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AMPA receptors, ligand-gated cation channels endogenously activated by glutamate, 

mediate the majority of rapid excitatory synaptic transmission in the vertebrate central nervous 

system and are crucial for information processing within neural networks. Their involvement in a 

variety of neuropathologies and injured states makes them important therapeutic targets, and 

understanding the forces that drive the interactions between the ligands and protein binding sites 

is a key element in the development and optimization of potential drug candidates. 

Calorimetric studies yield quantitative data on the thermodynamic forces that drive binding 

reactions. This information can help elucidate mechanisms of binding and characterize ligand-

induced conformational changes, as well as reduce the potential unwanted effects in drug 

candidates. The studies presented here characterize the thermodynamics of binding of a series of 

5’substituted willardiine analogues, partial agonists to the GluA2 LBD under several conditions. 

The moiety substitutions (F, Cl, I, H, and NO2) explore a range of electronegativity, pKa, radii, 

and h-bonding capability. Competitive binding of these ligands to glutamate-bound GluA2 LBD 

at different pH conditions demonstrates the effects of charge in the enthalpic and entropic 

components of the Gibb’s free energy of binding. They suggest that the structure of agonists can 

be changed to improve the enthalpic energetic component to binding by building additional 

charge interactions in the portion of the molecule interacting with lobe 2.  



 
 

The differences in heat capacity change between the analogue-bound and glutamate-bound 

states highlights the effect of charge and additional hydrogen bond formation on the temperature 

dependence of thermodynamic parameters, and how this dependence affects the driving forces of 

the competitive binding reactions at physiological temperatures.  

Competitive binding experiments in multiple buffers yield the contributions of buffer 

ionization to the measured enthalpy of binding, as well as the differences in protonation states 

between the protein bound to glutamate, willardiine, and 5-substituted analogues. The exchange 

of glutamate for willardiine entails additional proton uptake into the LBD-ligand complex. The 

addition of more electronegative substituents into the 5-position eliminates the protonation 

differences between the glutamate and analogue-bound complexes. Bulkier substituents result in 

a ligand exchange where more protons are released into the buffer.  

Excision of buffer ionization contribution to the observed enthalpic parameters revealed that 

there is no statistical difference between the enthalpic components of binding to glutamate and 

fluorowillardiine. While there is no buffer-independent significant differences between the 

enthalpic parameters of binding of willardiine and the remaining halogenated analogues, their 

differences in protonation events suggests their intrinsic enthalpies of binding might be different 

from each other. 

This information allowed the estimation of thermodynamic parameters of binding at 

physiological temperature, 37oC. At this temperature the competitive binding of willardiine and 

the halogenated analogues is driven by favorable entropic change. The additional hydrogen 

bonding and electrostatic interactions possible with the nitro 5-substituent result in a competitive 

binding driven by favorable enthalpic change that occurs at significant entropic penalty.
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Chapter 1  

Glutamate Receptors and Calorimetry 
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L-glutamate is the major excitatory neurotransmitter in the central nervous system (CNS). 

During neurotransmission, it is released in the synaptic cleft, inducing its effects by interacting 

with glutamate receptors in the post-synaptic density. These receptors can be metabotropic and 

activate g proteins, or ionotropic, forming integral ion channels. When ionotropic receptors 

(iGluRs) are activated by glutamate they undergo conformational changes that trigger the 

opening of the ion channel, allowing cations like sodium and calcium into the cell. iGluRs are 

crucial to the development and homeostasis of the nervous system, and their dysfunction is 

implicated in many pathologies and injured states1–4. 

Ionotropic glutamate receptors are the main mediators of excitatory synaptic transmission in 

the CNS and are classified into three families: those that are activated by N-methyl D-aspartate 

(NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate5–9. 

While having similar topologies and sequence identity, their structure, function, and ligand 

affinity vary across subtypes10–12. NMDA receptors have coincidence detection functions, 

monitoring changes in membrane potential and the presence of glutamate in the synaptic cleft. 

Kainate receptors modulate postsynaptic and presynaptic sites, while AMPA receptors mediate 

the majority of rapid excitatory synaptic current. Plenty of effort has been expended in 

understanding how these diverse functional characteristics arise from the distinct glutamate 

receptor structures. A crucial step was achieved in 1989, when Michael Hollmann, Stephen 

Heinemann, and Peter Seeburg cloned individual mammalian iGluR cDNA, leading to the 

functional mapping of iGluRs. This allowed the structural characterization of isolated domains of 

various subtypes of iGluRs13–17, and later on to the X-ray diffraction analysis of an intact AMPA 

receptor18. Special attention was given to the isolated ligand binding domain (LBD) with the goal 

of understanding how it’s motion is translated into the opening and closing of the ion channel. 
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LBDs have been studied through biophysical techniques, such as nuclear magnetic resonance 

(NMR), analytical ultracentrifugation, spectroscopy, optogenetics and calorimetry. These 

studies, performed in the apo state and in complexes with a variety of agonists, partial agonists, 

and antagonists, have helped elucidate key aspects of the function and dynamics of iGluR ligand 

binding14,15,19. 

Calorimetric studies provide quantitative data on the driving thermodynamic forces of 

binding reactions. Understanding these forces is a key element in the optimization of drugs 

binding to their target receptor, and has been used to reduce unwanted effects of drug 

candidates20. These thermodynamic studies have played important roles in the elucidation of 

mechanisms of binding and the characterization of ligand-induced conformational changes.  

The thermodynamic properties of the binding of glutamate to an isolated AMPAR LBD have 

been previously studied21. At 15oC the binding of glutamate to GluA4 LBD is an exothermic 

process, driven by favorable enthalpic and entropic forces. At this temperature the magnitude of 

the enthalpic component of the free energy is lower than that of the entropic contribution. The 

heat capacity of this binding reaction is both negative and larger than the entropic change at 

15oC. Due to this property, the binding reaction of glutamate to the LBD of GluA4 at 

physiological temperatures is driven primarily by favorable enthalpy. 

Competitive binding studies using a glutamate-bound GluA2 LBD construct has shed light 

on the thermodynamics of binding of partial agonists and antagonists. These showed that the 

displacement binding of the partial agonist Iodowillardiine at 15oC is an enthalpically 

unfavorable endothermic process driven by favorable entropy. At the same time, the competitive 
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binding of several antagonists was an exothermic process with favorable enthalpic contributions 

and unfavorable entropic contributions to the change in free energy of binding, ΔΔG.  

L-Glutamate  

L-glutamate is the main excitatory neurotransmitter in the brain, yet elucidating its role in 

neurotransmission was complicated with its role in intermediary metabolism. During the 1930s, 

studies recognized large concentrations of L-glutamate in the brain and speculated about the 

neurophysiological role of the amino acid. This led to a decade of studies and trials 

characterizing dietary glutamate and glutamine and their effects on learning disorders and 

epilepsy22. Meanwhile, the main role of glutamate was considered to be as an intermediary in 

energy metabolism.  

Glutamate’s role in electrophysiology and neurotransmission was considered after observing 

that injections of L-glutamate into the brain or carotid arteries resulted in convulsions23. Later in 

1960, the first observation of the excitatory action of L-glutamate in single cells was made24.  

Evidence for a membrane-bound receptor for glutamate began to accrue with the study of the 

apparent nonstereoselectivity of the action of glutamate and aspartate. Bulkier analogues were 

used in structure-activity studies to make potential stereoselectivity more apparent. Among these 

analogues was NMDA, which had a higher potency than glutamate. This established that the 

sites of action of these two amino acids could exhibit stereoselectivity, and implied that there 

was a discrete membrane receptor site. Other substances discovered in this decade, like kainic 

acid, quisqualic acid, and the synthetic amino acid AMPA also had higher potencies than L-

glutamate22.  

The cellular uptake of L-glutamate and these substances was characterized in order to 

differentiate between it the phenomena of excitatory action. They showed different structure-
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activity relationships, excluding the possibility that the excitatory effect was an indirect 

consequence of glutamate uptake. At the same time, uptake was established as a credible 

mechanism for the clearance of excitatory amino acids, providing a mechanism for the 

termination of transmitter action25. 

At the same time, several laboratories were able to determine that electrical stimulation or 

potassium induced depolarization resulted in the calcium-dependent release of L-glutamate and 

L-aspartate from synaptic terminals. Along with the establishment of the glutamate-glutamine 

cycle as the method of synthesis of L-glutamate in the synaptic terminal, these studies provided 

an initial platform for the role of glutamate in synaptic transmission26.  

Glutamate Receptor Classification 

The idea of multiple glutamate receptors became compelling after a series of studies found 

differences in the relative potency of various compounds across neuronal tissues27–29. In addition, 

various research groups determined that magnesium ions and compounds like HA-966 and 

diaminopimelic acid (DAP) reduced the responses of excitatory amino acid analogues like 

NMDA, but not those of kainate or quisqualate30. Later on, C-fibers in dorsal roots were found to 

respond to kainate but not to NMDA or quisqualate31. Taken together, these results led to the 

initial classification of these receptors into NMDA, kainate, and quisqualate receptors.  

We now classify ionotropic glutamate receptors into those sensitive to N-methyl D-aspartate 

(NMDA; NR1, NR2A-D, NR3A-B), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA; GluA1-4), and kainate(GluK5-7, KA 1,2)5–9. Each subtype has several molecular species, 

which were identified through the use of molecular cloning6–8.  
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Two additional subunits of iGluRs, the delta subunits (δ1 and δ2), have been identified 

through the use of homology screening. They have yet to show any ligand-gated ion channel 

function, and it is unclear if these subunits form ligand-gated ion channels or exert their 

physiological functions through protein-protein interactions32–35. 

Even after the successful identification of iGluRs there were reports of receptor-mediated 

biochemical effects, induced by excitatory amino acids, not being antagonized by known 

glutamate receptor antagonists. In addition, certain compounds with glutamate-like structures 

could cause excitation without being susceptible to iGluR antagonists or depress synaptic 

excitation without having iGluR antagonist activity36. This activity was the result of another 

family of glutamate receptors. These receptors, called metabotropic glutamate receptors 

(mGluRs) cause slower synaptic effects and are associated with biochemical changes through 

their interactions with G proteins. mGluRs are comprised of three groups: Group I (mGlu1, 

mGlu5), Group II (mGlu2, mGlu3), and Group III (mGlu4, mGlu6, mGlu7, mGlu8). Group I 

mGluR receptors are generally associated with excitatory synaptic responses, while groups II and 

III are associated with depression of synaptic responses, via inhibition of glutamate release6,37,38. 

Ionotropic Glutamate Receptor Subtypes 

AMPA Receptors 

AMPA receptors bind α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) with 

high affinity and potency5. Activation of these receptors causes a rapid opening of channels that 

are permeable to Na+ , K+, and in certain instances Ca2+. These channels are responsible for most 

of the fast excitatory transmission in the vertebrate central nervous system. Their activation 
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produces a transient inward current that rises in a few hundred milliseconds and decays within a 

few milliseconds39,40.  

The fast kinetics of AMPAR-mediated excitatory post-synaptic currents (EPSCs) provide a 

precise window for coincidence detection and can generate action potentials with a high degree 

of precision. Since information processing by neural networks requires precise timing and 

coincidence detection, AMPA receptors are a crucial part of these networks41–43. 

In mammals, four genes are responsible for expressing AMPA subunits (GRIA1-4). The 

subunits expressed consist of GluA1-GluA4. While all iGluR subunits share 20-40% homology 

and a similar structure, the genes that encode for  AMPARs have 70% homology 44.  

AMPA receptors assemble as homomeric and heterometric tetramers. Their topology was 

determined through antibody targeting and domain mapping of glycosylation and 

phosphorylation sites, and later confirmed through high-resolution structural analysis6,19,45–47. It 

consists of a modular structure with four different domains, three of which are homologous to 

bacterial proteins46. Their subunits consist of an extracellular amino terminal domain (ATD), an 

extracellular ligand-binding domain (LBD), a transmembrane domain (TMD)consisting of three 

transmembrane-spanning regions (M1,M3-M4) and a reentrant pore loop (M2), and an 

intracellular carboxy terminal domain (CTD)(Figure 1.1).  
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Figure 1.1 Subunit arrangement of AMPA receptors 

AMPARs are widely expressed in neurons and glia. They are generally located in the 

postsynaptic density of excitatory neurons, but they can also be present in presynaptic sites as 

well as in non-neuronal cell types48–50. Within the CNS, their subunit expression exhibits 

regional, developmental and cell-specific variation, which have profound effects on AMPAR 

function44,51,52. 

The GluA2 subunit plays a key role in the determination of mammalian AMPAR function. It 

is expressed in the majority of AMPAR heteromers, and modulates receptor characteristics such 

as Ca2+ permeability, binding and desensitization kinetics, polyamine block, and single channel 

conductance. Within the adult hippocampus and cortex most receptors consist of GluA1/GluA2 

and GluA2/GluA3 subunits. However, the low expression of the GluA3 subunit ensures that the 

majority of GluA2 associates with the GluA1 subunit53,54. The GluA4 subunit is expressed in the 
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immature hippocampus, and in other mature regions, where it co-assembles with GluA2 subunits 

to form functional receptors55. 

The subunit composition of AMPARs determines receptor activation, desensitization 

kinetics, and other functional properties. Their functional diversity is amplified by the structural 

and functional differences arising from posttranscriptional and posttranslational modifications, 

co-assembly with trans-membrane AMPA receptor regulatory proteins (TARPs), and polyamine 

blocks44,56–60.  

After transcription, subunit pre-mRNA is modified by splicing and editing, resulting in 

multiple subunit isoforms with their own structural and functional properties. AMPAR pre-

mRNA is spliced in two distinct sites, preceding and following the last transmembrane region, 

M4. The resulting splice variants have marked functional differences.  

AMPAR pre-mRNA has an alternative splice that results in “flip” or “flop” isoforms. The 

flip/flop sequence consists of a 115bp region that encodes a 38 amino acid sequence. This 

sequence is located in the extracellular LBD, and precedes the final transmembrane, or M4, 

domain. Flip/flop isomers exhibit different expression patterns, channel kinetics and 

pharmacological profiles. The flip isoforms is expressed abundantly during early development, 

while the flop isoforms are expressed in low abundance early in development and become 

upregulated in adult animals61.  

The pre-mRNA of GluA2 and GluA 4 subunits has an additional alternative splice in the C-

terminal coding region. Differential splicing between exons 16 and 17 allow these subunits to 

express short and long C-terminal tails62. These C-terminal tails contain residues that can be 
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posttranslationally modified as well as sequence segments involved in protein-protein 

interactions. Since these mechanisms modulate receptor function and localization, this splicing 

plays an important role in receptor regulation63,64.  

Pre-mRNA editing of AMPAR subunits also gives rise to functionally unique variants. The 

Ca2+ permeability of GluA2-containing receptors is controlled by RNA editing of the Q/R site 

within the M2 region. During editing, an adenosine base within the codon of glutamine (Q) 607 

undergoes enzymatic oxidative deamination, producing an inosine on the site. The codon is later 

translated into arginine (R) by the ribosomal machinery59,62,65. Most GluA2 subunits in adult 

mammal brains are Q/R edited. When incorporated, this subunit decreases the Ca2+ permeability, 

lower the single channel conductance, and abolishes the polyamine block of the receptors66. 

Lower Q/R editing is observed during early development, in certain neurons, and in glial cells67–

69. 

All these subunit variants undergo posttranslational modifications like phosphorylation, 

palmitoylation, and glycosylation. These modifications have profound effects on receptor 

trafficking, localization, and function 70–73. They also play important roles in the expression of 

long term potentiation (LTP) and long term depression (LTD)63,74–76.  

During receptor assembly, AMPAR subunits assemble stoichiometrically with auxiliary 

proteins from the TARP family77. Assembly with these proteins has a profound effect on 

receptor function, trafficking, localization, and pharmacology77–81.  
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Kainate Receptors 

Kainate receptors (KARs) have a strong preference for this agonist over AMPA and NMDA. 

They play key roles in excitatory and inhibitory transmission, and are involved in the maturation 

of neural circuits during development. In addition, kainate receptors modulate the synaptic 

release of neurotransmitters like GABA and glutamate in different locations.  

There are five genes encoding for kainate receptor subunits. These subunits are subdivided 

into two classes. GluK1, GluK2, GluK3 are part of the first class while GluK4 and GluK5 form 

the second4. These two classes have marked differences in primary structure and functional 

characteristics. Kainate receptors are thought to assemble with a similar transmembrane 

topology, stoichiometry, and subunit assembly as AMPA receptors. Similarly to AMPARs, the 

pre-mRNA of GluK1 and GluK2 can be edited in the Q/R site in the M2 reentrant loop region. In 

addition, the pre-mRNA of GluK1-Gluk3 subunits undergoes alternative splicing 82.  

While GluK1-3 can be assembled as homomeric or heteromeric receptors, GluK4 and GluK5 

are obligate heteromers and must co-assemble with GluK1-3 subunits83–87. The channels 

containing GluK4 and GluK5 have different properties, like a higher affinity for kainate, than 

GluK1-3 homomeric channels36. While kainate receptors are widely expressed within the 

nervous system, each subunit has particular expression patterns4,88,89. Kainate receptors mediate 

postsynaptic depolarization, and can carry some of the synaptic current at some synapses. These 

kainate-mediated excitatory postsynaptic currents are slower and smaller than AMPAR-mediated 

ones90–92. The characteristics of these currents are partly due to their co-assembly with auxiliary 

subunits93–96. 
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These auxiliary subunits are integral membrane proteins known as Neuropilin Tolloid-like 1 

and 2 (Neto1 and Neto2)97. Neto proteins radically alter the gating properties of KARs, and 

increase their equilibrium agonist affinity. When kainate receptors co-express with Neto1 and 

Neto2, the onset of desensitization of kainate evoked responses is decelerated while the recovery 

from desensitization accelerates94,98,99 . 

Unlike AMPARs and NMDA receptors, gating kainate channels requires external 

monovalent cations100,101. While all KAR subunits contain an ion binding pocket for these ions, 

at physiological salt concentrations a large fraction of KARs have an unoccupied cation binding 

site making them unable to activate by released glutamate102,103.  

Another unique feature of kainate receptors is their non-canonical signaling through 

metabotropic mechanisms. This mechanism is independent of ion flux, and involves the 

activation of G proteins104–106. There is evidence of KAR non-canonical signaling in many cell 

types in different regions of the CNS, where they play key roles in the presynaptic control of 

neurotransmitter release and in the regulation of neuronal excitability107,108. This dual signaling, 

through ionotropic and metabotropic mechanisms, is responsible for many of the diverse actions 

of KARs.  

Kainate receptors can be found in presynaptic and postsynaptic sites. While postsynaptic 

KAR-mediated EPSCs have only been found in a few central synapses, their actions help 

regulate neuronal excitability and synaptic transmission82. KAR-mediated EPSCs are 

characterized by slow activation and deactivation kinetics109. In neurons that control the 

generation of network oscillations, their slower kinetics of can enable the generation of 

oscillations with different dominating frequencies than those mediated by AMPARs110. 
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Postsynaptic KARs can also modulate neuronal excitability through non-canonical 

signaling111. Postsynaptic KARs can regulate the actions of afterhyperpolarization currents by 

engaging Gi/o proteins and activation PKC112. This increases neuronal firing frequency, and 

results in circuit excitability113,114. While the ionotropic and metabotropic actions of kainate 

receptors can coexist in the same synapses, their actions are independent of each other106,114–116. 

Presynaptic and postsynaptic kainate receptors coexist, but have different pharmacological 

profiles and subunit compositions. They also modulate neuronal activity through different 

signaling pathways117–120. When kainate receptors are located in presynaptic sites they are 

involved in the modulation of neurotransmitter release at excitatory and inhibitory synapses107. 

Within inhibitory synapses KARs can both facilitate and depress GABA release91,104. Their 

modulatory action appears to occur through non-canonical signaling rather than through ion 

flux107.  

Presynaptic KARs can also regulate excitatory transmission, and have the ability to both 

facilitate and suppress glutamate release. Activation of presynaptic kainate receptors in mossy 

fiber to CA3 synapses increases the depolarization of presynaptic terminals, facilitating 

glutamate release121. This augments the Ca2+ influx from action potentials122–124.  

At the same time, long and strong trains of activity, as well as exogenous application of high 

concentrations of kainate, can depress synaptic transmission by inhibiting glutamate 

release91,121,125–127. This inhibition is mediated via non-canonical metabotropic signaling128,129. 

The suppression of glutamate-release by KARs has a significant influence on the shaping of 

synaptic transmission during development130 . 
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Besides their functional roles, kainate receptors are involved in a variety of brain diseases, 

and thus are targets for drug action. SNPs in genes encoding for kainate subunits have been 

linked to schizoid and bipolar disorders131,132. In addition, kainate receptors are involved in 

several aspects of epilepsy.  

Kainate is an epileptogenic compound. Its application to neuronal slices and injection to 

animal models reduces GABA release and can activate postsynaptic KARs. This process is 

involved in the generation of temporal lobe epilepsy and epileptic activity in the 

hippocampus104,105 After seizures, aberrant synapses containing KARs are formed, and their 

excitatory input contributes to the pathogenesis of epilepsy133–135. Evidence suggests that kainate 

receptor antagonists and agonists, in a subunit-dependent manner, can prevent the development 

of epileptic activity136–138.  

Due to their roles in epilepsy and other pathologies, kainate receptors are important drug 

targets. The development of subunit-specific agonists and antagonists may result in drug 

candidates with anti-epileptic effects.  

NMDA Receptors 

NMDA receptors are obligate heterotetrameric cation channels, and their role as mediators of 

brain plasticity makes them indispensable for CNS function. Their dysfunction is involved in a 

host of neurological and psychiatric disorders such as schizophrenia, neurodegenerative diseases, 

pathological pain, and stroke139–141. 

Seven genes are responsible for encoding NMDA receptor subunits. Subunits are classified 

as GluN1, GluN2 (A-D), and GluN3 (A,B)139. The number of amino acids of these subunits 
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varies from 900 to over 1,480. Most of the differences that result in the subunit length variation 

stem from differences in the C-terminal domains.  

The structural and functional diversity of these receptors is increased with alternative 

splicing. The gene encoding the GluN1 subunit has eight isoforms GluN1-1a ̶ GluN1-4a and 

GluN1-1b ̶ GluN1-4b). Incorporation of different GluN1 isoforms into the receptors changes the 

gating and pharmacological properties of the receptor142,143. Splicing also results in isoforms with 

different CTD lengths and trafficking properties144. GluN1 isoforms are differentially expressed 

in brain regions; however the functional significance of these patterns remains unclear 145.  

After translation, NMDA receptor subunits can undergo modifications like phosphorylation, 

nitrosylation, ubiquitinization, and calpain cleavage. The single channel conductance can be 

modulated by the phosphorylation of serine or tyrosine residues in the c-terminal domain of the 

subunits146,147. Glycosylation of the extracellular N-terminal domain of the subunits can affect 

receptor assembly and trafficking73. NR2A subunits can undergo S-nitrosylation of cysteine 

residues, resulting in a downregulation of NMDAR activity and a reduction of Ca2+ entry into the 

cell148,149. The calcium-dependent protease calpain modulates NMDAR function and turnover by 

cleaving within the c-terminal domain of NR2 subunits, and is used, along with ubiquitination as 

a mechanism for degrading and removing the receptors from the cell surface150,151. 

The GluN1 subunits are ubiquitously expressed across the CNS from embryonic stages 

throughout adulthood, but there are differences in the regions where they are expressed and in 

their presence and abundance across developmental stages152–155. GluN2 subunit composition 

provides NMDARs with an array of functional variety. The four different GluN2 subunits have 

large spatio-temporal differences in their expression profile154–156. For example, the GluN2 
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subunits present in the embryonic brain are mostly GluN2B and GluN2D, although GluN2D is 

mostly expressed in the caudal regions. The expression of GluN2A starts shortly after birth and 

continues to rise until it is ubiquitously expressed in the CNS. During this period, the expression 

of GluN2D drops sharply and localizes to the encephalon and mesoencephalon. While the high 

expression levels of the GluN2B subunits are maintained after birth, their expression drops 

sharply after the first postnatal week and expression is restricted to the forebrain. Lastly, 

expression of GluN2C subunits occurs late in development and restricted, to a large extent, to the 

cerebellum and olfactory bulb. GluN3A and GluN3B show similar differences in their 

spatiotemporal expression patterns. The expression levels of GluN3A peak in early postnatal life 

then decrease over time while the expression levels of GluN3B subunits increases throughout 

development, especially in motor neurons.  

The GluN2A and GluN2B subunits are the predominant GluN2 subunits in the adult CNS. 

Their expression in brain structures such as the cortex and hippocampus is indicative of their role 

in synaptic function and plasticity153–155. The expression of GluN2B, GluN2D, and GluN3A 

subunits occurs primarily early in development, and highlights their importance in 

synaptogenesis and synaptic maturation157,158. 

The overlapping expression of many of NMDAR subunits gives the CNS a wide array of 

coexisting NMDA receptors. The subunit composition determines the biophysical and functional 

properties of the receptors155,159,160. Receptors can assemble with identical or different GluN1 

isoforms and their non-GluN1 subunits can be identical or differ as well156. The resulting 

NMDARs can be di-heteromeric or tri-heteromeric, with GluN1/GluN2B, GluN1/GluN2A, 

GluN1/GlN2A /GluN2B representing a significant fraction of the adult NMDARs161–163. GluN3 
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subunits are thought to participate in tri-heteromeric GluN1/GluN2/GluN3 assemblies in vivo , 

while di-heteromeric GluN1/GluN3 receptors have also been shown to generate glycine-

activated excitatory currents157,158,164,165. 

NMDA receptors have similar transmembrane topology and stoichiometry to that of AMPA 

receptors. However, N-terminal domains of NMDARs have a unique twisted clamshell 

conformation that results in looser NTD dimer assemblies than those seen in other iGluRs166. 

NMDAR NTDs are dynamic and can bind a host of subtype-specific allosteric modulators, while 

their structural rearrangement can be sensed by the downstream gating machinery141,166,167. These 

modulatory sites in the NTD make NMDARs very sensitive to extracellular microenvironments, 

and are key elements in the generation of the functional and pharmacological diversity of the 

receptors. 

The basic gating properties of the iGluRs, involving the activation of the receptor through the 

agonist-induced closure of the ligand-binding domains, are conserved in NMDARs. However, 

activation of NMDARs requires the binding of glutamate in GluN2 subunits and of glycine (or 

D-serine) in GluN1 and GluN3 subunits. In addition, NMDAR activation is dependent on the 

relief of a voltage-dependent block caused by extracellular Mg2+ 168. At resting membrane 

potential Mg2+ ions block NMDAR channel activation. Relief of this blockade occurs upon 

membrane depolarization and is usually mediated by AMPARs. 

The opening of NMDAR ion channels allows the entry of divalent ions, including Ca2+ (7%-

18% of the inward current), into the cell, which leads to an excitatory postsynaptic 

potential146,169–171. The slower unbinding of glutamate from the NMDAR binding site results in 

channels with slower kinetics than that of AMPARs. These kinetics, as well as calcium 
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permeability, extent of magnesium blockade, and channel conductance of the receptors are 

modulated by subunit composition2,170,172.  

Delta Receptors 

Delta receptors consist of two subunits GluD1 (δ1) and GluD2 (δ2), which were cloned by 

homology screening 32–34. Their sequence homology placed them within the iGluR family even 

though no endogenous ligands and ion channel function had been observed 146. Delta receptors 

play important roles in high-frequency hearing and cerebellar function, and can serve structural 

functions at synapses.  

The GluD1 and GluD2 subunits are encoded by grid1and grid2 genes, respectively. These 

genes are much larger than the genes encoding other iGluRs, although the sizes of the cDNA are 

similar. The polypeptide chains expressed by these genes share a sequence similarity of 76% 

with each other, and ~40% with the rest of the iGluRs33,34. 

GluD1 receptors are highly expressed in hair cells of the auditory and vestibular systems, and 

gene deletion leads to deficits in high-frequency hearing. In addition, GluD1 mRNA is present 

within the hippocampus in pyramidal and dentate granule cell layers173.  

GluD2 receptors are highly expressed in the post-synaptic sites of parallel fibre (PF)-Purkinje 

cell synapses, and they are expressed at low levels in places like the midbrain-spinal cord and 

interneurons in the cerebellum 33,34,95,174. Within Purkinje cells, GluD2 channels associate with 

transient receptor potential cation channel TRPC3 and mGluR receptors, and their ion channels 

can be triggered open by mGluR1 activity175.  
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While most neurons don’t coexpress GluD1 and GluD2, they do coexpress with other 

iGluRs. Delta subunits can coassemble with AMPAR and Kainate receptor subunits in vitro, 

which change their channel properties176,177. However, co-precipitation studies suggest that this 

is less likely in vivo178.  

Sequence similarity, computational studies, and accessibility studies suggest that their 

membrane topology is similar to other iGluRs: extracellular N-terminal domains and ligand 

binding domain, three transmembrane domains and a reentrant loop segment that form the ion 

channel, and an intracellular C-terminal domain179. 

The NTDs of delta receptors, similarly to that of other iGluRs, contribute to receptor 

assembly and surface transport146,173. The GluD2 NTD can induce synapse formation in vitro and 

is necessary and sufficient to fulfill GluD2 function in the regulation of PF-Purkinje cell 

synaptogenesis180. In addition, both GluD1 and GluD2 NTDs bind to secreted proteins involved 

in synaptogenesis and synapse maintenance 181,182.  

The GluD2 LBD was crystallized and shown to bind to D-serine183. Mutagenesis studies have 

shown that abolishing ligand binding doesn’t impair GluD2 function in adult mice, but results in 

impaired LTD and motor dyscoordination during development, and studies seem to indicate that 

D-serine serves as an endogenous ligand for GluD2 in the immature cerebellum173,184,185. There is 

evidence that D-serine binds to GluD1, but the physiological role of this binding remains 

elusive186. So far, there is no evidence that ligands shown to bind to the delta receptor LBDs 

activate channel function183,187. 
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The gating machinery and ion permeation pathways of Delta receptors are similar to those of 

AMPARs and kainate receptors, but have key differences188. The grafting of LBDs of AMPARs 

and kainate receptors into GluD1 and GluD2 receptors result in functional ion channels that can 

be activated by AMPAR and kainate ligands188,189. At the same time, the introduction of receptor 

mutants with impaired channel activity into Lurcher mice and grid2-null Purkinje cells result in 

the rescue of LTD and other functional abnormalities, which suggests that, at least GluD2, is 

unlikely to serve as a Ca2+ permeable channel in vivo190,191. 

The cytoplasmic domain binds to a host of delta receptors bind to a host of intracellular 

proteins, and contains PDZ binding motifs146,173. Signaling via de CTD of GluD2 is required for 

the induction of LTD and motor learning185,190. 

AMPA Receptor Structure and Dynamics 

Receptor Structure 

Functional iGluRs are tetrameric assemblies consisting of a dimer of dimers surrounding a 

central ion channel192–194. They can assemble as homomer and heteromers from subunits within 

the same subtype, but are found in a heteromeric state in most organisms. All iGluRs share major 

structural features and transmembrane topology. Each receptor has an amino-terminal domain 

(ATD), a ligand binding domain (LBD) and transmembrane domain (TMD) arranged in layers18. 

The ATDs are splayed outwards in the extracellular space while the transmembrane domain 

forms the narrowest part of the receptor. iGluRs have a two-fold axis of symmetry, perpendicular 

to the membrane, that transitions into a four-fold axis of symmetry in the ion channel. 
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Figure 1.2 Subunit assembly of AMPA receptors. 

Within the ATD, the subunits involved in local dimers have extensive subunit-subunit 

contacts. These dimers have a local axis of symmetry that is ~24o off the overall axis of 

symmetry. As the polypeptide chains reach the LBD layer, the subunits that interact as dimers 

are crossed over between the ATD and LBD layers. The LBDs are also organized as a pair of 

dimers, and their local two-fold axis is ~19o off the overall axis of symmetry. The crossover of 

interacting subunits across domain layers, combined with the symmetry mismatch between them, 

result in subunit non-equivalence.  

Within a homomeric receptor all subunits are chemically identical, but their assembly results 

in two conformationally distinct subunit pairs related to the two-fold axis of symmetry, 

considered the proximal and distal pairs. In distal subunits there is a substantial interface 

between the ATD and LBD which is not present in the proximal subunits. At the same time the 

LBD of proximal subunits is closer to the membrane plane than that of distal subunits. These 
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conformational differences are defined by the linker regions between each domain layer, whose 

flexibility allows for different conformations.  

The ATD is homologous in sequence to the bacterial leucine, isoleucine, valine binding 

protein (LIVBP) and the mGluR ligand-binding domain. The ATD influences receptor 

desensitization, and contributes to receptor assembly and surface expression195–198. However, 

many of the major functions of iGluRs remain intact in the absence of the ATD, and bacterial 

iGluRs are expressed and trafficked to the cell surface while lacking an ATD199. 

The ATD is the most structurally diverse region of iGluRs16. The ATDs of AMPA and 

kainate receptors have similar architecture and subunit arrangement, while the ATDs of NMDA 

receptors have distinct conformational features and arrangements within the ATD dimer 

structure166,200–206. 

AMPAR ATDs have upper and lower lobes, domains R1 and R2, in a clamshell arrangement. 

These domains don’t have the conformational range exhibited by homologous proteins that open 

and close their clamshell during ligand binding. Isolated LBDs assemble as dimers in crystals 

and in solution200,201. 

The LBD is encoded by two polypeptide segments, S1 and S2, which are interrupted by the 

insertion of the channel pore domain207. The S1 segment precedes the first transmembrane 

segment, while the S2 segment is located between the second and third transmembrane 

segments. This domain is homologous, both in sequence and structure, to bacterial periplasmic 

amino acid binding proteins, specifically lysine, arginine, ornithine binding (LAOBP) and 

glutamine binding (QBP) proteins46,208–210  
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The linkers that mediate the transition between the ATD and LBD domains are considered 

the ATD-S1 linkers. The ATDs of distal subunits interact with the LBDs via an ATD-LBD 

interface that makes the ATD-S1 linker adopt a compact conformation. At the same time the 

ATD-S1 linkers of the proximal subunits have an extended conformation that nearly spans an 

LBD dimer.  

The bilobed structure of the LBD binds the agonist in a cleft between its two lobes211. Lobe 1 

consists of the N-terminal part of S1 and a short C-terminal segment of S2, while the lobe 2 is 

consists mostly of the S2 segment and a short C-terminal segment of the S1. Both lobes consist 

of a core of the β-pleated sheets surrounded by α-helices. Lobe 1 is formed of six α-helices, four 

belonging to the S1 segment and two belonging to S2, while lobe 2 consists of five α-helices212. 

The transmembrane region of iGluRs has a large degree of sequence homology to the K+ 

channel pore, although its position with respect to the membrane is inverted and their ion 

selectivity is very different46,213. The core channel domain consists of two transmembrane α-

helices (M1-M3) and a partially helical pore loop (M2), and is in between the two polypeptide 

chains that make up the agonist–binding core.  

The crystallized structure of a GluA2 receptor provided the first structure of an iGluR ion 

channel18. Viewed from the extracellular side of the membrane, the four GluA2 subunits have 

their transmembrane domains around a 4-fold rotational axis of symmetry. As determined 

initially in topology studies each subunit has three transmembrane helices (M1, M3 and M4), a 

central pore-like helix (M2) and a polypeptide pore-lining loop45. 
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The transition from the two-fold symmetry of the ATD and LBD and the four-fold symmetry 

of the transmembrane domain is mediated by another set of polypeptide linkers, S1-M1. This 

polypeptide segment adopts an extended conformation until it reaches the TMD, where the 

polypeptide forms a 90o turn and starts a short pre-M1 helix oriented parallel to the membrane. 

This pre-M1 helix acts like a cuff that surrounds the top of the ion channel domain. This cuff 

makes contacts with carboxyl and amino-terminal ends of the M3 and M4 transmembrane 

segments, respectively. 

The transmembrane domain begins with the M1 segment, which resides in the exterior of the 

ion channel domain. Within the ion channel pore lies the M2 helix. The M3 helices line the 

inside of the ion channel pore. They are ~52Å in length, and in the antagonist-bound state they 

cross at the pre-M1 cuff helices, creating an occlusion of the ion permeation pathway. The M3 

segment is followed by the N-terminal portion of the S2 polypeptide segment, which then 

connects to the M4 transmembrane helix. The M4 helix resides on the exterior of the ion channel 

domain and connects to the S2 segment of the LBD. It makes significant subunit-subunit 

interactions with the transmembrane domains of adjacent subunits. This may explain in part the 

crucial role of the M4 helix in receptor assembly and function214. 

The intracellular carboxy-terminal domain has no homology to bacterial proteins. It is the 

most divergent region in the iGluR subunit, ranging in size from approximately 50 amino acids 

in NMDA NR1 and most AMPA and kainate receptors, to hundreds of amino acids in some 

subtypes of NMDA subunits. This domain is involved in cytoskeletal interactions, subunit 

trafficking, and modulation of channel conductance. It contains different sites for post-

translational modification as well as post-transcriptional modifications215–218. 
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Structure and Dynamics of the Ligand Binding Domain 

The ligand-binding domain, as the region that can trigger channel opening, is an important 

point of receptor control. As such, knowledge of its structural and dynamic properties can help in 

the elucidation of the mechanisms of ligand-binding and channel-opening, and be used for the 

development of therapeutic compounds.  

The ligand binding domains of multiple iGluRs have been expressed as recombinant, 

isolated, water- soluble protein constructs. The polynucleotide segments encoding for S1 and S2 

were genetically excised and joint by a segment encoding a linker peptide (GT), replacing the 

membrane segments M1-M3 of the intact receptor. These constructs retained ligand binding 

ability and were suitable for crystallization219,220. Currently, there are more than 120 crystal 

structures of iGluR LBDs, and over 80 of these are of the GluA2 LBD15,221.  

In these structures the soluble LBDs are in complexes with agonists, partial agonists, and 

antagonists. Comparisons of the crystal structures of the LBD in the full receptor and the soluble 

construct have shown that they are very similar, confirming that the soluble domain is a good 

model to study ligand binding in AMPA receptors14. However, one must keep in mind that the 

binding conformations of LBDs in the full-length receptor can be influenced by other receptor 

domains222–225. 

The ligand binding domain is a bilobate structure, where the ligand binding in the cleft 

between the two lobes. It has a core of beta-pleated sheets surrounded by alpha helices, which 

can close down in a clamshell manner when an agonist binds. This backbone is shared by all 

iGluR LBDs.  
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Lobe 1 consists of the N-terminal part of S1 and a short C-terminal segment of S2, while the 

lobe 2 is consists mostly of the S2 segment and a short C-terminal segment of the S1. Both lobes 

are composed of a central core of the β-pleated sheets surrounded by α-helices. Lobe 1 is formed 

of six α-helices: A, B, C, and D from the S1 segment, and J and K helices, which are formed by 

the S2 segment. The lobe 2 forms α-helices E, F, G, H, and I212 (Figure 1.3). 

 

Figure 1.3. Crystal structure of the AMPAR GluA2 LBD bound to glutamate. 

The ligand binding domain structures are generally flexible and exhibit functionally 

important dynamics at different timescales, with internal movement both in a relatively rapid 

timescale (ps-ns) and at the timescale where concerted atomic movements occur (µs-ms)226. 

Studies performed on the GluA2 S1S2 protein have shown that the residues in lobe 1 that 

contact the α-substituents of glutamate in the binding site have little or no movement in the µs-

ms timescale, whereas the residues in lobe 2 that contact the γ-substituents of glutamate are 

flexible in the same timescale. In a similar manner, the β-sheets of Lobe 1 show very little 

movement in the µs-ms timescale, while the β-sheets of Lobe 2 are flexible. The binding cleft 
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has various subsites where important non-covalent ligand-protein interactions play key roles in 

the binding process. The occupancy of different cleft subsites creates changes in binding domain 

dynamics that translate into changes in affinity and function. However, the physico-chemical 

properties of the moieties occupying them also have a large impact on affinity and function227,228. 

The LBDs can explore a range of conformations in the apo and ligand-bound states, and their 

dynamic properties within certain regions contribute significantly to receptor function 229–234. The 

range and type of conformations adopted can be modified by the binding of different types of 

agonists.  

In the apo state, the LBD domains explore open clamshell conformations and have a wider 

range of motions. When a ligand approaches the binding domain, it docks between the two lobes, 

making intermolecular contacts. Binding to full and partial agonists leads to lobe closure while 

the binding of antagonists can result in lobe closure or hyperextension. Lobe closure allows for 

the formation of a hydrogen bonding network across the lobe interface235. 

When the LBD binds to a full agonist the closed lobe state is explored more often, increasing 

the likelihood of activating the channel in the full receptor. The binding of partial agonists to the 

LBD includes a distribution of more open states as well as fully closed states, resulting in less 

frequent activation of the gate for that subunit227,234.  

The efficacy of these ligands depends on their ability to stabilize the maximally closed state 

of the LBD, and the extent in which they can activate the full receptors relies on how likely the 

LBD is to occupy its maximally closed conformation93,223,231,233. The free energy associated with 
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the conformational transitions involved in the binding process is however, not accounted for 

exclusively by the process of lobe closure223. 

While there have been many studies probing the structural and dynamic characteristics of this 

domain, less is known about the energetic consequences of those properties and how they relate 

to ligand binding. Calorimetric studies can determine differences in the forces that drive ligand 

binding, and how these relate to receptor function.  

AMPA Receptor Roles in Injured States and CNS Diseases 

Due to the roles they play in fast excitatory signaling, AMPARs are crucial components of all 

neuronal networks. Proper function of these networks relies on the precise control of synaptic 

development and connectivity, and deficiencies and disruption of these systems are present in 

many neuropathologies158, 159. Likewise, the tight control of each step of AMPAR transmission 

present in healthy tissue is altered in many pathologies and injured states. One of the best-studied 

roles of AMPARs in neuropathologies occurs in the motor neuron disease amyotrophic lateral 

sclerosis, ALS.  

Amyotrophic Lateral Sclerosis 

Patients of ALS suffer from selective degeneration of upper and lower motor neurons, where 

muscle weakness in their limbs progresses through their body resulting in loss of movement. 

Within the spinal cord, the neurodegeneration that leads to motor neuron death is partly due to 

AMPAR-mediated excitotoxicity236,238. This occurs when disruptions in AMPAR function allow 

the entry of excess Ca2+ into the neurons that can trigger an excitotoxic cascade that leads to 

neuron death239. Most of the Ca2+ elevations in spinal motor neurons are mediated by 
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AMPARs240–242. These neurons lack mechanisms to cope with the high intracellular Ca2+ 

concentrations resulting from intense AMPAR activation238. While most AMPA receptors in the 

brain contain Q/R edited GluA2 subunits, rendering them Ca2+ impermeable, spinal neurons 

contain lower amounts of GluA2 mRNA and are more Ca2+ permeable243,244.  

The amount of GluR2 mRNA between ALS patients and control subjects are comparable, but 

ALS patients exhibit lower editing of the GluA2 Q/R mRNA editing site245,246. Some patients 

also have decreased expression of ADAR2, the adenosine deaminase that converts adenosine to 

inosine in the Q/R site of GluA2 pre-mRNA247,248. This leads to the expression of unedited 

GluA2 subunits, increased Ca2+-permeable AMPAR levels, and thus increased likelihood of 

excitotoxicity. In addition, some evidence indicates that ADAR2 degradation increases with 

increased glutaminergic activity, resulting in a positive feedback loop249. This suggests that 

ADAR2 is a potential drug target for the treatment of ALS and other diseases where AMPARs 

become more Ca2+ permeable.  

To date, riluzole, a glutamate release inhibitor and Na+ channel blocker, is the only drug that 

has proven effective in prolonging patient survival and slowing the progress of the disease239,250.  

Recent attempts to target the exocytotic process focused on the AMPAR non-competitive 

antagonist, telampanel (LY300164). In studies conducted on the mouse ALS model, treatment 

with telampanel reduced Ca2+ elevation in motor neurons only at the presymptomatic stage of the 

disease, and didn’t rescue neuron death251. ALS patients tolerated telampanel and reported some 

recovery of motor function during phase II clinical trials252,253. However a phase III clinical trial 

showed no improvement with telampanel174. These studies highlight the importance of early 
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intervention to reduce excitotoxicity, and the need of other methods of affecting AMPA receptor 

without blocking them globally.  

Alzheimer's Disease  

Alzheimer’s disease, AD, is a neurodegenerative illness that manifests as progressive 

cognitive and behavioral impairment, and the most common form of dementia in the US254. Early 

in the disease patients exhibit short-term memory loss, but as synapse loss and neuronal death 

progress, and different zones of the brain become atrophied, other cognitive abilities are affected 

and bodily functions progressively worsen255. AD is also characterized by the presence of Aβ 

plaques and neurofibrillary tangles, but there is disagreement on the relationship between these 

features and cognitive decline236,255. Currently, there are no curative or preventative therapies 

that can stop its progressive neuronal progressive damage, although some can improve 

symptoms temporarily.  

In animal models, the first signs of AD involve the alteration of synapse morphology and 

AMPA-mediated transmission, which occur well before cell death and plaque accumulation 

occurs256,257.  

Soluble Aβ oligomers negatively regulate synaptic properties258–261. These molecules can 

bind to AMPARs and trigger clathrin-mediated endocytosis which weakens the synapses and 

leads to the shrinking of the dendritic spines. This dampens the overall excitatory 

transmission258,262.  

AMPA modulators have undergone clinical trials for the treatment of mild to moderate 

cognitive decline263. LY451395, a positive AMPAR modulator, showed promising results in rat 
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studies. However, patients given the drug during clinical trials showed no improvement 

compared to the placebo group264. Currently, TARPs are being considered as drug targets to 

enhance AMPA receptors at the synapse236,265. In addition, clinical trials are underway in which 

Aβ immunotherapy is used to remove Aβ oligomers in patients266. 

Epilepsy 

Epilepsy occurs in about 0.5% of the global population. Although more than a dozen drugs 

are available, 20-30% of sufferers don’t achieve proper seizure control using these therapies, 

thus the development of new drugs with different mechanisms of action is still needed267,268.  

In epilepsy excitatory synaptic transmission is involved in many aspects of synchronization 

and seizure generation. AMPA receptors play critical roles in the initiation of the discharges 

characteristic of seizures 269,270. Calcium permeability is critical in initiating a seizure discharge, 

and can lead to long-term changes in cell excitability through the activation of NMDARs. Since 

NMDARs are less essential for epileptic discharge initiation, yet are key players in the 

strengthening of synaptic connections necessary for learning processes, drugs targeting 

AMPARs can result in less learning impairment than those that target NMDARs271. 

Several compounds that inhibit AMPAR-mediated glutaminergic transmission have been 

synthesized and undergone clinical trials 272. Compounds like telampanel and NS1209 underwent 

clinical trials but currently perampanel, a noncompetitive AMPAR antagonist is approved for use 

within the US and Europe273. A promising compound, selurampanel (BGG492), is a competitive 

agonist of AMPARs and kainate receptors that has undergone Phase II clinical trials267.  
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Ischemia and Excitotoxicity 

Ischemic stroke is the third leading cause of death in developed countries. In this disease a 

pattern of neuronal loss is observed due to Ca2+/Zn2+ entry into vulnerable neurons through 

GluA2-containing AMPARs. Neuronal susceptibility to cerebral ischemia is correlated with a 

reduction of the adenosine deaminase ADAR2 and reduced Q/R RNA editing of the GluA2 

subunit. Both changes lead to an increase in the amount of Ca2+- permeable AMPARs274,275. 

Regions where Ca2+-permeable AMPARs are highly expressed, like the CA1 pyramidal neurons 

within the hippocampus, are more vulnerable to cell death after an ischemic insult than other 

regions236,276–278. AMPAR antagonists like NBQX and YM872 showed promise in animal model 

studies, but failed to treat stroke in patients due to side effects and lack of efficacy279–281 . 

Willardiine Analogues and Partial Agonism 

Willardiine, S(−)-α-Amino-3,4-dihydro-2,4-dioxo-1(2H)-pyrimidinepropanoic acid, is a 

naturally occurring excitatory amino acid first discovered in the seeds of Acacia and Mimosa 

plants282. It’s selectivity for non-NMDA receptors led to the development and of a series of 5-

substituted willardiines with the purpose of characterizing the function of different iGluR 

subtypes283. Willardiine and its 5-substituted derivates act as partial agonists for AMPA and 

kainate receptors, and have a range of potency, efficacy, and receptor subtype specificity, thus 

acting as a subtle tool to study the relationship between the structural, dynamic, and functional 

properties of AMPARs284–286. 
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Figure 1.4. Willardiine structure with a 5-X substitution.  

Willardiine and its analogues bind to AMPAR LBDs with a similar mode of binding to 

glutamate287. Their α-amino and α-carboxyl groups form bonds with residues in Lobe 1 of the 

LBD, the charged moieties in within the uracil group attract regions in Lobe 2, making the cleft 

close upon the ligand and allowing the formation of additional inter-lobe hydrogen bonds in the 

‘flip region’ that stabilize the closed conformations. 

While the binding of glutamate to the LBD involves the interaction of its γ-carboxyl group 

with Lobe 2 willardiine analogues have a uracil moiety in its place, leading to dynamic 

differences of the bound complexes, and in functional differences in the full receptor232. In 

addition, the willardiine uracil moiety has two tautomeric forms, stemming from the 

deprotonation of the 3-nitrogen. The substitution of the hydrogen in the 5-position of the uracil 

with substituents or moieties with greater electron-withdrawing ability lowers the pKa of the 

compound, and shifts the equilibrium of the tautomers to the deprotonated state. The 

deprotonated form can interact with subsites in Lobe 2 in a way that better mimics interactions 

with the γ-carboxyl of glutamate than the protonated form, but these interactions are still weaker 

and less stable than those of a full agonist235.  
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The complexes formed by willardiine partial agonists and the LBD also differ from those 

formed by full agonists in the dynamics of the flip region, where the formation of two inter-lobe 

hydrogen bonds can stabilize the closed conformation287. Complexes with willardiine analogues 

exist in equilibrium between this conformation, and one that results in the rotation of a peptide 

bond of 180o and the loss of the inter-lobe hydrogen bonds232. 

The differences that arise during the binding process result in differences in the stability of 

the closed conformations of the LBD, as well as the spread of conformations that a particular 

bound complex can explore. Both of these characteristics play key roles in translating cleft 

closure to activation232–234,288. 

The physical properties of the 5-substituent affect the current responses evoked by the 

willardiine analogue232,283,286,289. Analogues with more electronegative 5-substituents have 

increased ligand potency (EC50) and affinity. Increasing the size of the 5-substituent, on the other 

hand, can lower peak currents and the extent of receptor desensitization. All willardiine partial 

agonists can activate the same subconductance states as full agonists, but they do so with 

different probabilities 227,228,290 

Single-site substitution between willardiine analogues results in structural and dynamic 

differences of their LBD-bound complexes, which are reflected in functional differences when 

bound to AMPARs. By obtaining the thermodynamic signature of the binding process for a 

series of 5-substituted willardiine partial agonists we can gain a quantitative understanding of the 

forces responsible for their functional differences.  
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Ligand Binding Thermodynamics 

Deepening the understanding of the molecular events occurring in biological systems through 

the quantification of their thermodynamic properties can reveal the nature of the energetic forces 

driving these events, the relative contributions of specific molecular interactions to the total free 

energy of binding, and how the events are affected by different conditions.  

Characterizing the thermodynamic properties protein-ligand interactions is a crucial part of 

developing a rigorous understanding of many biological systems. By integrating thermodynamic 

information with detailed information of the structure and dynamics of the system, it is possible 

to obtain a clear vision of the mechanism of ligand binding291. This information is important not 

only to increase our fundamental understanding of biological systems, but for the development of 

biotechnology and therapeutic compounds. The development of therapeutic compounds relies on 

knowledge of the binding affinity of the putative drugs, as well as how processes such as ligand 

desolvation and the formation of hydrogen bonds, van der Waals interactions, etc. between the 

ligand and target contribute to the free energy of binding (ΔG)292. The binding affinity at 

equilibrium is related to the free energy of binding as well. This is described by the Gibb’s 

equation: 

∆𝑮 = −𝑹𝑻 𝐥𝐧 𝑲𝑨   (Eq. 1.1)  

In this equation, R is the universal gas constant (1.9872 cal/mol∙K), T is the absolute 

temperature in Kelvin, and KA is the equilibrium association constant.  

The free energy of binding can be further separated into enthalpic (ΔH) and entropic (ΔS) 

contributions, either one of which can be the dominant driving force of the binding reaction. 
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∆𝐺𝑜 = ∆𝐻𝑜 − 𝑇∆𝑆𝑜   (Eq. 1.2) 

The contributions of enthalpic and entropic components to the free energy of binding are 

associated with structural and dynamics changes of the protein and ligand molecules291. 

Contributions to these two forces are influenced mostly by hydrogen bonds, hydrophobic 

interactions, conformational changes and changes in molecular flexibility and electrostatics of 

the binding partners. Binding interactions with a similar free energy of binding can have 

different thermodynamic properties, giving them different thermodynamic signatures.  

Entropy and enthalpy changes can be temperature-dependent, and their change as a function 

of temperature is dictated by the change in constant pressure heat capacity, ΔCp, upon binding. 

Within a narrow temperature range, the temperature dependence of ΔH is given by:  

∆𝐻 = ∆𝐻𝑜 + ∆𝐶𝑃(𝑇 − 𝑇𝑜)   (Eq. 1.3) 

∆∆𝑆 = ∆∆𝑆𝑜 + 𝛥Δ𝐶𝑝 ln (
𝑇

𝑇𝑜
)  (Eq. 1.4) 

Where ΔHo is the binding enthalpy at temperature To, and ΔCp is the heat capacity change of 

binding. The temperature dependence of the change in entropy is given by equation 1.4. Changes 

in the heat capacity have been related to changes in solvent accessible surface area, such as those 

arising from the dehydration of protein and ligand surface291. 

Isothermal titration calorimetry (ITC) can be used to to quantify the specific enthalpy and 

entropy contributions to the free energy of binding reactions. In this technique a cell containing 

the protein solution is kept at the same temperature as a control cell, and the power necessary to 

maintain the cells in isothermal conditions is plotted over time. A concentrated ligand solution is 
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injected at specific time intervals, and the energy change resulting from the binding process is 

reflected in the change of power necessary to maintain the cells in isothermal conditions. The 

power necessary to do this is directly proportional to the heat of the reaction, and can be 

observed as a peak in the power vs. time plot.  

As the experiment progresses, more protein binding sites become saturated, and the 

magnitude of these peaks decreases. A binding isotherm can be obtained through the plotting of 

the area of the injection peaks as a function of the molar ratio of the protein and ligand in the 

cell. This can be fit to different binding models to obtain the enthalpy, binding constant, and 

stoichiometry of the binding reaction. The binding model used for data analysis is discussed in 

detail in Chapter 3. 

The binding of different ligands to AMPAR LBDs creates bound complexes with different 

dynamic and conformational properties, which have significant effect of the free energy of the 

binding process and the functional properties of the full receptor. The knowledge of the 

thermodynamic effects of physicochemical characteristics of the ligand can help further our 

understanding of internal dynamics of the binding cleft, and how these relate to AMPAR 

function. These thermodynamic patterns can also be used in the development of new probes and 

therapeutic drugs.  

Outline of Dissertation Research 

In this project we used Isothermal Titration Calorimetry to perform a full thermodynamic 

characterization of the GluA2 ligand binding domain, in its glutamate-bound state, binding to a 

series of 5-substituted willardiine analogues.  
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In chapter 2, we explored the role of uracil deprotonation on the thermodynamic properties of 

competitive binding to GluA2 LBD. The substitution of the 5-H of willardiine with a nitro 

moiety results in a large decrease in the pKa of the ligand, shifting the equilibrium of the uracil 

tautomers to one more favorable to the 3-deprotonated form. The competitive binding 

thermodynamics of these ligands was determined at pH levels above and below their respective 

pKa, and showed that the charged state of the ligand determines the enthalpic contribution to 

binding. The binding of the charged forms of the ligands is largely driven by enthalpic change, 

while that of the uncharged forms is mostly driven by entropic forces. Crystallographic work is 

used to demonstrate that these properties arise in part from changes in the hydrogen bonding 

network within the binding site involving one water molecule. The pH dependence of willardiine 

binding illustrates the importance of charges to the thermodynamic properties of AMPAR 

ligands.  

The following chapter focuses on the determination of the temperature dependence of the the 

competitive binding of willardiine analogues to the GluA2 LBD, as well as the determination of 

the protonation differences between the glutamate-bound and willardiine-bound LBD complexes 

at physiological pH. The thermodynamic parameters of competition binding to all the studied 

ligands varied across temperatures, although there is little difference between the changes in free 

energy of binding. The change in heat capacity determined by these measurements was negative 

for all ligands, and while the magnitude of this change decreases with the addition of 

halogenated 5-substituents, it is increased significantly by the nitro 5-substitution. The difference 

in magnitude of the heat capacity of the ligand series is reflected by the estimated 

thermodynamic parameters of binding at 37oC. While the binding of willardiine and all 

halogenated analogues is driven by favorable entropic change, compared to the glutamate-bound 
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state, the binding of nitrowillardiine at physiological temperature is expected to be an 

enthalpically driven process.  
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Understanding the thermodynamics of binding of a lead compound to a receptor can provide 

valuable information for drug design. The binding of compounds, particularly partial agonists, to 

subtypes of the α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor is, in 

some cases, driven by increases in entropy. Using a series of partial agonists based on the 

structure of the natural product, willardiine, we show that the charged state of the ligand 

determines the enthalpic contribution to binding. Willardiines have uracil rings with pKa values 

ranging from 5.5 to 10. The binding of the charged form is largely driven by enthalpy, while that 

of the uncharged form is largely driven by entropy. This is due at least in part to changes in the 

hydrogen bonding network within the binding site involving one water molecule. This work 

illustrates the importance of charge to the thermodynamics of binding of agonists and antagonists 

to AMPA receptors and provides clues for further drug discovery. 

Introduction 

Understanding the thermodynamics of binding can be an important element in the optimization 

of the binding of a drug to its receptor.1-3 Ionotropic glutamate receptors are ligand-gated ion 

channels that are important drug targets because of their roles in a variety of neurological 

diseases, and in learning and memory.4 This group of neurotransmitter receptors consists of three 

major subtypes that include (1) α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid 

receptors (AMPA; GluA1–4), (2) kainate receptors (GluK1–5), and (3) N-methyl-d-aspartic acid 

receptors (NMDA; GluN1, GluN2A–D, and GluN3A and -B). AMPA receptors are responsible 

for most of the fast excitatory transmission in the vertebrate central nervous system (CNS). They 

assemble as homo- or heterotetrameric channels, and each subunit is modularly arranged with an 

N-terminal domain, a ligand-binding domain (LBD), a transmembrane region, and a C-terminal 
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domain.5 Both extracellular domains are arranged as dimers of dimers, with subunit crossover 

occurring between the N-terminal and ligand-binding domains.6 The LBD can be produced in 

isolation by bacterial expression7 and has been shown to be an effective model system for 

understanding the details of effector binding.8 

The LBD is a bilobed structure, and glutamate binds in the cleft between the two lobes. The 

mechanism of activation follows a three-step process, which includes the binding of glutamate to 

lobe 1, followed by closure of the lobes and interaction with lobe 2, and finally the stabilization 

of the closed lobe form with the formation of two hydrogen bonds.9 A range of compounds can 

bind to the agonist site, all of which bind in the same manner to lobe 1. The size of the 

compound, the characteristics of the interaction with lobe 2, and the stability of the fully closed 

form (including the presence of two stabilizing hydrogen bonds) determine if a compound is a 

full agonist, partial agonist, or antagonist. This is illustrated by derivatives of the natural product, 

willardiine, which has served as a scaffold for a range of glutamateric agonists and 

antagonists.10,11 Substituting the willardiine ring at position 3 with a carboxybenzyl or 

carboxyethyl substituent results in an antagonist with binding driven largely by a favorable 

enthalpy decrease.12 Alternatively, 5-iodowillardiine (IW) is a partial agonist with binding driven 

largely by an entropy increase at physiological pH.12 We describe here the thermodynamics of 

the binding of a series of willardiine partial agonists13-14 to the GluA2 LBD using isothermal 

titration calorimetry (ITC). These analogues, modified at position 5 (F, Cl, I, H, and NO2), 

illustrate the effect of ligand charge on the entropic and enthalpic contributions to the Gibbs free 

energy of binding and suggest how the structure of the agonist can be modified to optimize the 

enthalpic component of binding.  
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Methods 

Protein Purification 

The plasmid for the GluA2 ligand-binding domain, GluA2 LBD, was provided by E. Gouaux. It 

consists of residues N392–K506 and P632–S775 of the full rat GluA2-flop subunit with a “GT” 

linker connecting K506 and P632.15 The plasmid was transformed in the Origami B (DE3) 

Escherichia coli strain, and the GluA2 LBD was expressed and purified as described 

previously.16 Because of the necessity of obtaining accurate protein concentrations and the 

difficulties with standard methods for protein concentration, thiol quantitation was used (Thiol 

and Sulfide Quantitation Kit, Molecular Probes), based on a method described by Singh et al.17,18 

In this assay, the thiols in the protein reduce a disulfide-inhibited derivative of papain, which 

releases the active enzyme in a stoichiometric manner. A chromogenic papain substrate is then 

used to measure the activity of the enzyme colorimetrically. As a standard, Ellman’s Reagent 

was used to determine the thiol concentration of l-cysteine standard solutions. Because the 

number of thiols in each protein molecule is known (four cysteines), we can determine the 

number of protein molecules within the protein sample. At the same time, we determined the 

absorbance at 280 nm of an identical protein aliquot, which allowed us to determine the 

extinction coefficient for our preparation of GluA2 LBD (58363 M–1). The protein 

concentrations reflect the GluA2 LBD monomer. The dimerization constant for the GluA2 LBD 

is on the order of 6–40 mM,19,20 so that no significant concentration of dimer was present at the 

concentrations of protein used in these experiments. 
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Isothermal Titration Calorimetry (ITC)  

ITC experiments were conducted on a Microcal VP-ITC calorimeter at 10, 15, and 20 °C. 

Willardiine derivatives were obtained from Tocris and Abcam Biochemicals. The final protein 

concentration ranged from 8 to 40 μM. Titrations were conducted in the same buffer over a range 

of temperatures (5–20 °C) using a syringe speed of 300 rpm and a reference power of 10 μcal/s. 

Typical titration experiments consisted of 35 injections in which the individual injections were 6 

μL (0.4 mM ligand) and were made every 240 s. The calibrated cell feedback signal 

(microcalories per second) was collected at 2 s intervals. The areas derived from the first 

injection were not used in the analysis. Experimental data were corrected for buffer mismatch by 

subtracting control titrations of the ligand solution into the ITC buffer (phosphate or cacodylate). 

The thermograms were analyzed using the competitive binding approach described by 

Sigurskjold et al., with the glutamate-bound state as the reference state21. Data were fit using a 

Ka for the binding of glutamate of 1.0 × 106 M–1. The binding stoichiometry (n), the apparent 

enthalpy of binding (ΔΔH), and Ka were obtained by fitting. The value of n is the molar ratio of 

the ligand to the protein, and ΔΔH is expressed in kilocalories per mole of injectant. The values 

of n, Ka, and ΔΔH were used to compute ΔΔS° and ΔΔG° at the experimental temperature (T). 

Whenever possible, the binding reactions were conducted at multiple temperatures, so that the 

change in heat capacity (ΔΔCp) of the binding reaction could be determined. 

Implications of Competition Binding for Thermodynamic Parameters 

Because of the low stability of the apo state in combination with the difficulty of completely 

removing glutamate from the GluA2 LBD sample, more consistent results were obtained using 

competition experiments, that is, the competition of a given ligand with glutamate. The ground 
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state is, in this case, defined as the glutamate-bound state rather than the apo state. For a related 

AMPA receptor LBD (GluA4), Madden and collaborators22 were able to obtain thermodynamic 

parameters for the binding of glutamate to the apo state (ΔH values of −2.49 ± 0.03 and −4.21 ± 

0.03 kcal/mol at 15 and 20 °C, respectively; −TΔS° values of −5.39 and −3.96 kcal/mol at 15 and 

20 °C, respectively; ΔCp of −171 cal mol–1 K–1). Despite the fact that the binding sites of all 

AMPA receptors are very similar, the thermodynamic parameters for GluA4 LBD cannot 

necessarily be compared directly to the quantities determined for the GluA2 LBD23-25. However, 

referencing the glutamate-bound state of GluA2 at physiological pH does reveal the quantitative 

and qualitative differences between the thermodynamic parameters of the binding of willardiine 

ligands, as shown in Figure 2.1,C. Likewise, in the calculation of ΔΔCp (slope of ΔΔH vs 

temperature), the reference state is constant for each temperature (Figure 2.3). ΔCp (heat capacity 

relative to the apo state) would be determined by the difference between ΔΔCp and the ΔCp for 

glutamate relative to the apo state. 

Crystallography 

Crystals were grown using the hanging drop technique at 4°C. Each drop contained a 1:1 (v/v) 

ratio of protein solution to reservoir solution [16–18% PEG 8K, 0.1 M sodium cacodylate, and 

0.1–0.15 M zinc acetate (pH 3.5)]. Data were collected at Cornell High Energy Synchrotron 

Source (CHESS) beamline A1 (wavelength of 0.987 Å, temperature of 100 K) using a Quantum-

210 Area Detector Systems charge-coupled device detector. Data were indexed and scaled using 

HKL-3000.26 Structures were determined with molecular replacement and refined with Phenix.27 

Model building was conducted with Coot version 0.7.28 
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Results 

The apo form of the GluA2 LBD is difficult to prepare and is much less stable than ligand-bound 

forms, so the experiments described here were conducted as competition binding relative to the 

glutamate-bound form. For this reason, thermodynamic parameters are expressed with the 

glutamate-bound form as the reference state (ΔΔH, −TΔΔS°, and ΔΔCp). Panels A and B of 

Figure 2.1 show thermograms (pH 7.2 and 20 °C) of the displacement of glutamate by 5-

nitrowillardiine (NW) and IW. The most striking difference is that the reaction is exothermic for 

NW and endothermic for IW. The thermograms for 5-chlorowillardiine (ClW), willardiine (HW), 

and 5-fluorowillardiine (FW) indicate endothermic processes (Figure 2.4 of the Supporting 

Information). The enthalpy change becomes progressively less favorable with decreasing 

electronegativity of the substituent [increasing ΔΔH (Figure 2.1,C)], with only NW having a 

favorable ΔΔH (−9 ± 1 kcal/mol). Conversely, at 20 °C, the entropic component of the 

displacement (−TΔΔS°) is favorable for all of the derivatives except NW. The favorability of the 

entropy of binding decreases as a function of electronegativity, with IW and HW having the 

largest increases. 
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Figure 2.1 Thermograms showing raw (top) and integrated (bottom) data for NW (A) and IW (B) 

displacement of glutamate from the GluA2 LBD at 20 °C. The molar ratio is the ratio of ligand to protein. 

Fits were performed as described by Sigurskjold et al.21 (C) Calculated ΔΔH, −TΔΔS°, and ΔΔG values for 

displacement of glutamate by the five willardiine derivatives. (D) Structures of the willardiine derivatives. 

The influence of substituent electronegativity on the thermodynamic parameters suggested that 

the differing pKa of the uracil ring, due to the different analogues in position 5, may affect the 
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thermodynamics of binding. While the pKa of all the halogenated uracils is 8, those of HW and 

NW are approximately 10 and 6, respectively.29,30 This means that willardiine and the 

halogenated analogues were, at physiological pH, in mostly uncharged (protonated) states 

(Figure 2A). NW, however, was in a mostly charged (deprotonated) state. The GluA2 LBD is 

well-behaved between pH 4 and 10, with minor changes in the NMR 1H–15N HSQC spectrum.9 

We tested the possibility that the charged state of the ligand could affect the enthalpy versus 

entropy distribution by changing the pH. Thus, binding of largely uncharged (protonated uracil 

ring) NW was examined at pH 4, and binding of largely charged (deprotonated uracil ring) HW 

was examined at pH 10. 

 

Figure 2.2(A) Ionization states of the uracil ring of NW. Similar ionization states are possible for the other willardiine 

derivatives. (B) Effect of a change in pH on the thermodynamic parameters for NW (left) and HW (right) at 10 °C. For 

both compounds, the pH at which the ionized state is favored is shown on the left and that for which the un-ionized state 

is favored is shown on the right. (C) Structure of the binding site, showing the direct interactions between NW and the 

GluA2 LBD [Protein Data Bank (PDB) entry 3RTW32]. (D) Structure of the binding site for NW showing the hydrogen 
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bonding network associated with the nitrogen at position 3 of the willardiine ring in the charged form (pH 6.5, PDB entry 

3RTW32). On the left is the structure and on the right a schematic. In the schematic, NW is colored blue, the protein 

black, and water green and the H-bonds are colored red. (E) Structure of NW bound to the GluA2 LBD obtained at pH 

3.5 (PDB entry 4Q30). At this pH, the ring is largely uncharged. The formatting of this panel is similar to that of panel D. 

Note the change in the H-bonding network. The potential H-bond between the hydroxyl of S654 and the uracil carbonyl is 

shown with a question mark because the distance between the two oxygens is relatively long, 3.5 Å, and the angle between 

this H-bond and the H-bond with the water is not favorable (80°). 

Unlike the case at pH 7.2, at pH 10, the displacement of glutamate by HW (approximately 80% 

deprotonated) was exothermic, with a favorable binding enthalpy of −5 ± 1 kcal/mol (Figure 2.2 

B, 10 °C). The ΔΔH at pH 10 is 14 ± 3 kcal/mol more favorable than at pH 7.2. Deprotonation, 

however, results in a −TΔΔS° that is less favorable by 14 ± 3 kcal/mol than at pH 7.2. This is a 

clear example of enthalpy–entropy compensation, where the interactions that result in a 

favorable enthalpy change result in an increased order of the system, and thus in an equivalent 

entropic cost (decrease). The compensation between enthalpic and entropic factors results in a 

negligible difference in ΔΔG° between the binding of protonated and deprotonated forms of 

willardiine. 

At pH 4, the uracil ring in NW is more than 97% protonated (uncharged). At this pH, the binding 

reaction is endothermic, unlike binding at pH 7.2, with a ΔΔH of 7 ± 1 kcal/mol (Figure 2.2 B). 

This is 10 kcal/mol less favorable than the binding at pH 7.2. However, at pH 4, the −TΔΔS° is 7 

± 2 kcal/mol more favorable than in the deprotonated form. Although there is also an enthalpy–

entropy compensation observed between the two pH values for NW, a decrease in the free 

energy of binding by 0.7 ± 0.3 kcal/mol is observed, with a lower binding affinity at pH 4. 

Because of the role of the side chain of E705 in the binding site (Figure 2.2 C–E), the decrease in 

affinity at pH 4 could be, in part, related to a partial protonation at this site. Nevertheless, the 
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data strongly indicate that, although pH is a minor determinant of ΔΔG° (and, thus, the KD of 

binding) of willardiine analogues, the distribution of entropy and enthalpy changes varies with 

the charged state of the uracil ring in a predictable way. In particular, a negatively charged state 

correlates with an exothermic binding enthalpy, while an uncharged state correlates with an 

endothermic binding enthalpy. This would suggest that for enthalpy optimization, the presence of 

a negative charge on the ligand as it interacts with lobe 2 would be preferred. This is consistent 

with the observed binding of other charged willardiines.12 

The temperature profile of the thermodynamic parameters can provide more detailed insight into 

the binding modes of these ligands. Within a narrow temperature range, the temperature 

dependence of ΔΔH is given by 

ΔΔH= ΔΔHo + ΔΔCp(T-To) 

where ΔΔHo is the binding enthalpy at an arbitrary reference temperature, To, and ΔΔCp is the 

heat capacity change of binding. The values of ΔΔCp are determined from the slope of a plot of 

ΔΔH versus temperature as shown in Figure 2.3. The interpretation of ΔΔCp is somewhat 

complex because it is based on a competition measurement. However, Madden and collaborators 

described the temperature dependence of ΔH for glutamate binding to the apo form in a related 

LBD (GluA4), and the ΔΔCp was −171 cal mol–1 K–122. In comparison, the ΔΔCp for NW 

binding relative to glutamate is more negative (−671 cal mol–1 K–1), suggesting that the ΔCp for 

NW binding relative to that of the apo form would be considerably more negative than for 

glutamate binding. This is consistent with burying polar groups upon binding. In addition, in 

comparison to the other willardiine derivatives used, NW has a negatively charged nitro group at 

position 5 and, as discussed above, the uracil ring is largely charged at physiological pH. Thus, 
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the uracil ring of NW is more charged than the other willardiines used or glutamate, consistent 

with its more negative change in heat capacity. For the other willardiines, which have largely 

uncharged uracil rings at physiological pH and have halogens or a proton at position 5, the 

temperature dependence of ΔΔH is similar to or less than that of glutamate alone, possibly 

suggesting that their ΔCp (relative to apo) is either near zero or slightly negative. Given the 

polarity of the binding site and the H-bonds formed by the uracil ring with lobe 2 of GluA2, the 

binding is unlikely to be driven by the hydrophobic effect, which predicts a positive ΔCp. 

Overall, because the binding of agonists and antagonists shows very consistent interactions with 

lobe 1, it is the interaction with lobe 2 that contributes to the thermodynamics of binding and the 

efficacy of a ligand. Like the pH effects described above, these results suggest that charged 

interactions with lobe 2 contribute to the optimization of the enthalpy of the reaction, particularly 

at physiological temperatures (extrapolating from the temperature dependence shown in Figure 

2.3. 
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Figure 2.3 Dependence of ΔΔH on temperature. 

While crystal structures of NW bound to GluA2 LBD differ little when the pH of the 

crystallization medium is changed from 6.5 (Figure 2.2 D) to 3.5 (Figure 2.2 E and Table 2.1 of 

the Supporting Information), the ITC results suggest that the binding interactions in the charged 

form differ significantly from those in the uncharged form. An extensive H-bonding network is 

present in which both the nitrogen at position 3 on the uracil ring and the α-amide are involved. 

A similar network is observed for all of the willardiine derivatives modified at position 5 and 

bound to GluA2or GluA314,31,32. A change in the configuration of the H-bond donors and 

acceptors could accommodate the charged and uncharged forms of the uracil ring (Figure 2.2, D 

vs Figure 2.2, E), maintaining a similar network. In the charged form (Figure 2.2, D), the H-bond 

between the willardiine and the hydroxyl of T655 may be stronger, perhaps giving rise to the 

more favorable enthalpy change. Additionally, the number of H-bonds formed by the hydroxyl 
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of S654 is expected to change with the charge state. If the uracil ring is charged, the hydroxyl of 

S654 forms two favorable H-bonds. However, when the uracil ring is uncharged, the H-bond 

with water seems favorable, but the H-bond shown with the ring carbonyl does not have a 

favorable angle or distance and may or may not be present, possibly reducing the enthalpy of 

binding at lower pH values. Although this is a complex experiment because it compares bound 

willardiine to bound glutamate, the glutamate reference state remains largely constant (for a 

given condition). Thus, the binding of the charged state of the willardiines may be expected to 

have a change in enthalpy more favorable than that of the uncharged state. Interaction with 

solvent may also affect the thermodynamics such that a portion of the enthalpic and entropic 

differences may well be associated with differences in the enthalpy and entropy of the 

interactions with water. 

Nevertheless, these results strongly suggest that the willardiine partial agonists can bind in either 

the charged or uncharged state of the uracil ring and provide a tool for showing how the enthalpy 

of binding can be optimized. The differences between the binding of the charged form of the 

uracil ring and the uncharged form are negligible in the crystal structure. Therefore, the 

difference is likely to arise, at least in part, from the increased strength of the H-bonding in the 

charged form that would stabilize the closed lobe form of the protein. This increases the enthalpy 

of binding at an entropic cost. 

Discussion 

A great deal of consideration has been given to strategies for the development of lead 

compounds for drug development. Although large hydrophobic drugs can be optimized to 

relatively high free energies of binding, the driving force is often a change in the entropy due to 
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the increase in the degrees of freedom of water when the hydrophobic surface is buried in the 

protein. This sometimes results in compounds with poor solubility and selectivity. In a number of 

cases (e.g., HIV protease inhibitors33 and statins34), optimizing binding enthalpy improved the 

affinity and selectivity. In the case of glutamate receptors, drugs targeting the agonist-binding 

site and the several allosteric sites have significant therapeutic potential. Of those drugs that act 

at the agonist-binding site, subtype selective antagonists may be more likely to have therapeutic 

efficacy for AMPA and kainate receptors, whereas partial agonists seem to have better 

therapeutic profiles for NMDA receptors.35 Our studies of willardiine partial agonists suggested 

that even when bound, the receptor exhibits considerable dynamics on the microsecond to 

millisecond time scale.36 The electronegativity of the substituent has been correlated with the 

affinity of the willardiine derivative, and the size of the substituent has been correlated with 

efficacy.14 Measurements of HD exchange,37 disulfide trapping experiments,38 and residual 

dipolar coupling measurements39 suggested that it is the stability of the fully closed lobe form 

that determines the efficacy of the partial agonist. For the halogenated willardiines, all of the 

previous studies were conducted below the uracil pKa, so that the uncharged form predominated, 

and the binding was driven largely by entropy.12 While the interaction with lobe 2 is clearly not 

hydrophobic, in the uncharged state, the H-bonds are not formed through charged interactions 

and are thus weaker than what one would see with, for example, the γ-carboxyl of glutamate. 

The work described here suggests that interactions with lobe 2 that are driven by charge lead to 

higher enthalpies of binding and lower entropy (possibly accompanied by lower dynamics in the 

ligand–receptor complex). This would suggest that in the future design of partial agonists for 

NMDA receptors or antagonists for AMPA and kainate receptors, an important consideration 

would be to build one or more charge interactions into the portion of the molecule that interacts 
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with lobe 2, taking into consideration transfer through the blood–brain barrier in the case of 

drugs targeted to the CNS. These results illustrate the power of ITC in combination with X-ray 

crystallography and NMR spectroscopy in improving our understanding of the important 

thermodynamic characteristics of ligand binding to this essential neurotransmitter receptor. 

Supplementary Material 

The main article examines the thermodynamics of the interaction of partial agonists with the 

GluA2 ligand-binding domain (LBD). In the supporting information, we provide thermograms 

and integrated data for the binding of derivatives not shown in the body of the paper at pH 7.2 

and 20°C (Figures 2.41), and provide the structural statistics for the crystal structure of GluA2 

LBD bound to nitrowillardiine (NW) at pH 3.5 (Table 2.1). 

 

Figure 2.4 Thermograms showing raw (top) and integrated (bottom) data for displacement of glutamate 

from GluA2 LBD at pH 7.2 and 20°C. 
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STRUCTURE 

Space Group         P22121 

Unit Cell (Å)         a=47.8 b=113.3 c=164.3 

X-ray source         CHESS (A1) 

Wavelength (Å)        0.977 

Resolution (Å)        50-2.03 (2.07-2.03) 

Measured reflections (#)       412588 

Unique reflections (#)       56635 

Data redundancy        7.1 (6.1) 

Completeness (%)        99.6 (97.7) 

Rsym (%)         13.5 (75.1) 

I/σi          25.3 (4.0) 

PDB ID         4Q30 

 

MODEL REFINEMENT STATISTICS 

Phasing         MR 

Molecules/AU        3 

Rwork/Rfree (%)        18.6/23.0 

Free R test set size (#/%)       1944 (3.4) 

Number of protein atoms       6002 

Number of heteroatoms       51 

Rmsd bond length (Å) .      007 
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Rmsd bond angles (°)        1.06 

 

Average B factors: 

Protein        23.3 ± 0.12 

Nitrowillardiine       18.3 ± 0.88 

Zinc         32.4 ± 3.7 

Water         32.4 ± 0.29 

 
Table 2.1 Structural statistics for the crystal structure of NW bound to GluA2 LBD at pH 3. 
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Chapter 3  

 

Determination of Ionization Effects and Protonation Events of 

Willardiine Partial Agonists with a Glutamate Receptor 

  



98 
 

AMPA receptors are important therapeutic targets1. They mediate the majority of rapid 

excitatory synaptic transmission in the vertebrate CNS, and their dysfunction is involved in many 

neuropathologies2. The AMPAR ligand binding domain is where agonist binding sends 

information that can be translated into channel opening. Thus, understanding how the forces that 

drive its complex formation with ligands is therapeutically relevant.  

The competitive binding of a series of 5-substituted willardiine analogues to the glutamate-

bound GluA2 LBD in cacodylate buffer, (CH3)2AsO2Na was used in conjunction with the 

thermodynamic characterization in chapter 2 to determine how differences in the protonation 

state of the LBD-ligand complexes affect the observed thermodynamic parameters of binding.  

There are no protonation differences between the LBD complexes with glutamate and 

analogues with highly electronegative substituents in their 5-position. However, the binding of 

willardiine and analogues with less electronegative substituents results in differences in the 

number of protonation and deprotonation events occurring within the protein-ligand complexes.  

Excision of the enthalpic contributions of buffer protonation from the observed enthalpy 

changes for binding shows that at 20oC there are no significant differences between the enthalpy 

of binding to glutamate and FW, while the binding of willardiine and the remaining halogenated 

analogues occurs at a similar enthalpic cost.  

Estimates suggest that at physiological temperature, 37oC, the competitive binding of 

willardiine and halogenated analogues is driven by favorable entropic change.  However, the 

additional electrostatic interactions possible by the nitro substituent result in a competitive 

binding driven by favorable enthalpic change and occurring at significant entropic penalty. 
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Introduction  

AMPA receptors are ligand-gated cation channels, and are responsible for most of the fast 

excitatory transmission in the vertebrate central nervous system3. They play multiple roles in 

neurotransmission, and their expression and trafficking is tightly regulated4. At the same time, 

AMPAR function, expression and trafficking are altered in many neurophathologies and diseased 

states5. Increasing our understanding of the functional properties and structural dynamics of 

AMPA receptors is necessary for the development of novel therapeutic compounds.  

Drug design relies on understanding the forces that drive the ligand-binding process. In addition 

to details about the structural dynamics of the interaction partners, this requires a detailed 

description of the thermodynamics of the binding process6. This information can be 

experimentally determined through the use of calorimetric techniques, like isothermal titration 

calorimetry (ITC)7. Through them it has been determined that the binding of glutamate to an 

AMPAR binding domain is an exothermic process, where both enthalpic and entropic 

components make significant contributions to the free energy of binding8. Further insight on the 

energetics of binding has been obtained through the use of willardiine derivatives9.  

Willardiine, S(−)-α-Amino-3,4-dihydro-2,4-dioxo-1(2H)-pyrimidinepropanoic acid, is a natural 

product that acts as a partial agonist for glutamate receptors. A range of agonists and antagonists 

have been synthesized through substitutions to its pyrimidine moiety10,11. Substituting the 

hydrogen in the 3-position of the pyrimidine ring with carboxybenzyl and carboxyethyl groups 

result in antagonists who’s binding to AMPARs is largely driven by favorable enthalpy 

changes12.  

At the same time, substitutions in the 5-position with halogens and other groups results in 

compounds with partial agonist activity10. Changes in the 5-position substituent of these partial 
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agonists lead to differences in the properties of the protein-ligand complex13–15. The stability of 

the bound complex, as well as the affinity, potency and efficacy of the ligand, vary with the 

electronegativity and size of the substituent13,16. This feature makes willardiine and its 5’-

substituted analogues useful probes for studying partial agonist action. 

The thermodynamic properties of these ligands are dependent on the protonation state of their 

uracil moiety, and thus on ligand pKa9. Deprotonation of the nitrogen position 3 on the uracil 

ring results in a protein-ligand complex with a more energetically favorable hydrogen bond 

complex and a more favorable enthalpic contribution to binding. 

We characterized the effects of 5-position willardiine substituents (F, Cl, I, NO2, H) on the 

thermodynamics characteristics of competitive binding in cacodylate buffer, (CH3)2AsO2Na to 

glutamate-bound GluA2 through ITC.  

Results were combined to those of binding in phosphate buffer under the same conditions, 

described in chapter 2, to determine the differences in protonation events between the LBD 

complexes bound to glutamate and the partial agonists, and the change in enthalpy of the 

competition binding process, ΔΔHbind.  

The elimination of buffer ionization contributions to the changes in enthalpy demonstrates 

that there is no enthalpic difference between the glutamate and FW-bound states, and little 

enthalpic difference between the LBD complexes with HW, IW, and CW. Each protonation 

difference from the glutamate-bound state contributed or subtracted 1 kcal/mol to the ΔΔHobs. 

There were no protonation differences between the glutamate, NW, and FW bound states, while 

there are differences of one proton in CW and IW bound states, and two protons for the HW 

bound form.  
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The thermodynamic parameters and heat capacity changes described in chapter 2 were used to 

estimate the thermodynamic properties of binding at physiological temperature. At 37oC, the 

competition binding of HW and the halogenated willardiines is driven by favorable entropy. The 

heat capacity differences between the glutamate-bound complex and those of HW and the 

halogenated analogues lead to higher binding affinities at 37oC than those measured at 20oC. The 

competitive binding of NW at 37oC is driven by large enthalpic change while incurring a large 

entropic cost. This may result in the free energy of binding that, unlike the other analogues 

studies, can be lower than that of binding at 20oC. Thus, the binding of NW at physiological 

conditions might occur with lower affinities than those determined at 20oC. 

Methods 

Protein Purification 

The gluA2 LBD construct consisted of residues N392-K506 and P632-S775 of the full rat 

GluA2-flop subunit with a glycine-threonine (GT) linker connecting K506 and P632, and a 

polyhistidine tag17. The DNA construct was inserted into a pet-22(+) plasmid and transformed 

into Origami B (DE3) E. coli. The protein was over-expressed by growing cultures of Origami B 

(DE3) E. coli at 37oC until they reached an OD600 of 0.7-1.0. At this point their temperature was 

lowered to 20oC and the culture flasks were supplemented with isopropyl-β-D-thiogalactoside 

(IPTG) to a final concentration of 0.5mM, and kept at this temperature for 22 hours. Cells were 

collected by centrifuging the cultures 4,000 rpm for 30 min. and were frozen at -20o C for 

storage.  

The frozen cells were thawed and resuspended in Tris/Mg buffer (20mM Tris, 5mM MgSO4, 

150mM NaCl, 1mM glutamate, pH 8) containing 1.25 mM PMSF, 25µg/mL DNAse, 50 µg/mL 
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lysozyme, and 125 µg/mL deoxycholate, then lysed by stirring at 4oC. The lysis supernatant was 

clarified by centrifugation for 30 mins. at 35,000 rpm and injected into a His-Trap nickel column 

(GE Healthcare) to separate the poly-histidine tagged GluA2 S1S2 from the supernatant. The 

protein was eluted using an imidazole gradient, and the protein was exchanged into a sodium 

acetate buffer (30mM NaOAc, 1mM EDTA, 1mM glutamate, pH 8, 2mM CaCl2). The 

polyhistidine tag was cleaved using thrombin digestion (2.5U/mg), and the protein purified using 

a HiTrap Sp HP ion exchange sepharose column (GE Healthcare). After purification, the protein 

was concentrated and dialyzed against phosphate (20mM sodium phosphate, 50 mM NaCl, 1mM 

EDTA, 1mM NaN3, pH 7.2) or cacodylate (20mM sodium cacodylate, 50 mM NaCl, 1mM 

EDTA, 1mM NaN3, pH 7.2) buffers, supplemented with 2-50µM glutamate. 

Determination of the Extinction Coefficient of GluA2 S1S2 by Thiol Quantitation 

Thiol quantitation (Thiol and Sulfide Quantitation Kit T-6060, Molecular Probes, and a 

methodology developed by Singh et al18,19, were used to determine the extinction coefficient at 

280nm, ε280, of GluA2 LBD, a protein with 4 cysteine residues. Quantitating the thiols of a 

protein solution and simultaneously determining its A280 allows the use of A= 𝜀[𝐶], where A is 

the absorbance of the sample, is the extinction coefficient, and [C] is the protein concentration, to 

obtain ε280.  

An L-cysteine thiol standard solution, calibrated using Ellman’s assay, was used to create a 

thiol standard curve. In the assay, the thiol groups in the L-cysteine solution reacted 

chromogenically with with 5,5’-dithiobis-(2-nitrobenzoic acid), DTNB to yield mixed disulfides 

and 2-nitro-5-thiobenzoic acid (TNB). The apparent A412 of the solutions was measured 

background corrected, then coupled to the TNB ε412, 13,600M-1cm-1, to determine the standard 

solution concentration.  
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The L-cysteine standard curve, GluA2 LBD, and control samples were exposed to a 

disulfide-inhibited derivative of papain. Thiol groups in the samples reduced the papain 

derivative and released the active enzyme stoichiometrically. This enzyme was used to hydrolyze 

an added substrate, Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride (L-BAPNA), at the bond 

between the arginine and p-nitroaniline groups.  

The A410 of the chromophore p-nitroaniline was measured for all samples, and the control 

samples were used to correct experimental values. The A410 of the L-cysteine standard curve 

samples were plotted as a function of L-cysteine concentration and a linear regression of the plot 

was used to obtain the thiol concentration of the GluA2 LBD sample from its A410. The thiol 

concentration was used to determine the protein concentration in the solution and the A280 from 

the protein solution were used to calculate the GluA2 LBD ε280, 58363.2 ± 0.1 M-1. 

Isothermal Titration Calorimetry (ITC) 

Competition binding experiments were conducted on a Microcal VP-ITC calorimeter. The 

competitive binding approach increases the consistency of the data by improving the stability of 

GluA2 LBD and avoiding errors due to incomplete glutamate removal. In this system, the 

glutamate-bound state of GluA2 LBD is considered the ground state, rather than the apo state.  

Phosphate and cacodylate were selected as experimental buffers for their low ionization 

enthalpies, and pKa. Willardiine and its derivatives were obtained from Tocris and Abcam 

Biochemicals. Stock solutions were made by solubilizing the ligand in cacodylate buffer and 

adjusting the pH. The experimental ligand solutions used the buffer from the protein dialysis or 

buffer exchange processes, reducing mismatch between the protein and ligand solutions.  

The GluA2 S1S2 concentration in the experimental cell ranged from 8-40 µM, and ligand 

concentrations were kept at 15-20 times the protein concentration. The experiments were 
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conducted using a reference power of 10 µcal/sec while the syringe rotated at 300 rpm. Each 

experiment typically consisted of 35 injections of 6 µL every 240 seconds where the calibrated 

cell feedback signal (µcal/s) was collected at 2s intervals. Controls were performed for each 

experimental condition by injecting the ligand under study into an experimental cell containing 

ITC buffer, using the same rates and volumes as the GluA2 LBD experiment. These controls 

minimize the effects of buffer mismatch and take into account any heat effect that arises from 

ligand dilution.  

Data Analysis 

Thermograms were analyzed using specialty Origin software. Control thermograms were 

subtracted from the experimental ones, and the resulting thermogram was used to determine the 

area under each injection. The resulting areas were plotted as a function of the molar ratio 

between the injected ligand and GluA2 LBD to obtain the binding isotherm. The areas derived 

from the first injection were not used during analysis, since they might have distortions due to 

diffusive mixing of the ligand in the tip of the syringe, or due to backlash error from the injector 

drive screw20. 

The binding isotherms were analyzed using a previously described competitive binding 

method21. It utilizes the mathematical description of competitive binding, where two ligands A 

and B compete for the binding site in protein P 22. 

Their binding equilibrium is described by: 

𝑃 + 𝐴 ⇌ 𝑃𝐴 and 𝑃 + 𝐵 ⇋ 𝑃𝐵,       (1)  

where ligands A and B have affinity constants of  

𝐾𝐴 = [𝑃𝐴] ([𝑃][𝐴])⁄  and 𝐾𝐵 = [𝑃𝐵] ([𝑃][𝐵])⁄ .     (2) 

The conservation of mass for this system is given by: 
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[𝑨]𝒐 = [𝑨] + [𝑷𝑨]         (3) 

[𝑩]𝒐 = [𝑩] + [𝑷𝑩]         (4) 

[𝑷]𝒐 = [𝑷] + [𝑷𝑨] + [𝑷𝑩]        (5) 

Substituting equation 2 into equations 3 and 4, one can obtain: 

[𝑷𝑨] =
[𝑷][𝑨]𝒐

𝟏 𝑲𝑨⁄ +[𝑷]
 and [𝑷𝑩] =

[𝑷][𝑩]𝒐

𝟏 𝑲𝑩⁄ +[𝑷]
       (6) 

The mole of species containing [P] is defined as   𝑥𝑃 = [𝑃] [𝑃]𝑂⁄ ,  𝑥𝑃𝐴 = [𝑃𝐴] ∕ [𝑃]𝑜, and 

𝑥𝑃𝐵 = [𝑃𝐵] ∕ [𝑃]𝑜 , while the molar ratios between the stoichiometric concentrations of the 

ligands and the protein are defined as 𝑟𝐴 = [𝐴]𝑜 [𝑃]𝑜⁄  and 𝑟𝐵 = [𝐵]𝑜 [𝑃]𝑜⁄ . The product of the 

stoichiometric protein concentration and the ligand binding constants are given by 𝑐𝐴 = 𝐾𝐴[𝑃]𝑜 

𝑐𝐵=𝐾𝐵𝑃𝑜. When these relations are substituted into equations 𝑷𝒐=𝑷+𝑷𝑨+𝑷𝑩   

=𝑷𝑨𝒐𝟏𝑲𝑨+𝑷 and 𝑷𝑩=𝑷𝑩𝒐𝟏𝑲𝑩+𝑷       (6) 

result in:  

𝒙𝑷 + 𝒙𝑷𝑨 + 𝒙𝑷𝑩 = 𝟏,         (7) 

𝒙𝑷𝑨 =
𝒓𝑨𝒙𝑷

𝟏 𝒄𝑨⁄ +𝒙𝑷
          (8) 

𝒙𝑷𝑩 =
𝒓𝑩𝒙𝑷

𝟏 𝒄𝑩⁄ +𝒙𝑷
          (9) 

𝒙𝑷𝑨=𝒓𝑨𝒙𝑷𝟏𝒄𝑨+𝒙𝑷          (8 and 

𝒙𝑷𝑩=𝒓𝑩𝒙𝑷𝟏𝒄𝑩+𝒙𝑷          (9 can 

be integrated into 𝒙𝑷+𝒙𝑷𝑨 + 𝒙𝑷𝑩 = 𝟏,        

 (7 to obtain 

𝟎 = [𝑷]𝟑 + 𝒂[𝑷]𝟐 + 𝒃[𝑷] + 𝑪        (10) 

where: 

𝒂 = 𝑲𝑨 + 𝑲𝑩 + [𝑨]𝟎 + [𝑩]𝟎 − [𝑷]𝟎       (11) 
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𝒃 = 𝑲𝑩([𝑨]𝟎 − [𝑷]𝟎) + 𝑲𝑨([𝑩]𝟎 − [𝑷]𝟎) + 𝑲𝑨𝑲𝑩     (12) 

𝒄 = −𝑲𝑨𝑲𝑩[𝑷]𝟎          (13) 

This cubic equation can be reduced by the substitution [P] = u - (𝑎 3⁄ ). This leads to the 

equation  

𝟎 = 𝒖𝟑 − 𝒒𝒖 − 𝒓,          (14) 

𝒒 = (
𝒂𝟐

𝟑
− 𝒃)          (15) 

𝒓 = −
𝟐

𝟐𝟕
𝒂𝟑 +

𝟏

𝟑
𝒂𝒃 − 𝒄         (16) 

To solve this equation we consider two numbers v and m where 𝑢 = 𝑚 + 𝑣 to obtain  

(𝑚 + 𝑣)3 − 𝑞(𝑚 + 𝑣) − 𝑟 = 0. This equation can be rearranged and turned into a quadratic 

function  𝑣6 − 𝑟𝑣3 + (
𝑞

3
)

3

= 0 whose solution is 𝑣3 =
𝑟

2
± √(

𝑟

2
)

2

− (
𝑞

3
)

3

. The discriminant of 

the solution, Δ, is given by: 

𝚫 = (
𝒓

𝟐
)

𝟐

− (
𝒒

𝟑
)

𝟑

          (17) 

Since (
𝑟

2
)

2

< (
𝑞

3
)

3

 the discriminant is less than zero, Δ < 0. When this occurs within a cubic 

 formula all the roots of the equations are real and the discriminant Δ is a complex 

number. The solution to the quadratic can be expressed as  𝑣3 =
𝑟

2
± √𝛥 , and since  √∆=

√(−∆) 𝑖, it can be expressed as 𝑣3 =
𝑟

2
+ √(−∆)𝑖. These are complex numbers of the form 𝑎 +

𝑏𝑖 and can be represented in trigonometric form as:  

𝒋(𝐜𝐨𝐬 𝝋 + 𝒊 𝐬𝐢𝐧 𝝋).         (18) 
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In this equation 𝒋 = √𝒂𝟐 + 𝒃𝟐, =
𝒓

𝟐
 , 𝒃 = √(−∆), 𝐜𝐨𝐬 𝝋 =  

𝒂

𝒋
 , and 𝐬𝐢𝐧 𝝋 =

𝒃

𝟒
. Therefore, 𝒋 =

√(
𝒒

𝟑
)

𝟑

, 𝐜𝐨𝐬 𝝋 =
𝒓

𝟐√(
𝒒

𝟑
)

𝟑
, and  

𝝋 = 𝐜𝐨𝐬−𝟏 (
𝒓

𝟐√(
𝒒

𝟑
)

𝟑
).         (19) 

Using de Moivre’s formula on equation 𝒋(𝐜𝐨𝐬 𝝋 + 𝒊 𝐬𝐢𝐧 𝝋).     

    (18 results in 𝑣 = 𝑗(
1

3
) (cos (

𝜑

3
) + 𝑖 sin (

𝜑

3
)). Since the real roots 

of v and m are equal, the three real roots of the equation are given by: 

𝒖𝟏 =
𝟐

𝟑
√(𝒂𝟐 − 𝟑𝒃) 𝐜𝐨𝐬 (

𝝋

 𝟑
)        (20) 

𝒖𝟐 =
𝟐

𝟑
√(𝒂𝟐 − 𝟑𝒃) 𝐜𝐨𝐬 (

𝟐𝝅−𝝋

 𝟑
)        (21) 

𝒖𝟑 =
𝟐

𝟑
√(𝒂𝟐 − 𝟑𝒃) 𝐜𝐨𝐬 (

𝟐𝝅+𝝋

 𝟑
)        (22) 

The roots of equation 𝟎= 𝒖𝟑 − 𝒒𝒖 − 𝒓,        

  (14 need to be examined to determine which are physically meaningful, taking 

into account the physical conditions of the system under study. Since 𝑢 = (𝑎 3⁄ ) + [𝑃] and [P] is 

the free protein concentration, [𝑃] = 𝑢 − (𝑎 3⁄ ) > 0, and roots must satisfy 𝑢 > 𝑚𝑎𝑥{𝑎 3⁄ , 0}. 

When the angle φ is between 0 and π/2 the cosine of u1 is positive while the cosine of u3 is 

negative. This is also the case when π/2 < φ < π. Therefore we can discard u3 as a physically 

relevant root. The root u2 has 𝜋 3⁄ < (2𝜋 − 𝜑) 3 < 2𝜋 3⁄⁄  for all values of φ. This means that 

the value of cos{(2𝜋 − 𝜑) 3⁄ } lies between -0.5 and 0.5. Whether the root is positive or negative 

depends on the value of a22. Since the root doesn’t satisfy 𝑢 > 𝑚𝑎𝑥{𝑎 3⁄ , 0} is not physically 
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meaningful and can be discarded from consideration. Therefore u1 is the only root that references 

the system under study.  

Since 𝑢 = 𝑚 + 𝑣 =
2

3
√(𝑎2 − 3𝑏)cos (

𝜑

3
),  

𝒙𝑷 = 𝒖 −
𝒂

𝟑
=

𝟐√𝒂𝟐−𝟑𝒃 𝐜𝐨𝐬(𝝋 𝟑⁄ )−𝒂

𝟑
        (23)  

𝝋 = 𝐜𝐨𝐬−𝟏 −𝟐𝒂𝟑+𝟗𝒂𝒃−𝟐𝟕𝒄

𝟐√(𝒂𝟐−𝟑𝒃)
𝟑

         (24) 

These are incorporated into equations 6 to obtain:  

[𝑃𝐴] =
[𝐴]𝑂{2√(𝑎2−3𝑏) cos(

𝜑

3
)−𝑎}

3𝐾𝐴+{2√(𝑎2−3𝑏) cos(
𝜑

3
)−𝑎}

 and [𝑃𝐵] =
[𝐵]𝑂{2√(𝑎2−3𝑏) cos(

𝜑

3
)−𝑎}

3𝐾𝐵+{2√(𝑎2−3𝑏) cos(
𝜑

3
)−𝑎}

.  

These relationships are used to fit the competitive binding isotherm. During a competitive 

binding ITC experiment, ligand A is injected into an experimental cell of volume Vo containing 

ligand B and protein P. The heat evolved after each injection is proportional to the changes in 

[PA] and [PB] and their own molar enthalpies, ∆HA and ∆HB. The observed heat, ΔQ, can be 

defined as  

∆𝑄 = 𝑉𝑜(∆𝐻𝐴∆[𝑃𝐴] + ∆𝐻𝐵∆[𝑃𝐵]) =  

∆𝑸 = 𝑽𝒐[𝑷]𝒐(∆𝒙𝑷𝑨∆𝑯𝑨 + ∆𝒙𝑷𝑩∆𝑯𝑩)       (25) 

Since the volume of the cell is constant, each injection causes a small volume of the solution 

in the experimental cell to be displaced. This results in the dilution of the species in the 

experimental cell. It is necessary to take this effect into account and incorporate it into the 

equation.  

For an injection volume Vi, the change in concentration of a molecular species X within the 

experimental cell upon an infinitesimal change in volume is given by 𝑑[𝑋] = (− 𝑑𝑉𝑖 𝑉𝑂⁄ )[𝑋].  
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Integrating the equation with [X] between the limits [X]i-1 and [X]i and Vi from 0 to Vi 

results in  

[𝑋]𝑖 = [𝑋]𝑖−1𝑒𝑥𝑝 (−
𝑉𝑖

𝑉𝑂
). Within this function, the exponential factor is the dilution factor for a 

single injection: 

𝒇𝒊 = 𝒆𝒙𝒑 (−
𝑽𝒊

𝑽𝒐
).          (26)  

After i injections, the total dilution factor is given by  

𝒇𝒕,𝒊 = 𝒆𝒙𝒑 (−
𝟏

𝑽𝑶
∑ 𝑽𝒋

𝒊
𝒋=𝟏 ).        (27) 

For an A concentration in the syringe of [A]s, the stoichiometric concentration of A in the 

experimental cell after i injection is given by: 

[𝑨]𝟎,𝒊 = [𝑨]𝒔(𝟏 − 𝒇𝒕,𝒊),         (28) 

while the corresponding stoichiometric concentrations of B and P are  

[𝑷]𝟎,𝒊 = 𝒇𝒕,𝒊[𝑷]𝑶          (29) 

and [𝑩]𝟎,𝒊 = 𝒇𝒕,𝒊[𝑩]𝑶         (30) 

These corrections is incorporated into ∆𝑸 = 𝑽𝒐[𝑷]𝒐(∆𝒙𝑷𝑨∆𝑯𝑨 + ∆𝒙𝑷𝑩∆𝑯𝑩)   

    (25 to 

yield 

∆𝑸𝒊 = 𝑽𝑶[𝑷]𝑨(∆𝑯𝑨{𝒙𝑷𝑨,𝒊 − 𝒇𝒊𝒙𝑷𝑨,𝒊−𝟏} + ∆𝑩{𝒙𝑷𝑩,𝒊 − 𝒇𝒊𝒙𝑷𝑩,𝒊−𝟏}) + 𝒒𝒅,  (31) 

the regression function for least squares fitting of ITC competitive binding isotherms. The 

term qd refers to the heat of dilution. This parameter is also determined by blank experiments 

where ligand A is injected into a buffer solution. This dual collection of the heat of dilution helps 

identify when there are differences between the interactions in the blank buffer solution and a 

concentrated solution of P, so it is used as an additional parameter in the regression analysis. 
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Equations 8, 9, 11-13, 23, 24, 26-31 were integrated into the Origin Function Definition File 

obtained from Sigurskjold et al, and are used in the regression analysis of the competitive 

binding data 21.  

For the experimental analysis, ligand A represents the willardiine analogue under study, 

while B represents the glutamate within the cell bound to GluA2 S1S2. The regression analysis 

uses the ligand and protein concentrations determined spectrophotometrically, and an association 

constant, KA, for glutamate of 1.0x106 M-1. Fitting of the binding isotherm yields the apparent 

enthalpy of binding ΔΔH, the KA of the willardiine analogue, and the binding stoichiometry n. 

These three values are used to determine the ΔΔGo and ΔΔSo of the experiment. In order to 

obtain the change in heat capacity, ΔΔCp, of the binding reactions at physiological pH the 

binding reactions were carried out at multiple temperatures.  

 

Results and Discussion 

Competition binding of a series of willardiine analogues to the glutamate-bound GluA2 LBD 

was examined through the use of isothermal titration calorimetry in cacodylate buffer at pH 7.2 

and 20oC. Since the experiments studied binding relative to the glutamate-bound form the 

thermodynamic parameters are expressed with the glutamate-bound form as the reference state 

(ΔΔH, -TΔΔS, ΔΔG, and ΔΔCp). 

The competitive binding of willardiine analogues in cacodylate buffer is similar to that in 

phosphate buffer 9,12. The binding of HW, FW, CW, and IW are endothermic processes white the 

binding of NW is exothermic (Figure 3.1).  

 



111 
 

Ligand 

ΔΔGo   

(kcal/mol) 

Kd (µM) n 

ΔΔHo 

(kcal/mol) 

Δ(-TΔS)o 

(kcal/mol) 

NW -8.6±0.3 0.3±0.2 0.96±0.02 -10.7±0.2 2.1±0.4 

FW -10.48±0.07 0.015±0.002 0.91±0.03 1.2±0.9 -12.1±0.1 

CW -7.08±0.04 5.3±0.3 1.06±0.04 5.6±0.6 -12.7±0.6 

IW -6.6±0.2 11±3 1.0±0.1 7.1±0.5 -13.8±0.6 

HW -7.1±0.3 5±2 0.9 3±1 -10.4±0.7 

Table 3.1 Thermodynamic parameters of competitive binding for willardiine analogues at pH 7.2, 20oC in cacodylate 

buffer. 

In the thermograms shown, initial injections of CW into the experimental cell required 0.3-

0.35 µcals/sec of power to maintain the cell at 20oC and injections of NW reduced the amount of 

power necessary by 0.8-0.9 µcals/sec. The thermodynamic parameters of the competition 

binding of these analogues are shown in Table 3.1. 

While the binding of HW, IW, CW, and FW is endothermic, there are large differences in 

their binding heats and other thermodynamic characteristics. 

The thermodynamic parameters of binding to glutamate-bound GluA2 LBD are shown in 

Table 3.. The binding affinity of the willardiine analogues varies with the electronegativity of the 

substituents with FW binding with the highest affinity and willardiine binding with the lowest. 

This trend is reflected in the free energy change (ΔΔGo) of the displacement of glutamate. The 

ΔΔGo of binding is always negative, meaning that the displacement reaction is energetically 

favored, and changes with the electronegativity of the substituents. 
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Figure 3.1 Thermogram and binding isotherm for the displacement binding of (A) NW and (B) CW at 20oC, pH 7.2 

in cacodylate buffer 

The free energy of binding is most favorable for FW, -10.48 kcal/mol, and lowest for IW, -

6.6 kcal/mol, With FW and NW having a more favorable change in free energy of binding than 

HW and the rest of the halogenated series. The differences between their individual 

thermodynamic profiles are more pronounced. 

With the exception of NW the displacement of glutamate by willardiine and its analogues 

comes at an enthalpic cost. The binding of HW is 3 kcal/mol less enthalpically favorable than the 

glutamate-bound complex. The fluoro substituent reduces the enthalpic cost of binding, but 

larger substituents like chloro and iodo increase the enthalpic cost (Figure 3.2).  
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The change in entropy, -TΔΔS, is favorable for the binding of willardiine and its analogues, 

with the exception of NW, whose competitive binding results in a –TΔΔS of 2.1 kcal/mol. The 

binding of HW is more entropically favorable than the glutamate-bound state by -10.4 kcal/mol.  

The entropic changes of FW and CW are similar and favorable -12.1 and -12.7 kcal/mol, 

respectively, while the presence of the larger iodo substituent increases the favorable enthalpic 

change by -13.8 kcal/mol.  

These parameters can be compared to those obtained in phosphate buffer, which were 

described in chapter 2. The competitive binding of HW has a different ratio of enthalpic and 

entropic contributions to the free energy of binding. The ΔΔHo
app  is 4 ± 2 kcal∙mol-1 more 

favorable than when binding in phosphate buffer (Table 3.2), but the -TΔΔSo
app is 3 ± 1 kcal∙mol-

1 less favorable, resulting in no significant difference, 0.3 ± 0.5 kcal∙mol-1
, between the ΔΔGo

app 

in the different buffers. The binding of NW in this buffer also results in little difference between 

the measured free energies of binding, but there is no significant difference between the 

enthalpic and entropic parameters of binding in cacodylate and phosphate buffers. 

 

Figure 3.2. Thermodynamic parameters of competition binding in phosphate (A) cacodylate (B) buffers. 
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The binding of halogenated analogues in cacodylate buffer results in different 

thermodynamic properties compared to the binding in phosphate buffer (Figure 3.2)9. . The 

binding of FW has an enthalpy change similar to that of binding in phosphate buffer and a -

TΔΔSo
app that is 1.4 ± 0.1 kcal∙mol-1 more favorable, resulting in a ΔΔGo

app that is 0.4 ± 0.2 

kcal∙mol-1 more favorable than that of binding in phosphate buffer. The binding of CW is 2.5 ± 

0.9 kcal∙mol-1 less enthalpically favorable and 2.3 ± 0.7 kcal∙mol-1 more entropically favorable, 

resulting in no statistical difference between the free energy of binding in each buffer. This is not 

the case for the binding of IW, where the ΔΔGo
app is 1.1 ± 0.4 kcal∙mol-1 less favorable than the 

one from binding in phosphate buffer. This arises from differences in entropic and enthalpic 

change, with as the binding if IW in cacodylate buffer has a ΔΔHo
app  the 2.0 ± 0.2 kcal∙mol-1 less 

favorable and a -TΔΔSo
app 1.02 ± 0.3 kcal∙mol-1 more favorable than binding in phosphate buffer.  

Protonation Events and Buffer Ionization Effects at 20oC 

Binding reactions are often coupled to changes in the protonation state of the system. When 

this happens, the measured heats contain the effects of the ionization of the buffer and any 

protonation and deprotonation events of the molecules involved in the binding interaction. This 

means that the contributions of these processes to the observed enthalpy change, ΔΔHobs depends 

on the ionization enthalpy of the buffer through: 

∆∆𝑯𝒐𝒃𝒔 = ∆∆𝑯𝒃𝒊𝒏𝒅 + 𝒏𝑯∆𝑯𝒊𝒐𝒏                                                                                         (32) 

where ΔΔHbind is the change in enthalpy arising from the binding reaction, nH is the number 

of protons that are released (nH > 0) or absorbed (nH < 0) by the buffer, and ΔHion is the 

ionization enthalpy of the buffer. Performing binding experiments using multiple buffers allows 

the determination of ΔΔHbind and the number of protons released or absorbed during the binding 
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process. ΔΔHbind includes the enthalpic contribution of the protonation and deprotonation 

processes of the protein complex while excluding the contribution of buffer ionization. This 

allows a clearer look at the effect of substituting the glutamate γ-carboxyl group with a uracil 

moiety, and how modifying the properties of its 5-position affect the energetics of ligand 

binding.  

To this effect, the thermodynamic parameters of binding in cacodylate and phosphate buffers 

at pH 7.2 and 20oC were used to determine the differences in nH and the changes in binding 

enthalpy in the absence of buffer ionization through the use of equation 32. The uncertainties of 

these results were determined through the propagation of error of all the experimental values. 

The phosphate buffer used in previous experiments has a ΔHion of 860 cal∙mol-1 while the ΔHion 

of cacodylate is -717 cal∙mol-1. The results are shown in Table 3.2 

 

ligand 

ΔΔHobs 

(kcal/mol) 

ΔΔHbind 

(kcal/mol) 

nH+ 

NW -10.7 ± 0.2 -10.1 ± 0.6 0.8 ± 0.8 

FW 1.2 ± 0.9 1 ± 1 -0.3 ± 0.6 

CW 5.6 ± 0.6 4.5 ± 0.7 -1.6 ± 0.6 

IW 7.1 ± 0.5 6.3 ± 0.5 -1.1 ± 0.3 

HW 3 ± 1 5 ± 1 2 ± 1 

Table 3.2. The observed enthalpy changes, ΔΔHobs, the change of enthalpy of competition binding , ΔΔHbind, and the 

number of protons exchanged with the buffering system, nH of the competition binding of willardiine analogues against 

glutamate. 
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The exchange of glutamate for HW results in the absorption of 2 protons from the protein-

ligand complex into the buffer. Buffer protonation contributes 2.1 kcal/mol to the ΔΔHapp of 

competitive binding in phosphate buffer, resulting in a ΔΔHbind of 5 kcal/mol. The nH for the 

competitive binding of NW is 0.8 kcal/mol, which is the same magnitude as the uncertainty of 

the calculation. While the competitive binding of NW might result in the absorption of one 

proton by the buffer, it is also likely no proton exchange takes place. The calculated ΔΔHbind is -

10.1 kcal/mol, which is within error of the ΔΔHapp.  

With a nH of -0.3 kcal/mol, the competition binding of FW results in no difference in 

protonation events than the glutamate-bound complex. The ΔΔHbind of FW results in no 

difference in protonation events than the glutamate-bound complex. The ΔΔHbind of FW is 1 

kcal/mol, making its enthalpy of binding the most similar to that of the glutamate bound state.  

CW and IW have an nH of -1.6 and -1.1 kcal/mol, respectively, indicating that the buffer 

absorbs a proton when the ligand binds to CW and IW. This absorption results in ΔHion of 

phosphate buffer ionization of ~ 1 kcal/mol for both binding reactions, and makes the ΔΔHapp of 

binding in this buffer more favorable than ΔΔHbind. Overall, each protonation or deprotonation 

event results in an enthalpy difference of ~1kcal/mol. 
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Figure 3.2. Effects of buffer protonation on ΔΔH values at pH 7.2 and 20oC. ΔΔHobs (blue) and ΔΔHbind (red) of 

competitive binding to willardiine analogues. 

The determination of protonation differences arising from the competitive binding of 

willardiine partial agonists shows that these events do not have a significant impact on the 

observed enthalpic changes. This means that the heat capacity changes determined in Chapter 2, 

ΔΔCp (obs), can be used to calculate the thermodynamic parameters of binding in other 

temperatures.  

Estimates of Binding Parameters at Physiological Temperatures 

As discussed in chapter 2, the thermodynamic properties of willardiine partial agonists are 

temperature dependent9. The effect temperature has on binding parameter varies by agonist 

(Figure 3.5). While NW binding is driven by favorable enthalpy, at 10 oC the binding is less 

enthalpically favorable and exhibits favorable entropic change. At 20 oC, the binding reaction is 

driven by favorable enthalpy and exhibits unfavorable entropic change. The temperature 

dependence of the binding parameters of the other willardiine analogues is less pronounced, but 
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still shows an increase in enthalpic favorability at higher temperatures, as well as a reduction in 

the magnitude of the entropic forces.  

 

Figure 3.3. Thermodynamic parameters of competitive binding of willardiine analogues as a function of temperature 

in phosphate buffer, pH 7.2, for: (A) HW, (B) NW, (C) FW, (D) CW, and (E) IW. Blue (dashed) and red (solid) lines 

represent fits to the data. Data was fitted with equation 33 for ∆∆H and 34 for ∆∆S. From the fit, values for ∆∆H0 and 

∆∆S0 were obtained. ∆∆H0 (kcal/mol): HW, -2.9 ± 0.1; NW, -17.4 ± 0.6; FW, -0.20 ± 0.03; CW, 1.2 ± 0.3; IW, 2.6 ± 0.3. 

∆∆S0 (kcal/(mol K)): HW, (2.0 ± 0.2) x 10-2; NW, (-3.0 ± 0.2) x 10-2; FW, (3.00 ± 0.02) x 10-2; CW, (3.0 ± 0.2) x 10-2; IW, (3.0 

± 0.1) x 10-2. 

These calculations use apparent enthalpies of binding and thus result in apparent heat 

capacity changes, which include effects stemming from buffer ionization and protonation. The 

results are listed in Table 3.3. All heat capacity changes were negative, which is common in 

systems where there is hydrophobic burial.  
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Ligand NW FW CW IW HW 

ΔΔCp 

cal∙mol-1∙K-1 

-670 ± 80 -50 ± 10 -100 ± 20 -100 ± 10 -200 ± 80 

Table 3.3. Heat capacity change for displacement binding of substituted willardiines to GluA2 LBD 

The binding of HW results in a larger ΔΔCp than any of the halogenated willardiines. The 

binding of FW results in a ΔΔCp of -50 cal∙mol-1∙K-1 while the binding of ligands with larger, 

less electronegative halogens results in twice the ΔΔCp. The largest ΔΔCp, -670 cal∙mol-1∙K-1, 

occurs upon binding to NW, and the large enthalpy-entropy compensation results in very similar 

ΔΔG across temperatures.  

The change in heat capacity can be used to estimate the ΔΔH of binding at other 

temperatures. 

Within a narrow temperature range, the temperature dependence of ΔΔH is given by:  

𝜟𝜟𝑯 = 𝚫𝚫𝐇𝐨 + 𝚫𝚫𝐂𝐩(𝐓 − 𝐓𝐨)                                                                                      33 

while the temperature dependence of ΔΔS is given by: 

∆∆𝑺 = ∆∆𝑺𝒐 + 𝜟𝚫𝑪𝒑 𝐥𝐧 (
𝑻

𝑻𝒐
)                                                                                           34 

where ΔΔHo and ΔΔSo are the binding enthalpy and entropy, respectively, at an arbitrary 

reference temperature To and ΔΔCp is the change in heat capacity of competitive binding. The 

uncertainty of the estimates was determined through the propagation of error of the uncertainty 

of the collected data.  

If protein denaturation occurs at temperature T there will be an additional heat associated 

with protein refolding affecting the heat of binding such that: 
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∆∆𝑯𝒐𝒃𝒔 =  ∆∆𝑯𝒃𝒊𝒏𝒅 + ∆∆𝑯𝒇𝒐𝒍𝒅                                                                                   35 

Where ΔΔHbind is the change in reaction enthalpy and ΔΔHfold is the change in the enthalpy 

of refolding between the glutamate- and willardiine analogue-bound LBD complexes. As the 

amount of unfolded protein increases with temperature, the ΔΔHfold contribution to ΔΔHobs 

increases. For this system, the contribution of the folding component to the observed enthalpy 

change is dependent on the difference between the melting point, Tm, of the glutamate-bound and 

analogue-bound complexes.  

Thermal stability studies have shown that GluA2 LBD complexes with glutamate, HW, and 

5-halogenated willardiine analogues have Tm > 37oC (Dr. Ahmed H. Ahmed, unpublished data), 

where the melting temperatures of the willardiine-bound complexes increase with increased 

electronegativity of the 5-substituent. These thermal properties suggest that any contributions 

from protein unfolding to the observed changes in the enthalpy of binding at physiological 

temperature, 37oC, are unlikely to be significant, and can be safely ignored in the determination 

of thermodynamic values at physiological temperatures.  

Estimates of ΔΔH and -TΔΔS at 37oC were calculated to better understand the 

thermodynamic properties of binding to GluA2 LBD at physiological temperatures (Table 3.4). 

At 37oC, the competition binding of HW is driven by favorable entropy. The heat capacity 

difference between the glutamate- and HW-bound complexes can lead to higher binding 

affinities at 37oC than those measured at 20oC (Figure 3.6). This is because the magnitude of the 

entropic penalty incurred at this temperature is more than compensated by a reduction of the 

enthalpic unfavorability of the reaction. 
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Ligand 
ΔΔHo

37 

(kcal/mol) 

-TΔΔSo
37 

(kcal/mol) 

ΔΔGo
37 

(kcal/mol) 

NW -21 ± 2 13 ± 1 -8 ± 2 

FW -0.2 ± 0.3 -10.4 ± 0.3 -10.6 ± 0.4 

CW 1 ± 1 -9 ± 1 -8 ± 1 

IW 3.6 ± 0.2 -11.9 ± 0.3 -8.3 ± 0.4 

HW 4 ± 2 -11 ± 2 -7 ± 2 
Table 3.4 Estimates of the observed thermodynamic parameters of competitive binding at 37oC  

Binding to the halogenated willardiine analogues at 37oC would result in similar changes in 

the thermodynamic binding properties, but their smaller ΔCp leads to smaller changes in their 

enthalpic and entropic change parameters across temperatures.  

 

Figure 3.4. Thermodynamic parameters of the competitive binding of willardiine analogues determined at 20oC (A) 

and estimated at 37oC (B) in phosphate buffer. 

The binding of NW produces the largest change in thermodynamic parameters across 

temperatures. While the binding at 10oC is driven mainly by favorable changes in entropic 

forces, relative to the glutamate-bound state, these changes become less favorable at 15oC, and at 

20oC the binding reaction is driven exclusively by enthalpic forces while incurring a small 

entropic cost. At 37oC the binding process will be driven by large enthalpic change, but will 

incur a large entropic cost. This may result in the free energy of binding that, unlike the other 
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analogues studies, can be lower than that of binding at 20oC. Thus, the binding of NW at 

physiological conditions might occur with lower affinities than those determined at 20oC.  

ligand 

ΔΔH37 (obs) 

(kcal/mol) 

ΔΔH37 (bind) 

(kcal/mol) 

NW -21±2 -21 ± 2 

FW -0.2±0.3 -0.2 ± 0.3 

CW 1±1 1.3 ± 0.7 

IW 3.6±0.2 3.5 ± 0.2 

HW 4±2 4 ± 2 

Table 3.5. Estimates of the differences in enthalpic change upon competitive binding at 37oC.  

Assuming that the protonation differences that occur during competition binding are not 

temperature dependent, one can use the heat capacity of the buffer system to determine the 

contribution of buffer ionization to the enthalpic changes of binding at physiological 

temperatures through the use of equation 33. This value can be incorporated into equation 32 to 

determine ∆∆𝐻𝑏𝑖𝑛𝑑
37  from ∆∆𝐻𝑜𝑏𝑠

37 . The comparison of these values is shown in Table 3.5, where 

the uncertainties of the estimates were determined through the propagation of the uncertainties of 

ΔΔHobs at 20oC, ΔΔCp, and nH. These calculations confirm that at physiological temperatures 

buffer ionization effects have a negligible contribution to the enthalpy changes of competitive 

binding.  

The displacement of glutamate by most willardiine partial agonists is driven, at RT and 

physiological pH, by favorable entropic change and occurs at enthalpic cost. The magnitude of 
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the differences with the glutamate-bound state is influenced by the hydrogen bonding properties 

and electronegativity of the 5-substituent. 

The competitive binding to willardiine analogues from a glutamate-bound state can involve 

changes in the protonation state of the protein-bound complexes and free ligands in solution. 

While the buffer gains protons after willardiine competitive binding, the addition of 5-

substituents to the ligand can result in the release of buffer protons into the protein-ligand 

complex or in no statistical difference between the protonation of the buffer in the glutamate and 

analogue-bound states. 

These protonation processes contribute to the enthalpic differences of the individual ligand-

bound states, as well as their changes in apparent heat capacity. However, the magnitude of the 

contribution of buffer ionization to these parameters is small, indicating that the bulk of the 

energetic differences that arise from protonation or deprotonation events are included in ΔΔHbind 

parameters. The characterization of heat capacity changes and protonation effects across 

different pH values would allow the determination of the energetics of protein-ligand protonation 

and deprotonation. These energetic contributions can be subtracted from ΔΔHbind to determine 

the intrinsic thermodynamic parameters of competition binding.  

The thermodynamic parameters of competition binding vary across temperatures, although 

there is little difference between the changes in free energy of binding. This variability is 

described by the change in heat capacity, ΔΔCp. ΔΔCp is negative for the competitive binding of 

all analogues. Halogen substituents decreased the magnitude of ΔΔCp, while substitution with a 

nitro moiety increased the magnitude by three times.  

Extrapolation of the thermodynamic parameters determined through the use of the change in 

heat capacity that competitive binding at 37oC may result in a decrease of enthalpic penalties for 
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the binding of willardiine and its halogenated analogues while decreasing the entropic 

favorability of binding to a lesser extent. The addition of a nitro moiety in the 5-position results 

in a ligand whose competitive binding at physiological temperatures may be driven by enthalpic 

forces and occur at significant entropic cost. 
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Chapter 4  

 

Concluding Remarks and Future Outlook 
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Research Summary 

This dissertation focused on the determination of the thermodynamic properties of competitive 

binding of a series of partial agonists to the ligand binding domain (LBD) of the AMPA receptor 

subunit GluA2 through the use of Isothermal Titration Calorimetry (ITC). This technique plays 

an important role in rational drug design, as it helps identify useful lead compounds and optimize 

their structure to improve their pharmacological properties.  

The thermodynamic information collected reflects the difference between the glutamate-GluA2 

LBD complex and those formed by the binding of willardiine analogues. The combination of the 

calorimetric information described in this dissertation with 3D structural information of the 

protein-ligand complexes has yielded insight into the energetic consequences of binding to 

AMPARs under a variety of conditions.  

The complexes formed by willardiine analogues at 20oC are more entropically favorable than 

those formed by glutamate. The pKa of the 3-position of the willardiine uracil moiety determines 

whether the binding reaction is exothermic or endothermic, and the favorability of the enthalpic 

contributions to the free energy of binding. When willardiine analogues have an h-bond acceptor 

in their 3-position they create a more energetically favorable H-bond network with lobe 2 within 

the binding cleft. These stronger interactions with lobe 2 could provide increased stability to the 

closed lobe forms of the protein, while increasing the enthalpy of binding at entropic cost.  

The complexes formed by willardiine binding have a more negative heat capacity than those of 

glutamate-LBD complexes. This is consistent with their burial of larger polar surfaces. While 

there are differences in the enthalpic and entropic parameters of binding across temperatures for 
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willardiine analogues with uncharged uracil moieties, binding of the analogue with a charged 

uracil moiety increases the magnitude of this difference in heat capacity, and leads to 

thermodynamic parameters of binding that change dramatically across temperatures. This results 

in a binding process driven at 10oC by favorable entropic and enthalpic contributions and driven 

at 37oC by large, favorable enthalpic forces while occurring at a large entropic cost.  

The excision of the buffer ionization effects from the enthalpic components of binding confirmed 

that the trends seen for the enthalpic contributions to the free energy of binding are due to 

changes in the energetic properties of the protein-ligand complexes, and not due to the 

contributions of the buffering system to the thermodynamics of binding.  

Determining the contribution of buffer ionization to observed enthalpic parameters of binding 

also allowed the determination of protonation differences between the LBD complexes with 

glutamate and the willardiine analogues. While binding of willardiine and its analogues with less 

electronegative substituents results in differences in protonation, ligands with more 

electronegative substituents yield complexes with no differences in protonation to those of the 

glutamate-bound complexes.  

Overall, these studies highlight the importance of hydrogen bonding arrangement on the 

thermodynamic properties of binding to AMPARs. It also illustrates how differences in the 

characteristics of LBD-ligand interactions are masked by enthalpy-entropy compensation, but 

can become apparent through the measurement of the enthalpic properties of binding.  
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Further Research  

Our understanding of the the energetic properties of binding to AMPAR LBDs could be 

further improved by further experimentation. Among these is studying the thermodynamic 

properties of binding to the apo LBD.  

These studies have been hampered by the lower stability of the apo protein, and the difficulty 

of removing all glutamate from the protein solution. The elimination of glutamate from the 

solution could be improved through digestion using immobilized enzymes. Proteins such as 

glutamate decarboxylase (GAD) have been immobilized and used to generate gamma-

aminobutyric acid (GABA)1. Using this technique would require assaying for conditions which 

can maintain GluA2 stability, the catalytic activity and efficiency of GAD, and ensure that there 

is no non-immobilized GAD before and after the digestion process. A possible drawback could 

be loss of activity after GAD reuse.  

Recent efforts to improve apo protein preparations increased construct stability by purifying 

the GluA2 LBD construct in L-aspartate2. Crystallization of the purified protein yielded a mixed 

dimer, with a glutamate-bound monomer, at lower aspartate concentrations. Similar purification 

schemes could be assayed to determine if they can improve the yield of apo preparations without 

selecting for LBD populations that have retained glutamate from the expression system.  

The thermodynamic parameters of the binding of glutamate to the apo state could provide 

information of the thermodynamics of the docking processes shared by glutamate and the ligands 

under study. They could also help determine the overall energetics of willardiine analogues 

binding to an empty binding domain.  
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Further analysis of the enthalpic properties of binding, and the differences between the 

protonation or deprotonation events between the glutamate and willardiine complexes is 

necessary in order to dissect the energetics of electrostatic interactions with the GluA2 LBD.  

The determination of the thermodynamic characteristics of binding across a range (> 3) of pH 

values in cacodylate and phosphate buffers would allow the determination of the pKa of 

protonation and deprotonation events responsible for the differences in nH at pH 7.2. The 

coupling of this information to structural data could pinpoint the molecular sources of these 

protonation differences3.  

Through the determination of nH at various temperatures one can also obtain the intrinsic 

difference in binding, ΔΔHint, and the proportion of ΔΔHbind contributed by protonation or 

deprotonation events. The determination of these parameters allows in turn the calculation of the 

enthalpic change of protonation or deprotonation of the glutamate-LBD and willardiine-LBD 

complexes.  

A deeper study of the effects of pH in the thermodynamic properties of binding may allow 

the dissect the energetics of electrostatic interactions behind the differences in protonation and 

deprotonation events, and shed light on how these differences might alter the h-bonding 

networks between the ligand and the residues within the binding cleft.  
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