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Abstract 

 Glycogen synthase kinase 3β (GSK3β) is a multifunctional serine/threonine kinase 

involved in several key signaling pathways, including glycogen metabolism, WNT/β-catenin, 

and Hedgehog signaling. Hyperactivity of GSK3β has been linked to Alzheimer’s disease, 

bipolar disorder, type II diabetes, and some cancers. Therefore, GSK3β is of interest as a target 

for therapeutics. Lithium ion (Li+) is a classical inhibitor of GSK3β. Structurally similar 

beryllium ion (Be2+) is ~1000-fold more potent. Lithium and beryllium have demonstrated 

pathway-specific and cell type-specific inhibition of GSK3β, prompting an investigation into the 

inhibitory mechanisms and thermodynamic characteristics of the metal-enzyme interaction. 

 Isothermal titration calorimetry (ITC) is a label-free technique that measures the heat 

absorbed or released during binding interactions. Be2+ is hypothesized to inhibit GSK3β by 

competing with magnesium ions (Mg2+) for binding sites rich in acidic residues like aspartic 

acid. ITC binding studies utilizing model chelators and peptides featuring carboxylate groups 

revealed that Be2+ has a higher binding affinity than Mg2+ for carboxylate-rich binding sites.  

 ITC can be extended to studying enzyme kinetics by measuring the heat released or 

absorbed during enzymatic reactions. This allows for real-time observation of reaction kinetics. 

This study reports the first use of an ITC enzyme assay for the kinetic analysis of a protein 

kinase. The ITC enzyme assay facilitates continuous monitoring of the enzyme reaction and 

provides mechanistic insights into the enzymatic process that may remain uncovered in 

conventional kinase assays. An ITC assay was developed using the single-injection method for 

the kinetic characterization of human GSK3β kinase activity. The assay was utilized to study the 

phosphorylation of a primed GSK3β substrate, the GSM phosphopeptide. The GSM 

phosphopeptide contains three tandem phosphorylation sites. Mutated forms of GSM, where 
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specific phosphorylation sites were altered to alanine, were created to produce mono-site and 

zero-site GSM substrates. Phosphorylation of the mono-site GSM by GSK3β was an exothermic 

reaction and followed Michaelis-Menten kinetics, with a KM of 59 µM and kcat of 6.3 s-1. The 

intrinsic enthalpy of the reaction was -16 kJ/mol. The kinetic analysis for triple-site GSM 

phosphorylation did not conform to classical Michaelis-Menten kinetics and instead displayed a 

biphasic behavior.  

 GSK3β sequentially phosphorylates substrates with multiple phosphorylation sites in 

tandem. A comparative analysis of reaction enthalpies and the shapes of the raw ITC 

thermograms for mono-site and triple-site GSM demonstrated that tandem multi-site 

phosphorylation by GSK3β follows a processive mechanism. The processive phosphorylation by 

GSK3β displays two modes: fast kinetics for ES complex formation and phosphorylation of the 

first site and slow kinetics for the phosphorylation of secondary and subsequent sites. This 

observation shows that once GSK3β initiates phosphorylation, it remains associated with the 

substrate to ensure complete modification of all tandem phosphorylation sites, following a 

mechanism designed to ensure reliability rather than speed. This provides insight into how the 

need for complete sequential phosphorylation by GSK3β plays a role in tightly controlled 

signaling pathways. 
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Chapter 1: Project Overview 

 Protein kinases are enzymes that modify proteins through phosphorylation, which 

involves transferring a phosphate group from ATP to specific amino acids in a protein, typically 

serine, threonine, or tyrosine. This phosphorylation process modulates the activity, stability, 

complex formation, localization, and functions of these substrate proteins, playing a crucial role 

in cellular signaling and regulatory mechanisms. Protein kinases are central to signaling 

pathways that govern vital processes such as cell division, growth, apoptosis, and metabolism. 

Dysregulation in protein kinase activity is linked to a range of diseases, including cancers, 

diabetes, and neurodegenerative disorders. Therefore, protein kinases have become significant 

targets for therapeutic interventions (Cohen, 2002; Schwartz & Murray, 2011). Understanding 

the activity of protein kinases, including their kinetic and dynamic interactions with substrates 

and inhibitors, is essential for designing effective drugs that selectively modulate pathological 

signaling pathways, improving treatment specificity and reducing side effects.  Recent trends in 

kinase drug discovery emphasize developing inhibitors with improved selectivity and potency 

through a detailed understanding of kinase kinetics and kinase-ligand interactions  (Attwood et 

al., 2021; Riegel et al., 2022; Srinivasan, 2023). 

 Glycogen Synthase Kinase 3β (GSK3β) is a serine/threonine kinase involved in 

numerous cellular processes critical for development, metabolism, and disease pathology. 

GSK3β is unusual among protein kinases because it is constitutively active and primarily 

regulated through inhibition rather than activation. GSK3β prefers substrates that are primed 

through phosphorylation by other kinases. This behavior is distinct from many protein kinases 

that require phosphorylation for activation. GSK3β plays a central role in multiple signaling 

pathways, including insulin, Wnt/β-catenin, and Hedgehog pathways, making it a pivotal 
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regulator of cellular responses to environmental cues and maintaining cellular homeostasis  

(Beurel et al., 2015; Frame & Cohen, 2001; Jope & Johnson, 2004). Our research group is 

interested in studying GSK3β-ligand/inhibitor binding and kinetics due to its critical role in 

various diseases, including diabetes, Alzheimer’s, bipolar disorder, and cancer (Sayas & Ávila, 

2021; Takahashi-Yanaga, 2013).  

 Lithium and beryllium are of significant interest for inhibiting GSK3β due to their unique 

modes of action and implications for treating diseases like Alzheimer’s and bipolar disorder. 

Lithium, a classical mood stabilizer FDA-approved for treating bipolar disorder, has shown 

potential therapeutic benefits in Alzheimer’s disease models (Klein & Melton, 1996; Stambolic 

& Woodgett, 1994). It acts as a competitive inhibitor of GSK3β by competing with magnesium 

ions at a low-affinity site, which does not affect the enzyme’s interaction with ATP (Ryves & 

Harwood, 2001). This action disrupts GSK3β catalytic function and has been associated with 

reduced amyloid-beta levels and tau phosphorylation in Alzheimer's disease models, suggesting 

potential neuroprotective effects (Eldar-Finkelman & Martinez, 2011; Snitow et al., 2021). While 

structurally similar to lithium, beryllium inhibits GSK3β through a different mechanism. It 

competes with magnesium ions and ATP binding (Ryves et al., 2002). This dual inhibition 

mechanism makes beryllium a potent GSK3β inhibitor, approximately 1000-fold more effective 

than lithium in cellular models (Mudireddy et al., 2014). Lithium and beryllium have also 

demonstrated pathway-specific and cell-type-specific inhibition of GSK3β (Abdul et al., 2018; 

Mudireddy et al., 2014). These distinctive inhibitory mechanisms make lithium and beryllium 

compelling subjects for further research. Comprehending the GSK3β -inhibitor interactions at a 

molecular level and understanding the thermodynamics and kinetics involved are important for 

rational drug design.  
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 Isothermal titration calorimetry (ITC) is invaluable for studying enzyme-inhibitor 

interactions because it provides thermodynamic and kinetic data. This technique allows the 

measurement of binding constants, enthalpy changes, and other interaction parameters directly 

from a binding event without the need for any labeling, offering a clear advantage over other 

conventional methods. ITC reveals how ligand binding affects a system's free energy, enthalpy, 

and entropy, allowing researchers to understand the driving forces behind ligand association. ITC 

can also measure the kinetics of ligand binding and the kinetics of an enzyme reaction with 

various substrates in the presence or absence of inhibitors and could provide mechanistic insights 

into the mode of enzyme activity (Harris & Keshwani, 2009; Su & Xu, 2018; Y. Wang et al., 

2019). This study aimed to investigate the interaction of GSK3β with its inhibitors, beryllium, 

and lithium, using ITC to obtain quantitative data on binding affinity, stoichiometry, enthalpy, 

and entropy changes. It also aimed to follow a kinetic analysis of the GSK3β phosphorylation 

reaction using ITC. Building upon these aims, the dissertation is organized into several chapters, 

exploring different aspects contributing to the overall theme of the study. Following is an 

overview of each chapter and its contribution to the study's aims. 

Chapter 1: Project Overview 

Chapter 2: Motivations for investigating GSK3β inhibition by lithium and beryllium: A prelude 

to isothermal titration calorimetry studies. This chapter provides an overview of GSK3β and its 

regulation, highlights the action of beryllium and lithium following pathway-specific and cell 

type-specific inhibition of GSK3β, and provides an overview of isothermal titration calorimetry.  

Chapter 3: Preferential interaction of beryllium ions with carboxylate-rich peptides. This chapter 

investigates the preference of beryllium for carboxylate-rich groups using ITC. Despite its 

structural similarities to magnesium and lithium, beryllium’s smaller ionic radius and higher 
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charge density may allow it to interact especially tightly with acidic residues. This chapter 

explores these interactions through ITC titrations with model chelators and peptides containing 

carboxylate groups. 

Chapter 4: Expression and purification of full-length human GSK3β for ITC experiments. This 

chapter details the expression and purification of recombinant human GSK3β for ITC 

experiments, utilizing bacterial strains and baculovirus expression systems with Sf9 and Hi5 

insect cell lines. It also addresses the challenges in producing the high quantities of GSK3β 

required for effective ITC binding studies. 

Chapter 5: ITC ligand binding experiments for GSK3β. This chapter discusses the ITC binding 

experiments, which attempted to explore GSK3β-ligand binding using the non-hydrolyzable ATP 

analog AMP-PNP and associated technical challenges.  

Chapter 6: Kinetic characterization of GSK3β phosphorylation using ITC. This chapter 

highlights the first-ever kinetic analysis followed for a protein kinase using ITC. The ITC single-

injection assay was utilized to explore the kinetic behavior of GSK3β for the phosphorylation of 

the GSM peptide with a single phosphorylation site or multiple tandem phosphorylation sites. 

This study uncovered mechanistic insights into the kinetic behavior of GSK3β involving the 

phosphorylation of multiple tandem sites that had not been discovered through conventional 

kinase assays. In addition to kinetic analysis, the chapter reports additional analysis, including 

the determination of intrinsic reaction enthalpy of GSK3β-catalyzed phosphorylation of GSM 

and GSK3β activity in the presence of inhibitors lithium and beryllium. 

Chapter 7: Research summary and future directions 
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Chapter 2: Motivations for Investigating GSK3β Inhibition by Lithium and Beryllium: A 

Prelude to Isothermal Titration Calorimetry Studies 

 

GSK3β is a Unique Serine/Threonine Kinase 

 Glycogen synthase kinase 3 (GSK3) is a serine/threonine kinase first discovered as one of 

the protein kinases that regulate the rate-limiting step of glycogen synthesis by phosphorylating 

glycogen synthase (Embi et al., 1980). Further research involving peptide sequencing of the 

enzyme from skeletal muscle and screening a rat brain cDNA library revealed that in mammals, 

GSK3 exists as two isoforms encoded by two independent genes, GSK3α and GSK3β, which have 

molecular weights of 51 and 47 kDa, respectively (Embi et al., 1980; Woodgett, 1990). Analysis 

shows that GSK3 is highly conserved in all eukaryotes, and the two GSK3 isoforms show 85% 

overall identity in their sequences, with 93% identity within the catalytic domains (Ali et al., 2001; 

Woodgett, 1990). The primary difference between the two isoforms is due to the glycine-rich 

stretch at the N-terminus of GSK3α (Woodgett, 1990). In mammals, GSK3 expression is widely 

distributed across various tissues, with the most significant concentrations observed in the brain 

(Frame & Cohen, 2001; Kaidanovich-Beilin & Woodgett, 2011). Experimental deletion of the 

GSK3β gene in mice results in embryonic death due to liver apoptosis or heart development issues. 

Deleting the GSK3α gene leads to viable, fertile mice with body masses similar to their regular 

counterparts (Hoeflich et al., 2000). These outcomes indicate differing roles for the two isoforms. 

Nonetheless, there is evidence of considerable overlap in their functions, particularly within the 

canonical Wnt signaling pathway, suggesting they may share similar functions across multiple 

signaling pathways (Asuni et al., 2006; Doble et al., 2007). 
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 Although first discovered as a kinase regulating glycogen synthase, subsequent studies 

have revealed that GSK3 orchestrates many cellular processes critical for development, 

metabolism, and disease pathology. GSK3 operates at the nexus of multiple signaling pathways, 

including insulin, Wnt/β-catenin, and Hedgehog pathways, thereby regulating cellular responses 

to environmental cues and maintaining cellular homeostasis (Frame & Cohen, 2001; Jope & 

Johnson, 2004).  

 GSK3 is unique because it is constitutively active in cells and is primarily regulated by 

inhibiting its activity.  It prefers substrates pre-phosphorylated by another kinase, known as 

primed substrates. Similar to other protein kinases, GSK3 features a conserved catalytic domain 

organized into a dual-lobed structure, where the smaller N-terminal lobe facilitates ATP binding 

and the larger, spherical C-terminal lobe encompasses the "activation loop" that is crucial for 

kinase activity (Hanks & Hunter, 1995). The study of GSK3β crystal structure demonstrated that 

GSK3β typically resides in an active conformation without needing activation via 

phosphorylation, unlike most protein kinases. The priming phosphate binding site on GSK3β 

includes a positively charged area formed by the basic side chains of Arg96, Arg180, and 

Lys205, which can interact with the negatively charged phosphate group. (Dajani et al., 2001; 

Frame & Cohen, 2001). The binding of a primed substrate to the substrate binding site stabilizes 

the catalytic site of GSK3β, facilitating the phosphorylation reaction to proceed, which explains 

why GSK3 prefers pre-phosphorylated substrates (Beurel et al., 2015; Dajani et al., 2001).  

 Various stimuli trigger different kinases to perform primed phosphorylation on GSK3 

substrates. GSK3 phosphorylates many substrates, including metabolic enzymes, signaling 

proteins, structural proteins, and transcription factors. Some of the well-characterized substrates 

of GSK3, in addition to glycogen synthase, include β-catenin, tau protein, Cyclin D1, 
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transcription factors such as c-Myc, c-Jun, CREB, NF-κB, eIF2B and apoptotic proteins in BCL-

2 family (Ali et al., 2001; Beurel et al., 2015; Doble & Woodgett, 2003; Frame & Cohen, 2001; 

Jope & Johnson, 2004; Kaidanovich-Beilin & Woodgett, 2011; Pap & Cooper, 1998; Sutherland, 

2011; Takahashi-Yanaga, 2013).  

 

Regulation of GSK3β 

 GSK3 is distinguished by its unique regulatory mechanisms and substrate specificity, 

ensuring its precise role in cellular signaling and function. GSK3 activity is modulated by 

tyrosine (Tyr216 for GSK3β and Tyr279 for GSK3α) phosphorylation for maximal kinase 

activity (Dajani et al., 2003; Hughes et al., 1993). 

 GSK3 is inhibited following stimulation of growth factor receptors, as demonstrated in 

the insulin signaling pathway (Cross et al., 1995, 1997; Sutherland et al., 1993) and the Wnt 

signaling pathway (Metcalfe & Bienz, 2011; Stambolic et al., 1996).  In the insulin signaling 

pathway, GSK3 inhibition is achieved through phosphorylation at a conserved N-terminal serine, 

Ser21 for GSK3α, and Ser9 for GSK3β by Protein Kinase B (PKB/Akt) (Cross et al., 1995; 

Shaw et al., 1997; Sutherland et al., 1993). The phosphorylation of the N-terminal serine inhibits 

its activity by creating a pseudo substrate that competes for binding, thereby controlling the 

phosphorylation of actual substrates (Dajani et al., 2001). The GSK3-dependent PP1/I-2 complex 

is also involved in regulating the N-terminal inhibitory phosphorylation. GSK3β can activate 

PP1 by phosphorylating I-2, an inhibitory subunit of PP1. This activation leads to the 

dephosphorylation of Ser9 on GSK3β, thereby reversing the inhibitory effect and modulating its 

activity (Zhang et al., 2003). 
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 Unlike insulin, Wnt/β-catenin signaling does not influence the phosphorylation of the 

inhibitory serine. (Ding et al., 2000; Ng et al., 2009). Without Wnt ligands, β-catenin is confined 

in a formation called the "β-catenin destruction complex," alongside the scaffolding protein 

Axin, Adenomatous Polyposis (APC), casein kinase I, and GSK3β. This setup enables GSK3 to 

phosphorylate β-catenin consecutively at Thr41, Ser37, and Ser33. (Behrens et al., 1998; 

McCubrey et al., 2014; Stamos et al., 2014) and target β-catenin for ubiquitination and 

proteasomal degradation. In response to Wnt ligands, the phosphorylation of β-catenin by GSK3 

is prevented by destabilizing the β-destruction complex. Studies have shown that this 

destabilization can be achieved via interrupting GSK3 interaction with Axin through LRP5/6 

phosphorylation, which can sequester GSK3 and Axin (Bilic et al., 2007; Stamos et al., 2014), or 

by promoting GSK3 complexation with phosphorylated FRAT1 (Li et al., 1999; Thomas et al., 

1999). 

 While both the insulin and Wnt/β-catenin signaling pathways result in reduced GSK3 

activity, their downstream effects differ. Insulin activates glycogen synthase, whereas Wnt 

elevates the cytosolic β-catenin level. The phosphorylation of Ser9 in GSK3β and the activity of 

PKB/Akt are controlled by insulin but not by Wnt, suggesting that these pathways modulate 

GSK3 via separate mechanisms, thus leading to distinct downstream outcomes. (Ding et al., 

2000; Ng et al., 2009).  This suggests that different groups of GSK3 could be present within 

cells: one linked with Axin that is unaffected by PKB/Akt phosphorylation and another group 

that is regulated by PKB/Akt. (McCubrey et al., 2014). 

Furthermore, the subcellular localization of GSK3 and its association with protein 

complexes also modulate GSK3 activity in cells. GSK3 is primarily considered a cytosolic 

protein. However, GSK3 is also found in the mitochondria, nucleus, and other subcellular 
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structures, where localized signaling activities can regulate the GSK3 activation state. This 

distribution allows GSK3 to influence a wide range of cellular processes, including oxidative 

stress responses, gene expression, receptor signaling, and ion channel regulation (Beurel et al., 

2015; Meares & Jope, 2007; Taelman et al., 2010; Wood-Kaczmar et al., 2009). 

 Axin is a scaffold protein and a component of the β-catenin destruction complex. 

However, Axin has been shown to facilitate selective GSK3 phosphorylation of substrates such 

as Smad3, TSC1/TSC2, and Tip60 (Beurel et al., 2015), thereby regulating GSK3 substrate 

specificity. While Axin facilitates the GSK3β reaction against select substrates, GSK3β can 

phosphorylate Axin to stabilize their complex, thereby showing mutual regulation.  The Axin 

scaffold helps with GSK3β substrate specificity by protecting GSK3β from phosphorylation at 

Ser9 by upstream kinases.  This prevents the accumulation of pS9-GSK3β in the Axin-GSK3β 

complex, allowing GSK3β to specifically target Wnt-associated substrates without affecting 

other GSK3β-dependent pathways (Gavagan et al., 2020, 2023).  These sophisticated regulatory 

mechanisms ensure that GSK3 selectively phosphorylates its targets, maintaining tight control 

over various signaling pathways and underpinning its essential role in cellular physiology and 

disease (Beurel et al., 2015).  

 Dysregulation of GSK3 activity has been implicated in metabolic disorders (diabetes, 

atherosclerosis), psychiatric and neurological disorders (Alzheimer’s disease, Parkinson’s disease, 

bipolar disorder, schizophrenia, major depressive disorder), inflammatory diseases, cancer, and 

others (Gao et al., 2011; Juhaszova et al., 2009; Maqbool et al., 2016; Sayas & Ávila, 2021; 

Shimura, 2011; Takahashi-Yanaga, 2013; Valvezan & Klein, 2012). GSK3 is a crucial kinase 

contributing to abnormal phosphorylation of the microtubule-binding protein tau, leading to 

neurofibrillary tangles, a characteristic pathology in Alzheimer's disease (Hanger et al., 1992; 
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Mandelkow et al., 1992; Rankin et al., 2007). GSK3β has been shown to enhance the activity of 

β-secretase (BACE1) and mediate the toxicity of amyloid-beta (Aβ) aggregates, a hallmark 

pathology of Alzheimer's disease (Ly et al., 2013). Therefore, the therapeutic importance of GSK3 

has been recognized, and GSK3 has emerged as a potential therapeutic target for developing drugs 

to treat these diseases (Beurel et al., 2015; Takahashi-Yanaga, 2013). Given the complex regulation 

of GSK3 and its interaction with various signaling pathways, developing inhibitors that can 

selectively target GSK3 within specific signaling contexts is crucial. Such targeted inhibition 

would allow for precise modulation of GSK3 activity, potentially minimizing side effects and 

enhancing therapeutic efficacy in treating diseases linked to its dysregulation. 

 

Lithium and Beryllium as GSK3β Inhibitors 

 Several small-molecule inhibitors of GSK3 have been developed, including lithium, the 

classical mood stabilizer used in the treatment of bipolar disorder. The FDA approved lithium for 

the treatment of mood disorders in 1970 in the United States, and several studies demonstrated that 

lithium targeted GSK3 activity (Klein & Melton, 1996; Stambolic et al., 1996). Lithium treatment 

has exhibited potential benefits in animal models of Alzheimer's disease, highlighting its 

therapeutic promise. Research indicates chronic dietary lithium intake can ameliorate spatial 

memory deficits, as observed in tasks like the Morris water maze. Furthermore, lithium has been 

effective in lowering amyloid-beta levels and mitigating tau phosphorylation, both critical 

indicators of Alzheimer's pathology. The treatment also promotes neurogenesis and diminishes 

inflammation within the brain, contributing to enhanced cognitive functions (Eldar-Finkelman & 

Martinez, 2011; Snitow et al., 2021). Collectively, these findings suggest that lithium could play a 
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significant role in improving cognitive decline and addressing the pathological hallmarks of 

Alzheimer's disease in animal models (King et al., 2014). 

 Despite lithium therapy being effective in managing bipolar disorder and showing potential 

as a therapeutic for Alzheimer’s disease, it is also associated with significant side effects and 

toxicity since treatment often requires high doses in the millimolar range to maintain therapeutic 

efficacy. Common adverse effects of lithium therapy include gastrointestinal issues such as nausea, 

vomiting, and diarrhea, as well as neurological symptoms like tremors and seizures. Lithium 

toxicity poses risks of renal damage, hypothyroidism, and potentially fatal cardiovascular issues. 

Therefore, lithium treatment should be carefully monitored and managed (Gitlin, 2016; Oruch et 

al., 2014) 

 Lithium has been shown to interact with and inhibit GSK3 directly (Klein & Melton, 

1996; Stambolic et al., 1996). Additionally, the administration of lithium indirectly increases the 

inhibitory serine-phosphorylation of GSK3 (De Sarno et al., 2002; Jope, 2003; Zhang et al., 

2003). Lithium acts as a competitive inhibitor of GSK3 by competing with magnesium (Mg2+) 

ions without affecting the enzyme's interaction with ATP or its substrate. This inhibition 

mechanism, which disrupts GSK3's catalytic function by binding to a low-affinity Mg2+ site, is 

consistent across mammalian and Dictyostelium GSK3 isoforms (Ginger et al., 2000). Beryllium 

was also discovered as a potent inhibitor of GSK3 and shown to inhibit through a different 

mechanism, as it competes with both Mg2+ and ATP by binding to the magnesium and Mg: ATP 

binding sites on GSK3. This dual inhibition contrasts with lithium, which does not interfere with 

ATP binding. The interaction between beryllium and ADP highlights the competition at the ATP 

binding site, underscoring the distinct inhibitory mechanisms of lithium and beryllium on GSK3, 
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with lithium targeting magnesium ions and beryllium affecting both magnesium ions and ATP 

(Ryves et al., 2002). 

 Studies followed by our research group explored beryllium as a potential GSK3 inhibitor 

in more physiologically relevant conditions and cultured cells. Beryllium was a more potent 

inhibitor of GSK3β in human cells than lithium, showing approximately 1000-fold greater 

efficacy. Like lithium, beryllium directly inhibited GSK3β activity; however, unlike lithium, it 

does not promote phosphorylation of GSK3β at Ser9 in A172 and HFL cells, indicating different 

feedback inhibition mechanisms. Beryllium’s inhibition of GSK3β exhibited less cytotoxicity 

than lithium, suggesting superior therapeutic potential. The study highlighted beryllium as a 

robust GSK3 inhibitor in cellular research, potentially affecting GSK3β regulatory mechanisms 

differently from lithium, as evidenced by its distinct impact on Ser9 phosphorylation and GSK3β 

activity modulation (Mudireddy et al., 2014). 

 Another study by our research group found that lithium treatment unexpectedly caused an 

increase in phosphorylation at Ser33/Ser37 of β-catenin in the A172 glioblastoma cell line, which 

contradicts the conventional view that GSK3 inhibition should decrease phospho-β-catenin levels 

due to its role in the canonical Wnt signaling pathway. Beryllium treatment did not elicit an 

increase in Ser33/Ser37 phosphorylation in A172 cells (Abdul et al., 2018). The phosphorylation 

of β-catenin at Ser33/Ser37 in A172 glioblastoma cells in response to lithium and beryllium 

treatment was quantitatively analyzed via a capillary electrophoresis method1. This method 

offered improved quantitation and reproducibility over traditional Western blotting. Capillary 

electrophoresis analysis of the phosphorylation of β-catenin at Ser33/Ser37 in A172 glioblastoma 

cells showed a dose-dependent increase in phosphorylation in response to lithium treatment 

(Figure 2.1). The electropherograms for the capillary electrophoresis analysis of phosphorylation 
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in β-catenin and Ser9 phosphorylation in GSK3β following the treatment of A172 cells with 

lithium and beryllium are shown in Appendix I. 

 

 
Figure 2.1: Capillary Electrophoresis Electropherograms Showing Dose-dependent Effect 
of Lithium on β-catenin Phosphorylation. A172 cells treated with 0mM (purple), 1mm (blue), 
5mM (cyan), 10mM (green), 20mM (orange), or 30mM (pink) LiCl for 24h (n=3/group) resolved 
via capillary electrophoresis and stained with antibodies for (A) phospho-Ser33/Ser37-β-catenin 
or (B) total β-catenin. 

 

 

1Capillary electrophoresis data adapted from a published work. 
Abdul A.U.R.M., De Silva B., Gary R.K. (2018). The GSK3 kinase inhibitor lithium produces 
unexpected hyperphosphorylation of β-catenin, a GSK3 substrate, in human glioblastoma cells. 
Biol Open. 7(1):bio030874. doi: 10.1242/bio.030874.  
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This study also revealed that lithium's effect on β-catenin phosphorylation varies across 

different cell types: U251 and U87MG glioblastoma cells showed a significant increase in β-

catenin phosphorylation, similar to A172 cells, indicating a common response among glioma cell 

types. Conversely, RKO human colon carcinoma cells experienced increased total and 

phosphorylated β-catenin, aligning more with the expected outcomes of GSK3 inhibition through 

canonical Wnt signaling. The response in HT-1080 human fibrosarcoma cells was intermediate, 

illustrating variability in lithium's impact across cell types. This underscores how cellular context 

significantly influences β-catenin phosphorylation following GSK3 inhibition by lithium, 

highlighting the complexity of using a single model to predict drug effects. In summary, the 

study suggests that the mechanisms of GSK3 inhibition and subsequent effects on β-catenin 

phosphorylation by lithium and beryllium could differ significantly, highlighting the complexity 

of these signaling interactions and the potential for cell-type-specific responses (Abdul et al., 

2018). 

 Understanding the interactions between GSK3 and its inhibitors, such as lithium and 

beryllium, is important since lithium is commonly used to treat bipolar disorder and may 

eventually be used for Alzheimer’s disease therapeutics because of its potential benefits. 

Beryllium, being 1000-fold more potent than lithium and displaying cell-type-specific responses, 

could help uncover novel therapeutic approaches.  Knowledge of the binding sites and 

mechanisms of action of lithium and beryllium on GSK3 can guide the design of new drugs that 

target GSK3 more efficiently or selectively and help understand drug-induced side effects. This 

could lead to the development of drugs with improved efficacy and reduced toxicity.  

It should be noted that the study of beryllium-GSK3 interactions is not aimed at 

developing beryllium itself as a therapeutic but at using beryllium's unique inhibition of GSK3 as 
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a method to investigate a potent and potentially selective mechanism of inhibiting GSK3 activity. 

Beryllium is toxic when inhaled and responsible for chronic beryllium disease (CBD), an 

inflammatory lung condition primarily observed in industrial workers carrying the major 

histocompatibility complex class II (MHC class II) allele HLA-DP2 (Clayton et al., 2014).  

HLA (Human leukocyte antigen) genes play a critical role in the immune system by 

presenting small peptides derived from pathogens, such as viruses and bacteria, to helper T cells 

(CD+ cells). This presentation helps the immune system recognize and respond to foreign 

molecules. MHC class II molecules, including HLA-DP, are primarily expressed on the surface 

of antigen-presenting cells like dendritic cells, macrophages, and B cells. Individuals with the 

HLA-DP2 allele are at an increased risk of developing CBD. Instead of presenting pathogenic 

peptides in CBD, HLA-DP2 binds beryllium ions via acidic amino acid residues. When 

beryllium is inhaled and enters the lungs, it can bind to the peptide-binding groove of HLA-DP2, 

which features a glutamic acid residue at position 69 of its β-chain. It is hypothesized that 

beryllium ions form a tight complex with this key acidic residue along with other coordination 

partners, leading to conformational changes in HLA-DP2 that are seen as foreign by CD4+ cells, 

leading to an inappropriate immune response characterized by inflammation and tissue damage 

in the lungs. Thus, the Be2+/peptide complex triggers the CBD disease response rather than the 

ion or peptide alone. This response is not typical for other MHC class II molecules, which 

highlights the specificity of HLA-DP2 in its interaction with beryllium and the subsequent 

immune response that leads to CBD (Buchner, 2020; Clayton et al., 2014). An analysis of genetic 

markers associated with CBD disease risk found that the prevalence of glutamic acid at position 

69 was 30% in the general population but 97% in CBD patients (Richeldi et al., 1993). 

Obviously, the presence of glutamic acid alone is insufficient to direct high-affinity interaction 
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with Be2+ because this common amino acid is a constituent of virtually every peptide and protein 

within the body.  Rather, these studies demonstrate that acidic residues, such as aspartic acid and 

glutamic acid, when part of a larger peptide structure that possesses the proper coordination 

partners arranged with the proper geometry in 3D space, can exhibit stable, highly selective, 

high-affinity associations with the Be2+ ion. 

 

Isothermal Titration Calorimetry (ITC) for GSK3β Ligand Binding and Kinetic Study 

ITC is a highly effective technique for studying interactions between proteins and small 

molecules or metal ions. It provides precise, quantitative data on binding affinity, stoichiometry, 

enthalpy, and entropy changes, offering comprehensive insights into the molecular mechanisms 

driving these interactions. ITC directly measures the heat released or absorbed during a binding 

event, allowing for the direct calculation of the binding constant (Kd), which quantifies the 

affinity between the inhibitor and GSK3. The stoichiometry (n) of the interaction, or the ratio of 

lithium or beryllium ions needed to bind one molecule of GSK3, can be precisely determined 

from ITC data.  

 This information is essential for understanding the molecular basis of the inhibition 

mechanism and whether multiple ions are required to achieve inhibition. ITC uniquely provides 

direct enthalpy (ΔH) measurements, a valuable parameter for correlating structure and 

thermodynamics in developing new drug-like compounds. Additionally, ITC provides a complete 

thermodynamic profile of the interaction, including entropy (ΔS) changes and the Gibbs free 

energy change (ΔG) calculation. This profile helps distinguish between different binding modes, 

such as whether the interaction is driven more by enthalpic or entropic changes. It provides 

insights into the forces driving the interaction, such as hydrogen bonding, ionic interactions, or 
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hydrophobic effects. ITC experiments can be conducted under various pH, temperature, and 

ionic strength conditions (Draczkowski et al., 2016; Su & Xu, 2018; Y. Wang et al., 2020), 

offering insights into how environmental factors affect the interaction between lithium/beryllium 

and GSK3. This is important for understanding how physiological conditions influence the 

efficacy of lithium or beryllium as inhibitors. Since ITC does not require any modification or 

labeling of the protein or the ions, ensuring that the interaction is studied under near-native 

conditions without any potential interference from labels or tags helps maintain the integrity of 

the studied biological interaction.  

 Additionally, ITC methods have been expanded to assay enzyme activity (Frasca, 2016; 

Hagedoorn, 2022; Todd & Gomez, 2001). ITC measurements capture the heat generated in 

enzymatic reactions in real time, offering a unique ability to uncover mechanisms or modes of 

enzymatic reactions that may not be observable through conventional enzymatic assays. 

Developing an ITC-based kinase assay to study the phosphorylation reaction of GSK3 against 

various substrates in the absence or presence of lithium/beryllium or other GSK3 inhibitors will 

provide insight into how the kinase reaction is affected.  

 In summary, ITC offers a comprehensive and detailed examination of the thermodynamic 

and kinetic interactions between lithium/beryllium and GSK3, providing invaluable insights for 

elucidating the molecular mechanisms of inhibition and guiding the development of therapeutic 

agents targeting GSK3. 
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ITC Instrument 

 ITC measures the heat released or absorbed during a biomolecular interaction or 

enzymatic reaction. This technique operates on the fundamental principles of thermodynamics, 

where the interaction between two molecules—whether a macromolecule and a ligand, a protein 

and a small molecule, or chemical conversions during enzymatic reactions—results in a thermal 

change. These changes are due to heat generated or absorbed from the binding events and 

chemical reactions, including enzymatic processes, thereby reflecting the overall energetics of 

these interactions. This thermal change indicates whether the interaction or reaction is 

exothermic (heat releasing) or endothermic (heat absorbing).  

 

 

Figure 2.2: Schematic of the ITC Instrument. Examples of ITC thermograms for an 
exothermic reaction (blue curve) and an endothermic reaction (orange curve) are shown. 
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Figure 2.2 shows a schematic of the ITC instrument setup. The ITC apparatus consists of 

a sample cell, where the macromolecule/enzyme is generally placed, and a reference cell, 

typically filled with water or buffer, to maintain control conditions. Both cells are maintained at 

constant temperature and pressure. During an ITC experiment, a ligand (for binding experiments) 

or a substrate (for enzymatic reactions) is gradually injected into the sample cell via a syringe. 

The injection syringe has a rotation assembly at the end, continuously stirring the solutions in the 

sample cell to efficiently mix molecules. The thermocouple can detect temperature differences 

between the reference and sample cells.  

The interaction between the ligand and the macromolecule or chemical conversions by 

enzymatic reactions in the sample cell either absorbs or releases heat, altering the temperature 

inside the sample cell. However, the instrument is designed to keep the temperature of the 

sample cell consistent with that of the reference cell by adjusting the power supplied to a heater 

in the sample cell. The entire system, enclosed in an adiabatic chamber, ensures minimal heat 

exchange with the environment.  

 The differential power (DP) required to maintain equal temperature in both cells directly 

measures the heat in the biomolecular interactions or reactions. This setup helps determine the 

binding affinity and thermodynamic properties of molecular interactions and understand the 

kinetic aspects of the binding process or determine the kinetics for an enzyme-catalyzed reaction. 

An exothermic reaction will decrease the DP output, and an endothermic reaction will increase 

the DP output. Once the binding interaction reaches equilibrium, the DP will return to the 

baseline. Otherwise, for an enzymatic reaction, the DP will return to the baseline once all the 

substrate is consumed or the reaction has reached equilibrium. Chapter 3 will describe how 
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binding parameters are interpreted through the DP output, and Chapter 6 will describe how 

kinetic parameters are derived from the DP output.  

 

Aqueous Solubility of Beryllium for ITC Experiments in Biological Buffers 

 Studies in the biochemical mechanism of action using ITC require preparing beryllium 

salt solutions in aqueous buffers to evaluate metal-protein interactions under physiological pH. 

However, the relatively low aqueous solubility of Be2+ near physiological pH introduces specific 

technical challenges that are generally not encountered with most other biologically relevant 

metal ions. A fluorescence-based HBQS (10-hydroxybenzo[h]quinoline-7-sulfonate) assay 

(Matsumiya et al., 2001) was used to quantify soluble beryllium in various buffers and pH. 

Although this assay was introduced as a sensitive assay to quantify beryllium, we found the 

assay was also sensitive to slight pH changes2. Multiple approaches to improving the aqueous 

solubility of beryllium near physiological pH were attempted, such as adding salts or 

incorporating ligands that weakly associate with beryllium (Data not shown). These approaches 

led to a marginal increase in beryllium solubility near physiological pH. However, they also led 

to a decreased affinity between beryllium and other chelators or peptides when beryllium was 

titrated against them in ITC. Lim showed that including SO4
-2 as a counter ion during solution 

preparation or adding BSA improved beryllium solubility (R. Lim, 2022).  

 

2 The pH sensitivity of HBQS assay for beryllium quantification included in published work. 
Lim, R. C., De Silva, B., Park, J. H., Hodge, V. F., & Gary, R. K. (2020). Aqueous solubility of 
beryllium(II) at physiological pH: effects of buffer composition and counterions. Preparative 
Biochemistry & Biotechnology, 50(6), 585–591. https://doi 
org.ezproxy.library.unlv.edu/10.1080/10826068.2020.1719514 
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However, these approaches could not be effectively used for ITC experiments involving 

beryllium in this dissertation due to the presence of the counter-ion resulting in decreased affinity 

between beryllium and chelators or peptides in ITC binding experiments or technical issues 

associated with using BSA, such as increased viscosity and frothing (Data not shown). 

Therefore, the ITC binding experiments in this dissertation involving beryllium were 

followed at pH 5.8-6.0 (for 1-5mM concentrations). In cell culture studies, beryllium salt at 

concentrations ranging from 10 to 100 µM inhibited GSK3β kinase activity in A172 cells while 

showing a minimal impact on cell viability (Mudireddy et al., 2014). A FRET-based in vitro 

assay also determined that the IC50 for GSK3β inhibition by BeSO4 is 5 µM (Mudireddy et al., 

2014). Therefore, beryllium inhibition studies in ITC kinase assays were followed at pH 6.5 (for 

1-100µM concentrations). 
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Chapter 3: Preferential Interaction of Beryllium Ions with Carboxylate-Rich Peptides 

 

Introduction 

Beryllium and lithium are potent Glycogen synthase kinase 3β (GSK3β) metal ion 

inhibitors that have demonstrated cell type-specific and pathway-specific inhibition in particular 

signaling pathways in cells (Abdul et al., 2018; Mudireddy et al., 2014). Magnesium is an 

important cofactor essential for GSK3β activity. Lithium has been shown to compete for a 

magnesium ion binding site on GSK3β, while beryllium has been shown to compete with both 

magnesium and ATP binding sites (Ryves et al., 2002). Beryllium, lithium, and magnesium are 

all positively charged ions. Therefore, it is reasonable to hypothesize that beryllium and lithium 

binding sites on GSK3β carry acidic groups facilitating the binding. Acidic amino acids have a 

side chain containing a carboxyl group, which can release a hydrogen ion (H+) in solution and 

present a negatively charged binding site for positively charged groups. Aspartic acid (Asp, D) 

and Glutamic acid (Glu, E) are the acidic amino acid residues in proteins, and each has a 

carboxyl group on the side chain. This chapter follows a comparative analysis of the preferences 

of beryllium, lithium, and magnesium ions towards carboxylate-rich groups. The metal ions are 

prepared in buffered solutions and titrated against model chelators with carboxylate groups and 

model peptides using isothermal titration calorimetry (ITC).  
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Competitive Binding Dynamics of Magnesium, Lithium, and Beryllium with GSK3β: Influence on 

Carboxylate-Rich Binding Sites 

Beryllium ions (Be2+) in aqueous solutions exhibit interesting coordination chemistry due 

to their unique properties. Be2+ has a significantly small ionic radius (Table 3.1), resulting in a 

high charge density. This high charge density influences its behavior in solutions and how it 

coordinates with ligands. Be2+ typically forms tetrahedral coordination complexes with water and 

other ligands. The most common coordination number for Be2+ in aqueous solutions is four. Be2+ 

can form very stable complexes with water due to the ion’s high charge density, leading to strong 

electrostatic attraction with the oxygen atoms of H2O. Be2+ is surrounded by 4 water molecules 

forming [Be(H2O)4]2+ complex in water. Under acidic conditions (pH 3.5 or less), this aquo 

complex [Be(H2O)4]2+ is predominant. However, hydroxide ions can replace H2O molecules as 

the pH increases, forming [Be(OH)(H2O)3]+ or [Be3(OH)3(H2O)6]+ (pH 4.5-5.5) and 

predominantly [Be(OH)2], nearing physiological pH, which also has poor aqueous solubility 

(Alderighi et al., 2000; R. C. Lim et al., 2020; L. Scott et al., 2008; Mederos et al., 2001; Naglav 

et al., 2016) The limited aqueous solubility of Be2+ near physiological pH presented significant 

challenges in this research project. Consequently, the ITC experiments were conducted at a pH 

range of 5.8-6.0 to ensure adequate solubility. A study by our research group highlighted the 

impact of sulfate ions as a counterion that enhances Be2+ solubility (Lim et al., 2020). The 

presence of sulfate introduced either through the use of H2SO4 for pH adjustment or added as 

Na2SO4 was found to increase the solubility of beryllium considerably. This was attributed to the 

“Diverse Ion Effect,” where sulfate interacts with solvated Be2+, promoting higher solubility 

through ion pairing. The diverse ion effect and the addition order were considered when 

preparing beryllium solutions for this study.  
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Lithium, the lightest alkali metal, exhibits distinctive behavior in aqueous solutions, 

mainly due to its small ionic size and strong charge density. In water, lithium ions (Li+) are 

present as hydrated cations. Due to lithium's high charge density, these ions tend to be highly 

solvated, which leads to a strong attraction to the polar water molecules. In aqueous solutions, 

lithium (Li⁺) commonly forms simple aquo complexes [Li(H2O)n]+, where n typically ranges 

from 4 to 6, exhibiting tetrahedral coordination with four ligands and octahedral coordination 

with six ligands. Lithium's interactions are particularly strong with hard base donor atoms (e.g., 

oxygen in the water and other oxygen-containing groups) (Olsher et al., 1991; Schweitzer & 

Pesterfield, 2010). The interaction of lithium with bio-relevant molecules like carboxylic acids 

and water in aqueous environments is critical for its pharmacological activity, especially in the 

treatment of bipolar disorder and other psychiatric conditions (Marmol, 2008). 

 

 

Table 3.1: Properties of Lithium, Beryllium, Magnesium, and Their Ions. Be2+ cation has a 
smaller ionic radius compared to Mg2+ and Li+ (Ahrens, 1952) 

Metal 
Atomic 

number 

Mass  

(g/mol) 

Electron 

Configuration 
Cation 

Ionic radii 

(6-fold coordination) 

(Å) 

Li 3 6.938 [He] 2S1 Li+ 0.68 

Be 4 9.012 [He] 2S2 Be2+ 0.35 

Mg 12 24.304 [Ne] 3S2 Mg2+ 0.66 
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Magnesium ion (Mg2+) is the fourth most abundant cation in living organisms. It has 

indispensable roles across numerous cellular functions due to its physiochemical properties, 

particularly its ability to form stable complexes. Mg2+ is crucial for over 300 enzymatic 

reactions, often as a cofactor necessary for activation and proper enzyme function. Magnesium 

typically coordinates with six water molecules in an octahedral configuration, a stable form 

contributing to its bioactivity. Mg2+ has a smaller ionic radius than other Alkali and Alkaline 

metals, except for Be2+ (Cowan, 1998).The small ionic size and high hydration energy allow for 

stable and significant interactions with various ligands, particularly those with oxygen donors 

such as carboxylates and phosphates. Mg2+, as a divalent cation, can effectively neutralize the 

negative charges on these groups, leading to stable complex formations. This characteristic is 

essential for its biological roles, as it interacts with the phosphate groups of ATP, facilitating 

various biochemical processes, including energy transfer and enzyme activation. (Case et al., 

2020; Dudev et al., 1999; Wolf & Cittadini, 2003).  

Mg2+ binds ATP primarily by coordinating with the oxygen atoms of the γ or β phosphate 

groups. In the context of kinase reactions, the Mg2+-ATP complex is essential to stabilizing the 

negative charges of the phosphates in ATP, facilitating ATP binding to the kinases for 

phosphotransfer. The complexation of Mg2+ with ATP significantly enhances the binding affinity 

of ATP for kinases several-fold because the stabilized Mg2+-ATP complex can form more 

favorable interactions with the kinase binding sites than the unbound form of ATP. Mg2+ also 

helps orient the phosphate groups of ATP in the catalytic site for better nucleophilic attack by the 

substrate, thereby making the phosphotransfer reaction more efficient (Forstner et al., 1999). 

Carboxylate groups commonly found in the side chains of aspartate and glutamate 

residues are expected to play an important role in coordinating the binding of cations such as 
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Mg2+ in proteins. These groups can bind Mg2+ using one or both oxygen atoms, leading to 

monodentate or bidentate coordination. The negative charge of the carboxylate group helps 

neutralize the positive charge of Mg2+, enhancing the stability and specificity of the interaction. 

This coordination is essential for enzymatic functions where Mg2+ is a cofactor (Dudev & Lim, 

2011).  

GSK3β is an Mg2+-dependent enzyme. Ryves & Harwood (2000) demonstrated that Li+ 

acts as a competitive inhibitor of GSK3β with respect to Mg2+, not with respect to the substrate 

or ATP. The inhibition potency of Li+ on GSK3β depended on Mg2+ concentration. At lower 

Mg2+ concentrations, Li+ was more effective in inhibiting GSK3β. This indicated that Li+ directly 

competes with Mg2+ ions for binding sites essential for the enzymatic activity of GSK3β (Ryves 

& Harwood, 2001). Be2+ appeared to act as a more potent inhibitor of GSK3β by competing for 

both Mg2+ and ATP binding sites (Ryves et al., 2002). This dual competitive nature was 

demonstrated through dual inhibition studies. When Be2+ and ADP (the product of ATP 

hydrolysis) are present together, they interfere with each other’s actions, suggesting they target 

overlapping sites associated with ATP binding. Dual inhibition studies with Li+ and Be2+ 

suggested that they target separate but specific Mg2+ binding sites, where one site is sensitive to 

both Li+ and Be2+ and another sensitive to Be2+, which interacts with the Mg2+-ATP complex 

binding site (Ryves et al., 2002).  

The catalytic site of GSK3β contains several aspartic acid residues: Asp133, Asp181, and 

Asp200. Asp133 is primarily involved in binding and stabilizing the adenosine ring of ATP. Mg2+ 

binding is closely associated with ATP binding (Bertrand et al., 2003; SUN et al., 2011). A 

molecular dynamics simulation study identified two key magnesium ions referred to as Mg1 and 

Mg2: Mg1 coordinating four oxygen atoms, including those from the α- and γ- phosphates of 
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ATP and the backbone carbonyl of Asn186 and the carboxylate group of Asp200, and Mg2 

showing octahedral coordination involving six oxygen atoms, one each from β- and γ- 

phosphates of ATP and carboxylate oxygens of Asp200 side chain, and two water molecules 

(SUN et al., 2011). Asp181 was also involved in the orientation of the Mg2+-ATP complex. Sun 

et al. (2011) demonstrated that both Mg2+ ions were essential for correctly positioning ATP 

phosphate groups with key catalytic residues like Lys85 and Lys183 for efficient 

phosphotransfer. The study found that in the absence of both Mg2+ ions, ATP forms 

intramolecular hydrogen bonds, adopting a folded conformation unfavorable for 

phosphorylation. GSK3β structure bound to both Mg2+ and Mg2+-ATP showed the lowest RMSF 

(Root Mean Square Fluctuation), indicating the GSK3b structure involving the binding of two 

Mg2+ is the most rigid and assists in maintaining the specific shape to ensure efficient interaction 

with substrates.  

A computational analysis utilizing experimental stability constants of Mg2+ and Li+ 

complexes and computed free energies for replacing hexacoordinated Mg2+ with tetracoordinate 

Li+ in Mg2+ binding sites involving carboxylate groups showed Li+ is more likely to compete 

with and displace Mg2+ ions from the Mg2 site which involves more solvation (water molecules 

participating in the coordination), and unlikely to compete with the Mg1 site that is not solvated 

(Dudev & Lim, 2011). Since experimental evidence suggests that Be2+ can compete with two 

distinct Mg2+ binding sites of GSK3β (Ryves et al., 2002), that implies Be2+ can occupy both 

solvated and less solvated Mg2+ binding sites involving carboxylate groups in GSK3β.  

Be2+ has a considerably smaller ionic radius than Mg2+ and Li+ ions (Table 3.1). Due to 

this small ionic radius and +2 charge, Be2+ has a high charge density. This high charge density 

enhances its ability to form strong electrostatic and coordination bonds with negatively charged 
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carboxylate groups, more than Mg2+ and Li+. The stronger electrostatic attraction between 

beryllium and the carboxylate groups could lead to more stable complexes. Beryllium typically 

exhibits a coordination number of four, favoring a tetrahedral geometry in its complexes. 

Therefore, compared to Mg2+, beryllium ions are coordinated with fewer water molecules in 

aqueous solutions. The lower solvation shell of Be2+ means that it can approach closer to the 

carboxylate groups with fewer intervening water molecules. The combination of preferential 

coordination geometry, high charge density, reduced solvation, and ability to form strong 

electrostatic interactions with negatively charged groups, such as carboxylate groups, provides a 

theoretical basis to hypothesize that Be2+ would display higher affinity towards carboxylate-rich 

binding sites compared to Mg2+ or Li+. This study intended to experimentally evaluate this by 

conducting binding experiments between Be2+ and Mg2+ (and Li+) against carboxylate-rich 

model chelators and model peptides.  

 

Experimental Strategy 

Our study explored the binding dynamics between beryllium, magnesium, and lithium 

ions using model chelators and peptides enriched with carboxylate groups. We selected a suite of 

model chelators, including EDTA, NTA (nitriloacetic acid), 4,5-IDA (imidazole dicarboxylic 

acid), and SA (salicylic acid), to evaluate their metal-binding affinities through Isothermal 

Titration Calorimetry (ITC) experiments. To maximize carboxylate presence, we designed 

tetrapeptides composed entirely of aspartic acid residues for the peptide models. Control peptides 

included sequences of four lysine residues and four glycine residues, respectively, to assess the 

specificity of metal ion binding to carboxylate groups. Each peptide was tagged with a 

fluorescein isothiocyanate (FITC) label at the N-terminus. While ITC, a label-free technique, was 
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employed to measure binding affinity and thermodynamics, we also intended to utilize 

Microscale Thermophoresis (MST) for these studies. MST requires fluorescence to track 

interaction changes and was intended to validate our ITC findings. This dual-methodological 

strategy aimed to enhance the robustness of our investigation into how these metal ions interact 

with carboxylate-rich environments. 

 

Isothermal Titration Calorimetry (ITC) for Binding Interactions 

ITC measures the heat changes that occur when molecules interact. Typically, in an ITC 

binding experiment, a chelator or macromolecule solution is placed in the sample cell, and the 

ligand is loaded into the syringe. The ligand and sample cell solutions are prepared in compatible 

buffers and pH. During the experiment, the ligand is incrementally injected into the sample cell, 

and the ITC measures the heat released or absorbed by monitoring the power adjustments needed 

to keep the sample and reference cells at the same temperature. The reference cell is typically 

filled with water or buffer. The power adjustment is expressed as differential power (DP), 

calibrated against the reference power. Suppose the binding interactions result in an overall 

release of heat (exothermic). In that case, the DP value decreases relative to the reference, and if 

the binding interactions result in overall heat absorption (endothermic), the DP value increases 

relative to the reference (Wiseman et al., 1989).  

The exothermic or endothermic nature depends on the molecular interactions between the 

molecules involved in binding. Bond formation typically releases heat, and bond breaking 

usually absorbs heat. Hydrogen bonding, ionic interactions, hydrophobic interactions, and 

Vander Waals forces, including dipole-dipole interactions, are among the non-covalent 

interactions that could occur during binding between molecules. Molecules can undergo 
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conformational changes upon binding (folding or unfolding, for instance), which can involve 

both making and breaking intermolecular interactions and changes in solvent interactions leading 

to heat changes. The heat change measured during an ITC experiment reflects the sum of all 

these interactions. The heat released or absorbed during a binding interaction equals the enthalpy 

(ΔHapp) when the system is at constant pressure (Falconer et al., 2021; Ghai et al., 2012; Kalidas 

& Sangaranarayanan, 2023; Velazquez-Campoy et al., 2015; Wiseman et al., 1989).  

 

 

 
 
Figure 3.1: Typical ITC Binding Thermogram. (Plot: Raw Data) This is the raw ITC 
thermogram for an exothermic binding reaction. The ligand is incrementally injected into the 
sample cell containing the macromolecule in a series of injections. The differential potential 
(DP) change following each injection is recorded. The DP change gradually decreases as the 
macromolecule gets saturated with the ligand. (Plot: Integrated Heat per Molar Ratio) The 
integrated heat change derived from each injection peak is plotted against the Ligand: 
Macromolecule molar ratio, deriving a binding isotherm. In a one-site binding model, the curve 
is fitted to derive a stoichiometry (N) close to 1, and the dissociation constant (KD) is obtained 
from the slope. The overall heat change represents the enthalpy (ΔH) of the binding reaction. 
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In a typical ITC binding experiment, the ligand is incrementally injected into the sample 

cell. With each injection, the resulting heat change peaks gradually decrease as the chelator or 

macromolecule reaches saturation (Figure 3.1, Plot: Raw Data). Beyond this point, the peaks 

stabilize, reflecting only the heat involved in dilution. After titration, the heat change peaks 

corresponding to each injection are integrated and plotted against the ligand: macromolecule 

molar ratio (Figure 3.1, Plot: Integrated Heat per Molar Ratio). The integrated heat vs. molar 

ratio, known as the Wiseman plot, represents the binding curve. The binding isotherm is analyzed 

by fitting it to an appropriate binding model (one-site binding or two-site binding, etc). By 

applying a suitable binding model to the Wiseman plot, values for binding enthalpy (ΔHapp), 

dissociation constant (KD), and stoichiometry (n) are derived. 

In binding studies, KD is defined as the concentration of ligand at which half of the 

available binding sites are occupied. It represents the equilibrium between the bound and 

unbound states when the rates of association and dissociation are the same. For a 1:1 binding 

interaction between a ligand (L) and macromolecule (M), the KD can be mathematically 

expressed as: 

Scheme 3-1: 

𝑀𝑀 + 𝐿𝐿 ⇌ 𝑀𝑀𝑀𝑀 

Equation 3.1: 

𝐾𝐾𝐴𝐴 =
[𝑀𝑀𝑀𝑀]

[𝑀𝑀][𝐿𝐿] 

Where:  

KA = Association constant 
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Equation 3.2: 

𝐾𝐾𝐷𝐷 =
[𝑀𝑀][𝐿𝐿]
[𝑀𝑀𝑀𝑀]  

 

A lower KD value indicates a higher affinity between the ligand and the macromolecule 

because a lower ligand concentration is needed to occupy the binding sites significantly. 

Conversely, a higher KD indicates a lower affinity, requiring a higher ligand concentration to 

achieve the same occupancy level. In ITC binding studies, KD is the equilibrium constant for 

dissociating the ligand-macromolecular complex into its constituent parts. This constant 

calculates the binding reaction's Gibbs free energy change (ΔG) using equation 3.3. 

Equation 3.3: 

𝛥𝛥𝛥𝛥 =  −𝑅𝑅𝑅𝑅 ln𝐾𝐾𝐴𝐴 =  −𝑅𝑅𝑅𝑅 ln(
1
𝐾𝐾𝐷𝐷

) 

Where:  

R = the universal gas constant (8.314 J. mol-1. K-1) 

T = Temperature in Kelvin (K) 

 

Applying the ΔHapp directly measured from the binding reaction and the ΔG derived from 

equation 3.3, the reaction entropy (ΔS) can also be derived via the Gibbs-Helmholtz equation 

(equation 3.4) to provide a complete thermodynamic profile of the binding reaction. This 

fundamental equation is a cornerstone of thermodynamics and helps understand the spontaneity 

and feasibility of a binding reaction. 
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Equation 3.4: 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥 − 𝑇𝑇𝑇𝑇𝑇𝑇  

 

A negative ΔG value indicates that the binding process is spontaneous, with the 

magnitude of ΔG giving an idea of the strength and stability of the binding. The lower the KD, 

the more negative ΔG becomes, indicating a stronger and more favorable binding interaction. 

The exothermic or endothermic nature and the magnitude of ΔH indicate whether the reaction is 

enthalpically favorable. The magnitude and sign of ΔS indicate whether or not the binding 

interaction is entropically favorable. Increased change in disorder or randomness in the system 

implies the binding is entropically favorable. For a binding reaction to be feasible, the changes in 

ΔH and ΔS often offset each other. This phenomenon is known as enthalpy-entropy 

compensation. Typically, bond formation between ligand and macromolecule leads to the 

structuring of these molecules, thus decreasing the entropy. However, typically, the solvent 

molecules involved in the solvation of ligands and macromolecules in solution get displaced 

during ligand-macromolecule interactions, leading to increased entropy. Burying hydrophobic 

groups away from water upon binding or folding reduces system entropy. However, it can be 

enthalpically favorable due to reduced disruption of the hydrogen-bond network in water 

(Malvern Instruments; TA Instruments). 
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Microscale Thermophoresis (MST) 

MST is an analytical technique to study molecular interactions between biomolecules or 

small molecules vs. biomolecules in an immobilization-free environment.  This technique utilizes 

a microscopic temperature gradient induced by an infrared laser to cause molecules to move – a 

phenomenon known as thermophoresis. The movement of a molecule in a temperature gradient 

depends on the properties of the molecule being studied, such as its charge, size, and hydration 

shell. When a molecule interacts with another molecule, these factors change, leading to altered 

thermophoretic behavior (Entzian & Schubert, 2016; Jerabek-Willemsen et al., 2011; Mao et al., 

2015; Shao et al., 2020). MST allows for the quantification of molecular interactions by 

measuring these changes. The setup and data collection from an MST are depicted in Figure 3.2 

(NanoTemper Technologies, Munich). 

The target molecule, typically the macromolecule, must be labeled with a fluorescent dye 

for an MST experiment. This labeling allows the detection of the target molecule's 

thermophoresis following ligand binding. The ligand is prepared at various concentrations in 

matching buffer conditions. This ligand can be unlabeled since the detection is based on changes 

in the fluorescence of the labeled target. A fixed concentration of the fluorescently labeled target 

is mixed with varying ligand concentrations. These samples are loaded into capillaries. The 

temperature control and the appropriate excitation and emission wavelengths for the fluorescent 

label can be set on the MST instrument. An initial capillary scan is followed for each capillary to 

test the initial fluorescence of the samples before applying the thermal gradient. The initial 

fluorescence should typically remain similar (± 10%) across all capillaries. The fluorophore is 

excited by adjusting the LED power by 5-90% to obtain fluorescent counts within the 500-2000 

range (For Nanotemper Monolith MST). An infrared laser is used at 20-60% power to create a 
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precise temperature gradient within the capillary solution. As the target molecules move in the 

temperature gradient, their concentration changes lead to changes in fluorescent intensity. The 

movement of molecules from warmer to cooler regions or vice versa is captured by detecting the 

fluorescence. Normalized fluorescence is calculated to assess the relative change in fluorescence 

due to thermophoresis. This involves comparing the fluorescence intensity in different parts of 

the temperature gradient (hot vs. cold) using equation 3.5. 

Equation 3.5: 

𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (
𝐹𝐹ℎ𝑜𝑜𝑜𝑜
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

) 

 

Normalized fluorescence changes are plotted against the ligand concentration to obtain a 

binding curve. The curve can be fitted to binding models to extract the dissociation constant 

(KD), the primary output of an MST experiment. The binding stoichiometry (n) can also be 

obtained, and thermodynamic parameters ΔG, ΔH, and ΔS can be obtained by performing the 

MST experiment at different temperatures.  

In cases where the initial fluorescence (fluorescence prior to applying a thermal gradient) 

is different among the sample capillaries, an MST experiment can not be performed. If the 

change in initial fluorescence depends on the ligand concentration, this dose-dependent change 

in initial fluorescence can be directly utilized to obtain a binding curve. 
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Figure 3.2: Illustration of MicroScale Thermophoresis (MST) Process. (A) In the MST setup, 
the optical system is focused at the center of the glass capillaries containing the binding 
molecules to capture the movement of the molecules. The temperature gradients are created by 
an infrared (IR) laser and fluorescent species excited by an LED light source (B) The MST time 
trace shows the movement profile of molecules within a temperature gradient (C) The results 
from a typical MST experiment are depicted: time traces from 16 capillaries, each containing the 
same concentration of the fluorescent-tagged macromolecule and varying concentrations of 
ligand, are collected and displayed on a graph (left side). The normalized fluorescence from 
these traces is then plotted against the ligand concentration (right side) to analyze and determine 
binding parameters, such as binding affinity. Image from NanoTemper Technologies, Munich 
and Entzian & Schubert (2016). (Entzian & Schubert, 2016). 
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Materials and Methods 

Materials 

The study used chelators EDTA (Ethylene diamine tetra acetic acid) (Sigma #ED2SS), 

NTA (Nitrilotriacetic acid) (Sigma Aldrich #N9877), 4,5-IDA (4,5-imidazole dicarboxylic acid) 

(Sigma Aldrich #246115), and SA (Salicylic acid) (Sigma Aldrich #C3771). The metal ions used 

for the study were Beryllium sulfate hydrate (Fluka #14270), Lithium Chloride (Sigma #L-

8895), Magnesium Sulfate (Sigma Aldrich #746452), and Calcium sulfate (Sigma Alrich 

#C3771). The stock solutions of the chelators and metal ions were prepared in ultra-pure water. 

The solutions for ITC experiments were prepared in 100mM MES buffer (Sigma #SLBT0247) at 

pH 6.  

The model peptides for the study were custom-made by GenScript. The model peptides 

were designed as tetrapeptides carrying Aspartic acid (D), Glutamic acid (E), Lysine (K), or 

Glycine (G) with a fluorescein isothiocyanate (FITC) tagged at the N-terminus. The C-terminus 

of the peptides were amindated. The tetrapeptides used in the study were FITC-DDDD, FITC-

KKKK, FITC-GGGG, FITC-GDDD, FITC-GGDD, and FITC-EEEE. A peptide with a spacer 

between the N-terminal fluorescent tag and the tetrapeptide portion was designed for the DDDD 

peptide, FITC-GGGGDDDD. Two additional peptides for DDDD and KKKK were designed 

with a Cyanine5 at the N-terminus, replacing the FITC tag, Cy5-CDDDD, and Cy5-CKKKK. 

The Cysteine residue (C) is used to help conjugate the peptide with the Cy5 tag. The peptides 

with the spacer and Cy5 tag were obtained to test whether the initial fluorescence emitted by the 

FITC tag was explicitly sensitive to Be2+ concentrations. The peptides with charged amino acids 

were water-soluble. Peptides with increasing Glycine (G) residues were solubilized in ultra-pure 

water and DMSO (Sigma Aldrich #27043). Peptide and ligand solutions for ITC binding 
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experiments were prepared in 100mM MES buffer at pH 5.8-6.0. For an experiment at pH 7, the 

peptide and ligand (only MgCl2 and LiCl) solutions were prepared in 100mM HEPES buffer 

(Sigma Aldrich #246115). The peptides and ligand solutions were prepared in 100mM MES 

buffer at pH 5.5-6.0 for MST experiments. Sodium Chloride (Amresco #0241) was added to the 

buffer to observe the effect of ionic strength over the MST signal. 

 

Isothermal Titration Calorimetry – Binding Experiments 

For all ITC binding experiments, MicroCal PEAQ-ITC (PEAQ-ITC Instrument Cell 

Serial #MAL1122596 and PEAQ-WM Serial #29061559-0047) was used with the 13-injection 

method. The ligand and chelator/peptide solutions were prepared in matching buffers and pH to 

avoid pH mismatch and minimize dilution heat. For each experiment, the ITC syringe is loaded 

with 75µL of the ligand solution, and the ITC sample cell is loaded with 280µL of 

chelator/peptide solution. The final reaction volume in the adiabatic cell is 200µL. The binding 

reactions were performed by incrementally injecting the ligand into the sample cell via 13 

injections. The first injection of 0.4µL is followed as a priming injection. The subsequent 12 

injections will inject 4µL of ligand into the sample cell, incrementally increasing the ligand 

concentration in the cell. The reactions were performed at 25 °C with 750 rpm stire speed. Once 

the sample cell solution had equilibrated to the assigned temperature and the baseline was stable, 

the substrate in the ITC syringe was first injected at t = 1 min, and each subsequent injection was 

spaced appropriately to allow the ITC peaks to return to the baseline. The default injection-

spacing time is 150 sec.  
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Baseline Correction for Analysis of ITC Raw Plots 

The baseline in a raw ITC thermogram is influenced by the set reference power, the 

constituents of the buffer solutions, and the exact volume loaded into the sample cell. Minor air 

pockets or bubbles and particulates in the cell can lead to slight fluctuations in the baseline 

between each ITC run. To directly compare various ITC experiments within the same graph, 

each thermogram’s baseline was normalized to a DP of 0. This was achieved by deducting the 

starting baseline DP value and utilizing Microsoft Excel software to adjust. 

 

Microscale Thermophoresis – Binding Experiments 

All MST binding experiments were performed using a Monolith NT.115 MST instrument 

from NanoTemper Technologies. Preliminary experiments were performed with various 

concentrations of the fluorescence-tagged peptides in buffers. Initial fluorescence scans of the 

fluorescence-tagged molecule help set the appropriate fluorescence intensity between 200 and 

1500 fluorescence units. The LED power can be adjusted between 5% and 95% to obtain the 

ideal fluorescence intensity. The Nano BLUE detector (Excitation wavelength: 460-490 nm) is 

selected for the analysis of FITC-tagged peptides, and for Cy5-tagged peptides, the Pico RED 

detector (Excitation wavelength: 600-650 nm) is selected. A 1:1 dilution series of the ligand in 16 

concentrations was prepared for the binding analysis. Preliminary experiments demonstrated that 

at least 2.5mM BeSO4 was needed as the highest concentration to observe a sufficient signal-to-

noise ratio.  Beginning with 20µL of 5mM BeSO4 in 100mM MES pH 5.5-6.0 in the first tube, a 

serial dilution was prepared across the tubes by transferring 10µL from one to the next and 

mixing well. Each tube, starting from tube #2, contained 10µL of 100mM MES buffer for 
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dilution. After discarding 10µL from the #16 tube to maintain volume consistency, 10µL of the 

doubly concentrated fluorescent-labeled peptides (prepared in matching buffer) was added to 

each tube and mixed well. After mixing, the samples were incubated for ~5 min at room 

temperature before being loaded into capillaries for MST data capture and analysis. The 

instrument setup follows a scan of the 16 capillaries to measure the initial fluorescence. 

Thermophoresis can be measured by applying a thermal gradient if the initial fluorescence is 

uniform across all samples (± 10%). In the Monolith NT.115 MST instrument, thermophoresis is 

measured at 20% and 40% MST power. If the initial fluorescence changes as a function of ligand 

concentration, the thermophoresis analysis can not be performed, and instead, the initial 

fluorescence measurements can be directly analyzed for binding. The data can be fitted to an 

appropriate binding model to obtain the dissociation constant. 

 

Results and Discussion 

 

Beryllium Ions Show Greater Affinity for Carboxylate-Rich Chelators than Magnesium Ions 

This study compared the raw ITC thermograms and thermodynamic parameters, 

primarily for the interactions between Be2+ and Mg2+ ions and chelators featuring carboxylate 

groups (Figure 3.3). Both Be2+ and Mg2+ ions exhibited endothermic binding interaction with 

EDTA, while Ca2+ exhibited exothermic binding interaction (Figure 3.4).  The Be2+-EDTA 

complexation reaction absorbs heat. This suggests that breaking existing bonds in the system 

(like water-metal interactions) requires more energy than is released by forming new bonds 

between Be²⁺ and EDTA. Like Be²⁺, the Mg2+-EDTA binding reaction absorbs heat for breaking 
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water-metal bonds, which are less strong or extensive than those in Be²⁺ due to the larger size 

and lower charge density of Mg²⁺. Conversely, the formation of the Ca²⁺-EDTA complex 

releases more energy than is absorbed in breaking the initial interactions in the system. The 

larger ionic radius of Ca²⁺ compared to Mg²⁺ and Be²⁺ likely allows EDTA to form a more stable 

complex, releasing more energy. Be2+ and Mg2+ binding with EDTA are entropically driven 

(Figure 3.5). A significant increase in entropy likely results from the release of water molecules 

that previously coordinated the metal ion. Since Be²⁺ is a smaller ion with a higher charge 

density, it tends to be more tightly solvated with water, which leads to greater entropy when 

displaced by EDTA. The increase in entropy for Mg2+-EDTA binding is less than that of Be2+, 

suggesting that fewer water molecules are released upon binding of EDTA to Mg2+ compared to 

Be2+. This is consistent with the higher affinity (lower KD) of Be²⁺ for EDTA than Mg²⁺, 

indicating stronger complexation (Table 3.2). 

 

 

 

 

 

 

 

 

Figure 3.3: Carboxylate-Rich Chelators. Illustration of the molecular structures of four 
carboxylate-rich chelators used in the study: EDTA (Ethylenediaminetetraacetic acid), NTA 
(Nitrilotriacetic acid), 45-IDA (45-imidazole dicarboxylic acid), and SA (Salicylic acid). This 
figure demonstrates the functional groups involved in metal binding. 
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The larger ionic radius of Mg2+ compared to Be2+ results in a less tightly packed solvation 

shell, leading to a smaller change in entropy. Ca2+ and EDTA binding was an exothermic 

reaction that appeared enthalpically and entropically favored (Figure 3.5). However, the smaller 

change in entropy suggests that fewer water molecules are displaced upon chelation compared to 

Be2+ and Mg2+. This is likely due to the lower charge density of Ca2+, which results in weaker or 

fewer initial water interactions disrupted by EDTA binding.  

 

 

 
Figure 3.4: ITC Binding for Metal-EDTA. (Top panel) The raw ITC thermograms show the 
binding between 2mM Be2+, 2mM Mg2+, 1mM Ca2+, and EDTA in 100mM MES pH 6. The 
binding interaction between Be2+ and Mg2+ and EDTA is endothermic, while the Ca2+ vs. EDTA 
binding interaction is exothermic. (Bottom panel) The integrated heat change against the ligand: 
chelator molar ratio is illustrated. 
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Figure 3.5: Thermodynamic Profiles for Metal-EDTA Binding. The thermodynamic profiles 
for the EDTA titrations with Be2+, Mg2+, and Ca2+ in 100mM MES pH 6 are shown. The ΔG 
(blue), ΔH (green), and ΔS (red) are shown. The Ca2+ vs. EDTA binding reaction is both 
enthalpically and entropically favorable. Be2+ and Mg2+ vs. EDTA binding reactions are 
entropically driven.  

 

 

Table 3.2: Thermodynamic Parameters and Stoichiometry for Metal-EDTA Binding. The 
thermodynamic parameters are obtained for Metal-EDTA binding experiments in 100mM MES 
pH 6, as shown in Figure 3.4. Ca2+-EDTA complexation is enthalpically and entropically 
favored. Be2+-EDTA complexation is more entropically favored than Mg2+-EDTA complexation. 
The dissociation constants (KD) for each binding interaction reflect the affinity between Metal-
EDTA with KD values Ca2+ < Be2+ < Mg2+. 

Run#  Metal ion N (sites)  
KD 

(µM) 
∆H 

(kJ/mol) 
∆G 

(kJ/mol) 
-T∆S 

(kJ/mol) 

R133 2mM Be2+ 1.36 
± 0.0098 

33.3 
± 1.61 

35.6 
± 0.625 -25.6 -61.2 

R224 2mM Mg2+ 0.865 
± 0.014 

66.3 
± 3.09 

27.1 
± 0.903 -23.9 -51.0 

R348 1mM Ca2+ 1.29 
± 0.0067 

1.08 
± 0.104 

-15.0 
± 0.225 -34.1 -19.1 

 

 

 

The interaction of Be2+ with 4,5-IDA was exothermic, indicating that the energy released 

by bond formation is more than the energy absorbed upon breaking existing bonds with solvent 
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molecules (Figure 3.6). The 4,5-IDA molecules have two carboxylate groups, and the oxygen 

atoms in these groups can form strong interactions with Be2+ with a high charge density. In 

comparison, Mg2+ did not display a discernible binding curve with 4,5-IDA, suggesting weak or 

negligible interaction (Figure 3.6). The Be2+ and 4,5-IDA binding is also entropically favored 

(Table 3.3). The stoichiometry of approximately 0.5 (Table 3.3) suggests that each Be2+ ion is 

chelated by two molecules of 4,5-IDA, forming a 2:1 ligand-to-metal ratio. This coordination 

pattern reflects the preferred geometry of the Be2+ ion for optimal stability, potentially influenced 

by both enthalpic and entropic factors in forming a more ordered and solvent-displacing 

complex. 

 

 

 
Figure 3.6: ITC Binding for Metal-4,5-IDA. (Top panel) The raw ITC thermograms show the 
binding between 10mM Be2+, 10mM, and 20mM Mg2+ vs 4,5-IDA in 100mM MES pH 6. Both 
metal ions display exothermic peaks for the interaction with 4,5-IDA. (Bottom panel) The 
integrated heat change against the ligand: chelator molar ratio is illustrated. Be2+ vs. 4,5-IDA 
interaction produced a binding curve; however, Mg2+ did not display a discernable binding curve 
with 4,5-IDA, even at increased concentrations. 
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Table 3.3: Thermodynamic Parameters and Stoichiometry for Be2+-4,5-IDA Binding. 

Run#  Metal ion N (sites)  
KD 

(µM) 
∆H 

(kJ/mol) 
∆G 

(kJ/mol) 
-T∆S 

(kJ/mol) 

R074 10mM Be2+ 0.509 
± 0.0.012 

172 
± 20.2 

-6.77 
± 0.347 -21.5 -14.7 

 

 

 

The interaction of Be2+ with NTA was exothermic, indicating that the energy released by 

bond formation is more than the energy absorbed upon breaking existing bonds with solvent 

molecules (Figure 3.7). The NTA molecules feature multiple carboxylate groups, and the oxygen 

atoms in these groups can form strong interactions with Be2+ with a high charge density. In 

comparison, Mg2+ did not display a discernible binding curve with NTA, suggesting weak or 

negligible interaction (Figure 3.7), which is potential because the charge density of Mg2+ is less 

than that of Be2+. The increase in entropy associated with Be2+ and NTA binding favors the 

interaction (Table 3.4). The stoichiometry for Be2+-NTA complexation is approximately 0.5 

(Average 0.46) (Table 3.4). The NTA molecule contains three carboxyl groups. The pKa values 

for NTA: pKa1 = 3.03, pKa2 = 3.07, and pKa3 = 10.70 at 20 °C 

(https://pubchem.ncbi.nlm.nih.gov/compound/Nitrilotriacetic-acid). Therefore, under the 

experimental conditions at pH 6, we can expect the first two carboxyl groups to be 

predominantly deprotonated, and the third carboxyl group will remain primarily protonated. This 

suggests that under the experimental conditions, the Be2+ ion is chelated by two NTA molecules, 

forming a stable tetrahedral geometry preferred by the Be2+ ion, which will be both enthalpically 

favorable and entropically favorable by the displacement of water molecules. 
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Figure 3.7: ITC Binding for Metal-NTA. (Top panel) The raw ITC thermograms show the 
binding between 2mM and 5mM Be2+, 2mM, and 5mM Mg2+ vs NTA in 100mM MES pH 6. 
Be2+ displays endothermic peaks for the interaction with NTA. Mg2+ did not show binding with 
NTA (Bottom panel). The integrated heat change against the ligand: chelator molar ratio is 
illustrated. Be2+ vs. NTA interaction produced a binding curve.  
 
 

 

Table 3.4: Thermodynamic Parameters and Stoichiometry for Be2+-NTA Binding. 

Run#  Metal ion N (sites)  
KD 

(µM) 
∆H 

(kJ/mol) 
∆G 

(kJ/mol) 
-T∆S 

(kJ/mol) 

R291 2mM Be2+ 0.551 
± 0.01 

59.1 
± 5.32 

15.7 
± 0.780 -24.2 -39.8 

R130 5mM Be2+ 0.369 
± 0.0057 

70.7 
± 7.67 

19.9 
± 0.705 -23.7 -43.6 
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Figure 3.8: ITC Binding for Metal-SA. (Top panel) The raw ITC thermograms show the 
binding between 5mM Be2+ and 5mM Mg2+ vs Salicylic acid (SA) in 100mM MES pH 6. Be2+ 
displayed exothermic peaks for the interaction with SA. Mg2+ did not show binding with SA 
(Bottom panel). The integrated heat change against the ligand: chelator molar ratio is illustrated. 
Be2+ vs. SA interaction produced a binding curve. 

 

 

Table 3.5: Thermodynamic Parameters and Stoichiometry for Be2+-SA Binding. 

 

 

 
 

Run#  Metal ion N (sites)  
KD 

(µM) 
∆H 

(kJ/mol) 
∆G 

(kJ/mol) 
-T∆S 

(kJ/mol) 

R189 2mM Be2+ 0.981 
± 0.0053 

9.16 
± 0.47 

-14.2 
± 0.152 -28.8 -14.6 

R190 5mM Be2+ 0.915 
± 0.012 

20.1 
± 2.58 

-14.5 
± 0.361 -26.8 -12.3 
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The interaction of Be2+ with SA was exothermic, indicating favorable enthalpy changes 

(Figure 3.8). Mg2+ did not bind SA even at higher concentrations, indicating weak interactions. 

The stoichiometry for Be2+-SA complexation was close to 1 (Table 3.5). These observations are 

reasonable because, unlike the previous chelators, the carboxyl group has less freedom of 

movement. Therefore, the metal ion should be able to approach the existing conformation of the 

chelator. Be2+ has a smaller ionic radius than Mg2+ and could occupy this binding site. While 

present, the entropic contributions were less significant than the interactions of Be2+ with EDTA 

or NTA, suggesting that fewer water molecules are displaced during this binding event. 

 

Beryllium Ions Show a Greater Affinity for Carboxylate-Rich Peptides 

This study investigates the binding interactions between the metal ions Be2+, Mg2+, and 

Li+ against a series of tetrapeptides using ITC. The peptides were designed with a fluorescence 

tag on the N-terminus since we intended to study the metal-peptide binding using MST as a 

complementary biophysical technique. All peptides were FITC tagged unless specified 

otherwise.  The binding and thermodynamic behavior for metal binding against the DDDD, 

KKKK, and GGGG peptides was tested. The tested metal ions are all cations and, thus, were 

expected to demonstrate binding against the DDDD peptide while demonstrating no binding 

against the KKKK and GGGG peptides, which would serve as controls.  

The comparison of raw ITC thermograms for the binding analysis between BeSO4 and 

DDDD peptide vs. MgSO4 and DDDD peptide in 100mM MES pH 5.80 buffer demonstrated a 

binding interaction with Be2+ but no binding with Mg2+ (Figure 3.9). The comparison of the raw 

ITC thermograms for metal vs. peptide titration against the buffer vs. buffer, buffer vs. peptide, 
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and metal vs. buffer controls demonstrate that Be2+ displays a clear binding interaction with the 

DDDD peptide. In contrast, the titration for Mg2+ vs. peptide is identical to the Mg2+ vs. buffer 

control (Figure 3.9). Both Be2+ and Mg2+ demonstrated no binding against the KKKK peptide 

(Figure 3.10) and GGGG peptide (Figure 3.11). 

 

 

 
 

Figure 3.9: ITC Binding for Be2+ vs. Mg2+ Against DDDD Peptide. (Top panel) The raw ITC 
thermograms for 5mM BeSO4 vs. DDDD peptide in 100mM MES pH 5.80. (Bottom panel) The 
raw ITC thermograms for 5mM MgSO4 vs. DDDD peptide in 100mM MES pH 5.80. The buffer 
vs. buffer, buffer vs. peptide, and metal ion vs. buffer controls are shown. 
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Figure 3.10: ITC Binding for Be2+ vs. Mg2+ Against KKKK Peptide. (Top panel) The raw 
ITC thermograms for 5mM BeSO4 vs. KKKK peptide in 100mM MES pH 5.80. (Bottom panel) 
The raw ITC thermograms for 5mM MgSO4 vs. KKKK peptide in 100mM MES pH 5.80. The 
buffer vs. buffer, buffer vs. peptide, and metal ion vs. buffer controls are shown. 

 

 
Figure 3.11: ITC Binding for Be2+ vs. Mg2+ Against GGGG Peptide. (Top panel) The raw ITC 
thermograms for 5mM BeSO4 vs. GGGG peptide in 100mM MES pH 5.80. (Bottom panel) The 
raw ITC thermograms for 5mM MgSO4 vs. GGGG peptide in 100mM MES pH 5.80. The buffer 
vs. buffer, buffer vs. peptide, and metal ion vs. buffer controls are shown. 
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The ITC thermograms and integrated heat plots for Be2+ vs. Mg2+ vs. Li+ with DDDD in 

100mM MES pH 5.80 were compared (Figure 3.12). Be2+ showed a significantly stronger 

interaction with the DDDD peptide, which is rich in carboxylate groups. The binding interaction 

between Be2+ and the DDDD peptide is also endothermic, suggesting that breaking the existing 

bonds between the metal ion and solvent molecules, as well as bonds between the carboxylate 

groups and solvent molecules, requires more energy than is released by forming new bonds 

between Be2+ and the peptide. The thermodynamic profile of the Be2+-DDDD binding interaction 

(Figure 3.13) shows that the binding has an enthalpic cost but is primarily favored by a 

significant increase in entropy.  

 

 
 

Figure 3.12: ITC Binding for Be2+, Mg2+, and Li+ vs. DDDD Peptide. (Top panel) The raw 
ITC thermograms for 5mM BeSO4, MgSO4, and LiCl vs. DDDD peptide in 100mM MES pH 
5.80. (Bottom panel) The integrated heat vs. molar ratio for the respective titrations from the top 
panel. 
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Figure 3.13: Thermodynamic Profile for Be2+ vs. DDDD Binding. This is the thermodynamic 
profile for R#1581. A significant increase in entropy favors the Be2+-DDDD binding reaction, 
compensating for the enthalpy cost. 

 

 

As previously described, Be2+ ions are highly solvated due to the high charge density. The 

oxygen atoms in the carboxylate groups in the DDDD peptide would also form strong 

interactions with water molecules. Therefore, expecting an enthalpic cost associated with 

breaking solvent interactions is logical for the Be2+ and DDDD binding. However, since Be2+ has 

a small ionic radius and, therefore, a high charge density, it could form stable interactions with 

the oxygen atoms in the carboxylate groups and occupy spaces inaccessible by larger ions. Many 

solvent molecules will be displaced in this binding process, contributing to a significant increase 

in entropy (Figure 3.13), yielding a favorable binding interaction. 
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These binding experiments were performed at pH 5.80 due to the solubility constraints of 

Be2+. However, it is possible that the carboxyl groups are not fully protonated at this pH, and 

Mg2+ and Li+ ions displayed a weaker interaction due to this fact. Therefore, Mg2+ and Li+ 

binding with the DDDD peptide were studied at pH 7 in the HEPES buffer (Figure 3.14). The 

raw ITC thermograms for the metal-peptide titrations are compared against the metal-buffer 

titrations. The Mg2+ vs. buffer titration showed exothermic peaks. These peaks were significantly 

diminished in the Mg2+ vs. DDDD peptide titration, implying a weak interaction at pH 7. The Li+ 

vs. buffer and Li+ vs. DDDD peptides yielded similar peaks, demonstrating no binding. 

 

 

 

 

 

 

 

 

 

  
 
Figure 3.14: ITC Binding for Mg2+ and Li+ vs. DDDD Peptide at pH 7. (Top panel) The raw 
ITC thermograms for 5mM MgSO4 vs. DDDD peptide and metal vs. buffer titrations in 100mM 
HEPES pH 7.0. (Bottom panel) The raw ITC thermograms for 5mM LiCl vs. DDDD peptide and 
metal vs. buffer titrations in 100mM HEPES pH 7.0. 
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The interaction between Be2+ and the carboxylate groups in the peptides was further 

explored using peptides with various D residues. The raw ITC thermograms for the Be2+ 

interaction with peptides DDDD, GDDD, and GGDD were compared (Figure 3.15). Be2+ 

showed a binding interaction, with each endothermic peak gradually decreasing as the peptide 

was getting saturated for the DDDD peptide. The titration against the GGDD peptide resembles 

the Be2+ vs. buffer thermogram. The titration against the GDDD peptide is not identical to the 

titrant vs. buffer control; however, a binding behavior is not observed. The small endothermic 

peaks typically observed in the first few injections for Be2+ mixing with the buffer are not 

observed in the titration against the GDDD peptide, indicating there must be weak binding 

occurring. However, the binding is not strong enough to show binding. 

 

 

 
Figure 3.15: ITC Binding for Be2+ vs. Tetrapeptides with Varying Number of Aspartic Acid 
(D) Residues. The raw ITC thermograms shown for 5mM BeSO4 vs. (A) DDDD peptide (B) 
GDDD peptide (C) GGDD peptide (D) buffer. All titrations followed in 100mM MES pH 5.80. 

 

 

Since carboxylate groups are featured in Glutamic acid residues (E), Be2+ was titrated 

against an EEEE peptide to observe binding (Figure 3.16). Interestingly, despite Be2+ being 

capable of forming strong interactions with carboxylate oxygens, only a weak interaction was 
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detected between Be2+ and EEEE under conditions comparable to the DDDD titrations. The 

observed variation in the binding affinity of Be²⁺ towards DDDD versus EEEE peptides likely 

stems from the structural disposition of the carboxyl groups in these peptides. The side chain of 

aspartic acid, which is one carbon shorter than that of glutamic acid, positions its carboxyl group 

closer to the peptide backbone, potentially allowing for a more structured and rigid arrangement 

that can more effectively coordinate with Be²⁺ ions. This shorter side chain facilitates a closer 

and more defined spatial arrangement that aligns well with the geometric requirements for 

optimal Be²⁺ coordination, which prefers tetrahedral structures. In contrast, the longer side chain 

of glutamic acid in the EEEE peptide introduces additional flexibility, making the carboxyl 

groups less geometrically favorable for binding with Be²⁺. This results in weaker interactions as 

the extended side chains provide a less structured environment, thereby diminishing the effective 

coordination with the metal ion. 

 

 

 

Figure 3.16: ITC Binding for Be2+ vs. Tetrapeptides with Aspartic Acid (D) or Glutamic 
Acid (E) Residues. The raw ITC thermograms for 5mM BeSO4 vs. (A) DDDD peptide (B) 
EEEE peptide for titrations followed in 100mM MES pH 5.80. (C) Thermogram for BeSO4 vs. 
EEEE shown on a scale comparable to that of (D) BeSO4 vs. buffer control to compare the nature 
of the peaks. 
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Figure 3.17: ITC Binding for Be2+ vs. Various DDDD Peptides. The raw ITC thermograms for 
5mM BeSO4 vs. (A) FITC-DDDD peptide, (B) FITC-GGGGDDDD peptide, (C) Cy5-CDDDD 
and (D) Buffer. All titrations followed in 100mM MES pH 5.80. 

 

 

The binding reaction between Be2+ and DDDD was analyzed for several different DDDD 

peptides: FITC-DDDD, FITC-GGGGDDDD, and Cy5-DDDD (Figure 3.17). The reason for 

using peptides with a different fluorescence tag or a spacer between the fluorescence tag is 

explained under MST results. All peptides displayed binding, showing that the fluorescence tag 

is not involved in the binding interaction. The different fluorescence tags may affect the heat of 

dilution, which would explain the slightly different peak sizes. All DDDD peptides showed an 

endothermic reaction, and the stoichiometry obtained from the integrated heat vs. molar ratio 

plots was close to 2 (Table 3.6). This result indicated that two Be2+ ions are coordinated to one 

DDDD peptide. Be²⁺ ions, with their small ionic radius and +2 charge, exhibit a high charge 

density that favors tetrahedral coordination geometry due to their electronic configuration and 
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size. This specific geometry involves the ion seeking four donor atoms, ideally positioning them 

to form a tetrahedral shape around the metal. In the case of the DDDD peptide, composed of four 

aspartic acid residues, each residue contributes a carboxylate group that can interact with Be²⁺. 

The linear arrangement of these residues affords the peptide a degree of flexibility in how the 

carboxylate groups are presented to the metal ions. 

 

 
Table 3.6: Stoichiometry for BeSO4 vs. DDDD Binding. The stoichiometry for Be2+ and 
DDDD binding was obtained from the titration of various peptides, including DDDD with a 
FITC tag or Cy5 tag at the N-terminus or a GGGG spacer between the FITC tag and the DDDD 
sequence. All ITC experiments yielded a binding curve; the average stoichiometry was 1.76 (~2)  

Run#  Peptide N (sites)  
R1581 FITC-DDDD 1.78 ± 0.095 
R1710 FITC-GGGGDDDD 1.66 ± 0.125 
R1712 Cy5-CDDDD 2.18 ± 0.099 
R1714 FITC-GGGGDDDD 1.32 ± 0.093 
R2360 FITC-DDDD 1.88 ± 0.095 

 

 

 

 

 

 

Figure 3:18: Model of Be2+ Coordination with DDDD Peptide: This illustration shows that 
carboxylate groups from alternating aspartic acid residues could potentially coordinate the Be2+ 
ion in a tetrahedral geometry.  
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If two Be²⁺ ions bind to the DDDD peptide, a likely coordination mode would see each 

ion interacting with two carboxylates from alternate aspartic acids. This arrangement optimizes 

the spatial orientation necessary for tetrahedral coordination and might require the peptide to flex 

or rotate slightly to accommodate the preferred geometry. Such an orientation would allow Be²⁺ 

ions to form a stable tetrahedral complex with the peptide (Figure 3.18). The notable increase in 

entropy observed for the Be2+ vs. DDDD ITC binding experiments can be linked to the 

displacement of water molecules originally solvating both the carboxylate groups and the Be²⁺ 

ions. The released water molecules increase the system's disorder as the Be2+ ions bind to the 

carboxylates. Furthermore, the inherent flexibility of the peptide backbone likely aids in making 

the necessary conformational adjustments, allowing two alternate carboxylates to coordinate 

each Be²⁺ ion effectively. This flexibility is crucial for aligning the donor atoms into the 

tetrahedral geometry preferred by Be²⁺.  

The results of this ITC binding study demonstrated that Be2+ ions show a higher affinity 

towards carboxylate-rich groups than Mg2+ or Li+ ions. The results also showed that Be2+ can 

occupy structured binding sites, likely due to its small ionic size and preference for tetrahedral 

coordination. Also, its high charge density compared to Mg2+ or Li+ ions allows Be2+ to form 

strong electrostatic interactions with carboxylate groups.  

Be2+ could compete for both of the Mg2+ binding sites on GSK3β, while Li+ could 

compete for only one of the Mg2+ binding sites (Ryves et al., 2002). Computational studies 

showed Li+ can not approach the less solvated Mg2+ binding site on GSK3β (Dudev & Lim, 

2011). The results of this study support these prior observations and the higher potency of Be2+ 

ion-induced inhibition of GSK3β relative to that of Li+ ions. Since the Mg2+ binding sites on 

GSK3β feature aspartic acid residues (Asp181 and Asp200), and because Be2+ ions have a higher 
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affinity for carboxylate groups and prefer a tetrahedral geometry and are typically less solvated, 

it suggests that Be2+ ions can occupy both solvated and non-solvated Mg2+ binding sites of 

GSK3β.   

 

MicroScale Thermophoresis (MST) Results 

This study aimed to complement the observations from the ITC binding experiments by 

investigating the interactions between Be2+ and Mg2+ with various fluorescently labeled peptides 

using MST. In order to utilize the thermophoretic properties of the molecules to detect binding, 

the fluorescence of each sample before applying the thermal gradient should be uniform (±10%). 

The initial fluorescence of the FITC-DDDD peptide decreased with increasing BeSO4 

concentrations (Figure 3.19). Therefore, the binding of Be2+ vs. FITC-DDDD was analyzed 

based on initial fluorescence change against ligand concentration. In contrast, MgSO4 exhibited 

uniform initial fluorescence across the samples and could be analyzed via thermophoresis. The 

Fnorm (‰) plotted against the Mg2+ concentrations indicated minimal to no binding (Figure 3.19).  

The initial fluorescence scans for BeSO4 and MgSO4 vs. FITC-GGGG peptide did not fluctuate 

with the ligand concentration, and therefore, the respective samples could be analyzed via 

thermophoresis. The change in Fnorm (‰) with ligand concentration was minimal for both metal 

ions, showing no binding with FITC-GGGG (Figure 3.20) 

The initial fluorescence scans for MgSO4 vs. FITC-KKKK peptide did not fluctuate with 

the ligand concentration, and therefore, the respective samples could be analyzed via 

thermophoresis. The change in Fnorm (‰) with ligand concentration was minimal for both metal 

ions, showing no binding with FITC-GGGG (Figure 3.20). An unexpected increase in initial 
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fluorescence was observed with increasing BeSO4 concentration for the FITC-KKKK peptide 

(Figure 3.21). The initial fluorescence for FITC-KKKK was uniform across the MgSO4 samples 

except for the two capillaries with the highest ligand concentration, and thermophoretic analysis 

for Mg2+ vs. FITC-KKKK showed no binding (Figure 3.21). The increase in initial fluorescence 

with increasing BeSO4 concentration (and to a slight degree with increasing MgSO4 

concentration) was hypothesized due to charge repulsion effects. The KKKK peptide, rich in 

lysine residues, carries a positive charge at physiological and slightly acidic pH levels due to the 

amino group on the side chain of lysine. When BeSO4 is introduced, the Be2+ ions being highly 

charged might cause electrostatic repulsion against positively charged amino groups, which 

could alter the environment around the FITC tag and potentially lead to changes in fluorescence 

emission. This effect was mitigated by increasing the ionic strength in the buffer with NaCl, 

effectively counteracting the increase in BeSO4-induced fluorescence (Figure 3.22). This 

confirms that the initial fluorescence changes were primarily driven by electrostatic interactions 

rather than specific binding events. 

The introduction of a GGGG spacer in the FITC-GGGGDDDD peptide did not prevent 

the BeSO4-induced decrease in initial fluorescence, indicating that the primary factor affecting 

fluorescence was not spatial separation but the direct interaction of Be2+ with D (Figure 3.23). 

Replacing the FITC tag with a Cy5 tag to see whether FITC is particularly sensitive to this 

phenomenon showed that the BeSO4-induced decrease in initial fluorescence persisted (Data not 

shown), again showing the change in initial fluorescence is due to binding between Be2+ and D 

residues. This was further supported by different patterns observed in FITC-DDDD, FITC-

GDDD, and FITC-GGDD peptides (Figure 3.24). The experiments in Figure 3.24 were 

performed in 100mM Bis-TRIS pH 5.5, and an increase in initial fluorescence was observed for 
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FITC-DDDD with increasing BeSO4 concentration. Binding curves were derived from the 

change in initial fluorescence vs. ligand concentration. The strongest binding and most 

significant fluorescence changes were associated with the highest density of D residues (as in 

FITC-DDDD), confirming that the number of carboxylate groups directly influences Be²⁺ 

binding affinity. 

The MST results complement the observations from the ITC experiments demonstrating 

that Be2+ has a strong preference for binding to carboxylate groups in peptides. Be2+ can form 

complexes primarily with peptides that offer multiple carboxylate groups, such as DDDD, and 

this binding capability decreases with fewer D residues (Figure 3.24). However, the MST 

experiments between Be2+ and these model peptides were highly sensitive to slight pH changes, 

buffer composition, and ionic strength, making it difficult to obtain reliable binding parameters. 

Additionally, the thermophoretic function of MST could not be applied for Be2+ vs. DDDD 

experiments due to the dramatic change in initial fluorescence induced by BeSO4 concentration. 

These observations also show that MST experiments utilizing thermophoresis function can be 

technically challenging due to the sensitivity of fluorescent tags to various factors such as 

binding environment, pH, buffer composition, and ionic strength, limiting their successful 

application across all experimental contexts. 
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Figure 3.19: MST Binding for Be2+ vs. Mg2+ Against FITC-DDDD. BeSO4 and MgSO4 were 
diluted 1:1 in 16 samples with 5mM as the highest concentration and mixed with a final 
concentration of 0.75µM FITC-DDDD in 100mM MES pH 6.0. The samples were loaded onto 
16 capillaries and analyzed in the MST at room temperature. The bottom panels show the 
Capillary scan at various ligand concentrations. The initial fluorescence for FITC-DDDD 
decreases with the ligand concentration for BeSO4, while the initial fluorescence is generally 
uniform across the samples with MgSO4. The top left panel shows the binding curve by fitting 
the initial fluorescence change with the BeSO4 concentration. The top right panel shows the 
thermophoresis data (Fnorm ‰) plotted against the MgSO4 concentration. 
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Figure 3.20: MST Binding for Be2+ vs. Mg2+ Against FITC-GGGG. BeSO4 and MgSO4 were 
diluted 1:1 in 16 samples with 5mM as the highest concentration and mixed with a final 
concentration of 0.75µM FITC-GGGG in 100mM MES pH 6.0 + 5% DMSO. The samples were 
loaded onto 16 capillaries and analyzed in the MST at room temperature. The bottom panels 
show the Capillary scan at various ligand concentrations. The initial fluorescence for FITC-
GGGG is generally uniform across the samples with BeSO4 and MgSO4. The top panels show 
the thermophoresis data as a function of ligand concentration. They show subtle differences in 
Fnorm ‰ and do not fit the binding model. 
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Figure 3.21: MST Binding for Be2+ vs. Mg2+ Against FITC-KKKK. BeSO4 and MgSO4 were 
diluted 1:1 in 16 samples with 5mM as the highest concentration and mixed with a final 
concentration of 2µM FITC-KKKK in 100mM MES pH 6.0. The samples were loaded onto 16 
capillaries and analyzed in the MST at room temperature. The bottom panels show the Capillary 
scan at various ligand concentrations. The initial fluorescence for FITC-KKKK increases with 
the ligand concentration for BeSO4, while the initial fluorescence is relatively uniform across the 
samples with MgSO4. The top left panel shows the binding curve by fitting the initial 
fluorescence change with the BeSO4 concentration. The top right panel shows the 
thermophoresis data (Fnorm ‰) plotted against the MgSO4 concentration. 
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Figure 3.22: Increasing Ionic Strength Counteracts BeSO4-Induced FITC-KKKK 
Fluorescence Increase: BeSO4 was diluted 1:1 in 16 samples with 5mM as the highest 
concentration and mixed with a final concentration of 2µM FITC-KKKK in 100mM MES pH 
6.0 with or without 100mM NaCl. The samples were loaded onto 16 capillaries and analyzed in 
the MST at room temperature. The left panels show a BeSO4-induced increase in the initial 
fluorescence of FITC-KKKK. The right panels show that increasing the ionic strength of the 
solution by adding NaCl counteracts the BeSO4-induced increase in FITC-KKKK initial 
fluorescence. The top right panel shows the thermophoresis data plotted against the BeSO4 
concentration, with minimal change in Fnorm ‰. 
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Figure 3.23: MST Binding for Be2+ vs. FITC-DDDD and FITC-GGGGDDDD. BeSO4 was 
diluted 1:1 in 16 samples with 2.5mM as the highest concentration and mixed with a final 
concentration of 1µM FITC-DDDD or 0.4µM FITC-GGGGDDDD in 100mM MES pH 5.7 and 
5% DMSO (I =0.1M). The samples were loaded onto 16 capillaries and analyzed in the MST at 
room temperature. The bottom panels show the BeSO4-induced decrease in the initial 
fluorescence of FITC-DDDD and FITC-GGGGDDDD. The top panels show the binding curve 
by fitting the initial fluorescence change with the BeSO4 concentration.  
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Figure 3.24: MST Binding for Be2+ vs. Various Tetrapeptides. BeSO4 was diluted 1:1 in 16 
samples with 2.5mM as the highest concentration and mixed with a final concentration of 0.4µM 
FITC-DDDD, 0.8µM FITC-GDDD or 0.4µM FITC-GGDD in 100mM Bis-TRIS pH 5.5 and 1% 
DMSO (I =0.1M). The samples were loaded onto 16 capillaries and analyzed in the MST at room 
temperature. The binding curves were obtained by fitting the thermophoretic data across BeSO4 
concentrations for FITC-DDDD (Left panel), FITC-GDDD (Middle panel), and FITC-GGDD 
(Right panel). 
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Chapter 4: Expression and Purification of Full-length Human GSK3β for Isothermal 

Titration Calorimetry Experiments 

 

Introduction 

Glycogen Synthase Kinase 3 (GSK3), a serine/threonine kinase, originally identified for 

its role in glycogen synthesis regulation, has emerged as a critical player in various cellular 

processes affecting development, metabolism and disease pathology through its involvement in 

multiple signaling pathways such as insulin, Wnt/β-catenin, and Hedgehog. Existing in two 

isoforms, GSK3α and GSK3β, it displays high sequence homology and is characterized by 

sophisticated regulatory mechanisms that include phosphorylation and control through substrate 

pre-phosphorylation. GSK3's dysregulation is linked to numerous diseases, including diabetes, 

neurological disorders, and cancer, positioning it as a key target for therapeutic interventions. 

Notably, lithium, a classical mood stabilizer approved for treating bipolar disorder, inhibits 

GSK3 and has shown promise in mitigating Alzheimer's disease symptoms in animal models by 

affecting tau protein phosphorylation and amyloid-beta levels. Recent research has also explored 

beryllium as a more potent GSK3 inhibitor, suggesting potential for investigating more selective 

and enhanced modes for GSK3 inhibition. Our study aimed to investigate GSK3's interactions 

using Isothermal Titration Calorimetry (ITC) to study both GSK3 ligand binding and kinase 

activity. This method allows for precise measurement of binding constants, enzyme kinetics, and 

thermodynamics of interactions, offering valuable insights into the molecular mechanisms by 

which ligands like lithium and beryllium inhibit GSK3  (Beurel et al., 2015; Frame & Cohen, 

2001; Kaidanovich-Beilin & Woodgett, 2011).  
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Our laboratory has predominantly focused on cell-based studies of GSK3β rather than GSK3α because 

more extensive research and a wide range of experimental tools are available for GSK3β compared to 

GSK3α. Therefore, we endeavored to express and purify recombinant GSK3β for Isothermal 

Titration Calorimetry (ITC) experiments. Expressing and purifying GSK3β is crucial for 

studying its interaction with substrates and inhibitors in ITC. Purified GSK3β allows for precise 

measurement of binding affinities and thermodynamic parameters using ITC, providing insight 

into the enzyme’s regulation and potential therapeutic targeting. This specificity is essential for 

identifying how GSK3β interacts with various molecules, which can lead to the development of 

selective inhibitors with clinical applications. 

Having a less pure protein sample for ITC studies can introduce several challenges. 

Impurities can contribute to non-specific binding, altering the heat signal and leading to 

inaccurate measurements of binding constants and kinetic parameters. Additionally, 

contaminants might compete with the intended interaction, affecting the data. These factors can 

obscure the accurate binding profile between GSK3β and its substrates or inhibitors, making it 

challenging to derive precise mechanistic insights and potentially leading to erroneous 

conclusions about the protein’s function or inhibition.  

Traditional GSK3β studies predominantly utilized immunoassays or kinase activity 

assays requiring minimal protein quantities. ITC necessitates considerably more significant 

amounts of protein to study the binding and kinetic interactions of GSK3β with substrates and 

inhibitors, such as lithium and beryllium. This is because ITC measures the heat released or 

absorbed when molecules interact, and to generate a sufficient heat signal, we would need higher 

concentrations of the binding partners. This distinction underscores the necessity for expressing 

and purifying GSK3β in high quantities. Previous efforts to express and purify GSK3β have 
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varied widely, ranging from bacterial expression systems to more complex mammalian and 

insect cell-based expressions, each with its inherent challenges and advantages: 

Bacterial Expression Systems: GSK3β has been successfully expressed in E. coli and purified for 

use in kinase activity assays against specific substrates, indicating the potential for high-yield 

protein production but often resulting in protein folding issues and inclusion body formation 

(Klein & Melton, 1996; Murai et al., 1996; Primot et al., 2000; Q. M. Wang et al., 1994). 

Mammalian Expression Systems: Using mammalian cell lines for expressing human GSK3β 

tagged with epitopes, such as HA and Myc, facilitates post-translational modifications and proper 

folding. These systems have been utilized for immunoprecipitation and subsequent kinase 

activity assays  (Hagen et al., 2002; Mudireddy et al., 2014; Tejeda-Muñoz et al., 2016). 

However, mammalian cells grow slower than prokaryotic cells and often have lower protein 

yields, extending the duration of experiments and increasing the cost, especially when a large 

quantity of protein is required. 

Insect Cell Expression Systems: The Bac-to-Bac baculovirus expression system has been 

employed for expressing GSK3β. It offers an advantage regarding post-translational 

modifications and functional protein yield, albeit with potentially increased complexity and cost. 

Across these methods, challenges such as achieving high yield, maintaining protein 

solubility and activity, and the complexity of purification protocols are recurrent themes. The 

purification processes often involve affinity chromatography, ion exchange, and size exclusion 

steps, each requiring optimization to ensure high purity and functionality of GSK3β (Dajani et 

al., 2001; Kim et al., 2015). Notably, Wang and Young et al. (2016) reported the use of ITC to 

screen synthetic drugs against GSK3β, highlighting the significant quantities of purified protein 



71 
 

required for ITC experiments (Y. Wang et al., 2016). This underscores the critical need for 

efficient and scalable protein expression and purification methods to meet the demands of ITC 

studies. 

In summary, the expression and purification of GSK3β for ITC analysis presents a unique 

set of challenges that demand a comprehensive understanding of previous methods and their 

limitations. Selecting an expression system and purification strategy is crucial to producing 

GSK3β in sufficient quantity and purity to facilitate detailed analyses of its interactions with 

substrates and inhibitors. This research contributes to this field by addressing these challenges, 

aiming to provide new insights into GSK3β's role and interactions that surpass what has been 

achievable through more conventional biochemical assays. 

 

Materials and Methods 

Materials 

Reagents used for bacterial expression included Luria-Bertani (LB) broth (Sigma #L7658) 

and LB Agar (Sigma #L7533) for bacterial cell culture, Ampicillin (Sigma-Aldrich #A9518) and 

Chloramphenicol (Sigma #C7795) for antibiotic selection, and Isopropyl β-D-1-

thiogalactopyranoside (IPTG) (VWR Life Sciences #N679) for inducing protein expression under 

the control of the lac operator.  

Reagents used for insect cell culture work included ESF 921 (Expression Systems #96-

001-01), Gibco sf-900 III SFM (Gibco #12658-019) as cell culture media, FBS to supplement ESF 

921 media, and Geneticin (Gibco #11811-023) for antibiotic selection of Sf9-ET cells. 
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Cell lines for insect cell culture: Sf9-ET (CRL-3357) was purchased from ATCC, and Sf9 

cells were purchased from ATCC/Expression Systems/Millipore Sigma. Collaborators Dr. Gary 

Kleiger and Dr. Chutima Rattanasopa of the University of Nevada, Las Vegas, shared Sf9 and Hi5 

cells used in later protein preparation work. 

Reagents used to prepare buffers for cell lysis and protein purification included TRIS Base 

(J.T. Baker #4099-02), HCl (Sigma #920-1), NaCl (Amresco #0241), EDTA (Sigma #ED2SS), 

100x Protease and Phosphatase inhibitor cocktail (Thermo Scientific #78442) or 100x Protease 

inhibitor cocktail (Abcam #ab271306), PMSF (OmniPur #7110), NP-40 (Fluka #74385), Triton x-

100 (Sigma #T9284), Lysozyme (Sigma #L-7651), Glycerol (Sigma #G-6279), PEI 50% (w/v) 

solution in H2O (Supleco #P3143), HEPES (Sigma #H3375), DTT (Roche Diagnostics 

#10197777001), β-Mercaptoethanol (OmniPur #6010), Reduced L-Glutathione (Sigma-Aldrich 

#G4251). Glutathione dry beads (Sigma #G4510) were used to prepare Glutathione slurries for 

batch-bead purification of Glutathione fusion proteins. GSTrap 4B (GE Healthcare #28-4017-47) 

and HiTrap SP XL (Cytiva #17516001) 1mL columns were used for affinity and ion-exchange 

purification on FPLC. His-Bind buffer kit (Novagen #69755-1) was used to remove His tagged 

TEV from GSK3β protein samples following ion-exchange purification.  

SDS-PAGE analysis of protein purification was followed on NuPAGE 4-12% Bis-TRIS 

gels (Invitrogen NP0322) with NuPAGE MES 1x SDS running buffer (Invitrogen NP0002) or 

homemade 10-12% TRIS-based gels with TRIS-Glycine 1x running buffer. Page Ruler Pre-

Stained Protein Ladder (Thermo Scientific #815-968-0747) was used as the molecular marker. 

The gels were stained with Coomassie SimplyBlue Safe Stain (Invitrogen #465034) according to 

manufacturer protocol. Purified protein samples were quantified using a Qubit Protein Assay kit 
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(Invitrogen #Q33211) or  Pierce BCA Protein Assay kit (Thermo Scientific #23225). 

 

Bacterial Expression in BL21-CodonPlus E. coli 

A pGEX-4T-3 vector cloned with human GSK3β variant 2 (420 amino acids) was obtained 

from AddGene (Plasmid #15898) and transformed into BL21-Gold (DE3) E. coli to produce a 

GST-GSK3β fusion protein with an N-terminal GST tag. The sequence was confirmed by UNLV 

Genomics Core using pGEX primers. An unmodified vector expressing plain GST was a negative 

control for GST-fusion proteins. The E. coli expressing GST-GSK3β was cultured overnight in LB 

broth with Ampicillin at 34 °C, and the plasmid was isolated using Wizard Plus SV Minipreps 

(Promega #A1330), with quantification by Nanodrop. Following Agilent Technologies guidelines, 

the plasmid was re-transformed into BL21-CodonPlus (DE3)-RIPL E. coli (#230280), plated on 

LB Agar with Ampicillin and Chloramphenicol, and two single colonies were selected, cultured, 

and stored as glycerol stocks at -80 °C. 

Overnight cultures of E. coli strains for GST, GST-GSK3β (BL21-Gold), and GST-

GSK3β (BL21-CodonPlus) were grown at 34 °C in LB supplemented with respective antibiotics 

(0.1mg/mL Ampicillin and 50µg/mL Chloramphenicol). Each culture was expanded by 

inoculating 50mL fresh LB supplemented with antibiotics as earlier and allowed to grow at 34 °C 

or 37 °C shaker for 3h (~ 0.6 O.D.). IPTG was added to the cultures at a 0.1mM final 

concentration to induce protein expression and harvested after incubating the cultures for 4h. To 

analyze, each pellet was lysed on ice for 30 min with lysis buffer (50mM TRIS pH 8, 50mM 

NaCl, 1mM EDTA, 1x Lysozyme, 1x Protease inhibitor cocktail, 1x PMSF, and 1% NP-40) and 

sonicated at 0.5 power setting for 15 sec (Misonix sonicator 3000). Each lysate was centrifuged 

at 4 °C and 10,000 rpm for 10 minutes to remove crude debris and at 12,500 rpm for 10 minutes 
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to obtain a clarified lysate. Each lysate was incubated and rotated for 2 h at 4 °C with 40% 

Glutathione bead slurry. The beads were rinsed with cold wash buffer (50mM TRIS pH 8, 50mM 

NaCl, 1mM EDTA, and 1% NP-40) and eluted with Glutathione elution buffer (10mM GSH, 

50mM TRIS pH 8, 50mM NaCl). The eluted protein fractions, respective soluble lysates (input), 

and unbound lysates were analyzed on SDS-PAGE.  

 

Protein Expression in Sf9 Cells via Baculovirus Expression System 

P2 baculovirus stock: 

GenScript prepared a P2 baculovirus stock to express human GSK3β isoform 1, N-GST. 

The human GSK3β isoform 1 cDNA was synthesized and subcloned into a pFastBacGST 

expression vector. This vector was transformed into a DH10Bac strain to generate a recombinant 

bacmid. Using PCR, the positive recombinant bacmid containing human GSK3β isoform 1 was 

confirmed. Sf9 cells were transfected with the recombinant bacmid, and the supernatant collected 

was designated as P1 viral stock. P2 viral stock was generated using P1 to verify protein 

expression. SDS-PAGE and Western Blot confirmed the expression of GST-GSK3β. The 

estimated titer for the P2 baculovirus stock received from GenScript was 3.35 x 108 PFU/mL. 

 

Fluorescence microscopy method using Sf9-ET reporter cell line: 

Sf9-ET cells were cultured in ESF 921 medium supplemented with 10% FBS and 50 

µg/mL Geneticin in T75 flasks at 27 °C.  After the cultures reached 60-80% confluency, the cells 

were treated with 0.25% Trypsin and suspended in ESF 921 medium. 0.1mL of the cell 
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suspension was mixed with 9.9mL of isotone II solution, and the cell numbers were measured on 

the Beckman Coulter Particle Counter. The estimated cell density was used to determine the 

approximate number of Sf9-ET cells to seed in T75 flasks. After adding the desired volume of 

cell stock each to 3 x T75 flasks, the volume was brought up to 25mL with ESF 921 medium 

supplemented with 10% FBS and 50 µg/mL Geneticin. To test the Sf9-ET cells for eGFP 

expression upon infection with the P2 virus, the three prepared Sf9-ET cultures were treated with 

an M.O.I (Multiplicity of Infection) of 0, 0.1, or 1 and incubated for 72h at 27 °C. The cells were 

harvested and analyzed via flow cytometry for eGFP expression.  

The following demonstrates calculating the baculovirus stock volume added to an Sf9-ET 

culture according to the M.O.I. of choice.  

Titer of 1:2 diluted P2 baculovirus stock = 3.35 x 107 PFU/mL 

Cells added in each T75 flask = 6.7 x 106 cells 

𝑀𝑀.𝑂𝑂. 𝐼𝐼 =
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

 

To infect the Sf9-ET cells in the above T75 flask with an M.O.I of 1  

1 =
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑃𝑃𝑃𝑃𝑃𝑃)

6.7 𝑥𝑥 106 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 6.7 𝑥𝑥 106 𝑃𝑃𝑃𝑃𝑃𝑃 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑃𝑃2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
6.7 𝑥𝑥 106 𝑃𝑃𝑃𝑃𝑃𝑃

3.35 𝑥𝑥 107 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚
 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑃𝑃2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.2𝑚𝑚𝑚𝑚 
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Sf9-ET cells were grown in T25 flasks cultured in ESF 921 medium supplemented with 

10% FBS and 50 µg/mL Geneticin at 27 °C. These cultures were infected with P2 baculovirus 

stocks with an M.O.I of 0, 0.1, 1, 5, and 10 and incubated at 27 °C for 72h. Each culture was 

analyzed for eGFP-expressing cells under the fluorescence microscope (Nikon Eclipse TE2000-

U). Images were captured at 10x magnification from the eGFP and brightfield channels to 

compare eGFP+ cells/total cells in the captured images. The number of eGFP+ cells and total 

cells were counted using ImageJ 1.53k. The average eGFP+ ratios for each M.O.I tested were 

plotted to obtain a standard curve that can be used to obtain approximate estimations of 

amplified baculovirus titers.  

 

Baculovirus amplification in Sf9 cells: 

In a shaker, sf9 cells were grown as 50 mL suspension cultures in ESF 921 medium 

supplemented with 10% FBS at 27 °C /100 rpm. Once the cell density reached ~3 x 105 

cells/mL, the cultures were treated with P2 baculovirus at an M.O.I of 0.1 or 0.5. One culture 

was left uninfected as the negative control. The cultures were incubated in a 27 °C /100 rpm 

shaker. Media from each culture was collected at 24h, 48h, 72h, 96h, and 120h post-injection. 

The collected samples were centrifuged at 5000 rpm, and 4 °C for 5 min, and the supernatant 

was collected and filtered through a 0.45µm syringe filter and stored in sterile tubes at 4 °C. 

These baculovirus stocks would be designated as P3 stocks. Sf9-ET cultures were seeded at ~3 x 

105 cells in T25 flasks in ESF 921 medium supplemented with 10% FBS and 50 µg/mL 

Geneticin and 1:10 dilutions of each collected baculovirus sample. These cultures were incubated 

at 27 °C for 72h and analyzed by fluorescence microscopy for eGFP-expressing cells. 
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Using PEG (Polyethylene glycol) for the concentration of amplified P3 baculovirus stocks: 

Amplified P3 baculovirus stocks needed to be concentrated for protein production. A (5x) 

PEG virus precipitation kit (Abcam #ab102538) was obtained for baculovirus concentration. One 

part of the PEG stock solution was mixed with 4 parts of baculovirus samples and incubated 

overnight at 4 °C. Following overnight incubation, the baculovirus particles precipitated as an 

off-white pellet, which was collected by centrifugation at 3200 x g and 4 °C for 30 min. The 

supernatant was carefully removed, and the pellet was resuspended in a smaller volume of ESF 

921 supplemented with 10% FBS. To estimate the titer, sf9-ET cultures were infected with the 

concentrated baculovirus stocks and observed under the fluorescence microscope for eGFP-

expressing cells. The use of PEG allowed ~10-fold concentration of the baculovirus samples. A 

similar protocol was followed to concentrate amplified baculovirus P3 stocks using a homemade 

PEG stock: 40% (w/v) PEG with 1.2M NaCl and 1x PBS pH 7.2.  

 

Expression of GST-GSK3b in Sf9 cells with P3 baculovirus: 

In a shaker, sf9 cells were grown as 50 mL suspension cultures in ESF 921 medium 

supplemented with 10% FBS at 27 0C/100 rpm. Once the cell density reached 1 x 106 cells/mL, 

the cultures were infected with P3 baculovirus at an M.O.I of 10 and incubated at 27 °C in a 

shaker. Cultures were harvested at 24h, 48h, or 72h post-infection by centrifugation at 5000 rpm 

and 4 °C for 10 min. The pellets were rinsed with 1x PBS, centrifuged, and stored at -80 °C. 

Each pellet was thawed and resuspended on ice in lysis buffer (50mM TRIS pH 8, 50mM NaCl, 

1x EDTA, and 1x Protease inhibitors). Each cell lysate was sonicated at 0.5 power setting for 30 

sec. Lysates were centrifuged at 14 000 rpm and 4 °C for 20 min. The clarified lysates were 
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mixed with 0.2mL of 40% Glutathione bead slurry for 2h at 4 °C. Following the incubation, the 

beads were spun down, and the unbound lysate was saved for analysis. The Glutathione beads 

were rinsed 5x with cold wash buffer (50mM TRIS pH 8, 50mM NaCl) and eluted with 10mM 

GSH elution buffer (10mM GSH, 50mM TRIS pH 8, 50mM NaCl). The collected eluents were 

analyzed on SDS-PAGE.  

 

Protein purification from Sf9 cell cultures using Fast Protein Liquid Chromatography (FPLC): 

Sf9 cells were grown as 250 mL suspension cultures in ESF 921 medium supplemented 

with 10% FBS at 27 °C /100 rpm in a shaker. Once the cell density reached 2 x 106 cells/mL, the 

cultures were infected with P3 baculovirus at an M.O.I of 10 and incubated at 27 °C /100 rpm in 

a shaker. Cultures were harvested at 72h post-infection by centrifugation at 5000 rpm and 4 °C 

for 10 min. The pellets were rinsed with 1x PBS, centrifuged, and stored at -80 0C. Each 250mL 

pellet was lysed with 4mL lysis buffer (50mM TRIS pH 8, 50mM NaCl, 1mM EDTA, and 1x 

Protease and Phosphatase inhibitors) and sonicated with 2 pulses at 0.5 power setting for 30 sec. 

The cell lysates were centrifuged at 4000 rpm at 4 °C for 15 min to remove crude debris, and the 

partially clarified supernatant was centrifuged at 14 000 rpm at 4 °C for 10 min. The clarified 

supernatant was filtered by passing through a 0.45 µm syringe filter. A 1mL Glutathione-

sepharose column on FPLC was washed with 10x column volumes or more with wash buffer 

(50mM TRIS pH 8, 50mM NaCl) at 0.5mL/min, and then the lysate was loaded onto the column 

at 0.3mL/min. The column was rinsed with more than 10x column volume with the wash buffer 

at 0.5mL/min. The FPLC pumps were rinsed with the elution buffer, and the elution buffer 

(10mM GSH, 50mM TRIS pH 8, 50mM NaCl) was passed through the Glutathione-sepharose 
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column at 0.3mL/min to elute bound protein. 1mL fractions were collected and analyzed on 

SDS-PAGE. 

 

Protein Expression in Hi5 Cells via Baculovirus Expression System 

Re-cloning human GSK3β isoform 1, N-GST into EMbacY bacmid and for protein expression in 

Hi5 cells 

The human GSK3β isoform 1, previously subcloned into a pFastBacGST expression 

vector via custom contract work by the GenScript company, was transposed with an EMbacY 

bacmid. PCR analysis was performed to confirm the recombinant bacmid. Sf9 cells were 

transfected with the recombinant bacmid, and the supernatant was collected on day 6. This 

supernatant was designated as P1 viral stock, which was used to generate P2 stock. Sf9 cells 

were infected with P2 stock to amplify baculovirus and generate P3 stocks, which were then used 

for protein expression in Hi5 cells.  

Our collaborator, Dr. Chutima Rattanasopa (University of Nevada, Las Vegas), performed re-

cloning GSK3β into EMbacY, generation of P1, P2, and P3 in Sf9 cells, protein expression, and 

purification from 4L of Hi5 cultures. Collaborators Dr. Rattanasopa and Dr. Gary Kleiger 

(University of Nevada, Las Vegas) shared P2 baculovirus stocks, Sf9, and Hi5 strains. Sf9 and 

Hi5 cell culture protocols, protein extraction, and purification protocols shared by our 

collaborators were adapted to our lab conditions, as explained next.  
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Sf9 cell culture and baculovirus amplification 

Sf9 cultures were grown as 25mL suspension cultures in Gibco sf-900 III SFM media at 

27 °C /125 rpm. Sf9 cultures were seeded to reach 2.2 – 2.5 x 106 cells/mL, and 25 x 106 cells 

were transferred to a 250mL flask, which was topped to 25mL with Gibco sf-900 III SFM media. 

The culture was infected with 0.3mL of P2 baculovirus stock and incubated at 27 °C /125 rpm. 

On day 6, the culture was centrifuged at 1200 x g, 4 °C for 5 min, and the supernatant was 

collected. The collected supernatant was passed through a 0.45µm syringe filter and stored at 4 

°C. Cells from the pellet were observed under the fluorescence microscope to determine YFP 

expression. The amplified baculovirus stocks were designated P3 stocks and used for protein 

expression in Hi5 cells.  

 

Hi5 cell culture and protein expression 

Hi5 cultures were grown as 50mL suspension cultures in ESF 921 media at 27 °C /125 

rpm. Cells were allowed to reach 4-5 x 106 cells/mL density and then used to prepare cultures for 

protein expression. 2-Days before infection with baculovirus, 250mL cultures with ESF 921 

media were seeded with 0.4 x 106 cells/mL Hi5 cells and incubated at 27 °C /125 rpm (Cultures 

were prepared in 500mL or 1L flasks). These cultures would expand to 2.0-2.5 x 106 cells/mL by 

the infection day. Half of each culture was centrifuged in sterile 50mL tubes at 1200 x g, room 

temperature for 10 min. The supernatant was removed, and the cell pellets were resuspended in 

the remaining half of the culture media. This step would double the cell density. P3 baculovirus 

stocks were mixed with the Hi5 cultures at 5mL virus:250mL culture, and the cultures were 

incubated at 27 °C for 1h at 75 rpm to allow the baculoviruses to settle into the Hi5 cells. 
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Following the 1h incubation, the total volume of each culture was topped to 250mL with fresh 

ESF 921 media, and the cultures were incubated at 27 °C /125 rpm for 72h to allow protein 

expression. Cultures were harvested by centrifugation at 1500 x g, 4 °C for 10 min. Cells from 

the pellet were observed under the fluorescence microscope to determine YFP expression. The 

pellets were washed with 1x PBS, centrifuged, and stored at -80 °C.  

 

Protein purification from Hi5 cells via Glutathione-affinity purification 

Cell pellets of Hi5 cultures expressing recombinant protein were thawed on ice and 

resuspended in lysis buffer (30mM TRIS pH 7.5, 200mM NaCl, 10% Glycerol, 5mM DTT, 5mM 

EDTA, 1x Protease inhibitors, 0.1mM PMSF, 0.1% (w/v) PEI, 0.1% (v/v) Triton x-100) added at 

a volume to culture ratio of 5mL to 50mL pellet. Resuspended pellets were sonicated with 2 

pulses at a 3.5 power setting for 15 sec. The lysates were centrifuged twice at 12,500 rpm, 4 °C 

for 15 min. The clarified lysates were mixed with 50% Glutathione slurry (0.2mL of Glutathione 

slurry for 10-12mL clarified lysate in 15mL tubes) and incubated tumbling at 4 °C for 2h. The 

lysates were centrifuged at 2000 rpm, 4 °C for 2 min. The supernatants were collected as the 

“unbound” lysate. The Glutathione slurries were washed 4x with ice-cold wash buffer (30mM 

TRIS pH 7.5, 200mM NaCl, 1mM DTT, 0.5mM EDTA). After washing, the Glutathione slurries 

were pooled into 2x eppendorfs and eluted with GSH elution buffer (20mM GSH, 50mM TRIS 

pH 7.5, 200mM NaCl, 1mM DTT, 0.5mM EDTA). The eluted protein samples were analyzed 

with Bradford reagent to monitor protein concentrations. Each eluent was analyzed on SDS-

PAGE. 
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Enzymatic cleavage to remove GST affinity tag and Ion-exchange purification. 

TEV protease with a C-terminal His tag was purchased from New England Biolabs or 

GenScript and additionally shared by collaborators Dr. Gary Kleiger and Dr. Chutima 

Rattanasopa (University of Nevada, Las Vegas). A TEV protease cleavage site ENLYFQG was 

included in the Poly-linker between the GST tag and GSK3β. The glutathione-eluted protein 

samples were pooled and incubated at 4 °C for 24h with TEV protease. The cleaved GSK3β was 

purified using ion-exchange chromatography. A 1mL HiTrap SP XL cation-exchange column on 

FPLC was washed with 10x column volumes or more with Buffer A (20mM HEPES pH 7.5, 

50mM NaCl, 2mM β-Mercaptoethanol) at 1mL/min. The TEV-cleaved protein sample was 

diluted 4x with the buffer with no salt (20mM HEPES pH 7.5, 2mM β-Mercaptoethanol) and 

filtered through a 0.45µm syringe filter before loading onto the column. The protein sample was 

loaded onto the column at 0.5mL/min. The column was rinsed with more than 10x column 

volume with Buffer A at 1mL/min. The FPLC pumps were rinsed with Buffer B/elution buffer 

(20mM HEPES pH 7.5, 1.0M NaCl, 2mM β-Mercaptoethanol), and a linear gradient of Buffer B 

was used to elute GSK3β collecting 1mL fractions. Each fraction was analyzed on SDS-PAGE. 

Fractions with GSK3β and TEV-His co-elution were pooled, and TEV-His was removed using 

His-bind resin purification according to the manufacturer’s protocol. A final purified GSK3β 

sample was obtained by pooling purified GSK3β fraction from ion exchange (including TEV 

cleared fractions) and concentrating the sample via centrifugation in centricon tubes. The 

purified GSK3β sample was analyzed on SDS-PAGE, and the protein concentration was 

estimated using the BCA assay and BSA as the standard. The protein samples collected this way 

were dialyzed into appropriate buffers for isothermal titration calorimetry experiments or stored 

at -80 °C following flash-freezing in liquid N2.  
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Results and Discussion 

 

GST-GSK3β Expressed in BL21(Gold)CodonPlus E. coli was Predominantly Degraded 

Our research group previously used the pGEX-4T-3 vector cloned with human GSK3β 

variant 2 (420 amino acids) to prepare N-terminal GST fused recombinant GSK3β in BL21-

Gold(DE3) E. coli for a FRET-based kinase assay. SDS-PAGE analysis showed that the purified 

protein sample was a heterogeneous mixture of the full-length protein of 74kDa (27kDa GST tag 

and 47kDa GSK3β) and degraded protein (Data not shown). The quantity of full-length protein 

in the purified protein samples contained sufficient activity, as detected by the FRET-based 

kinase assay (Mudireddy et al., 2014). However, a heterogeneous protein sample would not be 

ideal for ITC binding experiments to study the specific interactions between GSK3β and 

particular substrates or inhibitors.  

Expressing heterologous proteins in E. coli faces several challenges, primarily due to 

codon bias, which can significantly hinder the efficient production of these proteins (Kane, 

1995). “BL21 Codon Plus Cells Correct Expression Problems Caused by Codon Bias” by 

Carstens et al. for Stratagene outlines the main issues related to this problem: 

Codon Bias: The genomes of certain organisms prefer sequences with codons that occur 

infrequently in E. coli. This mismatch can lead to inefficient translation of heterologous genes in 

E. coli, as the bacterium may lack sufficient tRNAs that recognize these rare codons. 

Forced High-Level Expression Issues: Attempting to force the high-level expression of genes 

containing rare codons can deplete E. coli's limited pool of corresponding tRNAs. This depletion 
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disrupts translation, resulting in truncated or no protein expression and potential frameshifts, 

codon skipping, and misincorporations. 

Protein Expression Limitations: A deficit of tRNA molecules can slow or completely halt protein 

expression, leading to mRNA degradation. This problem is particularly acute when expressing 

proteins derived from AT—and GC-rich genomes. 

The sequence for GSK3β contained a significant number of all 5 rare E. coli codons: 22 

out of the 420 amino acid residues, which is 5.2%. Our protein sequence's rare E. coli codons 

included two rare Arg and rare Ile, Pro, and Leu codons. BL21(Gold)CodonPlus cells are 

specially engineered to contain extra copies of tRNA genes, which are rare in E. coli but more 

frequently used in genes from other organisms. By supplying additional tRNA copies, these 

modified E. coli strains can effectively mitigate the problems caused by codon bias, allowing for 

the efficient and high-level expression of heterologous proteins that would otherwise be difficult 

or impossible to achieve in conventional E. coli hosts. 

This approach can dramatically improve the expression of heterologous proteins within 

these E. coli expression systems. Therefore, we re-transformed the pGEX-4T-3 vector cloned 

with the human GSK3β variant 2 into BL21(Gold)Codon Plus (DE3)-RIPL cells, which contain 

extra copies of the argU, ileY, and leuW as well as the proL tRNA genes.  We expected this 

strain would allow the expression of full-length GST-GSK3β protein with less or no degradation. 

The resultant protein product was predominantly degraded (Figure 4.1), particularly affecting 

the GSK3β portion of the fusion construct. This was inferred from the intact GST binding to 

glutathione beads, indicating that degradation likely occurred at the C-terminal end of the fusion 

protein where GSK3β resides. Since the GST tag is still bound to the glutathione beads, 

indicating that the GST portion remained intact, and considering GST's small size and high 
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solubility, it is reasonable to conclude that the degradation affected the GSK3b portion rather 

than the GST tag. The presence of rare codons within the GSK3β sequence and the challenges 

associated with their efficient translation in E. coli, despite the codon-optimization strategies 

employed by the BL21(Gold)CodonPlus (DE3)-RIPL cells, might contribute to this degradation. 

Protein instability in bacterial expression systems can be attributed to several factors, even in E. 

coli strains that lack proteases.  

These factors include improper folding, misincorporation of amino acids due to rare 

codon usage (even in codon-optimized strains), formation of insoluble aggregates, or intrinsic 

sequences within the protein that make it susceptible to degradation. The absence of specific 

chaperones or post-translational modifications in bacterial systems can contribute to protein 

instability. Some residual proteolytic activity or stress-induced proteases might still cause 

degradation even with protease-deficient strains (Harper & Speicher, 2011)Although the bacterial 

expression system was more convenient and cost-effective, the challenge of resolving codon bias 

and protein degradation led us to transition to a eukaryotic expression system to prepare full-

length GSK3β for use in ITC studies.  
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Figure 4.1: GST-GSK3β Expression in BL21(Gold) vs. Re-transformed BL21(CodonPlus) 
E. coli Analyzed on SDS-PAGE.  Soluble lysate (input) and the Glutathione bead-unbound and 
bound samples isolated from each bacterial strain are compared. ~65% of the expressed GST-
GSK3β in the BL21(CodonPlus) strains were degraded (lanes 10 and 13). The degradation of 
expressed GST-GSK3β was not improved in BL21(CodonPlus) cells(lanes 10 and 13) compared 
to that of BL21(Gold) (lane 7). 
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Utilization of the Sf9-ET Reporter Cell Line for Baculovirus Titer Estimation 

Sf9-ET cells are a stable cell line with plasmid DNA containing the enhanced green 

fluorescent protein (eGFP) under the control of the baculovirus polyhedrin promoter. Early viral 

gene products act as activators for the polyhedrin promoter. The plasmid also contains the 

neomycin resistance gene, which allows the selection of transfectants when grown in a medium 

containing Geneticin. Uninfected Sf9-ET cells do not express detectable GFP, while infection 

with baculovirus particles produces early viral proteins, which turn on GFP expression from the 

integrated polyhedrin promoter. Virus titers are determined in three days by measuring the GFP-

expressing cells under the fluorescence microscope (Hopkins & Esposito, 2009). Our study 

demonstrated the effective use of the Sf9-ET reporter cell line in estimating baculovirus titers 

through eGFP expression in response to baculovirus infection. 

The eGFP expression in Sf9-ET cells after infection with the P2 baculovirus at M.O.I of 

0, 0.1, and 1, incubated at 27 °C for 72h, was observed. The analysis via flow cytometry 

confirmed eGFP expression, with eGFP-positive cells constituting 0.21%, 0.79%, and 4.71% of 

the total cell population for M.O.I. of 0, 0.1, and 1, respectively(Figure 4.2). This incremental 

increase in eGFP expression relative to the M.O.I highlights the Sf9-ET cells' capability to serve 

as an effective tool for baculovirus titer estimation. The relationship between baculovirus 

infection intensity and eGFP expression was further explored by infecting Sf9-ET cells with P2 

baculovirus stocks at varying M.O.I. (0, 0.1, 1, 5, and 10) (Figure 4.3). The subsequent 

examination under fluorescence microscopy revealed a proportional increase in eGFP expression 

with the M.O.I., demonstrating the utility of Sf9-ET cells in reflecting the degree of baculovirus 

infection and potential titers.  
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Figure 4.2: eGFP Expression in Sf9-ET Reporter Cell line Infected with P2 Baculovirus. 
Sf9-ET cells grown in T75 flasks were infected with P2 baculovirus at an M.O.I of 0, 0.1, or 1 
and incubated at 27 °C for 72h. Harvested cells were analyzed via flow cytometry to confirm 
eGFP expression with the baculovirus for the expression of GST-GSK3β and observe eGFP 
expression against M.O.I. The eGFP+ cells were 0.210%, 0.79%, and 4.71%, respectively, in 
cultures without baculovirus infection, and M.O.I of 0.1 and 1, showing Sf9-ET cells can be 
utilized to estimate the titers for amplified baculovirus stocks. 

 

 

Sf9 cultures infected with P2 baculovirus at an M.O.I of 0.1 or 0.5 yielded P3 baculovirus 

samples that, upon harvesting at 72, 96, and 120 hours, induced eGFP expression in Sf9-ET cells 

(Figure 4.4). Firstly, this experiment showed that we could successfully amplify baculovirus 

under our lab conditions, and the homemade baculovirus induced eGFP expression in Sf9-ET 

reporter cells. Notably, P3 samples derived from cultures infected at an M.O.I of 0.1 and 

incubated for 96 or 120 hours exhibited the highest ratios of eGFP-expressing cells. The results 

showed that the optimal conditions for baculovirus amplification would be infection at an M.O.I. 

of 0.1 and incubation at 27 °C for 96-120h. Sf9 cells infected at an M.O.I of 0.5 with P2 

displayed similar amplification to 0.1 infections for the 72h incubation. However, lower eGFP+ 

ratios were observed for 96h and 120h. This makes sense because at a higher M.O.I., more cells 
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will be infected initially. However, once a cell is infected with the baculovirus, that cell will no 

longer divide, which limits the number of cells available to be newly infected as the culture is 

incubated longer. The number of Sf9 cells available for infection becomes limited, ultimately 

leading to a lower yield of amplified baculovirus P3.  

 

 

 

 

 

 

 

 

 

Figure 4.3: Analysis of eGFP Expression in Sf9-ET Cells Infected with Baculovirus at 
Varying M.O.I. The quantification of eGFP expression in Sf9-ET cells following infection with 
P2 baculovirus stocks at M.O.I of 0 (uninfected control), 0.1, 1, 5, and 10, and incubated for 72 
hours at 27 °C. Post-incubation, cells were examined using a fluorescence microscope for eGFP 
fluorescence, indicative of baculovirus infection. Both eGFP and brightfield channel images 
were captured to assess eGFP-expressing cells' (eGFP+) ratio to total cells.  
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Figure 4.4: Analysis of eGFP Expression in Sf9-ET Cells Infected with P3 Baculovirus. 
Amplified baculovirus samples were harvested at varying time points from Sf9 cultures post-
infection with P2 baculovirus at an M.O.I of 0.1 or 0.5. Significant eGFP expression was induced 
by P3 baculovirus samples harvested at 72h, 96h, and 120h.  P3 baculovirus harvested from Sf9 
cultures infected at an M.O.I of 0.1 and incubated for 96h or 120h yielded a higher ratio of 
eGFP-expressing cells in Sf9-ET cultures.  

 

 

Amplified Baculovirus Stocks could be Concentrated by 10-fold using PEG (Polyethylene glycol) 

To upscale protein production, it was necessary to intensify the concentration of 

amplified baculovirus P3 stocks for high M.O.I. infection in Sf9 cells. A PEG-based approach 

offered a straightforward and efficient alternative to ultracentrifugation for virus concentration. 

We successfully demonstrated a 10-fold concentration of amplified baculovirus P3 stocks using 

PEG. The PEG-based precipitation process leverages PEG's property to exclude water 

molecules, thereby aggregating virus particles and causing the virus particles to precipitate. Once 
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precipitated, the pellet with the baculovirus particles can be isolated via centrifugation and 

resuspended in a smaller media volume to obtain a concentrated baculovirus stock. The PEG-

based virus precipitation method provides an easy, convenient method to concentrate viruses 

without ultracentrifugation (Colombet et al., 2007). Initially, the PEG-based baculovirus 

concentration was tested with the Abcam (5x) PEG virus precipitation kit, as explained in the 

methods. 170mL of amplified baculovirus P3 was concentrated to 34mL (concentrating the 

sample by a factor of 5). The estimated titer of the P3 stock prior to concentration was 2.82 x 107 

PFU/mL. Based on volume reduction, if 100% recovered, the titer of the concentrated P3 stock 

would be 1.41 x 108 PFU/mL. The titer of the PEG-concentrated P3 stock determined by eGFP 

expression in Sf9-ET cells was 1.61 x 108 PFU/mL. The observed results showed an almost 

100% recovery and a 10-fold concentration of the amplified baculovirus P3 stocks. Repeated 

experiments with homemade PEG virus precipitation solution yielded 60-100% recovery and 10-

20-fold concentration (data not shown).  

Polyethylene glycol (PEG) can improve virus infection efficiency in insect cells by 

enhancing viral entry. PEG induces a mild dehydration of the virus and cell surface, leading to 

closer contact and possibly fusion between the virus and cell membrane. This promotes viral 

uptake, improving the efficiency of virus infection and potentially increasing the delivery of the 

viral genetic material into the host cell. This could explain the instances in which we observed 

almost 100% recovery. So, ultimately, the true titer might be lower than estimated in the presence 

of PEG. However, our purpose was to obtain an approximate estimation of the baculovirus titers 

to infect Sf9 cultures with a sufficient M.O.I. 
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Full-length GST-GSK3β Expression via Baculovirus Expression in Sf9 Cells 

The GST-GSK3β expressed and purified from Sf9 cells by GenScript was compared 

against protein expression in BL21(Gold) E. coli in (Figure Appendix III.A) – Lane 7 shows a 

prominent 74kDa protein band for the full-length GST-GSK3β, in contrast to the primarily 

degraded protein observed in the bacterial expression system in lane 6. This demonstrates the 

potential of the Sf9 baculovirus expression system in producing intact, full-length protein, 

alleviating the degradation issues encountered with the bacterial system. However, repeating this 

observation in our lab and optimizing expression conditions was necessary. The optimal 

incubation time for GST-GSK3β expression in Sf9 cells infected with amplified P3 baculovirus 

was examined (Figure 4.5). By comparing the glutathione-bound and GSH-eluted GST-GSK3β 

at various post-infection incubation times (24h, 48h, and 72h), it was observed that a 72h 

incubation period yielded the highest level of GST-GSK3β expression.  

SDS-PAGE analysis of glutathione affinity-purified protein samples for GST-GSK3β 

expressed in Sf9 cells with that expressed in BL21(Gold) E. coli underscores a significant 

degradation (> 90%) of the bacterially expressed GST-GSK3β (Figure 4.6). Conversely, the Sf9-

expressed protein displayed no notable degradation, highlighting the superiority of the eukaryotic 

expression system in maintaining the integrity of GST-GSK3β. This improvement is likely 

attributable to the eukaryotic nature of Sf9 cells, which offer a more compatible environment for 

the folding and processing of eukaryotic proteins, thereby minimizing degradation. The 

degradation of GST-GSK3β in bacterial systems (even in codon-optimized E.coli strains) 

compared to its stability in Sf9 cells shows that this protein is better suited to eukaryotic 

expression systems, especially when expressing and purifying for utilization in biophysical 

assays such as ITC.   
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Figure 4.5: GST-GSK3β Expression in Sf9 Cells Infected with P3 Baculovirus Analyzed on 
SDS-PAGE. Sf9 cultures infected with P3 baculovirus were incubated at 27 °C for 24h, 48h, or 
72h. A) Comparison of glutathione bound GST-GSK3β in Sf9 cultures harvested at different 
incubation times. B) Comparison of GSH eluted GST-GSK3β collected for Sf9 cultures at 
different incubation times. Results show that a 72h incubation time yielded the highest GST-
GSK3β expression. 25kDa band is an endogenous glutathione-binding protein. 

 

 

Analysis of GST-GSK3β Purification Yields from Sf9 Cell Cultures using FPLC 

In order to purify sufficient quantities of GST-GSK3β for ITC experiments, we needed to 

scale up expression in Sf9 cells. Sf9 cultures were grown as 250mL cultures in ESF 921 medium 

to a 2 x 106 cells/mL density with > 90% cell viability. These cultures were infected with PEG-

concentrated P3 baculovirus at an M.O.I. of 10 and incubated at 27 °C /100rpm for 72h. The 

harvested pellets were rinsed with 1x PBS and stored at -80 °C until used for protein extraction.  
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Figure 4.6: GST-GSK3β Expression in Sf9 Cells Compared Against GST-GSK3β 
Expression in BL21 (Gold) E. coli Cells Analyzed on SDS-PAGE. GST and GST-GSK3β were 
expressed in BL21(Gold) E.coli, and GST-GSK3b was expressed in Sf9 cells. Batch-bead 
purification with Glutathione resin was followed for each cell lysate and eluted with Glutathione 
elution buffer. 0.2µg from each Glutathione affinity purified protein sample was analyzed on 
SDS-PAGE for comparison. GST alone is expressed well, but the full-length GST-GSK3β 
expressed in bacterial cells is more than > 90% degraded. The full-length GST-GSK3β expressed 
in Sf9 does not show degradation compared to the bacterially expressed fusion protein. 

 

 

Multiple 250mL Sf9 pellets were lysed and combined during purification to purify more 

protein. Cell lysates were purified via affinity purification using a Glutathione-sepharose column 

on FPLC (Figure 4.7A). Quantitative analysis demonstrates variances in protein yield between 

the two preparations (Figure 4.7B), with 0.12 mg/mL for pooled fractions (F2 + F3 + F4) of prep 

1 and 0.37 mg/mL for pooled fractions (F2 + F3 +F4) of prep 2, indicating an approximate 

threefold difference. This difference is apparent when observing the gel band densities of the 

74kDa protein bands on SDS-PAGE.  
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Figure 4.7: GST-GSK3β Extracted and Purified from Sf9 Cells Infected with P3 via 
Glutathione-Sepharose Column on FPLC. Each prep utilized 5 x 250mL of Sf9 cultures (total 
1.25L) grown to a density of 2 x 106 cells/mL, infected with P3 at an M.O.I. = 10, and incubated 
at 27 °C /100rpm for 72h. A) Representative UV trace for affinity protein purification and elution 
on Glutathione-sepharose column for GST-GSK3β purification from clarified Sf9 cell lysates 
(Prep #2) The peaks at 0 and 20mL marks represent unbound protein and the smaller peak at 
84mL is GSH-eluted protein. B) SDS-PAGE analysis of GSH-eluted fractions F1, F2, and F3 
collected from two independent protein extractions (equivalent to 1.25L). Each lane represents 
13.5µL from a 1mL fraction of GSH-eluted protein (=1.35% total). The concentration of GST-
GSK3β in the pooled fractions from prep 1 and 2 was ~10µM. 

 

 

The disparity in protein yield between the two preparations suggests variability in 

baculovirus expression levels across cultures, which could be attributed to differences in cell 

viability or other biological variations inherent to the cultures. The estimated molarity of GST-

GSK3β in the pooled and concentrated FPLC fractions from prep 1 and 2 was approximately 

10µM. The subsequent use of this protein sample in ITC experiments to assess binding affinity 

with ATP and a substrate peptide was hindered by insufficient heat signatures (Discussed in 

Chapter 5), indicating a low signal-to-noise ratio that prevented the acquisition of a binding 

curve. This outcome suggests that, despite successful purification, the concentration and purity of 
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the protein were not optimal for ITC measurements, necessitating further optimizations of the 

purification protocols to enhance the yield and purity.  

 

Experimental Challenges Associated with GST-GSK3β Expression, Extraction, and Purification 

from Sf9 Cells 

In expressing and purifying GST-GSK3β from Sf9 cells, our lab encountered several 

significant challenges that impacted the efficiency and outcome of the protein purification 

process. This section discusses the challenges arising from various stages of expression, 

extraction, and purification, as well as the methods adopted to overcome them, as referenced in 

Appendix III. 

Initially, the project was constrained by a limited supply of P2 stock received from 

GenScript, necessitating the amplification of baculovirus in large quantities to express the GST-

GSK3β. This led to the generation of P3 from P2 and, subsequently, P4 from P3, given the 

scarcity of the initial P2 stock. However, a notable decline in protein expression levels was 

observed over time, particularly in the P4 generations. This decrease can be attributed to several 

factors, including a reduction in virus titer, the emergence of defective interfering particles 

(DIPs), selective pressure leading to genetic instability, the condition of the Sf9 cells, and 

suboptimal infection parameters. These factors may have contributed to diminished yields of the 

desired protein over successive baculovirus generations. 

Another significant challenge was the increased viscosity observed in Sf9 cell lysates 

during protein extraction, complicating the filtration process essential for preventing column 

clogging during Fast Protein Liquid Chromatography (FPLC). High viscosity during protein 
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extraction is usually due to host-cell DNA, necessitating a DNase treatment step during cell lysis 

and protein extraction. However, the activation of DNase requires Mg2+, which in turn can 

activate metalloproteases that could degrade the expressed protein. The cell lysis buffers 

contained EDTA, added to chelate metal ions such as Mg2+ to prevent metalloprotease activation 

and inadvertent degradation of the recombinant protein of interest. To follow the DNase 

treatment for DNA degradation, Mg2+ was added in excess over EDTA to activate DNase, 

followed by the addition of EDTA to chelate Mg2+ and inhibit protease activity after the DNase 

treatment. Despite these measures, protein degradation remained a concern, particularly under 

suboptimal expression levels.  

The absence of the expected 74kDa protein band for GST-GSK3β in the GSH-eluted 

fractions from the FPLC, as well as the in the Glutathione-Mini-pulldown tests performed over 

the input and FPLC flow-through (Figure Appendix III.B), indicated possible degradation of 

the target protein. The contrast between the outcomes of the Glutathione-Mini-Pulldown assay 

followed on a smaller sample saved from the same Sf9 culture but without the DNase treatment 

against the FPLC purification experiment suggests that the DNase treatment, while necessary for 

reducing the lysate viscosity, might also contribute to protein degradation by unintentional 

activation of metalloproteases.  

Applying polyethyleneimine (PEI) emerged as a promising strategy for addressing these 

challenges. PEI is a cationic polymer that effectively precipitates DNA from cell lysates. This 

ability is attributed to its high density of amine groups, which can protonate under physiological 

conditions, providing a positive charge. DNA, negatively charged due to its phosphate backbone, 

interacts strongly with the positively charged PEI. This interaction neutralizes the DNA's charge, 

causing it to aggregate and precipitate out of solution. (Sami et al., 2016; Sun et al., 2018). PEI 
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effectively precipitated DNA from cell lysates, reducing viscosity and enhancing filtration. PEI 

effectively reduced lysate viscosity by precipitating DNA, facilitating easier filtration and 

reducing the risk of column clogging during FPLC. This method demonstrated significant 

advantages over traditional DNase treatment, highlighting the importance of exploring 

alternative techniques for improving lysate processing (Table Appendix III.A). 

Despite improving lysate processing and mitigating potential protein degradation, GST-

GSK3β could not be purified via the Glutathione-sepharose column on FPLC. GST-GSK3β was 

not bound to the GSTrap HP column but was present in the input and the FPLC flow-through 

(Figure Appendix III.C). Another significant observation was the high expression of non-

specific endogenous Glutathione-binding proteins (GBPs), complicating the purification process. 

A 25kDa endogenous GBP, which is usually observed in Sf9 lysates (Bichet et al., 2000), 

appeared to bind the GSTrap HP column and elute with GSH elution buffer in the FPLC 

fractions, implying the affinity column was working.  A highly expressed ~35kDa GBP was also 

present in the Sf9 lysates. Initially, we suspected this could be a truncated version of the 

recombinant protein, or else the Sf9 cell stocks might be inadvertently infected with a bacmid 

expressing a truncated version. However, analysis of Sf9 cell lysates via the Glutathione-Mini-

pulldown assay for existing and fresh Sf9 cultures infected with and without baculovirus 

identified the 35kDa protein as an endogenous GBP (Figure Appendix III.D), complicating the 

purification of GST-GSK3β. Bichet et al. (2000), demonstrated that employing a linear GSH 

gradient elution could allow the separation of co-eluting GST-fusion and endogenous GBPs. 

Protein elution with different GSH concentrations in a Glutathione-Mini-Pulldown assay showed 

(Figure Appendix III.E) that GST-GSK3b and the 35kDa endogenous GBP can be separately 

eluted.  
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Another observation was the significant retention of GST-GSK3β recombinant protein on 

Glutathione beads in the Glutathione-Mini-pulldown experiments, which highlighted challenges 

in elution efficiency. Glutathione is a dimeric protein, and its crystal structure reveals 4 exposed 

cysteine residues that can contribute to protein aggregation by oxidation under certain 

conditions. DTT was added to lysis, wash, and elution buffers to maintain a reducing 

environment and prevent potential protein aggregation in this way. However, adding DTT did not 

improve GSH-elution efficiency for GST-GSK3β (Data not shown). Protein aggregation is also 

possible through non-specific hydrophobic interactions, which could be exacerbated during 

sonication or other lysis conditions, and including 0.1% Triton X-100, a non-ionic detergent, in 

the lysis, wash, and elution buffers significantly improved GST-GSK3β elution from Glutathione 

beads (Figure Appendix III.F). This suggests that Triton X-100's role in reducing sonication-

induced aggregation and possibly altering protein-membrane interactions or the protein's 

conformation is crucial for enhancing solubility and elution efficiency. 

Despite many optimization attempts to improve protein expression and purification from 

Sf9, the overall yield of GST-GSK3β derived from Sf9 cultures was not sufficiently high for ITC 

work. Low protein expression levels could explain why no GST-GSK3β was observed in 

Glutathione-sepharose column FPLC elution fractions in the cultures infected with P4 generation 

baculovirus. The likelihood of the GST-tagged protein interacting with the glutathione ligands on 

the column is proportional to its concentration in the lysate. If the concentration is too low, the 

chances of binding events occurring during the flow-through can significantly decrease, 

especially if the flow rate is not adjusted to allow longer interaction times. 

Also, when the lysate is diluted, the protein might not be presented to the column matrix 

in a concentrated enough form to facilitate effective binding. In a dilute lysate, other proteins—
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even in small amounts—might compete with GST-GSK3β for binding sites on the glutathione 

resin, especially if those proteins have higher affinity interactions with the column matrix or are 

present in relatively higher concentrations, which was the case in many of our Sf9 lysates where 

the band intensities of the 25kDa or 35kDa endogenous GBPs were larger than GST-GSK3β. The 

evidence implied that without re-cloning the baculovirus and generating new P1 and subsequent 

new amplified baculovirus stocks, it would be challenging to obtain the high amounts of 

recombinant GSK3β required, especially to attempt ITC binding experiments.  

Some sources report that Sf9 cells are better for baculovirus amplification at high titers, 

while Hi5 insect cell lines are better at heterologous protein production. Some studies have 

reported higher-per-cell expression levels for various recombinant proteins in Hi5 cell lines 

compared to Sf9 cell lines, specifically, the expression of recombinant β-galactosidase (Wickham 

et al., 1992), soluble tissue factor (Wickham et al., 1995), and secreted alkaline phosphatase 

(Davis et al., 1993) in Hi5 cell lines were observed to be 7 times, 28 times and 20 times higher, 

respectively than those achieved with Sf9 cells (Saarinen et al., 1999). 

High baculovirus titers in Sf9 cell cultures can complicate protein expression and 

purification in several ways. For expression, high virus levels might lead to cell lysis or altered 

cellular metabolism, potentially reducing the yield of the desired recombinant protein. During 

purification, high amounts of baculovirus mean that additional steps or more stringent conditions 

are needed to separate the virus particles from the target protein, complicating the process and 

possibly affecting protein quality or yield. 

High virus levels in Sf9 cells can lead to an increase in cell lysate viscosity. This happens 

because the large quantities of baculovirus particles and cell debris from lysed cells thicken the 

solution, making it more difficult to handle during downstream processes such as purification. 
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This increased viscosity can hinder efficient purification and recovery of the desired recombinant 

protein. When lysate viscosity increases due to high levels of baculovirus particles in Sf9 cell 

cultures, it is possible to lose the target protein in the pellet during centrifugation. This could 

happen because the thickened lysate may not properly separate, causing some soluble proteins to 

co-precipitate with the cell debris and baculovirus particles. This leads to a lower recombinant 

protein yield following purification. A high baculovirus titer in Sf9 cell cultures could have 

contributed to the low yield of GST-GSK3β. Switching to Hi5 cells, known for producing fewer 

baculovirus titers and higher recombinant protein yields, could likely mitigate these issues, 

resulting in a better yield of GSK3β for ITC work. 

 

Recombinant GSK3β Production and Purification from Hi5 Cells Allowed Higher Protein Yields 

The re-cloning of human GSK3β isoform 1 into the EMbacY bacmid and subsequent 

expression in Hi5 cells appeared to mitigate the issues associated with GST-GSK3β expression in 

Sf9 cells. The new protocol adapted for baculovirus amplification allowed us to harvest 

baculovirus stocks with high titers without following additional concentration steps or estimating 

titers.  

Amplifying baculovirus in Sf9 cultures with a small culture volume of 25mL allowed to 

obtain high titers and this could be determined by observing YFP expression in the Sf9 cells via 

fluorescent microscope at the time baculovirus stocks were harvested. Having YFP expression to 

monitor baculovirus amplification in real-time (Figure 6.8) was very useful and saved time since 

we no longer needed to use a secondary cell line like the Sf9-ET reporter cell line to determine 

whether baculovirus amplification was successful, which was both time and cost-efficient.  
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Figure 4.8: Analysis of YFP Expression in Sf9 Cells to Monitor Baculovirus Amplification 
and Recombinant Protein Expression in Hi5 Cells. The EmBacY bacmid transposed with the 
pFASTBac vector carrying GST-GSK3β contained a YFP gene, which would be expressed under 
the activation of the polyhedrin promotor. YFP expression allowed for real-time monitoring of 
the efficiency of baculovirus amplification in Sf9 cells and GST-GSK3β expression in Hi5 cells. 
For each test, 0.03-0.05mL of Sf9 cell culture amplifying baculovirus (Day 6 post-infection) or 
Hi5 cell culture infected with P3 (Day 3 post-infection) were observed under brightfield and GFP 
channels in the fluorescence microscope. 

 

 

SDS-PAGE analysis revealed that Hi5 cultures expressed significantly higher amounts of 

GST-GSK3β than Sf9 cultures, with 74kDa GST-GSK3β protein band indicating successful 

expression and purification stages (Figure 6.9). The GST-GSK3β band observed in the GSH-

eluted samples from 10mL of Hi5 + P3 culture showed ~4-fold more protein compared to the 

GST-GSK3β band from a 100mL Sf9 + P4 pellet. This result confirmed the previously discussed 

concerns, such as the reduction in infection efficiency of baculovirus from later generations 

causing issues with successful protein expression, and that Hi5 might be more suited for the 

expression of this protein than Sf9 cells. The approach of doubling the cell density before 

infection adapted in the new protocol also enhanced the efficiency of baculovirus infection and 
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subsequent protein expression, highlighting the critical role of optimizing cell culture conditions 

in improving protein yield. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Hi5 Cultures Expressed Significantly Higher Amount GST-GSK3β than Sf9 
Cultures. The SDS-PAGE analysis compares the expression levels of GST-GSK3β in cell lysates 
derived from 10mL Hi5 cell culture infected with P3 baculovirus (Hi5 + P3) and 100mL Sf9 cell 
culture infected with P4 baculovirus (Sf9 + P4). Lanes 1-3 represent samples from Hi5 + P3 cell 
lysates at different stages of the purification process: total lysate, supernatant post-glutathione 
bead binding, and proteins eluted from the Glutathione beads, respectively. Lanes 5-7 depict 
corresponding samples from Sf9 + P4 cell lysates. The analysis indicates a higher level of GST-
GSK3β expression in the Hi5 + P3 cell lysate compared to the Sf9 + P4 cell lysate, as evidenced 
by the intensity of the bands corresponding to GST-GSK3β. Hi5 Cells were infected with the re-
cloned and amplified baculovirus.  
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Figure 4.10: GST-GSK3β Extraction and Purification from Hi5 Cells Infected with P3 via 
Glutathione-batch Bead Purification. The analyzed prep utilized pooled 250mL and 200mL 
pellets of Hi5 cultures (total 1.2L) grown to a density of 2-2.5 x 106 cells/mL, infected with P3 
at 5mL baculovirus:250mL culture volume ratio and incubated at 27 °C /125rpm for 72h. Lanes 
1-6 on SDS-PAGE show GSH-elution from Glutathione beads. Each lane represents protein in 
10.5µL from the total eluted volumes. The estimated concentration of eluted GST-GSK3β was 
determined based on the total protein concentration, and gel band intensities for the GST-GSK3β 
band was ~1 mg/mL.  

 

 

The purification process was optimized, starting with glutathione-affinity purification, 

enzymatic removal of the GST tag, and final ion-exchange chromatography. The SDS-PAGE 

analyses (Figure 6.10 and Figure 6.11) demonstrated the effectiveness of each step, from the 

initial extraction of GST-GSK3β from Hi5 cells to the final purification of GSK3β with > 90% 

purity. The TEV protease cleavage site facilitated the efficient removal of the GST tag. At the 

same time, the ion-exchange chromatography and His-tag purification steps ensured the high 

purity of the final GSK3β product. 
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Figure 4.11: Purification of GSK3β by TEV-His Cleavage of GST tag, Ion-Exchange 
Purification, and His-Bind Resin Purification. A) SDS-PAGE Analysis of GST tag cleavage 
using TEV-His and ion-exchange purification of GSK3β. Lane 1 shows GST-GSK3β in the 
pooled GSH-elution samples from the Glutathione batch bead purification of 1.2L of Hi5 
cultures infected with P3. Lane 2 shows the efficiency of GST tag cleavage following ~24h 
incubation of the pooled GSH-eluted protein with TEV-His at 4 °C. The gel band intensities 
show that a significant amount of GST-GSK3β underwent GST tag cleave. The cleaved GSK3β 
was purified via the SP (cation exchange) column on FPLC with 20mM HEPES pH 7.5, 50mM 
NaCl and 2mM β-Mercaptoethanol (Buffer A). Lane 4 shows trace amounts of intact GST-
GSK3β and the non-specific endogenous Glutathione binding proteins in SP column flow-
through. After washing the column with Buffer A, the bound protein was eluted with a linear 
NaCl gradient. GSK3β predominantly eluted in fractions F5-F12. TEV-His co-eluted with 
GSK3β starting from F9. B) SDS-PAGE analysis of the TEV-His purification using His-Bind 
beads from the GSK3β and TEV-His co-eluted fractions collected during ion-exchange 
purification.  C) SDS-PAGE Analysis of final purified GSK3β protein shows > 90% purity.  
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Despite the successful implementation of the purification protocol in our lab, the yield 

and expression levels of GST-GSK3β in Hi5 cultures were lower than those observed by our 

collaborators. Our collaborators obtained ~0.7-0.75mL of 84-94 µM GSK3β following protein 

extraction and purification from 2L Hi5 cultures infected with P3. Our lab obtained ~0.5-0.6mL 

of 10-11µM GSK3β after protein extraction and purification from 1-1.2L batches of Hi5 cultures 

infected with P3.  

This could be due to differences in available lab equipment, such as not having optimal 

incubators for maintaining 27 °C, which could affect protein expression levels, different 

centrifugation methods during protein extraction, and differences in SP column elution patterns 

during ion-exchange purification. For example, our collaborators saw fewer SP column fractions 

with co-elution of GSK3β and TEV-His (Data not shown). At the same time, we observed several 

fractions containing higher amounts of GSK3β, co-eluting with TEV-His, which required a 

further purification step involving His-bind bead purification, and every additional purification 

step leads to loss of final protein yield.  
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Chapter 5: Isothermal Titration Calorimetry (ITC) Ligand Binding Experiments for  

Glycogen Synthase Kinase3β (GSK3β) 

 

Introduction 

ITC is an invaluable technique in drug discovery for studying protein-ligand interactions, 

as it provides detailed information on binding thermodynamics. ITC can detect the heat changes 

that occur when a protein binds to a ligand. In a standard ITC experiment, the ligand is gradually 

added to a solution with the protein, and the heat that is either released or absorbed during the 

binding process is measured. The measured heat change reflects the energetic contributions to 

the interaction, such as electrostatic interactions, hydrogen bonding, van der Waals, hydrophobic 

interactions, and changes in solvent structuring. By analyzing these heat changes, key 

thermodynamic parameters such as the binding constant (KA), the stoichiometry of the 

interaction (n), and the enthalpy of binding (ΔH) can be directly determined. Using the 

relationship between the Gibbs free energy (ΔG) and equilibrium constant and the relationship 

between ΔG, ΔH, and entropy (ΔS), the values of ΔG and ΔS for the particular temperature can 

be calculated. This capability to directly measure all thermodynamic parameters in a single 

experiment without labeling or immobilizing the protein or ligand makes it an authentic 

representation of biological interactions. The thermodynamic parameters derived from the heat 

measurements provide insight into the forces driving the interaction and stability of the resulting 

protein-ligand complex. Mechanistic binding details, such as the roles of specific amino acids at 

the binding site and their contributions to the overall binding energy, can also be explored using 

ITC. This enhances the understanding of molecular recognition and aids in the rational design of 
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effective therapeutics (Falconer et al., 2021; Y. Liang, 2008; Pierce et al., 1999; Velazquez-

Campoy et al., 2015; Ward & Holdgate, 2001; Wiseman et al., 1989).  

We aimed to establish an ITC binding assay for GSK3β using ligands such as ATP and a 

substrate peptide of GSK3β known as GSM to advance to study binding interactions between 

GSK3β and its metal ion inhibitors, lithium, and beryllium. The study experienced many 

technical difficulties; some are documented in this chapter. Generally, published work reporting 

ITC binding data for protein-ligand interactions does not address the optimization work or 

technical challenges associated with developing an ITC binding assay. Therefore, this chapter 

will document some factors that can be useful in optimizing and troubleshooting ITC binding 

assays involving proteins.  

 

Materials and Methods 

Materials 

The GSK3β used for ITC binding experiments was derived from several sources. Early 

studies used GST-GSK3β expressed in bacteria or Sf9 insect cells and purified via glutathione-

affinity purification. The bacterially expressed GST-GSK3β was a heterogeneous protein sample 

due to degraded versions of the protein (discussed in Chapter 4). GST-GSK3β derived from Sf9 

contained the full-length protein and displayed kinase activity (data not shown), but the overall 

protein concentration was low (discussed in Chapter 4). Many ITC experiments documented in 

this chapter used GSK3β prepared via baculovirus expression in Hi5 cells and purified by 

Glutathione-affinity and ion exchange (SP Cation exchange) purification (described in Chapter 

4). GSK3β prepared by our collaborators was suspended in 20mM HEPES pH 7.5, 125mM 
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NaCl, and 1mM DTT and stored at -80 0C in aliquots following a quick freeze process in liquid 

N2. These GSK3β aliquots were thawed and diluted in the buffer of choice or dialyzed into the 

buffer of choice for ITC binding experiments. The GSK3β stock solutions and dialyzed protein 

samples were quantified using a Qubit Protein Assay kit (Invitrogen #Q33211) or Pierce BCA 

Protein Assay kit (Thermo Scientific #23225). 

The substrates used in the experiments included ATP (Sigma #A2383), non-hydrolyzable 

ATP analog, adenylyl-imidodiphosphate (AMP-PNP) (Roche Diagnostics #10102547001), GSM, 

a synthetic substrate peptide of GSK3β (Millipore Sigma #12-533) and Alsterpaullone (Santa 

Cruz #sc-202455). The ITC binding experiments were performed in buffers TRIS Base (J.T. 

Baker #4099-02), HEPES (Sigma #H3375) BIS-TRIS (Sigma #SLBV2468), supplemented with 

NaCl (Ameresco #0241), MgCl2 (Sigma #SLBQ9064V), DTT (Roche Diagnostics 

#10197777001) or, β-Mercaptoethanol (OmniPur #6010). L-arginine (Sigma Aldrich #A5131) 

and L-glutamic acid (Sigma Aldrich #G1251) were used for improved protein solubility where 

specified. 

 

ITC Binding Experiments 

All binding experiments on MicroCal PEAQ-ITC (PEAQ-ITC Instrument Cell Serial 

#MAL1122596 and PEAQ-WM Serial #29061559-0047) used the 13-injection method. The 

GSK3β solutions were prepared for each ITC experiment as a 300µL sample, and 280µL was 

loaded into the ITC cell. The final reaction volume in the adiabatic cell is 200µL. The ligand 

solutions were prepared with matching buffer components, and 75µL loaded into the ITC 

syringe. The reactions were performed at 15 0C or 25 °C with 750 or 500 rpm stir speed. Once 
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the samples had equilibrated to the assigned temperature and the baseline was stable, the ligand 

was injected, typically starting at t = 1min. In the first injection, 0.4µL is injected as a priming 

step (this volume can be adjusted to be less if desired), followed by 12 x 3µL injections to obtain 

a binding isotherm. The injection spacing can be determined during preliminary experiments and 

adjusted as needed. By default, it is 150 seconds. The baseline in a raw ITC thermogram is 

influenced by the set reference power, the constituents of the buffer solutions, and the exact 

volume loaded into the sample cell. To directly compare various ITC experiments within the 

same graph, each thermogram’s baseline was normalized to a DP of 0. This was achieved by 

deducting the starting baseline DP value and utilizing Microsoft Excel software to adjust or 

subtract the baseline for each experiment in the MicroCal PEAQ-ITC Analysis software. 

 

Results and Discussion 

 

ITC Thermograms for ATP vs. GSK3β 

Initial experiments were conducted using GST-GSK3β, which was expressed in bacteria 

and partially degraded. Titration of ATP against the protein sample in 25mM HEPES pH 7, 

150mM NaCl, and 10mM MgCl2 displayed broad exothermic peaks (Figure Appendix IV.A). 

The peaks produced due to ligand-protein interactions were markedly different from the 

exothermic peaks observed upon ATP vs. buffer titration, and despite the presence of exothermic 

peaks indicating potential interactions between ATP and GSK3β, the heterogeneous nature of the 

protein preparation likely affected the thermodynamic parameters, making it challenging to fit 

these data into a standard binding model. Experiments performed with GST-GSK3β expressed 
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via baculovirus expression in Sf9 cells did not produce any binding behavior, potentially due to 

the low protein concentration (data not shown).  

Titrations with ATP were conducted against GSK3β expressed in Hi5 cells. The GST tag 

was cleaved, and the protein was purified via ion exchange chromatography. Therefore, the 

protein sample was highly pure. The titration of 2mM ATP vs. 10µM GSK3β yielded a similar 

result as previously observed. After each injection, an exothermic peak was observed, and each 

peak took approximately 5 minutes to return to the baseline (Figure Appendix IV.B, R3093). 

The titration was continued with 5mM ATP (R3094), and the exothermic peaks gradually 

declined, although each peak took approximately 5 minutes to return to the baseline. This peak 

behavior emulated an enzymatic reaction more than a binding event. The integrated heat vs. 

molar ratio plots give the illusion of a binding curve. However, the data could not be fitted to an 

appropriate binding model to derive data. Typically, ITC signals for a binding event resolve 

much faster. Wang et al. (2022) reported a similar-looking result in ITC that was attributed to 

background ATP hydrolysis, where they demonstrated a bacterial phosphotransferase: 

aminoglycoside-3’-phosphotransferase-IIIa exhibited low levels of ATP hydrolysis in the absence 

of the phospho-acceptor substrate (Y. Wang et al., 2022).  The consistency of these results across 

different protein preparations hinted at underlying enzymatic activity rather than direct binding 

interactions. Therefore, a non-hydrolyzable ATP analog, AMP-PNP, was utilized to follow ITC 

binding experiments (Bertrand et al., 2003).  

Alsterpaullone is an ATP-competitive potent synthetic inhibitor of GSK3β with an IC50 of 

4nM (Kunick et al., 2004; Wei et al., 2022). An IC50 value in the nanomolar range implies a more 

substantial binding event between Alsterpaullone and GSK3β. Therefore, 10µM Alsterpaullone 



112 
 

was titrated against 10µM GSK3β in the HEPES buffer system; however, no detectable binding 

was observed (Figure Appendix IV.C) 

 

ITC Thermograms for AMP-PNP vs. GSK3β 

Upon switching to the non-hydrolyzable ATP analog, AMP-PNP, the interaction studies 

(Figure Appendix IV.D) continued to show no binding despite observing some changes in the 

thermogram profiles (R3117). Some exothermic peaks that displayed a slow return to baseline 

were observed when AMP-PNP was continued to be titrated into the R3117 cell (R3118). This 

was surprising given AMP-PNP’s stability against hydrolysis, suggesting that ATP hydrolysis 

might not have been the sole issue in previous experiments. Subsequent binding experiments 

were conducted, including a GSK3β substrate peptide (20µM GSM peptide) both in the syringe 

solution with 5mM AMP-PNP and the ITC cell with the 10µM GSK3β (Figure Appendix IV.E). 

The binding of the phospho-acceptor substrate to GSK3β could stabilize the conformation of the 

catalytic site, making it more favorable for AMP-PNP binding by adopting a more closed or 

properly aligned conformation that effectively positions critical residues for ATP (or ATP analog) 

binding. This is a form of allosteric regulation where the binding of one molecule influences the 

binding site for another molecule. This mode of enhancement of AMP-PNP binding to GSK3β 

may produce a more pronounced heat change measurable by ITC. However, in this experiment 

(R3119), no binding was observed. 

The attempted ITC binding experiments were performed in a HEPES buffer system. 

HEPES contains a sulfonate group, which might be weakly competitive with the phosphate 

groups on the primed phosphorylated site of the peptide substrate and those in the ATP molecule. 
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Dajani et al. (2001) crystallized GSK3β suspended in a HEPES buffer system, and the analysis 

of the crystal structure revealed the sulfonate group of HEPES occupying phosphate binding 

sites of GSK3β (Dajani et al., 2001). Therefore, we decided to perform the binding experiments 

in TRIS pH 8 buffer instead of HEPES pH 7. The ionization states would be slightly different at 

pH 8. Additionally, TRIS buffer has a higher ionization enthalpy, which could amplify the 

strength of the ITC signals corresponding to binding interactions. An ITC kinase activity assay 

performed for GSK3β activity in different buffers and pH demonstrated that the reaction in TRIS 

pH 8 buffer generated the most significant thermal signal (discussed in Chapter 6). In addition to 

changing the buffer, the ionic strength of the solution was lowered by decreasing the NaCl and 

MgCl2 concentrations to provide a less stringent binding environment.  

A significant baseline shift was observed when binding experiments were performed in 

TRIS pH 8 buffer. Typically, the reference cell is maintained at 41.9µJ/sec, and the baseline in 

the sample cell is adjusted relative to this. When a binding event occurs, the corresponding 

exothermic or endothermic signal will deviate from the baseline and resolve. However, we 

observed that the baseline at the beginning of the ITC experiment was unusually below the 

typically observed baseline. The ITC thermogram baseline displayed a sigmoidal shape, starting 

at a low baseline and then shifting to a higher baseline, producing exothermic peaks of the same 

size. This phenomenon was observed when the nucleotide was titrated into GSK3β (Figure 

Appendix IV.F) and when the peptide substrate was titrated into GSK3β (Figure Appendix 

IV.G). In each case, protein was the common factor.  
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Hypothesis: Protein Adsorption 

The ITC cell and syringe are cleaned extensively after every run. However, suppose there 

is residual GSK3β protein sticking to the cell wall despite cleaning. In that case, when a fresh 

protein solution is added to start a new run, the new protein may adsorb to the existing protein 

film built on the ITC cell walls. This adsorption is an exothermic process, which would result in 

a low initial baseline. Once most of the protein is depleted from the cell because it has been 

adsorbed to the walls, the adsorption reaction ceases, and the baseline goes up, explaining the 

sigmoidal baseline. Also, this hypothesis would explain why a baseline shift is not observed in 

the titrant-to-buffer or buffer-to-buffer control runs. A stringent cleaning protocol was established 

to test this hypothesis by soaking the cell in concentrated detergent solution for several hours at 

60 0C and additionally soaking the cell in Proteinase K (to degrade any accumulated proteins 

from the cell) followed by multiple rinses with ultra-pure H2O. ITC runs conducted following the 

stringent cleaning did not display the unusual baseline shift. Subsequent ITC runs followed by 

titrating 0.5mM GSM peptide substrate against 10µM GSK3β, or 5mM AMP-PNP against 

GSK3β, or the titrating a combination of peptide and nucleotide against 10µM GSK3β did not 

show binding (Figure Appendix IV.H).  

In order to observe binding, the protein concentration in the ITC cell was increased. One 

study has reported KD values for GSK3β vs. ligand binding using ITC. The study reported two 

KD values, 600µM, and 9µM for ligand-GSK3β interaction between two synthetic pyridinyl 

amides (0.5-2mM) and GSK3β (at 50-85µM) with 2.5-5% DMSO (DMSO likely added to match 

conditions of ligand solution)(Wang et al., 2016). Other buffer conditions were not reported. The 

most prominent peak measured was approximately 1.2µW (=µJ/sec). A KM value of 50.2µM is 
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reported for ATP and GSK3β (Knight & Shokat, 2005). These values suggest that a higher 

concentration of GSK3β is ideally required in the ITC cell to observe potential binding.  

 

ITC Thermograms for AMP-PNP vs. Concentrated GSK3β Samples 

5mM AMP-PNP was titrated against increased concentrations of GSK3β, approximately 

43.9µM and 42.45µM. These titrations were performed under conditions optimized to potentially 

enhance binding detection, using a buffer of 50mM TRIS pH 8, 20mM NaCl, and 10mM MgCl2 

at 15 °C (Figure 5.1). The overall thermograms for each titration were similar to thermograms 

from the titrant to buffer control experiments except for the second injection (the first injection is 

a 0.1µL “pre-injection” that serves only to remove  looseness in the injector system in 

preparations for the larger analytical injections to follow). For the second injection there was a 

distinct small exothermic peak (Figure 5.1A and C). The enlarged views (Figure 5.1B and D) 

focus on this initial peak, showing its reproducibility and hinting at a potential binding event. 

However, subsequent injections did not produce additional notable peaks, limiting our ability to 

characterize binding interaction further under these conditions. 

A notable observation during these experiments was that the protein solution recovered 

from the ITC cell post-run was opaque. Once the protein samples were centrifuged, a small white 

pellet could be detected, indicating protein precipitation during the ITC experiment. The clear 

supernatant was tested for kinase activity (ITC kinase assay) and detected enzyme activity (data 

not shown). This implies that the protein solution during the ITC experiment was partially 

aggregated, leading to a heterogeneous protein population of enzymatically active GSK3β and 

aggregated GSK3β. Protein aggregation would effectively lower the GSK3β availability for 
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binding, and thus, the overall heat generated from binding events would still be small. Several 

changes were introduced. The stock GSK3β was suspended in 25mM HEPES pH 7.5, 125mM 

NaCl, and 1mM DTT (~80-94µM stock). When preparing protein solutions of ~43µM 

concentration in 50mM TRIS pH 8, 20mM NaCl, and 10mM MgCl2 buffer, there would still be a 

high concentration of HEPES buffer carried over (~11mM). HEPES may weakly compete for 

phosphate binding sites on GSK3β, and the competition would be prevalent at millimolar 

concentrations, compared to AMP-PNP, which would reach less than 1mM in the cell even after 

12 injections. Therefore, the GSK3β solutions were dialyzed into the binding buffer before use 

for ITC experiments. Additionally, the stirring speed during the ITC reaction was reduced from 

750 rpm (default setting) to 500 rpm because excessive stirring could promote protein 

aggregation. The AMP-PNP concentration was reduced from 5mM to 2.5mM. If the protein was 

saturated from the first injection of 5mM AMP-PNP, we may not see a binding pattern other than 

the small exothermic peak for the first injection. By reducing the nucleotide concentration by 

half, we expected to see maybe a second or third exothermic peak. Despite having made these 

changes, the binding experiment yielded similar results as previously observed (Figure 5.2). The 

post-ITC protein solution was opaque and yielded a small white pellet following centrifugation, 

indicating protein precipitation. Given the persistent issue with protein precipitation, the 

experimental conditions were further refined.  

The pI of GSK3β is 7.98. Having the protein solution prepared in TRIS pH 8 buffer 

might not be optimal for GSK3β at high concentrations. A protein would have a net zero charge 

at its isoelectric point. At pH 8, GSK3β would be predominantly a zwitter ion and, at high 

concentrations, might tend to form aggregates and precipitate. The ITC kinase assay for GSK3β 

activity produced the second largest signal in BIS-TRIS pH 6.5 (discussed in Chapter 6). Buffer 
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conditions optimal for enzymatic reaction would also be optimal for substrate binding. pH 6.5 

would be more than 1 pH unit different from the pI of GSK3β, ensuring a more ionized protein 

and improving protein solubility. Simultaneous addition of 50mM of the charged amino acids L-

arginine and L-glutamate to protein solutions can improve protein solubility at high 

concentrations (Golovonov et al., 2004). The stock GSK3β was dialyzed into 50mM BIS-TRIS 

pH 6.5, 20mM NaCl, and 10mM MgCl2, 50mM L-Arg, 50mM L-Glu, and 0.5mM β-

Mercaptoethanol and used for an ITC binding experiment where 2.5mM AMP-PNP in prepared 

in matching buffer conditions were titrated against GSK3β (Figure 5.3). Unlike before, the post-

ITC cell solution was clear and not opaque, indicating improved protein solubility. However, the 

result of the binding experiment was not different. The small exothermic peak at the second 

injection was reproduced, but subsequent injections did not clearly show binding. The 

exothermic peak at the second injection of the titration was repeatedly observed and is distinct 

from the peaks measured during the respective titrant-to-buffer controls. Therefore, we can 

conclude that a binding event is present, but thermodynamic parameters could not be derived 

since a binding isotherm could not be obtained under the tested experimental conditions. The 

exothermic peak suggests that the AMP-PNP binding to GSK3β is an enthalpically favorable 

binding event.  

Highly concentrated GSK3β solutions are prone to frothing, which complicates the 

loading of the ITC cell by making it difficult to avoid air bubbles. The presence of these air 

bubbles can disrupt the accurate measurement of heat changes, leading to fluctuations in the 

baseline and unwanted spikes in the thermogram. If frothiness leads to the formation of air 

bubbles during loading, the protein sample must be drawn out and reloaded. However, we 

observed that GSK3β is susceptible to precipitation when subjected to multiple loading attempts, 
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posing an additional technical challenge during ITC binding experiments with highly 

concentrated GSK3β samples. Therefore, exploring methods to enhance GSK3β solubility in 

highly concentrated solutions would be advantageous, as it could improve binding 

measurements.  

 

 

 

 
Figure 5.1: ITC Thermograms for AMP-PNP vs. GSK3β. ITC binding experiments for 5mM 
AMP-PNP vs. ~43 µM GSK3β were performed in 50mM TRIS pH 8, 20mM NaCl, and 10mM 
MgCl2 at 15 °C. In each titration, the nucleotide is in the syringe and is incrementally injected 
into the cell containing the protein with 12 x 3µL injections. The blue curves show the 
thermograms for AMP-PNP vs. Buffer, and the orange curves for AMP-PNP vs. GSK3β. (A) 
5mM AMP-PNP vs. 43.9µM GSK3β (B) Enlarged view of the first injection from A (C) 5mM 
AMP-PNP vs. 42.45µM GSK3β (D) Enlarged view of the first injection from B. 
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Figure 5.2: ITC Thermograms for AMP-PNP vs. GSK3β. ITC binding experiments for 
2.5mM AMP-PNP vs. ~57.9 µM GSK3β were performed in 50mM TRIS pH 8, 20mM NaCl, and 
10mM MgCl2 at 15 °C and reduced stir speed at 500rpm. The GSK3β used for the experiment 
was pre-dialyzed in 50mM TRIS pH 8, 20mM NaCl, and 10mM MgCl2 at 4 °C to remove 
carryover HEPES buffer and DTT from the stock GSK3β solution. In each titration, the 
nucleotide is in the syringe and is incrementally injected into the cell containing the protein with 
12 x 3µL injections. The blue curves show the thermograms for AMP-PNP vs. Buffer, and the 
orange curves for AMP-PNP vs. GSK3β. (A) 5mM AMP-PNP vs. 57.9µM GSK3β (B) Enlarged 
view of the first injection from A. 
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Figure 5.3: ITC Thermograms for AMP-PNP vs. GSK3β. ITC binding experiments for 
2.5mM AMP-PNP vs. ~52.3 µM GSK3β were performed in 50mM BIS-TRIS pH 6.5, 20mM 
NaCl,10mM MgCl2, 50mM L-Arginine, 50mM L-Glutamate and 0.5mM β-Mercaptoethanol at 
15 °C. The GSK3β used for the experiment was pre-dialyzed in 50mM BIS-TRIS pH 6.5, 20mM 
NaCl,10mM MgCl2, 50mM L-Arginine, 50mM L-Glutamate and 0.5mM β-Mercaptoethanol at 4 
°C. In each titration, the nucleotide is in the syringe and is incrementally injected into the cell 
containing the protein with 12 x 3µL injections. The blue curves show the thermograms for 
AMP-PNP vs. Buffer, and the orange curves for AMP-PNP vs. GSK3β. (A) 2.5mM AMP-PNP 
vs. 52.3µM GSK3β (B) Enlarged view of the first injection from A. 
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Chapter 6: Kinetic Characterization of GSK3β Phosphorylation using Isothermal Titration 

Calorimetry (ITC) 

 

Background and Introduction 

Kinetic Characterization of Enzymes 

Enzyme kinetics is a pivotal area of biochemistry that studies the rates of enzyme-

catalyzed reactions. It offers insight into how enzymes, biological catalysts, increase the rate of 

virtually all cell chemical reactions and how they are regulated. Enzyme kinetics studies can 

reveal how enzymes bind to substrates (the molecules they act on) and turn them into products, 

the mechanisms by which enzymes can achieve such remarkable feats of catalysis, and also help 

understand how enzyme activity is finely controlled by the cell to meet the demands of 

metabolism.  

Studying enzyme kinetics involves measuring reaction rates and observing how enzyme 

concentration, substrate concentration, and the presence of inhibitors or activators affect these 

rates. This information is essential to understand an enzyme’s role in the body and how cells 

adjust to different conditions. Furthermore, enzyme kinetic studies have significant implications 

for medical and industrial applications, particularly in drug development, where enzyme 

inhibition studies are critical for therapeutic design, and in biotechnology, where enzymes are 

employed to catalyze industrial-scale biochemical reactions (Nagar et al., 2014).  

The mathematical modeling of enzyme kinetics, including the derivation of equations 

such as the Michaelis-Menten equation, allows for the quantitative description of these reactions. 

These models facilitate the comparison of enzyme activities under different conditions and help 
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predict the effects of mutations on enzyme function, offering insights into the design of enzyme 

inhibitors and activators (Johnson & Goody, 2011).  

Generally, enzymes exhibit saturation kinetics as explained by the Michaelis-Menten model, 

depicted in Scheme 6-1. 

Scheme 6-1: 

𝐸𝐸 + 𝑆𝑆
𝑘𝑘−1
⇌
𝑘𝑘1

 𝐸𝐸𝐸𝐸 ⟶
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

 𝐸𝐸 + 𝑃𝑃 

In this model, an enzyme (E) interacts with a substrate (S), forming a complex (ES) at 

rate k1 (association) and k-1 (dissociation). The enzyme then converts the substrate into a product 

(P) at a rate of kcat. This mechanism leads to the well-known Michaelis-Menten equation, where 

the initial reaction velocity, ν0, shows a saturation effect as substrate concentration increases. The 

initial reaction velocity is equal to the rate of substrate consumption or the rate of product 

formation, as shown in equation 6.1. 

Equation 6.1: 

𝜈𝜈0 =  −
𝑑𝑑[𝑆𝑆]
𝑑𝑑𝑑𝑑

 =
𝑑𝑑[𝑃𝑃]
𝑑𝑑𝑑𝑑

 

Applying the steady state assumption, the Michaelis-Menten equation can be derived for the 

model in Scheme 6-1. 

Equation 6.2: 

𝜈𝜈0 =
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 [𝑆𝑆]
𝐾𝐾𝑀𝑀 + [𝑆𝑆]  
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Vmax represents the maximum rate of an enzyme-catalyzed reaction when the enzyme is 

saturated with substrate. KM is the substrate concentration at which an enzyme-catalyzed reaction 

proceeds at half its maximum velocity (Vmax/2), indicating the enzyme’s affinity for its 

substrate. KM can also be explained through the rate constants for the formation and breakdown 

of the ES complex. Therefore, KM can be given as the ratio of the sum of the dissociation and 

catalysis rate constants to the association rate constant reflecting the enzyme’s substrate affinity 

in terms of its forward and reverse reactions.  

Equation 6.3: 

𝐾𝐾𝑀𝑀 =
𝑘𝑘−1 + 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

𝑘𝑘1
 

The reaction velocity depends on the rate of product formation, which can also be 

explained with respect to the rate of ES complex breakdown. The velocity becomes maximum 

when substrates occupy all the enzyme (or all active sites). Therefore, the maximum velocity can 

be represented by the catalysis rate multiplied by the total enzyme concentration [E]t, as shown 

next. This relationship shows how the maximum rate is directly proportional to the total enzyme 

concentration available.  

Equation 6.4: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 [𝐸𝐸]𝑡𝑡 

 

The catalysis rate constant, kcat, is also called an enzyme's turnover number. It quantifies 

how many substrate molecules one enzyme molecule (or the number of active sites participating 
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in the reaction) can convert into a product per unit of time when the enzyme is fully saturated 

with substrate.  

During enzyme kinetic experiments, measurements primarily focus on the reaction rate at 

varying substrate concentrations. Typically, the initial reaction velocity (ν0) is measured under 

different substrate concentrations to ensure that the rate reflects only the early phase of the 

reaction where the reverse reaction (P => S) is negligible. The reaction rate is measured by 

substrate consumption or product formation over time. Plotting these velocities against the 

substrate concentrations produces a curve that can be fitted to the Michaelis-Menten equation. 

This fitting process allows for extracting the crucial kinetic parameters KM, Vmax, and kcat. 

Through this analysis, the Michaelis-Menten model provides insight into the fundamental 

properties of enzyme-catalyzed reactions, including how quickly an enzyme can work and how 

tightly it binds its substrate. 

Most enzyme-catalyzed reactions are not as straightforward as converting a single 

substrate into a single product. Such reactions often involve two or more substrates interacting to 

produce multiple products. This complexity arises from the need to understand how each 

substrate and product influences the reaction rate, which can complicate the kinetics analysis. 

Despite these challenges, the fundamental principles of the Michaelis-Menten model can still be 

applied to these multi-substrate and multi-product reactions, with modifications to reaction 

conditions to accommodate the additional complexity. A typical practical approach to studying 

such reactions involves mimicking pseudo-first-order kinetics for a particular substrate of 

interest. This is achieved by maintaining a high concentration of the other substrates, ensuring 

their concentrations do not limit the reaction rate. This technique simplifies the kinetic analysis 

by allowing the focus to remain on how changes in the concentration of the substrate of interest 
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affect the reaction rate, facilitating the derivation of kinetic parameters similar to those obtained 

for more straightforward reactions (Seibert & Tracy, 2014; Wharton & Eisenthal, 1981).  

 

Isothermal Titration Calorimetry (ITC) in Studying Enzyme Kinetics 

Isothermal Titration Calorimetry (ITC) allows the analysis of enzyme kinetics by directly 

measuring the heat flow associated with enzymatic reactions. This technique can readily 

determine whether an enzyme-catalyzed reaction is exothermic or endothermic, facilitating the 

straightforward calculation of kinetic parameters. Unlike traditional enzyme assays, which often 

rely on detecting changes in substrate, product, or cofactor concentrations over time through 

methods such as UV/Vis absorbance, fluorescence, and even secondary detection techniques 

requiring specialized reporter molecules or post-reaction separations (e.g., FRET assays, ADP-

Glo assays, HPLC, GC, MS), ITC measures the enthalpy change directly and derive the kinetic 

parameters based on the rate of heat flow. This eliminates the need for modified substrates, 

indirect measurements, or complex setups, allowing for studying enzyme reactions under 

conditions close to their natural cellular environment. ITC provides a more direct and universally 

applicable approach to studying enzyme reactions, simplifying the experimental process, and 

offering insights into the thermodynamics and kinetics of enzyme-catalyzed reactions in 

conditions that closely mimic the cell's natural environment (Todd & Gomez, 2001; Y. Wang et 

al., 2020). 

Once a reaction is initiated by mixing substrate and enzyme in the ITC cell, the 

instrument measures the heat flow as a function of time, expressing this as differential power 

(DP), calibrated against the reference power (equation 6.5). For exothermic reactions, where heat 
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is released, the DP value decreases relative to the reference, and for endothermic reactions, 

where heat is absorbed, the DP value increases. The direction and magnitude of DP shifts can 

provide insight into the reaction’s thermodynamic nature and kinetic speed (Bianconi, 2007; 

Olsen, 2006; Todd & Gomez, 2001; Y. Wang et al., 2020).  

Equation 6.5: 

𝐷𝐷𝐷𝐷 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 

Where: 

dQ/dt = The heat change observed at a given time point (µcal/sec or µJ/sec) 

 

The ITC determines the reaction's apparent enthalpy (ΔHapp) by integrating the area under 

the curve in the ITC raw plot (equation 6.6). The ΔHapp represents the combined heat effects 

taking place in the ITC cell during a reaction, which includes the intrinsic enthalpy of the 

reaction (ΔHrxn) and any heat variations associated with buffer ionization (proton uptake or 

release) and the heats of dilution associated with the mixing of substrates with the enzyme 

solution in the buffer. The total heat generated from the reaction when a specific amount of 

substrate moles is converted to the product can be given by equation 6.7 (Todd & Gomez, 2001). 

Equation 6.6: 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 =
�∫ 𝐷𝐷𝐷𝐷 𝑑𝑑𝑑𝑑∞
𝑡𝑡=0 �
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. [𝑆𝑆]0

 

Where: 

[S]0 = the total concentration of substrate injected into the ITC cell (M) 
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Vcell = the reaction volume of the ITC cell (L) 

 

Equation 6.7: 

𝑄𝑄 = 𝑛𝑛.𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 = [𝑃𝑃] .𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 

Where: 

Q = heat measured for the complete reaction (kJ) 

n = the moles of substrate injected into the ITC cells for the reaction (mol) 

ΔHapp = The apparent reaction enthalpy obtained by integrating the area under the raw ITC curve 

(kJ/mol) 

[P] = The concentration of product generated by the conversion of n moles of substrate (M) 

 

Since the rate of the reaction is represented by the rate of product formation [dP]/dt, and 

the change in DP is directly proportional to the rate of product formation, the above relationships 

can be rearranged to show how ITC determines the reaction rate (RateITC). 

Equation 6.8: 

𝐷𝐷𝐷𝐷 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝑑𝑑[𝑃𝑃]
𝑑𝑑𝑑𝑑

 .𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 .𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 

Equation 6.9: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐷𝐷𝐷𝐷

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
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Enzyme assays for measuring enzyme activity can be categorized as continuous and 

discontinuous (Harris & Keshwani, 2009). Continuous assays provide real-time monitoring of 

the reaction, allowing for observing substrate or product concentration changes as the reaction 

proceeds. This method is advantageous for kinetic studies because it offers instantaneous data, 

allowing for the calculation of reaction rates concurrently with the catalytic process. On the other 

hand, discontinuous assays require periodic sampling of the reaction mixture at different time 

points following quenching of the reaction using specific methods before analysis. Although this 

approach might not provide the immediacy of continuous assays, it is helpful for conditions 

under which the reaction cannot be easily monitored in real-time or when multiple samples need 

to be compared under identical conditions. In ITC experiments, the reaction is monitored in real-

time as the assay progresses, with the heat flow being measured continuously as substrate 

injections are made into the enzyme solution. This allows for the direct and continuous 

observation of the reaction kinetics and thermodynamics. ITC kinase experiments can be 

performed in two ways: 1) multi-injection assay and 2) single-injection assay (Todd & Gomez, 

2001). 

The multiple-injection ITC assay involves the sequential addition of small substrate 

volumes into an enzyme solution within the ITC cell, allowing for real-time analysis of the 

reaction rates across a series of injections according to equation 6.9. This design allows for 

minimal substrate consumption post-injection because the enzyme concentration is chosen to be 

low enough for minimal substrate depletion but would still produce discernible signals. Since the 

enzyme concentration is low, the signal will take longer to return to the baseline, and with 

closely spaced injections, the reaction can be maintained under steady-state conditions.  As a 

result, the DP continues to increase or decrease depending on the type of reaction, forming a 
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staircase pattern with each step corresponding to a substrate injection. The DP change between 

the initial baseline and the baseline of each step reflects the reaction rate corresponding to the 

substrate concentration in the ITC following the respective injection. This strategy allows [S] << 

KM during the initial injections and [S] >> KM towards the final injections. A comprehensive 

Michaelis-Menten curve can be constructed by plotting the rates determined from the DP change 

for each injection against the respective substrate concentration in the ITC cell post-injection. 

The multiple-injection strategy is advantageous since it requires low enzyme concentrations. 

Since substrate depletion is minimal upon each injection, the product accumulation through the 

course of the reaction is low; therefore, it is a beneficial assay for enzyme reactions with potent 

product inhibition (Y. Wang et al., 2019). However, reaching saturation might require numerous 

injections because each injection provides only a single rate value, and a prolonged time for the 

assay could impact enzyme stability. The reliance on low enzyme concentration also increases 

the vulnerability of the signal to noise. Additionally, the multiple-injection method requires an 

additional experiment to determine the reaction's enthalpy, which makes the data analysis 

process more complicated (Todd & Gomez, 2001; Transtrum et al., 2015; Y. Wang et al., 2020).  

The single-injection ITC assay involves introducing the substrate into the enzyme 

solution in the ITC cell or vice versa via one injection, which produces a pronounced initial 

deviation in the DP value due to the catalytic heat release or absorption based on the type of 

reaction. The enzyme concentration in the ITC cell should be high enough to ensure all injected 

substrate is converted to product but low enough that the raw ITC peak is broad and the signal 

returns to the baseline within the order of minutes as the substrate is consumed. The substrate 

concentration in the ITC cell post-injection should be high enough to saturate the enzyme (Di 

Trani et al., 2017; Todd & Gomez, 2001; Transtrum et al., 2015; Y. Wang et al., 2020).  
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The advantage of this method is the ability to measure the enthalpy of the reaction and construct 

a comprehensive Michaelis-Menten curve with data from a single experiment. The integration of 

the raw ITC curve provides the ΔHapp, which can be utilized to detect the reaction rate at each 

time point during the reaction course via equation 6.9. These rates can be plotted against the 

substrate concentrations at each time point. The unreacted substrate concentration at each time 

point can be calculated with equation 6.10  (Di Trani et al., 2017; Todd & Gomez, 2001; Y. Wang 

et al., 2020). 

Equation 6.10: 

[𝑆𝑆]𝑡𝑡 = [𝑆𝑆]0 −  
�∫ 𝐷𝐷𝐷𝐷 𝑑𝑑𝑑𝑑𝑡𝑡
0 �

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
 

Where: 

[S]t = The unreacted substrate concentration available for the reaction at each time point (M) 

 

The single-injection assay is particularly effective for studying enzyme-catalyzed 

reactions that follow Michaelis-Menten kinetics, such as those involving simple substrate-to-

product conversions with well-defined stoichiometry. This includes a wide range of hydrolysis 

reactions, phosphorylations, and other common types of enzymatic activities where the enzyme 

operates under classical kinetic principles. However, it is important to acknowledge that 

reactions involving complex mechanisms or multiple steps might present challenges for analysis 

using single-injection ITC. These include enzyme systems exhibiting allosteric regulation, those 

that follow cooperative binding models, or reactions that involve transient intermediates with 

rapid equilibria not easily captured by this technique. Additionally, reactions with very slow 
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kinetics may not reach equilibrium within a practical timeframe for ITC analysis, and extremely 

fast reactions might resolve too quickly to measure the entire reaction course accurately. 

 

Phosphorylation Reaction of Glycogen Synthase Kinase 3β (GSK3β) 

GSK3β is a serine/threonine kinase that plays a pivotal role in cellular signaling pathways 

and is highlighted for its therapeutic significance, as discussed in Chapters 2 and 4. GSK3β is 

unique in its action, requiring a pre-phosphorylated substrate to function efficiently, allowing it 

to integrate into complex signaling networks within the cell. 

The mechanism by which GSK3β catalyzes the phosphorylation reaction is precise, 

targeting substrates that contain a particular sequence motif, Ser/Thr-X-X-X-Ser/Thr(P), where 

Ser/Thr denotes a serine or threonine residue. X can be any amino acid, and Ser/Thr(P) denotes 

the prime phosphorylation site. This specificity is crucial for the enzyme's function, as it often 

acts on substrates already primed by another kinase.  Priming occurs through phosphorylating a 

serine or threonine residue located four residues away (generally towards the C-terminus) from 

the site GSK3β phosphorylate (Fiol et al., 1990). This pre-phosphorylation is necessary for 

substrate recognition by GSK3β. It enables the substrate to bind effectively to the enzyme and 

positions the target site precisely for phosphorylation by GSK3β's kinase domain (Beurel et al., 

2015; ter Haar et al., 2001). 

GSK3β is constitutively active. The enzyme's activity is tightly controlled through the 

phosphorylation of an inhibitory serine (Ser9) within GSK3β itself, with regulation from 

signaling pathways mediated by kinases such as Akt, PKA, protein kinase C, and p70 S6 kinase. 

Its crystal structure reveals that it occupies a catalytically active configuration even without the 
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dephosphorylation of Ser9, setting it apart from many kinases. The N-terminal segment with the 

Ser9 phosphorylation mimics a primed substrate and occupies the substrate binding site (Dajani 

et al., 2001). 

Furthermore, GSK3β regulates its activity by phosphorylating the PP1 inhibitor I-2, 

thereby increasing PP1 activity, which leads to dephosphorylating the GSK3β's inhibitory serine, 

enhancing the enzyme's activity (Beurel et al., 2015). GSK3β also interacts with the scaffolding 

protein Axin, which is crucial for phosphorylating specific substrates, such as β-catenin in the β-

catenin destruction complex in the canonical Wnt signaling pathway (Ikeda et al., 1998). This 

interaction underscores the sophisticated regulation of GSK3β's substrate specificity and activity 

(Beurel et al., 2015).  

GSK3β is capable of phosphorylating multiple residues initiated by the priming 

phosphorylation, which allows GSK3β to sequentially phosphorylate substrates with Ser/Thr 

pentad repeats. In the enzyme reaction, GSK3β transfers a phosphate group from ATP to a 

specific serine or threonine residue on its target substrate. The presence of Mg2+ ions is essential 

as an activator by coordinating with ATP. Once the substrate is correctly positioned, ATP, 

complexed with Mg2+, interacts with GSK3β, aligning the phosphate group to be transferred 

directly adjacent to the substrate's target hydroxyl group of the serine or threonine residue (Lu et 

al., 2011). The reaction proceeds as the gamma phosphate group is transferred to the hydroxyl 

group of the target amino acid, resulting in the phosphorylated product and the release of ADP. 

The Mg2+ ions play a critical role throughout this process by stabilizing the negative charges of 

the phosphate groups of ATP, thereby facilitating the nucleophilic attack by the substrate's 

hydroxyl group on the phosphate to be transferred. 
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Conventionally, the study of GSK3β kinase activity has leveraged in vitro biochemical 

assays that quantitatively measure the enzyme’s ability to transfer a phosphate group from ATP 

to specific substrate peptides or proteins. A common approach is the conventional γ-ATP 

incorporation assay, which tracks the transfer of the γ-phosphate from γ-P32 labeled ATP to the 

target. This method involves mixing GSK3β with a substrate in the presence of γ-P32-ATP and 

Mg2+ ions to facilitate the reaction in a buffer of choice. The phosphorylation of the substrate by 

GSK3β results in the incorporation of the radioactive phosphate, which can be measured by 

various methods, including scintillation counting or SDS-PAGE, followed by autoradiography or 

phosphor imaging (Ding et al., 2000; Godemann et al., 1999; Rylatt et al., 1980; Ryves et al., 

1998; Q. M. Wang et al., 1994; Yamamoto et al., 1999). This assay has been adapted to explore 

diverse facets of GSK3β's role in cellular processes, enabling comparisons between wild-type 

and mutant forms of GSK3β, assessing substrate specificity, and the phosphorylation of various 

cellular substrates such as Glycogen synthase, Axin, β-catenin, Tau and CREB (Fraser et al., 

2002; Godemann et al., 1999; Rylatt et al., 1980; Q. M. Wang et al., 1994; Yamamoto et al., 

1999) as well as examining the kinase's response to various signaling stimuli, such as insulin and 

Wnt pathways. Moreover, these assays have been pivotal in elucidating the activation and 

inactivation mechanisms of GSK3β, including its modulation by regulatory proteins and the 

impact of inhibitors on its activity, thereby offering comprehensive insights into the enzyme's 

regulation and pivotal role in cellular signaling (Dajani et al., 2001, 2003; Ginger et al., 2000; 

Ikeda et al., 1998; Sutherland et al., 1993; Thornton et al., 2008; Yamamoto et al., 1999).  

Since the γ-P32-ATP incorporation assays rely on radioactive isotopes, which pose safety, 

disposal, and regulatory challenges, other methods to study GSK3β activity have been utilized, 

such as a SELDI-TOF-MS (Surface Enhanced Laser Desorption/Ionization Time of Flight Mass 
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Spectrometry) assay to detect kinase activity through molecular weight shifts corresponding to 

phosphate group addition (Bowley et al., 2005), a FRET (Förster Resonance Energy Transfer) 

based assay to detect kinase activity through the fluorescence generated proportional to product 

phosphorylation, an ADP-Glo assay to detect GSK3β kinase activity by measuring the ADP 

produced following the phosphorylation reaction by a secondary enzyme-coupled reaction 

producing luminescence (S. H. Liang et al., 2016).  

ITC presents significant advantages for studying the kinase activity of GSK3β compared 

to the traditional assays discussed. ITC's non-radioactive detection circumvents the safety, 

disposal, and regulatory challenges associated with radioactive materials. Conventional assays 

are discontinuous, whereas ITC allows for real-time observation of the reaction without stopping 

the assay, offering a dynamic view of enzyme kinetics. This continuous monitoring can reveal 

transient states or intermediate steps in the kinase reaction that may be missed in endpoint 

assays. Furthermore, ITC eliminates the need for customized substrate labeling, as is the case for 

FRET-based kinase assays, avoiding potential alterations to substrate properties and enabling 

studies under more physiological conditions while being cost-effective. Coupled enzyme assays 

like the ADP-Glo assay, while useful for indirect kinase activity measurement, are 

disadvantageous due to the complex multi-step processes and sensitivity of the assay components 

to reaction buffer components. The experimental setup of ITC reduces artifacts from product 

inhibition or accumulation, offering a clearer reflection of GSK3β activity. Furthermore, beyond 

kinetic parameters, ITC provides insight into the thermodynamics associated with the reaction by 

measuring the reaction enthalpy. Lastly, ITC is a non-destructive technique; therefore, depending 

on the stability of the enzyme, it can be recovered and utilized in a secondary technique 

(Falconer et al., 2021; Todd & Gomez, 2001; Y. Wang et al., 2020).  
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Although many studies have been published regarding the application of ITC for enzyme 

kinetics, only 11 kinases have been studied in this regard (Bianconi, 2007; R. Lim, 2022; 

Lonhienne et al., 2003; Lopez-zavala et al., 2016; Olsen, 2006; Palmer et al., 2013; Rohatgi et 

al., 2015; Streeter et al., 2014; Todd & Gomez, 2001; Y. Wang et al., 2019). Only two studies 

utilized a protein kinase. Streeter et al. (2014) employed an ITC single-injection assay to explore 

the phosphorylation of a peptide by Protein Kinase C-β1 (PKC-β1). The peptide substrate was 

designed based on the potential phosphorylation site of a transmembrane protein known as Nox1. 

Despite achieving phosphorylation, a kinetic analysis was not conducted due to significant 

product inhibition, compounded by the observed overlap between the peak of the reaction heat 

and the heat of dilution, thus limiting the assessment of reaction kinetics (Streeter et al., 2014). 

Lopez-Zavala et al. (2016) explored an alternative function of Arginine Kinase from Litopenaeus 

vannamei, using ITC, showing that it can phosphorylate deoxythymidine-diphosphate (dTDP) to 

dTTP using ATP as a phosphate donor, indicating a nucleoside diphosphate kinase-like activity. 

Although KM values were reported for dTDP and Arginine, the methodology for obtaining this 

parameter was not discussed. Additionally, considering the substrates studied were not peptides 

or proteins, the application of ITC was not strictly relevant to protein kinase activity (Lopez-

zavala et al., 2016). 

Protein kinases are central to regulating nearly all cell functions, including metabolism, 

transcription, cell division, and apoptosis, by modulating protein function through 

phosphorylation. Given their pivotal role in cellular signaling, their dysregulation is closely 

related to diseases such as cancer, inflammatory disorders, and neurodegenerative diseases, and 

therefore, they have become crucial targets for therapeutic intervention (Cohen, 2002; Roskoski, 

2015). ITC presents a novel approach to dynamically understanding the thermodynamics and 
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kinetics of protein kinases. ITC enables detailed characterization of interactions between protein 

kinases with their substrates and inhibitors and their effect on kinase activity that is difficult to 

obtain from traditional assays. ITC can aid in the rational design of targeted kinase inhibitors, 

potentially leading to more effective and selective therapeutics (Su & Xu, 2018; Y. Wang et al., 

2020). Given this context, it is important to investigate the application of ITC for protein kinase 

reactions. 

GSK3β's ability to conduct multiple phosphorylation reactions on a single substrate sets it 

apart as a catalytically complex protein kinase, presenting a compelling case for ITC-based 

kinetic studies. This multiplicity in phosphorylation, exemplified by the hyperphosphorylation of 

Tau, a key pathological feature of Alzheimer's disease, underscores GSK3β's significance in 

biomedical research. Analyzing its phosphorylation mechanism through an ITC assay could yield 

invaluable insights, particularly in understanding how sequential phosphorylation events 

influence enzyme activity and substrate specificity. Moreover, given the novelty of applying ITC 

to study multi-phosphorylation enzyme reactions, investigating GSK3β's kinetics using this 

technique could significantly enrich the current understanding of both the enzyme's intricate 

catalytic processes and the broader applicability of ITC in detailed enzymatic analyses. Such 

research could also open new avenues in drug development, especially for diseases where 

GSK3β's activity is a central concern, by providing a deeper comprehension of its regulatory 

mechanisms and interaction dynamics. 

In our study of GSK3β's enzyme kinetics through ITC, we chose a single injection assay 

with the GSM peptide as the substrate. The GSM peptide contains a primed phosphorylation site 

needed for substrate recognition and binding by GSK3β. This peptide was selected because it is 

well-known from previous GSK3β research (Dajani et al., 2001, 2003; Fraser et al., 2002; Ryves 
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et al., 1998; Ryves & Harwood, 2001; Thornton et al., 2008), ensuring our results are reliable 

and comparable. The single injection method was picked for its simplicity, allowing us to 

measure both enthalpy and kinetic parameters in one experiment. This straightforward approach 

helps us gather detailed information about how GSK3β works with the GSM peptide efficiently. 

 

Materials and Methods 

Materials 

Human Glycogen Synthase Kinase-3β (GSK3β) isoform 1, used for all the experiments, 

was prepared via baculovirus expression in Hi5 cells and purified by Glutathione-affinity and ion 

exchange (SP Cation exchange) purification (Described in Chapter 4). GSK3β prepared by our 

collaborators was suspended in 20mM HEPES pH 7.5, 125mM NaCl, and 1mM DTT and stored 

at -80 °C in aliquots following a quick freeze process in liquid N2. These GSK3β aliquots were 

thawed and diluted in the reaction buffer of choice or dialyzed into the reaction buffer of choice 

for ITC kinase experiments. GSK3β prepared in our lab was dialyzed into the reaction buffer of 

choice for ITC kinase experiments and used immediately without freezing. The GSK3β stock 

solutions were quantified using a Qubit Protein Assay kit (Invitrogen #Q33211) or Pierce BCA 

Protein Assay kit (Thermo Scientific #23225) following dialysis, and 0.125 – 2µM protein 

concentrations were applied for the various ITC kinase assays. Protein samples were dialyzed 

using Slide-A-Dialysis Cassette, 10K MWCO, 0.1-0.5mL capacity (Thermo Scientific #66383). 

Purified protein fractions following ion-exchange purification were concentrated using PES 

Concentrators, 10K MWCO, 0.5mL (Pierce #88513) when necessary. 
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The substrate for the GSK3β kinase assay was a synthetic peptide (GSM) designed based 

on GSK3β phosphorylation sites of muscle glycogen synthase 1 (Fiol et al., 1987; Ryves et al., 

1998). As previously explained, GSK3β prefers pre-phosphorylated substrates for specific 

substrate recognition. This recognition is characterized by a phosphorylated serine (pSer) located 

four amino acids downstream (Ser/Thr XXX pSer) of the target serine or threonine residue that 

GSK3β would phosphorylate. The synthetic GSM peptide modeled on muscle glycogen synthase 

contains three phosphorylation sites. This GSM peptide will be called Triple-site GSM [RG42] 

peptide in the text. This peptide with the sequence RRRPASVPPSPSLSRHS{pSer}HQRR and 

MW of 6231.82 Da was either purchased from Millipore Sigma (#12-533) or custom synthesized 

from GenScript with > 90% purity. Two variants of this GSM peptide were custom-synthesized 

by GenScript with > 90% purity.  

A Mono-site GSM [RG43] RRRPAAVPPAPSLSRHS{pSer}HQRR where the serine 

residues in the second and third phosphorylation sites were replaced with alanine and a Ser>Ala 

mutant GSM peptide [RG44] RRRPASVPPSPSLARHS{pSer}HQRR where an alanine residue 

replaced the serine residue at the first phosphorylation site.  

For a typical ITC kinase experiment, GSK3β in buffer was loaded onto the ITC cell. The 

reaction volume in the ITC cell is 200µL for the ITC instrument used, so about 300µL is needed 

to fill the cell completely while avoiding the introduction of air pockets. The GSK3β solutions 

for loading the ITC cell were prepared in the reaction buffer of choice (50mM TRIS pH 8 or 

50mM BIS-TRIS pH 6.5) supplemented with 20mM NaCl, 10mM MgCl2 and ATP added to 

maintain at least a 10:1 ratio between ATP in the cell compared to the final peptide 

concentrations in the ITC cell following injection of the peptide solution from the ITC syringe to 

the cell. This ensures that the phosphorylation of the GSM peptides depends only on the 
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concentration of peptide injected into the ITC cell during the reaction. NaCl was included to 

maintain ionic strength in the reaction buffer. 20mM NaCl was chosen as the optimal 

concentration to maintain the ionic strength of the reaction buffer, and higher NaCl 

concentrations did not improve the observed activity (Data not shown). Mg2+ ions are necessary 

for kinase activity because ATP complexes with Mg2+ bind protein kinases to serve as a 

phosphate donor. A non-hydrolyzable ATP analog AMP-PNP was used as a negative control.  

The reagents used to prepare the reaction buffers included TRIS Base (J.T. Baker #4099-

02), HCl (Sigma #920-1), BIS-TRIS (Sigma #SLBV2468), NaCl (Amresco #0241), MgCl2 

(Sigma #SLBQ9064V), ATP (Sigma #A2383), and AMP-PNP (Roche Diagnostics 

#10102547001). 0.5mM  β-Mercaptoethanol (OmniPur #6010) was included in dialysis buffers 

to maintain a reducing environment to prevent protein oxidization.  

The GSM peptides were resuspended in ultra-pure water, and stock solutions were stored 

at -20 °C until used. The peptide substrates were prepared at a chosen concentration in the same 

buffer conditions for a typical kinase experiment to match the protein solution in the ITC cell. 

Typically, 40µL of the prepared peptide solution in buffer was loaded into the ITC syringe, and 

4µL was injected into the ITC cell to initiate the phosphorylation reaction. About 75µL of 

solution is needed to fill and purge the syringe to achieve the 40µL loading. The peptide 

concentration in the syringe would be diluted 50-fold once injected into the cell (4µL into 200µL 

final reaction volume in ITC cell). 

During some initial studies, ATP was used as the substrate in the ITC syringe, while the 

GSM peptide was included in the ITC cell. However, increasing the ATP concentration by more 

than 5mM in the syringe would produce a relatively large heat dilution (Data not shown), which 



140 
 

could obscure the heat associated with the phosphorylation reaction. Therefore, subsequent 

experiments included the GSM peptide substrate in the ITC syringe.  

 

Isothermal Titration Calorimetry – Single Injection Assay 

The Single-Injection method of MicroCal PEAQ-ITC (PEAQ-ITC Instrument Cell Serial 

#MAL1122596 and PEAQ-WM Serial #29061559-0047) was used for all ITC kinase 

experiments. GSK3β in 50mM TRIS pH 8 or BIS-TRIS pH 6.5 with 20mm NaCl, 10mM MgCl2, 

and ATP (at least at 10:1 ratio compared to the final concentration of peptide substrate in the ITC 

cell) was prepared as a 300µL sample and 280µL was loaded into the ITC cell for each 

experiment. The final reaction volume in the adiabatic cell is 200µL. The GSM substrate peptide 

solutions were prepared with matched buffer conditions and loaded onto the ITC syringe. The 

reactions were performed at 25 °C or 30 °C with 750 rpm stir speed. Once the reaction mixtures 

had equilibrated to the assigned temperature and the baseline was stable, the substrate in the ITC 

syringe was injected at t = 1min. For each Single-injection assay, 4µL of the peptide substrate 

was injected during 8-sec. Upon injection, the concentration of the peptide substrate will be 

diluted 50-fold.  

The final peptide concentration in the ITC cell would be estimated using equation 6.11. 

Equation 6.11: 

𝐶𝐶2 =
𝐶𝐶1𝑉𝑉1
𝑉𝑉2

 

Where: 

C1 = the concentration of GSM peptide substrate in the ITC syringe 
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V1 = the injection volume, 4µL 

C2 = the concentration of the GSM peptide substrate available for the phosphorylation reaction 

V2 = the active reaction volume, 200µL 

 

If the GSM peptide concentration in the solution prepared and loaded onto the ITC 

syringe was 1mM, the concentration of the peptide available for phosphorylation by GSK3β in 

the ITC cell would be: 

𝐶𝐶2 =
1𝑚𝑚𝑚𝑚 𝑥𝑥 4µ𝐿𝐿

200µ𝐿𝐿
 

𝐶𝐶2 = 0.02𝑚𝑚𝑚𝑚 

Hence, the ATP concentration in the ITC cell would be maintained at 0.2mM or higher 

(10:1) compared to the final peptide substrate concentration in this instance.  

The reference power was set at 41.85µW/sec, and the feedback was set to high. The 

differential power (DP) deflects from the baseline upon substrate injection and the reaction 

initiation. DP is reported in units of µW.  Because 1W = 1 joule/sec and 1 calorie = 4.184 joules, 

the baseline DP corresponding to the reference power is 41.84 µW. The reaction was considered 

complete once the DP returned to the baseline. To directly compare multiple runs pertaining to an 

experiment set, the baseline values were adjusted to DP = 0. The DP values at each 1-second 

time interval from the point of substrate injection are measured and recorded by the PEAQ-ITC 

software. The DP values can be exported as CSV Files, and the DP values can be adjusted to DP 

= 0 for respective runs for comparison using Microsoft Excel. Each ITC run carries a run number 

R# assigned chronologically as an identifier.  
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Baseline Correction for Analysis of ITC Raw Plots 

The baseline in a raw ITC thermogram is influenced by the set reference power, the 

constituents of the buffer solutions, and the exact volume loaded into the sample cell. Minor air 

pockets or bubbles and particulates in the cell can lead to slight fluctuations in the baseline 

between each ITC run. To directly compare various ITC experiments within the same graph, 

each thermogram’s baseline was normalized to a DP of 0. This was achieved by deducting the 

starting baseline DP value and utilizing Microsoft Excel software to adjust. 

 

Michaelis – Menten Studies for the Phosphorylation of Triple-site GSM Peptide [RG42] 

The Enzyme Kinetics – Single injection fitting model on MicroCal PEAQ analysis 

software (v.1.0.0.1259) displays the ITC raw data, which is the change in DP over time, and then 

uses the area under the curve to determine the apparent enthalpy (ΔHapp) of the reaction. The 

software then calculates the reaction rate and substrate consumed for each time point. It 

constructs a plot for rate vs. substrate concentration and attempts multi-parameter fitting of the 

data to the Michaelis – Menten enzyme kinetics model.  

In this study, the raw ITC data obtained from a single injection assay of the kinase 

activity of GSK3β on the triple-site GSM peptide did not conform to the Michaelis-Menten 

model. One possible explanation for the apparent failure to exhibit Michaelis-Menten kinetics 

could be that the raw ITC curve failed to remain at the saturation point for an adequate duration 

before exhibiting a "return-to-baseline" deflection in the DP. Typically, an enzyme reaction that 

maintains a prolonged presence at the saturation point allows for a more accurate fit to the 
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Michaelis-Menten model from a single injection assay, providing a comprehensive Michaelis-

Menten curve for the reaction.  

The behavior of the ITC curves with the triple-site GSM peptide led us to employ 

multiple single-injection assays using various initial substrate concentrations. The maximum 

initial rate for each concentration was determined by examining the peak deflection in the ITC 

curve, explicitly using the change in DP at the deflection point. The RateITC at the onset of each 

reaction, calculated immediately after injecting the substrate into the ITC cell, was determined 

using equation 6.9 and plotted over the reaction's time duration to pinpoint the maximum initial 

RateITC. An illustration of this analysis, performed using Microsoft Excel, is detailed in 

Appendix V (Part B, Analysis 1), showcasing the examination of the ITC R#3247 dataset. The 

substrate concentrations corresponding to these initial rates were then calculated using equation 

6.10. The initial RateITC values were then plotted against respective substrate concentrations to 

assess conformity with the Michaelis-Menten equation, facilitating direct extraction and 

comparison of these rates using the MicroCal PEAQ analysis software. 

Furthermore, a secondary approach was introduced to quantify the initial reaction rates 

based on the early segment of the raw ITC curve following substrate injection. This segment, 

where the DP change linearly correlates with time, incorporates principles from the initial rate 

calorimetry (IrCal) method (Honarmand Ebrahimi et al., 2015). We could extract the initial rates 

at points where the rate change is linear by plotting the reaction rates from the onset post-

injection against the elapsed time for each tested substrate concentration. The substrate 

concentrations corresponding to these initial rates were then calculated using equation 6.10. The 

initial RateITC values were plotted against the substrate concentrations to assess the fit with the 

Michaelis-Menten model. 
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Michaelis – Menten Analysis for the Phosphorylation of Mono-site GSM Peptide [RG43] 

The Enzyme Kinetics – Single injection fitting model in MicroCal PEAQ analysis 

software was used to analyze raw ITC data for the phosphorylation of a mono-site GSM peptide 

by GSK3β. The Michaelis-Menten model could be applied effectively when the peptide 

concentration in the ITC syringe was 3mM or higher. The analysis provided quantitative values 

for the Michaelis-Menten constant (KM) and the catalytic rate constant (kcat). The kinetic 

parameters obtained from the MicroCal PEAQ software were also corroborated by manually 

analyzing the raw ITC data using the Michaelis-Menten model in Microsoft Excel, ensuring the 

reliability of the software’s calculations. Appendix V shows an example of the Excel analysis 

(Part B, Analysis 4).  

 

Analysis of Apparent Reaction Enthalpy (ΔHapp) for the Phosphorylation of GSM Peptides 

The ITC single injection assay was used to compare the ΔHapp for the GSK3β mediated 

phosphorylation reaction of triple-site GSM [RG42], mono-site GSM [RG43], and Ser>Ala 

mutant GSM [RG44] peptides. Each GSM peptide was prepared at a concentration of 1 mM in 

buffer and loaded into the ITC syringe. Additionally, the mono-site GSM peptide was prepared at 

a concentration of 3mM (to add 3x the substrate) to compare the ΔHapp of that reaction against 

the ΔHapp from the 1mM peptide ITC runs. The enzyme GSK3β was used at 0.5-2µM 

concentrations. The reaction mixture contained 50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2, 

and 0.2mM or 1mM ATP. The concentration of the enzyme does not affect the ΔHapp of a reaction 

as long as there is sufficient enzyme activity to convert all substrate to product, which in an ITC 

single injection assay is indicated by the DP returning to the baseline following the deflection 
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that corresponds to the reaction. The ΔHapp for each reaction was obtained from the MicroCal 

PEAQ analysis software. 

 

Determining the Buffer-Independent ΔHapp for GSK3β Phosphorylation of Mono-site GSM 

Peptide 

Obtaining the buffer-independent reaction enthalpy is important for observing the 

intrinsic enthalpy change, which reflects the actual thermodynamic signature of the reaction. The 

buffer-independent reaction enthalpy for the GSK3β kinase reaction with the mono-site GSM 

peptide was obtained by performing the reaction in various buffers at the same pH and analyzing 

the relationship between apparent enthalpy changes and the enthalpy changes associated with 

ionization in each buffer. The mono-site peptide was chosen for this study because it provides a 

more straightforward system with fewer variables and potential interaction sites. It describes the 

attributes of a single phosphorylation event. Additionally, binding and phosphorylation of the 

first site is likely the rate-limiting step in the reaction pathway, even for triple-site substrates. For 

the experiment,1mM mono-site GSM peptide was prepared in respective buffers at pH 7. GSK3β 

was prepared at 1µM concentration in the respective buffers at pH 7 (at 50mM buffer 

concentration), 20mM NaCl, 10mM MgCl2, and 2mM ATP. The buffer components between the 

ITC syringe and cell solutions were matched for each experiment. The ITC single injection assay 

was performed at 30 °C. The reaction was performed in buffers TRIS, BIS-TRIS, MOPS (Sigma 

#M1254), MES (Sigma #SLBT0247), and HEPES (Sigma #H3375) at 50mM buffer 

concentration and pH 7. The ΔHapp for each reaction was plotted against ΔHion for each buffer at 

the respective temperature to obtain the buffer-independent reaction enthalpy and measure the 

proton exchange associated with the reaction.  
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Effect of Inhibitors: BeSO4 and LiCl 

A series of single injection assays were conducted to investigate the inhibitory effects of 

BeSO4 and LiCl on the enzymatic activity of GSK3β on ITC. In each experiment, 1 mM triple-

site GSM peptide was prepared, loaded in the ITC syringe, and injected into the ITC cell with 

0.5µM GSK3β in 50mM BIS-TRIS pH 6.5, 20mM NaCl, 10mM MgCl2, and 0.2mM ATP 

containing BeSO4 (0, 3, 10, 30 and 100µM) or LiCl (0, 3, 10, and 30mM) at 30 °C. The inhibitor 

stock solutions were prepared using Beryllium sulfate hydrate (Fluka #14270) and Lithium 

Chloride (Sigma #L-8895). The 50mM BIS-TRIS pH 6.5 buffer system was chosen due to 

Beryllium solubility constraints at higher pH in aqueous solutions.   

 

Inhibitor Reversibility Study 

A FRET-based assay (Mudireddy et al., 2014) was performed to investigate the 

reversibility of Be2+ and Li+ mediated inhibition on GSK3β employing GST-GSK3β fusion 

protein attached to Glutathione beads and treated with 100µM BeSO4 or 100mM LiCl. The 

kinase activity of GST-GSK3β was assessed after the inhibitor-treated protein-bead slurry was 

washed to remove the inhibitor or left unwashed to retain the inhibitor. The results of this study 

hinted at the possibility of Be2+ exerting a near-irreversible inhibitory effect on GSK3β 

(Unpublished results by Dr. Ronald Gary). 

The following method was adapted to investigate this phenomenon via ITC. A 300µL 

GSK3β solution was prepared at 0.5µM concentration in 50mM BIS-TRIS pH 6.5, 20mM NaCl, 

10mM MgCl2, and 0.8mM ATP. The solutions with the enzyme were treated with no inhibitor, 

30µM BeSO4 or 30mM LiCl, and incubated at room temperature for 15min. These samples were 
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transferred to 0.5mL Pierce PES Concentrators (10K MWCO), and the inhibitors were washed 

by exchanging the buffer using fresh 50mM BIS-TRIS pH 6.5, 20mM NaCl, and 10mM MgCl2 

buffer. The buffer exchange was done by adding ~300µL of ice-cold fresh buffer to the PES spin 

column and centrifugation at 12 500 rpm and 4 °C for 3-4 min. Each time, the sample in the PES 

spin column was reduced to ~100µL. The washing steps were repeated 5x. Following the final 

wash, the protein sample was recovered from the column, the volume was estimated, and the 

final volume was brought to 300µL with buffer. The ATP concentration was adjusted to 0.8mM. 

These enzyme samples were loaded on the ITC. A single injection assay was performed by 

titrating 4mM triple-site GSM peptide (in matching buffer conditions without inhibitors). The 

kinase activity in these samples was compared against the GSK3β activity in samples left 

unwashed to retain the inhibitor. The initial RateITC was obtained for each experiment, and the 

enzyme activity for the +inhibitor tests was normalized with respect to the  GSK3β activity in 

pre-wash and post-wash samples with no inhibitor.  
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Results and Discussion 

 

Detection of GSK3β Phosphorylation Activity via ITC Single-Injection Assay 

The ITC single-injection analysis was utilized to examine the kinase activity of GSK3β, 

specifically its phosphorylation of the triple-site GSM peptide. The reaction was initiated by 

injecting 1mM peptide substrate (the actual concentration in the ITC cell is diluted 1:50, giving 

20µM) into the ITC cell containing 2µM GSK3β and ATP in excess. Substrate and enzyme 

solutions were prepared in 50mM TRIS pH 8, 20mM NaCl, and 10mM MgCl2 buffer. The 

exothermic nature of the reaction is indicated by the downward deflection of the ITC 

thermogram, which shows that energy was released during the phosphorylation process. A slight 

downward peak, only reflecting the heat of dilution, was observed when the same assay was 

repeated by injecting the substrate peptide into the buffer alone or the enzyme solution where the 

non-hydrolyzable ATP analog AMP-PNP was present instead of ATP (Figure 6.1), confirming 

the large exothermic peak was generated by the heat released from the phosphorylation of triple-

site GSM peptide by GSK3β. Additionally, in the presence of LiCl, a classical inhibitor of 

GSK3β and Alsterpaullone, a potent synthetic inhibitor of GSK3β the exothermic signal was 

significantly decreased (Figure Appendix V.A), validating the specificity of the ITC 

measurement for GSK3β’s kinase action on the GSM peptide.  

A reaction's apparent enthalpy (ΔHapp) can be quantified by integrating the area under the 

raw ITC peak. The total area under the peak represents the total heat generated by the reaction 

process. ΔHapp is determined by dividing the total heat measured by the total moles of substrate 

injected into the ITC cell.  
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Figure 6.1: ITC Single-injection Analysis Thermogram for GSK3β Kinase Reaction. The 
thermogram for the phosphorylation of 1mM Triple-site GSM peptide (RG42) catalyzed by 2µM 
GSK3β in the reaction buffer: 50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2, and 0.2mM ATP 
(blue). The peptide was injected at t = 1 min. Two negative controls are compared: control with 
no GSK3β (grey) and control where the non-hydrolyzable ATP analog AMP-PNP replaces ATP. 

 

 

The ΔHapp obtained from the integrated peak area in the ITC experiment reflects the 

cumulative heat released or absorbed due to the substrate’s conversion to the product under the 

assumption of a near-complete reaction. This is a reasonable assumption for serine/threonine 

protein kinases. For example, Keq = 3500 for the phosphorylation of a 15-amino acid peptide 

substrate by CaM kinase II (Kwiatkowski et al., 1990). The return of the raw ITC curve to 

baseline after the peak associated with the reaction indicates that the thermal effect of the 

reaction has ceased. This is expected when the reaction has consumed most of the available 

substrate and has reached a state of near completion at equilibrium. Under these conditions, the 

measured ΔHapp should closely represent the actual enthalpy change of the reaction per mole of 

substrate converted (Hagedoorn, 2022; Hansen et al., 2016; Quinn & Hansen, 2019; Transtrum et 
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al., 2015). The ΔHapp quantified for this exothermic reaction (Figure 6.1) was -120 kJ/mol in the 

TRIS buffer system. This significant heat release demonstrates that the reaction is highly 

enthalpically favorable. Ideally, a secondary technique might demonstrate that all the substrate is 

consumed during the reaction, unequivocally confirming that the ΔHapp measured by ITC 

represents the true reaction enthalpy.  

 

Effect of Different Enzyme Concentrations on GSK3β Phosphorylation Reaction 

The ITC single-injection assay was performed by injecting 5mM ATP into the ITC cell 

containing 100µM triple-site GSM peptide in 50mM TRIS pH 8, 20mM NaCl, and 10mM 

MgCl2, and various concentrations of GSK3β: 0µM, 0.125µM, 0.5µM, and 2µM (Figure 6.2). 

This experiment aimed to observe the effect of different enzyme concentrations on the raw ITC 

curve and the reaction rates but not to obtain kinetic parameters.  

The raw ITC curves provide a qualitative view of the GSK3β phosphorylation reaction 

depending on the enzyme concentration, which is the only variable. The control experiment 

(0µM GSK3β) only produced a small endothermic peak for the ATP dilution (grey curve), and 

the exothermic peaks corresponding to the GSK3β phosphorylation reaction became sharper with 

increasing enzyme concentration (Figure 6.2A). The exothermic peaks from the phosphorylation 

reaction in the presence of 0.5µM GSK3β (orange curve) and 2µM GSK3β are prominent and 

mask the small endothermic peak for the ATP dilution heat. However, the exothermic peak in the 

presence of 0.125µM GSK3β (green curve) shows a small endothermic peak before the DP 

deflects downward. Furthermore, the raw ITC curve for the reaction with 0.125µM GSK3β takes 

longer to reach the baseline when compared to the other peaks. 
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Figure 6.2: ITC Single-injection Analysis for the Phosphorylation of Triple-site GSM 
Peptide (RG42) Catalyzed with Various Concentrations of GSK3β. A) 5mM ATP was 
injected at t = 1min into the ITC cell containing 100µM GSM in 50mM TRIS pH 8, 20mM 
NaCl, 10mM MgCl2, and various concentrations of GSK3β 0µM (grey), 0.125µM (green), 
0.5µM (orange) and 2µM (blue) at 30 °C. ITC records the progress of the reaction as DP changes 
as a function of time. B) The reaction rate (RateITC) extracted from the PEAQ ITC analysis 
software plotted against the respective concentration of unreacted ATP in the ITC cell.  
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In the single-injection assay, when the enzyme concentration is low, the curve generated 

takes longer to reach the baseline due to the slower rate of the enzyme-catalyzed reaction. The 

effect of enzyme concentration on the observed reaction rate is shown (Figure 6.2B). This study 

shows the importance of choosing a sufficiently high enzyme concentration for the ITC single-

injection assay. We used 0.5-2µM enzyme concentrations in proceeding experiments.  

 

ITC Thermogram for the Effect of Different Peptide Concentrations 

A comparison of the ITC thermogram for the triple-site GSM phosphorylation by GSK3β 

in four biological buffers: TRIS pH 8, HEPES pH 7, BIS-TRIS pH 6.5, and MES pH 6 

demonstrated that the exothermic signal for this reaction was significantly higher in the TRIS pH 

8 buffer (Figure Appendix V.B). Five different concentrations of the triple-site GSM peptide 

(0.125mM, 0.25mM, 0.5mM, 0.75mM, and 1mM concentrations in the ITC syringe) were 

prepared in TRIS and injected into a 2µM GSK3β solution in the ITC cell. As discussed in the 

methods, a 4µL injection is followed into the ITC cell with a 200µL active reaction volume, 

which means the final substrate concentrations in the cell would be diluted 1:50. An exothermic 

peak was observed for each reaction with an increase in DP change in a concentration-dependent 

manner (Figure 6.3). All reactions were followed in a TRIS pH 8, 20 mM NaCl, and 10 mM 

MgCl2 buffer with ATP in excess. The ΔHapp values for the ITC thermograms (Figure 6.3) with 

increasing substrate concentration were obtained from MicroCal PEAQ analysis software (Table 

6.1). The experimental average ΔHapp for the phosphorylation of triple-site GSM peptide by 

GSK3β in the chosen reaction conditions was -118 kJ/mol. This value is comparable to the ΔHapp 

observed previously (Figure 6.1), demonstrating that the ITC single-injection assay can be 

reproducible.  
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Figure 6.3: ITC Single-injection Analysis of Various Triple-site GSM (RG42) Peptide 
Concentrations with GSK3β. 1mM, 0.75mM, 0.5mM, 0.25mM and 0.125mM triple-site GSM 
peptide was injected at t = 1min into the ITC cell containing 2µM GSK3β and 0.2mM ATP in 
50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2 at 30 °C. 

 

 

Table 6.1: The Apparent Reaction Enthalpy from the Single-injection Analysis of Various 
Concentrations of Triple-site GSM Peptide (RG42). The substrate was injected into the ITC 
cell containing 2µM GSK3β in 50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2, and 0.2mM ATP. 
The actual concentrations of peptide present for the reaction are listed (the syringe solution is 
diluted 1:50 upon injection). The apparent reaction enthalpy values are reported from MicroCal 
PEAQ ITC analysis software.   
 

[Triple-peptide GSM] 
(mM) 

ΔH  
(kJ/mol) 

0.0025 -116 
0.005 -119 
0.01 -118 
0.015 -120 
0.02 -117 
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Analysis of Triple-site GSM Phosphorylation by GSK3β Suggests a Deviation from the 

Michaelis-Menten Model 

We investigated whether the triple-site GSM data would fit the Michaelis-Menten model. 

The data observed with this substrate did not fit the enzyme kinetics model in the MicroCal 

PEAQ analysis software. One possible explanation stemmed from the raw ITC curve's inability 

to sustain a saturation point for a sufficient duration before DP deflection occurred, implying that 

the catalysis of triple-site GSM phosphorylation by GSK3β displays fast kinetics.  Recognizing 

that the analysis software could not adequately fit data from a single curve to the Michaelis-

Menten model, we conducted multiple single-injection assays across a range of substrate 

concentrations.  

A pilot study for urea hydrolysis by jack bean urease was conducted in our lab using the 

single-injection assay (Lim, 2022). The ITC thermograms observed for the urea hydrolysis 

reaction also displayed a similarly sharp peak, with a quick decline in DP change over time. By 

conducting multiple single-injection assays at increasing urea concentrations and fitting the 

maximum initial rate for each assay with respect to the substrate concentration, the data could be 

fitted to the Michaelis-Menten model to derive kinetic parameters comparable to those reported 

in the literature. 

First, to observe the change in the reaction rate for increasing substrate concentrations, 

the maximum initial RateITC values were obtained from the raw ITC curves in Figure 6.3, using 

equation 6.9 (Appendix V, Part B, Analysis 1). The unreacted substrate concentration in the ITC 

cell at the time point representing the calculated initial RateITC was determined using equation 

6.10 (Table Appendix V.A). The initial RateITC can be plotted as a function of time, and the peak 

would represent the maximum initial RateITC (Figure Appendix V.C). The maximum initial 
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RateITC values were plotted against the peptide substrate concentration in the ITC cell to observe 

the behavior of rate change with respect to substrate concentration. The rate of GSK3β catalyzed 

phosphorylation of triple-site GSM peptide increased linearly with increasing substrate 

concentration (Figure 6.4).  

 

 

 

 

 

 

 

 

 

Figure 6.4: Initial RateITC vs. GSM (RG42) Peptide Concentrations Plot. The initial RateITC 
increases as the peptide concentration increases, demonstrating a linear relationship. Dots 
represent the initial RateITC extracted from MicroCal PEAQITC analysis software for each 
experiment, and the dotted line represents the linear line of the best fit. 

 

 

This observation agrees with the linear part of the Michaelis-Menten model because at 

concentrations when [S] << KM, the reaction rate is directly proportional to the substrate 

concentration. In this experiment, the highest substrate peptide concentration in the ITC cell was 

20µM.  
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Several studies conducted with γ-P32-ATP incorporation assay for GSK3β kinase activity 

with increasing triple-site GSM peptide aligned with the Michaelis-Menten model (Dajani et al., 

2001, 2003; Ryves et al., 1998; Ryves & Harwood, 2001; Thornton et al., 2008). KM values of 

75µM and 91.1µM were reported for this triple-site GSM peptide phosphorylation by GSK3β 

derived from rabbit skeletal muscle (Ryves et al., 1998; Ryves & Harwood, 2001), and KM 

values of 60-85µM were reported for this reaction by human GSK3β (Dajani et al., 2001, 2003). 

This shows that the peptide concentration in the cell was much lower than the expected range for 

KM; therefore, our data would only represent the linear portion of the Michaelis-Menten curve. 

The methodology was adjusted by increasing the concentrations of the triple-site GSM 

peptide while simultaneously reducing the enzyme concentration in the ITC cell. This approach 

was predicated on the understanding that a lower enzyme concentration would decelerate the 

reaction rate, potentially resulting in a broader peak. This modification was anticipated to 

facilitate a more accurate observation and fitting of the data to the Michaelis-Menten model by 

capturing a broader range of the enzyme kinetics involved.  

Seven different concentrations of the triple-site GSM peptide (0.5mM, 1mM, 1.5mM, 

2mM, 3mM, 4.5mM, and 6mM) in the ITC syringe were injected into a 0.5µM GSK3β solution 

in the ITC cell. Exothermic peaks were observed for each reaction with an increase in DP change 

in a concentration-dependent manner (Figure 6.5). A lower enzyme concentration allowed for a 

broader exothermic peak in response to the reaction. We can distinguish this by comparing the 

raw ITC curves for the reaction of 1mM triple-site GSM peptide with 2µM GSK3β in R#3247 

(dark blue curve) with a DP change of -12.5 µJ/sec (Figure 6.3) against 0.5µM GSK3β in 

R#3298 (green curve) with a DP change of -5.4 µJ/sec (Figure 6.5). 



157 
 

 

 

 

 

 

 

 

Figure 6.5. ITC Single-injection Analysis of Various Triple-site GSM (RG42) Peptide 
Concentrations with GSK3β. Triple-site GSM peptide was injected at t = 1 min into the ITC 
cell containing 0.5µM GSK3β and 1.5mM ATP in 50mM TRIS pH 8, 20mM NaCl, and 10mM 
MgCl2 at 30 °C. 

 

 

The maximum initial RateITC values were obtained from the raw ITC curves in Figure 

6.5, using equation 6.9, and the unreacted substrate concentration in the ITC cell at the time point 

representing the calculated initial RateITC was determined using equation 6.10. The maximum 

initial RateITC values were plotted against the peptide substrate concentration in the ITC cell. The 

Excel Solver tool was utilized to analyze the measured or observed RateITC data in relation to the 

Michaelis-Menten model. This feature enabled us to fit the RateITC observed from the experiment 

to the theoretical model outlined by Michaelis-Menten kinetics. The fit was iterated by adjusting 

the parameters within Excel Solver to match the experimental data closely.  (Figure 6.6). While 

the iterative fitting using Excel Solver closely aligned with the experimental data, the resulting 

curve did not conform to the expected Michaelis-Menten model. Instead of displaying the 
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characteristic hyperbolic shape of a Michaelis-Menten curve, the fit showed a slight curvature 

towards its end. This deviation indicates that, although the experimental observations are closely 

matched, the reaction kinetics observed from this experiment did not fully adhere to the 

traditional Michaelis-Menten kinetics. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Michaelis-Menten Analysis for Triple-site GSM (RG42) Peptide with 0.5µM 
GSK3β. The initial rateITC calculated for each ITC raw plot was plotted as a function of each 
peptide concentration used and then fitted to the Michaelis-Menten equation for kinetic analysis 
using Microsoft Excel. Dots represent the initial rateITC derived for each peptide concentration, 
and the solid line represents the fit to the Michaelis-Menten equation.  

 

 

Several limitations associated with using the maximum initial RateITC for the analysis 

may lead to the experimental data not accurately reflecting the actual kinetics of an enzyme 

reaction. The ITC has a certain amount of thermal inertia, which is the resistance to changes in 
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temperature. This inertia can delay the instrument's ability to detect and accurately report rapid 

or large increases in heat flow.  

This parameter is the instrument response time (τ) and depends on the make of different 

ITC models (Hagedoorn, 2022; Hansen et al., 2016; Transtrum et al., 2015). Our MicroCal 

PEAQ-ITC has an instrument response time of 8 seconds (Malvern). As the reaction progresses, 

the amount of heat generated increases, potentially leading to a larger deflection from the 

baseline on the ITC curve. When the heat change is significant (at or near the maximum 

deflection point), the instrument might take longer to adjust, leading to undershooting the actual 

heat flow rate (for exothermic reactions). This delay can make it harder to accurately capture the 

peak rates of reaction, especially if they change rapidly over a short period, as observed for 

triple-site GSM peptide phosphorylation reaction by GSK3β.  

To elucidate the effect of this impact, the DP change over time was corrected for the 

instrument response time using the Tian equation (Bäckman et al., 1995; Transtrum et al., 2015), 

which corrects for the instrument’s response time, comparing measured DP values with those 

corrected for the 8 seconds response time in our ITC instrument.  

Equation 6.12: 

 

𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝛷𝛷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 +  𝜏𝜏 �
𝑑𝑑𝛷𝛷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑
� 

 

Where: 

Φcorrected = the actual heat flow from the reaction 

Φmeasured = the measured heat flow from the reaction reported as DP 
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The initial period following substrate injection, where there is a delay before the ITC detects a 

significant change in heat flow, is called the lag phase. This delay is not purely a matter of 

instrument response time; it also involves the physical processes of mixing and thermal 

equilibration between the injected substrate, enzyme in the sample cell, and the calorimeter itself. 

The lag phase represents the time required for the enzyme and substrate to mix thoroughly and 

reach a uniform temperature distribution within the sample cell, setting the stage for the 

enzymatic reaction to proceed uniformly throughout the sample volume.  

The measured DP for R3291, where 6mM triple-site GSM peptide was injected into the 

ITC cell with 0.5µM GSK3β (Figure 6.5), was corrected for the instrument response time. The 

two ITC curves were compared (Figure Appendix V.D). Interestingly, in the initial time points 

following the lag phase, the corrected and measured DP values closely overlap, indicating 

minimal effect of the instrument’s response time on the early measurements. At the same time, a 

discrepancy between measured and corrected DP is observed near the maximum deflection point 

for this GSK3β catalyzed phosphorylation reaction. 

The initial rate calorimetry (IrCal) method proposed by Ebrahimi et al. (2015) focuses on 

obtaining initial rates of enzyme activity from heat measurements during the early stages of a 

reaction, effectively bypassing the confounding effects of instrument response time on later 

measurements. The DP change in the first few time points post-lag phase shows a linear 

relationship with time (Honarmand Ebrahimi et al., 2015)The maximum deflection point often 

occurs outside the reaction's initial linear phase. Substrate depletion or product inhibition could 

also affect it more, misrepresenting the enzyme’s initial rate. The IrCal method leverages the 

linear relationship between the early DP values unaffected by the instrument's lag. 
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Employing the IrCal method could address the problems identified in our initial analysis 

by ensuring that the calculated rates represent GSK3β’s true activity under initial reaction 

conditions. This method's reliance on early, linear data points minimizes the distortion caused by 

the instrument's response time, potentially providing a more accurate and reliable measure of 

enzymatic kinetics. The evidence presented by demonstrating the alignment of measured and 

corrected DP in the initial reaction phase (Figure Appendix V.D) further supports the validity of 

adopting the IrCal approach for a more accurate assessment of enzyme activity and kinetics for 

the triple-site GSM peptide phosphorylation catalyzed by GSK3β. 

 

 

 

 

 

 

 

 

 

Figure 6.7: Example of a Graphical Analysis of Lag and Linear Phases. The DP change for 
the time points post-injection is plotted for R3291, where 6mM triple-site GSM peptide was 
injected into the ITC cell with 0.5µM GSK3β. The black dot represents the point of injection. 
The yellow dots show the lag phase. The linear range for DP change is shown in orange dots 
with the best-fit trendline (R2 = 0.9991). The linear range for DP change is used for the IrCal 
approach. 
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To apply the IrCal approach, we should observe the change in DP over time in the initial 

stages of the reaction across different substrate concentrations to identify the lag and linear phase 

(Figure 6.7). Rates are obtained right after the lag phase for each substrate concentration during 

the linear phase of the heat flow versus the time curve. This indicates a constant rate of the 

enzymatic reaction, free from the instrument response time, substrate depletion, or product 

inhibition effects.  

The graphical representation of DP change over time for R3291, where 6mM triple-site 

GSM peptide was injected into the ITC cell with 0.5µM GSK3β (Figure 6.5), showed the lag 

phase lasted until 6 seconds post-injection, and the linear range for DP change was observed 

between 7 and 12 seconds (Figure 6.7). The DP change between subsequent time points in the 

linear range ΔDPITC(t) was determined using equation 6.13 (Honarmand Ebrahimi et al., 2015). 

Equation 6.13: 

𝛥𝛥𝛥𝛥𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡) = 𝐷𝐷𝑃𝑃𝑡𝑡 − 𝐷𝐷𝑃𝑃𝑡𝑡−𝑛𝑛 

Where: 

n = the sampling time (for MicroCal PEAQ-ITC instrument, n = 1 sec) 

 

Equation 6.9 can be modified to determine the RateITC corresponding to each time point. 

Equation 6.14: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡) =
𝛥𝛥𝛥𝛥𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡)
𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎.𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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It is important to note that initial RateITC values derived from ITC require adjustment by a 

proportionality constant to account for the thermal and volumetric parameters of the instrument 

and reflect the actual enzyme reaction rates. The approach mentioned by Ebrahimi et al., 2015, 

involves using a standard reaction, such as the conversion of para-nitrophenyl phosphate (PNPP) 

to para-nitrophenol (PNP) by Alkaline Phosphatase, as a benchmark to determine a 

proportionality constant between initial RateITC obtained from ITC and the initial rate obtained 

from spectroscopic measurements using equation 6.15 (Honarmand Ebrahimi et al., 2015). 

Equation 6.15: 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡) = 𝑎𝑎𝐶𝐶𝐶𝐶. 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) 

 

Where: 

Initial RateITC(t) = the derivative of the ITC heat signal with respect to time, evaluated at an early 

time point, t 

Initial Rateenz(t) = the rate change in product concentration or the rate of substrate depletion per 

unit time, measured at an early, specific time point, t 

aCA = proportionality constant 

 

Since the aCA is a constant for the ITC instrument, once determined using a standard 

assay, it can be applied to all other enzymatic reactions analyzed by ITC. Despite this adjustment 

requirement, the primary goal of our investigation was to assess whether the phosphorylation 

reaction of GSK3β follows the Michaelis-Menten kinetics. For this purpose, we utilized the 
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unadjusted initial RateITC values as a straightforward means to observe the reaction's overall 

behavior and determine its adherence to Michaelis-Menten kinetics. The RateITC(t), reflecting the 

enzyme's activity at the beginning of the reaction under steady-state conditions, can be measured 

for various substrate concentrations. The raw data from Figure 6.5 was used to determine the 

ΔDPITC(t) and then the RateITC(t) for the 8-11 second time points from the linear phase and 

plotted against time post-substrate injection for each substrate concentration (Figure 6.8). The 

appearance of the fit’s quality seems deceptive because of the effect of scaling. Ideally, the 

RateITC(t) should be near-constant across the linear DP range. However, the initial RateITC values 

extrapolated from each trendline were plotted against the substrate concentrations, and the fit to 

the Michaelis-Menten equation was assessed (Figure 6.9).  

 

 

 

 

 

 

  
  
  
  
Figure 6:8: The Initial RateITC Determination from Linear DP Range. The RateITC(t) was 
calculated from the linear DP range and was plotted against time post-injection for the single-
injection assays with different triple-site GSM peptides (6mM, 4.5mM, 3mM, 2mM, 1.5mM, 
1mM, and 0.5mM). Dots represent the RateITC values calculated for each time point, and the 
dotted lines represent the extrapolation. Initial RateITC for each substrate concentration is 
obtained from the y-axis intercept. The fit's quality seems deceptive due to scaling. 
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Although a linear range for DP change was observed for 7-12 seconds post-injection, the 

RateITC calculated using the ΔDPITC(t) for subsequent time points and plotted against time post-

injection did not provide good fits (poor R2 values) for all substrate concentrations, suggesting 

the reaction kinetics might not be entirely linear within the chosen timeframe or that the reaction 

system exhibits complexity not fully captured by linear extrapolation. The poor fitting of the 

Initial RateITC into the Michaelis-Menten equation (Figure 6.9) implies that the triple-site GSM 

phosphorylation reaction catalyzed by GSK3β does not conform to the classical enzyme kinetics 

model. 

 

 

 

 

 

 

 

 

 
Figure 6.9: Comparison of Observed and Calculated Initial Rates for GSK3β Catalysis of 
Triple-site GSM Peptide via IrCal: Poor Fit to Michaelis-Menten Model. The blue dots 
represent the initial RateITC determined from the IrCal approach (Initial Rateobs) for the catalysis 
of different peptide concentrations by GSK3β. The dotted orange line represents the calculated 
initial RateITC (initial Ratecal) by fitting to the Michaelis-Menten equation. A large discrepancy is 
observed between the Initial Rateobs and Initial Ratecal, implying this reaction may not follow the 
Michaelis-Menten kinetics model.  

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 20 40 60 80 100 120 140

In
iti

al
 R

at
e I

TC
(µ

m
ol

/L
/s

ec
)

[Triple-site GSM] (µM)

Initial Rate(obs)
Initial Rate(cal)



166 
 

 Since the studied reaction involves a multi-site phosphorylation scenario, a kinase could 

adhere to its substrate and phosphorylate all target sites without detaching, following a 

processive mechanism. Alternatively, in a distributive mechanism, the kinase might bind, 

phosphorylate a single residue, detach, and then need to reattach to phosphorylate the following 

site (Patwardhan & Miller, 2007; Salazar & Höfer, 2009). To help explain how the individual 

phosphorylation events differ in these two mechanisms, the terminologies [MODE 1] and 

[MODE 2] were coined (Figure 6.10). [MODE 1] represents the case where the enzyme 

encounters the primed peptide, forming the ES complex, and then phosphorylation occurs. 

[MODE 2] is characterized by an enzyme already engaged with the substrate and poised to 

phosphorylate the target site without needing the ES complex formation step. Presumably, a 4 

amino acid ratcheting step would be required to re-position the peptide substrate relative to the 

active site for [MODE 2]. If GSK3β follows a 100% processive mechanism, then the #1 site on 

the peptide gets phosphorylated via [MODE 1], and the 2nd and 3rd sites get phosphorylated via 

[MODE 2]. Alternatively, if GSK3β follows a 100% distributive mechanism, all sites are 

phosphorylated via [MODE 1], and there is no [MODE 2]. The kinetics for [MODE 1] and 

[MODE 2] are undoubtedly distinct, which means if GSK3β is highly processive, the kinetics of 

the overall system would be a mixture of both modes. The simple single-site Michaelis-Menten 

model does not apply to this mixed-mode system. In contrast to the kinetic behavior, the ΔHapp 

may not differentiate between the models. If the observed heat release mainly reflects the 

chemical transformations associated with the phosphorylation events, the cumulative heat change 

could be quite similar for processive and distributive models. 
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Figure 6.10: Mechanistic Models for Multi-Site Phosphorylation by GSK3β. The GSK3β 
kinase recognition sequence (SXXX{pS}) includes a phosphoserine residue that is called a 
"primed" site. Many natural substrates possess two or more adjacent sequences in tandem, 
creating the potential for a sequential phosphorylation cascade. Two distinct models of kinase 
action can be envisioned.  Processive Model: The kinase may phosphorylate all 3 sites without 
detaching from the substrate by employing MODE 1 for the first phosphorylation and MODE 2 
at the 2nd and 3rd sites. Distributive Model: The kinase may need to repeatedly bind, dissociate, 
and re-associate to phosphorylate the 3 sites, employing MODE 1-type interactions exclusively. 
The primed phosphorylated site (yellow), site of phosphorylation (orange), and previously 
phosphorylated sites (grey) are indicated. 
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The complexity introduced by multi-site phosphorylation can lead to behavior that does not 

conform neatly to the assumptions underlying the Michaelis-Menten equation derived from a 

single, simple enzymatic reaction. Previous Michaelis-Menten kinetics observed for this triple-

site GSM phosphorylation by GSK3β used discontinuous assays (Dajani et al., 2001, 2003; 

Ryves et al., 1998; Ryves & Harwood, 2001; Thornton et al., 2008), where the enzyme reaction 

rates were determined using the total concentration of peptide phosphorylated over a given time. 

These assays would not, therefore, capture dynamic changes associated with multi-site 

phosphorylation. Analyzing the kinetics of this type of reaction might require more sophisticated 

models that can account for the multi-step nature of the process. 

 

 

Michaelis – Menten Analysis for the Phosphorylation of Mono-site GSM Peptide 

 

 A mono-site GSM peptide was derived by replacing the serine residues on the triple-site 

GSM peptide's second and third phosphorylation sites with alanine. GSK3β will recognize the 

primed site and phosphorylate the serine residue on the first phosphorylation site. The 

phosphorylation of the mono-site GSM peptide catalyzed by GSK3β was analyzed via the ITC 

single-injection assay. The mono-site peptide offers a relatively straightforward enzymatic 

process, where the enzyme-substrate interaction and the subsequent phosphorylation follow a 

single-path mechanism that is predicted to follow Michaelis-Menten kinetics. This simplicity 

would allow a more straightforward interpretation of the kinase activity and kinetic parameters 

for GSK3β.  
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Figure 6.11: Comparing ITC Thermograms for the Phosphorylation of Triple-site GSM vs. 
Mono-site GSM Peptide Catalyzed by GSK3β. 3mM peptide was injected at t = 1min into the 
ITC cell containing 0.5µM (R3295) or 0.66µM (R3379) GSK3β and 1.5mM or 0.6mM ATP in 
50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2 at 30 °C. 

 

 

 

 

 

 

 

 

 
Figure 6.12: Rate of GSK3β Activity vs. Increasing Mono-site GSM Peptide 
Concentrations. Enzyme rate vs. substrate concentration plot from the single injection analysis 
for the phosphorylation of the mono-site GSM peptide catalyzed by GSK3β displays Michaelis-
Menten behavior.  
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 The raw ITC thermograms observed for the phosphorylation of the mono-site vs. triple-

site GSM peptides showed that the exothermic peak for the mono-site peptide produced less heat 

compared to the triple-site GSM peptide (Figure 6.11). This would be expected since fewer 

phosphorylation events per molecule will be associated with the mono-site peptide. The RateITC 

values derived from the DP change over time for the duration of the reaction (for each time point 

of the raw ITC curve) could be fitted to the Michaelis-Menten curve when plotted against the 

substrate concentration at the respective time point (Figure 6.12). This is a striking difference 

compared to the phosphorylation of the triple-site GSM peptide by GSK3β, which did not adhere 

to the classical kinetics and further indicates a more complex reaction mechanism associated 

with sequential phosphorylation of multiple residues. The Michaelis-Menten constant, KM, for 

the mono-site peptide phosphorylation by GSK3β offers a measure of enzyme-substrate affinity, 

serving as a useful approximation for understanding the initial peptide-binding and 

phosphorylation dynamics at the first site of the triple-site GSM peptide. KM inversely reflects 

enzyme affinity for its substrate, applicable to both mono- and initial multi-site phosphorylation 

events.  

 To obtain the kinetic parameters for the mono-site GSM phosphorylation by GSK3β, the 

DP change throughout the reaction should be converted to RateITC and plotted against the 

substrate concentration. The measured DP change for this reaction was corrected using the Tian 

equation (equation 6.12) to observe whether the instrument response time significantly affects 

the raw ITC curve. Although there was a discrepancy between the measured and corrected DP 

change near the deflection point, the measured DP change following the peak deflection was 

closely aligned with the corrected DP (Figure Appendix V.E). The MicroCal PEAQ analysis 

software allows the user to define the region of the raw ITC curve applicable to the Michaelis-
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Menten analysis by adjusting “Enzyme Markers” to exclude the data most affected by the 

instrument response time (grey brackets in Figure 6.13). Therefore, the Tian correction 

minimally impacts the portion of the thermogram utilized for the Michaelis-Menten analysis. The 

measured DP corresponding to the selected region of the curve was used to determine the RateITC 

and substrate concentrations using equations 6.9 and 6-10, respectively, for single-injection 

assays followed by injecting 3mM or 6mM mono-site GSM peptide into a 0.66µM GSK3β in 

50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2 and ATP in excess. These RateITC values (Vobs) 

were fitted to the Michaelis-Menten equation and iterated to obtain the best fit using Excel 

Solver. An example of this data analysis is shown in Appendix V (Part B, Analysis 4).  

 

 
Figure 6.13: Sample Enzyme Marker Selection for the Single-injection Assay Analysis. The 
region of DP utilized by the MicroCal PEAQ analysis software for the Michaelis-Menten 
analysis is indicated in grey brackets. 
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Figure 6.14: Michaelis-Menten Analysis Plots for Single-injection of Various Mono-site 
GSM Concentrations. Enzyme rate vs. substrate concentrations best fitted to the Michaelis-
Menten equation for the phosphorylation of mono-site GSM peptide. A) 3mM peptide 
concentration in the syringe (0.06mM final), B) 6mM peptide concentration in the syringe 
(0.12mM final) catalyzed by 0.66µM GSK3β. Dots represent the rate measured based on DP 
change, and the solid line represents the fit to the Michaelis-Menten equation. 
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The RateITC values calculated by fitting (Vcal) showed good alignment with the 

experimental rates for both 3mM (Figure 6.14A) and 6mM (Figure 6.14B) mono-site GSM 

phosphorylation by GSK3β. The KM, kcat, and Vmax were determined for each assay by 

manually fitting the data in Excel (Table 6.2), which agreed with the kinetic parameters reported 

by the MicroCal PEAQ analysis software (Table 6.3). The average KM was 59.23 ± 1.40 µM, 

and the turnover number kcat was 6.31 ± 0.70 s-1 (Table 6.4).  

 

 
Table 6.2: Michaelis-Menten Analysis: Phosphorylation of Mono-Site GSM Peptide by 
GSK3β Using Excel. The apparent reaction enthalpy, reported on MicroCal PEAQ-ITC analysis 
software, was used to manually calculate the rate observed vs. unreacted substrate over time. The 
rate observed and the rate calculated by fitting the Michaelis-Menten equation were iterated to 
the best fit using Excel Solver to obtain the Min Sum Square root for the rate calculated 
subtracted from the rate observed. kcat was calculated using the Vmax and enzyme 
concentration. 

Exp Run# 
GSM Conc. 
in ITC cell 

(µM) 

ΔHapp 
(kJ/mol) 

KM  
(µM) 

kcat 
(s-1) 

Vmax 
(µM/s) 

R3377 120 -41.2 55.81 5.85 3.86 

R3378 120 -37.5 57.73 6.56 4.33 

R3379 60 -29.6 57.0 5.30 3.50 
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Table 6.3: Michaelis-Menten Analysis: Phosphorylation of Mono-Site GSM Peptide by 
GSK3β Using MicroCal PEAQ-ITC Analysis Software. The apparent reaction enthalpy, 
ΔHapp, Michaelis-Menten constant, KM, and the turnover number, kcat, obtained from the single 
injection of 3mM or 6mM peptide into 0.66µM GSK3β. The parameters are reported from 
MicroCal PEAQ-ITC analysis software. Vmax was calculated using the reported kcat value and 
enzyme concentration. 

Exp Run# 
GSM Conc. 
in ITC cell 

(µM) 

ΔHapp 
(kJ/mol) 

KM  
(µM) 

kcat 
(s-1) 

Vmax 
(µM/s) 

R3377 120 -41.2 59.3 ± 0.928 6.26 ± 0.06 4.13 

R3378 120 -37.5 60.6 ± 3.85 7.03 ± 0.277 4.64 

R3379 60 -29.6 57.8 ± 2.37 5.64 ± 0.170 3.72 
 

 

 

Table 6.4: Average Michaelis-Menten Parameters for Mono-Site GSM Phosphorylation 
from MicroCal PEAQ-ITC Analysis. Mean ± Std Deviation from n = 3 ITC runs.  

ΔHapp 
(kJ/mol) 

KM  
(µM) 

kcat 
(s-1) 

Vmax 
(µM/s) 

-36.1 ± 5.93 59.23 ± 1.40 6.31 ± 0.70 4.16 ± 0.46 
 

 

Our study's KM and kcat values appear to be within a comparable range to the literature 

values for GSK3β activity towards GSM peptides. (Dajani et al., 2001, 2003) studied the 

phosphorylation of the triple-site GSM peptide by human GSK3β using a γ-P32-ATP 

incorporation assay in a 50mM HEPES pH 8 buffer system with 12.5mM MgCl2, 2mM DTT, 

and 0.05mM EDTA at 30 °C. KM values of 70µM (Dajani et al., 2001), and KM and kcat values 

of 60µM and 0.7 s-1 for GSK3β without Tyr216 phosphorylation, and 85µM and 3.7 s-1 for 

GSK3β with Tyr216 phosphorylation (Dajani et al., 2003) were reported. The difference in the 

mono-site GSM peptide is the replacement of serine residues on the triple-site GSM's second and 
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third phosphorylation sites with alanine. Therefore, theoretically, both peptides should display 

similar enzyme-substrate interactions to bind the primed peptide and phosphorylate the first 

phosphorylation site. Our ITC study was followed in a 50mM TRIS pH 8 buffer system with 

20mM NaCl, 10mM MgCl2, and 10x ATP at 30 °C. In this context, the KM of 59.23µM reported 

by our single-injection assay is comparable to the literature values, and the kcat value of 6.3 s-1 is 

also within the same order of magnitude.   

 

Comparative Analysis of ΔHapp and ITC Curve Shapes for Mono- and Triple-Site GSM Suggests 

a Processive Phosphorylation Mechanism by GSK3β on Multi-Site Substrates 

 A single-injection assay was utilized to compare the raw ITC thermograms for the 

GSK3β catalyzed phosphorylation of 1mM (the final concentration in the ITC cell is 0.02mM) 

Triple-site, Mono-site, or Ser>Ala mutant GSM peptide in 50mM TRIS pH 8 buffer with 20mM 

NaCl, 10mM MgCl2 and ATP in excess (Figure 6.15). As expected, the exothermic curve for the 

mono-site GSM phosphorylation was smaller than that for the triple-site GSM peptide. The 

Ser>Ala mutant GSM peptide has the serine residue in the first phosphorylation site replaced 

with an alanine residue. GSK3β preferentially phosphorylates substrates with primed 

phosphorylation at the (+)4-position relative to the target serine/threonine. Therefore, we expect 

GSK3β to bind Ser>Ala mutant GSM peptide but cannot catalyze the phosphotransfer, serving as 

a negative control. As expected, injection of 1mM Ser>Ala mutant GSM peptide into the GSK3β 

generated a tiny peak attributed to the heat of dilution and peptide-enzyme binding. 

 Since GSK3β needs a primed phosphorylated site to recognize and bind a substrate, its 

order of phospho-site phosphorylation in a multi-phospho-site substrate is expected to follow 
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sequential phosphorylation. This sequential phosphorylation by GSK3β has been demonstrated 

for substrates with multi-phosphorylation sites such as Glycogen synthase where residues Ser-

640, Ser-644, Ser-648, and Ser-652 are phosphorylated sequentially from C-terminus to N-

terminus direction following the Ser-656 primed phosphorylation by Casein Kinase II (Fiol et al., 

1987, 1990; Y. Wang & Roach, 1993), β-catenin at the residues Thr-41, Ser-37, and Ser-33 from 

C-terminus to N-terminus direction following the Ser-45 primed phosphorylation by Casein 

Kinase I (McCubrey et al., 2014; Stamos & Weis, 2013).  

 

 

 

 

 

 

 

 

 

 
Figure 6.15: ITC Thermograms for GSK3β Kinase Reaction with Different GSM Peptides. 
The ITC thermograms for the phosphorylation of Triple-site GSM peptide (blue), Mono-site 
GSM peptide (orange), and (Ser>Ala) Mutant GSM peptide (grey) were compared. In each 
experiment, 1mM GSM peptide was catalyzed by 2µM GSK3β in the reaction buffer: 50mM 
TRIS pH 8, 20mM NaCl, 10mM MgCl2, and 0.2mM ATP.   
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 A kinase can catalyze sequential phosphorylation in a processive or distributive manner. 

In a processive phosphorylation mechanism, the kinase binds to its substrate and phosphorylates 

multiple sites without releasing the substrate between phosphorylation events. Once the kinase-

substrate complex is formed, the kinase can catalyze phosphotransfer to several sites in a single 

binding event. The distributive phosphorylation mechanism involves the kinase binding and 

phosphorylating a single site, then dissociating from the substrate before it can bind again to 

another site. This requires multiple rounds of binding and dissociation for the phosphorylation of 

multiple sites on the substrate.  

Processive mechanisms are generally efficient, ensuring multiple phosphorylations occur 

rapidly and coordinated. However, the distributive mechanism may allow for greater regulation 

and integration of different signaling inputs (Patwardhan & Miller, 2007; Salazar & Höfer, 

2009). Although the sequential pattern of GSK3β phosphorylation has been reported, whether 

this reaction follows a processive or distributive mechanism is unknown. Understanding this 

mechanism for GSK3β phosphorylation can have important implications for drug development. 

We intended to investigate this using the ITC single-injection assay. The single-injection assays 

were repeated to compare the ΔHapp and total heat produced from the phosphorylation of 1mM 

triple-site GSM against 1mM and 3mM of mono-site GSM peptide (Figure 6.16A). Each peptide 

sample was also injected into the buffer without the enzyme to demonstrate that the heat of 

dilution is negligible relative to the thermogram representing the reaction (Figure 6.16B). The 

ΔHapp values were derived from MicroCal PEAQ ITC analysis software, indicating differences in 

reaction enthalpies among the two peptides (Table 6.5).  
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Figure 6.16: Comparison of ITC Thermograms for GSK3β Phosphorylation of GSM 
Peptides at Varying Concentrations and Phosphorylation Sites. (A) The ITC thermograms 
for the phosphorylation of 1mM Triple-site GSM peptide (blue), 1mM Mono-site GSM peptide 
(orange), 3mM  Mono-site GSM peptide (yellow), and 1mM (Ser>Ala) Mutant GSM peptide 
(grey) compared. In each experiment, the GSM peptides were catalyzed by 1µM GSK3β in the 
reaction buffer: 50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2, and 0.2mM ATP. (B) The ITC 
thermograms for peptide to buffer controls respective to the curves in (A). 
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Table 6.5: The Apparent Reaction Enthalpy from the Single-injection Analysis Comparing 
Triple-site GSM (RG42) vs. Mono-site GSM peptide (RG43) Phosphorylation by GSK3β. 
Triple-site GSM peptide at 1mM and mono-site peptide at 1mM or 3mM reacted with 0.5µM-
2µM GSK3β in 50mM TRIS pH 8, 20mM NaCl, 10mM MgCl2, 0.2mM or 1mM ATP at 25 °C. 
The apparent reaction enthalpy values for n=2 runs are reported from MicroCal PEAQ ITC 
analysis software. 

 
1mM 

Triple-site GSM 
peptide 

1mM  
Mono-site GSM 

peptide 

3mM  
Mono-site GSM 

peptide 

ΔHapp 
(kJ/mol) 

-120 (R3335) -30.1 (R3334) -37.1 (R3356) 

-117 (R3354) -33.4 (R3355) -42.2 (R3394) 

Mean ± Std dev -118.5 ± 2.12 -31.75 ± 2.33 -39.65 ± 3.61 

  

 

 

Phosphorylation of the triple-site GSM peptide exhibited a ΔHapp comparable to previous 

study observations, with an average value of -118.5 ± 2.12 kJ/mol. The mono-site GSM peptide 

at 1mM and 3mM concentrations showed an average ΔHapp of -31.75 ± 2.33 kJ/mol and -39.65 ± 

3.61 kJ/mol. Ideally, the substrate concentration should not affect the ΔHapp value reported 

because the total observed heat from the peak area is divided by the total moles of substrate 

injected for the reaction. The ΔHapp values observed for 1mM and 3mM mono-site GSM 

phosphorylation are still comparable, and the difference can be attributed to variations in solution 

preparation in experiments followed on different days. When 3mM of mono-site GSM peptide 

was injected for phosphorylation by GSK3β, theoretically, the number of phosphorylation sites 

available for the reaction is the same as the number of phosphorylation sites available following 

injection of the 1mM triple-site GSM peptide. The total heat generated upon phosphorylation of 

1mM triple-site GSM was = -118.5 kJ (-118.5 kJ/mol x 1mol), and the total heat generated upon 



180 
 

phosphorylation of 3mM mono-site GSM was = -118.95 kJ/mol (-39.65 kJ/mol x 3 mol). This 

result shows that the total heat released was similar when the number of phosphorylated sites 

available for the reaction was the same for triple-site GSM and mono-site GSM by concentration 

matching. This observation suggests that the amount of heat released per phosphorylation is 

consistent across both peptides, indicating that each phosphorylation event releases a similar 

amount of energy.  

 Next, the shape of the ITC curves is considered. If GSK3β followed a fully distributive 

mechanism for multi-site phosphorylation, each phosphorylation step would follow [MODE 1] 

as discussed previously in the chapter. In this scenario, it would not matter whether the target 

sites were clustered on the same peptide molecule or dispersed among different peptide 

molecules, and the raw ITC curves for the phosphorylation of 1mM triple-site GSM and 3mM 

mono-site GSM would overlap perfectly. However, that did not appear to be the case. The raw 

ITC curves from Figure 6.15 and Figure 6.16 were scaled so they would appear to be the same 

size with respect to the y-axis to compare the shape of the curves (Figure 6.17). There appeared 

to be a consistent difference in the shape of the ITC thermograms for the triple-site and mono-

site GSM phosphorylation across multiple ITC runs (Figure 6.17A and Figure 6.17B).  

The scaled overlay of the thermograms for triple-site and mono-site GSM 

phosphorylation (Figure 6.17C and Figure 6.17D) shows that the initial portions of the curves 

overlap up to and immediately after the deflection point. The DP change over time is initially 

rapid, following both peptides' deflection points. However, while the curve for the mono-site 

peptide continues this trend and sharply returns to the baseline, the curve for the triple-site 

peptide appears to slow down and take longer to return to the baseline. This curve shape pattern 

is consistent at 25 °C (Figure 6.17C) and 30 °C (Figure 6.17D). 
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Figure 6.17: Thermogram Shape Comparison. (A–C) The raw ITC curves from Figure 6.15 
and Figure 6.16 are scaled so they would appear to be the same size with respect to the y-axis. 
All reactions were followed at 25 °C. (A) Triple-site GSM peptide thermograms. (B) Mono-site 
GSM peptide thermograms. (C) Overlay of plots. (D) Overlay of the raw ITC curves from 
Figure 6.11 scaled so they would appear to be the same size with respect to the y-axis. These 
reactions were followed at 30 °C for 3mM Triple-site and 3mM Mono-site peptides. 

 

 

The difference in the shapes of the ITC thermograms indicates a biphasic nature in the 

phosphorylation of the triple-site peptide. Previously, it was discussed that if GSK3β follows 

sequential phosphorylation of multiple sites in a processive manner, we can expect [MODE 1] 

where ES complex forms and the first site is phosphorylated, and [MODE 2] where subsequent 

sites are phosphorylated without the enzyme dissociating from the ES complex. The 
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thermograms for the phosphorylation of 1mM triple-site GSM and 3mM mono-site GSM do not 

entirely overlap (Figure 6.16A), providing evidence supporting a processive mechanism. Since 

the curve for mono-site GSM phosphorylation represents [MODE 1] kinetics, we can deduce that 

the part of the ITC curve for triple-site GSM phosphorylation that overlaps with the curve for 

mono-site GSM represents [MODE 1] and the portion of the curve with the slow return to the 

baseline predominantly represents [MODE 2]. 

 The reaction rates for triple-site GSM and mono-site GSM phosphorylation by GSK3β 

were compared for the raw ITC curves from Figure 6.17D to analyze the reaction rate's behavior 

in the curve post-deflection point (Figure 6.18A). These curves represent the phosphorylation of 

3mM triple-site and mono-site GSM peptides by GSK3β at 30 °C. The reaction rate for triple-site 

phosphorylation, immediately post-deflection, is expected to represent [MODE 1]. This phase 

demonstrated fast kinetics. In contrast, the latter part of the curve is expected to represent 

[MODE 2]. This phase demonstrated slow kinetics. The comparison of the reaction rate with 

substrate concentration for the triple-site and mono-site GSM peptides shows that the reaction 

rate demonstrates fast kinetics for the mono-site GSM phosphorylation and fast kinetics at the 

beginning and slow kinetics towards the end for the triple-site GSM phosphorylation (Figure 

6.18B).  
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Figure 6.18: Comparison of Reaction Rates Demonstrate Biphasic Behavior for Multi-site 
Phosphorylation by GSK3β. The reaction rates for the raw ITC curves from Figure 6.17D are 
plotted against the substrate concentration. All reactions were followed at 30 °C. (A) The raw 
ITC curves for triple-site GSM phosphorylation show biphasic behavior distinguishing between 
[MODE 1] and [MODE 2] mechanisms, and mono-site GSM phosphorylation only follows 
[MODE 1] (B) The reaction rates observed later in the reaction (at low [S]) are depressed for 
triple-site GSM relative to mono-site GSM. 

 

 

 

 Processivity might be considered a mechanism to increase the reaction rate of the 

secondary and tertiary phosphorylation sites. For GSK3β, the converse seems to be the case: the 

initial rate at site #1 exhibits comparable kinetics to the mono-site substrate peptide, but kinetics 

seem slower at sites #2 and #3. A possible explanation for this observation would be that the 

reinitiation of the catalytic cycle requires the dissociation of product ADP. Due to steric 

hindrance or conformational changes, ADP may dissociate more readily from free enzymes and 

less readily from the ES complex. It may be that the absolute rate of phosphorylation at multiple 

sites in a sequence is not crucial, but what is biologically important is ensuring that when 

multiple tandem sites need phosphorylation, the process is complete, resulting in few, if any, 

partially phosphorylated sites. Wang and Roach (1993) demonstrated that phosphorylation of all 

the GSK3 target sites on the multiple tandem sequence of glycogen synthase was necessary to 
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inactivate it fully. Mutant forms of glycogen synthase were created where specific 

phosphorylation sites were altered to alanine, preventing phosphorylation at those sites. The 

mutants included changes at sites 3a (Ser640), 3b (Ser644), and 3c (Ser648). The study 

highlighted that GSK3 phosphorylation occurs sequentially. However, most importantly, partially 

phosphorylated forms of glycogen synthase resulted in only modest inactivation, and the 

phosphorylation of all tandem sites, including the final site 3a, was necessary to significantly 

decrease glycogen synthase activity by GSK3 (Y. Wang & Roach, 1993). 

 Our observations support the processive nature of GSK3β activity. Once GSK3β initiates 

phosphorylation, it remains associated with the substrate to ensure thorough and complete 

modification of all tandem phosphorylation sites, following a mechanism designed to ensure 

reliability rather than speed. Many GSK3β substrates feature multiple tandem phosphorylation 

sites (Table 6.6).  In cellular signaling, the complete phosphorylation of substrates might be 

crucial for achieving a proper regulatory outcome, as was the case for glycogen synthase 

inactivation. Prevention of incomplete substrate modification may ensure that the full regulatory 

intentions of the phosphorylation (activation or inactivation) are met. The need for complete and 

sequential phosphorylation by GSK3β underlines the kinase’s role in tightly controlled signaling 

pathways. Understanding the processive kinetics of GSK3β might also have therapeutic 

implications. In diseases where GSK3β activity is dysregulated, such as Alzheimer’s disease, 

diabetes, or cancer, targeting the processivity of the specific phosphorylation sites could provide 

a means to modulate GSK3β activity more precisely.  
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Table 6.6: GSK3β Substrates Featuring Multiple Tandem Phosphorylation Sites. A list of 
GSK3β substrates reported with multi-phosphorylation sites (Sutherland, 2011). Some substrates 
contain more GSK3β target residues; only tandem sites are listed. 

Substrate Target Residues 
Priming 
Residue 
(kinase) 

Effect of 
Phosphorylation Reference 

Axin Ser322, Ser326 Ser330 Stabilization of Axin 
(Ikeda et al., 

1998; Yamamoto 
et al., 1999) 

β-catenin Ser33, Ser37, 
Thr41 

Ser45 
(CK I) 

Targets β-catenin for 
proteasomal 
degradation 

(Ikeda et al., 
1998) 

CLASP2 
(Cytoplasmic 

linker-associated 
protein 2) 

Ser533, Ser537 Ser541 
(CDK5) 

Abolish microtubule 
association in 

metaphase 

(Pemble et al., 
2017) 

CRMP2 
(Collapsin 
response 

mediator protein 
2) 

Thr509, Thr514, 
Ser518 

Ser522  
(CDK5) 

Impaired neuronal 
polarization 

(Yoshimura et 
al., 2005) 

Glycogen 
Synthase 

Ser640, Ser644, 
Ser648, Ser652  

Ser656 
(CK II) 

Reduces activity and 
regulates glycogen 

synthesis 

(Parker et al., 
1983; Rylatt et 

al., 1980) 

Hif1α 
Ser551, Thr555 

------ 
 Ser589 

Not determined 
Targets for 

proteasomal 
degradation 

(Flügel et al., 
2007) 

Presenilin 1 
(PS1) 

Thr320, Ser324 
------ 

Ser353, Ser357 
------ 

Ser397, Ser401 

Unprimed 
substrate 

Downregulate 
efficiency of PS1/n-
cadherin/β-catenin 

complex  

(Lauretti et al., 
2020; Twomey 
& McCarthy, 

2006; Uemura et 
al., 2007) 

snail 

Ser97, Ser101 
------ 

Ser108, Ser112, 
Ser116, Ser120 

Not determined 

Regulates 
proteasomal 

degradation and 
nuclear exclusion 

(Zhou et al., 
2004) 

     

Substrate Target Residues 
Priming 
Residue 
(kinase) 

Effect of 
Phosphorylation Reference 

Tau 
(microtubule-

associated 
protein) 

Ser46, Thr50 
------ 

Thr149, Thr153 
------ 

Thr217, Thr220 
------ 

Thr231, Ser235 
------ 

Ser258, Ser262 

PKA, CDK5, 
CK1, CK2 

Hyperphosphorylation 
reduces affinity to 

microtubules, leading 
to microtubule 
destabilization 

(Hanger et al., 
1992; Sayas & 
Ávila, 2021; 

Yang & Yuan, 
1999) 
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------ 
Ser409, Ser413 
(Only tandem 

phosphorylation 
sites are included 

here) 
TSC2 

(Tuberous 
sclerosis complex 

2) 

Ser1337, Ser1341 Ser1345 
(AMPK) 

Inhibit mTOR by 
TSC2 activation 

(Inoki et al., 
2006) 

 

 

Determining Buffer-Independent Reaction Enthalpy for the Phosphorylation of Mono-site GSM 

Peptide by GSK3β 

 In the single-injection ITC experiment, the observed total heat change (ΔHapp) 

encompasses the cumulative effect of all processes involved in the reaction, including those 

associated with the movement of protons to or from the buffer solution. The uptake or release of 

protons from the buffer during the reaction contributes additional heat within the reaction cell. 

The following relationship in equation 6.16 can determine the intrinsic enthalpy of the reaction 

(ΔHrxn). 

Equation 6.16: 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 =  𝛥𝛥𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑛𝑛𝑛𝑛𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖 

Where: 

n = the average number of protons exchanged 

ΔHion = the ionization enthalpy of the specific buffer 

ΔHrxn = the buffer-independent enthalpy intrinsic to the enzymatic reaction 
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The analysis can be performed across different buffers at the same pH to determine the 

intrinsic reaction enthalpy and the number of protons exchanged. Each buffer is characterized by 

a distinct ionization enthalpy (ΔHion), which indicates the heat absorbed or released when a 

proton is added to or removed from the buffer molecule. By plotting the ΔHapp against the known 

ΔHion of the buffers in which the reaction is performed, the ΔHrxn and the moles of protons 

exchanged can be determined through linear regression using the relationship described by 

equation 6.16.  

 

 

 

 

 

 

 

 

  
 
Figure 6.19: ITC thermograms for GSK3β Kinase Reaction with Mono-site GSM Peptide 
in Different Buffers at pH 7 and 30 °C. 
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Figure 6.20: Buffer-independent ΔH for GSK3β Kinase Reaction with Mono-site GSM 
peptide. The ΔHapp values are plotted against ΔHion for each buffer. The dotted line represents 
the line of the best fit. The slope of the line represents the number of protons released from the 
reaction, and the y-intercept indicates the ΔHrxn for the phosphorylation of mono-site GSM 
peptide by GSK3β. 

 

 

A negative slope indicates protons are being released by the substrates or reaction system 

and accepted by the buffer. This proton transfer contributes to the overall heat change measured 

for the reaction on ITC. Likewise, a positive slope indicates that the substrates or the reaction 

system accepts protons during the reaction, and the buffer releases them (Bianconi, 2003; Mazzei 

et al., 2014; Todd & Gomez, 2001). Single-injection assays were followed in 5 different buffers: 

MES, HEPES, MOPS, BIS-TRIS, and TRIS for the phosphorylation of the mono-site GSM 

peptide by GSK3β at pH 7 (Figure 6.19). The pH 7 was chosen for this experiment because it is 

within the optimal buffering capacity of TRIS, BIS-TRIS and HEPES buffers used for ITC 
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binding and kinase assays performed for GSK3β in this study. The ΔHion values for each buffer 

were obtained from Goldberg et al., 2002 (Table 6.7). The ΔHapp measured for the reaction in 

each buffer was plotted on the y-axis against the ΔHion for each buffer (Figure 6.20). The slope 

from linear regression was negative, indicating protons are released during the phosphorylation 

reaction catalyzed by GSK3β for the GSM peptide. Approximately 0.4 moles of protons were 

released during this reaction, and the buffer-independent reaction enthalpy was -16 kJ/mol 

(Figure 6.20). 

 

 
Table 6.7: ΔHapp Values for Mono-site GSM Phosphorylation by GSK3β and ΔHion in 
Different Buffers at pH 7. The apparent reaction enthalpy was obtained from 1mM mono-site 
GSM peptide (RG43) injection into 1µM GSK3β in the buffers listed. The ΔHapp is reported 
from MicroCal PEAQ-ITC analysis software. The ionization enthalpy for each buffer was 
obtained from Goldberg et al., 2002. 

Buffer 
ΔHion ΔHobs 

(kJ/mol) (kJ/mol) 
MES 14.8 -22.8 

HEPES 20.4 -25.8 
MOPS 21.1 -24.3 

BIS-TRIS 28.4 -27.6 
TRIS 47.45 -36.6 

 

 

 

 There are no reported values for the reaction enthalpy in literature for the 

phosphorylation of serine to phosphoserine to evaluate the reasonableness of the experimentally 

determined intrinsic enthalpy for this reaction. Instead, the intrinsic enthalpy is considered in the 

context provided by Gibbs free energy (ΔGr°) values for ATP hydrolysis and the hydrolysis of 3-
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phosphoserine (Alberty, 1998, 2003). The Gibbs free energy and enthalpy change describe 

different aspects of reaction energetics. The Gibbs free energy reflects the spontaneity and the 

maximal work the reaction at constant temperature and pressure can do. In contrast, the enthalpy 

reflects the heat absorbed or released during the reaction. Hess’s law states that the total enthalpy 

change for a reaction is the same, regardless of whether it occurs in one step or a series of steps.  

Using Hess’s law, the Gibbs free energy for the phosphorylation of a serine can be estimated 

using the following reactions. 

Scheme 6-2: 

𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐻𝐻2𝑂𝑂 ⇌ 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑎𝑎𝑎𝑎𝑎𝑎       ΔGr° = -31.56 kJ/mol 

Scheme 6-3: 

3 − 𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐻𝐻2𝑂𝑂 ⇌ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑎𝑎𝑎𝑎𝑎𝑎      ΔGr° = -10.4 kJ/mol 

Scheme 6-4: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐴𝐴𝐴𝐴𝐴𝐴 ⇌ 3 − 𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐴𝐴𝐴𝐴𝐴𝐴        ΔGr° = -21.16 kJ/mol 

 

The Gibbs free energy for ATP hydrolysis is exergonic and is the driving force of many 

biological reactions, including phosphorylation. The hydrolysis of 3-phosphoserine to serine is 

exergonic, which means adding a phosphate group onto serine is endergonic. The overall ΔGr° 

for the phosphorylation is exergonic, implying the reaction is spontaneous. Also, ΔGr
0 = -21.16 

kJ/mol implies a Keq = 5000 (because ΔG = -RTln(Keq)), which supports that the kinase 

reaction goes nearly to completion, suggesting the magnitude of experimental ΔHrxn of -16kJ/mol 

is within a plausible range. These comparisons are approximations since the values from the 
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literature were obtained under conditions of 298K, pH 7, pMg 3, and ionic strength of 0.1M. In 

comparison, the experimental conditions in our study are 303K, pH 7, pMg 2, and ionic strength 

0.09M (without considering contributions from ATP ionization).   

Determining the moles of protons released or absorbed during a chemical reaction 

involves looking at the change in the number of H⁺ ions between the reactants and products. This 

can be done theoretically by comparing the sum of charges for the species involved, specifically 

focusing on how these charges reflect changes in proton numbers. Alberty, 2001, explained how 

the conservation of mass principle applies differently in the context of biochemical reactions 

when conditions such as pH and pMg are specified (Alberty, 2001). Hydrogen ions' activity (or 

effective concentration) is kept constant when the pH is held constant in a biochemical system. 

Similarly, specifying pMg means holding the activity of Mg2+ constant. Hydrogen and 

magnesium ions are effectively buffered in such a controlled environment. They are not 

conserved in the traditional sense because their concentrations are fixed externally. Due to the 

presence of buffering agents or systems, the system can absorb or release hydrogen and 

magnesium ions without changing the overall pH or pMg. Due to the non-conservation of H⁺ and 

Mg²⁺ under these conditions, biochemical equations are often written to reflect the state of 

reactants and products as sums of species. This means that instead of writing out each form of a 

molecule that might exist at a given pH or pMg, the molecules are represented in terms that 

encompass all of their protonated, deprotonated, or complexed forms that are relevant at the 

specified pH and pMg. The reaction for the phosphorylation of the mono-site GSM peptide by 

GSK3β can be written as follows. 

Scheme 6-5: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐺𝐺𝐺𝐺𝐺𝐺 (𝑆𝑆𝑆𝑆𝑆𝑆) + 𝐴𝐴𝐴𝐴𝐴𝐴 ⇌ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐺𝐺𝐺𝐺𝐺𝐺 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) + 𝐴𝐴𝐴𝐴𝐴𝐴 
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Here, ATP represents the sum of all ionized species of ATP predominantly existing at pH 

7, like ATP-4 and HATP-3; ADP represents HADP-2 and ADP-3; the phosphate group on the 

phosphorylated serine residue of the product would represent only HPO4
-2 species. Considering 

the speciation of ATP and ADP relevant to pH 7, each could be represented as a diprotic reagent 

H2A, and the fraction of each species α, for the reagent can be given as follows (Harris, 2007). 

Scheme 6-6: 

𝛼𝛼𝐴𝐴−2 =
𝐾𝐾𝑎𝑎1 𝐾𝐾𝑎𝑎2

[𝐻𝐻+]2 + 𝐾𝐾𝑎𝑎1[𝐻𝐻+] + 𝐾𝐾𝑎𝑎1𝐾𝐾𝑎𝑎2
 

𝛼𝛼𝐻𝐻𝐻𝐻−1 =
𝐾𝐾𝑎𝑎1 [𝐻𝐻+]

[𝐻𝐻+]2 + 𝐾𝐾𝑎𝑎1[𝐻𝐻+] + 𝐾𝐾𝑎𝑎1𝐾𝐾𝑎𝑎2
 

𝛼𝛼𝐻𝐻2𝐴𝐴 =
[𝐻𝐻+]2

[𝐻𝐻+]2 + 𝐾𝐾𝑎𝑎1[𝐻𝐻+] + 𝐾𝐾𝑎𝑎1𝐾𝐾𝑎𝑎2
 

Where: 

αA
-2 = fraction of fully deprotonated species 

αHA- = fraction of 1 proton-bound species 

αH2A = fraction of 2 proton-bound species 

[H+] = Concentration of H+ at pH 7 

Ka1 = 10-pKa of the species of H2A  

Ka2 = 10-pKa of the species of HA- 
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No dissociation constants are specifically available for the deprotonation of the phosphate 

group added to the serine residue of the peptide; therefore, the dissociation constants can be 

considered for one deprotonation at pH 7 for the following scheme. 

Scheme 6-7: 

𝐻𝐻2𝑃𝑃𝑂𝑂4−  ⇌ 𝐻𝐻𝐻𝐻𝑂𝑂4−2 + 𝐻𝐻+ 

Scheme 6-8: 

𝛼𝛼𝐻𝐻𝐻𝐻𝑂𝑂42− = (
𝐾𝐾𝑎𝑎1

[𝐻𝐻+] + 𝐾𝐾𝑎𝑎1
) 

 

The pKa for dissociating the serine hydroxyl group in the serine residue of mono-site 

GSM participating in the phosphorylation reaction is quite high (pKa 12-14). Therefore, at pH 7, 

this serine’s hydroxyl group is almost entirely in the protonated form.  The OH group, however, 

does undergo deprotonation when the reaction is catalyzed by GSK3β, which would provide the 

specific environment to facilitate the deprotonation, which makes oxygen a stronger nucleophile 

and thereby able to follow a nucleophilic attack on the gamma phosphate group of ATP to follow 

the phosphotransfer. Since it is difficult to determine the context of this particular deprotonation, 

it is not considered in this analysis. The weighted average of the charged for each reactant and 

product can be calculated by equation 6.17. 

Equation 6.17: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝛼𝛼𝐴𝐴−𝑛𝑛 (−𝑛𝑛) +  𝛼𝛼𝐴𝐴−𝑛𝑛+1 (−𝑛𝑛 + 1) +  𝛼𝛼𝐴𝐴−𝑛𝑛+2 (−𝑛𝑛 + 2) 
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Where: 

n = the charge for the fully deprotonated species or the charge of the most deprotonated species 

considered at pH 7 for this phosphorylation reaction.  

 

 

Table 6.8: The Association Constant for H2PO4- and the Fully Deprotonated ATP and ADP. 
The dissociation constants at T = 298.15K and I = 0.25 from Alberty & Goldberg et al., 1992 
(Alberty & Goldberg, 1992). 

 Ka1 Ka2 

ATP 1.483E-04 3.426E-07 

ADP 1.612E-04 4.689E-07 

Phosphoserine (H2PO4
-) 2.225E-07 - 

 

 

The equilibrium constants for the dissociation of ATP (for the species ATP-4 and HATP-3), 

ADP (for the species HADP-2 and ADP-3), and H2PO4
- (for HPO4

-2) were obtained from Alberty 

& Goldberg (1992). The fraction of each charged species was determined using [H+] as 1 x 107 

M since the reactions were followed at pH 7. The weighted average charge for each reagent and 

product was then determined by applying equation 6.17. A sample calculation for ATP is shown 

below. 

𝛼𝛼𝐴𝐴𝐴𝐴𝐴𝐴−4 =
𝐾𝐾𝑎𝑎1 𝐾𝐾𝑎𝑎2

[𝐻𝐻+]2 + 𝐾𝐾𝑎𝑎1[𝐻𝐻+] + 𝐾𝐾𝑎𝑎1𝐾𝐾𝑎𝑎2
= 0.7739 

𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−3 =
𝐾𝐾𝑎𝑎1 [𝐻𝐻+]

[𝐻𝐻+]2 + 𝐾𝐾𝑎𝑎1[𝐻𝐻+] + 𝐾𝐾𝑎𝑎1𝐾𝐾𝑎𝑎2
= 0.226 
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𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  0.7739 (−4) + 0.226 (−3) =  −3.7736 

 

The weighted average charges calculated for ATP, ADP, and phosphoserine (H2PO4
-) were 

-3.7736, -2.8239, and -1.3798, respectively. The sum of the charges of the reactants is -3.7736, 

and the sum of the charges of the products is -4.2037. The net charge of the reaction would be 

+0.43. The theoretical analysis indicates the reaction would release 0.43 protons per mole of 

substrate phosphorylated. The experimental value observed for the phosphorylation of the mono-

site peptide by GSK3β from the linear regression was 0.423 (Figure 6.19), which is in good 

agreement with the value estimated theoretically.  

 

Single-injection Analysis for Dose-Dependent Inhibition of GSK3β Phosphorylation by 

Inhibitors LiCl and BeSO4 

Lithium (Li+) is a classical inhibitor of GSK3β, and beryllium ions (Be2+) have also been 

characterized as a potent inhibitor of GSK3β. Single-injection assays were performed with 1mM 

triple-site GSM peptide and 0.5µM GSK3β, in the presence of varying concentrations of LiCl 

(1mM, 10mM, and 30mM) or BeSO4 (1µM, 3µM, 10µM, 30µM, and 100µM). The enzyme and 

inhibitor were loaded into the ITC cell, and the reaction was initiated by injecting the peptide 

substrate. An assay without the inhibitor was performed as the control. Both inhibitors have 

demonstrated dose-dependent inhibition of GSK3β kinase activity studied via a FRET assay, 

with BeSO4 displaying 1000-fold potency compared to LiCl inhibition (Mudireddy et al., 2014). 

Our single-injection experiments were in agreement with previous observations demonstrating 

dose-dependent inhibition. The ITC thermogram declined with increasing inhibitor concentration 
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for LiCl treatment (Figure 6.21) and BeSO4 treatment (Figure 6.22). The apparent enthalpy of 

the reaction varied significantly with inhibitor concentration, indicating direct inhibition of the 

GSK3β phosphorylation reaction (Table 6.9). BeSO4 exhibited a potent inhibitory effect, as 

expected, and interestingly showed nearly 1000-fold higher potency than LiCl. In LiCl treatment, 

the influence on ΔHapp was minimal at lower concentrations and became prominent when 30mM 

was used. At the same time, BeSO4 showed potent inhibition at low concentrations like 3µM, 

demonstrating a much stronger inhibition of GSK3β activity.  

 

 

 

 

 

 

 

  

 
Figure 6.21: ITC Thermograms for GSK3β Phosphorylation with Various LiCl Inhibitor 
Concentrations. Single-injection analysis for the reaction of 0.02mM triple-site GSM with 
0.5µM GSK3β and 0.2mM ATP in various LiCl inhibitor concentrations. All reactions followed 
in 50mM BIS-TRIS pH 6.5, 20mM NaCl, and 10mM MgCl2 at 30 °C. 
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Figure 6.22: ITC Thermograms for GSK3β Phosphorylation with Various BeSO4 Inhibitor 
Concentrations. Single injection analysis for the reaction of 0.02mM GSM with 0.5µM GSK3β 
and 0.2mM ATP in various BeSO4 inhibitor concentrations. All reactions followed in 50mM BIS-
TRIS pH 6.5, 20mM NaCl, and 10mM MgCl2 at 30 °C. 

 

 

Table 6.9: Dose-dependent Decrease in ΔHapp for GSK3β Phosphorylation in the Presence 
of LiCl and BeSO4. Inhibition of GSK3β activity via Be2+ was ~1000-fold more potent than Li+. 

LiCl Conc.  
(mM) 

ΔHapp 
(kJ/mol) 

BeSO4 Conc. 
(µM) 

ΔHapp 
(kJ/mol) 

0 -43.3 0 -43.3 
1 -40.3 1 -41.2 
10 -33.3 3 -21.9 
30 -28.3 10 -12.7 
  30 -10 
  100 -9.84 
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Reversibility of LiCl and BeSO4 Inhibition of GSK3β Phosphorylation 

This study aimed to investigate the reversibility of the inhibition of GSK3β activity by 

LiCl and BeSO4. Initial FRET-based assays suggested Be2+ exerted a near irreversible inhibitory 

effect on GSK3β (Figure 6.23), a hypothesis further explored using the ITC single-injection 

assay. For the FRET assay, GST-GSK3β fusion protein attached to Glutathione beads was treated 

with 100µM BeSO4 or 100mM LiCl. The kinase activity was assessed post-inhibitor wash, 

suggesting the possible near-irreversible inhibition by Be2+. The ITC single-injection assay was 

performed pre- and post-wash after GSK3β was treated with 30µM BeSO4 or 30mM LiCl 

(Figure 6.24). These concentrations were chosen to maintain the 1000-fold difference in 

inhibitor concentration between BeSO4 and LiCl, and also 100mM LiCl produces a large heat of 

dilution, which obscures heat released due to the kinase reaction (Data not shown). The ITC data 

revealed a nuanced view of inhibitor reversibility. After washing, a recovery in GSK3β activity 

was observed for both Li+ and Be2+, indicating that the inhibition by both Li+ and Be2+ is 

reversible (Figure 6.24 and Figure 6.25). Although the inhibition from Be2+ appears to persist 

slightly more than inhibition by Li+, the effect is not as pronounced as observed in the FRET 

study.  
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Figure 6.23: Near Irreversibility of Be2+ Inhibition. GST-GSK3b fusion protein bound to 
glutathione beads was treated with an inhibitor (100 µM Be2+ or 100 mM Li+). Then, the beads 
were washed to remove the unbound inhibitor (right pair) or not washed to allow the inhibitor to 
remain (left pair). Enzyme activity was measured using a FRET-based assay (Mudireddy et al., 
2014). Ronald Gary conducted these experiments. These results motivated follow-up studies 
using ITC by Bhagya De Silva. 
 

 

In the pre-wash GSK3β activity, it appears that inhibition by 30mM LiCl was slightly 

more potent, at least by one method of quantification (Figure 6.25). In this presentation, the 

enzyme activity was measured by the RateITC at the peak point of the raw thermogram. The 

apparent enthalpy is proportional to the extent of product formation, so the ΔHapp value can be 

used as a surrogate for reaction progress in the inhibitor studies. If the apparent enthalpy of each 

assay is compared, it can be seen that Be2+ affected the overall phosphorylation reaction of 

GSK3β more than Li+. The ΔHapp for no inhibitor, 30mM LiCl, and 30µM BeSO4 pre-wash -53.3 

kJ/mol, -36.7 kJ/mol, and -14.8 kJ/mol, respectively. ΔHapp for no inhibitor, 30mM LiCl, and 

30µM BeSO4 post-wash -54.1 kJ/mol, --49.2 kJ/mol, and -43.1 kJ/mol, respectively. 
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Figure 6.24: Single-injection Analysis Testing the Reversibility of GSK3β Phosphorylation 
by LiCl and BeSO4. A single-injection analysis for the phosphorylation of 0.08mM mono-site 
GSM peptide (RG43) by 0.5µM GSK3β in the presence of 30mM LiCl or 30µM BeSO4 was 
performed before (left panel) and after washing (right panel) the inhibitor to observe 
reversibility. All reactions were performed in 50mM BIS-TRIS pH 6.5, 20mM NaCl, and 10mM 
MgCl2 at 25 °C. 
 

 

 

 

 

 

 

 

Figure 6.25: Enzyme Activity for GSK3β Phosphorylation Pre- and Post-inhibitor Wash. 
GSK3β activity pre- and post-washing, with treatment of LiCl or BeSO4 inhibitors. The data are 
presented as a single experimental result (n=1) for each condition, and error bars are omitted due 
to the absence of replicates. 
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 Although the FRET results could not be fully replicated via the ITC experiment, both the 

FRET and the ITC experiments did demonstrate some degree of resistance to washout by Be2+ 

but not Li+.  These were single-concentration studies, with 100µM BeSO4 in the FRET 

experiment and 30µM BeSO4 in the ITC experiment, so it is possible that this is a relevant 

variation in the comparison. Further experiments would be needed to test the effect on the 

kinetics of the enzyme vs. overall product formation between Li+ and Be2+ mediated inhibition. 

Using the mono-site GSM peptide would allow a more comprehensive study of these inhibitory 

effects as it simplifies the kinetic analysis.  

 The apparently higher reversibility of LiCl compared to BeSO4 could be attributed to the 

ionic nature and binding affinity of these metal ion inhibitors to GSK3β. Be2+, with its smaller 

ionic radius and higher charge density, might form a stronger interaction with GSK3β, making its 

inhibition more resilient to reversal. IC50 values from a FRET-based assay was 5µM for BeSO4 

and 12mM for LiCl (Mudireddy et al., 2014). Furthermore, Be2+ has been shown to be capable of 

competing for both the Mg2+ and Mg: ATP binding sites, while Li+ was shown to compete only 

with the Mg2+ binding site (Ryves et al., 2002). This dual binding disrupts the Mg2+-dependent 

stabilization of ATP. It directly interferes with the ATP binding site, enhancing the inhibitory 

effect of BeSO4 on GSK3β, explaining the higher potency and resilience to reversibility observed 

during Be2+ inhibition. In contrast, LiCl's near-complete reversible inhibition and its dependence 

on higher concentrations for a similar inhibitory effect align with Li+ interaction with a single 

Mg2+ site, which does not directly interfere with ATP binding. 
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Chapter 7: Summary and Future Directions 

 

Summary 

GSK3β is a serine/threonine kinase with crucial roles in many biological functions, 

including regulating cell metabolism and homeostasis, guiding the developmental biology 

process, and modulating neuronal pathways. Thus, it is a pivotal enzyme in both health and 

disease. GSK3β is an unusual kinase regulated by inhibition rather than activation and prefers 

substrates with primed phosphorylation. GSK3β has about 100 confirmed and putative substrates 

(Sutherland, 2011), and many of these substrates have multiple tandem phosphorylation sites 

following the Ser/Thr-X-X-X-(pSer/pThr) sequence. Hyperphosphorylation of Tau by GSK3β, 

leading to the formation of neurofibrillary tangles, is a hallmark pathology of Alzheimer’s 

disease. Previous studies in our research group demonstrated evidence of pathway-specific and 

cell-type specific inhibition of GSK3β by beryllium ions, which is 1000-fold more potent than 

lithium, classically used as a GSK3β inhibitor and used to treat bipolar disorder. This study 

intended to explore ligand-binding interactions involving GSK3β using isothermal titration 

calorimetry (ITC)  and microscale thermophoresis (MST).  

ITC is a label-free technique for determining thermodynamic parameters for protein-ligand 

binding and studying enzyme kinetics. This dissertation explored the affinity of beryllium ions 

against carboxylate-rich chelators and peptides, GSK3β ligand binding, and analyzed the kinase 

activity of GSK3β using ITC. The study also explored different protein expression systems to 

prepare GSK3β for ITC experiments. A summary of the findings follows: 
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• ITC binding experiments for beryllium and magnesium (and lithium) ions using model 

chelators featuring carboxylate groups (EDTA, NTA, 4,5-IDA, and Salicylic acid) and 

tetrapeptides featuring carboxylate groups (composed of aspartic acid residues (D) or 

versions where various residues were replaced with glycine (G)), demonstrated that 

beryllium ions display a higher affinity and preference for structured carboxylate-rich 

binding sites than magnesium and lithium ions. The stoichiometry for the binding event 

between beryllium ions and DDDD peptide was n = 2. The thermodynamic profile for 

this binding event demonstrated a significant gain in entropy. This shows that the binding 

events involving beryllium and carboxylate groups of aspartic acid residues are 

entropically driven. Binding studies repeated with MST corroborated that beryllium has a 

higher affinity against carboxylate-rich peptides than magnesium. This study 

demonstrated that the unique aqueous chemistry of beryllium due to its high charge 

density, preference for tetrahedral coordination geometry, and ability to form strong 

electrostatic interactions with carboxylate groups contribute to its ability to displace 

magnesium from both solvated and non-solvated magnesium binding sites on GSK3β. 

• Recombinant GST-GSK3β was attempted to be expressed in bacterial cells and via the 

baculovirus expression system in Sf9 and Hi5 insect cells. The bacterial expression did 

not yield full-length GST-GSK3β, and the glutathione-purified protein sample 

predominantly contained degraded versions. Utilizing a Codon Plus E. coli strain did not 

improve this result. Full-length GST-GSK3β was expressed in Sf9 cells. However, the 

protein expression levels largely varied, and the overall yield was insufficient for ITC 

binding experiments. Using Sf9 cells for baculovirus amplification and Hi5 cells for 

protein expression yielded the best results. GST-GSK3β was successfully expressed in 
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Hi5 cells and could be isolated at high purity following glutathione affinity purification 

and ion exchange chromatography. 

• ITC binding experiments for ATP vs. GSK3β initially showed broad exothermic peaks 

more akin to an enzymatic reaction rather than a binding event, suggesting basal ATP 

hydrolysis might occur. Therefore, a non-hydrolyzable ATP analog AMP-PNP was 

utilized for binding experiments with GSK3β. A distinct exothermic peak was observed 

for the first injection when AMP-PNP was titrated into GSK3β in the ITC cell. This 

observation was reproducible and concluded as a representation of binding. However, 

thermodynamic parameters could not be derived since a binding isotherm could not be 

obtained under the tested experimental conditions. 

• This dissertation presents the first kinetic analysis of a protein kinase using an ITC 

enzymatic assay. The ITC single-injection assay was utilized to study the phosphorylation 

of a primed GSK3β substrate, the GSM phosphopeptide. The GSM phosphopeptide has 

three consecutive phosphorylation sites. Mutated versions of GSM were developed to 

create mono-site (serine residues on the second and third phosphorylation sites mutated) 

and zero-site (serine residue on the first phosphorylation site mutated) GSM substrates in 

which serine resides in specific phosphorylation sites were changed to alanine. 

Phosphorylation of the mono-site GSM by GSK3β was an exothermic reaction and 

followed Michaelis-Menten kinetics, with a KM of 59 µM and kcat of 6.3 s-1. The 

intrinsic enthalpy of the reaction was -16 kJ/mol. The kinetic analysis for triple-site GSM 

phosphorylation did not conform to classical Michaelis-Menten kinetics and instead 

displayed a biphasic behavior. This novel observation could not be uncovered via 

conventional kinase assays.  
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• GSK3β sequentially phosphorylates substrates that contain multiple phosphorylation sites 

arranged in tandem. Comparative studies of reaction enthalpies and the shapes of the raw 

ITC thermograms for both mono-site and triple-site GSM indicated that GSK3β employs 

a processive phosphorylation mechanism. This processive action displays two phases: 

rapid kinetics in ES complex formation and phosphorylation at the initial site, followed 

by slower kinetics at the secondary and subsequent sites. This pattern suggests that once 

GSK3β starts the phosphorylation process, it remains bound to the substrate, ensuring 

complete modification across all tandem sites, adopting a mechanism that prioritizes 

accuracy over speed. This behavior underlines the importance of GSK3β's role in 

precisely regulated signaling pathways, highlighting the necessity for complete and 

sequential phosphorylation. 

• The ITC single-injection assay compared beryllium and lithium-mediated inhibition of 

GSK3β kinase activity. The enthalpy of the reaction decreased in a dose-dependent 

manner for both beryllium and lithium. Additionally, inhibition of GSK3β activity by 

beryllium was 1000-fold more potent than lithium, similar to published data (Mudireddy 

et al., 2014). The reversibility of GSK3β inhibition by beryllium and lithium was tested. 

Inhibition by both metal ions was reversible. Inhibition by lithium was completely 

reversible, and inhibition by beryllium was moderately but not completely reversible 

under the tested experimental conditions.  
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Future Directions 

Enhancing Kinetic Analysis in ITC: Implementing the Empirical Response Model for Rapid 

Reaction Dynamics 

Although the ITC single-injection assay offers significant advantages over traditional 

discontinuous kinase assays, its capability to analyze rapid kinetic events can still be enhanced. 

In our study, the ITC single injection assay revealed distinct kinetic phases in the 

phosphorylation of the triple-site GSM peptide by GSK3β, which were not discernible in 

conventional assays that rely on endpoint measurements and thus miss the real-time dynamics of 

the kinase activity. Specifically, while the phosphorylation of the first site by GSK3β exhibited 

rapid kinetics, the subsequent phosphorylation events were considerably slower. This nuanced 

observation highlights the critical insights provided by the ITC method. 

However, the rapid kinetics of the initial phosphorylation site presents a challenge in 

accurately capturing the complete kinetic profile due to the limitations in the calorimeter's 

response time. The empirical response model (ERM) can be applied to address this and improve 

the accuracy of our measurements for such fast reactions (Di Trani et al., 2017). By empirically 

determining the calorimeter’s response function, f(t), through a series of calibration experiments 

using known rapid reactions (such as Ca2+ vs. EDTA) under the same experimental conditions, 

we can deconvolute this response from the observed calorimetric data g(t). This allows us to 

reconstruct the true heat change curve h(t), thereby more accurately depicting the reaction 

kinetics. 

Equation 7.1: 

𝑔𝑔(𝑡𝑡) = ℎ(𝑡𝑡) ∗ 𝑓𝑓(𝑡𝑡) 
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Implementing the ERM can enhance our understanding of fast-acting biochemical processes and 

could unveil further mechanistic insights into kinase activity regulation. 

 

Exploring the ITC Multiple-Injection Assay for the Kinetic Analysis for Multi-site 

Phosphorylation 

Several studies using conventional γ-P32-ATP incorporation assay to measure GSK3β 

kinase activity with the triple-site GSM peptide reported data fitting the Michaelis-Menten model 

(Dajani et al., 2001, 2003; Ryves et al., 1998; Ryves & Harwood, 2001; Thornton et al., 2008). It 

would be interesting to explore whether a similar result and kinetic parameters can be obtained 

utilizing the ITC multiple-injection assay. Multiple-injection assay measures the DP change with 

respect to the initial baseline following incremental substrate injections. Firstly, the DP change is 

measured when the raw curve approaches the baseline, so the effect of the instrument response 

time on the measurement would be minimal. Secondly, the phosphorylation of the first and 

subsequent sites on the peptide will be complete as the raw curve approaches the baseline. Since 

this assay measures the DP change between the initial baseline and respective baselines 

following each injection, it will simulate a discontinuous assay. If the application of the ITC 

multiple-injection assay for multi-site phosphorylation by GSK3β yields data conforming to the 

classical enzyme kinetics model, we can propose that utilizing both the ITC single-injection and 

multiple-injection assay to investigate the kinetics of complex enzymatic reactions as a method 

to derive comprehensive information about the mechanism and conventional kinetic parameters.   
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Using MALDI-TOF MS to Support Processive Kinetics by GSK3β 

To substantiate the processive kinetics of GSK3β in phosphorylating GSM substrate 

peptides, MALDI-TOF MS can directly observe the sequential and site-specific phosphorylation 

events. By preparing phosphorylation reactions with mono-site and multi-site GSM peptides 

under consistent conditions and analyzing the treated samples using MALDI-TOF MS, we can 

identify the mass/charge ratios corresponding to unphosphorylated and various phosphorylated 

forms. The analysis will focus on detecting a progression of phosphorylation states, particularly 

evident in multi-site peptides, indicating a processive mechanism. This approach will help 

correlate the equivalent heat generation observed in ITC studies for different substrate 

configurations with a biochemical pattern of successive phosphorylations, providing compelling 

evidence of GSK3β's processive action. Such findings will confirm the enzyme's kinetic behavior 

and enhance our understanding of its regulatory role in cellular pathways, supporting the 

development of targeted therapeutic strategies. 

Preliminary MALDI-TOF MS experiments were attempted with the CHCA (α-Cyano-4-

hydroxycinnamic acid) matrix; however, the GSM peptide did not appear to ionize sufficiently 

with this matrix. Subsequent attempts with the SA (Sinapinic acid) matrix were successful; 

however, the assay conditions must be optimized to obtain reproducible data.  

 

Microscale Thermophoresis (MST) for GSK3β Ligand Binding Studies 

The characterization of GSK3β-ligand interactions using ITC did not successfully 

produce discernible binding curves, likely because the interactions did not generate sufficient 

detectable heat under the experimental conditions and because of protein solubility issues. MST 
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offers a sensitive alternative to detect binding interactions by measuring changes in the 

movement of fluorescently labeled molecules within a temperature gradient, which occurs in 

response to binding events. For this purpose, we plan to use a RED-NHS labeling kit to label 

GSK3β. RED-NHS contains a red fluorescent label linked to an N-hydroxy succinimide (NHS) 

ester that covalently attaches to primary amine groups, typically found on the lysine residues of 

the protein. This labeling will facilitate the fluorescent detection necessary for MST analysis. 

One published study has reported MST data for GSK3β-ligand interactions (Balboni et al., 2022) 

with RED-NHS labeled GSK3β and fluorine compounds. MST can be applied to study 

interactions with AMP-PNP, GSM substrate peptides, inhibitors like Alsterpaullone, and metal 

ions beryllium and lithium. These MST experiments will not only complement our existing data 

but are expected to provide deeper insights into the kinetic and thermodynamic properties of 

GSK3β-ligand interactions. 
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Appendix  I 

Capillary Electrophoresis Analysis of Phosphorylation in β-catenin and Ser9 Phosphorylation in 

GSK3β Following the Treatment of Lithium and Beryllium in A172 Cells. 

 

A172 cells were utilized for the lithium chloride (LiCl) or beryllium sulfate (BeSO4) dose 

treatment experiment. The cells were cultured to 80-90% confluency in RPMI medium 

supplemented with 10% fetal bovine serum and 1% PSF (penicillin-streptomycin-fungizone), 

then treated with varying LiCl concentrations (0, 1, 5, 10, 20, 30, and 50 mM) or with varying 

BeSO4 concentrations (0, 10, 30, 100, 1000 µM)  and incubated in a CO2 incubator at 37 °C for 

24h to assess protein expression changes. Post-treatment, cells were harvested using 0.25% 

trypsin, centrifuged, and the pellets lysed using MPER with protease and phosphatase inhibitors. 

Lysis was conducted on ice with gentle shaking and subsequent centrifugation to clear cell 

debris. Protein concentrations in the lysates were determined using the BCA (bicinchoninic acid 

assay), with standards prepared from a 2000 µg/mL albumin solution, ensuring accuracy in 

protein quantification for further analysis. 

The WES (12-230 kDa) Master Kit and WES HRP-conjugated rabbit secondary 

antibodies were obtained from ProteinSimple, San Jose, CA, for Capillary electrophoresis 

experiments. The same amount of protein was loaded into each capillary for a specific antigen 

(optimized for best antigen: antibody ratio in preliminary experiments). Lysates were combined 

with SDS Sample Buffer to achieve a 1× concentration and included fluorescent internal control 

size markers (1 kD, 29 kD, 230 kD) from ProteinSimple, San Jose, CA, USA. The sample 

mixture was then heated at 95 °C for 5 minutes. The samples were analyzed using 12-230 kD 
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size assay capillaries on a Wes capillary electrophoresis system from ProteinSimple, always 

incorporating a capillary with a biotinylated size ladder (12, 40, 66, 116, 180, and 230 kD) in 

each run. Primary antibody concentrations applied for each antigen tested were optimized in 

preliminary experiments. Primary antibodies utilized in the capillary electrophoresis were 

applied at specific dilutions: GAPDH rabbit polyclonal at 1:500 (#sc-25778, Santa Cruz 

Biotechnology), GSK3β rabbit polyclonal at 1:100 (#sc-9166, Santa Cruz Biotechnology), 

phospho-Ser9-GSK3β rabbit polyclonal at 1:50 (#9336, Cell Signaling Technology), β-catenin 

rabbit monoclonal at 1:250 (clone D10A8, #8480, Cell Signaling Technology), phospho-

Ser33/Ser37-β-catenin rabbit polyclonal at 1:50 (#2009, Cell Signaling Technology), and 

phospho-Ser33/Ser37/Thr41-β-catenin rabbit polyclonal at 1:50 (#9561, Cell Signaling 

Technology. Capillary electrophoresis data, including peak area calculations, were processed 

using Compass software from ProteinSimple. The electropherograms were analyzed to quantify 

protein levels, with results normalized against GAPDH to ensure an accurate assessment of 

protein expressions across samples. 

The LiCl dose-response effects on P-β-Catenin were observed in U251 and U87MG 

Glioblastoma cells (Data Not Shown). 

 

 



212 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure Appendix I.A: Effect of LiCl on P-β-Catenin and Total-β-Catenin Levels. A172 cells 
underwent treatment with LiCl concentrations of 0, 1, 5, 10, 20, 30, and 50 mM for a duration of 
24 hours. Post-treatment, the samples were analyzed through capillary electrophoresis and were 
probed with either phospho-Ser33/Ser37-β-catenin antibody (A) or total β-catenin antibody (B), 
generating a chemiluminescent output. The results were presented in a format akin to a virtual 
Western blot. For each lithium concentration, three separate samples were prepared and the 
corresponding capillaries were assigned as follows: 0 mM (Lanes 1, 8, 15), 1 mM (Lanes 2, 9, 
16), 5 mM (Lanes 3, 10, 17), 10 mM (Lanes 4, 11, 18), 20 mM (Lanes 5, 12, 19), 30 mM (Lanes 
6, 13, 20), and 50 mM (Lanes 7, 14, 21) LiCl. 
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Figure Appendix I.B: Effect of LiCl on P-Ser9-GSK3β and Total-GSK3β Levels. A172 cells 
underwent treatment with LiCl concentrations of 0, 1, 5, 10, 20, 30, and 50 mM for a duration of 
24 hours. Post-treatment, the samples were analyzed through capillary electrophoresis and were 
probed with either phospho-Ser9-GSK3β antibody (A) or total GSK3β antibody (B), generating a 
chemiluminescent output. The results were presented in a format akin to a virtual Western blot. 
For each lithium concentration, three separate samples were prepared and the corresponding 
capillaries were assigned as follows: 0 mM (Lanes 1, 8, 15), 1 mM (Lanes 2, 9, 16), 5 mM 
(Lanes 3, 10, 17), 10 mM (Lanes 4, 11, 18), 20 mM (Lanes 5, 12, 19), 30 mM (Lanes 6, 13, 20), 
and 50 mM (Lanes 7, 14, 21) LiCl. 
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Figure Appendix I.C: GAPDH Level and Total Protein Panel with LiCl Treatment. A172 
cells underwent a 24-hour treatment with various concentrations of LiCl (0, 1, 5, 10, 20, 30, or 
50 mM). The samples were then processed using capillary electrophoresis, during which they 
were probed with a GAPDH antibody (A) or a total protein labeling reagent (B), and a secondary 
reagent was applied to generate a chemiluminescent signal. The resulting electropherograms 
were presented as a virtual Western blot (A) or a simulated Coomassie-stained SDS-PAGE gel 
(B). Each lithium concentration was represented in three independent samples, with capillaries 
designated as follows: 0 mM (Lanes 1, 8, 15), 1 mM (Lanes 2, 9, 16), 5 mM (Lanes 3, 10, 17), 
10 mM (Lanes 4, 11, 18), 20 mM (Lanes 5, 12, 19), 30 mM (Lanes 6, 13, 20), and 50 mM (Lanes 
7, 14, 21). Additionally, a capillary containing size markers was included for reference. 
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Figure Appendix I.D: Effect of BeSO4 on P-β-Catenin and Total-β-Catenin Levels. A172 
cells underwent treatment with either 3 nM Calyculin A for one hour or various concentrations of 
BeSO4 (0, 10, 100, 300, or 1000 μM) for 24 hours. After treatment, the samples were analyzed 
using capillary electrophoresis and probed with either phospho-Ser33/Ser37-β-catenin antibody 
(A) or total β-catenin antibody (B), generating a chemiluminescent output. The results were 
visualized as a virtual Western blot. Three independent samples were produced for each 
treatment condition. The corresponding capillaries were marked as follows: 3 nM Calyculin A 
(Lanes 1, 7, 13), 0 μM BeSO4 (Lanes 2, 8, 14), 10 μM BeSO4 (Lanes 3, 9, 15), 100 μM BeSO4 
(Lanes 4, 10, 16), 300 μM BeSO4 (Lanes 5, 11, 17), and 1000 μM BeSO4 (Lanes 6, 12, 18). 
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Figure Appendix I.E: Effect of BeSO4 on P-Ser9-GSK3β and Total-GSK3β Levels. A172 
cells underwent treatment with either 3 nM Calyculin A for one hour or various concentrations of 
BeSO4 (0, 10, 100, 300, or 1000 μM) for 24 hours. After treatment, the samples were analyzed 
using capillary electrophoresis and probed with either phospho-Ser33/Ser37-β-catenin antibody 
(A) or total β-catenin antibody (B), generating a chemiluminescent output. The results were 
visualized as a virtual Western blot. Three independent samples were produced for each 
treatment condition. The corresponding capillaries were marked as follows: 3 nM Calyculin A 
(Lanes 1, 7, 13), 0 μM BeSO4 (Lanes 2, 8, 14), 10 μM BeSO4 (Lanes 3, 9, 15), 100 μM BeSO4 
(Lanes 4, 10, 16), 300 μM BeSO4 (Lanes 5, 11, 17), and 1000 μM BeSO4 (Lanes 6, 12, 18). 
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Figure Appendix I.F: GAPDH Level and Total Protein Panel with BeSO4 Treatment. A172 
cells were exposed to either 3 nM Calyculin A for one hour or varying concentrations of BeSO4 
(0, 10, 100, 300, or 1000 μM) for 24 hours. Following treatment, the samples underwent 
capillary electrophoresis and were labeled with either a GAPDH antibody (A) or a total protein 
reagent (B) to generate a chemiluminescent output. The results were visualized as a virtual 
Western blot (A) or a simulated Coomassie-stained SDS-PAGE gel (B). Additionally, a capillary 
featuring size markers was included in the display. For each treatment condition, three 
independent samples were created. Their respective capillaries were identified as follows: 3 nM 
Calyculin A (Lanes 1, 7, 13), 0 μM BeSO4 (Lanes 2, 8, 14), 10 μM BeSO4 (Lanes 3, 9, 15), 100 
μM BeSO4 (Lanes 4, 10, 16), 300 μM BeSO4 (Lanes 5, 11, 17), and 1000 μM BeSO4 (Lanes 6, 
12, 18). 
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Appendix II 

ITC Runs for Chapter 3 

 

 

ITC Runs for Metal Ion and Chelator Binding Studies: EDTA 

Run# ITC Cell ITC Syringe Buffer Temp. 

R133 

0.1mM EDTA 

2mM 
BeSO4 

100mM MES pH 
6.0 25 °C R224 2mM 

MgSO4 

R348 1mM 
CaSO4 

 

 

ITC Runs for Metal Ion and Chelator Binding Studies: 4,5-IDA 

Run# ITC Cell ITC Syringe Buffer Temp. 

R074 

1mM 4,5-IDA 

10mM 
BeSO4 

100mM MES pH 
6.0 25 °C R077 10mM 

MgSO4 

R094 20mM 
MgSO4 
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ITC Runs for Metal Ion and Chelator Binding Studies: NTA 

Run# ITC Cell ITC Syringe Buffer Temp. 

R279 
0.2mM NTA 

2mM 
BeSO4 

100mM MES pH 
6.0 25 °C 

R301 2mM 
MgSO4 

R130 
1mM NTA 

5mM 
BeSO4 

R177 5mM 
MgSO4 

 

 

ITC Runs for Metal Ion and Chelator Binding Studies: SA 

Run# ITC Cell ITC Syringe Buffer Temp. 

R189 0.2mM SA 2mM 
BeSO4 

100mM MES pH 
6.0 25 °C 

R190 

0.5mM SA 

5mM 
BeSO4 

R197 5mM 
MgSO4 

R198 10mM 
MgSO4 
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ITC Runs for Metal Ion and Model Peptide Binding Studies at pH 6. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R482 Buffer Buffer 

100mM MES pH 
6.0 

25 °C 

R549 0.2mM DDDD Buffer 

R550 0.2mM DDDD 5mM 
BeSO4 

R551 Buffer 5mM 
BeSO4 

R552 0.2mM DDDD 5mM 
MgSO4 

R556 Buffer 5mM 
MgSO4 

R554 0.2mM KKKK 5mM 
BeSO4 

R555 0.2mM KKKK 5mM 
MgSO4 

R570 0.2mM KKKK Buffer 

R564 0.2mM GGGG 5mM 
BeSO4 

100mM MES pH 
6.0, 5% DMSO 

R565 Buffer 5mM 
BeSO4 

R566 0.2mM GGGG 5mM 
MgSO4 

R567 Buffer 5mM 
MgSO4 

R568 Buffer Buffer 

R569 0.2mM GGGG Buffer 
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ITC Runs for BeSO4, MgSO4, and LiCl vs. DDDD Peptide Binding at pH 5.80. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R1581 

0.2mM 
DDDD 

5mM 
BeSO4 

100mM MES  
pH 5.80 25 °C R1572 5mM 

MgSO4 

R1598 5mM 
LiCl 

 

 

ITC Runs for MgSO4 and LiCl vs. DDDD Peptide Binding at pH 7.0. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R1576 

0.2mM 
DDDD 

5mM 
MgSO4 

100mM HEPES  
pH 7.0 25 °C 

R1579 5mM 
MgSO4 

R1578 5mM 
LiCl 

R1580 5mM 
LiCl 
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ITC Runs for BeSO4 vs. Peptide Binding at pH 5.80 
Peptides: FITC-DDDD, FITC-GDDD, FITC-GGDD, FITC-GGGGDDDD, FITC-GGGGKKKK, 
Cy5-CDDDD, and Cy5-CKKKK. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R1708 Buffer 

5mM 
BeSO4 

100mM MES  
pH 5.80 

25 °C 

R1710 0.2mM 
FITC-GGGGDDDD 

R1711 0.2mM 
FITC-GGGGKKKK 

R1712 0.2mM 
Cy5-CDDDD 

R1713 0.2mM 
Cy5-CKKKK 

R2360 0.2mM 
FITC-DDDD 

100mM MES 
pH 5.80,  

1% DMSO 
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Appendix III 

 

GST-GSK3β Extraction and Purification from Sf9 Cells and Experimental Challenges 

 

Experiment 1 

GenScript developed the P2 baculovirus stock for expressing the isoform 1 of human 

GSK3β, tagged with N-terminal GST. The cDNA of human GSK3β isoform 1 was synthesized 

and inserted into the pFastBacGST expression vector. This vector was transformed into the 

DH10Bac strain, leading to the creation of a recombinant bacmid. The presence of the 

recombinant bacmid with the GSK3β isoform 1 gene was verified through PCR. Subsequently, 

Sf9 cells were transfected with this bacmid, and the resultant supernatant, known as the P1 viral 

stock, was used to produce the P2 viral stock. For the expression process, 100 mL of Sf9 cell 

culture was infected with the P2 virus and incubated at 27 °C in Sf-900 II SFM medium for three 

days before being harvested. The presence of GST-tagged GSK3β protein was validated using 

SDS-PAGE and Western Blot techniques. Protein concentration was determined using the 

Bradford protein assay, BSA as the standard, with a reported concentration of 0.12 mg/ml by 

GenScript. We compared the GST-GSK3β protein expressed and purified from Sf9 cells by 

GenScript with those obtained from the BL21(Gold) E.coli bacterial expression system. 
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Figure Appendix III.A: GST-GSK3β Expression in Sf9 Cells from GenScript Compared 
Against GST-GSK3β Expression in BL21 (Gold) E. coli Cells. SDS_PAGE analysis showing 
GST-GSK3β expressed and purified from Sf9 cells by GenScript (lane 7) compared against GST 
(lane 5) and GST-GSK3β (lane 6) expressed in BL21(Gold) E.coli. In lanes 5-7, 8µg of total 
protein is loaded per lane. The predominant protein band in lane 7 is the 74kDa band for full-
length GST-GSK3β. Lanes 2-4 have 4, 8, and 12µg of BSA loaded for comparison. 
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Experiment 2 

GST-GSK3β extraction and FPLC protein purification from a 100mL Sf9 + P4 amplified 

baculovirus pellet. A 5mL pellet from this 100mL culture was first tested with a Glutathione-

Mini-Pulldown Assay (MPD). Figure 2. B shows a schematic diagram of this assay setup. The 

screening with the smaller pellet confirmed the presence of a 74kDa protein band indicative of 

GST-GSK3β expression in this Sf9 culture (Data not shown). The larger Sf9 pellet was lysed and 

sonicated in a lysis buffer with 50mM TRIS-HCl pH 8, 50mM NaCl, 3mM EDTA & 1x 

Protease/Phosphatase inhibitors. MgCl2 was added to a final concentration of 5mM to the cell 

lysate for DNase activation. 25U/mL DNase (Pierce Universal Nuclease #88701) was added to 

the lysate and incubated at room temperature for 10 min to degrade genomic DNA. EDTA was 

added to the lysate to a final concentration of 7mM to quench the DNase activity by chelating the 

Mg2+. The lysate was clarified by centrifugation at 15 000 rpm and 4 °C for 15 min, and the 

clarified lysate was filtered through a 0.45µm syringe filter before purifying the lysate via a 1mL 

GSTrap HP column on FPLC with 50mM TRIS-HCl pH 8.0, 50mM NaCl and 1mM EDTA as 

the FPLC buffer. The column was equilibrated, and the protein-bound fractions were collected 

post-elution via GSH-elution. These fractions were analyzed through gel electrophoresis. 

Additionally, a Glutathione MPD test was conducted on both the lysate and the FPLC unbound 

fraction to verify the presence of the target protein. 
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Figure Appendix III.B: Extraction and Isolation of GST-GSK3β from Sf9 via Glutathione-
sepharose Column on FPLC Lacked the 74kDa Protein Band. The prep utilized a 100mL Sf9 
culture infected with P4 amplified baculovirus at an M.O.I. = 10 and incubated at 27 °C /100rpm 
for 48h. A) Schematic diagram of the Glutathione-Mini-Pulldown Assay. B)SDS-PAGE analysis 
of the GSH-eluted fractions F1-F6 did not show a 74kDa protein band as expected for GST-
GSK3β. A Glutathione-Mini-Pulldown (labeled as MPD) test was conducted on the lysate 
applied on the Glutathione-sepharose column on FPLC and the FPLC unbound lysate to observe 
whether a GST-GSK3β band was present. The absence of the 74kDa band in the lysate applied 
on the affinity column and the FPLC unbound lysate suggested that the GST-fusion protein may 
have undergone degradation. 
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Experiment 3 

The experiment aimed to optimize protein extraction from Sf9+P4 pellets by testing 

various DNA degradation conditions to prevent recombinant protein degradation during cell lysis 

and protein extraction. The procedure involved preparing a lysis buffer with 50mM TRIS-HCl, 

50mM NaCl, 3mM EDTA, and 1x protease and phosphatase inhibitors. A 100mL Sf9 + P4 pellet 

was used for the experiment. The cell pellet was resuspended in lysis buffer and subjected to 

sonication. Five aliquots of the cell lysate were then treated differently: one was left untreated, 

one was mechanically sheared using an 18 G ½  needle, and the remaining three were treated 

with DNase at 25U/mL under different conditions (incubated in ice for 10 min, at room 

temperature for 10 min, and room temperature for 60 min). After DNase treatment, EDTA was 

added to quench DNase activity. The lysates were centrifuged, and the supernatants were 

collected for a Glutathione mini-pull-down assay. The beads from the pull-down assay were 

washed, mixed with sample buffer, boiled, and prepared for analysis via PAGE. The analysis 

aimed to evaluate the effectiveness of DNA degradation treatments in preserving the integrity of 

the GST-GSK3β protein during extraction. Despite the different treatments, the results were 

inconclusive regarding the impact of DNase treatments on protein degradation, with all samples 

showing signs of protein degradation. This led to considerations of alternative DNA removal 

methods, such as using polyethyleneimine (PEI). 
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Experiment 4 

The experiment evaluated the effectiveness of adding Triton X-100, PEI 

(Polyethyleneimine), and DNA shearing versus filtration of cell lysate from Sf9+P4 pellets, 

aiming to enhance the filtration process before FPLC application. This process is crucial as 

particles in the lysate could clog FPLC tubing and columns. The experiment investigated the use 

of Triton X-100 in the lysis buffer to improve the solubilization of cellular components, the 

substitution of DNase treatment with PEI to precipitate DNA, and the mechanical shearing of 

DNA using 18G 1½ or 22G needles. Two lysis buffers were prepared, one with and one without 

0.25% (w/v) Triton X-100, containing 50mM TRIS-HCl, 50mM NaCl, 5mM EDTA, and 0.1mM 

PMSF. The experiment used two pooled 100mL Sf9+P4 pellets, subjected to five different 

treatment conditions to assess filtration ease: untreated, DNA shearing with 18 G ½  or 22G 

needles, DNase treatment, and DNA precipitation with 0.2% PEI. The results indicated that 

adding Triton X-100 did not significantly facilitate filtration. In contrast, DNA shearing with 

needles slightly improved filtration for the buffer without Triton X-100, and adding 0.2% PEI for 

DNA precipitation notably enhanced filtration ease, especially in the buffer without Triton X-

100, making it the most effective approach among the tested methods. This finding suggests PEI 

as a preferable alternative to DNase treatment for preparing cell lysate for filtration before FPLC 

analysis. 

 

 

 

 



229 
 

Table Appendix III.A: The Effect of Various Treatments on Cell Lysate Viscosity. The 
effectiveness of adding Triton X-100, PEI (Polyethyleneimine), and DNA shearing versus 
filtration of cell lysate from Sf9 + P3/P4 pellets to enhance the filtration process before FPLC 
application is compared. Ease of filtration on a scale of 1-5: 1) Very hard to filter, 2) Hard to 
filter, 3) Not hard or easy, 4) Easier to filter, 5) Very easy to filter. 
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Experiment 5 

A modified protocol for protein extraction and FPLC protein purification from a 100mL 

Sf9+P4 pellet was tested, incorporating higher EDTA concentrations and using PEI to precipitate 

DNA from the cell lysate. The FPLC buffer was adjusted to include 3 mM EDTA, and the lysis 

buffer was formulated with 5 mM EDTA and 0.2% (w/v) PEI, with other components 50mM 

TRIS-HCl, 50mM NaCl, and 0.1mM PMSF. This adjustment aimed to enhance the purification 

process by mitigating potential DNA presence and protein degradation issues. The protocol 

involved thawing the pellet, resuspending it in the lysis buffer, sonication, and allowing DNA 

precipitation with PEI. The lysate was centrifuged, filtered through a 0.45μm syringe filter, and 

subjected to FPLC using a GSTrap-HP. The filtered cell lysate was loaded onto the FPLC, and 

after washing the column, GSH-elution was performed, collecting fractions for analysis. 

Glutathione-mini-pulldown tests were conducted for both the lysate and FPLC unbound fractions 

to assess the presence of the target protein. Despite detecting the target protein in the lysate, it 

appeared not to bind to the column efficiently, as indicated by its presence in the unbound lysate 

rather than in the elution fractions. The experiment raised considerations regarding the level of 

GST-GSK3β expression in the Sf9 cultures.  
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Figure Appendix III.C: Extraction and Isolation of GST-GSK3β from Sf9 via Glutathione-
sepharose Column on FPLC Lacked the 74kDa Protein Band in the GSH-eluted Fractions. 
The prep utilized a 100mL Sf9 culture infected with P4 amplified baculovirus at an M.O.I. = 10 
and incubated at 27 °C /100rpm for 48h. SDS-PAGE analysis of the GSH-eluted fractions F1-F7 
did not show a 74kDa protein band as expected for GST-GSK3β. Glutathione-Mini-Pulldown 
(labeled as MPD) test was conducted on the lysate applied on the Glutathione-sepharose column 
on FPLC, and the FPLC unbound lysate showed the 74kDa protein band for GST-GSK3β was 
present, suggesting in this case the protein had not bound the Glutathione-sepharose column on 
FPLC. 
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Experiment 6 

The experiment aimed to investigate the observed discrepancies in protein expression 

levels in Sf9 cells infected with baculovirus, focusing on the presence of the 74kDa GST-GSK3β 

protein band and an unexplained 35 kDa protein band binding to glutathione. Utilizing new 

source vials of Sf9/Millipore cells, the study involved culture expansion, baculovirus infection, 

protein extraction, and subsequent analysis via Glutathione-Mini-pulldown assays. Findings 

revealed the 35 kDa band's presence across all Sf9 cultures, irrespective of baculovirus infection 

status, identifying it as an endogenous protein with Glutathione affinity. This observation, 

coupled with inconsistent interference of baculovirus infection on the 35 kDa protein's 

expression, indicated that the mysterious band did not result from inadvertent viral infection. 

Despite somewhat improved expression in new cell cultures, the study noted persistent low 

levels of recombinant protein expression and found no correlation between the 35 kDa band's 

appearance and factors like cell viability or contamination. The conclusion suggests further 

investigations, including using different glutathione concentrations during GSH elution to isolate 

the recombinant protein more effectively. 
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Figure Appendix III.D: Comparing the Glutathione-bound Protein Profiles in Fresh vs. Old 
Sf9 Cells Treated With +/- Amplified Baculovirus. Each prep utilized a 50mL Sf9 culture 
grown to a cell density of 1.5 x 106 cells/mL and amplified baculovirus P3 or P4 added +/- at an 
M.O.I. = ~5 and incubated at 27 °C/100rpm for 48h. Glutathione-Mini-pulldown assays were 
performed on the harvested Sf9 pellets for each condition and analyzed on SDS-PAGE. The 
~35kDa Glutathione-binding protein was present in all cultures irrespective of the absence or 
presence of baculovirus and regardless of using Sf9 cells cultured from older cryo-stocks or 
freshly purchased cell stocks. The abundance of the 35kDa protein varied between different 
cultures and infection with baculovirus.  
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Experiment 7 

This experiment was designed to address the co-elution of GST-GSK3β with the ~35kDa 

endogenous Glutathione-binding protein observed in Sf9 cell cultures. Different concentrations 

of glutathione (GSH) were tested in the elution buffer to achieve selective elution. Utilizing new 

Sf9 cell pellets, both with and without P4 baculovirus infection, the study employed lysis, 

sonication, and incubation with Glutathione slurry, followed by elution with buffers containing 

varied GSH concentrations (5mM, 10mM, 20mM). The experiment showed that the GST-fusion 

protein primarily eluted at 5mM GSH, while the 35 kDa protein started eluting at 10mM GSH. 

However, significant quantities of both proteins remained bound to the beads until forcibly 

eluted by boiling with sample buffer (Lane #7 in each gel).  

 

 

 

 

 

 

 

 

 



235 
 

 

Figure Appendix III.E: Elution of Glutathione-bound Protein from Sf9 Lysates with 
Different GSH Concentrations in the Elution Buffer. MPD refers to Glutathione-Mini-
Pulldown assay, with MPD1 and 2 representing repeated elution at the specified GSH 
concentration. The 35kDa endogenous Glutathione-binding protein is present in Sf9 lysates 
treated with or without amplified baculovirus. The recombinant protein of interest, GST-GSK3β, 
largely eluted with 5mM GSH. In contrast, the 35kDa protein started eluting at 10mM GSH, 
showing that using different GSH concentrations, we can separate the co-elution of these 
proteins during GST-GSK3β purification from Glutathione-affinity purification.  
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Experiment 8 

To enhance the elution efficiency of GST-GSK3β recombinant protein from Sf9 cell 

pellets, an experiment was conducted to assess the effects of including 0.1% (w/v) Triton X-100, 

and increasing NaCl concentration to 150mM in lysis, wash, and elution buffers. The objective 

was to mitigate protein aggregation, potentially induced during sonication or through disulfide 

bond formation, which was hypothesized to impede protein elution. Previous attempts with DTT 

to address disulfide-related aggregation did not yield improvements (Data not shown), leading to 

the exploration of Triton X-100, a nonionic detergent, to reduce sonication-induced aggregation 

and the hypothesis that increased ionic strength would favor specific interaction dynamics during 

binding and elution. Results revealed that the inclusion of 0.1% (w/v) Triton X-100 significantly 

enhanced GST-GSK3β elution across all fractions, with reduced protein remaining bound to the 

Glutathione beads, indicating more complete elution compared to samples without Triton X-100. 

In contrast, increasing NaCl concentration to 150mM did not independently make a noticeable 

difference, suggesting that the presence of Triton X-100 was the critical factor in improving 

protein recovery. This experiment provided insight into the effectiveness of Triton X-100 in 

mitigating aggregation and enhancing the GSH-elution process of GST-GSK3β. 
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Figure Appendix III.F: SDS-PAGE Analysis of GST-GSK3β Elution Efficiency with and 
without 0.1% Triton X-100 in Lysis, Wash, and Elution Buffers. These SDS-PAGE gel 
images illustrate the elution profiles of GST-GSK3β recombinant protein from Sf9 cell pellets 
treated with (+) and without (-) 0.1% Triton X-100 across three elution fractions following 
Glutathione-Mini-pulldown (MPD 1,2 and 3) and a final boil-off fraction (1.4x SB). Lysis, wash, 
and elution buffers were modified by including 150 mM NaCl to assess the combined effect of 
increased ionic strength and the presence of the nonionic detergent on protein elution efficiency. 
For samples treated with Triton X-100, a notable improvement in protein elution is observed, 
with distinct bands visible across all elution fractions, indicating a more complete recovery of 
GST-GSK3β. In contrast, samples without Triton X-100 show diminished elution by MPD3, with 
a significant amount of protein only released during the boil-off in Lane 7 of Gel 1. These results 
demonstrate that including 0.1% Triton X-100 significantly mitigates protein aggregation, 
potentially induced by sonication, thereby enhancing the elution process and overall protein 
yield.  
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Appendix IV 

Part A: ITC Experiments Exploring GSK3β Ligand Binding 

 

 
 

Figure Appendix IV.A: ITC Thermograms for ATP vs. GST-GSK3β Interactions. (R1912 
and R1915) 5mM ATP titrated against bacterial expressed and purified 0.1mM GST-GSK3β in 
25mM HEPES pH 7, 150mM NaCl and 10mM MgCl2. Broad exothermic peaks were observed 
in R1912. The spacing between injections increased in R1915 to avoid peak overlap and baseline 
shift. R1914 shows ATP vs. buffer titration for the heat of dilution. The difference between the 
exothermic peaks for ATP vs. GSK3β and buffer shows binding interactions between ATP-
GSK3β; however, the plots for integrated heat against molar ratio (bottom panels) would not fit a 
binding model.  
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Figure Appendix IV.B: ITC Thermograms for ATP vs. GSK3β Interactions. (R2093) 2mM 
ATP titrated against 10µM GSK3β (Hi5 expressed and purified) in 50mM HEPES pH 7, 50mM 
NaCl, and 20mM MgCl2 displayed the broad exothermic peaks that slowly returned to the 
baseline. The exothermic peaks are decreasing in size with incremental injection of ATP, 
simulating a binding behavior. (R3094) 5mM ATP titrated against the GSK3β in the ITC cell 
from R3093. The exothermic peaks diminished in size, with the last injections reflecting peaks 
similar to that of 5mM ATP vs. buffer (R3065). 2mM ATP vs. buffer titration (R3092) shown for 
comparison. 

 

 
 
 

 
 
Figure Appendix IV.C: ITC Thermograms for AL vs. GSK3β Interactions. (R2098) 10µM 
Alsterpaullone (AL) titrated against 10µM GSK3β in 50mM HEPES pH 7, 50mM NaCl, and 
20mM MgCl2 and 2% DMSO (R3096) 10µM AL vs. Buffer (R3097) Buffer vs. Buffer. The 
titrations show no detectable binding.  
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Figure Appendix IV.D: ITC Thermograms for AMP-PNP vs. GSK3β Interactions. (R3117) 
5mM AMP-PNP titration against 10µM GSK3β in 50mM HEPES pH 7, 50mM NaCl, and 20mM 
MgCl2 showed endothermic peaks slightly larger than (R3116) the AMP-PNP vs. buffer peaks, 
and the size of the peaks appeared to decrease with incremental injections of AMP-PNP 
gradually. (R3118) Titration with 5mM AMP-PNP continued against the R3117 cell to observe 
whether saturation is possible. Halfway in R3118, exothermic peaks were produced, displaying a 
biphasic behavior. The shape and magnitude of the exothermic peaks were similar to those 
observed in the ATP vs. GSK3β titrations.  
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Figure Appendix IV.E: ITC Thermograms for AMP-PNP vs. GSK3β Interactions in the 
Presence of Peptide Substrate. (R3119) 20µM GSM peptide substrate was included in syringe 
and cell solutions for 5mM AMP-PNP titration against 10µM GSK3β in 50mM HEPES pH 7, 
50mM NaCl, and 20mM MgCl2. The observed endothermic peaks did not show binding. 
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Figure Appendix IV.F: Unusual Baseline Shift in ITC Thermograms. A significant baseline 
shift was observed when AMP-PNP in the syringe was titrated into the cell containing GSK3β. 
(R3121) 5mM AMP-PNP vs. buffer showing small exothermic peaks for the heat of dilution. 
(R3122) 5mM AMP-PNP vs. 10µM GSK3β (R3125) 5mM AMP-PNP vs. GSK3β with 20µM 
GSM peptide in both syringe and cell samples. Both titrations with protein led to a significant 
shift in the thermogram baseline. When the baseline was normalized, the thermograms displayed 
a biphasic behavior with endothermic peaks in the beginning and broad exothermic peaks in the 
later injections.  
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Figure Appendix IV.G: Unusual Baseline Shift in ITC Thermograms for Peptide vs. GSK3β 
Interactions. A significant baseline shift was observed when the GSM peptide in the syringe was 
titrated into the cell containing GSK3β. (R3130) 500µM GSM vs. 10µM GSK3β displayed a 
baseline shift in the raw thermogram. (R3131) 500µM GSM titrated into the cell solution of 
R3130, which followed the latter baseline established in R3130. (R3132) a new ITC run with 
1mM GSM vs. 10µM GSK3β displayed a baseline shift. The nature of the peaks was not affected 
by increasing the GSM peptide concentration in the syringe. (R3134) 500µM GSM vs. buffer 
shows small peaks representing the heat of dilution. The starting baseline for this ITC run 
appeared similar to the low starting baseline observed for the ITC runs with the protein. 
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Figure Appendix IV.H: No Binding Observed Against 10µM GSK3β. (A) The GSM peptide 
was titrated against GSK3β (R3154) 500µM GSM vs. 10µM GSK3β (R3155) 500µM GSM and 
500µM AMP-PNP vs. 10µM GSK3β. Both experiments showed no binding behavior. (B) AMP-
PNP titrated against GSK3β (R3157) 5mM AMP-PNP vs. 10µM GSK3β (R3158) 5mM AMP-
PNP vs. vs. vs. 10µM GSK3β and 500µM GSM in cell. Both experiments showed no binding 
behavior.  
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Part B: ITC Runs for Chapter 5 and Appendix IV 

 

ITC Runs for ATP vs. GST-GSK3β (Bacterial Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. 

R1912 0.1mM GST-
GSK3β 

5mM  
ATP 

25mM HEPES pH 7, 
150mM NaCl, 10mM 

MgCl2 
25 °C R1914 Buffer 

R1915 0.1mM GST-
GSK3β 

 

ITC Runs for ATP vs. GSK3β (Hi5 Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3065 Buffer 5mM ATP 

50mM HEPES pH 7, 
50mM NaCl, 20mM 

MgCl2, 0.125mM 
DTT 

25 °C 

R3092 Buffer 2mM ATP 

R3093 10µM GSK3β 2mM ATP 

R3094 10µM GSK3β 
(R3093 cell) 5mM ATP 
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ITC Runs for Alsterpaullone (AL) vs. GSK3β (Hi5 Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3096 
Buffer 

50µM  
AL 

50mM HEPES pH 7, 
50mM NaCl, 20mM 
MgCl2, 2% DMSO 

25 °C R3097 

R3098 10µM GSK3β 

 

ITC Runs for AMP-PNP vs. GSK3β (Hi5 Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3116 Buffer 

5mM  
AMP-PNP 50mM HEPES pH 7, 

50mM NaCl, 20mM 
MgCl2, 0.125mM 

DTT 

25 °C 

R3117 10µM GSK3β 

R3118 10µM GSK3β 
(R3117 cell) 

R3119 10µM GSK3β 
+ 20µM GSM 

5mM  
AMP-PNP 

+ 20µM GSM 

R3121 Buffer 
5mM  

AMP-PNP 

50mM TRIS pH 8, 
50mM NaCl, 10mM 

MgCl2 
(2.5mM HEPES & 

0.125mM DTT carry 
over from GSK3β 

stock) 

R3122 10µM GSK3β 

R3125 10µM GSK3β 
+ 20µM GSM 

5mM  
AMP-PNP 

+ 20µM GSM 
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ITC Runs for GSM peptide vs. GSK3β (Hi5 Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3130 10µM GSK3β 500µM GSM 
50mM TRIS pH 8, 

20mM NaCl, 10mM 
MgCl2 

(2.5mM HEPES & 
0.125mM DTT carry 

over from GSK3β 
stock) 

25 °C 
R3131 10µM GSK3β 

(R3130 cell) 500µM GSM 

R3132 10µM GSK3β 1mM GSM 

R3134 Buffer 500µM GSM 

 

 

ITC Runs (post-stringent cleaning of ITC cell)  

Run# ITC Cell ITC Syringe Buffer Temp. 

R3154 

10µM GSK3β 

500µM GSM 50mM HEPES pH 7, 
50mM NaCl, 10mM 

MgCl2 

25 °C 
R3155 

500µM GSM 
+ 

500µM AMP-PNP 

R3157 5mM AMP-PNP 50mM TRIS pH 8, 
20mM NaCl, 10mM 

MgCl2 R3158 10µM GSK3β 
+ 500µM GSM 5mM AMP-PNP 
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ITC Runs for AMP-PNP vs. GSK3β (Hi5 Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. Stir Speed 

R3200 Buffer 

5mM  
AMP-PNP 

50mM TRIS pH 
8, 20mM NaCl, 
10mM MgCl2 

15 °C 750rpm 
R3201 43.9µM 

GSK3β 

R3209 42.45µM 
GSK3β 

R3210 Buffer 

 

 

ITC Runs for AMP-PNP vs. GSK3β (Hi5 Expressed) 

Run# ITC Cell ITC Syringe Buffer Temp. Stir Speed 

R3225 Buffer 

2.5mM  
AMP-PNP 

50mM TRIS pH 
8, 20mM NaCl, 
10mM MgCl2 

15 °C 500rpm 

R3227 57.9µM 
GSK3β 

R3261 Buffer 
50mM BIS-TRIS 

pH 6.5, 20mM 
NaCl, 10mM 

MgCl2 
(+L-Arg/L-Glu), 

0.5mM β-ME 
R3262 52.3µM 

GSK3β 
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Appendix V 

Part A 

 

ITC Single-injection Thermograms for GSK3β Kinase Reaction in the Presence and Absence of 

Known GSK3β Inhibitors. 

LiCl is a classical inhibitor of GSK3β. Alsterpaullone is a synthetic potent inhibitor of 

GSK3β. The triple-site GSM peptide (RG42) phosphorylation by GSK3β was observed in the 

presence or absence of these inhibitors. A single injection of 5mM ATP in 50mM HEPES pH 7, 

50mM NaCl, 20mM MgCl2, 0.125mM DTT, and 2% DMSO was injected into the ITC cell 

containing 2µM GSK3β, 100µM GSM peptide substrate in 50mM HEPES pH 7, 50mM NaCl, 

20mM MgCl2, 0.125mM DTT and 2% DMSO with +/- 5µM Alsterpaullone (AL) or +/- 10mM 

LiCl. An exothermic peak was observed for the phosphorylation of the GSM peptide catalyzed 

by GSK3β, and the exothermic signal was significantly reduced in the presence of the known 

GSK3β inhibitors, confirming that the ITC measures and detects the actual kinase reaction 

catalyzed by GSK3β with the GSM peptide as the substrate. 
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Figure Appendix V.A: ITC Single-injection Assay Thermograms for GSK3β Kinase 
Reaction +/- Inhibitors. The phosphorylation of 100µM triple-site GSM peptide (RG42) 
catalyzed by 2µM GSK3β in the reaction buffer: 50mM HEPES pH 7, 50mM NaCl, 20mM 
MgCl2, 0.125mM DTT and 2% DMSO with A) +/- 10mM LiCl a classical inhibitor of GSK3β or 
B) +/- 5µM Alsterpaullone (AL) a potent synthetic inhibitor of GSK3β. The reaction was 
initiated by injecting 4µL of 5mM ATP in the matching buffer. The blue curves represent the ITC 
thermogram for the GSK3β kinase reaction in the absence of an inhibitor, and the orange curve 
for the reaction in the presence of an inhibitor. 
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GSK3β Kinase Reaction in Different Buffers and pH 

The phosphorylation of the triple-site GSM peptide (RG42) catalyzed by GSK3β was 

observed in four biological buffers: MES buffer pH 6, BIS-TRIS buffer pH 6.5, HEPES buffer 

pH 7, and TRIS buffer pH 8. This experiment was done mainly to observe which buffer yielded 

the largest thermogram signal in response to the GSK3β catalyzed phosphorylation. Suppose a 

specific buffer system yields a significantly larger thermogram. In that case, it can be inferred 

that such conditions not only support the enzymatic activity of GSK3β but also likely foster 

optimal substrate-protein interactions preceding the phosphorylation event. A single injection of 

5mM ATP in 50mM choice buffer, 50mM NaCl, 20mM MgCl2, was injected into the ITC cell 

containing 2µM GSK3β, 100µM GSM peptide substrate prepared in the same buffer conditions. 

The results demonstrated that the exothermic signal representing GSK3β catalyzed 

phosphorylation was significantly higher in the TRIS-HCl pH 8 buffer, suggesting that this 

condition was most favorable for the kinase reaction. 

The exothermic signal was the second largest for the BIS-TRIS pH 6.5 buffer, followed by the 

MES pH 6 buffer and HEPES pH 7 buffer. Due to the sulfonate groups in the buffer structures of 

the latter two, we hypothesize that the HEPES and MES buffers could compete for the ATP 

binding site on the kinase.  
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Figure Appendix V.B: ITC Single-injection Analysis Thermogram for GSK3β Kinase 
Reaction in Different Buffers and pH. The phosphorylation of 100µM triple-site GSM peptide 
(RG42) catalyzed by 2µM GSK3β in four different biological buffers: 50mM MES pH 6, 50mM 
BIS-TRIS pH 6.5, 50mM HEPES pH 7, and 50mM TRIS pH 8 supplemented with 20mM NaCl 
and 10mM MgCl2. The reaction was initiated by injecting 4µL of 5mM ATP in the matching 
buffer. A) Raw ITC curves for GSK3β phosphorylation reaction in different buffers show that 
TRIS pH 8 buffer facilitates the most significant heat release followed by BIS-TRIS pH 6.5, 
MES pH 6, and HEPES pH 7 in decreasing order B) shows the heat of dilution following the 
injection of ATP into the respective buffer, in the absence of enzyme. Both figures are adjusted to 
the same scale on the y-axis for comparison. 
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Part B 

 

Analysis 1: An Example of Determining the Maximum Initial Rate of ITC (RateITC) for an ITC 

Single-injection Assay using Excel. 

 

ITC R3247 is used for this example to demonstrate the calculation of the initial RateITC 

data. The initial RateITC calculated according to this manner was plotted against the respective 

substrate concentrations tested to assess the fit to the Michaelis-Menten curve for the triple-site 

GSM peptide phosphorylation by GSK3β. The DP values for each time point were exported from 

the MicroCal PEAQ analysis software as a CSV file. The DP values were normalized to a DP of 

0 using Excel. The DP change for each time point represents the heat generation rate due to 

enzymatic activity.  

The apparent enthalpy (ΔHapp) for this reaction (R3247) was = -117 kJ/mol. The active reaction 

volume was = 200µL.  

Using equation 6-10, the initial RateITC for each 1-sec interval could be calculated in Excel. 

Equation 6.9: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐷𝐷𝐷𝐷

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
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An example is shown for calculating initial RateITC at t = 16-sec post-substrate injection where 

the maximum DP change was -12.5736 µJ/sec: 

𝑉𝑉0(𝐼𝐼𝐼𝐼𝐼𝐼) = �
1

(0.0002𝐿𝐿) �117 𝑥𝑥 103𝐽𝐽
𝑚𝑚𝑚𝑚𝑚𝑚 �

�𝑥𝑥 ��−12.5736 µ
𝐽𝐽
𝑠𝑠𝑠𝑠𝑠𝑠

� 𝑥𝑥 (−1)� 

𝑉𝑉0(𝐼𝐼𝐼𝐼𝐼𝐼) = 0.537333 µ
𝑚𝑚𝑚𝑚𝑚𝑚
𝐿𝐿

/𝑠𝑠𝑠𝑠𝑠𝑠 

Using equation 6-11, the substrate concentration in the ITC cell at each time point can be 

determined. A segment of the Excel analysis to determine [S]t is shown (concentrations are in 

µM). The highlighted row shows the reaction rate for the largest DP change and the calculation 

of the substrate concentration corresponding to that time point.  

Equation 6.10: 

[𝑆𝑆]𝑡𝑡 = [𝑆𝑆]0 −  
�∫ 𝐷𝐷𝐷𝐷 𝑑𝑑𝑑𝑑𝑡𝑡
0 �

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
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Table Appendix V.A: Determining RateITC for ITC Run R3247. The table shows the setup for 
the calculation in Excel. Substrate concentrations are calculated from the point of injection at 
1min. The row with the bolded font represents the maximum DP change and corresponding 
RateITC vs. substrate concentration. 

 

Time (min) DP Change  
(µJ/sec) 

d[S]/dt 
(µM/sec) (d[S]/dt)*(1-sec) [S]t 

(µM) 
d[P]/dt 

(µM/sec) 

1 -0.18045 -0.00771 -0.007711581 20 0.007712 
1.016667 -0.13477 -0.00576 -0.00575953 19.99424 0.00576 
1.033333 -0.07243 -0.0031 -0.003095385 19.99115 0.003095 

1.05 -0.08399 -0.00359 -0.003589231 19.98756 0.003589 
1.066667 -0.23429 -0.01001 -0.010012564 19.97754 0.010013 
1.083333 -0.64359 -0.0275 -0.02750406 19.95004 0.027504 

1.1 -1.36749 -0.05844 -0.058439872 19.8916 0.05844 
1.116667 -2.41068 -0.10302 -0.103020342 19.78858 0.10302 
1.133333 -3.70013 -0.15813 -0.158125085 19.63045 0.158125 

1.15 -5.14562 -0.2199 -0.219898248 19.41056 0.219898 
1.166667 -6.71655 -0.28703 -0.287032009 19.12352 0.287032 
1.183333 -8.28321 -0.35398 -0.353983205 18.76954 0.353983 

1.2 -9.74252 -0.41635 -0.41634688 18.35319 0.416347 
1.216667 -10.9444 -0.46771 -0.467710299 17.88548 0.46771 
1.233333 -11.8191 -0.50509 -0.505090897 17.38039 0.505091 

1.25 -12.3533 -0.52792 -0.527917906 16.85247 0.527918 
1.266667 -12.5736 -0.53733 -0.537332863 16.31514 0.537333 
1.283333 -12.5153 -0.53484 -0.534842265 15.7803 0.534842 

1.3 -12.2097 -0.52178 -0.52178265 15.25852 0.521783 
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Figure Appendix V.C: The RateITC vs. Time for DP Values from the Reaction Course for 
R3247. A) The raw ITC curve for R3247 shows the DP change over time during the reaction for 
the phosphorylation of 0.02mM triple-site GSM [RG42] by 2µM GSK3β in 50mM TRIS pH 8, 
20mM NaCl, 10mM MgCl2, and 0.2mM ATP. B) RateITC calculated for all DP values during the 
reaction plotted as a function of time. The highest RateITC was noted at the early stages of the 
reaction following complete mixing to be the peak of the plot and extracted as the initial RateITC 
value for the phosphorylation reaction at this peptide concentration.  
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Analysis 2: Example of DP Correction for the Instrument Response Time for GSK3β Catalyzed 

Phosphorylation of the Triple-site GSM peptide 

 

The measured DP values can be corrected for the ITC instrument's thermal inertia using 

the Tian equation (equation 6-12).  

 

 

 

 

 

 

 

 

 

 

 

Figure Appendix V.D: Comparison between the Measured Thermogram and the Tian 
Equation Corrected Thermogram. This comparison used the raw ITC curve from the single 
injection assay R3291, where 6mM triple-site GSM peptide was injected into 0.5µM GSK3β. 
The raw thermogram measured by ITC is shown in blue, and the thermogram corrected for the 
instrument response time with the Tian equation is shown in orange. 
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Analysis 3: Example of DP Correction for the Instrument Response Time for GSK3β Catalyzed 

Phosphorylation of the Mono-site GSM peptide 

The measured DP values can be corrected for the ITC instrument's thermal inertia using 

the Tian equation (equation 6-12).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure Appendix V.E: Comparison between the Measured Thermogram and the Tian 
Equation Corrected Thermogram. This comparison used the raw ITC curve from the single 
injection assay R3379, where 3mM mono-site GSM peptide was injected into 0.66µM GSK3β. 
The raw thermogram measured by ITC is shown in blue, and the thermogram corrected for the 
instrument response time with the Tian equation is shown in orange. 
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Analysis 4: Michaelis-Menten Analysis for Mono-site GSM Phosphorylation Catalyzed by 

GSK3β Using Excel 

All data points, including and downward from the boxed values, are derived from the raw 

ITC curve segment selected on MicroCal PEAQ-ITC analysis software by “Enzyme Marker” 

brackets and are used for kinetic analysis on Excel.  Vcal represents the calculated reaction 

velocity based on the Michaelis-Menten equation using the indicated [S] with the fitted 

parameters Km = 57 µM and Vmax = 3.5 µM/sec. 
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Appendix VI 

ITC Runs for Chapter 6 

 

ITC single injection analysis thermogram for GSK3β kinase reaction: 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3335 2µM GSK3β 

1mM Triple-site 
GSM  

50mM TRIS pH 8, 
20mM NaCl, 

10mM MgCl2, 
0.2mM ATP 

25 °C R3337 2µM GSK3β 

50mM TRIS pH 8, 
20mM NaCl, 

10mM MgCl2, 
0.2mM AMP-PNP 

R3338 Buffer 
50mM TRIS pH 8, 

20mM NaCl, 
10mM MgCl2 

 

 

ITC single Injection analysis for the phosphorylation of triple-site GSM peptide (RG42) 
catalyzed with various concentrations of GSK3β. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3202 
2µM GSK3β  

+ 100µM triple-
site GSM 

5mM ATP 
50mM TRIS pH 8, 

20mM NaCl, 
10mM MgCl2 

30 °C 

R3276 Buffer 

R3277 
0.5µM GSK3β  
+ 100µM triple-

site GSM 

R3278 

0.125µM 
GSK3β  

+ 100µM triple-
site GSM 
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Run# ITC Cell ITC Syringe Buffer Temp. 

R3291 

0.5µM GSK3β 
+ 1.5mM ATP 

6mM RG42 

50mM TRIS pH 8, 
20mM NaCl, 
10mM MgCl2 

30 °C 

R3294 4.5mM RG42 

R3295 3mM RG42 

R3296 2mM RG42 

R3297 1.5mM RG42 

R3298 1mM RG42 

R3299 0.5mM RG42 

R3301 0mM RG42  

 

 

ITC single Injection analysis for the phosphorylation of mono-site GSM peptide (RG43) 
catalyzed with 0.66µM GSK3β. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3377 

0.66µM GSK3β 

6mM Mono-site 
GSM  

50mM TRIS pH 8, 
20mM NaCl, 

10mM MgCl2, 
1.2mM ATP 

30 °C R3378 6mM Mono-site 
GSM  

50mM TRIS pH 8, 
20mM NaCl, 

10mM MgCl2, 
1.2mM ATP 

R3379 3mM Mono-site 
GSM  

50mM TRIS pH 8, 
20mM NaCl, 

10mM MgCl2, 
0.6mM ATP 
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Comparing Apparent Reaction Enthalpy from the Single-injection Assay for the Phosphorylation 
of Various Concentrations of Triple-site GSM (RG42) vs. Mono-site GSM (RG43) by GSK3β. 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3335 2µM GSK3β 1mM  
Triple-site GSM 

50mM TRIS pH 
8, 20mM NaCl, 
10mM MgCl2, 
0.2mM ATP 25 °C 

R3334 2µM GSK3β 1mM  
Mono-site GSM 

R3336 2µM GSK3β 1mM 
(Ser>Ala) Mutant GSM 

R3354 1µM GSK3β 1mM  
Triple-site GSM 

R3355 1µM GSK3β 1mM  
Mono-site GSM 

R3356 1µM GSK3β 3mM  
Mono-site GSM 

R3357 1µM GSK3β 1mM 
(Ser>Ala) Mutant GSM 

R3358 Buffer 1mM  
Triple-site GSM 

R3359 Buffer 1mM  
Mono-site GSM 

R3360 Buffer 3mM  
Mono-site GSM 

R3361 Buffer 1mM 
(Ser>Ala) Mutant GSM 

R3394 0.5µM GSK3β 3mM  
Mono-site GSM 

50mM TRIS pH 
8, 20mM NaCl, 
10mM MgCl2, 

1mM ATP 
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Determining the Buffer Independent Reaction Enthalpy  for GSK3β Phosphorylation of Mono-

site GSM peptide 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3365 

1µM 
GSK3β 

1mM  
Mono-site 

GSM 

50mM TRIS pH 7, 20mM 
NaCl, 10mM MgCl2, 1.9mM 

ATP 

30 °C 

R3367 
50mM BIS-TRIS pH 7, 20mM 
NaCl, 10mM MgCl2, 1.9mM 

ATP 

R3368 
50mM MES pH 7, 20mM 

NaCl, 10mM MgCl2, 1.9mM 
ATP 

R3369 
50mM HEPES pH 7, 20mM 
NaCl, 10mM MgCl2, 1.9mM 

ATP 

R3370 
50mM MOPS pH 7, 20mM 

NaCl, 10mM MgCl2, 1.9mM 
ATP 

R3371 Buffer 
50mM TRIS pH 7, 20mM 

NaCl, 10mM MgCl2, 1.9mM 
ATP 

R3373 Buffer 
50mM BIS-TRIS pH 7, 20mM 
NaCl, 10mM MgCl2, 1.9mM 

ATP 

R3374 Buffer 
50mM MES pH 7, 20mM 

NaCl, 10mM MgCl2, 1.9mM 
ATP 

R3375 Buffer 
50mM HEPES pH 7, 20mM 
NaCl, 10mM MgCl2, 1.9mM 

ATP 

R3376 Buffer 
50mM MOPS pH 7, 20mM 

NaCl, 10mM MgCl2, 1.9mM 
ATP 
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Single-injection Assays for the Study of Effect of Inhibitors: BeSO4 and LiCl 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3384 
0.5µM GSK3β 

+  
1mM LiCl 

1mM  
Triple-site GSM 

50mM BIS-TRIS 
pH 6.5, 20mM 
NaCl, 10mM 

MgCl2, 0.2mM 
ATP 

30 °C 

R3385 
0.5µM GSK3β 

+  
10mM LiCl 

R3289 
0.5µM GSK3β 

+  
30mM LiCl 

R3280 
0.5µM GSK3β 

+  
1µM BeSO4 

R3292 
0.5µM GSK3β 

+  
3µM BeSO4 

R3288 
0.5µM GSK3β 

+  
10µM BeSO4 

R3287 
0.5µM GSK3β 

+  
30µM BeSO4 

R3282 
0.5µM GSK3β 

+  
100µM BeSO4 
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Single-injection Assays for Inhibitor Reversibility for the Inhibition of GSK3β Phosphorylation 
by LiCl and BeSO4 

Run# ITC Cell ITC Syringe Buffer Temp. 

R3383 

0.5µM GSK3β 
+ 

No-inhibitor 
(pre-wash) 

4mM  
Triple-site GSM 

50mM BIS-TRIS 
pH 6.5, 20mM 
NaCl, 10mM 

MgCl2, 0.8mM 
ATP 

25 °C 

R3384 

0.5µM GSK3β 
+ 

No-inhibitor 
(post-wash) 

R3385 

0.5µM GSK3β 
+ 

30mM LiCl 
(pre-wash) 

R3387 

0.5µM GSK3β 
+ 

30mM LiCl 
(post-wash) 

R3388 

0.5µM GSK3β 
+ 

30µM BeSO4 
(pre-wash) 

R3389 

0.5µM GSK3β 
+ 

30µM BeSO4 
(post-wash) 
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