, Y214, and M235 provide hydrophobic and aromatic contacts 

with small molecules (43, 47). Additionally, the hydroxyl group of Y215 has been observed 

functioning as a hydrogen bond donor to activators but is capable of opening an additional 

pocket to accommodate larger ligand moieties by inverting its side chain (48). Connecting loop I 

shields the activator from solvent. Interactions with this loop include hydrophobics provided by 

V62 and a nearly universal component of activator binding, the formation of a bidentate 

hydrogen bond with the backbone of R63 (49). Activating mutations localize to this hinge 

region, in or near the allosteric binding site with few exceptions (50, 51). 

 

Figure 1.8 The hinge region of GCK crystal structures is shown from the same perspective. 
The closed form (A) contains an activator (green) bound to the allosteric site comprised of 
connecting loop I (cyan), α13 (red) and α5 (gray) helices. A close-up (B) shows residues that 
form hydrophobic interactions and hydrogen bonds (dashed lines) with this activator. The 
super-open form (C) shows the extent of the relative disorder in the small domain (yellow). 
The α13 helix is no longer sequestered by the connecting loop and now resides between the 
two domains in a parallel position relative to the α5 helix. PDB: 1V4S, 1V4T. 
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1.6.2 The Mechanism of Activation 

All models for the kinetic cooperativity of glucokinase require a slow conformational 

change to account for the enzyme functioning as a single-site monomer (32, 34, 52). Structural 

analyses using crystallography and NMR show that the structural transition occurs almost 

entirely in the small domain (43, 46). Perhaps the most striking difference in the transition from 

the super-open to closed states is the location of the α13 helix. In forming the closed 

conformation, the α13 helix shifts from a solvent-exposed position between the domains to a 

tightly packed region sequestered by connecting loop I (Figure 1.8A/C). The available evidence 

supports that activation by small molecules and mutations occurs by facilitating the transition to 

the closed form, inhibiting the relaxation to the super-open form by stabilizing the compact state, 

or some combination thereof. 

Naturally occurring activating mutations in the α13 helix have been found in patients 

with PHHI (20, 53). Molecular dynamics simulations have reported that the release of the α13 

helix is the final step in the slow transition from the closed to super-open conformation, and 

kinetic studies implicate this structural element as critical to cooperativity (54, 55). Activating 

mutations in the nearby α5 helix have also been reported (56). The energy barrier that must be 

overcome to form the closed state owes to the requisite breakage and reformation of numerous 

bonds, and activating mutations in these helices are postulated to function by forming bonding 

and steric interactions that make sequestration of the α13 helix a more favorable process (57, 58). 

Further activating mutations in this region of the enzyme have been observed in connecting loop 

I (59). The corresponding loop in the non-cooperative hexokinase I adopts a rigid structure and 

forms direct stabilizing interactions with the α5 and α13 helices (43). Transplantation of this 

motif into connecting loop I of GCK was reported to eliminate cooperativity, suggesting that this 

region became more hexokinase-like by stabilizing the closed state (60). Activating mutations in 

the loop likely function by contributions from increased structural rigidity and stabilizing bond 

formations with the α-helices (50, 59, 60). 

A cursory understanding of the function of activators can be inferred from our knowledge 

of activating mutations. Since these effectors are known to form direct interactions with 

connecting loop I at one face of the molecule and the α5/α13 helices at another, they most likely 

provide a combination of the advantages imposed by activating mutations in these structural 

motifs: augmented loop rigidity, stabilization of the closed state, and inhibition of α13 helix 
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release (43). Crystallographic data and tryptophan fluorescence experiments suggest that 

activators do not function by altering the active enzyme conformation, but by stabilizing the 

active conformation (59, 61). Similarly, NMR spectra of glucose-bound GCK show only local 

perturbations upon the addition of activator (46). These same researchers also obtained spectra 

for activating variants of GCK in unliganded and glucose-bound states. Under saturating glucose, 

spectra for the variants exhibited high similarity to that of the glucose-bound wild-type enzyme. 

In absence of glucose, unliganded activating variants had sharper cross-peaks and more 

observable residues than unliganded wild-type 1H-13C HMQC spectra. Upon the addition of 

activator, unliganded wild-type gave a spectrum that correlated with those obtained for GCK 

activated by mutations. They proposed that activation of GCK is achieved by alteration of 

enzyme dynamics and promotion of a state that favors a conformational ensemble reflective of 

the glucose-bound state. 

It is important to note that crystal structures of activator-bound GCK have yet to be 

obtained without the inclusion of glucose. Although Kamata and colleagues attempted to 

crystallize this complex, their inability to do so led them to interpret their results in terms of a 

mnemonical model in which glucose would be required to induce a state capable of binding 

activator (43). This model would be consistent with the observation that activator by itself does 

not stabilize GCK in thermolability tests, but it can enhance the stabilizing effect of glucose (62). 

Furthermore, attempts at detecting activator binding in the absence of glucose using isothermal 

titration calorimetry, scintillation proximity assay, and differential scanning calorimetry have 

thus far proved unsuccessful (63, 64). Alternative experimental techniques have seen 

improvement in the measurability of this event. 

In a comprehensive kinetic characterization, researchers unequivocally detected activator 

binding in absence of glucose in fluorescence equilibrium titrations (35). It was noted that the 

fluorescence intensities were less than half that of activator titrations in the presence of glucose. 

Using a derivative LIST model, it was postulated that this represents the inability to completely 

shift the conformational equilibrium to favor the activator-bound state. A later investigation of 

the functional dynamics of GCK by high-resolution NMR found that activator binding does not 

require pre-formation of the enzyme-glucose complex (46). Using isotopically-labeled leucine 

residues as probes, the researchers noted strong spectral similarities between enzyme-glucose 
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and enzyme-activator samples that led them to conclude that activators alone are capable of 

shifting the conformational landscape by stabilizing the small domain. 

1.7 The Future of Glucokinase Activators as Therapeutics 

 In the decade since the discovery of glucokinase activators, the amount of released 

patents number into the hundreds (65, 66). However, progress of these molecules as therapeutic 

agents has consistently halted at the clinical stage due to metabolite toxicity as well as 

complications arising from activation of the enzyme itself (67). The GCK activator MK-0941 

(Figure 1.9A) reached a Phase II clinical trial where it initially showed improvements in diabetic 

patients’ glycemic control (68). Surprisingly, efficacy of the drug plummeted after only a few 

months and the early effects were unsustainable. By the end of the year-long study, the activator 

was associated with increased incidence of hypoglycemia and elevated blood pressure.  

 

 

Hypoglycemia resulting from higher drug dosages has been attributed primarily to the 

pancreatic effects of augmented GCK activity. Moving away from the dual-mechanism of 

activation to eliminate this complication, drug development efforts have produced liver-specific 

GCK activators that have altered permeability properties to allow for hepatoselective uptake (69, 

70). The potential for toxicity related to the structure of the activator itself, however, still 

remains. Drug candidate GKA50 (Figure 1.9B) was found to elicit testicular toxicity in rat and 

Figure 1.9 The structures of glucokinase activators that have been abandoned as drug 
candidates. (A) MK-0941 reached phase II clinical trials before it was shelved. (B) The 
pyridinic acid group of GKA50 begat testicular toxicity. (C) RO-28-1675 is shown along 
with the thiourea metabolite (red) that produced hepatic complications. 
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dog models due to its pyridinic acid moiety functioning as a retinoic acid receptor antagonist (71, 

72). Likewise, the activator that was first discovered, RO-28-1675, formed a thiourea metabolite 

(Figure 1.9C) that was deemed responsible for hepatic toxicity (38, 73). 

1.8 Aims of the Study 

Glucokinase is a monomeric enzyme that is allosterically regulated by its physiological 

substrate glucose and capable of being allosterically activated by synthetic small-molecules. 

Positive kinetic cooperativity gives GCK a low affinity for glucose, with a half-saturation 

constant reflective of mean blood glucose concentration. The enzyme’s central role in glucose 

homeostasis via its dictation of the rate of insulin secretion has led many to refer to it as the 

“glucose sensor” of the body. Efforts in the pharmaceutical industry to find a small-molecule 

regulator of GCK led to the eventual discovery of glucokinase activators. One aim of this study 

is focused on understanding the glucokinase-activator interaction. The precise mechanism by 

which activators function is not fully understood, and there have been conflicting reports in the 

literature as to whether pre-formation of the enzyme-glucose complex is required for association 

at the allosteric site. We addressed this controversy in Chapter 2 of the thesis using equilibrium 

dialysis, mass spectrometry, and stopped-flow kinetics. Furthermore, we provide in this chapter a 

thorough kinetic, thermodynamic, and physiological characterization of structurally diverse GCK 

activators.  

Reported GCK activators have universally been synthetic molecules. The properties of 

synthetic functional groups that favor in vitro efficacy can often prove deleterious when 

introduced to an in vivo setting. Natural products and biogenic compounds can provide safer 

alternatives and might also offer insight into the existence of a currently unknown endogenous 

activator of GCK. The second aim of the thesis is to search for a biologically-composed activator 

of human glucokinase. In Chapter 3 of this thesis, we tested various molecular compounds for 

activating capabilities based on reported binding partners and those thought to be involved in the 

process of insulin regulation. After screening small-molecule activators individually, we sought 

an approach that would provide higher throughput. In Chapter 4, a technique was developed in 

which we implemented an in vivo plasmid-based approach to library screening with our 

established genetic selection system. This allowed us to screen hundreds of thousands of unique 

cyclic peptide molecules in an effort to provide a novel class of GCK activators. 
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A greater understanding of all possible modes of glucokinase activation would be 

informative to the future development of GCK-targeted therapeutics. A significant majority of 

the known activating and PHHI-associated variants localize to the structural region responsible 

for binding small-molecule activators, suggesting a similar mechanism of action. However, 

activating mutations distal to both the active and allosteric sites have been reported. We explored 

alternative methods of enhancing enzymatic activity by using genetic selection to identify a 

novel loop variant. The discovery and characterization of this species is reported in Appendix A. 

 

 

  



18 
 

CHAPTER TWO 

INVESTIGATIONS INTO THE MECHANISM                                                 

OF GLUCOKINASE ACTIVATORS 

2.1 Introduction 

 Human glucokinase (GCK, Hexokinase IV) catalyzes the ATP-dependent 

phosphorylation of glucose in the first step of the glycolytic pathway. This reaction represents 

the slowest process in the secretion of insulin from the pancreas, making GCK activity a central 

element of glucose regulation in the body (8). A series of mutations in the gene encoding human 

glucokinase have been discovered in patients exhibiting varied levels of perturbed glucose 

homeostasis. Mutations deleterious to activity were determined to be responsible for mild to 

moderate hyperglycemia (maturity-onset diabetes of the young type II) as well as a more severe 

hyperglycemic developmental condition affecting newborns (permanent neonatal diabetes 

mellitus) (19). Homeostatic shifts in the opposite direction, i.e. hypoglycemia, have been linked 

to activating GCK mutations in patients with persistent hyperinsulinemic hypoglycemia of 

infancy (20). These findings demonstrate the significance of GCK activity in the regulation of 

glucose homeostasis. 

The highly responsive action of the enzyme is achieved via kinetic cooperativity, a 

unique property for a non-oligomerizing monomer (27). Kinetic saturation plots for the 

phosphorylation of glucose by GCK provide a visual rationalization of its physiological function 

as the body’s glucose sensor (Figure 2.1A). A healthy homeostatic mechanism restores blood 

glucose to a range of 4.4 to 6.1 mM (74). With a half-saturation constant of approximately 8 mM 

glucose, GCK activity is relatively low in this range to prevent hypoglycemia. Conversely, rising 

blood glucose triggers an exponential surge in activity to prevent hyperglycemia and promote a 

return to resting levels. A quantifiable description of this phenomenon, the Hill coefficient is a 

dimensionless unit derived from the sigmoidal response curve (23). In the context of positive 

cooperativity, this value typically is indicative of the number of subunits involved in the kinetic 

process (22). Sufficient in defining the mild cooperativity of GCK, a Hill number of 1.7 becomes 

meaningless given its reactivity as a monomer with a single glucose binding site (24).  
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 The exceptional instance of positive kinetic cooperativity in a monomeric enzyme has 

elicited a number of explanatory models. Two prevailing concepts, the mnemonical and ligand-

induced slow transition (LIST) models, require GCK to exist in multiple conformational states 

that slowly interconvert (30, 34). In the mnemonical model, the enzyme retains its active 

conformation (E) for a brief period post-catalysis (Figure 2.1B). It can either “forget” this 

conformation by slowly relaxing back to a thermodynamically-stable inactive form (E*), or it 

can “remember” the active conformation and quickly bind glucose for another catalytic cycle. 

The steady-state velocity encompasses the sum of enzyme in the fast cycle (E+G→EG) and slow 

cycle (E*+G→EG). Kinetic cooperativity manifests from the non-equilibration of enzymatic 

states due to conformational interconversions being slower than catalysis. The LIST mechanism 

assumes that the enzyme has multiple conformations capable of binding glucose with differing 

affinities, each of which can undergo catalysis (Figure 2.1C). Steady-state rates contain 

contributions from both catalytic cycles. Kinetic cooperativity is the result of non-equilibration 

of the multiple enzymatic species that can interconvert at any step along the catalytic cycle.  

 Efforts to artificially modulate GCK activity as a diabetic therapy resulted in the 

discovery of a small-molecule glucokinase activator (GKA) (38). Synthetic activators of GCK 

Figure 2.1 The kinetic cooperativity of human glucokinase. (A) Steady-state kinetic plot for 
glucokinase activity with glucose highlighting the sigmoidal curve shape. Glucose sensing is 
made possible by enzymatic activity being highly tunable in the range of physiological 
glucose levels (approximated by red arrow). (B) The mnemonical model for kinetic 
cooperativity (30). (C) The ligand-induced slow transition (LIST) mechanism for kinetic 
cooperativity (34). 
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have undergone thorough drug development and optimization, with more than a hundred issued 

patents and clinical trials progressing as far as phase II (65, 66, 68). These molecules bind 

directly to the enzyme at an allosteric site and promote a higher-activity population. In terms of 

kinetic effects, this translates to a lower K0.5 value for glucose. While improvement in this 

parameter is universal among activators, consequences on kcat and Hill number are less 

predictable. Comparative assessments and structure-activity relationship studies have reported 

kcat values ranging from a 20% decrease to an increase of 220% over control (75, 76). Similarly, 

the effects on the Hill coefficient have been shown to vary, with some activators completely 

eliminating positive cooperativity to others actually increasing the phenomenon (Hill = 1.0 and 

2.0, respectively) (41, 77).  

 

 

 

Crystallographic data has provided structural insight into the mechanism of activation. 

The first crystal of human glucokinase was obtained in the presence of an activator, revealing 

that the molecule binds to an allosteric site at the hinge region of the enzyme (Figure 2.2A). It is 

in this region where the majority of activating mutations localize, implying a common 

mechanism of activation (50). The absence of an allosteric site and structural disorder of the 

small domain in unliganded GCK suggest that the observed increase in activity involves 

Figure 2.2 The allosteric activator binding site. (A) The structure of glucokinase bound to 
glucose (orange) and an activator (green). (B) Surface representation of the allosteric site 
containing a smaller GKA with two branching groups. (C) Shown from the same perspective, 
a GKA with a third moiety opens an additional pocket in the binding site. The large and 
small domains are shown in white and yellow, respectively. Surface representations have had 
loop residues 64-68 removed for clarity. PDB: 1V4S, 4IXC. 
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stabilization of the hinge region to promote a well-ordered small domain. Interactions at the 

activator binding site share a commonality in the donor and acceptor pair moiety at the core of 

the small molecule’s structure that hydrogen bonds with the Arg63 backbone. Branching 

aromatic and hydrophobic groups extend into two hydrophobic patches, although a third is 

accessible depending upon the size of the ligand (Figure 2.2B/C). 

Attempts to crystallize activator-bound GCK in the absence of glucose have thus far been 

unsuccessful. Similarly, binding assays using ITC, SPA, and DSC have failed to detect activator 

binding to the unliganded enzyme. This has been interpreted by some as evidence that formation 

of the GCK-glucose complex is pre-requisite for activator association, which would be consistent 

with a mnemonical mechanism (43). Additional support for this position was put forth by 

Heredia and colleagues who performed stopped-flow transient state glucose binding kinetics 

(33). Their experimental binding traces were reportedly best fit to a two-step mechanism in 

which GCK forms a transient complex with glucose prior to a conformational change to form the 

catalytically-fit complex. These experiments along with their results for the activating mutation 

Y214C led them to propose a mechanism for small-molecule activation. They posit that 

activators should have no effect on the first binding event in the formation of the GCK-glucose 

complex, as their model predicts that glucose must bind to induce a conformational change to a 

form capable of binding activator. Citing their observations with Y214C, small-molecule 

activators would prompt the observed kinetic effects by decreasing the rate of relaxation to the 

inactive complex and shifting equilibrium to favor the active complex. 

 Successive kinetic studies have proposed alternative glucose binding mechanisms and 

conflicting postulates of activator functionality. In fluorescence equilibrium titrations, 

researchers have been able to detect the binding of activator in solution lacking glucose (33). In 

this same study as well as an independent report by another group, transient kinetic binding data 

were best fit to a model requiring four distinct kinetic processes (36). Both groups conclude that 

their observations support a model in which GCK exists in more than one unliganded 

conformation, at least one of which could be suitable to associate with activator. 

 In this chapter, we sought to address the conflicting models proposed for the mechanism 

of activation. Specifically, we assessed the capability of GCK to bind small-molecule activators 

in the absence of glucose. We explored a variety of methods to detect this phenomenon, 

including steady-state and transient-state kinetics, ITC, mass spectrometry, and equilibrium 
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dialysis. Furthermore, we provide a thorough description of the kinetics and thermodynamics of 

GCK activation by small-molecules. Finally, we have monitored the in situ consequences of 

activator presence in pancreatic islet cells using a microfluidic device. 

2.2 Materials and Methods 

2.2.1 Synthesis of GKA22 

Methyl 3-hydroxy-5-isopropoxybenzoate (A) Methyl 3,5-dihydroxybenzoate (2.00 g, 11.9 

mmol) was dissolved in 10 mL of N, N-dimethylformamide, followed by addition of potassium 

carbonate (2.46 g, 17.9 mmol), and then the solution was heated to 60 °C. After approximately 

fifteen minutes, 2-bromopropane (1.68 mL, 17.9 mmol) was added dropwise to the mixture and 

the solution stirred at 60 °C for three hours under an argon atmosphere. After cooling to room 

temperature, the reaction mixture was partitioned between ethyl acetate and water. The aqueous 

layer was extracted with ethyl acetate (3 x 20 mL) and the combined organic layers were dried 

with MgSO4, filtered, and concentrated to yield a dark brown oil. Purification via flash 

chromatography (3:1 hexanes:ethyl acetate) gave a white solid (mp 81 – 82 °C) in 46% yield 

(1.15 g, 5.48 mmol). Spectra can be found in Appendix B. 

Methyl 3-isopropoxy-5-(2-(3-thienyl)ethoxy)benzoate (B) Purified benzoate A (760 mg, 

3.62 mmol) was dissolved in 10 mL of acetonitrile in a round-bottom flask at room temperature. 

Potassium carbonate (749 mg, 5.43 mmol) was added to the flask and allowed to stir at room 

temperature for 45 minutes. In 3 mL of acetonitrile, 3-(2-bromoethyl)thiophene (1.04 g, 5.43 

mmol) was added dropwise to the reaction mixture and the flask refluxed overnight under an 

argon atmosphere. Upon cooling to room temperature, the reaction mixture was partitioned 

between water and ethyl acetate. The aqueous layer was extracted with ethyl acetate (3 x 20 mL) 

and the combined organic layers were dried with MgSO4, filtered, and concentrated to give a tan 

oil. Purification via flash chromatography (2:1 hexanes:ethyl acetate) gave B as a clear oil (830 

mg, 72%). Spectra can be found in Appendix B. 

3-Isopropoxy-5-(2-(3-thienyl)ethoxy)benzoic acid (C) To a solution of ester B (1.03 g, 

3.22 mmol) in 15 mL THF, 12.9 mL (12.9 mmol) of 1 M NaOH was added and the mixture 

refluxed under an argon atmosphere for five hours or until starting material disappeared via TLC. 

After cooling to room temperature, the reaction mixture was diluted with water and the flask was 

cooled to 0 °C, then acidified with 2 M HCl. Upon reaching a pH of approximately 2, the 

mixture was allowed to reach room temperature and then approximately 20 mL of ethyl acetate 
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was added. The aqueous layer was extracted with ethyl acetate (3 x 20 mL) and the combined 

organic layers were dried with MgSO4, filtered, and concentrated to give a light white solid (mp 

104 – 105 °C) in 90% yield (880 mg, 2.88 mmol). Spectra can be found in Appendix B. 

Methyl 6-(3-isopropoxy-5-(2-(3-thienyl)ethoxy)benzamido)nicotinate (E) Carboxylic acid 

C (2.87 g, 9.38 mmol) was dissolved in 20 mL of dichloromethane, which was then cooled to 0 

°C. Oxalyl chloride (4.09 mL, 46.9 mmol) was slowly added to the cooled mixture via syringe, 

followed by four drops of DMF. After the noticeable exothermicity subsided, the reaction was 

allowed to reach room temperature. After stirring for two hours, the solvent removed to afford a 

brown oil (2.92 g, crude). 

The methyl 6-aminopyridine-3-carboxylate (2.37 g, 15.6 mmol) was added portion-wise 

to a solution of the acid chloride (2.53 g, 7.80 mmol) in 20 mL of THF. The reaction mixture 

was cooled to 0 °C, followed by the dropwise addition of pyridine (1.25 mL, 15.6 mmol). After 

addition, the ice bath was removed and the mixture stirred for 2 hours at 40 °C under argon. 

After cooling to room temperature, the mixture was diluted with water and the aqueous layer was 

extracted with ethyl acetate (3 x 20 mL) and the combined organic layers were dried with 

MgSO4, filtered, and concentrated to give 4.66 g of the crude product. Following flash 

chromatography (20% ethyl acetate in hexanes), white solid E (mp 88 – 91 °C) was obtained in 

44% yield (1.50 g, 3.41 mmol). Spectra can be found in Appendix B. 

6-(3-isopropoxy-5-(2-(3-thienyl)ethoxy)benzamido)nicotinic acid (GKA22) To a solution 

of amide E (1.50 g, 3.41 mmol) in 12 mL of THF, 4 M KOH (4.41 mL, 17.6 mmol) was added 

and the reaction stirred at room temperature overnight under argon. Reaction progress was 

followed by TLC (25% ethyl acetate in hexanes) and showed gradual disappearance of starting 

material. Upon full consumption, the reaction mixture was cooled to 0 °C followed by an 

aqueous work-up and acidification with 2 M HCl until an approximate pH of 2 was reached. 

After warming to room temperature, the acidified mixture was extracted four times with 10 mL 

portions of ethyl acetate. The organic layers were combined and dried with MgSO4, filtered, and 

concentrated to give an off-white solid. This crude product was recrystallized from isopropanol 

to afford a white powder, GKA22 (1.07 g, 74% yield) (78). Spectra can be found in Appendix B. 

2.2.2 Protein Expression and Purification 

Recombinant wild-type human pancreatic glucokinase was produced as N-terminal hexa-

histidine tagged enzyme in glucokinase-deficient E. coli K-12 strain BM5340(DE3). Cultures 
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were inoculated to an initial OD600 of 0.01 and were grown at 37 °C in Luria-Bertani broth 

supplemented with ampicillin (150 µg/mL), kanamycin (40 µg/mL), and chloramphenicol (25 

µg/mL). When the OD600 reached 0.8, IPTG (1 mM) was added to induce gene expression and 

the temperature was reduced to 20 °C, where growth was continued for 20 h. Cells were 

harvested by centrifugation at 8,000 g, and 5 g of wet cell pellet was resuspended in 17 mL of 

buffer A containing HEPES (50 mM, pH 7.6), KCl (50 mM), imidazole (25 mM), dithiothreitol 

(10 mM), and glycerol (25%, w/v). Cells were lysed using a microfluidizer and subjected to 

centrifugation at 25,000 g and 4 °C for 45 m. The supernatant was immediately loaded onto a 5 

mL HisTrap Fast Flow Affinity Column (GE Healthcare) previously equilibrated in buffer A. 

Following loading, the column was washed with 10 column volumes of buffer A followed by 5 

columns of buffer A containing 52 mM imidazole. Glucokinase was eluted with buffer A 

containing 250 mM imidazole, and the enzyme was dialyzed for 1.5 hours at 4 °C against 1 L of 

buffer containing HEPES (50 mM, pH 7.6), KCl (50 mM), glycerol (5%), imidazole (40 mM), 

EDTA (0.25 mM), and dithiothreitol (10 mM). Dialyzed glucokinase was concentrated to 500 µL 

via centrifugation at 4,000 g and 4 °C using a 10,000 MWCO filter (Millipore Amicon Ultra). 

The concentrated sample was injected onto a Superdex 200 10/300 GL size-exclusion column 

(GE Healthcare) pre-equilibrated in a buffer containing HEPES (50 mM, pH 7.6), KCl (50 mM), 

and TCEP (4 mM). The gel filtration column was run at a flow rate of 0.02 mL/min, and 

fractions containing the highest A280 readings were pooled and retained for further analysis (78). 

2.2.3 Kinetic Assays 

GCK activity was assessed spectrophotometrically at 340 nm by coupling the production 

of glucose 6-phosphate to the reduction of NADP+ via glucose 6-phosphate dehydrogenase. 

Reaction mixtures contained HEPES (250 mM, pH 7.6), NADP+ (0.5 mM), KCl (50 mM), DTT 

(10 mM), ATP (10 mM), MgCl2 (12 mM), and G6PDH (7.5 units). Stock solutions of activators 

(25% DMSO in HEPES 10 mM, pH 7.6) were used for assays containing the activator (20 µM in 

assay) while control runs were performed using the same solution lacking GKA. Glucose 

concentrations were varied and reactions were initiated by the addition of ATP. The slope of the 

linear portion of the progress curve yielded steady-state velocities and subsequent fitting of these 

data to the Hill equation afforded values for K0.5, kcat, and the Hill coefficient. Viscogen 

dependence of catalysis was assessed using the above conditions with the inclusion of varied 

levels of sucrose (0-30% w/v). Relative viscosities of sucrose solutions were measured using a 
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Cannon-Fenske viscometer. Relative maximal velocities were plotted against the corresponding 

relative viscosities and slopes calculated by the linear least-squares method. 

For transient measurements of τ, purified GCK was dialyzed against HEPES (250 mM, 

pH 7.6), KCl (50 mM), and DTT (10 mM). After overnight dialysis at 4 °C, enzyme was 

removed from buffer and kept on ice. To the dialysis buffer was added NADP+ (0.5 mM), ATP 

(0.25 mM), and MgCl2 (3 mM). The buffer containing assay components was subsequently 

partitioned into four aliquots: three corresponding to each activator and one control solution. 

Activator stocks in DMSO were used to achieve a concentration of 20 µM while the control 

aliquot was made using the same volume of DMSO. G6PDH (7.5 units) was added to all 

solutions, which were then each divided into separate “A” and “B” solutions. To each “A” 

solution was added GCK (10 nM final concentration), while “B” samples were prepared with the 

addition of 10 mM glucose (10X stock for 1:10 mixing). Transient data were collected using an 

Applied Photophysics SX20 stopped-flow spectrometer housed in the Protein Biophysics 

Laboratory at The Florida State University. Reaction progress was monitored by following the 

absorbance change at 340 nm using a 1 mm slit width. Absorbance traces were collected for 250 

s and the resulting data were fitted to an equation for a single-exponential decay of one 

enzymatic state to another (Equation 2.1) to yield values for transition time (τ), initial velocity 

(Vi), and steady-state velocity (Vss). 

 

Equation 2.1    A340 =Vsst − (Vss − Vi)(1−e−t/τ )τ 

Values obtained from twelve or more fitted progress curves were pooled for statistical 

analysis. Progress curves were fitted using SigmaPlot v.10 and statistical analyses were 

performed with Microsoft Excel 2011. 

For transient measurements of koff, purified GCK was dialyzed against HEPES (250 mM, 

pH 7.6), KCl (50 mM), glucose (100 mM), and DTT (10 mM). After overnight dialysis at 4 °C, 

enzyme was removed from buffer and kept on ice. The dialysis buffer was subsequently used to 

generate five stock solutions: three containing each activator (8 µM) with GCK (0.8 µM) and the 

remaining two containing either compound A (40 µM) or GKA22 (40 µM). DMSO (5%) was 

included in all stock solutions to facilitate activator solubility. Utilizing the intrinsic fluorescent 

properties of compound A, off rates for each activator were measured via displacement by 1:1 

mixing of the following solutions: compound A with pre-equilibrated GCK/GKA22 or 
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GCK/RO-28-1675 to obtain koff(GKA22) and koff(RO-28-1675), respectively, and GKA22 with pre-

equilibrated GCK/compound A to obtain koff(CompoundA). Transient data were collected using an 

Applied Photophysics SX20 stopped-flow spectrometer housed in the Protein Biophysics 

Laboratory at The Florida State University. Reaction progress was monitored by following the 

fluorescence change at 425 nm following excitation at 360 nm using a 1 mm slit width and 400 

nm cutoff filter. Fluorescence traces were collected for 60 s and the resulting data were fitted to 

the single exponential equation of the form: 

� � = (�!×�
!!!"#! )

!

!!!

+ � 

where I(t) corresponds to the fluorescence signal intensity at time t, Ai the amplitude of the 

exponential, kobs the observed rate constant, and C a constant corresponding to the asymptotic 

signal limit (78). 

2.2.4 Isothermal Titration Calorimetry 

For activator binding studies using ITC, purified enzyme was dialyzed against buffer 

containing HEPES (50 mM, pH 7.6), KCl (50 mM), TCEP (4 mM), DMSO (5%), and glucose 

(200 mM). After overnight dialysis at 4 °C, dialysis buffer was used to dissolve titrant 

(GKA22/Cpd A). DMSO was included in the dialysis buffer to increase activator solubility, and 

did not impact enzyme activity. We found that slightly heating solutions further assisted 

solubility to yield our desired titrant concentration (100 µM). To ensure saturation, enzyme 

concentration (10 µM) was maintained at a concentration 10-fold lower than the titrant 

concentration. ITC experiments were run at 25 °C using a MicroCal VP-ITC with a 1.441 mL 

reaction cell volume. The concentration of glucokinase was determined spectrophotometrically 

at 280 nm using the calculated extinction coefficient of 32,500 M-1 cm-1. Experimentally 

determined molar absorptivities of 16,500 M-1 cm-1 and 6,200 M-1 cm-1 at 280 nm were used to 

calculate the concentration of GKA22 and Cpd A, respectively (78). 

ITC experiments with glucose as the titrant were performed using fresh batches of 

glucokinase, purified as described. The enzyme was dialyzed overnight at 4 °C in buffer 

containing HEPES (50 mM, pH 7.6), KCl (50 mM), and TCEP (4 mM). During this period, 

GKA22 solubilized in DMSO was slowly added to the equilibrating mixture until the solubility 

limit was approached and DMSO content reached 5% in the dialysis buffer. As GKA22 absorbs 
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strongly at 280 nm, enzyme concentration post-dialysis could not be obtained 

spectrophotometrically. This was circumvented by spectrophotometric measurement of [GCK] 

prior to dialysis (ε=32,500 M-1 cm-1), followed by weighing the contents of the dialysis bag (d=1 

g/mL) with an analytical balance to calculate the number of mols being dialyzed. The contents 

were reweighed upon removal from dialysis and the final [GCK] was taken as the number of 

mols per adjusted volume of sample. Dialysis buffer was filtered (0.2 µm) to remove insoluble 

matter and used to dissolve titrant. ITC experiments were run at 25 °C using a MicroCal VP-ITC 

with a 1.441 mL reaction cell volume (78). 

2.2.5 Equilibrium Dialysis 

Equilibrium dialysis experiments were performed using a two chamber Micro-

Equilibrium DIALYZER (Harvard Apparatus, 500 µL) equipped with a 1,000 Da MWCO filter. 

All dialyses were performed in buffer containing HEPES (250 mM, pH 7.6), KCl (50 mM), 

TCEP (4 mM), and DMSO (5%, v/v). Two different dialyses were performed, both of which 

contained GCK (5 µM) in one of the chambers. Dialysis 1 was performed in buffer containing 

GKA22 (20 µM) and ATP (10 mM) while dialysis 2 contained contained ATP (10 mM). A third 

vessel containing only GCK (5 µM) in buffer was kept with the dialyses under the same 

conditions, which consisted of an equilibration period of 48 hours at 4 °C. After this time, 

aliquots of equal volume were removed from each chamber of the dialyses. Aliquots from 

chambers containing GCK were added to assay mixtures containing HEPES (250 mM, pH 7.6), 

KCl (50 mM), NADP+ (0.5 mM), DTT (10 mM), MgCl2 (12 mM), and G6PDH (7.5 units). 

Reactions were initiated by the addition of glucose (100 mM) and spectrophotometrically 

monitored at 340 nm until completion. Aliquots from the buffer chambers (-GCK) were assayed 

using the same components and initiator, but with the inclusion of GCK from the control vessel 

lacking ligands. The overall change in absorbance (ΔNADPH) from initiation to completion was 

recorded. This value was converted to mols NADPH formed by dividing ΔNADPH by its molar 

absorptivity value of 6,220 M-1cm-1 and multiplying this quotient by the cuvette volume (0.001 

L). As mols NADPH formed are stoichiometrically equivalent to mols ATP consumed, dividing 

mols NADPH by the volume added to the cuvette from the dialysis chamber yields [ATP]chamber. 

2.2.6 Mass Spectrometry 

Pancreatic human glucokinase was purified as described and prepared for dialysis in three 

separate vessels, each containing HEPES (50 mM, pH 7.6), KCl (25 mM), DTT (5 mM), and 
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DMSO (5%, v/v). GCK (15 µM final) was dialyzed in a 10,000 Da MWCO membrane. The 

“unliganded” sample contained only enzyme in the dialysis buffer, “binary” sample buffer 

contained GKA22 up to its solubility limit (~100 µM), and “ternary” sample buffer contained 

GKA22 and glucose (200 mM). After overnight dialysis at room temperature (25 °C), contents 

of the dialysis bags of each sample were desalted using illustra MicroSpin G50 Columns (GE 

Healthcare). Samples were then diluted by a factor of twenty into a mixture of acetonitrile (50%) 

and trifluoroacetic acid (0.1%). The matrix was prepared by dissolving sinapinic acid (10 mg) in 

1 mL of an acetonitrile (50%) and trifluoroacetic acid (0.1%) solution. 1 µL of sample was 

mixed with 1 µL of matrix and subsequently spotted onto a MALDI target plate. Calibration of 

the mass spectrometer was achieved by utilizing Bovine Serum Albumin (66,400 Da) and 

Aldolase (39,211 Da) as molecular weight standards. 

2.3 Results 

2.3.1 Synthesis of the Glucokinase Activator GKA22 

The glucokinase activator, GKA22, was synthesized with an overall 9% yield in a six-

step procedure adapted from previous work (79) (Figure 2.3). The initial substitution reaction 

was found to be the most limiting factor to our final yield, as the starting material reacted with 2-

bromopropane to generate the di-substituted product in similar quantity to the desired mono-

substituted benzoate. The final product was purified by recrystallization in isopropanol to afford 

the white solid, GKA22. Intermediate and product compounds were verified by mass 

spectrometry, 1H and 13C NMR. 

 

 

 

 

 

 

 

 

 

 
Figure 2.3 Reaction scheme of the six-step protocol used to synthesize GKA22. 
Intermediates are labeled by letters corresponding to descriptions in section 2.2. Figure 

adapted from (78).  
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2.3.2 Steady State Kinetic Characterization of Glucokinase Activators 

The effects of three glucokinase activators on GCK activity were assessed 

spectrophotometrically using a linked enzyme assay. GKA22 was synthesized in-house, while 

activators Compound A and RO-28-1675 were commercially obtained. Fitting of kinetic rate 

data to the Hill equation afforded the kinetic parameters kcat, K0.5, and Hill number. The activator 

GKA22 appeared to function by eliminating kinetic cooperativity and decreasing K0.5 (Figure 

2.4).  

 

                   

                   

 

 

 

 

 

 

 

 

 

 

 

 

Compound A diminished cooperativity to a similar degree and lowered K0.5, while having 

the added capability of increasing kcat by approximately 10% (Figure 2.5). Activator RO-28-1675 

produced the most unique results among the three activators tested (Figure 2.6). The apparent 

glucose binding affinity was increased in a manner consistent with measurements using GKA22 

and Compound A. In contrast to the previous observations, saturating amounts of RO-28-1675 

resulted in only a moderate decrease in cooperativity. Furthermore, a reproducible 30% increase 

in kcat was measured with this activator. 

 

Figure 2.4 Representative kinetic plot for GCK in the presence (blue) 
and absence (black) of GKA22. Kinetic parameters are shown inset 
and represent fits from two independent experiments. 



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   

 

 

 

Figure 2.6 Representative kinetic plot for GCK in the presence (blue) 
and absence (black) of RO-28-1675. Kinetic parameters are shown 
inset and represent fits from two independent experiments. 

Figure 2.5 Representative kinetic plot for GCK in the presence (blue) 
and absence (black) of Compound A. Kinetic parameters are shown 
inset and represent fits from two independent experiments. 
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2.3.3 Viscosity Variation 

 As an initial step in understanding the differing effects on kcat observed with each 

activator, we used viscosity variation assays to investigate the extent to which kcat was 

determined by a diffusion-limited process in the absence and presence of effectors (80). Sucrose 

was included in assay mixtures as the microviscogenic agent at varied amounts while 

maintaining saturating substrate levels. Plots of normalized kcat values as a function of relative 

viscosity were generated for each condition (Figure 2.7). The kcat value for GCK in absence of 

activator showed a fractional dependence on viscosity with a slope of 0.75 (Figure 2.7A). 

Inclusion of GKA22, which left kcat unchanged in steady state measurements, did not alter the 

viscosity dependence of kcat (Figure 2.7B). In the presence of RO-28-1675, the activator that 

produced the most significant increase in kcat, viscosity dependence similarly remained 

unaffected (Figure 2.7C). When Compound A was present, the kcat value became almost entirely 

dependent upon solvent viscosity (Figure 2.7D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Normalized kcat values plotted as a function of relative solution viscosity. Assays 
were performed in the absence (A) or presence of GKA22 (B), RO-28-1675 (C), and 
Compound A (D). Figure adapted from (77). 



32 
 

Control experiments were performed to evaluate the validity of the viscosity variation 

assays. These were conducted to ensure that our results were reporting on some diffusion-limited 

event, such as product release, and not an interfering process caused by the microviscogen. We 

repeated our methodology using a truncated GCK variant in which chemistry is anticipated to be 

the rate-limiting step (55) (Figure 2.8A). The value for kcat showed no dependence upon solvent 

viscosity. Viscosity variation experiments with wild-type GCK using poor substrates, 2-Deoxy-

D-glucose and glucosamine (81), also showed no significant kcat dependence upon solvent 

viscosity (Figures 2.8B and 2.8C, respectively). The absence of any observed effect of viscosity 

on turnover suggested that the slowest step in the catalytic cycle involved a non-diffusion-limited 

process. Moreover, it showed that sucrose was functioning as a microviscogen and not 

interfering with catalysis to cause the observed dependencies in Figure 2.7. 

 

 

2.3.4 Thermodynamic Characterization of Glucokinase Activators 

 Isothermal titration calorimetry (ITC) is the only technique in which the energetics of a 

biological interaction can be directly measured. A single experiment can yield a precise 

determination of binding affinity (Kd ∴ΔG), enthalpy (ΔH), and entropy (ΔS) (82). To gain 

further understanding of the GCK-activator interaction, we used ITC to characterize the 

thermodynamics of binding (Figure 2.9). In the presence of excess glucose, GKA22 and 

Compound A were titrated into a cell containing GCK. Successive injections were monitored 

until heats of dilution indicated receptor-site saturation. Fitting of the resulting data from 

duplicate runs to the Wiseman model (83) using Origin software provided the thermodynamic 

components in Table 2.1. Both activators bind GCK with a large, favorable change in enthalpy 

Figure 2.8 Viscosity variation control assays. Normalized kcat values plotted as a function of 
relative solution viscosity for a truncated GCK variant (A), and GCK assayed using the 
alternate substrates 2-Deoxy-D-glucose (B) and glucosamine (C). 
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accompanied by an unfavorable entropic component. ITC experiments with RO-28-1675 

produced non-ideal binding profiles, which likely reflect its poor solubility preventing us from 

using enzyme concentrations large enough to observe a measurable binding event.  

 

 

 

 

 

Table 2.1 Thermodynamic Parameters Obtained via ITC 

Activator n Kd (µM) ΔH (kcal/mol) TΔS (kcal/mol) 

GKA22 0.90 ± 0.02 0.17 ± 0.04 -17.0 ± 0.5 -7.7 ± 0.4 

Compound A 0.94 ± 0.01 0.44 ± 0.06 -13.0 ± 0.2 -4.3 ± 0.3 

Table adapted from (77) 

 

Figure 2.9 Isothermal titration calorimetry binding isotherms. The activators GKA22 (A) and 
Compound A (B) were titrated into a solution containing glucokinase in the presence of 200 
mM glucose. Figure adapted from (77). 
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2.3.5 Implementation of Various Techniques to Detect GCK-GKA Binary Complex 

2.3.5.1 Equilibrium Dialysis 

In an early attempt at assessing activator binding to GCK in the absence of glucose, we 

explored the use of an equilibrium dialyzer to assess GKA22 binding to GCK in the absence of 

glucose. This apparatus consists of two chambers of equal volume separated by a semi-

permeable membrane. Typically, a macromolecule of interest exceeding the molecular weight 

cutoff restrictions of the membrane is placed in one of the chambers, referred to as the sample 

chamber. The remaining chamber is filled with a buffer containing one or more ligands of 

interest that are small enough to cross the membrane. As the chambers reach equilibrium, 

anything that binds to the macromolecule becomes [Ligand bound]. Since [Ligand free] will 

remain equivalent on both sides of the membrane, sample chambers with bound ligand will have 

a greater [Ligand total]. Isolating these chambers and assaying for ligand enrichment will reveal 

any positive binding partner (84).  

We utilized a kinetic assay-based approach involving the use of ATP as an indicator of 

activator enrichment. We reasoned that since structural evidence shows an absence of the 

allosteric site in the unliganded state (43), then any GCK conformation capable of binding 

GKA22 would likely resemble the closed state and also possess an ATP binding site. An 

enrichment of ATP in the sample chamber over the buffer chamber would provide an estimate 

for bound GKA22. 

 

Table 2.2 Equilibrium Dialysis Assay Results 

 ΔNADPH (AU/min) [ATP]chamber (mM) 

⇌ GCK chamber Buffer chamber Bound + Free Free 

GCK/GKA/ATP 0.5925 0.5965 19.1 19.2 

GCK/ATP 0.5235 0.5835 16.8 18.8 

 

 

Two dialysis setups were created, each containing GCK in the sample chamber. Dialysis 

1 contained buffer with GKA22 and ATP, while Dialysis 2 contained buffer with ATP as the 

sole ligand. A third sample of GCK in buffer lacking any ligand was also made. After a 

sufficient equilibration period, aliquots from each chamber were assayed using an excess of 
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NADP+ and glucose to ensure all ATP had reacted. The overall change in absorbance from 

initiation to completion was recorded as ΔNADPH. This value was back-calculated to reveal 

[ATP] in the chamber with the knowledge that NADP+ and ATP are consumed with molar 

equivalency. These results are shown in Table 2.2.  

The calculated [ATP]chamber values provided no evidence to suggest the presence of ATP 

enrichment in either chamber. Furthermore, these results caused concern over the accuracy and 

reliability of this method since the calculated ATP concentrations were nearly double that of the 

actual [ATP] in the buffers. We undertook a set of control experiments to further probe these 

inaccuracies. A stock solution of ATP was generated and the assays were repeated at various 

known concentrations that were subsequently compared with calculated [ATP] (Table 2.3). This 

work showed that as ATP levels decrease, so does the accuracy of measurement. Since the 

population of GCK that is capable of binding activator without glucose is likely to be low, the 

poor reliability of this method seemed inappropriate for such an assessment. 

 

Table 2.3 Control Assays for ATP Calculation 

Theoretical [ATP] (µM) ΔNADPH (AU/min) Calculated [ATP] (µM) 

100 0.88 141 

50 0.44 71 

25 0.34 55 

10 0.28 45 

5 0.11 18 

1 0.055 8.8 

0.1 0.030 4.8 

0.05 0.057 9.1 

0.025 0.090 14 

0.01 0.084 13 

 

 

2.3.5.2 Mass Spectrometry 

Rather than rely on indirect means of reporting on the GCK-activator binary complex, 

mass spectrometry seemed a viable approach to quantifying this species. Matrix-assisted laser 
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Figure 2.10 Mass spectrometry with glucokinase in various liganded states. 
MALDI-TOF spectra are shown for unliganded GCK (A), GCK and GKA22 (B), 
and GCK pre-equilibrated with GKA22 and glucose (C).  

desorption ionization time-of-flight (MALDI-TOF) was used to measure the molecular weights 

of GCK in various states (Figure 2.10). Three different spectra were obtained for GCK that had 

been pre-equilibrated either in absence of ligand, with saturating GKA22, or saturating GKA22 

and glucose. The experimentally-determined mass of unliganded GCK was in relative agreement 

with the calculated mass (53,128 Da). If the highest peak intensity of the GCK+GKA22 sample 

were to be reporting on the bound binary complex, we expected a molecular weight difference of 

426.5 Da. The spectrum reveals an increase of roughly 7.1 Da for the GCK+GKA22 sample over 

unliganded sample. Surprisingly, the GCK+GKA22+glucose sample yielded the lowest apparent 

molecular weight of the three. We postulate that these observations would be consistent with 

enzyme-ligand dissociation upon ionization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.5.3 Isothermal Titration Calorimetry 

In a related set of experiments, we sought to measure the glucose binding affinity of 

activator-bound GCK using ITC. Typically, binding experiments with ITC are limited to systems 

of higher affinity (Kd ~10 nM to 100 µM) (85). Although measurements of ΔH and n (binding 
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stoichiometry) become unreliable for lower-affinity systems, the value of Kd itself can be more 

accurately estimated (86). We reasoned that extended pre-equilibration of GCK with activator 

might further assist measurement by shifting the conformational ensemble to a state of increased 

glucose affinity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results of these titrations are shown in Figure 2.11. Although comparable GCK 

concentrations were used across these experiments, syringe contents (glucose) were either 0.5 or 

5 mM. While both yielded comparable values for Kd, the isotherms were very distinct from one 

another. The run with 5 mM titrant produced large, broad heat signals that were slow to return to 

baseline and reached saturation quickly, followed by minimal heats of dilution. The 0.5 mM run 

had relatively sharper signals that diminished to saturation as an apparently separate event with 

broader signals took over toward the end of the experiment. Consistent with low c value 

Figure 2.11 Binding isotherms for glucose titrations. Glucose was titrated into GCK 
that had been extensively pre-incubated with saturating amounts of GKA22 
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Figure 2.12 Stopped-flow traces from lag experiments. Representative reaction progress curves 
are shown for glucokinase that had been pre-incubated in the absence (black) and presence of 
20 uM GKA22 (blue), Compound A (green), and RO-28-1675 (red). Lines of best fit to a 
single-exponential function are shown (black). Inset: An enhanced view of the reaction curve 
and fit line for GCK in absence of activator. Figure adapted from (77).  

titrations, non-linear parameters (ΔG = -6.1 ± 0.1) were significantly more reproducible than 

linear parameters (ΔH = -4.5 ± 1, TΔS = 1.6 ± 1) when molar ratio (n) was fixed at 1 (87).  

2.3.5.4 Activator Pre-Incubation Reduces Lag in GCK Enzymatic Progress Curves 

To investigate the glucose dependency of activator association, we conducted a series of 

experiments in which activators were pre-equilibrated with the enzyme in the absence of glucose. 

Previously, Neet and co-workers observed a lag in enzyme progress curves when assays were 

conducted in the presence of 30% glycerol (52). This lag was eliminated upon pre-incubation 

with glucose, which was interpreted in terms of a slow, glucose-induced conformational 

transition. We hypothesized that if activators could associate with GCK in the absence of 

glucose, a similar decrease in the lag would be observed. To test this postulate, the activating 

properties of each compound were evaluated using a standard assay for GCK activity linking 

glucose 6-phosphate production to the reduction of NADP+ via the action of glucose 6-phosphate 

dehydrogenase. To exclude glycerol from assay mixtures, which might promote activator 

association (47), we utilized a stopped-flow apparatus to monitor early time points in the assay. 

Reactions were initiated via the addition of 1 mM glucose and monitored until the steady-state 

velocity was attained.  
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Consistent with previous reports, assay mixtures containing only GCK produced progress 

curves showing a lag in the attainment of steady-state. However, in the presence of activators, we 

observed a reproducible decrease in the lag (Figure 2.12). To quantify the lag for each condition, 

curves were fitted to a single-exponential decay of one enzyme state to another (52). 

Extrapolation of lifetime measurements from the fits produced the transition time (τ), which 

reports on the extent of the delay in reaching the steady-state regime. In the absence of activator, 

the lag was characterized by a τ value of 0.51 min (Table 2.4). When GCK was pre-incubated 

with GKA22 (20 µM), the τ value was reduced to 0.30 min. Compound A and RO-28-1675 (20 

µM) produced similar effects, yielding transition times of 0.34 and 0.35 min, respectively. 

Notably, at concentrations near the solubility limits of these compounds (25-100 µM), we did not 

observe complete elimination of the lag. 

 

Table 2.4 Transition Time (τ) Measurements 

Effector τ (min) 

None 0.51 ± 0.11 

GKA22 0.30 ± 0.01 

Compound A 0.34 ± 0.01 

RO-28-1675 0.35 ± 0.02 

Table adapted from (77) 

 

2.3.6 The Effects of Activators on Isolated Pancreatic Islets 

 In collaboration with the laboratory of Dr. Michael Roper (Florida State University 

Department of Chemistry and Biochemistry, Tallahassee, FL), we measured the in situ effects of 

small-molecule activators in isolated mouse islets of Langerhans. Specifically, GCK activators 

were perfused into cells with the use of a microfluidic device and the change in [Ca2+] was 

monitored as a function of time. The instrumentation and methodology enlisted have been well 

described in the literature (88-90). It was found that in the presence of 4 mM glucose, significant 

changes in calcium content of islet cells were unobservable using the fluorescence indicator 

Fura-2. However, a significant oscillatory response occurred upon the addition of GKA22 that 

persisted for up to an hour (Figure 2.13A). Oscillations in metabolism, calcium concentration, 

and insulin secretion are well-known responses to the introduction of glucose in pancreatic islets 
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Figure 2.13 The changes in calcium content in mouse islets as a result of GKA22 perfusion. (A) 
In the presence of 4 mM glucose, GKA22 (10 µM) is perfused (red line) and the fluorescent 
indicator Fura-2 allows cellular [Ca2+] measurement. (B) Pulsatile perfusions of 5 µM GKA22 
(red line) in the presence of 4 mM glucose produce calcium oscillations with amplitudes 
dependent upon activator perfusion time.  

(91-93). The calcium oscillations initially observed remained relatively constant in amplitude as 

long as activator was constantly flowing into the sample well. When the flow switched from 

activator to buffer, the oscillatory response waned. Further, the amplitudes of these oscillations 

were dependent upon the amount of GKA22 that had been allowed to perfuse into the islet cells 

(Figure 2.13B). It was later found that the calcium response to GKA22 shows a dependency 

upon activator concentration (Appendix D: Figure D.1A). 

 

 

 We were interested in the persistence of oscillations upon the removal of activator. 

Specifically, we hypothesized that the persistence time might be related to the rate at which the 

activator leaves the allosteric site (koff). Using a stopped-flow apparatus, we measured binding 

off rates (koff) for the activators GKA22, RO-28-1675, and Compound A (Appendix D: Figure 

D.2). Compound A exhibits an intrinsic fluorescence enhancement upon binding to the allosteric 

site of glucokinase (35). Therefore, koff rates for GKA22 and RO-28-1675 could be assessed by 

competing off either ligand with an excess of Compound A. Likewise, the decaying fluorescence 

signal provided by Compound A being displaced by an excess of a non-fluorescent activator 

affords the same data. 
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Figure 2.14 The persistence of activating effects upon removal of activator. (A) GKA22 (10 
µM) was allowed to flow into islets for 10 minutes (red line) and its effects remained 
throughout the period of observation. (B) RO-28-1675 (50 µM) was allowed to flow into islets 
for 20 minutes (red line) and its effects diminished within 20 minutes of its removal. (C) 
Compound A fluorescence was followed to monitor its entry into and subsequent removal from 
islet cells after 20 minutes of perfusion (red line). The off rate data obtained independently 
using a stopped-flow apparatus is shown inset for each activator. 

We found that GKA22 had a significantly slower off rate (0.082 s-1) than RO-28-1675 

and Compound A (0.47 s-1 and 0.29 s-1, respectively). During the microfluidic investigation with 

the islet cells, fluorescence cross-talk was noted between Compound A and the calcium indicator 

Fura-2. Although this rendered us unable to observe a reliable Ca2+ signal for this activator, the 

fluorescence signal of Compound A was used to monitor its presence in the islet cells. After 

establishing a signal baseline, activators were allowed to flow into the islets at a rate of 1.4 µL 

per minute. The flow continued for approximately 15-20 minutes, at which point the flow source 

was switched to a buffered solution lacking activator. The fluorescence signal was followed until 

it returned to baseline and glucose presence (4 mM) was kept constant throughout. The calcium 

oscillations elicited with GKA22 persisted for an hour after its flow was removed from the islets 

and never returned to baseline (Figure 2.14A). In contrast, the response with RO-28-1675 

became negligible within 20 minutes of removal (Figure 2.14B). The fluorescence signal of 

Compound A similarly returned to baseline within 30 minutes (Figure 2.14C). All three 

activators produced an initial oscillatory response at approximately 1 minute of perfusion, and 

the observed off times measured by calcium response showed an increasing correlation with 

activator concentration (Appendix D: Figure D.1B). One explanation for these observations is 

that the activators share a common uptake mechanism, but GKA22 is more resilient to the islet 

efflux mechanisms. 
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2.4 Discussion 

 Human glucokinase (GCK) phosphorylates glucose in the first and slowest step of 

glycolysis in hepatic and pancreatic cells. This process also represents the rate-determining event 

in the release of insulin from the pancreatic β-cell, as evidenced by GCK expression and activity 

correlating closely with secretion of the hormone (8, 47). The enzyme functions in this role due 

to its positive kinetic cooperativity, a unique attribute for a monomeric enzyme (27). Two 

prominent theories for the existence of cooperativity in a monomer require the interconversion of 

multiple enzyme conformations. The mnemonical and LIST models differ in that the former 

favors a more classical induced-fit concept in which glucose is required to form a state capable 

of catalysis, while the latter allows for GCK to perform catalysis prior to the conformational 

change to a higher-activity form (30, 34). The discovery of GCK activators has opened an 

alternative area of drug development in the search for novel diabetic therapeutics (38). These 

small-molecule compounds bind to an allosteric site on the enzyme and increase its apparent 

affinity for glucose by presumably promoting a high-affinity conformation (43). Mechanistic 

studies with activators have produced conflicting results in favor of the mnemonical or LIST 

models (33, 35). A specific point of differentiation in these postulates is the ability or inability of 

activators to associate with GCK prior to the formation of the enzyme-glucose complex. 

 We sought to establish a comprehensive understanding of the kinetic and thermodynamic 

facets of glucokinase activation by small-molecules, specifically addressing the conflicting 

reports of the glucose dependency of activator association. Our experiments utilized three 

structurally-diverse compounds to provide a more comprehensive analysis of the mechanism of 

activation (Figure 2.15). Consistent with all previous reports, our steady-state kinetic analyses 

showed a significant decrease in the K0.5 value in the presence of saturating activator. All three 

compounds also diminished cooperativity to different extents, with GKA22 being the only 

activator to completely eliminate the phenomenon. Of particular interest to us were the varied 

effects on kcat. GKA22, Compound A, and RO-28-1675 increased turnover by approximately 0, 

10, and 30%, respectively.  
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Figure 2.15 The glucokinase activators used in our studies. GKA22 was discovered as a lead 
compound in a structure-activity optimization (79). Compound A was used to obtain the first 
crystal structure of GCK (43). RO-28-1675 was the first GCK activator to be discovered (38). 

 

 

 

  

 

 

 To further investigate the source of kcat variation produced by the activators used in this 

study, we used viscosity variation assays to evaluate the extent to which turnover is limited by a 

diffusion-related process (80). Since the frequency of collision between two molecules is 

inversely proportional to solvent viscosity, assessment of the effect of diffusion on the rate of an 

isolated process can be achieved by increasing viscosity and thus decreasing collision frequency 

(94, 95). The dependence of a measured rate on viscosity of the medium can provide an 

approximation of the extent to which the reaction is diffusion-controlled. Viscosity variation has 

been used to study the role of diffusion in reactions catalyzed by numerous enzymes, including 

chymotrypsin, adenosine deaminase, and carbonic anhydrase (96, 97, 98). 

 Sucrose was implemented as our viscogenic agent in assay mixtures at 0-30% (w/v). 

Plots of normalized kcat values as a function of relative viscosity were constructed, and the slopes 

of linear fits gave an estimation of the degree to which catalysis is diffusion-controlled in the 

phosphorylation of glucose by GCK. We found that the wild-type reaction showed a partial-

dependence on solvent viscosity. In the presence of the activator GKA22, which leaves kcat 

unchanged in steady-state reactions, the viscosity dependence was equivalent to the reaction 

lacking effector. Similarly, RO-28-1675 produced no significant change to the level in which 

turnover is viscosity-dependent. In our initial kinetic characterization, we reported that this 

activator increased kcat by roughly 30%. If RO-28-1675 causes this increase by enhancing the rate 

of a diffusion-controlled event such as product release, we would expect to observe a decrease in 

the slope of viscogen dependence. An unaltered dependence as we observed indicates that the 

ability of RO-28-1675 to increase kcat owes to the acceleration of a non-diffusional step 
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preceding product release. Interestingly, catalysis in the presence of Compound A appears to be 

almost entirely viscosity-dependent, with a slope of 0.98. This indicates that, in terms of the 

reported 10% increase in turnover, Compound A functions by accelerating an earlier step in the 

catalytic cycle to such an extent that it no longer contributes to kcat and the diffusion-controlled 

event becomes fully rate-limiting. 

 We further characterized the GCK-activator interaction using ITC. For these experiments, 

GCK was pre-equilibrated with an excess amount of glucose. Operating under the assumption 

that the active sites would be saturated, activators were titrated into a solution containing the 

GCK-glucose complex. Successive titrations progressed until all available allosteric sites became 

occupied, and isotherm fits produced the thermodynamic parameters for activator binding to the 

glucose-bound enzyme. GKA22 associates with a strong enthalpic change accompanied by an 

unfavorable change in entropy. Similarly, Compound A binds in an enthalpically-driven event 

with a negative entropic component. These results indicate that the binding of GKA22 and 

Compound A is dominated by specific interactions (99). Although we were unsuccessful in 

obtaining results with RO-28-1675, ITC data has been previously reported for this activator and 

is included in Table 2.5 for comparison (63). RO-28-1675 has the poorest solubility of the three 

activators, and we suspect that slight precipitation of the compound in solution produced the 

observed binding signals that were inappropriate for fitting. 

 

Table 2.5 Thermodynamic Parameters of Activator Binding 

Activator n Kd (µM) ΔH (kcal/mol) TΔS (kcal/mol) 

GKA22 0.90 ± 0.02 0.17 ± 0.04 -17.0 ± 0.5 -7.7 ± 0.4 

Compound A 0.94 ± 0.01 0.44 ± 0.06 -13.0 ± 0.2 -4.3 ± 0.3 

RO-28-1675a 1.0 ± 0.10 0.50 ± 0.20 -6.2 ± 0.5 2.4 ± 0.4 

Table adapted from (77) 
a
Data as reported in (63) 

 

 Assuming that the overall ITC results are accurate and researcher-independent, it appears 

that RO-28-1675 has a mode of binding distinct from GKA22 and Compound A as evidenced by 

the moderately favorable changes in both enthalpy and entropy. Over-interpretation of these 

components is complicated by the compensatory relationship between the two, but it is 

noteworthy that GKA22 and Compound A are classified as having the same structural scaffold 
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(benzene-centered) while RO-28-1675 is assigned to a separate class of activators (carbon-

centered) (47). This might provide rationale for the differences in entropic consequences, as the 

differential extent to which solvent is excluded from the allosteric binding pocket is expected to 

influence the entropy term (99). As reported by other investigators, we were unable to detect 

binding of activator in the absence of glucose (63). 

 After characterizing the kinetic and thermodynamic properties of the GCK activators, we 

wanted to address the conflicting reports as to whether these compounds were capable of binding 

the enzyme prior to glucose. A number of diverse techniques were implemented to see whether 

we could detect activator association with GCK in the absence of glucose. Attempts using 

equilibrium dialysis and mass spectrometry to measure the GCK-activator complex proved 

inconclusive, likely due to related reasons. Knowing that unliganded GCK heavily favors a 

disordered state that presumably lacks an allosteric site, it stands to reason that a well-ordered 

state able to bind activator would exist in a minority of the population (43, 46). Over-saturating 

the system with activator to promote an equilibrium shift that favors the activator-bound state 

would still require a sensitive technique to measure what would likely remain a minority 

population given the concentrations used in these particular experiments. Utilizing a glucose 6-

phosphate assay to measure bound activator after equilibrium dialysis was too imprecise and 

variable to provide reliable data. The required addition of the assay components prior to 

measurement might have diluted out a detectable quantity of the complex and the use of ATP as 

an indirect reporter limited the consistency of our data. Using MALDI-TOF to detect the binary 

activator complex might have similarly encountered diluting out of the complex upon addition to 

the matrix solution for analysis. The m/z peak would correspond to the majority species, which is 

likely to be the unliganded form after sample preparation. Furthermore, complex dissociation 

during laser irradiation is an entirely plausible occurrence (100). It is possible that the presence 

of the GCK-activator state is indicated somewhere in the shoulder of the peak as a minority 

species, but this remains entirely speculative. 

We also investigated the impact of activator association upon glucose binding affinity. In 

the absence of activator, the GCK-glucose binary complex is characterized by a dissociation 

constant of 5 mM (36). This affinity is too weak to be detected by ITC, but is readily measurable 

by fluorescence titration experiments (81). Although ITC is best suited for measuring high 

affinity systems, it has also been applied to complexes characterized by modest dissociation 
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constants (85). This technique is most precise when the ratio of total receptor concentration to Kd 

value, a dimensionless quantity known as the c value, is within the range of 10-100 (85). In the 

case of human GCK binding to glucose (Kd  = 5 mM), an experimental c of 10 would require 50 

mM protein in the cell. This illustrates how, for practical reasons including solubility and 

aggregation, low-affinity systems are difficult to study via ITC (101, 102). Recent work, 

however, has demonstrated that Kd (and therefore, ΔG) can be accurately determined using 

conditions in which the c value is as low as 0.01 (87). We postulated that activator association 

might increase the glucose binding affinity to a sufficient extent to allow detection via ITC. To 

explore this possibility, we generated the GCK-activator complex by extensive dialysis of 

enzyme against a buffered aqueous solution saturated with GKA22. The resulting binary 

complex was filtered and utilized in experiments where glucose was added as the titrant. Our 

titrations utilized protein concentrations of at least 25 µM, which yielded a c value that did not 

fall below 0.7. Assuming a glucose-enzyme stoichiometry of 1:1 based upon X-ray 

crystallographic data (43), these experiments allowed us to estimate a dissociation constant of 31 

± 4 µM for glucose binding to the preformed enzyme-activator complex. Notably, this glucose 

binding affinity is similar to previous estimates and is comparable to the dissociation constant of 

glucose experimentally measured for hexokinase I, an isozyme of glucokinase (103). 

Unfortunately, it is difficult to completely isolate which binding event the evolved heat signals 

are reporting on. The experiment must take on the assumption that the macromolecule is 

saturated with activator in order for the measured affinity to be genuine, but we were unable to 

eliminate the possibility of alternative binding events contributing to the peaks. For example, the 

signal peak of a single titration could be comprised of glucose binding to activator-bound GCK 

and activator binding to glucose-bound GCK. 

 We had suspected that our earlier attempts at detecting GCK in an activator-bound state 

were unsuccessful in part due to the relative activator-to-enzyme concentrations required of each 

technique. The equilibrium dialysis, MALDI-TOF, and glucose titration ITC experiments were 

all performed using GKA22. It was found that in solutions with 5% DMSO content, which 

minimizes any adverse effects on enzyme activity, the maximum GKA22 concentration 

achievable was approximately 100 µM. Equilibrium dialyzers needed to contain a sufficient 

quantity of GCK due to the subsequent kinetic analyses that measured ATP concentrations. 

These assays required numerous additional components that would inevitably dilute the enzyme 
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upon mixing, and lower [GCK] become increasingly difficult to obtain repeatable measurements. 

MALDI-TOF with proteins is ideally achieved with 10-100 µM concentrations, which again 

became a limitation when trying to fully saturate with activator (104). As discussed earlier in this 

section, the sensitivity of ITC in detecting low-affinity binding is such that high receptor 

concentrations are essential to the experiment. With the aforementioned techniques, the most 

optimal ratio of activator to GCK attained was 6:1 for the mass spectrometry investigation. 

 Contrasting these stringent requirements for protein concentration, our linked-enzyme 

kinetic assays typically require low nanomolar amounts of GCK. Therefore, we devised a set of 

kinetic experiments in which to assess the binding of activator to the unliganded enzyme. 

Previous work by Neet, et al. demonstrated a noticeable lag in enzymatic progress curves for 

glucokinase in assay mixtures containing 30% glycerol (52). When the enzyme had been pre-

equilibrated with glucose, this lag was eliminated. These observations were interpreted as being 

representative of a glucose-mediated conformational transition. Since the prior association with 

glucose appears to promote a conformational shift, we reasoned that a similar decrease in the lag 

would be observable if activators could associate with GCK in the absence of glucose.  

Using a stopped-flow system, we were able to obtain highly reproducible data without the 

need for glycerol to observe the transient. Quantifying the lag phase, transition time (τ) is 

extrapolated from the fitting of kinetic traces through the linear portion of the curve and denotes 

the time in which it takes for the initial velocity to reach steady-state. Upon initiation of the 

reaction with 1 mM glucose, progress curves for GCK activity in the absence of activator were 

described by a τ value of 0.51 min. Pre-equilibrating the enzyme in the presence of GKA22, 

Compound A, or RO-28-1675 produced τ values of 0.30, 0.34, and 0.35 min, respectively. We 

postulate that the diminishing lag can be attributed to the activators binding GCK without prior 

glucose association, shifting the conformational equilibrium to favor a more catalytically “ready” 

state. It is unclear whether our failure to completely eliminate the lag is due to an inability to 

saturate the enzyme with activator at these concentrations or whether the activators are unable to 

fully shift the equilibrium toward the more active species. Nevertheless, our results demonstrate 

that activator association promotes as active enzyme conformation, similar to the effects 

produced by glucose. Importantly, this perturbation occurs without prior glucose association, in 

the absence of glycerol. The ability of activators to reduce the lag indicates that unliganded GCK 

populates at least one conformational state capable of associating with activators (77). 
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Interestingly, a recent publication examining the effects of an activator on transition time 

reported a trend opposite to our own observations of τ (105). The liver-selective activator used in 

this study is structurally similar to RO-28-1675 and yields analogous GCK kinetic parameters. 

At 1 mM glucose, the researchers noted that a lag in enzymatic progress curves only appeared in 

the presence of activator. Observation of the lag between 3 and 10 mM glucose was not 

activator-dependent, but inclusion of activator produced transition times approximately 4-fold 

greater than control assays. However, these experiments were performed using nearly 100-fold 

less activator content (210 nM compared to our 20 uM), and the reactions were initiated using a 

mixture of glucose and activator. It's likely that these differences account for the results 

contradictory to our own observations. Based on a number of reports by independent 

laboratories, activators typically possess a high-nanomolar Kd (~100-900 nM) for GCK in the 

presence of glucose (63, 64, 77). Simultaneously introducing both glucose and activator, at 

concentrations approximating Kd, to reaction mixtures containing GCK could result in a complex 

series of binding events that would be slower to reach steady-state than substrate by itself. In 

contrast, our reactions were initiated by adding glucose to GCK that had been pre-equilibrated 

with activators orders of magnitude above their measured Kd values. Our model assumes that 

some population of GCK is present in an activator-bound conformation prior to the addition of 

glucose. Once glucose is introduced, it would bind more readily to the GCK-activator complex. 

The observation of a lag would be consistent with GCK still being present in its unliganded state, 

and the shortened transition time reflects the lower proportion of a state requiring a 

conformational transition. 

 The in situ effects of small-molecule activation were assessed via a microfluidic device to 

control the flow of activators into isolated mouse pancreatic islets. Some of the deleterious side 

effects observed with activators in clinical trials, e.g. hypoglycemia, have been attributed to the 

activation of pancreatic glucokinase (68, 105). Under normal conditions, insulin secretion from 

islet cells is at basal levels when glucose is <3 mM. As glucose rises beyond 5 mM, glycolytic 

flux increases the ATP/ADP ratio. Closure of ATP-sensitive channels depolarizes the β-cell 

membrane, leading to an influx of calcium and insulin release (47). The increased glucose 

affinity of activator-bound GCK would conceivably result in an excessive secretion of insulin at 

low blood sugar levels. In an effort to better understand these effects, activator solutions were 

controllably flowed into islet cells and the intracellular [Ca2+] was measured. 
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 The glucose-stimulated secretion of insulin occurs in an oscillatory pattern that correlates 

with calcium influx, among other related processes (91-93). We observed that in the presence of 

4 mM glucose, calcium content of the mouse islets was relatively constant at basal levels. The 

introduction of GKA22 induced oscillations in [Ca2+] reminiscent of the effects seen at 10 mM 

glucose in the absence of activation. The oscillations maintained as the flow of activator 

remained constant. Upon switching the flow from activator to buffer, the extent of the 

persistence in oscillatory calcium was activator-specific. 

The oscillations in GKA22-perfused islets slowly waned in amplitude, but never returned 

to basal concentrations during the period of observation. The activator RO-28-1675, by 

comparison, lost its effect on intracellular calcium within 20 minutes of flow removal. Although 

the effectiveness of Compound A was assessed indirectly by using its own fluorescent properties 

to measure its presence in the islets, the data suggested an action similar to RO-28-1675. 

Together, the results demonstrate that GKA22 is comparably more persistent in its activation of 

glucokinase. This pattern correlates with the measured koff rates, which indicate that GKA22 is at 

least 3-fold slower to leave the activator binding site. A greater sample size and additional 

experiments would be required to more conclusively establish a causative relationship with the 

observed trend. The ability to relate an in vitro measurement to an in vivo property, such as 

residency time, would be of great benefit in the development and optimization of future 

therapeutics.   
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CHAPTER THREE 

IN SEARCH OF GLUCOKINASE-ACTIVATING BIOMOLECULES 

3.1 Introduction 

 Naturally occurring activating and inactivating mutations in the glucokinase gene have 

been discovered in patients exhibiting hypoglycemic and hyperglycemic phenotypes, 

respectively (19, 20). These perturbations in glucose homeostasis being solely attributable to 

GCK activity reveal the scope of this enzyme’s role as a crucial glucose regulator. Further, it 

emphasizes the potential of this system as a therapeutic prospect. 

 The discovery of GCK activators opened an innovative area of research in the field of 

type 2 diabetic drug research. At the time of this writing, all known activators have been 

synthetic and typically developed via structure-activity relationships (106, 107). However, it has 

been speculated that an endogenous small-molecule activator exists and is yet to be discovered 

(47). The presence of the allosteric binding site and the importance of precise GCK regulation 

lend plausibility to this idea, as well as our current understanding of the relevant physiology. 

Evidence indicates a number of post-translational interactions with regulators of the enzyme, 

including the apparent activation by the bifunctional 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase (PFK-2/FBPase-2) (108).  

 PFK-2/FBPase-2 controls the intracellular levels of fructose-2,6-bisphosphate, an 

important modulator of glycolysis (109). Yeast two-hybrid studies have demonstrated that GCK 

interacts with the hepatic and pancreatic isoforms of the bifunctional enzyme (110). 

Interestingly, PFK-2/FBPase-2 increases the rate of glucose phosphorylation at all levels of 

substrate whilst leaving K0.5 unaffected (111). Recent work has suggested a similar mode of 

activation is provided by interaction with the pro-apoptotic human protein, BAD (112). These 

mechanisms differ from that of synthetic activators, all of which decrease K0.5 and have varied 

effects on maximal activity (77). The current body of knowledge pertaining to these 

physiological activators is limited, so it remains to be seen whether a deeper understanding could 

inform the process of identifying an endogenous allosteric activator. 

 While pancreatic human GCK seems to have no significant inhibitory factors, the hepatic 

enzyme is regulated by the glucokinase regulatory protein (GKRP) (47). The 68 kDa protein 

competitively inhibits GCK with respect to glucose (113). In a state of low glucose 
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Figure 3.1 The glucokinase regulatory protein structure and complex with glucokinase. 
(A) The inactive complex formed between GKRP (blue) glucokinase (white), promoted 
by fructose 6-phosphate (yellow spheres). (B) From the same perspective, the crystal 
structure of GKRP bound to a GCK-GKRP disruptor (red spheres) and sorbitol 6-
phosphate (yellow spheres). PDB: 4LC9, 4OHP. 

concentrations, GKRP associates with GCK and the complex is isolated to the nucleus. Rising 

glucose triggers dissociation of the inactive hetero-dimer, allowing GCK to return to the cytosol 

for catalysis (114). Complexation and subsequent nuclear sequestration is enhanced by fructose 

6-phosphate and counteracted by fructose 1-phosphate (Figure 3.1A) (115, 116). 

Glucokinase activators impair the association of GCK with its regulatory protein (63, 

105). Indeed, the discovery of these molecules was made while screening for compounds that 

disrupt the GCK-GKRP complex (38). The non-selective activation of GCK has raised concerns 

about hypoglycemia, supported by evidence in clinical trials of activators (68, 105). Researchers 

have been increasingly focused on the development of liver-specific allosteric activators of GCK 

as a less harmful approach to therapeutically targeting this system (69, 70). In a related strategy, 

small-molecule disruptors of the GCK-GKRP complex are being explored as an indirect means 

of GCK activation (117). Initial reports suggest that these inhibitory compounds bind directly to 

GKRP and promote GCK translocation to the cytosol (118). A crystal structure of GKRP bound 

to sorbitol 6-phosphate, which is functionally analogous to fructose 6-phosphate, shows that the 

new class of compounds binds at a unique site in the polypeptide (Figure 3.1B). 
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Figure 3.2 Common activator scaffold in comparison with the natural product activator. 
(A) The liver-specific activator, compound 19, contains the prototypical donor-acceptor 
pair capable of forming hydrogen bonds with the Arg63 backbone. (B) Structure of the 
natural product, tatanan, B, lacks a similar motif.  

 A 2011 report outlined the discovery of the first known natural products capable of 

activating glucokinase (119). A systematic extraction of the rhizomes of Acorus species was 

guided by fractional activity to yield three novel activators. These compounds were unique 

among known activator scaffolds, being relatively large and hydrophobic while ostensibly 

lacking the hallmark adjacent hydrogen bond donor-acceptor motif (Figure 3.2). All three natural 

products were purported to be more potent than the synthetic activator, GKA22. 

 

 

 

  

 

 

 

 

 

 

 

The current shortcomings in clinical trials with glucokinase activators have not 

invalidated the system as a safe therapeutic target (68). Hepatoselective activators and GKRP 

inhibitors are two novel approaches to glucose regulation that have emerged from the 

information gathered since the discovery of the first GCK activator (38, 69, 117). Continued 

focus in this area could provide additional points of regulation as well as safer agents targeting 

those currently known. In this chapter, we test a diverse set of molecules for glucokinase-

activating properties using a kinetics-based approach. These molecules were chosen by 

physiological relevance, binding data from the literature, and molecular docking simulations. 

Results from docking were also the basis for the assessment of a group of candidates to function 

as GCK-GKRP disruptors, and assays were performed to assess their ability to relieve GKRP 

inhibition of glucokinase activity. We also investigated the discovery of the first natural product 

activators, which were reported to be more effective than one of the most potent synthetic small-

molecules. 
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3.2 Materials and Methods 

3.2.1 Protein Expression and Purification 

Recombinant wild-type human pancreatic glucokinase was expressed and purified as 

described in section 2.2.2. Recombinant rat glucokinase regulatory protein was produced as C-

terminal hexa-histidine tagged polypeptides from pET-22b(+) in BL21(DE3) cells. Cultures were 

inoculated to an initial OD600 of 0.01 and were grown at 37 °C in Luria-Bertani broth 

supplemented with ampicillin (150 µg/mL). When the OD600 reached 0.5, IPTG (0.5 mM) was 

added to induce gene expression and the temperature was reduced to 16 °C, where growth was 

continued for 40 h. Cells were harvested by centrifugation at 8,000 g, and 6 g of wet cell pellet 

was resuspended in 30 mL of GKRP Load Buffer containing Tris (50 mM, pH 7.6), imidazole 

(25 mM), dithiothreitol (1 mM), and glycerol (10%, w/v). Cells were lysed using a 

microfluidizer and subjected to centrifugation at 30,000 g and 4 °C for 30 m. The supernatant 

was immediately loaded onto a 5 mL HisTrap Fast Flow Affinity Column (GE Healthcare) 

previously equilibrated in GKRP Load Buffer. Following loading, the column was washed with 

20 column volumes of GKRP Load Buffer. GKRP was eluted with GKRP Load Buffer 

containing 250 mM imidazole, and the enzyme was dialyzed for 2 hours at 4 °C against 1 L of 

GKRP SEC Buffer containing HEPES (25 mM, pH 7.5), KCl (25 mM), and dithiothreitol (1 

mM). Dialyzed glucokinase was concentrated to 500 µL via centrifugation at 4,000 g and 4 °C 

using a 10,000 MWCO filter (Millipore Amicon Ultra). The concentrated sample was injected 

onto a Superdex 200 10/30 size-exclusion column (GE Healthcare) pre-equilibrated in GKRP 

SEC Buffer. The gel filtration column was run at a flow rate of 0.25 mL/min, and fractions 

containing the highest A280 readings were pooled and retained for further analysis (78). 

3.2.2 Kinetic Assays 

 GCK activity was assessed as described in section 2.2.3. The final assay concentrations 

of molecules being tested for activation varied, but were all sourced from a stock solution (25% 

DMSO in HEPES 10 mM, pH 7.6) while controls were performed using the same solution 

lacking the effector. Palmitic acid, pyridoxal phosphate, guanosine, guanosine monophosphate, 

and guanosine triphosphate were present at 100 µM in assay mixtures. Inositol unknown samples 

A and B contained complex mixtures, so were assayed at final concentrations of 0.71 µL/mL and 

1.25 µL/mL, respectively. Inositol unknown samples C, D, and E were present in assays at 10 

µM. The GCK-GKRP candidates obtained from docking were initially assayed for GCK 
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activation using 100 µM compound at varied glucose. In the comparative assessments, tatanan 

molecules and activators were included in assays at 20 µM unless otherwise noted. Glucose 

concentrations varied and reactions were initiated by the addition of ATP. The slope of the linear 

portion of the progress curve yielded steady-state velocities, and saturation curves were obtained 

as described in section 2.2.3. 

 Kinetic inhibition assays of the candidate GCK-GKRP complex disruptors obtained from 

docking were similarly performed using the G6P-linked enzyme assay described in section 2.2.3. 

Reaction mixtures contained HEPES (250 mM, pH 7.6), NADP+ (0.5 mM), KCl (50 mM), DTT 

(10 mM), ATP (10 mM), MgCl2 (12 mM), glucose (5 mM), and G6PDH (7.5 units). Stock 

solutions of candidates (25% DMSO in HEPES 10 mM, pH 7.6) were used for assays containing 

the disruptor (100 µM in assay) while control runs were performed using the same solution 

lacking effector. The supposed disruptor (or control buffer) was allowed to equilibrate with 

GKRP for a period of 5 minutes prior to the addition of GCK. Once both proteins were present, 

an additional 5 minutes incubation period was followed by the initiation of the reaction with 

ATP. 

Assays to calculate EC50 and EC1.5 were performed using the G6P-linked enzyme assay 

with conditions identical to those described in section 2.2.3, unless otherwise noted. Glucose was 

kept at 4 mM, while activator concentrations were varied up to 5 µM. The fold-activation 

(VGKA/VCON) is the value obtained by dividing the rate observed in the presence of activator at a 

particular concentration by the rate observed in the absence of activator. EC50 was calculated by 

fitting to Equation 3.1, and was subsequently used to calculate EC1.5 using Equation 3.2 (120). 

Equation 3.1   
V
GKA

V
CON

=1+
RVmax −1

1+ (EC50 [GKA])
 

Equation 3.2   EC
1.5
=

EC
50

2RV
max

−3  

3.3 Results 

 A novel methodology involving the use of equilibrium dialysis integrated with mass 

spectrometry for the discovery of allosteric binding partners was recently reported (121). Among 

other protein systems, human glucokinase was included in the initial publication as proof-of-

concept. An excess of guanosine, pyridoxal phosphate, and palmitic acid were measured in the 

GCK-containing chamber of the dialyzer, indicating complexation with the protein. We assayed 
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these compounds for activating properties, in addition to two other guanosine analogs, guanosine 

monophosphate (GMP) and guanosine triphosphate (GTP). The results in Table 3.1 demonstrate 

that, when compared to synthetic activators, any measured change in activity was negligible with 

these five compounds. The only noticeable changes in activity were observed with palmitic acid 

and GTP, which we found to be subtly inhibiting at 1 mM glucose.  

Inositols are a class of isomeric compounds that serve a variety of biological purposes, 

including glucose disposal and insulin mediation (122). A series of inositol samples were 

presented as unknowns and designated as Unknowns A, B, C, D, and E. As seen in Table 3.1, 

nearly all samples made no significant effect on GCK activity at any of the glucose 

concentrations tested. Sample B, however, produced a 4-fold increase in activity at 1 mM 

glucose that persisted across multiple repeated measurements. A control experiment found that 

assays performed with the unknown, in absence of glucose, produced rates above baseline that 

were ATP-dependent. This observation along with the observed rate enhancement being 

increasingly significant at lower glucose concentrations led us to hypothesize that Unknown B 

contained glucose.  

A set of experiments was devised in order to test the idea that glucose might be present in 

Unknown B. We first wanted to obtain an estimation of the concentration of glucose in the 

sample. Kinetic rate data was recorded for GCK at glucose concentrations of 1, 5, 10, and 100 

mM glucose in the presence and absence of Unknown B. Assuming our prediction about the 

contents of the unknown is accurate, then the rates obtained in the presence of Unknown B at the 

aforementioned substrate levels would be representative of higher actual glucose concentrations. 

Therefore, fitting of the data lacking Unknown B to the Hill equation provided a calibration 

curve in which rates obtained in the presence of unknown could be used to approximate the 

additional glucose concentration provided by the inclusion of unknown. This allowed us to 

estimate the concentration of glucose in Unknown B to be 100 mM. 

To test the accuracy of the predicted glucose concentration in Unknown B, we prepared a 

fresh stock of 100 mM glucose. Glucokinase was assayed using mixtures (1,000 µL total) that 

included 25 µL of the prepared glucose stock (2.5 mM final) or 25 µL of the Unknown B sample, 

producing rates of 0.0636 and 0.0683 AU/min, respectively. After validating our approximation 

of the glucose concentration in Unknown B, we pursued an additional control experiment to 

ensure that glucose was indeed the source of the observed rate enhancement. 
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Figure 3.3 E. coli glucokinase assayed with a known source of glucose (black) or Unknown 
B (blue). 

The ATP-dependent glucokinase of E. coli is structurally and kinetically distinct from the 

human isoform (123, 124). It has an approximately 50-fold greater apparent affinity for glucose 

(Km = 0.15 mM), is non-cooperative, and lacks the allosteric binding site observed in human 

glucokinase (125). Implementing a system that uniquely utilizes glucose would provide strong 

evidence in favor of the substrate being present in Unknown B. Saturation curves were obtained 

using a fresh glucose sample or the unknown sample as a 100 mM stock solution (Figure 3.3). 

Fits to the Michaelis-Menten equation produced comparable Km values for the stock solutions, 

although the maximal velocity was noticeably lower when using Unknown B as the glucose 

source. Whether this can be attributed to an inhibitory component in the unknown remains to be 

seen. 

 

 

 

  

 

 

 

 

 

 

 

 

 

In collaboration with an expert in the use of library screening via molecular docking, Dr. 

Yu Chen (University of South Florida Morsani College of Medicine, Tampa, FL), we identified 

22 “lead-like” and 13 fragment compounds as potential disruptors of the GCK-GKRP complex. 

An alternative approach to glucokinase activation, these molecules are currently being 

investigated as potential diabetic therapeutics. A library of compounds was screened against the 
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Figure 3.4 The GCK-GKRP binding interface used in docking studies. Compounds were 
tested for the capability of disrupting the complex of glucokinase (white) and glucokinase 
regulatory protein (blue) by assessing the favorability of interaction at the binding interface 
of GCK. Lead-like compound A2 (magenta) is shown in the context of the full hetero-dimer 
as well as close-up to show predicted hydrogen bonding with GCK. PDB: 4LC9.  

GKRP binding interface of GCK using a crystal structure of the complex (Figure 3.4) (116). 

Lead-like compounds were classified as such after ranking the candidate compounds in terms of 

favorable free energies of binding (ΔG). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thirty-five compounds formed favorable interactions with GCK at the GKRP-interacting 

site. Twelve of the 35 candidate compounds were commercially obtainable, eleven of which 

were found to be compatible with the absorption wavelength used in kinetic measurements. Each 

was assayed for GCK activation prior to assessing their ability to disrupt the GCK-GKRP 

complex. The results for GCK-activating potential are presented in Table 3.1. Results from the 

assays with GKRP and the relevant chemical structures can be found in Appendix C. In these 

experiments, compounds were equilibrated with GKRP for a period before the addition of GCK. 

After an additional equilibration period, reactions were then initiated by ATP and monitored to 

completion. Reversing the order of protein addition produced similar results. In the absence of 

effector molecules, GKRP decreased the rate of GCK activity at 5 mM glucose by 43%. Despite 

the computational evidence, however, we observed no significant change in the ability of GKRP 

to inhibit GCK when the candidate compounds were present in assay mixtures. 



58 
 

Table 3.1 Fold-Activation Over Control (Rate+EFFECTOR/ Rate-EFFECTOR) 

 [Glucose] (mM) 

1 10 50 100 

A
ct

iv
at

or
 

 

GKA22 14 1.3 0.94 0.98 

Compound A 23 1.9 1.2 1.1 

RO-28-1675 24 2.9 1.5 1.3 

B
io

lo
gi

ca
l 

Guanosine 1.0 1.0 1.0 - 

Palmitic Acid 0.93 1.0 0.99 - 

Pyridoxal Phosphate 1.0 0.94 1.0 - 

GMP 1.1 1.0 1.0 - 

GTP 0.89 1.0 0.97 - 

In
os

it
ol

s 

Unknown A 0.96 1.0 - 1.0 

Unknown B 4.0 1.2 - 0.97 

Unknown C 1.1 1.0 - 1.0 

Unknown D 1.1 1.0 - 0.98 

Unknown E 1.0 1.0 - 1.0 

G
C

K
-G

K
R

P
 D

oc
ki

ng
 H

it
s 

A1 1.2 1.0 - - 

A2 1.0 0.97 - - 

A3 0.77 1.0 - - 

A4 1.2 1.0 - - 

A5 1.1 1.1 - - 

A6 1.1 1.1 - - 

A7 1.0 1.1 - - 

B1 1.1 0.95 - - 

B2 1.3 1.1 - - 

B3 1.1 1.0 - - 

C1 1.2 1.1 - - 

T
at

an
an

s 

A (±) 1.0 1.1 - 0.95 

A-Oxid. (±) 0.94 1.0 - 0.98 

A-Epimer. (±) 1.0 0.79 - 0.83 

A-Oxid. Epimer (±) 0.98 1.0 - 1.0 

A-Acid Fragment (±) 0.94 1.0 - 1.0 
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Figure 3.5 The Tatanan class of compounds: Tatanans A (A), B (B), and C (C). Tatanan A 
scaffold is shown with variable R-groups representing the variants investigated. (38). The 
relative change in GCK activity is represented as the ratio of enzymatic second-order rate 
constants ([kcat/K0.5 effector]/[ kcat/K0.5 control]) measured in the presence and absence of 20 µM 
compound. 

 The discovery of the first natural product GCK activators was recently reported (119). 

While studying the anti-hyperglycemic properties of a traditional Chinese herbal remedy, 

activity-guided isolation found three novel activators of glucokinase. We collaboratively 

obtained the synthetic compounds, tatanans A, B, and C, in order to more thoroughly understand 

their activating properties (126). Additionally, analogs and intermediates of tatanan A were 

assayed with GCK at select glucose concentrations (Figure 3.5). The tatanan A acid fragment has 

a carboxylic acid group in place of the third aromatic moiety, and the oxidized variants are the 

penultimate compounds before reduction to generate the final product (Figure 3.5A). We 

observed no significant change in rate while monitoring reactions with any of the tatanan A 

analogs at the glucose concentrations tested (Table 3.1).  

 

 

 

 
 

 
 
 
 

 
 In contrast to the published report (119), we observed no enhancement in glucokinase 

activity with the enantiopure tatanans A, B, or C (Figure 3.5D, Appendix D: Figure D.3). No 

significant changes in cooperativity or kinetic constants were seen with the compounds up to 

their solubility limits. We attempted to resolve the conflicting data by repeating the 
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quantifications in the initial tatanan study. Ni and researchers reported an approximate doubling 

of the reaction rate at 4 mM glucose in assays containing 10 µM tatanan A (Table 3.2). By 

comparison, the synthetic activator GKA22 was slightly less effective with a 1.7-fold increase in 

activity. Using the same assay conditions, we found no change in activity with tatanan A and a 

2.9-fold rate enhancement in the presence of GKA22. In addition to this data, the initial study 

measured EC1.5 for the tatanans and GKA22. This value corresponds to the concentration of 

compound required to increase enzymatic activity by 50% and can be calculated from measured 

EC50 (120). As we saw no change in activity with tatanan A, we were only able to repeat the 

measurement using GKA22 (Table 3.2, Appendix D: Figure D.4). Our result deviates 

significantly from the reported EC1.5 for the activator, which we found to be two orders of 

magnitude below the published value (119). 

 
Table 3.2 Comparative Measurements of Tatanan Kinetics 

 Published Values Current Study 

Fold-Activation EC1.5 (µM) Fold-Activation EC1.5 (µM) 

Tatanan A 1.9 1.85 1.0 - 
GKA22 1.7 3.01 2.9 0.068 

 
 

3.4 Discussion 

 A variety of biological compounds were assayed for glucokinase-activating properties. In 

a method validation report for a technique that integrates equilibrium dialysis with mass 

spectrometry, researchers identified two novel binding partners of GCK when screening for 

allosteric effectors of an array of enzymes (121). After an equilibration period in buffer 

containing 138 metabolites, guanosine and pyridoxal phosphate were identified as binding 

partners of GCK. Additionally, the researchers found enrichment of palmitic acid in the protein 

chamber. An early kinetic study by Tippett and Neet identified long chain fatty acyl-CoA 

molecules that competitively inhibited rat liver glucokinase below the critical micelle 

concentration (127). Palmitic acid was tested for inhibitory properties along with other related 

molecules, but was found to be non-inhibitory up to 1 mM. Nonetheless, we tested all three 

binding partners identified by the equilibrium dialysis report for glucokinase-activating 

properties. We additionally screened guanosine monophosphate (GMP) and guanosine 

triphosphate (GTP) to be thorough. Our results demonstrate that, when compared to synthetic 

activators, any measured change in activity was negligible with these five compounds. The only 
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noticeable changes in activity were observed with palmitic acid and GTP, which we found to be 

subtly inhibiting at 1 mM glucose. The effect with palmitic acid is minimal and likely 

attributable to non-specific effects in the linked-enzyme assay, as previous data from inhibition 

studies reported no change in GCK activity with palmitic acid using alternative methods (127). 

GTP produced the greatest relative decrease in rate, which might be explained by active site 

competition with the structurally congruent purine-based ATP used for catalysis. 

 Cyclohexanehexol adopts nine isomeric configurations, collectively known as inositols, 

with the most naturally predominant form being myo-inositol (128). These structurally stable 

molecules and some of their phosphorylated derivatives serve as early analogs to signaling 

factors involved in a variety of biological events, including cytoskeleton assembly and gene 

expression (129, 130). One specific isoform, D-chiro-inositol, has been shown to accelerate 

glucose breakdown and increase insulin sensitivity in both animal and human models (122). This 

functionality was of specific interest to us given the similar effects observed upon treatment with 

a glucokinase activator. A series of inositol samples were presented as unknowns and designated 

as Unknowns A, B, C, D, and E. As seen in Table 3.1, nearly all samples made no significant 

effect on GCK activity at any of the glucose concentrations tested. Sample B, however, produced 

a 4-fold increase in activity at 1 mM glucose that persisted across multiple repeat measurements. 

A control experiment found that assays performed with the unknown in absence of glucose 

produced rates above baseline. This observation along with the “activation” being increasingly 

significant at lower glucose concentrations led us to hypothesize that Unknown B contained 

glucose. After a series of control experiments, this hypothesis was validated and we concluded 

that none of the inositol samples contained an activating component.  

 A traditional Chinese medicine, “Chang-Pu” has been used in the treatment of epilepsy 

and memory loss (131). The herb is comprised of the rhizomes of three Acorus species, each of 

which were extracted using different organic solvents by a group of researchers (119). An ethyl 

acetate fraction of one species, A. tatarinowii, was reportedly found to possess anti-

hyperglycemic properties. Activity-guided extractions identified three active agents, tatanans A-

C. The anti-hyperglycemic properties were reportedly attributable to potent glucokinase 

activation, which was said to be more effective than the known activator GKA22. This discovery 

represents the first report of a natural product GCK activator. The tatanans are structurally 

distinct from known synthetic activators, being much larger and lacking a central moiety capable 
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of forming dual hydrogen bonds with the backbone of Arg63. To provide a more comprehensive 

assessment of the functionality of the tatanans, we collaboratively acquired the synthesized 

compounds (Dr. Armen Zakarian, University of California Santa Barbara Department of 

Chemistry, Santa Barbara, CA).  

Surprisingly, we observed no activation with any of the three tatanans. Repeated kinetic 

measurements demonstrated no significant difference in activity with the inclusion or exclusion 

of the reported effectors. Furthermore, various racemic analogs of tatanan A similarly possessed 

no activating properties. In the original study of the tatanans, their efficacy was emphasized by 

comparative experiments with GKA22. We repeated these by following the protocol to obtain 

fold-activation and EC1.5, our measurements were found to be in strong disagreement with the 

published data. Specifically, EC1.5 differed by a factor of more than 40. We concluded that these 

natural products are not activators of GCK. It's possible that co-extraction of the true activating 

agent produced the initially reported effects, but this remains to be seen. Alternatively, the 

possibility for the misrepresentation of data cannot be overruled.  
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CHAPTER FOUR 

USING A PLASMID-BASED CYCLIC PEPTIDE LIBRARY TO 

GENETICALLY SELECT FOR NOVEL GLUCOKINASE ACTIVATORS 

4.1 Introduction 

 The global incidence of diabetes mellitus has more than doubled in the past three decades 

(132). Recent estimates have placed the number of cases worldwide to be 285 million, 90% of 

which are type 2 diabetics (133). Type 2 diabetes is a complex metabolic disorder characterized 

by hyperglycemia due to insulin impairment. The loss of insulin effectiveness owes to any 

combination of a number of factors, including defective receptor response and events at the pre-

secretory level (134). As the physiological origins of this disease can greatly vary among 

patients, a solitary universal cure seems unlikely in the immediate future. Rather, successful 

treatment is more likely to manifest as a patient-specific combination of palliative treatments.  

 Early in vivo tests with glucokinase activators indicated that targeting this system could 

provide a powerful approach in the treatment of hyperglycemia (38, 47). Indeed, inhibition of the 

glucokinase regulatory protein as a related means of enhancing glucose disposal is currently 

under investigation (117, 118). The progression of GCK activators as a therapeutic option has 

continuously halted at the clinical phase due to various reasons (67). The potential for 

hypoglycemia had been discussed in the early stages of activator development, and these 

concerns were later substantiated in human trials of MK-0941 (68). It is thought that the 

activation of GCK at low glucose levels in the pancreas results in excessive insulin secretion to 

present the hypoglycemic risks, and recent efforts to circumvent this issue have resulted in the 

creation of liver-specific GCK activators (69, 70). Aside from hypoglycemia, structure-related 

toxicity has hindered clinical progression. The activator GKA50 was abandoned after the ligand 

elicited testicular toxicity in animal models (71, 72). Similarly, the synthetic activator RO-28-

1675 was shelved after discovering unfavorable side-reactions (38, 73). 

 Although hepatoselective activators can overcome the risk hypoglycemia, these 

molecules are still restricted to the current chemical properties of synthetic activators. A 

structurally-distinct compound class could assist in diminishing the potential for in vivo toxicity. 

When compared with drugs designed by artificial methods, natural products tend to have more 

stereogenic centers and architectural complexity that can allow for superior target selectivity and 
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Figure 4.1 The structures of natural product clinical therapeutics. Taxol (A) was initially 
isolated from the bark of the Pacific yew and has since found a successful application in 
cancer chemotherapy (140). Cyclosporine (B) was discovered in a soil sample and is 
currently used as an immunosuppressant to prevent the rejection of transplanted organs 
(141). 

specificity (135). Although three plant-extracted natural products were reported in the literature 

to be potent activators of GCK, these claims have since been called into question (119, 126). 

Nonetheless, the complexity and diversity of biosynthesized compounds might offer a fresh 

perspective on the structural requirements of small-molecule activation. 

 Many biological compounds have been optimized through natural processes (136). Plants 

and fungi, for instance, have evolved to contain potent compounds that would deter consumption 

by mammals (137). Similarly, snakes and insects have faced selective pressure to acquire 

venoms and toxins tailored for highly specific interactions with macromolecular targets (138). 

As a result, sources of natural products often provide rich and highly diversified troves of 

compounds that might otherwise be inaccessible to the medicinal chemist (139). These 

molecules tend to be rich in carbon, hydrogen, and oxygen, with a high degree of aromaticity and 

chirality (Figure 4.1A). 

 

 

  

 

 

 

 

 

 

 

 A particularly interesting category of natural products is cyclic peptides. The free ends of 

linear peptides entail some limitations with regard to therapeutic potential (142). The termini are 

regularly targeted by exopeptidases for degradation and tend to be poorly defined and flexible 

relative to the highly structured interior (143). Nature has resolved these shortcomings through 



65 
 

Figure 4.2 The mechanisms of intein splicing. (A) The intein is translated between surrounding 
regions referred to as “exteins.” Upon folding, key residues are in proximity to allow for the 
chemical ligation of the extein domains (orange), forming the functional protein. (B) Split-intein 
mediated circular ligation is achieved by encoding a sequence of interest between the inverted 
intein domains. The domains associate non-covalently before performing the ligation, which now 
liberates a peptide in cyclized form. Orange asterisks represent the approximate relative locations 
of the residues involved in splicing. 

various mechanisms of peptide cyclization (144). The exceptional stability and versatile 

properties of amino acid functional groups have resulted in the development of a variety of 

clinically-useful agents, including vancomycin, actinomycin, and cyclosporine (Figure 4.1B) 

(145).  

 Natural products of practical therapeutic value have traditionally been discovered and 

optimized through screening assays with synthetic or biological samples (146). Many of these 

methods can require complicated and laborious functional assays to identify active species 

among a library of compounds (147). However, it is also possible to utilize biologically-

synthesized libraries that readily interface with a selective environment to identify effectors 

using the genotype-phenotype linkage (148). A genetically-based approach lets the cellular 

machinery synthesize the library and uses the host properties, e.g. survival, to identify active 

members. One such technique has been designed to cyclize peptides of random sequence in vivo 

using a plasmid-encoded library.  
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 Engineered in the Benkovic laboratory, the plasmid library generates randomized 

peptides that are cyclized in vivo by a self-splicing protein element called an intein (149). Intein 

splicing is a post-translational modification that involves the site-specific excision of an internal 

sequence, leading to the ligation of the flanking polypeptides to form a functional protein (Figure 

4.2A). The precursor usually contains two external protein sequences separated by an internal 

sequence (i.e. intein) that contains all of the splicing chemical machinery (150). In addition to 

intramolecular splicing, intermolecular splicing has been observed in the formation of a DnaE 

polymerase from a cyanobacterium species (151). The polymerase is encoded by two distinct 

genes. Co-expression of these in E. coli resulted in the production of full-length polymerase, 

suggesting that the two gene products associate in vivo to perform the splicing. These trans-

splicing elements are referred to as split-inteins. 

 The Benkovic method, split-intein mediated circular ligation, manipulates the natural 

properties of the split-intein by encoding them on a single strand in permutated order with an 

intervening sequence of interest. The split-intein is translated as C- and N-terminal domains 

flanking a randomized target region. Association of the intein domains is followed by the 

residue-specific ligation that liberates a cyclic peptide (Figure 4.2B). The proof-of-concept report 

demonstrated that short strands of amino acids or full-length proteins can conceivably be 

cyclized with this technique, but this work was precursory to the ultimate objective of ligating 

randomized nucleotides into the target sequence to generate a compound library. This method 

simplifies the screening process by side-stepping the issues of creating a synthetic library. The 

amount of molecules capable of being screened is limited only by the transformation efficiency 

of the cells, and hits are apparent through phenotypic characteristics while readily identifiable by 

DNA sequencing. This technique has been used to identify cyclic peptides that reduce α-

synuclein toxicity, inhibit the ClpXP protease, and disrupt AICAR transformylase dimerization 

(152, 153, 154). 

 In this chapter, we utilize the above technique in search of glucokinase-activating cyclic 

peptides by integration with a genetic selection system previously established in our laboratory 

(50). We provide a description of how cellular proliferation can be linked to the level of 

glucokinase activity, and subsequently used as a phenotypic identifier of active cyclic peptide 

effectors. A discussion of the future outlook of this work is included to outline potential avenues 

of progression that are currently underway. 
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4.2 Materials and Methods 

4.2.1 Library Construction via Gapped-Duplex Ligation 

 We obtained a pCDF vector library encoding a randomized peptide region that is cyclized 

in vivo by the flanking domains of the Synechocystis sp PCC6803 DnaE split intein from Dr. 

Brian P. Callahan (Binghamton University, NY) (149). The cyclic peptides were of sequence 

“Cys-Gly-Trp-Z5” where “Z5” represents five randomized residues, each determined by the base 

composition (XNK). The base composition reflects the natural abundance of amino acid while 

minimizing the occurrence of stop codons: S = C(50%)/G(50%), X = 

A(32%)/G(39%)/C(21%)/T(8%), N = A(25%)/G(25%)/C(25%)/T(25%), and K = 

G(50%)/T(50%) (155). An additional library of shorter cyclic peptides was generated in house 

using the parental pCDF strand (pCDF-INT) encoding the peptide sequence “C-G-S-S” flanked 

by the C- and N-terminal intein domains. To facilitate insertion of the randomized 

oligonucleotide into the intervening region, the native pCDF KasI restriction site was silenced 

and reinstalled in the C-terminal intein domain via Quikchange site-directed mutagenesis to form 

pCDF-INT2. Removal of the KasI site was achieved via silent mutation using the forward 

mutagenesis oligonucleotide, -KASFWD, of sequence 5’-

GCGGTTTGCGTATTGGCCGCCAGGGTGGTTTTTC-3’ and the reverse, -KASREV, 5’-

GAAAAACCACCCTGGCGGCCAATACGCAAACCGC-3’. The mutation was confirmed 

using the primers –KASFWDPRIME and –KASREVPRIME, of sequence 5’-

TTCAAATGTAGCACCTGAAG-3’ and 5’-CGATACCGAAGACAGCTCAT-3’, respectively. 

Reinsertion of the KasI was similarly achieved by silent mutation into the C-terminus intein 

domain using the forward oligonucleotide, +KASFWD  

(5’-CTAGCCAACGGCGCCATCGCACACAATTG-3’) and the reverse oligonucleotide, 

+KASREV (5’-CAATTGTGTGCGATGGCGCCGTTGGCTAG-3’). The mutation was 

confirmed using the primers INTFWDPRIME and INTREVPRIME, of sequence  

5’-CACCACCATCACGTG-3’ and 5’-GTCCATGTGCTGGCGTTC-3’, respectively. These 

primers sequenced both intein domains along with the intervening cyclized region, and were 

used to assess library diversity and potential positive candidates. 

 A library oligonucleotide, LIB2, of sequence  

5’-GCGCCATCGCACACAATT(S)C(XNK)5TGCCTGTCTTTTGGTAC-3’ was designed to 

encode five sequential random amino acids (XNK composition equivalent to original library) 
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immediately preceded by an equal occurrence of either cysteine or serine (S = C(50%)/G(50%)). 

The LIB2 oligonucleotide was annealed to two shorter oligonucleotides, INTC and INTN, which 

are complementary to the non-random termini of LIB2. The sequence of INTC was  

5’-ATTGTGTGCGATG-3’ and INTN was 5’-CAAAAGACAGGCA-3’. The three 5’-

phosphorylated oligonucleotides were obtained from Integrated DNA Technologies. Generating 

the gapped-duplex DNA was achieved by annealing the oligonucleotides (LIB2 = 8.2 × 10-11 

mol, INTC = 1.6 × 10-9 mol, and INTN = 1.6 × 10-9 mol) together in Tris-HCl buffer (20 mM, 

pH 7.0) containing MgCl2 (2 mM) and NaCl (50 mM) followed by heating the reaction to 70 °C 

for 5 minutes before slowly cooling to 25 °C. The resulting duplex DNA contained 5’ and 3’ 

overhangs that were complementary to KasI and KpnI cleavage sites, respectively. Endogenous 

DNA replication machinery of E. coli filled in the gap in the randomized region upon 

transformation.  

Plasmid template pCDF-INT2 (1 µg) was digested at 37 °C overnight with KpnI (12 

units) in 1X New England Biolabs Reaction Buffer 1 containing BSA (1.5 µg). The reaction 

volume was initially low (15 µL) so that the components of the first digest could be diluted out 

upon the addition of the components for the second digest (60 µL final). The reaction was 

inactivated at 65 °C for 5 minutes before cooling to 25 °C, at which point KasI (12 units) was 

added along with New England Biolabs Reaction Buffer 2 and BSA (1.5 µg). After overnight 

incubation at 37 °C, the restriction endonuclease reaction was quenched at 65 °C for 20 minutes 

and allowed to cool to 25 °C. The insert was removed by adding the mixture to a Zeba spin 

column (Pierce Biotechnology) filled with Sephacryl S-500 resin (600 µL). Prior to addition of 

the reaction, the resin was prepared by centrifugation at 2,500 g for 1 minute. After the sample 

was loaded onto the column, the purified double-digested vector was eluted by centrifugation at 

2,500 g for 2 minutes. Annealed duplex DNA (15 µL) and the digested vector (60 µL) were 

ligated overnight at 14 °C in T4 DNA Ligase Reaction Buffer with T4 DNA Ligase (New 

England Biolabs). After incubation of the reaction, ice-cold 95% ethanol (three volumes) and 

sodium acetate (0.3 M, pH 4.6) were added and the mixture was incubated at -20 °C for 3 hours 

to promote precipitation. The precipitated DNA was centrifuged at 18,000 g for 10 minutes and 

supernatant was discarded. The pellet was washed with ice-cold 70% ethanol (250 µL) and 

allowed to air dry for 10 minutes at 25 °C, followed by resuspension in nuclease-free H2O (15 

µL) and desalting across an illustra AutoSeq G-50 MicroSpin Column (GE Healthcare). 
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4.2.2 Library Analysis 

 Electrocompetent BM5340(DE3) cells (50 µL) were mixed with pCDF-LIB2 ligation 

product (1 µL of 60 ng/µL) and transformed via electroporation. Transformations were 

immediately resuspended in SOC medium (1 mL) and recovered at 37 °C for 1 hour. Recovered 

cells were plated in serial dilutions on LB agar supplemented with spectinomycin (200 µg/mL), 

chloramphenicol (25 µg/mL), and kanamycin (40 µg/mL). After overnight incubation at 37 °C, 

the number of colonies produced under non-selective conditions was used to calculate total 

library transformants (# colonies × dilution factor ÷ µL plated × µL total library), indicating 

approximately 1.0 × 105 and 1.0 × 106 total members for Libraries 1 and 2, respectively. At least 

20 colonies were picked and inoculated into antibiotic-supplemented LB (5 mL) for overnight 

growth at 37 °C. Plasmid DNA was prepared from cultures using the Promega Wizard 

purification kit, and the DNA was sequenced at the DNA Sequencing Facility at Florida State 

University to assess library statistics. 

4.2.3 Genetic Selection: Preparatory 

Electrocompetent BM5340(DE3) cells (50 µL) were mixed with pET-22b(+) encoding 

wild-type human pancreatic glucokinase (1 µL of 60 ng/µL) and transformed via electroporation. 

Transformations were immediately resuspended in SOC medium (1 mL) and recovered at 37 °C 

for 1 hour. Recovered cells were plated on LB agar supplemented with ampicillin (150 µg/mL), 

chloramphenicol (25 µg/mL), kanamycin (40 µg/mL), and incubated overnight at 37 °C. A 

starter culture was generated using SOB broth containing antibiotics and grown overnight at 37 

°C with a freshly picked colony. The starter culture was used to inoculate 1 L SOB for the 

preparation of electrocompetent cell stocks. This procedure was also used to generate 

electrocompetent BM5340(DE3) cells containing the activated human GCK variants M197V, 

I211F, and Y214C. 

4.2.4 Genetic Selection: Library Transformations and Plating 

Electrocompetent BM5340(DE3) cells harboring wild-type or variant human GCK (50 

µL) were mixed with library pCDF DNA encoding randomized cyclic peptides (1 µL of 60 

ng/µL) and transformed via electroporation. Transformations were immediately resuspended in 

SOC medium (1 mL) and recovered at 37 °C for 1 hour. Recovered cells were pelleted (6,000 g 

for 10 minutes) and resuspended in M9 minimal medium (1 mL). This wash step was repeated 

and cells were plated in 25 µL aliquots on M9 agar supplemented with glucose (250 µM), IPTG 
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(50 µM), MgCl2 (4 mM), spectinomycin (200 µg/mL), ampicillin (150 µg/mL), chloramphenicol 

(25 µg/mL), and kanamycin (40 µg/mL). Parental pCDF vector containing the intein construct 

encoding the peptide sequence “C-G-S-S” was transformed alongside library transformations to 

provide benchmarks for growth rate. Preliminary experiments showed no discernible difference 

in growth rate upon the inclusion of the parental vector with human glucokinase or its variants, 

which served as measures of “non-activated” and “activated” growth rates, respectively. Serial 

dilutions of the washed cells were plated on LB agar with antibiotics to assess potential colony 

forming units using Equation 4.1, where potCFU represents the number of viable transformants 

per plate. All plates were incubated at 37 °C, unless otherwise noted, and colony growth was 

closely monitored using a magnifying glass.  

Equation 4.1   potCFU = dil. factor( )
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4.2.5 Genetic Selection: Identification and Isolation of Positive Hits 

 Under the above selective conditions, BM5340(DE3) cells harboring recombinant wild-

type glucokinase do not show colony formation for at least 4 days at 37 °C. Activated GCK 

variants produced colonies within the first 2 days under the same conditions. Potential positive 

“hits” were identified in library transformations by the appearance of colonies in the range 

provided by the aforementioned non-activated and activated growth rates. These colonies were 

picked and grown overnight at 37 °C in antibiotic-supplemented LB medium (5 mL total). 

Plasmid DNA was prepared from cultures using the Promega Wizard purification kit. As DNA 

preps contained a mixture of pET-22b(+) and pCDF vectors, a 1% agarose gel was used to 

separate plasmids (SeaKem GTG Agarose) and visualized with ethidium bromide. Bands 

corresponding to the pCDF were excised and isolated with the Promega Wizard SV Gel and PCR 

Clean-Up System. Eluted DNA samples (1 µL) were transformed into electrocompetent DH5α 

cells (50 µL), recovered in SOC (1 mL) at 37 °C for 1 hour, and an aliquot grown overnight at 37 

°C on LB agar containing spectinomycin (200 µg/mL). Colonies were picked and DNA purified 

as described above, and the final pCDF product was sequenced at the DNA Sequencing Facility 

at Florida State University. When sequencing data identified proper in-frame sequencing of the 

intein and absence of stop codons in the randomized region, the potential positive was subjected 

to retransformation and selection to verify the activated growth rate. 
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Figure 4.3 SDS-PAGE analysis of plasmid coexpression. IPTG (50 µM or 1 mM) 
was used to induce the expression of library pCDF and GCK pET vectors in 
BM5340(DE3) cells. The protein ladder is shown on the left with molecular 
weights in kDa. Samples were taken pre-induction at OD600=0.8 and 48 hours 
post-induction. Actual molecular weights of labeled components: GCK (52 kDa), 
IC-TARGET-IN (19 kDa), IN (14 kDa), and IC (4 kDa). 

4.3 Results 

4.3.1 Library Analysis 

 The cyclic peptides produced in vivo by our libraries do not contain tags that would allow 

for affinity-based means of isolation. Therefore, we used protein expression as an indirect 

reporter on peptide cyclization. Each cyclic peptide library vector was transformed into 

BM5340(DE3) cells harboring plasmid-borne human glucokinase, both of which are IPTG-

inducible and with different origins of replication. Based on previous work in our lab using the 

glucokinase genetic selection system, the presence of IPTG in minimal media for the induction 

of protein expression is most optimal at 50 µM (50, 55). Therefore, we assessed the relative 

expression levels at 50 µM and 1 mM inducer concentration (Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 After 48 hours post-induction, a noticeable band appeared in a region corresponding to 

the molecular weight of human GCK. Consistent with published data from independent research 

groups, we observed the appearance of new bands representing different components of the 
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intein splicing process (149, 155, 156). SDS-PAGE indicated an inducible expression of the 

intein polypeptide before cyclization of the intervening target sequence (IC-TARGET-IN). The C-

terminal domain of the DnaE split-intein is roughly 4 kDa and is of poor resolution, but 

expression of the larger N-terminal domain is readily apparent. As this visualization of 

expression is performed under denaturing conditions, separate bands corresponding to each 

domain is expected due to their interactions being non-covalent in nature (157). This evidence 

suggests that the peptide splicing machinery is expressed under the control of an IPTG-inducible 

promoter, and the relevant intein chemistry is performed to liberate the N- and C-terminal 

domains. 

 

Table 4.1 Comparative Assessment of Cyclic Peptide Libraries 

 Library-1 Library-2 

Sequence [CGW]-Z5 [C/S]-Z5 

Theoretical Library Size 3.2 × 106 6.4 × 106 

Actual Library Size 1.0 × 105 1.0 × 106 

% Parental Strand 25 13 

% Unique Members 48 50 

 

 

 Both peptide libraries were transformed into electrocompetent BM5340(DE3) cells and 

plated on nutrient-rich agar for a non-selective environment. At least 20 colonies were picked 

from each library transformation at random and the pCDF DNA sequenced for library statistics 

(Table 4.1). Our initial library, “Library-1,” was designed to generate cyclic peptides composed 

of eight amino acids. The first three residues, Cys-Gly-Trp, remained constant and were followed 

by a randomized region of five amino acids. While the cysteine in the static motif is required for 

the intein chemistry to occur, glycine and tryptophan are merely present for synthetic and 

spectroscopic convenience (158). With this knowledge, we engineered “Library-2” to be 

comprised of smaller cyclic peptides by eliminating glycine and tryptophan from the static motif. 

We also designed the single static residue of the cyclic peptide to occur in equal frequency as 

either cysteine or serine, both of which are equally capable of participating in the excision 

process (149, 159). Keeping the subsequent randomized region to five amino acids then doubled 
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Figure 4.4 Analysis of the base distribution of the randomized region in the libraries. Library-1 
(orange) and Library-2 (blue) each encoded cyclic peptides of five random amino acids 
determined by the codon sequence “XNK,” which represents a theoretical codon distribution that 
encodes all 20 amino acids and minimizes TAG stop codons (black).  

the theoretical number of unique members when compared to our original library, which 

plausibly contributed to the actual number improving by an order of magnitude. 

 Sequencing data revealed that unique and viable cyclic peptide products are projected to 

be present in roughly half of the total members in each library. Library-1 had a surprisingly large 

occurrence of TAG stop codons in the randomized region, which we attributed to the actual 

thymine presence at the first codon base deviating significantly from the theoretical 

specifications (Figure 4.4). Although Library-2 corrected this deviation and improved conversion 

of the parental pCDF, an abundance of frameshift mutations resulted in half of the total library 

members being unviable.  

 

 

4.3.2 Optimization of Selective Conditions and Protocol Development 

 The glucokinase-deficient bacterial auxotroph, BM5340(DE3), is unable to survive under 

minimal growth conditions unless supplied with glucose and a plasmid-borne active GCK gene 

(160). In such a case, cellular proliferation directly correlates with the rate of glucose 

phosphorylation. Therefore, controlling expression levels with IPTG and adjusting the amount of 

glucose present in the media allows one to fine-tune the length of time before colony formation 

on minimal media agar. We first set upon establishing conditions that would facilitate the 

identification of enhanced GCK activity, i.e. faster growth, to serve as the phenotypic indicator 

of a “positive hit.” Growth benchmarks were established by closely monitoring the appearance of 

colonies on minimal media for BM5340(DE3) harboring plasmids encoding wild-type or variant 
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Figure 4.5 Observed growth rates for GCK variants in BM5340(DE3). Cells were grown in 250 
µM glucose and 50 µM IPTG at 37 °C. The observed rate of growth (blue) represents a range 
established from the observation of at least 10 plates. These conditions provided a sufficient time 
period (red) to observe any potential activation by a cyclic peptide. 

glucokinase genes. In order to control for any peripheral effects that might enhance growth rate, 

these trials were performed by transforming the parental pCDF vector into electrocompetent cells 

with the GCK plasmid already present. The parental DNA encodes an IPTG-inducible intein that 

excises a cyclic peptide of sequence “Cys-Gly-Ser-Ser,” the presence of which we determined to 

be irrelevant to wild-type growth rates.  

 The period of time before the observation of the first colony for wild-type GCK served as 

the criterion for “non-activated” growth, while the same measure for activating variants provided 

a standard for “activated” growth. Our intentions were to create an environment in which the two 

growth benchmarks would be sufficiently separated to allow the greatest possible window of 

observation for an activating peptide. Through a variety of concentrations and temperatures, we 

found optimal growth separation using 250 µM glucose, 50 µM IPTG, and an incubation 

temperature of 37 °C (Figure 4.5). These conditions produced colonies on I211F, the most 

activating variant used in this study, after 18-26 hours. The other two variants employed, M197V 

and Y214C, grew at a similar rate and would appear throughout an overlapping period after 

approximately 26-48 hours. Wild-type GCK activity was more unpredictable, as most plates 

would show colonies after 3-5 days while some remained barren after a full week. Nonetheless, 

this provided a distinct phenotypic classification of activated and non-activated growth that 

would give an approximately 48 hour period to observe activation with the peptide library. 

 

 

 

 

 When the proper conditions were identified, we focused on the protocol for positive hit 

identification and verification. Colonies that appeared early enough to be classified as activated 

growth were picked and grown overnight in 5 mL nutrient-rich LB media. Isolation of plasmid 

DNA from these cultures included a mixture of pET and pCDF vectors. Vector-specific primers 
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Figure 4.6 Representative DNA gel of the pET/pCDF mixture pre-extraction. The 
ladder is shown on the left with relevant standards in kilobases (kb). The desired 
pCDF band was easily excised as evidenced by the discrete size and conspicuous 
separation. The samples in lanes 1-4 were independently isolated from colonies 
produced under non-selective growth conditions. 

were used to verify the intein and randomized regions before further processing of the sample, as 

some false positives were immediately apparent due to stop codons or frameshift mutations. 

Once a non-parental target region was confirmed with a proper intein sequence, the pCDF was 

isolated via gel extraction (Figure 4.6). The ~3,000 base pair difference between the plasmids 

gave clear band separation, ensuring minimal pET contamination. We were unable to obtain 

reliable sequence data from the pCDF DNA post-extraction, likely due to poor concentration or 

residual ethidium bromide. However, we obtained a much purer sample by transforming the gel-

extracted DNA into DH5α cells and growing in spectinomycin to select for the pCDF. The gel-

isolated plasmid DNA prepped from DH5α was resequenced for verification before being 

subjected to reselection to separate true from false positives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.3 Cyclic Peptide Library Selections 

 Dozens of potential positive hits were identified across numerous selection experiments. 

Each candidate plasmid, however, failed to reproduce enhanced colony production upon 

reselection. It was hypothesized that perhaps the stringent growth environment encouraged an 

alternative mechanism of survival. Therefore, we wanted to test whether the fast proliferation 
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was truly a phenomenon unrelated to the particular cyclic peptides we had deemed false 

positives. The parental pCDF vector cyclizes a peptide of known sequence, C-G-S-S, and was 

previously used as a non-activating control for establishing growth benchmarks. Using our 

minimal growth conditions, BM5340(DE3) cells harboring a plasmid-sourced active glucokinase 

gene had similar growth patterns in the absence or presence of the parental strand. These 

observations were initially made while screening a single transformation against a variety of 

conditions, so the number of plates used for these assessments were much smaller than a typical 

library selection. 

 We treated the non-activating control as a library selection by plating the entirety of 

multiple transformations across plates of the same component concentration, increasing our 

control plate sample size over previous tests by at least 10-fold. Growth was closely followed 

and any colonies that appeared during the “activating” period were recorded. These experiments 

allowed us to compare the rate of false positive occurrence with C-G-S-S peptides to the 

occurrence of failed reselects. The rates of false positives were calculated by dividing the 

number of colonies observed during the activation period by the total number of viable 

transformants. False positives with C-G-S-S occurred at a rate of approximately 1 in 14 million, 

compared to a library reversion rate of 1 in 10 million potential colony forming units. These 

results added confidence to our postulate that the early library growth was not attributable to the 

cyclic peptide itself. 

4.4 Discussion 

Natural products and biological scaffolds can provide safe and highly effective clinical 

therapeutics (161, 162). Considering the problems encountered during the treatment stage of 

testing synthetic activators as viable anti-diabetics, a novel biogenic class of compounds might 

offer a safer alternative (67, 68). We tested a variety of biological molecules for glucokinase-

activating properties in chapter 3, including the first reported natural product activators of human 

glucokinase (119). No change in activity was seen in the presence of any compound examined, 

including the natural products (126). Our findings led us to continue the pursuit of biologically-

relevant activators in Chapter 4, but with a technique that would provide higher throughput than 

the individual assays we had been using. 

In the current chapter, a dual-plasmid genetic selection methodology was developed and 

utilized in search of glucokinase-activating cyclic peptides. We employed two separate library 
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plasmid constructs, Library-1 and Library-2, which were comprised of octa- and hexa-peptide 

members, respectively. Both libraries contained randomizations in 15 codons, or 5 amino acid 

positions. The theoretical frequency of amino acids was designed to reflect the natural 

abundance, while the specific base composition eliminates TAA and TGA stop codons. Although 

the occurrence of TAG stop codons is possible, the library is designed to minimize this by a low 

probability (8%) of thymine presence in the first codon base. Library-1 was comprised of an 

anomalously high incidence of TAG codons due to the actual thymine being more than 

quadruple its theoretical value in the first base. This is possibly due to errors at the library 

oligonucleotide manufacturing stage, as this anomaly was absent in Library-2.  

Immediately upstream of the randomized codons is an invariable region. This sequence in 

Library-1 encodes Cys-Gly-Trp. The intein splicing mechanism requires a nucleophilic side-

chain as the first residue of the intervening region to initiate the chemistry, and this task can be 

performed by either cysteine or serine with comparable effectiveness (149, 159). Glycine is 

present in the static motif to facilitate peptide synthesis. Since the library peptides harbor no tags 

that would allow for affinity-based purification, future in vitro work will require synthetic means 

to obtain the product. Briefly, peptides are generated by resin-immobilization of the carboxy-

terminal amino acid and synthesis proceeds stepwise toward the amino-terminal residue (163). 

Undesired racemization of the carboxy-terminus can occur during the cyclization step, but this 

can be overcome by having the optically-inactive glycine at the amino-terminus (164). Finally, 

the tryptophan residue functions as a chromophore for HPLC purification (158). The invariable 

motif of Library-2 was designed to encode only the nucleophilic residue, and with an equal 

occurrence of cysteine or serine in this position. The eight-member cyclic peptides in Library-1 

are significantly larger than known GCK activators. In case this proved to be problematic, the 

peptides in Library-2 contained two fewer amino acids and eliminated the bulky side-chain of the 

previously ubiquitous tryptophan. 

Repeated selections with both cyclic peptide libraries were unable to identify a true 

activator of glucokinase. Throughout these experiments, numerous potentially positive hits were 

obtained. We had anticipated that if multiple genuine hits were observed, there would be some 

degree of sequence homology between them. However, the same sequence never recurred and no 

obvious trends were noted among the supposed positive effectors. The first ten intein-cyclized 

peptides from Library-1 to produce colonies during the activation period (i.e. faster than wild-
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type) are shown in Table 4.2. These plasmids were prepared from single colonies that appeared 

within the first 60 hours of incubation at 37 °C. We expected that enhanced activity would be 

identified by isolated colonies on minimal media agar due to the library transformations 

containing an array of cyclic peptides. By contrast, the accelerated activity of the GCK variants 

was characterized by the appearance of lawns within the first 2 days. During the process of 

reselection, the candidate plasmids are purified and transformed back into BM5340(DE3) cells 

equipped with human glucokinase. The uniform presence of a true activating molecule should, as 

with the activated variants, ensure a consistent rate of growth throughout. Essentially, lawns 

should be apparent with the pure pCDF at approximately the same time as the appearance of the 

single colony from the library transformation. This pattern was not observed upon reselection 

with any of the candidate library members.  

 

Table 4.2 First Positive Hits From Library-1 Selections 

CGWCEYQD CGWDGMYF CGWHLNVL CGWNPFFR CGWWNFRL 

CGWCFLYL CGWFYFLS CGWHSSGV CGWPVDFR CGWYAVLF 

 

 

 Although we were unsure of the source of the anomalous colony growth with wild-type 

GCK under stringent conditions, we wanted to test whether it was related to some cellular 

mechanism rather than the cyclic peptide itself. The parental library strand that exclusively 

encodes the peptide Cys-Gly-Ser-Ser had been used as our standard for wild-type growth in the 

presence of the pCDF plasmid. While optimizing the selective conditions, colony production for 

pET-based human glucokinase in BM5340(DE3) was seemingly unaffected by the presence of 

the C-G-S-S cyclic peptide. However, the library selections were performed on a much larger 

scale to ensure greater and repeated sequence sampling. This could provide the bacteria with 

enough opportunities to overcome the selective pressure by means unrelated to the two plasmids 

to produce the early colonies at a rate of approximately 1 in 10 million. We found that by 

treating the parent pCDF transformations as we had the library selections, colonies appeared 

during the activation range at a rate of roughly 1 in 14 million. These results suggested that our 

initial inability to see colonies emerge on wild-type control agar was due to probability and the 

smaller sample size of benchmark growths when compared to library transformations. While it is 
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unknown to us what, if any, compensatory cellular mechanism(s) enhanced growth rate, we were 

confident that it was unrelated to a cyclic peptide activating glucokinase. 

4.5 Future Directions 

4.5.1 An Added Mechanism of Proliferation by the Inclusion of GKRP 

 The kinetic cooperativity of glucokinase allows its activity to be most sensitive in the 

range of mean blood glucose. This ensures a rapid utilization of incoming glucose while 

maintaining a proper basal concentration (9, 10). Glucose-mediated conformational changes have 

been proposed as the basis for this behavior (35, 36). In the absence of glucose, the enzyme 

favors an inactive or low affinity state that is alleged to not contain an allosteric activator site 

(43). Our genetic selection experiments are performed under low glucose conditions, where 

presumably much of the enzyme might exist in an inactive state. One possible explanation for 

our difficulties identifying an activating peptide is that the amount of GCK capable of binding it 

is too low to have significant effects on colony production.  

 The addition of glucokinase regulatory protein to the selection experiments would 

introduce a few beneficial aspects. Originally, low glucose concentrations served as the point of 

control when phenotypically detecting glucokinase activation. Scaling this quantity alone was 

capable of directly dictating the rate of growth with any of the enzyme variants. The presence of 

GKRP would provide an additional mechanism by which cyclic peptides could accelerate colony 

production, as GCK inhibition by GKRP is relieved by glucose and activators (63, 105, 165). 

Therefore, tweaking glucose concentrations will directly affect the degree to which GKRP 

inhibits GCK while concurrently determining the glycolytic flux that sets the rate of growth.  

In addition, expressing both enzyme and its regulatory protein could possibly reveal an entirely 

independent functional molecule. In response to the growing concerns about activator-induced 

hypoglycemia, small-molecule inhibitors of GKRP are currently under investigation (68, 117, 

118). In a state of low glucose, GKRP sequesters GCK into the nucleus of hepatocytes (115, 

116). This inhibitory complex progressively dissociates with rising glucose levels to liberate 

glucokinase. Inhibition of GKRP ensures greater GCK presence in the cytosol for glucose 

turnover. In terms of its presence in the selection experiments, disruption of the inhibitory 

complex would necessitate faster colony production. It is worthy of mention that split-intein 

mediated peptide cyclization has previously identified disruptors of AICAR transformylase 

protein dimerization (152). 
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 The pETDuet-1 vector contains two multiple cloning sites for the purpose of gene co-

expression, each of which is preceded by a T7 promoter and ribosomal binding site. The 

pBR322-derived ColE1 replicon is fully compatible with the CloDF13-derived replication origin 

of the cyclic peptide library pCDF. The previous selections used different activated glucokinase 

variants as growth models for enhanced activity, and we were able to find specific conditions 

that would provide a sufficient gap in growth between activated and non-activated GCK. 

Integrating GKRP would significantly change the environment, so the conditions for optimal 

growth rate must be revisited to establish standards for what constitutes activation when the 

inhibitory protein is present.  

 We will first use Quikchange site-directed mutagenesis to change wild-type GCK in the 

Duet vector to the activated variant S64P. Published kinetic data indicates that S64P glucokinase 

is only mildly inhibited by GKRP (59). In the presence of sorbitol 6-phosphate, GKRP inhibits 

S64P activity by 4% while wild-type GCK sees 55% inhibition. This disparity remains 

significant in absence of agonist, with S64P and wild-type enzyme experiencing 5% and 32% 

inhibition, respectively. The S64P glucokinase Duet construct will serve as a measure of 

activation due to its ability to largely elude GKRP inhibition as well as its enhanced glucose-

phosphorylating abilities that afford minimal media growth rates comparable to the I211F mutant 

used in this study (50). 

Since the inherent activating properties of S64P will undoubtedly bring forth colonies 

faster than wild-type, the aforementioned work does not establish whether relief of GKRP 

inhibition has any contribution to the rate of growth. Similarly, Duet-based construct selections 

with wild-type GCK will not explicitly confirm the occurrence of GKRP inhibition in vivo with 

any degree of confidence. To address this uncertainty, we will again use site-directed 

mutagenesis with the wild-type GCK-GKRP Duet construct to encode the GKRP double-mutant 

L463A/F465A. A recent mechanistic investigation demonstrated, via gel filtration analysis, that 

this GKRP variant precludes complex formation with GCK (166). We would expect that if wild-

type GKRP is being expressed and performing its function, then cells harboring the inactive 

GKRP variant should generate colonies on minimal media at some point between the wild-type 

and S64P Duet constructs. Furthermore, these results will establish an approximate growth 

standard for GCK-GKRP complex disruption. 
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4.5.2 Introducing the Ability to Differentially Regulate Plasmid Expression 

 Although SDS-PAGE indicates that both pET and pCDF vectors are expressing 

glucokinase and the intein construct in E. coli, it is difficult to predict the relative expression 

levels of each in a selective environment. Further, both are under control of the IPTG-inducible 

T7 promoter and therefore unable to be differentially controlled. In chapter 2, we performed 

transient-state kinetic experiments to test the hypothesis that synthetic activators could bind GCK 

in the absence of glucose (77). We determined this to be a measurable event, but the 

activator:enzyme ratio utilized was 2000:1. Although the genetic selections are performed in the 

presence of glucose, the concentrations are minimal and a comparably large ratio of 

peptide:enzyme expression is unlikely. It's plausible that our inability to saturate the system with 

the cyclic peptide would prevent phenotypic identification of even the most potent activators. It 

would be desirable to have the ability to ensure a high expression of the intein element while 

keeping GCK at the minimum levels required to produce colonies. 

 When searching for an alternative plasmid host to glucokinase, the selections require it to 

be compatible with the library pCDF. The inducer itself must also be compatible with the 

system. The ara promoter, for instance, is irreconcilable with the selective environment as 

arabinose would provide a carbon source for proliferation. Fulfilling the pre-requisite criteria, 

plasmid expression systems for tetracycline-inducible gene expression have been described for 

E. coli (167).  

We recently obtained pACYC- and pMG-based vectors containing a tetracycline-

inducible cloning region from Dr. Peter Kast and Dr. Donald Hilvert (ETH-Zurich). In these 

vectors, the tetR and glk genes are transcribed from divergent promoters that are simultaneously 

repressed when the tetracycline repressor protein (TetR) binds to its operator sites on the DNA. 

Upon passively diffusing into the cell, tetracycline complexes a divalent metal ion such as Mg2+ 

and binds TetR. As a result, TetR is unable to bind its operator sites and transcription of tetR and 

glk genes proceeds (168). The Acr complex of E. coli exports tetracycline to prevent intracellular 

toxicity (169). Additionally, the Tn10 transposon present in BM5340(DE3) provides TetA, an 

anti-porter that couples tetracycline efflux to proton import (160). This process concerning 

tetracycline diffusion, efflux, and transcriptional regulation ultimately establishes an equilibrium 

resulting in intermediate levels of transcription. 
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With the ability to differentially regulate the levels of glucokinase and cyclic peptides, we 

will be able to approach a state more reminiscent of receptor site saturation. Once the selective 

conditions are optimized, different library variations can be constructed in case the current 

libraries remain unsuccessful. Finally, it is entirely possible that cyclic peptides are incapable of 

activating GCK. Alternatively, it is not unreasonable to speculate that this methodology is simply 

unfit to reveal an activator irrespective of cyclic peptide presence. 
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APPENDIX A 

A NOVEL MECHANISM OF GLUCOKINASE ACTIVATION 

A.1 Introduction 

 Human pancreatic glucokinase catalyzes the ATP-dependent phosphorylation of glucose 

in the slowest step of the glycolytic pathway (8, 18). Several disease states have been associated 

with GCK dysfunction, accentuating the significance of this enzyme in maintaining proper 

glucose homeostasis. Mutations resulting in impaired enzymatic activity have been documented 

as being responsible for maturity onset diabetes of the young type II and permanent neonatal 

diabetes mellitus (19). Several gain-of-function mutations have been identified in patients with 

persistent hypoglycemic hyperinsulinemia of infancy (PHHI) (20).  

 Interestingly, the majority of PHHI-associated mutations localize to the allosteric site 

where small-molecule GCK activators are known to bind (43, 47). Discovered in a high-

throughput screening of compounds based on the ability to relieve GKRP-mediated inhibition, 

activators showed early therapeutic promise in pre-clinical studies with diabetic rodent models 

(38, 170). However, human trials have revealed undesirable side effects, including high blood 

pressure, elevated circulating triglycerides, and an occurrence of hypoglycemia (68, 105). The 

need for an alternative approach to GCK-targeted therapeutics is evident, and an understanding 

of all possible modes of activation can inform this process.  

 The allosteric site of GCK interacts with small-molecules and co-localizes with many of 

the gain-of-function mutations, suggesting a common mechanism of activation. Another region 

capable of activation has been identified with the activating variants M197V and N180D (50). 

These residues are located in the small domain at least 15 Å distal to the allosteric site (Figure 

A.1A). Mutational analyses at M197 have suggested that increased hydrophobicity at this site 

increases the enzyme's affinity for glucose (51). Additionally, activating substitutions at M197 

do not appear to affect the extent to which the enzyme is activated by small-molecules (59). This 

information implies distinct mechanisms of activation are at work, demonstrating that methods 

of regulation beyond the allosteric site are possible. 

Structural evidence, including X-ray crystallography and NMR, has shown that a 

dynamic loop comprised of residues 151-179 is disordered in the unliganded state (43, 46). Upon 

glucose or activator association, this loop folds into a β-hairpin motif. Formation of this 
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Figure A.1 Activating mutations and the β-hairpin motif in the glucokinase scaffold. 
(A) PHHI-associated substitutions at I211, Y215, and V455 (red) localize to the 
binding site of allosteric activators (green) while the enhanced variants at N180 and 
M197 (blue) are at least 15 Å from the site. (B) The disordered loop of residues 151-
180 forms a β-hairpin structure (cyan) that facilitates proper orientation of glucose 
(orange) by the active site residues T168 and K169 (pink sticks). PDB: 1V4S. 

structural element in the small domain promotes the precise orientation of glucose in the active 

site via loop residues T168 and K169 (Figure A.1B). Given this role in directing proper substrate 

binding, it is perhaps unsurprising that naturally-occurring mutations within the loop tend to be 

deleterious to activity (171, 172).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In order to more closely examine the role of the disordered loop and β-hairpin motif as it 

pertains to the activation of glucokinase catalysis, we implemented a gapped-duplex ligation 

technique to randomize specific regions in the hairpin and evaluate the consequences. Using a 

glucokinase-deficient bacterial strain for genetic selection, we identified an enzyme variant 

capable of activating GCK by a unique mechanism. This chapter describes the discovery and 

characterization of a novel glucokinase mutant that furthers our understanding of the enzyme’s 

allosteric properties, which could prove useful in the design of future GCK-targeted therapeutics. 
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A.2 Materials and Methods 

A.2.1 Library Construction via Gapped-Duplex Ligation 

 We created the library of randomized amino acids (154-157 and 161-162) in the β-hairpin 

region with the approach utilized in section 4.2. The library oligonucleotide was designed to be 

compatible with Bsu36I and AvrII restriction site overhangs. The library oligonucleotide, BHP2, 

was of sequence: 5’-

CTAGGCTTCACCTTCTCCTTTCCT(XNK)4GACATCGAT(XNK)2ATCCTTCTCAACTGGA

CCAAGGGCTTCAAGGCC-3’, where X = A(32%)/G(39%)/C(21%)/T(8%), N = 

A(25%)/G(25%)/C(25%)/T(25%), and K = G(50%)/T(50%). Two duplex primers were made to 

be complementary to either side of randomized region in the long strand: 5’-

TGAGGCCTTGAAGCCCTTGGTCC-3’ and 5’-GATCCCTTATCGAT-3’. All of the above 

primers were phosphorylated in the 5’ position. Template pET-22b(+) encoding human 

glucokinase (50 µg) was digested overnight at 37 °C with AvrII (64 U) and Bsu36I (10 U) in 

NEB Buffer 3. The reaction was quenched and cleaned as in section 4.2.1. The primers were 

dissolved using TE buffer (100 µL) and added to annealing buffer (section 4.2.1) in 10-fold 

excess of library oligonucleotide. The gapped duplex DNA was generated by the annealing 

procedure in section 4.2.1, and ligated into the template vector lacking the insert (5.5 µg) with T4 

DNA ligase overnight at 14 °C. The ligated library was precipitated with sodium acetate (75 

mM, pH 5.0) and 100% ethanol followed by pelleting via centrifugation at 21,000 g. The DNA 

pellet was dried at 45 °C and resuspended in warm nuclease-free H2O (10 µL). To calculate 

library size, 1 µL of the product was transformed into BM5340(DE3) and plated in serial 

dilutions on LB-agar. After overnight incubation at 37 °C, we estimated the library to contain 3.6 

× 105 members with a nucleotide distribution comparable to the theoretical. Selections were 

performed by plating the library transformations on M9-agar and monitoring growth for up to 5 

days at 37 °C. The M9 minimal agar was supplemented with ampicillin (150 µg/mL), kanamycin 

(40 µg/mL), chloramphenicol (25 µg/mL), MgCl2 (2 mM), IPTG (50 µM), and glucose (300 µM) 

For comparative assessment, library selections were conducted alongside wild-type and α13-

helix variant in BM5340 cells. 

A.2.2 Characterization of Enzyme Variants 

 Enzyme production and purification were performed as described in section 2.2. Steady-

state enzymatic activity was assessed spectrophotometrically at 340 nm by coupling the action of 
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pyruvate kinase (1.5 U) and lactate dehydrogenase (2.5 U) to the oxidation of NADH. Reaction 

mixtures contained HEPES (250 mM, pH 7.6), NADH (0.5 mM), PEP (20 mM), KCl (50 mM), 

DTT (10 mM), ATP (5 mM), and MgCl2 (6 mM). Variable glucose concentrations were used for 

the kinetic parameters related to glucose phosphorylation activity, but kept constant while ATP 

was varied for ATP kinetic measurements. Assays were performed in duplicate and with at least 

two enzyme preparations.  

 Enzyme-glucose binding affinities were measured using the intrinsic fluorescent 

properties of the protein. Variable glucose concentrations were mixed with enzyme (20 µM) in 

size exclusion buffer containing varied amounts of glucose. After sufficient equilibration, GCK 

was excited at 280 nm and the change in fluorescence at 335 nm was recorded using a Cary 

Eclipse fluorescence spectrometer. A blank fluorescence measurement in absence of glucose was 

subtracted from all measurements to gauge the overall change in fluorescence (ΔF). Data were 

collected in triplicate, averaged, and fitted to the following equation: 

 

ΔF =
ΔF

max
[glu]

Kd +[glu]
 

 

A.3 Results 

A.3.1 Gapped-Duplex Ligation and Genetic Selection 

 The genetic selection growths were originally performed with a library that randomized 

amino acids 154-158 in the β-hairpin. However, these failed to produce any positive clones. A 

comparative analysis of this region in hexokinases across different organisms revealed that some 

residues are conserved, implying that randomization at these points would inevitably be 

detrimental to activity (Figure A.2). Therefore, we decided upon randomizing the amino acids at 

positions 154-157 and 161-162 to allow for substitutions at less critical points. We estimated the 

final library size to be 3.6 × 105. The glucokinase quadruple mutant 

R155H/H156M/E157L/K161V, referred to henceforth as the β-hairpin variant, produced 

colonies within 18 hours of growth on minimal media. The wild-type enzyme grown alongside 

the library took 5 days to appear using the same treatment. The β-hairpin variant was the only 

activating mutant identified using our library. 
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Figure A.2 Comparative structural analysis of the sequence corresponding to the β-hairpin 
region. The sequences were obtained from the structural data provided by the PDB codes 
listed and are colored according to their location and secondary structure (inset illustration). 
Randomized amino acids in the library are underlined.  

 

We proceeded with further selections to investigate the significance of each mutation to 

the rapid colony production. Site-directed mutagenesis was used to obtain all possible 

combinations of the specific mutations found in the β-hairpin mutant, i.e. the single mutants 

R155H, H156M, E157L, K161V, and the double and triple mutant combinations thereof. The 

triple variant H156M/E157L/K161V achieved the same level of growth as the original β-hairpin 

variant, both of which were significantly faster than the remaining combinations.  

A.3.2 Kinetic and Thermodynamic Characterization of GCK Variants 

 Steady-state kinetic assays revealed that the β-hairpin variant activates glucokinase by 

increasing turnover by approximately 70% and decreasing the glucose K0.5 value five-fold when 

compared to the wild-type enzyme (Table A.1). Interestingly, we observed no significant effect 

on glucose binding affinity (Kd) with the β-hairpin quadruple mutant. This is in contrast to the 

α13-helix activating variant previously discovered in the laboratory, which has a nearly 

indistinguishable catalytic efficiency yet boasts a 59-fold decrease in Kd (55). We measured 

similar kinetic parameters for the H156M/E157L/K161V triple variant. Neither β-hairpin 

modification totally eliminated cooperativity, but the triple mutant appeared to have a much 

greater affinity for substrate. Deletion of residues 156-161 in the β-hairpin of GCK caused a 

severe loss in turnover (0.00123 ± 0.00004 s-1), underscoring the importance of this structural 

element in catalysis. Next, we characterized an enzyme that combined the mutations in the β-

hairpin with those of the α13-helix. This variant was the only enzyme among those characterized 

to completely abolish cooperativity. Turnover number was comparable to the quadruple variant 

alone, while K0.5 saw a 58-fold decrease from wild-type.  
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Table A.1 Kinetic and Thermodynamic Characterization of GCK Variants 

Parameter 
Wild-Type 

GCK 

β-Hairpin 

Variant 

β-Hairpin 

Triple Variant 

α13-Helix 

Variant 

β-Hairpin + 

α13-Helix  

kcat (s
-1) 50 ± 5 84 ± 7 77 ± 4 50 ± 2 86 ± 2 

K0.5 (mM) 8.1 ± 0.4 1.6 ± 0.3 0.98 ± 0.03 1.0 ± 0.1 0.14 ± 0.01 

Hill 1.7 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 1.2 ± 0.2 1.0 ± 0.1 

Km ATP (mM) 0.50 ± 0.01 1.1 ± 0.1 0.91 ± 0.03 0.16 ± 0.01 0.7 ± 0.1 

Kd glucose (mM) 2.9 ± 0.2 8.7 ± 2 1.1 ± 0.5 0.049 ± 0.02 N.D. 

 

 

A.4 Discussion 

 In unliganded wild-type glucokinase, the loop comprised of residues 151-179 is 

disordered. Glucose binding induces structure in this region with the formation of a β-hairpin 

structural motif. Interestingly, a similar stabilizing effect has been observed in an unliganded 

α13-helix activated variant (46). We set upon further investigation of the role of this loop as it 

relates to enzymatic activity. A gapped-duplex DNA strategy was used to randomize specific 

amino acid regions of the β-hairpin element found within the 151-179 loop. Genetic selection 

revealed a quadruple enzyme variant that possesses a catalytic efficiency that is nearly 10-fold 

greater than wild-type GCK. 

In order to approximate the relative contribution and necessity of each mutation in the β-

hairpin variant, we performed genetic selections with all possible combinations of the quadruple 

mutant. These included single, double, and triple mutations comprised of the 

R155H/H156M/E157L/K161V substitutions. We found that the R155H mutation seemed to be 

the least influential of the four, as the first five variants to produce colonies on minimal media 

were combinations of the other three. The triple variant H156M/E157L/K161V produced 

comparable growth to the initial quadruple variant, and both were significantly more activating 

than the others. The dual-mutants E157L/K161V and H156M/K161V were the next enzyme 

variants to show colonies during the selection growths. Therefore, we would approximate that 

the K161V mutation is the greatest contributor to activation seen with the β-hairpin GCK while 

those at positions 156 and 157 are of comparable significance. 

 Synthetic activators function by decreasing the half-maximal saturation constant (K0.5) for 

glucose as well as significantly increasing the enzyme’s affinity (Kd) for the substrate. 
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Equilibrium binding studies have previously estimated that the presence of an activator produced 

a 700-fold increase in glucose affinity when compared to the unliganded enzyme (64). Wild-type 

glucokinase has an affinity for glucose that closely resembles mean blood glucose concentration, 

an attribute that allows it to function as the body's glucose sensor in the pancreas. When this 

affinity is increased, as observed with PHHI-associated variants or upon treatment with 

activators, the threshold for glucose-stimulated insulin release is decreased (50). Not 

surprisingly, a recurring complication of activator treatment in clinical trials has been the 

predilection for hypoglycemia (67, 105). Therefore, activators that elicit the desired kinetic 

effects without altering the actual affinity for glucose would be highly desirable alternatives. 

The characterization of the β-hairpin variant revealed that the observed activation differs 

from the mechanism of small-molecule activators. The effects on turnover and K0.5 appear 

comparable to many activators, but the glucose Kd remained surprisingly unchanged from wild-

type (77). Additionally, the enzyme retained a degree of positive cooperativity. From a cursory 

perspective, these properties would seem ideal for GCK-targeted diabetic therapeutics. Further in 

vivo testing with this variant would be required to gain an accurate sense of the viability of this 

approach. Whether current activators can be modified to preserve glucose affinity or activating 

agents can be developed to target a novel region of the enzyme is unknown. The latter approach 

is not entirely unfeasible, as it has been recently discovered that GCK-activating BAD mimetics 

cluster close to the active site without compromising the regulatory properties of the enzyme 

(173). 
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Figure B.1 1H NMR spectrum for (A). 

APPENDIX B 

SPECTRAL DATA FOR GKA22 SYNTHESIS 

 Methyl 3-hydroxy-5-isopropoxybenzoate (A) 

Rf 0.40 (33% ethyl acetate in hexanes); 1H NMR (500 MHz, CDCl3) δ 7.15 (m, 2H), 

6.62 (t, 1H, J = 2.5 Hz), 6.03 (s, 1H), 4.56 (m, 1H), 3.91 (s, 3H), 1.33 (d, 6H, J = 6.0 Hz); 
13C NMR (75 MHz, CDCl3) δ 167.3, 159.2, 156.9, 131.9, 109.0, 108.4, 70.4, 52.4, 22.0; 

HRMS (EI+) calculated for C11H14O4 210.0892; found 210.0894. 
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Figure B.2 13C NMR spectrum for (A). 

Figure B.3 Mass spectrum for (A). 
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Figure B.4 1H NMR spectrum for (B). 

Methyl 3-isopropoxy-5-(2-(3-thienyl)ethoxy)benzoate (B) 

Rf 0.80 (33% ethyl acetate in hexanes); IR (neat) n 2981, 1719, 1604, 1451, 1243, 1157 cm-1. 1H 

NMR (500 MHz, CDCl3) δ 7.28 (dd, 1H, J = 5.0, 3.0 Hz), 7.19 – 7.17 (m, 2H), 7.10 (dt, 1H, J = 

2.5, 1.5 Hz), 7.05 (dd, 1H, J = 5.25, 1.5 Hz), 6.65 (t, 1H, J = 2.5 Hz), 4.59 (m, 1H), 4.20 (t, 2H, J 

= 7.0 Hz), 3.90 (s, 3H), 3.14 (t, 2H, J = 7.0 Hz), 1.35 (d, 6H, J = 6.0 Hz); 13C NMR (75 MHz, 

CDCl3) δ 167.0, 159.8, 159.7, 138.4, 131.9, 128.5, 125.6, 121.7, 109.1, 107.9, 107.7, 70.2, 68.3, 

52.3, 30.2, 22.0; HRMS (EI+) calculated for C17H20O4S 320.1082; found 320.1082. 
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Figure B.5 13C NMR spectrum for (B). 

Figure B.6 Mass spectrum for (B). 
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Figure B.7 1H NMR spectrum for (C). 

3-Isopropoxy-5-(2-(3-thienyl)ethoxy)benzoic acid (C) 

Rf 0.36 (33% ethyl acetate in hexanes); IR (neat) n 2976, 2930, 1691, 1594, 1162, 1048 cm-1. 1H 

NMR (500 MHz, CDCl3) δ 7.30 (dd, 1H, J = 4.5, 3.0 Hz), 7.23 (m, 2H), 7.11 (m, 1H), 7.05 (d, 

1H, J = 5.0 Hz), 6.69 (t, 1H, J = 2.5 Hz), 4.60 (m, 1H), 4.21 (t, 2H, J = 6.5 Hz), 3.15 (t, 2H, J = 

6.5 Hz), 1.68 (bs, 1H), 1.35 (d, 6H, J = 6.0 Hz); 13C NMR (75 MHz, CDCl3) δ 172.0, 159.1, 

159.1, 138.4, 131.1, 128.6, 125.7, 121.8, 109.7, 109.4, 108.9, 108.1, 70.4, 68.4, 30.2, 22.1; 

HRMS (EI+) calculated for C16H18O4S 306.0926; found 306.0929. 
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Figure B.8 13C NMR spectrum for (C). 

Figure B.9 Mass spectrum for (C). 
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Figure B.10 1H NMR spectrum for (E). 

Methyl 6-(3-isopropoxy-5-(2-(3-thienyl)ethoxy)benzamido)nicotinate (E) 

Rf 0.44 (33% ethyl acetate in hexanes); IR (neat) n 3314, 2973, 1723, 1686, 1594, 1300 cm-1. 1H 

NMR (500 MHz, CDCl3) δ 8.93 (dd, 1H, J = 2.5, 0.5 Hz), 8.69 (s, 1H), 8.44 (dd, 1H, J = 8.5, 1.0 

Hz), 8.35 (dd, 1H, J = 9.0, 2.5 Hz), 7.30 (dd, 1H, J = 5.0, 3.0 Hz), 7.11 (dt, 1H, J = 1.5, 1.0 Hz), 

7.05 (dd, 1H, J = 5.0, 1.5 Hz), 7.03 (t, 1, J = 2.0 Hz), 7.01 (t, 1H, J = 1.8 Hz), 6.65 (t, 1H, J = 2.0 

Hz), 4.61 (m, 1H), 4.22 (t, 2H, J = 6.5 Hz), 3.95 (s, 3H), 3.15 (t, 2H, J = 6.5 Hz), 1.35 (d, 6H, J = 

6.0 Hz); 13C NMR (75 MHz, CDCl3) δ 165.6, 165.4, 159.5 154.4, 150.1, 139.9, 138.2, 135.8, 

128.4, 125.7, 122.2, 121.7, 113.0, 107.1, 106.9, 105.4, 70.5, 68.4, 52.3, 30.2. 22.2; HRMS 

(ESI+) calculated for C23H25N2O5S 441.1491; found 441.1491 [M+H]+. 
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Figure B.12 Mass spectrum for (E). 

Figure B.11 13C NMR spectrum for (E). 
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Figure B.13 1H NMR spectrum for (GKA22). 

6-(3-isopropoxy-5-(2-(3-thienyl)ethoxy)benzamido)nicotinic acid (GKA22) 

Rf 0.16 (1:1 hexanes:ethyl acetate), IR (neat) n 3292, 1693, 1606, 1294 cm-1. 1H NMR (500 

MHz, DMSO) δ 13.2 (s, 1H), 11.6 (s, 1H), 9.31 (t, 1H, J = 1.5 Hz), 8.73 (d, 2H, J = 1.5 Hz), 7.91 

(dd, 1H, J = 5.0, 3.0 Hz), 7.63 (dd, 1H, J = 2.0, 1.5 Hz), 7.60 (t, 1H, J = 2.0 Hz), 7.55 (dd, 1H, J 

= 3.3, 1.5 Hz), 5.15 (m, 1H), 4.67 (t, 2H, J = 7.0 Hz) 3.76 (s, 2H), 3.48 (t, 2H, J = 7 Hz), 2.91 (dt, 

2H, J = 3.5, 1.5 Hz), 1.69 (d, 6H, J = 6.0 Hz); 13C NMR (75 MHz, DMSO) δ 166.0, 165.8, 159.6, 

158.6, 155.3, 149.5, 139.4, 138.5, 135.6, 128.8, 125.9, 121.9, 121.9, 113.7, 107.5, 106.1, 69.6, 

68.0, 29.5, 21.8 HRMS (ESI+) calculated for C22H23N2O5S 427.1323; found 427.1328 [M+H]+. 
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Figure B.14 13C NMR spectrum for (GKA22). 

Figure B.15 Mass spectrum for (GKA22). 
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APPENDIX C 

MOLECULAR DOCKING CANDIDATES FOR GCK-GKRP DISRUPTORS 

 

Table C.1 Potential GCK-GKRP Disruptors from Docking Simulations 

Effector Chemical Structure % Decrease in GCK activity by GKRP† 

Control - 43 

A1 

 

43 

A2 

 

45 

A3 

 

46 

A4 

 

41 
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Table C.1 (continued) 

A7 

 

44 

B1 

 

42 

B2 

 

44 

B3 

 

44 

C1 

 

42 

† % Decrease in GCK activity was calculated by first measuring the difference in rate between 
the uninhibited reaction (GCK in absence of GKRP and effector) and the inhibited reaction 
(GCK+GKRP+effector). The ratio of this value to the rate of uninhibited reaction (×100) 
provided the % decrease in rate attributable to the presence of GKRP. 
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Figure D.2 Averaged stopped-flow traces for activator koff measurements. Binding was 
measured by exciting reaction mixtures at 360 nm and monitoring the change in fluorescence of 
Compound A at 425 nm. GKA22 and RO-28-1675 were pre-equilibrated with enzyme and 
saturating glucose. Off rates for these activators were obtained by mixing with an excess of 
Compound A, which shows fluorescence enhancement upon binding GCK. Compound A koff 
was obtained using the same pre-equilibration conditions with an excess of GKA22 used for 
displacement. Averaged traces and fits are the result of at least 10 duplicate measurements. 

Figure D.1 The in situ effects of GKA22 at varied glucose concentrations. (A) A dose-response 
curve demonstrates that EC50 values (inset) become more favorable at higher glucose levels. (B)  
GKA22 displays an increasing trend in off time with increasing glucose and activator 
concentrations. Off time is measured in situ as the time required for [Ca2+] to stop responding 
upon removal of activator perfusion. 

APPENDIX D 

SUPPLEMENTARY FIGURES 
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Figure D.3 Kinetic saturation plot for the assessment of GCK activation by tatanan A. In the 
presence of 20 µM tatanan A (green), the only change in activity over control (black) appears to 
be a mild inhibition. In contrast, an equivalent presence of a synthetic activator, RO-28-1675 
(blue), produces a noticeable enhancement in enzymatic activity. The relative change in GCK 
activity is represented as the ratio of enzymatic second-order rate constants ([kcat/K0.5 effector]/[ 
kcat/K0.5 control]). 

Figure D.4 EC50 plot for GKA22. The value for EC50 was obtained by 
fitting the ratio of the rates at 4 mM glucose in the presence and 
absence of activator against GKA22 concentration using Equation 3.1. 
The value for EC1.5 was subsequently calculated using Equation 3.2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

APPENDIX E 

THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 

SCIENCE LICENSE TERMS AND CONDITIONS 

 

Oct 13, 2014 

 

This is a License Agreement between Joseph Bowler ("You") and The American Association 

for the Advancement of Science ("The American Association for the Advancement of 

Science") provided by Copyright Clearance Center ("CCC"). The license consists of your 

order details, the terms and conditions provided by The American Association for the 

Advancement of Science, and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 

information listed at the bottom of this form. 

License Number 3487110691015 

License date Oct 13, 2014 

Licensed content publisher The American Association for the Advancement of Science 

Licensed content publication Science 

Licensed content title Allosteric Activators of Glucokinase: Potential Role in Diabetes 

Therapy 

Licensed content author Joseph Grimsby, Ramakanth Sarabu, Wendy L. Corbett, Nancy-

Ellen Haynes, Fred T. Bizzarro, John W. Coffey, Kevin R. Guertin, 

Darryl W. Hilliard, Robert F. Kester, Paige E. Mahaney, Linda 

Marcus, Lida Qi, Cheryl L. Spence, John Tengi, Mark A. 

Magnuson, Chang An Chu, Mark T. Dvorozniak, Franz M. 

Matschinsky, Joseph F. Grippo 

Licensed content date Jul 18, 2003 

Volume number 301 

Issue number 5631 

Type of Use Thesis / Dissertation 
 

Requestor type Scientist/individual at a research institution 

Format Print and electronic 

Portion Figure 

Number of figures/tables 1 

Order reference number None 

Title of your thesis / dissertation Allosteric Activation of Human Glucokinase 



105 
 

Expected completion date Dec 2014 

Estimated size(pages) 120 

Total 0.00 USD 
 

Terms and Conditions 
 

American Association for the Advancement of Science TERMS AND CONDITIONS 

Regarding your request, we are pleased to grant you non-exclusive, non-transferable permission, to republish the 

AAAS material identified above in your work identified above, subject to the terms and conditions herein. We 

must be contacted for permission for any uses other than those specifically identified in your request above. 

The following credit line must be printed along with the AAAS material: "From [Full Reference Citation]. 

Reprinted with permission from AAAS." 

All required credit lines and notices must be visible any time a user accesses any part of the AAAS material and 

must appear on any printed copies and authorized user might make. 

This permission does not apply to figures / photos / artwork or any other content or materials included in your 

work that are credited to non-AAAS sources. If the requested material is sourced to or references non-AAAS 

sources, you must obtain authorization from that source as well before using that material. You agree to hold 

harmless and indemnify AAAS against any claims arising from your use of any content in your work that is 

credited to non-AAAS sources. 

If the AAAS material covered by this permission was published in Science during the years 1974 - 1994, you 

must also obtain permission from the author, who may grant or withhold permission, and who may or may not 

charge a fee if permission is granted. See original article for author's address. This condition does not apply to 

news articles. 

The AAAS material may not be modified or altered except that figures and tables may be modified with 

permission from the author. Author permission for any such changes must be secured prior to your use. 

Whenever possible, we ask that electronic uses of the AAAS material permitted herein include a hyperlink to the 

original work on AAAS's website (hyperlink may be embedded in the reference citation). 

AAAS material reproduced in your work identified herein must not account for more than 30% of the total 

contents of that work. 

AAAS must publish the full paper prior to use of any text. 

AAAS material must not imply any endorsement by the American Association for the Advancement of Science. 

This permission is not valid for the use of the AAAS and/or Science logos. 

AAAS makes no representations or warranties as to the accuracy of any information contained in the AAAS 

material covered by this permission, including any warranties of 

merchantability or fitness for a particular purpose. 

If permission fees for this use are waived, please note that AAAS reserves the right to charge for reproduction of 

this material in the future. 

 



106 
 

Permission is not valid unless payment is received within sixty (60) days of the issuance of this permission. If 

payment is not received within this time period then all rights granted herein shall be revoked and this permission 

will be considered null and void. 

In the event of breach of any of the terms and conditions herein or any of CCC's Billing and Payment terms and 

conditions, all rights granted herein shall be revoked and this permission will be considered null and void. 

AAAS reserves the right to terminate this permission and all rights granted herein at its discretion, for any 

purpose, at any time. In the event that AAAS elects to terminate this permission, you will have no further right to 

publish, publicly perform, publicly display, distribute or otherwise use any matter in which the AAAS content 

had been included, and all fees paid hereunder shall be fully refunded to you. Notification of termination will be 

sent to the contact information as supplied by you during the request process and termination shall be immediate 

upon sending the notice. Neither AAAS nor CCC shall be liable for any costs, expenses, or damages you may 

incur as a result of the termination of this permission, beyond the refund noted above. 

This Permission may not be amended except by written document signed by both parties. 

The terms above are applicable to all permissions granted for the use of AAAS material. Below you will find 

additional conditions that apply to your particular type of use. 

FOR A THESIS OR DISSERTATION 

If you are using figure(s)/table(s), permission is granted for use in print and electronic versions of your 

dissertation or thesis. A full text article may be used in print versions only of a dissertation or thesis. 

Permission covers the distribution of your dissertation or thesis on demand by ProQuest / UMI, provided the 

AAAS material covered by this permission remains in situ. 

If you are an Original Author on the AAAS article being reproduced, please refer to your License to Publish for 

rules on reproducing your paper in a dissertation or thesis. 

FOR JOURNALS: 

Permission covers both print and electronic versions of your journal article, however the AAAS material may not 

be used in any manner other than within the context of your article. 

FOR BOOKS/TEXTBOOKS: 

If this license is to reuse figures/tables, then permission is granted for non-exclusive world rights in all languages 

in both print and electronic formats (electronic formats are defined below). 

If this license is to reuse a text excerpt or a full text article, then permission is granted for non-exclusive world 

rights in English only. You have the option of securing either print or electronic rights or both, but electronic 

rights are not automatically granted and do garner additional fees. Permission for translations of text excerpts or 

full text articles into other languages must be obtained separately. 

Licenses granted for use of AAAS material in electronic format books/textbooks are valid only in cases where the 

electronic version is equivalent to or substitutes for the print version of the book/textbook. The AAAS material 

reproduced as permitted herein must remain in situ and must not be exploited separately (for example, if 

permission covers the use of a full text article, the article may not be offered for access or for purchase as a stand-

alone unit), except in the case of permitted textbook companions as noted below. 

You must include the following notice in any electronic versions, either adjacent to the reprinted AAAS material 

or in the terms and conditions for use of your electronic products: "Readers may view, browse, and/or download 

material for temporary copying purposes only, provided these uses are for noncommercial personal purposes. 



107 
 

Except as provided by law, this material may not be further reproduced, distributed, transmitted, modified, 

adapted, performed, displayed, published, or sold in whole or in part, without prior written permission from the 

publisher." 

If your book is an academic textbook, permission covers the following companions to your textbook, provided 

such companions are distributed only in conjunction with your textbook at no additional cost to the user: 

 

- Password-protected website 

- Instructor's image CD/DVD and/or PowerPoint resource 

- Student CD/DVD 

All companions must contain instructions to users that the AAAS material may be used for non-commercial, 

classroom purposes only. Any other uses require the prior written permission from AAAS. 

If your license is for the use of AAAS Figures/Tables, then the electronic rights granted herein permit use of the 

Licensed Material in any Custom Databases that you distribute the electronic versions of your textbook through, 

so long as the Licensed Material remains within the context of a chapter of the title identified in your request and 

cannot be downloaded by a user as an independent image file. 

Rights also extend to copies/files of your Work (as described above) that you are required to provide for use by 

the visually and/or print disabled in compliance with state and federal laws. 

This permission only covers a single edition of your work as identified in your request. 

FOR NEWSLETTERS: 

Permission covers print and/or electronic versions, provided the AAAS material reproduced as permitted herein 

remains in situ and is not exploited separately (for example, if permission covers the use of a full text article, the 

article may not be offered for access or for purchase as a stand-alone unit) 

FOR ANNUAL REPORTS: 

Permission covers print and electronic versions provided the AAAS material reproduced as permitted herein 

remains in situ and is not exploited separately (for example, if permission covers the use of a full text article, the 

article may not be offered for access or for purchase as a stand-alone unit) 

FOR PROMOTIONAL/MARKETING USES: 

Permission covers the use of AAAS material in promotional or marketing pieces such as information packets, 

media kits, product slide kits, brochures, or flyers limited to a single print run. The AAAS Material may not be 

used in any manner which implies endorsement or promotion by the American Association for the Advancement 

of Science (AAAS) or Science of any product or service. AAAS does not permit the reproduction of its name, 

logo or text on promotional literature. 

If permission to use a full text article is permitted, The Science article covered by this permission must not be 

altered in any way. No additional printing may be set onto an article copy other than the copyright credit line 

required above. Any alterations must be approved in advance and in writing by AAAS. This includes, but is not 

limited to, the placement of sponsorship identifiers, trademarks, logos, rubber stamping or self-adhesive stickers 

onto the article copies. 



108 
 

 

Additionally, article copies must be a freestanding part of any information package (i.e. media kit) into which 

they are inserted. They may not be physically attached to anything, such as an advertising insert, or have anything 

attached to them, such as a sample product. Article copies must be easily removable from any kits or 

informational packages in which they are used. The only exception is that article copies may be inserted into 

three-ring binders. 

FOR CORPORATE INTERNAL USE: 

The AAAS material covered by this permission may not be altered in any way. No additional printing may be set 

onto an article copy other than the required credit line. Any alterations must be approved in advance and in 

writing by AAAS. This includes, but is not limited to the placement of sponsorship identifiers, trademarks, logos, 

rubber stamping or self-adhesive stickers onto article copies. 

If you are making article copies, copies are restricted to the number indicated in your request and must be 

distributed only to internal employees for internal use. 

If you are using AAAS Material in Presentation Slides, the required credit line must be visible on the slide where 

the AAAS material will be reprinted 

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you must include the 

following notice in any electronic versions, either adjacent to the reprinted AAAS material or in the terms and 

conditions for use of your electronic products: "Readers may view, browse, and/or download material for 

temporary copying purposes only, provided these uses are for noncommercial personal purposes. Except as 

provided by law, this material may not be further reproduced, distributed, transmitted, modified, adapted, 

performed, displayed, published, or sold in whole or in part, without prior written permission from the publisher." 

Access to any such CD, DVD, Flash Drive or Web page must be restricted to your organization's employees only. 

FOR CME COURSE and SCIENTIFIC SOCIETY MEETINGS: 

Permission is restricted to the particular Course, Seminar, Conference, or Meeting indicated in your request. If 

this license covers a text excerpt or a Full Text Article, access to the reprinted AAAS material must be restricted 

to attendees of your event only (if you have been granted electronic rights for use of a full text article on your 

website, your website must be password protected, or access restricted so that only attendees can access the 

content on your site). 

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you must include the 

following notice in any electronic versions, either adjacent to the reprinted AAAS material or in the terms and 

conditions for use of your electronic products: "Readers may view, browse, and/or download material for 

temporary copying purposes only, provided these uses are for noncommercial personal purposes. Except as 

provided by law, this material may not be further reproduced, distributed, transmitted, modified, adapted, 

performed, displayed, published, or sold in whole or in part, without prior written permission from the publisher." 

FOR POLICY REPORTS: 

These rights are granted only to non-profit organizations and/or government agencies. Permission covers print 

and electronic versions of a report, provided the required credit line appears in both versions and provided the 

AAAS material reproduced as permitted herein remains in situ and is not exploited separately. 

FOR CLASSROOM PHOTOCOPIES: 

Permission covers distribution in print copy format only. Article copies must be freestanding and not part of a 

course pack. They may not be physically attached to anything or have anything attached to them. 

FOR COURSEPACKS OR COURSE WEBSITES: 

These rights cover use of the AAAS material in one class at one institution. Permission is valid only for a single 



109 
 

semester after which the AAAS material must be removed from the Electronic Course website, unless new 

permission is obtained for an additional semester. If the material is to be distributed online, access must be 

restricted to students and instructors enrolled in that particular course by some means of password or access 

control. 

FOR WEBSITES: 

You must include the following notice in any electronic versions, either adjacent to the reprinted AAAS material 

or in the terms and conditions for use of your electronic products: "Readers may view, browse, and/or download 

material for temporary copying purposes only, provided these uses are for noncommercial personal purposes. 

Except as provided by law, this material may not be further reproduced, distributed, transmitted, modified, 

adapted, performed, displayed, published, or sold in whole or in part, without prior written permission from the 

publisher." 

Permissions for the use of Full Text articles on third party websites are granted on a case by case basis and only 

in cases where access to the AAAS Material is restricted by some means of password or access control. 

Alternately, an E-Print may be purchased through our reprints department (brocheleau@rockwaterinc.com). 

REGARDING FULL TEXT ARTICLE USE ON THE WORLD WIDE WEB IF YOU ARE AN ‘ORIGINAL 

AUTHOR’ OF A SCIENCE PAPER 

If you chose "Original Author" as the Requestor Type, you are warranting that you are one of authors listed on 

the License Agreement as a "Licensed content author" or that you are acting on that author's behalf to use the 

Licensed content in a new work that one of the authors listed on the License Agreement as a "Licensed content 

author" has written. 

Original Authors may post the ‘Accepted Version’ of their full text article on their personal or on their University 

website and not on any other website. The ‘Accepted Version’ is the version of the paper accepted for publication 

by AAAS including changes resulting from peer review but prior to AAAS’s copy editing and production (in 

other words not the AAAS published version). 

FOR MOVIES / FILM / TELEVISION:  

Permission is granted to use, record, film, photograph, and/or tape the AAAS material in connection with your 

program/film and in any medium your program/film may be shown or heard, including but not limited to 

broadcast and cable television, radio, print, world wide web, and videocassette. 

The required credit line should run in the program/film's end credits. 

FOR MUSEUM EXHIBITIONS: 

Permission is granted to use the AAAS material as part of a single exhibition for the duration of that exhibit. 

Permission for use of the material in promotional materials for the exhibit must be cleared separately with AAAS 

(please contact us at permissions@aaas.org). 

FOR TRANSLATIONS:  

Translation rights apply only to the language identified in your request summary above. 

The following disclaimer must appear with your translation, on the first page of the article, after the credit line: 

"This translation is not an official translation by AAAS staff, nor is it endorsed by AAAS as accurate. In crucial 

matters, please refer to the official English-language version originally published by AAAS." 

FOR USE ON A COVER:  

Permission is granted to use the AAAS material on the cover of a journal issue, newsletter issue, book, textbook, 

or annual report in print and electronic formats provided the AAAS material reproduced as permitted herein 



110 
 

remains in situ and is not exploited separately 

By using the AAAS Material identified in your request, you agree to abide by all the terms and conditions herein. 

Questions about these terms can be directed to the AAAS Permissions department permissions@aaas.org. 

Other Terms and Conditions: 

v 2 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-
978-646-2777.  

Gratis licenses (referencing $0 in the Total field) are free. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 

REFERENCES 

1. Nordlie, R.C., Foster, J.D., and Lange, A.J. (1999) Regulation of glucose production by the 
liver. Annu. Rev. Nutr. 19:379-406. 
 
2. Vasan, S., et al. (1996) An agent cleaving glucose-derived protein crosslinks in vitro and in 

vivo. Nature 382:275-278. 
 
3. Ni, X. and Westpheling, J. (1997) Direct repeat sequences in the Streptomyces chitinase-63 
promoter direct both glucose repression and chitin induction. Proc. Natl. Acad. Sci. 94:13116-
13121. 
 
4. Herman, M.A. and Kahn, B.B. (2006) Glucose transport and sensing in the maintenance of 
glucose homeostasis and metabolic harmony. J. Clin. Invest. 116(7):1767-1775. 
 
5. Cardenas, M.L., Cornish-Bowden, A., and Ureta, T. (1998) Evolution and regulatory role of 
the hexokinases. Biochim. Biophys. Acta. 1401:242-264. 
 
6. Wilson, J.E. (1995) Hexokinases. Rev. Physiol. Biochem. Pharmacol. 126:65-198. 
 
7. Wilson, J.E. (2004) The hexokinase gene family. In Glucokinase and Glycemic Disease: From 

Basics to Novel Therapeutics. Front. Diabetes. Vol. 16. Matschinsky, F.M. and Magnuson, 
M.A., Eds. Basel, Karger, p. 18-30. 
 
8. Matschinsky, F.M. (1990) Glucokinase as Glucose Sensor and Metabolic Signal Generator in 
Pancreatic β-Cells and Hepatocytes. Diabetes 39:647-652. 
 
9. Walker, D.G., and Rao, S. (1964) The role of glucokinase in the phosphorylation of glucose 
by rat liver. Biochem. J. 90:360-368. 
 
10. Matschinsky, F.M. and Ellerman, J.E. (1968) Metabolism of glucose in the islets of 
Langerhans. J. Biol. Chem. 243:2730-2736. 
 
11. Tal, M., Liang, Y., Najafi, H., Lodish, H.F., and Matschinsky, F.M. (1992) Expression and 
function of GLUT-1 and GLUT-2 glucose transporter isoforms in cells of cultured rat pancreatic 
islets. J. Biol. Chem. 267(24):17241-17247. 
 
12. Matschinsky, F.M. (1996) Banting lecture 1995: a lesson in metabolic regulation inspired by 
the glucokinase glucose sensor paradigm. Diabetes 45:223-241. 
 
13. Matschinsky, F.M., Glaser, B., and Magnuson, M.A. (1998) Pancreatic B-Cell Glucokinase: 
Closing the Gap Between Theoretical Concepts and Experimental Realities. Diabetes 47:307-
315. 
 
14. Massa, M.L., Gagliardino, J.J., and Francini, F. (2011) Liver Glucokinase: An Overview on 
the Regulatory Mechanisms of its Activity. IUBMB Life 63(1):1-6. 



112 
 

15. Pessin, J.E. and Saltiel, A.R. (2000) Signaling pathways in insulin action: molecular targets 
of insulin resistance. J. Clin. Invest. 106(2):165-169. 
 
16. Taunton, O.D., Stifel, F.B., Greene, H.L., and Herman, R.H. (1974) Rapid Reciprocal 
Changes in Rat Hepatic Glycolytic Enzyme and Fructose Diphosphatase Activities Following 
Insulin and Glucagon Injections. J. Biol. Chem. 249:7228-7239. 
 
17. Bogardus, C., Lillioja, S., Stone, K., and Mott, D. (1984) Correlation between muscle 
glycogen synthase activity and in vivo insulin action in man. J. Clin. Invest. 73(4):1185-1190. 
 
18. Matschinsky, F.M., et al. (1993) Glucokinase as Pancreatic B Cell Glucose Sensor and 
Diabetes Gene. J. Clin. Invest. 92:2092-2098. 
 
19. Vionnet, N., et al. (1992) Nonsense mutation in the glucokinase gene causes early-onset non-
insulin dependent diabetes mellitus. Nature 356:721-722. 
 
20. Glaser, B., et al. (1998) Familial Hyperinsulinism caused by an activating glucokinase 
mutation. N. Engl. J. Med. 338:226-230. 
 
21. Wilson, J.E. (2003) Isozymes of mammalian hexokinase: structure, subcellular localization 
and metabolic function. J. Exp. Biol. 206:2049-2057. 
 
22. Larion, M.L. and Miller, B.G. (2012) Homotropic allosteric regulation in monomeric 
glucokinase. Arch. Biochem. Biophys. 519:103-111. 
 
23. Hill, A.V. (1913) The combinations of haemoglobin with oxygen and with carbon monoxide. 
Biochem. J. 7:471-480. 
 
24. Cardenas, M.L., Rabajille, E., and Niemeyer, H. (1978) Maintenance of the monomeric 
structure of glucokinase under reacting conditions. Arch. Biochem. Biophys. 190:142-148. 
 
25. Monod, J., Wyman, J., and Changeux, J.P. (1965) On the nature of allosteric transitions: A 
plausible model. J. Mol. Biol. 12:88-118. 
 
26. Nichol, L.W., Jackson, W.J.H., and Winzor, D.J. (1967) A theoretical study of the binding of 
small molecules to a polymerizing protein system: A model for allosteric effects. Biochemistry 

6:2449-2456. 
 
27. Parry, M.J. and Walker, D.G. (1966) Purification and properties of adenosine 5’-
triphosphate-D-glucose 6-phosphotransferase from rat liver. Biochem. J. 99:266-274.  
 
28. Rabin, B.R. (1967) Co-operative Effects in Enzyme Catalysis: A Possible Kinetic Model 
Based on Substrate-Induced Conformation Isomerization. Biochem. J. 102:22c-23c. 
 
29. Koshland, D.E. (1958) Application of a Theory of Enzyme Specificity to Protein Synthesis. 
Proc. Natl. Acad. Sci. 44:98-104. 



113 
 

30. Ricard, J., Meunier, J.C., and Buc, J. (1974) Regulatory Behavior of Monomeric Enzymes-
The Mnemonical Enzyme Concept. Eur. J. Biochem. 49:195-208. 
 
31. Whitehead, E. (1970) The regulation of enzyme activity and allosteric transition. Prog. 

Biophys. Mol. Biol. 21:321-397. 
 
32. Storer, A.C. and Cornish-Bowden, A. (1977) Kinetic Evidence for a "Mnemonical" 
Mechanism for Rat Liver Glucokinase. Biochem. J. 165:61-69. 
 
33. Heredia, V.V., Thomson, J., Nettleton, D., and Sun, S. (2006) Glucose-Induced 
Conformational Changes in Glucokinase Mediate Allosteric Regulation: Transient Kinetic 
Analysis. Biochemistry 45:7553-7562. 
 
34. Ainslie, G.R., Shill, J.P., and Neet, K.E. (1972) Transients and Cooperativity-A Slow 
Transition Model for Relating Transients and Cooperative Kinetics of Enzymes. J. Biol. Chem. 

247:7088-7096. 
 
35. Antoine, M., Boutin, J.A., and Ferry, G. (2009) Binding Kinetics of Glucose and Allosteric 
Activators to Human Glucokinase Reveal Multiple Conformational States. Biochemistry 

48:5466-5482. 
 
36. Larion, M. and Miller, B.G. (2010) Global Fit Analysis of Glucose Binding Curves Reveals a 
Minimal Model for Kinetic Cooperativity in Human Glucokinase. Biochemistry 49:8902-8911. 
 
37. Qian-Cutrone, J., et al. (1999) Glucolipsin A and B, two new glucokinase activators 
produced by Streptomyces purpurogeniscleroticus and Nocardia vaccinii. J. Antibiot. 52:245-
255. 
 
38. Grimsby, J., et al. (2003) Allosteric Activators of Glucokinase: Potential Role in Diabetes 
Therapy. Science 301:370-373. 
 
39. Efanov, A.M., et al. (2005) A Novel Glucokinase Activator Modulates Pancreatic Islet and 
Hepatocyte Function. Endocrinology 146(9):3696-3701. 
 
40. Coope, G.J., et al. (2006) Predictive blood glucose lowering efficacy by Glucokinase 
activators in high fat fed female Zucker rats. Brit. J. Pharmacol. 149:328-335. 
 
41. Brocklehurst, K.J., et al. (2004) Stimulation of Hepatocyte Glucose Metabolism by Novel 
Small Molecule Glucokinase Activators. Diabetes 53:535-541. 
 
42. Nakamura, A., et al. (2009) Impact of Small-Molecule Glucokinase Activator on Glucose 
Metabolism and β-cell Mass. Endocrinology 150:1147-1154. 
 
43. Kamata, K., Mitsuya, M., Nishimura, T., Eiki, J., and Nagata, Y. (2004) Structural basis for 
allosteric regulation of the monomeric allosteric enzyme glucokinase. Structure 12:429-438. 
 



114 
 

44. St. Charles, R., Harrison, R.W., Bell, G.I., Pilkis, S.J., and Weber, I.T. (1994) Molecular 
model of human β-cell glucokinase built by analogy to the crystal structure of yeast hexokinase 
B. Diabetes 43:784-791. 
 
45. Liu, S., et al. (2012) Insights into Mechanism of Glucokinase Activation: Observation of 
Multiple Distinct Protein Conformations. J. Biol. Chem. 287:13598-13610. 
 
46. Larion, M., Salinas, R.K., Bruschweiler-Li, L., Miller, B.G., and Bruschweiler, R. (2012) 
Order-Disorder Transitions Govern Kinetic Cooperativity and Allostery of Monomeric Human 
Glucokinase. PloS Biol. 10(12):e1001452. 
 
47. Matschinsky, F.M. (2009) Assessing the potential of glucokinase activators in diabetes 
therapy. Nat. Rev. Drug Discovery 8:399-416. 
 
48. Mitsuya, M., et al. (2009) Discovery of novel 3,6-disubstituted 2-pyridinecarboxamide 
derivatives as GK activators. Bioorg. Med. Chem. Lett. 19:2718-2721. 
 
49. Filipski, K.J., et al. (2013) Pyrimidone-based series of glucokinase activators with alternative 
donor-acceptor motif. Bioorg. Med. Chem. Lett. 23:4571-4578. 
 
50. Pal, P. and Miller, B.G. (2009) Activating mutations in the human glucokinase gene revealed 
by genetic selection. Biochemistry 48:814-816. 
 
51. Sayed, S., et al. (2009) Extremes of clinical and enzymatic phenotypes in children with 
Hyperinsulinism caused by glucokinase activating mutations. Diabetes 58(6):1419-1427. 
 
52. Neet, K.E., Keenan, R.P., and Tippett, P.S. (1990) Observation of a kinetic slow transition in 
monomeric glucokinase. Biochemistry 29:770-777. 
 
53. Christesen, H.B.T., et al. (2002) The second activating glucokinase mutation (A456V). 
Diabetes 51:1240-1246. 
 
54. Zhang, J., Li, C., Chen, K., Zhu, W., Shen, X., and Jiang, H. (2006) Conformational 
transition pathway in the allosteric process of human glucokinase. Proc. Natl. Acad. Sci. U.S.A. 

103:13368-13373. 
 
55. Larion, M. and Miller, B.G. (2009) 23-residue C-terminal α-helix governs cooperativity in 
monomeric human glucokinase. Biochemistry 48:6157-6165. 
 
56. Cuesta-Munoz, A.L., et al. (2004) Severe persistent hyperinsulinemic hypoglycemia due to a 
de novo glucokinase mutation. Diabetes 53:2164-2168. 
 
57. Pedelini, L., et al. (2005) Structure-function analysis of the α5 and α13 helices of human 
glucokinase: description of two novel activating mutations. Protein Sci. 12:2080-2086. 
 



115 
 

58. Molnes, J., et al. (2008) Catalytic activation of human glucokinase by substrate binding – 
residue contacts involved in the binding of D-glucose to the super-open form and conformational 
transitions. FEBS Journal 275:2467-2481. 
 
59. Zelent, B., et al. (2011) Mutational analysis of allosteric activation and inhibition of 
glucokinase. Biochem. J. 440:203-215. 
 
60. Martinez, J.A., Larion, M., Conejo, M.S., Porter, C.M., and Miller, B.G. (2014) Role of 
connecting loop I in catalysis and allosteric regulation of human glucokinase. Protein Science 

23:915-922. 
 
61. Petit, P., et al. (2011) The active conformation of human glucokinase is not altered by 
allosteric activators. Acta Cryst. D67:929-935. 
 
62. Zelent, D., et al. (2005) Glucokinase and glucose homeostasis: proven concepts and new 
ideas. Biochem. Soc. Trans. 33:306-310. 
 
63. Anderka, O., et al. (2008) Biophysical Characterization of the Interaction between Hepatic 
Glucokinase and Its Regulatory Protein. J. Biol. Chem. 283:31333-31340. 
 
64. Ralph, E.C., Thomson, J., Almaden, J., and Sun, S. (2008) Glucose Modulation of 
Glucokinase Activation by Small Molecules. Biochemistry 47:5028-5036. 
 
65. Sarabu, R., Berthel, S.J., Kester, R.F., and Tilley, J.W. (2011) Novel glucokinase activators: 
a patent review (2008-2010). Exp. Opin. Ther. Pat. 1:13-33. 
 
66. Filipski, K.J. and Pfefferkorn, J.A. (2014) A patent review of glucokinase activators and 
disruptors of the glucokinase-glucokinase regulatory protein interaction: 2011-2014. Exp. Opin. 

Ther. Pat. 24:875-891. 
 
67. Matschinsky, F.M. (2013) GKAs for diabetes therapy: why no clinically useful drug after 
two decades of trying? Trends in Pharmalogical Sciences 34:90-99. 
 
68. Meininger, G.E., et al. (2011) Effects of MK-0941, a Novel Glucokinase Activator, on 
Glycemic Control in Insulin-Treated Patients with Type 2 Diabetes. Diabetes Care 34:2560-
2566. 
 
69. Pfefferkorn, J.A., et al. (2012) Discovery of (S)-6-(3-cyclopentyl-2-(4-(trifluoromethyl)-1H-
imidazol-1-yl)propanamido)nicotinic acid as a hepatoselective glucokinase activator clinical 
candidate for treating type 2 diabetes mellitus. J. Med. Chem. 55:1318-1333. 
 
70. Bebernitz, G.R., et al. (2009) Investigation of functionally liver selective glucokinase 
activators for the treatment of type 2 diabetes. J. Med. Chem. 52:6142-6152. 
 
71. McKerrecher, D., et al. (2006) Design of a potent, soluble glucokinase activator with 
excellent in vivo efficacy. Bioorg. Med. Chem. Lett. 16:2705-2709. 



116 
 

72. Waring, M.J., et al. (2011) Overcoming retinoic acid receptor-α based testicular toxicity in 
the optimization of glucokinase activators. Med. Chem. Commun. 2:771-774. 
 
73. Sarabu, R., et al. (2012) Discovery of Piragliatin – First Glucokinase Activator Studied in 
Type 2 Diabetic Patients. J. Med. Chem. 55:7021-7036. 
 
74. Engelgau, M.E., Narayan, K.M.V., and Herman, W.H. (2000) Screening for Type 2 Diabetes 
(Technical Review). Diabetes Care 23:1563-1580. 
 
75. Borzilleri, K.A., et al. (2014) Optimizing glucokinase activator binding kinetics to lower in 

vivo hypoglycemia risk. Med. Chem. Commun. 5:802-807. 
 
76. Castelhano, A.L., et al. (2005) Glucokinase-activating ureas. Bioorg. Med. Chem. Lett. 

15:1501-1504. 
 
77. Bowler, J.M., Hervert, K.L., Kearley, M.L., and Miller, B.G. (2013) Small-Molecule 
Allosteric Activation of Human Glucokinase in the Absence of Glucose. ACS Med. Chem. Lett. 

4:580-584. 
 
78. Bowler, J.M., Hervert, K.L., Kearley, M.L., and Miller, B.G. (2013) Small-Molecule 
Allosteric Activation of Human Glucokinase in the Absence of Glucose. ACS Med. Chem. Lett. 

4:580-584. Supporting Information. 
 
79. McKerrecher, D., et al. (2005) Discovery, synthesis and biological evaluation of novel 
glucokinase activators. Bioorg. Med. Chem. Lett. 15:2103−2106. 
 
80. Brouwer, A.C. and Kirsch, J.F. (1982) Investigation of diffusion-limited rates of 
chymotrypsin reactions by viscosity variation. Biochemistry 21:1302-1307. 
 
81. Zelent, B., et al. (2008) Sugar binding to recombinant wild-type and mutant glucokinase 
monitored by kinetic measurement and tryptophan fluorescence. Biochem. J. 413:269-280. 
 
82. Jelesarov, I. and Bosshard, H.R. (1999) Isothermal titration calorimetry and differential 
scanning calorimetry as complementary tools to investigate the energetics of biomolecular 
recognition. J. Mol. Recognit. 12:3-18. 
 
83. Wiseman, T., Williston, S., Brandts, J.F., and Lin, L.N. (1989) Rapid measurement of 
binding constants and heats of binding using a new titration calorimeter. Anal. Biochem. 

179:131-137. 
 
84. Waters, N.J., Jones, R., Williams, G., and Sohal, B. (2008) Validation of a rapid equilibrium 
dialysis approach for the measurement of plasma protein binding. J. Pharm. Sci. 10:4586-4595. 
 
85. Thomson, J.A. and Ladbury, J.E. Isothermal titration calorimetry: a tutorial, in: Ladbury, J.E. 
and Doyle, M.L. (Eds.), Biocalorimetry 2: Applications of Calorimetry in the Biological 

Sciences, John Wiley, Chichester, UK, 2004, 45-46. 



117 
 

86. Broecker, J., Vargas, C., and Keller, S. (2011) Revisiting the optimal c value for isothermal 
titration calorimetry. Anal. Biochem. 418(2):307-309. 
 
87. Turnbull, W.B. and Daranas, A.H. (2003) On the Value of c: Can Low Affinity Systems Be 
Studied by Isothermal Titration Calorimetry? J. Am. Chem. Soc. 125:14859-14866. 
 
88. Zhang, X. and Roper, M.G. (2009) Microfluidic Perfusion System for Automated Delivery of 
Temporal Gradients to Islets of Langerhans. Anal. Chem. 81:1162-1168. 
 
89. Lomasney, A.R., Yi, L., and Roper, M.G. (2013) Simultaneous Monitoring of Insulin and 
Islet Amyloid Polypeptide Secretion from Islets of Langerhans on a Microfluidic Device. Anal. 

Chem. 85:7919-7925. 
 
90. Zhang, X., Dhumpa, R., and Roper, M.G. (2013) Maintaining stimulant waveforms in large-
volume microfluidic cell chambers. Microfluid Nanofluid 15:65-71. 
 
91. Kennedy, R.T., Kauri, L.M., Dahlgren, G.M., and Jung, S.K. (2002) Metabolic oscillations in 
beta-cells. Diabetes 51:S152-161. 
 
92. Longo, E.A., Tornheim, K., Deeney, J.T., Varnum, B.A., Tillotson, D., Prentki, M., and 
Corkey, B.E. (1991) Oscillations in cytosolic free Ca2+, oxygen consumption, and insulin 
secretion in glucose-stimulated rat pancreatic islets. J. Biol. Chem. 266(14):9314-9319. 
 
93. Gilon, P. and Henquin, J.C. (1995) Distinct effects of glucose on the synchronous oscillations 
of insulin release and cytoplasmic Ca2+ concentration measured simultaneously in single mouse 
islets. Endocrinology 136(12):5725-5730. 
 
94. Kramers, H.A. (1940) Brownian motion in a field of force and the diffusion model. Physica 

(Amsterdam) 7:284-304.  
 
95. Blacklow, S.C., Raines, R.T., Lim, W.A., Zamore, P.D., and Knowles, J.R. (1988) 
Triosephosphate Isomerase Catalysis Is Diffusion Controlled. Biochemistry 27:1158-1167. 
 
96. Brouwer, A.C. and Kirsch, J.F. (1982) Investigation of diffusion-limited rates of 
chymotrypsin reactions by viscosity variation. Biochemistry 21:1302-1307. 
 
97. Kurz, L.C., Weitkamp, E., and Frieden, C. (1987) Adenosine deaminase: viscosity studies 
and the mechanism of binding of substrate and of ground- and transition-state inhibitors. 
Biochemistry 11:3027-3032. 
 
98. Pocker, Y. and Janjic, N. (1987) Enzyme kinetics in solvents of increased viscosity. 
Dynamics aspects of carbonic anhydrase catalysis. Biochemistry 26(9):2597-2606. 
 
99. Perozzo, R., Folkers, G., and Scapozza, L. (2004) Thermodynamics of protein-ligand 
interactions: history, presence, and future aspects. J. Recept. Signal Transduction 24:1-52. 
 



118 
 

100. Yanes, O., Nazabal, A., Wenzel, R., Zenobi, R., and Aviles, F.X. (2006) Detection of 
noncovalent complexes in biological samples by intensity fading and high-mass detection 
MALDI-TOF mass spectrometry. J. Proteome Res. 5(10):2711-2719. 
 
101. Golovanov, A.P., Hautbergue, G.M., Wilson, S.A., and Lian, L.Y. (2004) A Simple Method 
for Improving Protein Solubility and Long-Term Stability. J. Am. Chem. Soc. 126:8933-8939. 
 
102. Bondos, S.E. and Bicknell, A. (2003) Detection and prevention of protein aggregation 
before, during, and after purification. Anal. Biochem. 316:223-231. 
 
103. Mehta, A., Jarori, G.K., and Kenkare, U.W. (1988) Brain Hexokinase Has No Preexisting 
Allosteric Site for Glucose 6-Phosphate. J. Biol. Chem. 263, 15492-15497. 
 
104. Resemann, A., Asperger, A., and Suckau, D. (2011) New Tricks to Sequence a Protein: 
Top-Down Mass Spectrometry and Biopharmaceutical Characterization. G.I.T. Laboratory 

Journal 7-8:25-27. 
 
105. Bourbonais, F.J., Chen, J., Huang, C., Zhang, Y., Pfefferkorn, J.A., and Landro, J.A. (2012) 
Modulation of glucokinase by glucose, small-molecule activator and glucokinase regulatory 
protein: steady-state kinetic and cell-based analysis. Biochem. J. 441:881-887. 
 
106. Cheruvallath, Z.S., et al. (2013) Design, synthesis and SAR of novel glucokinase activators. 
Bioorg. Med. Chem. Lett. 23:2166-2171. 
 
107. Bertram, L.S., et al. (2008) SAR, Pharmacokinetics, Safety, and Efficacy of Glucokinase 
Activating 2-(4-Sulfonylphenyl)-N-thiazol-2-ylacetamides: Discovery of PSN-GK1. J. Med. 

Chem. 51:4340-4345. 
 
108. Lenzen, S. (2014) A Fresh View of Glycolysis and Glucokinase Regulation: History and 
Current Status. J. Biol. Chem. 289:12189-12194. 
 
109. Pilkis, S.J., Claus, T.H., Kurland, I.J., and Lange, A.J. (1995) 6-Phosphofructo-2-
kinase/fructose-2,6-bisphosphatase: a metabolic signaling enzyme. Annu. Rev. Biochem. 64:799-
835. 
 
110. Baltrusch, S., Lenzen, S., Okar, D.A., Lange, A.J., and Tiedge, M. (2001) Characterization 
of glucokinase-binding protein epitopes by a phage-displayed peptide library: identification of 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase as a novel interaction partner. J. Biol. 

Chem. 276:43915-43923. 
 
111. Baltrusch, S., Schmitt, H., Brix, A., Langer, S., and Lenzen, S. (2012) Additive activation of 
glucokinase by the bifunctional enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 
and the chemical activator LY2121260. Biochem. Pharmacol. 83:1300-1306. 
 
112. Szlyk, B., Braun, C.R., Ljubicic, S., Patton, E., Bird, G.H., Osundiji, M.A., Matschinsky, 
F.M., Walensky, L.D., and Danial, N.N. (2014) A phospho-BAD BH3 helix activates 



119 
 

glucokinase by a mechanism distinct from that of allosteric activators. Nature Structural & 

Molecular Biology 21:36-42. 
 
113. Vandercammen, A. and Van Schaftingen, E. (1991) Competitive inhibition of liver 
glucokinase by its regulatory protein. Eur. J. Biochem. 200:545-551. 
 
114. Vandercammen, A. and Van Schaftingen, E. (1990) The mechanism by which rat liver 
glucokinase is inhibited by the regulatory protein. Eur. J. Biochem. 191:483-489. 
 
115. Veiga-da-Cunha, M. and Van Schaftingen, E. (2002) Identification of fructose 6-phosphate- 
and fructose 1-phosphate-binding residues in the regulatory protein of glucokinase. J. Biol. 

Chem. 277:8466-8473. 
 
116. Beck, T. and Miller, B.G. (2013) Structural Basis for Regulation of Human Glucokinase by 
Glucokinase Regulatory Protein. Biochemistry 52:6232. 
 
117. Bourbeau, M.P., Ashton, K.S., Yan, J., and St. Jean, D. (2014) Nonracemic Synthesis of 
GK-GKRP Disruptor AMG-3969.  J. Org. Chem. 79(8):3684-3687. 
 
118. Lloyd, D.J., et al. (2013) Antidiabetic effects of glucokinase regulatory protein small-
molecule disruptors. Nature 504:437-440. 
 
119. Ni, G., et al. (2011) Glucokinase-Activating Sesquinlignans from the Rhizomes of Acorus 

tatarinowii Schott. J. Org. Chem. 76(7):2056-2061. 
 
120. Dai, H., et al. (2010) SIRT1 Activation by Small Molecules: Kinetic and Biophysical 
Evidence for Direct Interaction of Enzyme and Activator. J. Biol. Chem. 285:32695-32703. 
 
121. Orsak, T., et al. (2012) Revealing the Allosterome: Systematic Identification of Metabolite-
Protein Interactions. Biochemistry 51:225-232. 
 
122. Larner, J. (2002) D-chiro-inositol – Its functional role in insulin action and its deficit in 
insulin resistance. Int. Jnl. Experimental Diab. Res. 3:47-60. 
 
123. Lunin, V.V., Li, Y., Schrag, J.D., Iannuzzi, P., Cygler, M., and Matte, A. (2004) Crystal 
structures of Escherichia coli ATP-dependent glucokinase and its complex with glucose. J. 

Bacteriol. 186(20):6915-6927. 
 
124. Meyer, D., Schneider-Fresenius, C., Horlacher, R., Peist, R., and Boos, W. (1997) 
Molecular characterization of glucokinase from Escherichia coli K-12. J. Bacteriol. 179(4):1298-
1306. 
 
125. Arora, K.K. and Pedersen, P.L. (1995) Glucokinase of Escherichia coli: induction in 
response to the stress of overexpressing foreign proteins. Arch. Biochem. Biophys. 319(2):574-
578. 
 



120 
 

126. Xiao, Q., Jackson, J.J., Basak, A., Bowler, J.M., Miller, B.G., and Zakarian, A. (2013) 
Enantioselective synthesis of tatanans A-C and reinvestigation of their glucokinase-activating 
properties. Nature Chemistry 5:410-416. 
 
127. Tippett, P.S. and Neet, K.E. (1982) Specific Inhibition of Glucokinase by Long Chain Acyl 
Coenzymes A below the Critical Micelle Concentration. J. Biol. Chem. 257:12839-12845. 
 
128. Michell, R.H. (2008) Inositol derivatives: evolution and functions. Nature Reviews 

Molecular Cell Biology 9:151-161. 
 
129. Martin, T.F.J. (1998) Phosphoinositide lipids as signaling molecules: Common themes for 
signal transduction, cytoskeletal regulation, and membrane trafficking. Annu. Rev. Cell Dev. 

Biol. 14:231-264. 
 
130. Steger, D.J., Haswell, E.S., Miller, A.L., Wente, S.R., and O’Shea, E.K. (2003) Regulation 
of chromatin remodeling by inositol polyphosphates. Science 299(5603):114-116. 
 
131. Schachter, S.C. (2009) Botanicals and Herbs: A Traditional Approach to Treating Epilepsy. 
Neurotherapeutics 6:415-420. 
 
132. Danaei, G., et al. (2011) National, regional, and global trends in fasting plasma glucose and 
diabetes prevalence since 1980: systematic analysis of health examination surveys and 
epidemiological studies with 370 country-years and 2.7 milion participants. Lancet 378:31-40. 
 
133. Shaw, J.E., Sicree, R.A., and Zimmet, P.Z. (2010) Global estimates of the prevalence of 
diabetes for 2010 and 2030. Diabetes Res. Clin. Pract. 87:4-14. 
 
134. Lin, Y. and Sun, Z. (2010) Current views on type 2 diabetes. J. Endocrinol. 204:1-11. 
 
135. Clardy, J. and Walsh, C. (2004) Lessons from natural molecules. Nature 432:829-837. 
 
136. Koehn, F.E. and Carter, G.T. (2005) The evolving role of natural products in drug 
discovery. Nat. Rev. Drug. Disc. 4:206-220. 
 
137. Lindell, T.J., Weinberg, F., Morris, P.W., Roeder, R.G., and Rutter, W.J. (1970) Specific 
Inhibition of Nuclear RNA Polymerase II by α-Amanitin. Science 170:447-449. 
 
138. Fry, B.G. (2005) From genome to “venome”: Molecular origin and evolution of the snake 
venom proteome inferred from phylogenetic analysis of toxin sequences and related body 
proteins. Genome Res. 15:403-420. 
 
139. Cragg, G.M. and Newman, D.J. (2013) Natural products: A continuing source of novel drug 
leads. Biochimica et Biophysica Acta 1830:3670-3695. 
 
140. Donehower, R.C. and Rowinsky, E.K. (1993) An overview of experience with taxol 
(paclitaxel) in the USA. Cancer Treatment Reviews 19:63-78. 



121 
 

141. Margreiter, R. (2002) Efficacy and safety of tacrolimus compared with ciclosporin 
microemulsion in renal transplantation: a randomized multicentre study. The Lancet 359:741-
746. 
 
142. Craik, D.J. (2006) Seamless Proteins Tie Up Their Loose Ends. Science 311:1563-1564. 
 
143. Joo, S.H. (2012) Cyclic Peptides as Therapeutic Agents and Biochemical Tools. Biomol. 

Ther. 20(1):19-26. 
 
144. Conlan, B.F., Gillon, A.D., Craik, D.J., and Anderson, M.A. (2010) Cicular proteins and 
mechanisms of cyclization. Biopolymers 94:573-583. 
 
145. Sieber, S.A. and Marahiel, M.A. (2003) Learning from Nature’s Drug Factories: 
Nonribosomal Synthesis of Macrocyclic Peptides. J. Bacteriol. 185:7036-7043. 
 
146. Moellering, R.C. (2006) Vancomycin: A 50-Year Reassessment. Clin. Infect. Dis. 42 (S1): 
S3-S4. 
 
147. Irwin, J.J. (2006) How good is your screening library? Curr. Opin. Chem. Biol. 10:352-356. 
 
148. Ulrich, H. (2005) DNA and RNA aptamers as modulators of protein function. Med. Chem. 

1:199-208. 
 
149. Scott, C.P., Abel-Santos, E., Wall, M., Wahnon, D.C., and Benkovic, S.J. (1999) Production 
of cyclic peptides and proteins in vivo. Prod. Nat. Acad. Sci. 96:13638-13643. 
 
150. Gogarten, J.P., Senejani, A.G., Zhaxybayeva, O., Olendzenski, L., and Hilario, E. (2002) 
INTEINS: Structure, Function, and Evolution. Annual Review of Microbiology 56:263-287. 
 
151. Wu, H., Hu, Z., and Liu, X.Q. (1998) Protein trans-splicing by a split intein encoded in a 
split DnaE gene of Synechocystis sp. PCC6803. Proc. Natl. Acad. Sci. 95:9226-9231. 
 
152. Tavassoli, A. and Benkovic, S.J. (2005) Genetically Selected Cyclic-Peptide Inhibitors of 
AICAR Transformylase Homodimerization. Angew. Chem. Int. Ed. 44:2760-2763. 
 
153. Cheng, L., et al. (2007) Discovery of antibacterial cyclic peptides that inhibit the ClpXP 
protease. Protein Science 16(8):1535-1542. 
 
154. Kritzer, J.A., et al. (2009) Rapid selection of cyclic peptides that reduce alpha-synuclein 
toxicity in yeast and animal models. Nat. Chem. Biol. 5(9):655-663. 
 
155. Tavassoli, A. and Benkovic, S.J. (2007) Split-intein mediated circular ligation used in the 
synthesis of cyclic peptide libraries in E. coli. Nature Protocols 2(5):1126-1133. 
 
156. Williams, N.K., et al. (2002) In vivo Protein Cyclization Promoted by a Circularly Permuted 
Synechocystis sp. PCC6803 DnaB Mini-intein. J. Biol. Chem. 277:7790-7798. 



122 
 

157. Fish, W.W., Reynolds, J.A., and Tanford, C. (1970) Gel Chromatography of Proteins in 
Denaturing Solvents: Comparison between sodium dodecyl sulfate and guanidine hydrochloride 
as denaturants. J. Biol. Chem. 245:5166-5168. 
 
158. Naumann, T.A., Tavassoli, A., and Benkovic, S.J. (2008) Genetic Selection of Cyclic 
Peptide Dam Methyltransferase Inhibitors. ChemBioChem 9:194-197. 
 
159. Deschuyteneer, G., et al. (2010) Intein-Mediated Cyclization of Randomized Peptides in the 
Periplasm of Escherichia coli and Their Extracellular Secretion. ACS Chemical Biology 5:691-
700. 
 
160. Miller, B.G. and Raines, R.T. (2004) Identifying Latent Enzyme Activities: Substrate 
Ambiguity within Modern Bacterial Sugar Kinases. Biochemistry 43:6387-6392. 
 
161. Sheldrick, G.M., Jones, P.G., Kennard, O., Williams, D.H., and Smith, G.A. (1978) 
Structure of vancomycin and its complex with acetyl-D-alanyl-D-alanine. Nature 271:223-225. 
 
162. Wani, M.C., Taylor, H.L., Wall, M.E., Coggon, P., and McPhail, A.T. (1971) The isolation 
and structure of taxol, a novel antileukemic and antitumor agent. J. Am. Chem. Soc. 93:2325-
2327. 
 
163. Amblard, M., Fehrentz, J.A., Martinez, J., and Subra, G. (2006) Methods and protocols of 
modern solid phase peptide synthesis. Mol. Biotechnol. 33(3):239-254. 
 
164. Reinwarth, M., Nasu, D., Kolmar, H., and Avrutina, O. (2012) Chemical Synthesis, 
Backbone Cyclization and Oxidative Folding of Cystine-knot Peptides – Promising Scaffolds for 
Applications in Drug Design. Molecules 17:12533-12552. 
 
165. Futamura, M., et al. (2006) An Allosteric Activator of Glucokinase Impairs the Interaction 
of Glucokinase and Glucokinase Regulatory Protein and Regulates Glucose Metabolism. J. Biol. 

Chem. 281:37668-37674. 
 
166. Choi, J.M., Seo, M.H., Kyeong, H.H., Kim, E., and Kim, H.S. (2013) Molecular basis for 
the role of glucokinase regulatory protein as the allosteric switch for glucokinase. Proc. Natl. 

Acad. Sci. 100:10171-10176. 
 
167. Skerra, A. (1994) Use of the tetracycline promoter for the tightly regulated production of a 
murine antibody fragment in Escherichia coli. Gene 151:131-135. 
 
168. Jackel, C. and Hilvert, D. (2010) Biocatalysts by evolution. Curr. Op. Biotechnol. 21:753-
759. 
 
169. Nikaido, H. (1996) Multidrug efflux pumps of gram-negative bacteria. J. Bacteriol. 

178:5853-5859. 
 



123 
 

170. Winzell, M.S., et al. (2011) Chronic glucokinase activation reduces glycemia and improves 
glucose intolerance in high-fat diet fed mice. Eur. J. Pharmacol. 663:80-86. 
 
171. Tinto, N., Zagari, A., Capuano, M., De Simone, A., Capobianco, V., et al. (2008) 
Glucokinase Gene Mutations: Structural and Genotype-Phenotype Analyses in MODY Children 
from South Italy. PLoS ONE 3(4):e1870 doi:10.1371/journal.pone. 
 
172. Capuano, M., et al. (2012) Glucokinase (GCK) Mutations and Their Characterization in 
MODY2 Children of Southern Italy. PloS ONE 7(6):e38906 doi:10.1371/journal.pone.0038906. 
 
173. Szlyk, B., et al. (2014) A phospho-BAD BH3 helix activates glucokinase by a mechanism 
distinct from that of allosteric activators. Nat. Struct. Mol. Biol. 21:36-42. 
  



124 
 

BIOGRAPHICAL SKETCH 

JOSEPH M. BOWLER 

 

PROFILE 

Detail-driven, effectual scientist with research expertise in biochemistry. Proficient in the study 

of enzyme kinetics utilizing ITC, UV-Vis, and stopped-flow spectrometry. Considerable 

knowledge of measuring protein-ligand and protein-protein binding thermodynamics via ITC and 

fluorescence. Experienced in techniques relevant to recombinant DNA manipulation and protein 

purification.  

 

EDUCATION 

Ph.D., Biochemistry                           December 2014 (expected)  

Florida State University – Tallahassee, FL  
           

B.A., Business Administration               December 2008 

Bellarmine University – Louisville, KY         

 

RESEARCH EXPERIENCE 

Graduate Researcher in Biochemistry (2009-2014) 

Florida State University, Department of Chemistry & Biochemistry, Tallahassee, FL 

     ▪   Synthesized a small-molecule activator drug of human glucokinase. 

     ▪   Expressed and purified recombinant glucokinase to be used in the biochemical and  

biophysical characterization of activation. 

     ▪   Provided a detailed description of binding interactions and the kinetic mechanism  

of glucokinase activation by drug molecules. 

     ▪   Optimized an in vivo approach to lead discovery that uses genetic selection to  

phenotypically identify cyclic peptide activators of glucokinase from a plasmid- 

based library. 

 

 

 



125 
 

Undergraduate Researcher in Organic Chemistry (2008) 

Bellarmine University, Department of Chemistry, Louisville, KY 

     ▪   Synthesized chalcone molecules from benzaldehyde and acetophenone precursors. 

     ▪   Utilized green chemistry techniques to develop one-pot syntheses of 3,5-diaryl  

isoxazoles from epoxidized chalcones. 

 

LEADERSHIP EXPERIENCE 

Recitation Instructor (2014) 

Florida State University, Department of Chemistry & Biochemistry, Tallahassee, FL 

     ▪   Developed and executed weekly lectures for three undergraduate general chemistry  

sections. 

     ▪   Peripheral duties included exam proctoring, grading, and office hours. 

 

Laboratory Instructor (2009-2010) 

Florida State University, Department of Chemistry & Biochemistry, Tallahassee, FL 

     ▪   Performed weekly pre-laboratory lectures and supervised the execution of  

undergraduate experiments in general chemistry and biochemistry courses. 

     ▪   Peripheral duties included online course moderation, grading, and office hours. 

 

Undergraduate Research Mentor (2010-2011) 

Florida State University, Department of Chemistry & Biochemistry, Tallahassee, FL 

     ▪   Successfully trained and supervised an undergraduate researcher in performing the  

total synthesis and purification of a small-molecule enzyme effector. 

 

TECHNICAL SKILLS 

     ▪   Cell culture         ▪   Genetic selection 

     ▪   Protein purification        ▪   PCR 

     ▪   Isothermal titration calorimetry       ▪   Gapped-duplex ligation of DNA 

     ▪   Steady-state kinetics        ▪   Primer design and mutagenesis 

     ▪   Transient-state kinetics        ▪   Multi-step organic synthesis 

     ▪   Fluorescence/absorption spectroscopy      ▪   Docking simulations 



126 
 

HONORS & AWARDS 

     ▪   Joseph M. Schor Fellowship in Biochemistry           May 2013 

     ▪   Hoffman Merit Award                 August 2009 

     ▪   Monsignor Horrigan Merit Scholarship          2004-2008 

 

PUBLICATIONS 

Bowler, J.M., Hervert, K.L., Kearley, M.L., and Miller, B.G. (2013) Small-Molecule  

        Allosteric Activation of Human Glucokinase in the Absence of Glucose. ACS  

        Medicinal Chemistry Letters 4(7): 580-584. 

Xiao, Q., Jackson, J.J., Basak, A., Bowler, J.M., Miller, B.G., and Zakarian, A. (2013)  

        Enantioselective synthesis of tatanans A-C and reinvestigation of their glucokinase- 

        activating properties. Nature Chemistry 5: 410-416. 

 

 


	Florida State University
	DigiNole Commons
	November 2014

	Allosteric Activation of Human Glucokinase
	Joseph Bowler
	Recommended Citation



