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PREFACE 19	  

Nicotinic acetylcholine receptors are pentameric ligand-gated ion channels. These 20	  

receptors are present in the central and peripheral nervous systems where they mediate fast 21	  

synaptic transmission by allowing the flux of cations through the plasma membrane. The 22	  

heteropentameric α4β2 subtype is the most abundant nicotinic receptor in the brain and it’s the 23	  

focus of my dissertation project. This receptor is involved in learning, memory formation, mood, 24	  

attention and reward. Its dysfunction has been linked to neurodegenerative diseases and mental 25	  

illnesses including schizophrenia, Alzheimer’s disease, epilepsy, Parkinson’s disease and 26	  

nicotine addiction. Because of its key role in the brain and connection to diseases, I sought to 27	  



v	  
	  

understand the basic principles underlying gating, subunit assembly, ligand recognition and ion 28	  

selectivity of the human α4β2 nicotinic acetylcholine receptor. 29	  

I developed multiple biochemical and biophysical methods that enabled the 30	  

crystallization of the α4β2 receptor. The expression system and assay for stoichiometry I 31	  

developed are applicable to a broad range of soluble and membrane proteins. I leveraged these 32	  

methods to obtain crystals of the receptor that, after extensive optimization, diffracted X-rays to 33	  

beyond 4 Å resolution. This result provided the first high-resolution structure of a nicotinic 34	  

acetylcholine receptor. Co-crystallization with the agonist nicotine revealed principles of ligand 35	  

selectivity among the different classes of subunit interfaces; specifically, I was able to explain 36	  

high-affinity nicotine binding to the α-β subunit interfaces and its exclusion at β-β and β-α 37	  

interfaces. Nicotine stabilized the receptor in a non-conducting, desensitized conformation. I 38	  

showed that the constriction point in the permeation pathway was formed at the selectivity filter 39	  

located at the cytosolic end of the pore. In addition, I used the high-resolution structure as a 40	  

template to perform site-directed mutagenesis to examine the mechanisms of ligand recognition 41	  

and channel gating. I elucidated the ligand exclusion mechanism at the β-β and β-α interfaces 42	  

and proposed a potential role for these interfaces in the allosteric gating mechanism. In summary, 43	  

these structural and functional studies have provided information on the basic principles of the 44	  

high-affinity nicotine interactions, the architecture of allosteric sites and the permeation pathway, 45	  

principles of subunit assembly, and increase our understanding of the mechanism of channel 46	  

desensitization. 47	  

 48	  

 49	  
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the nicotinic acetylcholine receptors 
 

 

Other research groups have published the data presented in this chapter. 
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Ligand-gated ion channels 
 

Ligand-gated ion channels (LGICs), also known as ionotropic receptors, are 

transmembrane proteins that allow the flux of ions through the plasma membrane upon the 

binding of a chemical messenger including neurotransmitters1,2. The binding of chemical 

messengers opens a hydrophilic channel, passively conducting ions across the plasma membrane 

mediating numerous physiological processes. They are present in prokaryotic and eukaryotic 

organisms3. The physiological roles of the prokaryotic LGICs are still poorly understood. The 

majority of the prokaryotic LGICs have been characterized as a model system to study the 

eukaryotic homologs. However, a recent study described the role of voltage-gated ion channels 

in the coordination of biofilms via electrochemical communication suggesting, a similar role for 

prokaryotic LGICs4. Eukaryotic LGICs are activated upon the binding of neurotransmitters such 

as acetylcholine, serotonin, glycine, glutamate and γ-aminobutyric acid (GABA)3,5-7. Other 

chemical messengers such as Zn2+ and adenosine triphosphate (ATP)8,9  are also capable of 

activating eukaryotic LGICs. The LGICs are classified into three superfamilies based on their 

structure, pharmacology and sequence identity. They are named Cys-loop receptors10, ionotropic 

glutamate receptors6 and ATP-gated channels9 (Figure I.1 and Table I.1).   
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Figure I.1: Ligand-gated ion channels. 
 

 

 

Figure I.1: Ligand-gated ion channels. The ligand-gated ion channels are transmembrane 
proteins that allow the flux of ion through the plasma membrane upon the binding of a chemical 
messenger. They are classified into three major superfamilies named Cys-loop 
receptors, ionotropic glutamate receptors and ATP-gated channels. Each superfamily has a 
different structure, pharmacology and physiological role. 
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Table I.1: Nomenclature of the ligand-gated ion channels. 
 

Receptor family Subunit nomenclature Human gene name 
ATP-gated channels superfamily   
P2X P2X1 P2RX1 
 P2X2 P2RX2 
 P2X3 P2RX3 
 P2X4 P2RX4 
 P2X5 P2RX5 
 P2X6 P2RX6 
 P2X7 P2RX7 
Ionotropic glutamate receptors superfamily   
AMPA GluA1 GRIA1 
 GluA2 GRIA2 
 GluA3 GRIA3 
 GluA4 GRIA4 
Kainate GluK1 GRIK1 
 GluK2 GRIK2 
 GluK3 GRIK3 
 GluK4 GRIK4 
 GluK5 GRIK5 
NMDA GluN1 GRIN1 
 GluN2A GRIN2A 
 GluN2B GRIN2B 
 GluN2C GRIN2C 
 GluN2D GRIN2D 
 GluN3A GRIN3A 
 GluN3B GRIN3B 
Delta GluD1 GRID1 
 GluD2 GRID2 
Cys-loop receptors superfamily   
GABAA  α1 GABRA1 
 α2 GABRA2 
 α3 GABRA3 
 α4 GABRA4 
 α5 GABRA5 
 α6 GABRA6 
 β1 GABRB1 
 β2 GABRB2 
 β3 GABRB3 
 γ1 GABRG1 
 γ2 GABRG2 
 γ3 GABRG3 
 δ GABRD 
 ε GABRE 
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 θ GABRQ 
 π GABRP 
 ρ1 GABRR1 
 ρ2 GABRR2 
 ρ3 GABRR3 
Nicotinic acetylcholine  α1 CHRNA1 
 α2 CHRNA2 
 α3 CHRNA3 
 α4 CHRNA4 
 α5 CHRNA5 
 α6 CHRNA6 
 α7 CHRNA7 
 α8 CHRNA8 
 α9 CHRNA9 
 α10 CHRNA10 
 β1 CHRNB1 
 β2 CHRNB2 
 β3 CHRNB3 
 β4 CHRNB4 
 ε CHRNE 
 δ CHRND 
 γ CHRNG 
Glycine α1 GLRA1 
 α2 GLRA2 
 α3 GLRA3 
 α4 GLRA4 
 β GLRB 
5-HT3 5-HT3A HTR3A 
 5-HT3B HTR3B 
 5-HT3C HTR3C 
 5-HT3D HTR3D 
 5-HT3E HTR3E 
Zinc-activated ZAC ZACN 
 

Table I.1: Nomenclature of the ligand-gated ion channels. The ligand-gated ion channels are 
classified based on their structure, pharmacology and sequence identity (Figure I.1)11.  Each 
superfamily has different classes of receptors that exhibit specific pharmacology and channel 
conductance. 
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Extracellular ATP activates the cell surface ATP-gated ion channels (P2X) allowing the 

flux of cations through the plasma membrane. They are expressed in a wide range of human cells 

including neurons12,13, muscle14, glia15 and macrophages9,16. They mediate fast synaptic 

transmission in the central and peripheral nervous systems, mainly in the autonomic nervous 

system. They are also known to mediate a diverse range of physiological processes, for example, 

smooth and skeletal muscle contraction9,14,17, apoptosis18,19, macrophage activation20, and 

nociception21,22. The activation of the P2X receptors in the central nervous system regulates the 

trafficking of ionotropic glutamate receptors to the cell surface via Ca2+ flux. Meanwhile, in the 

peripheral nervous system, the P2X receptors are critical for the initiation of action potentials 

upon the binding of extracellular ATP released from taste buds, chemoreceptors and urothelium9. 

The P2X receptors have been found to play an important role in the immune response. The 

activation of P2X receptors in immune cells triggers the release of pro-inflammatory cytokines 

mediating the innate immune response20. 

This superfamily has seven different subunits termed P2X1-P2X7 (Table I.1)11. The P2X 

receptors assemble as homo or heterotrimers where each subunit requires the binding of ATP in 

the extracellular domain for activation23. Each subunit has a short intracellular N-terminal 

domain, two transmembrane α-helices (TM1-TM2), an extracellular ligand-binding domain 

between the two transmembrane α-helices, and a short intracellular C-terminal domain (Figure 

I.2)24. In addition to ATP, the P2X receptors can be activated by other chemical compounds with 

a similar chemical composition such as BzATP9 and meATP25. The P2X receptors have been 

linked with multiple pathological conditions in the cardiovascular, respiratory, gastrointestinal 

and urinary systems26,27. They are potential molecular targets to treat pain, cystic fibrosis, dry 
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eye, irritable bowel syndrome, interstitial cystitis, dysfunctional urinary bladder and cancer26,27. 

They are also used to treat infections such as the African sleeping sickness and river blindness 

with the competitive antagonist suramin28. 

Figure I.2: High-resolution structure of the P2X receptor. 
 

 

 

Figure I.2: High-resolution structure of the P2X receptor. a, View parallel to the plasma 
membrane. The P2X receptors (PDB code: 5XW6)24 are trimeric ion channels. Each chain of the 
homotrimeric receptor is colored differently. ATP binds to the extracellular domain opening the 
ion pore. b, View perpendicular to the plasma membrane looking from the extracellular side. c, 
Orientation as in a of the individual subunits. Each subunit has a short intracellular N-terminal 
domain, a transmembrane domain formed by two α-helices, an extracellular ATP-binding 
domain between the two transmembrane α-helices (TM1-TM2), and a short intracellular C-
terminal domain. 

 

The ionotropic glutamate receptors (iGluRs) are tetrameric ligand-gated ion channels that 

respond to the neurotransmitter glutamate, which mediates the majority of the excitatory 

responses in the central nervous system6,7. Upon glutamate binding, the receptors allow the flux 
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of cations transmitting the action potential in the postsynaptic neurons. The iGluRs are classified 

into four different families including the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, N-methyl-D-aspartate (NMDA) receptors, delta receptors and kainate 

receptors (Table I.1)11,29-31. The AMPA, NMDA and kainate receptors were named after their 

unique ability to bind the agonists AMPA32, NMDA33 and kainate34, respectively. The activation 

of the AMPA and kainate receptors requires the binding of only glutamate. Meanwhile, the 

NMDA receptors require the binding of both glutamate and glycine for activation35. The natural 

neurotransmitter of the delta receptors is still unknown. Studies have suggested that it binds the 

amino acids glycine and serine with no successful activation36,37.  The NMDA receptors are the 

largest family composed of seven subunits termed GluN1, GluN2A-D and GluN3A-B. Kainate 

receptors form the second largest family with five subunits termed GluK1-5. They are followed 

by the AMPA receptors, which have four subunits termed GluA1-4. Lastly, the delta receptors 

have only two subunits termed GluD1-2. The iGluRs can assemble as homo or heterotetramers. 

All subunits have a conserved architecture where they have an extracellular N-terminal domain, 

a ligand-binding domain, four transmembrane α-helices (M1-M4), and an intracellular C-

terminal domain (Figure I.3)38. 
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Figure I.3: High-resolution structure of the AMPA receptor. 
 

 

 

Figure I.3: High-resolution structure of the AMPA receptor. a, View parallel to the plasma 
membrane. The AMPA receptors (PDB code: 3KG2)38 are tetrameric ion channels. Each chain 
of the homotetrameric receptor is colored differently. Glutamate binds to the extracellular ligand-
binding domain. b, View perpendicular to the plasma membrane looking from the extracellular 
side. c, Orientation as in a of the individual subunits. Each subunit has an extracellular N-
terminal domain, an extracellular ligand-binding domain, four transmembrane α-helices (M1-
M4), and a short intracellular C-terminal domain. 

 

The AMPA and NMDA receptors are important for the synaptic plasticity in the 

postsynaptic terminals, which is essential for memory formation and learning39-42. Long-term 

potentiation (LTP) is one of the most crucial and widely studied forms of synaptic plasticity in 

the nervous system. LTP requires two main components: 1) the release of glutamate from the 

presynaptic terminal and 2) the depolarization of the postsynaptic terminal. Glutamate activates 

the postsynaptic AMPA receptors allowing the flux of Na+ depolarizing the postsynaptic 
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terminal. The depolarization of the postsynaptic terminal displaces the extracellular Mg2+ 

blocking the ion channel of the NMDA receptors allowing the flux of Na+ and Ca2+ inside the 

cell. The flux of Ca2+ into the postsynaptic terminal increases the trafficking of AMPA receptors 

to the cell surface, increasing the excitatory postsynaptic potential (EPSP)43,44. The Ca2+ entry 

also triggers phosphorylation of the Ca2+/calmodulin-dependent protein kinase II (CaMKII)45,46, 

which phosphorylates AMPA receptors, increasing their single-channel conductance. The 

AMPA and NMDA receptors are also involved in long-term depression (LTD)47. The activation 

of NMDA receptors from low-frequency signals promotes the endocytosis of AMPA receptors, 

reducing the EPSP43,48. Because of their essential role in the central nervous system they have 

been linked with multiple neurodegenerative disease and disorders including Alzheimer’s 

disease47,49, Huntington’s disease50, schizophrenia48,51 and depression52,53. 

The kainate and delta receptors are the less well-characterized families of the iGluRs. The 

kainate receptors are present in the central nervous system. They act as modulators of synaptic 

transmission and neuronal excitability54-56. The kainate receptors are known to induce and 

propagate seizures making them a model system to study the physiological processes of this 

disorder57,58. The delta receptors are predominately expressed on the Purkinje cells in the 

cerebellum where they are essential for synaptogenesis and motor coordination59,60. Mutations of 

these receptors are known to cause ataxia61 and abnormalities in the neuronal embryogenesis62.   

The Cys-loop receptors are pentameric ligand-gated ion channels. They are named after a 

characteristic loop in the N-terminal domain formed by a conserved disulfide bond. They 

comprise five different families including the nicotinic acetylcholine receptors (nAChRs), 

serotonin type-3 receptors (5-HT3Rs), γ-aminobutyric acid receptors (GABAARs), glycine 

receptors (GlyRs) and zinc-activated ion channels (ZAC). More than 40 different coding genes 
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have been identified and classified into their corresponding family based on their pharmacology 

and sequence identity (Table I.1)3,11. The GABAAR family is the largest family, with 19 known 

subunits termed α1-α6, β1-β3, γ1-γ3, δ, ε, θ, π and ρ1-ρ3. It is followed by the nAChRs with 17 

known subunits termed α1-α10, β1-β4, γ, δ and ε. The 5-HT3Rs and GlyRs each have five 

known subunits. The 5-HT3R subunits are termed A-E and the GlyRs are termed α1-α4 and β. 

Finally, there is only one known subunit for the ZAC, which is the least characterized member of 

this superfamily.  

The Cys-loop receptors are classified as cationic or anionic channels10,63. The cationic 

channels mediate excitatory responses and anionic channels mediate inhibitory responses. The 

nAChRs, 5-HT3Rs and ZAC are cationic channels, while the GABAARs and GlyRs are anionic 

channels. The Cys-loop receptors can assemble as homo or heteropentamers resulting in different 

subtypes with unique subunit assembly, pharmacology, ion selectivity and channel kinetics. The 

majority of the human subtypes assemble as obligate heteropentamers. The Cys-loop receptor 

subunits have a conserved architecture. They have an extracellular N-terminal ligand-binding 

domain, four transmembrane α-helices (M1-M4), and an extracellular C-terminal domain (Figure 

I.4)64,65. The neurotransmitter binds to subunit interfaces in the N-terminal domain66,67. Because 

of their ubiquitous expression in neurons, they play an important role in the central and 

peripheral nervous systems. They contribute to the sensory and motor processing, pain, reward, 

anxiety, emotions, mood, attention, synaptic plasticity, central autonomous control, memory 

formation, learning, sleep, wakefulness and cognition3,10,68. In addition to being predominately 

expressed in the nervous system, Cys-loop receptors are present in other cell types such as 

keratinocytes69,70, adipocytes71, glial72 and macrophages73,74. They are known to facilitate 
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different signaling processes in the nervous, digestive, muscular, circulatory, respiratory and 

immune systems68,73,74. 

Figure I.4: Subunit architecture. 
 

 

 

Figure I.4: Subunit architecture. Each subunit contains an extracellular N-terminal ligand-
binding domain, four transmembrane α-helices (M1-M4), and an extracellular C-terminal 
domain. The extracellular N-terminal domain contains the “cys-loop”, which is a conserved 
disulfide bond in the superfamily. The yellow hexagons represent N-glycosylation modifications 
in the extracellular domain.  The M2 α-helices align to form the ion pore. There is a long and 
poorly conserved intracellular loop between the M3 and M4 α-helices, which is involve cell 
trafficking. 

 

GABA is the principal inhibitory neurotransmitter in the central nervous system75-77. The 

activation of the GABAA receptors allows the flux of Cl- through the plasma membrane, 

hyperpolarizing the neurons. The hyperpolarization causes an inhibitory effect on the neurons 

reducing the chance of a successful action potential.  Each GABAAR subtype exhibits a unique 
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pharmacology and channel conductance. They are the molecular target for benzodiazepines, 

which are a class of anesthetics and muscle relaxing drugs78,79. The benzodiazepines bind to an 

allosteric site at the subunit interface activating the receptor and potentiating the 

hyperpolarization of the neuron. In addition, GABAA receptor dysfunction has been implicated 

in mental disorders and diseases including epilepsy80,81, schizophrenia82,83 and Alzheimer’s 

disease84. Glycine is another inhibitory neurotransmitter widely used in the central nervous 

system, mostly in the spinal cord and brainstem85. Similar to the GABAARs, the activation of the 

GlyRs hyperpolarizes the neurons by allowing the flux of Cl- through the plasma membrane. The 

GlyRs can be activated by several amino acids or derivatives such as glycine, alanine, serine, 

sarcosine and taurine86,87. Strychnine is a well-known competitive antagonist, which is 

commonly used as a pesticide88. High doses of strychnine are toxic resulting in muscle 

convulsions and eventually death via asphyxia. Also, several mutations in the GlyRs have been 

linked with hyperekplexia89,90. The GABAA and glycine receptors are essential for the inhibitory 

responses in the brain and are important molecular targets for neurological disorders including 

the convulsant disorders, anxiety, insomnia, pain and neurodegeneration. 

The 5-HT3Rs mediate fast excitatory transmission in the central and peripheral nervous 

systems91. These receptors are mostly present in the amygdala, hippocampus and visual cortex92-

94. They are permeable to K+, Na+ and Ca2+, which depolarize the neurons increasing the chance 

of a successful action potential95,96. Dysfunction of these receptors causes anxiety, nausea and 

vomiting, making the 5-HT3Rs a molecular target to reduce or prevent the side effects of 

chemotherapy98,99. ZACs are also permeable to cations facilitating the depolarization of 

neurons8,97. They are found in the brain and spinal cord where their natural ligand is Zn2+ but can 

also be activated by protons and copper98. Because of the lack of characterization, ZAC 
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pharmacology and biomedical implications remain poorly understood. However, the importance 

of zinc and copper in the nervous system has been well documented99-101.   

Acetylcholine is one of the most widely used neurotransmitters for fast excitatory 

transmission in the nervous system68,102,103. Acetylcholine binds the nAChRs allowing the flux of 

K+, Na+ and Ca2+ initiating an intracellular response. The nAChRs are involved in learning and 

memory formation104,105, muscle contraction106,107, mood108, attention109,110 and reward111,112. The 

nAChRs have a diverse repertoire of homo and heteropentameric subtypes that exhibit unique 

pharmacology and channel conductance68. In addition, multiple heteropentameric subtypes can 

assemble in different subunit ratios modifying their ligand affinity and ion permeability113-115. 

They have been linked to congenital and neurodegenerative pathologies. Multiple mutations have 

been characterized to cause congenital diseases including myasthenia gravis116,117, frontal lobe 

epilepsy118,119 and autism120. In addition, their dysfunction has been associated with 

neurodegenerative diseases and disorders such as schizophrenia121,122, Alzheimer’s disease123,124, 

Parkinson’s disease125,126 and addiction127,128. The nAChRs where the first cell-surface receptors 

to be discovered and at present, are one of the most widely studied129. For decades, they have 

been used as a model system to characterize the atomic-scale mechanisms of the Cys-loop 

receptor superfamily. Also, they have been used to develop novel methods to study the LGICs. 

The purpose of this study is to determine the first high-resolution structure of a nAChR and the 

first high-resolution structure of a heteropentameric Cys-loop receptor. Furthermore, I aimed to 

use the structure as a template to understand the atomic-scale mechanisms such as gating, 

subunit assembly, ligand recognition and ion selectivity. 
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Nicotinic acetylcholine receptors 
 

The nicotinic acetylcholine receptor is the prototypical member of the Cys-loop receptor 

superfamily. Nicotinic receptors are non-selective cation channels that mediate fast excitatory 

transmission in the neuromuscular junction, autonomic ganglia and brain3,68. Acetylcholine binds 

to the subunit interface reorganizing the extracellular and transmembrane domains allowing the 

flux of K+, Na+ and Ca2+ through the plasma membrane triggering an intracellular response. In 

addition, the high permeability of several subtypes to Ca2+ can initiate metabolic responses130. 

The 17 known subunits assemble as homo or heteropentamers, creating a diverse repertoire of 

subtypes with a unique structure, pharmacology, ion selectivity, channels kinetics and tissue-

specific expression. In addition, heteropentameric subtypes can assemble using different subunit 

ratios, resulting in multiple functional stoichiometric species that exhibit different ligand 

affinities and channel conductances114,131. Homopentamers have five identical neurotransmitter 

binding sites66. The heteropentamers have two identical binding sites where several subtypes 

capable of assembling in different subunit ratios can form an additional low-affinity binding 

site132.    

The nAChRs are classified into two types: muscle and neuronal (Figure I.5). The muscle 

nicotinic receptor is an obligate heteropentamer located at the neuromuscular junction68. The 

receptor assembles in a 2:1:1:1 subunit ratio forming two functional stoichiometric species133. 

The (α1)2β1δγ assembly is present in the fetus and electric organs of electric rays64. The 

(α1)2β1δε assembly is present in the adult skeletal muscle. This receptor amplifies the 

electrochemical signals transmitting from the motor neurons to the muscle fibers, causing muscle 

contraction. The muscle nicotinic receptor was the first cell-surface receptor to be discovered129, 
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purified134 and observed via electron microscopy135. For decades, it has been used as a model 

system to characterize the structure, pharmacology and channel conductance of LGICs. The 

muscle receptor has been linked with myasthenia gravis, a muscular disorder caused by a 

deficiency in the communication between the motor neurons and skeletal muscle116,117. The 

muscle receptor is also the main molecular target for high-affinity α-neurotoxins. α-Neurotoxins 

are competitive antagonists produced by snakes that cause paralysis, respiratory failure and 

eventually death. One of the best characterized is the α-bungarotoxin, which is one of the main 

components of the Bungarus multicinctus snake venom136. 

Figure I.5: Nicotinic acetylcholine receptors. 
 

 

 

Figure I.5: Nicotinic acetylcholine receptors. Nicotinic acetylcholine receptors are classified 
into two types: muscle and neuronal. The muscle receptor is an obligate heteropentamer that can 
assemble in two distinctive stoichiometric species, swapping the fifth subunit (ε/γ). The neuronal 
types can assemble as homo or heteropentamers. They are located in the central (CNS) and 
peripheral nervous systems (PNS). The yellow triangles represent the neurotransmitter binding 
sites. W= α4, β2, α5 and β3, Z= α3, β4, β2, α5 and β3.  
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The majority of the nicotinic acetylcholine receptor subtypes are classified as neuronal 

(Figure I.5). The neuronal receptors can assemble as homo or heteropentameric receptors. The 

homopentameric receptors are formed by one type of subunit, assembling in a (5)1 subunit ratio. 

The heteropentameric subtypes can assemble in 2:3, 3:2 or 2:2:1 subunit ratios. The α7 and α4β2 

subtypes are the most abundant nicotinic acetylcholine receptors in the brain. They play a key 

role in the cognitive functions68. These receptors are predominately expressed in presynaptic 

neurons, where their high-permeability to cations promotes the release of neurotransmitter to the 

postsynaptic terminal (Figure I.6). The α7 receptor has a unique high-permeability for Ca2+ that 

is sufficient to promote the release of neurotransmitter, while the α4β2 receptor depolarizes the 

presynaptic neuron, activating the voltage-gated Ca2+ channels and thereby modulating the 

release of neurotransmitter. The α7 receptor is also known for its extremely fast desensitization 

and expression in non-neuronal cell types such as macrophages and lymphocytes68. The α7 

receptor modulates the immune response promoting the release of inflammatory cytokines upon 

infection74,137. This subtype has been implicated with Alzheimer’s disease123, dementia138 and 

schizophrenia121,139. Because of its link to these neurodegenerative diseases and disorders, 

multiple therapeutics have been developed to improve the cognitive functions of patients.  
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Figure I.6: Synapse between a presynaptic and postsynaptic neurons. 
 

 

 

 

Figure I.6: Synapse between a presynaptic and postsynaptic neurons. The α4β2 nicotinic 
receptors (red cartoon) are located in the presynaptic neuron, where they are activated upon the 
binding of the neurotransmitter acetylcholine (blue star). The flux of cations depolarizes the cell 
promoting the release of neurotransmitter to the postsynaptic terminal. The yellow hexagons 
represent the postsynaptic receptors. 

 

The heteropentameric α4β2 subtype is the most abundant nicotinic acetylcholine receptor 

in the brain68 and is the focus of my dissertation research. It exhibits a high affinity for agonist 



38	  
	   	  

	  
	  

and a slow desensitization. This heteropentameric receptor can assemble in two different subunit 

ratios, resulting in two functional species that have different affinities for ligands and different 

channel properties (Figure I.7)113,114,131. The (α4)3(β2)2 assembly has a low affinity for agonists 

and high Ca2+ permeability, while the (α4)2(β2)3 assembly has a high affinity for agonists and 

low Ca2+ permeability. Both of these assemblies are found in the brain140-142. The (α4)2(β2)3 

assembly has two identical neurotransmitter binding sites at the α-β interfaces, and the (α4)3(β2)2 

assembly has an additional low-affinity binding site at the α-α interface132. Its dysfunction has 

been linked to neurodegenerative diseases and mental illnesses including schizophrenia122,143, 

Alzheimer’s disease121,122, frontal lobe autosomal epilepsy118,119, autism120, Parkinson’s 

disease125,126 and nicotine addiction127,128. In addition, the imbalance of both assemblies in the 

brain is linked to nicotine addiction144,145. The α4β2 subtype is the primary molecular target for 

nicotine in the brain where it binds with high affinity. Nicotine activates the α4β2 receptors, 

increasing the action potential firing rate and releasing dopamine, the first step in the initiation of 

nicotine addiction. In addition, nicotine crosses the plasma membrane acting as a chemical 

chaperone for the (α4)2(β2)3 assembly increasing its expression in smoker’s brain144 . 
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Figure I.7: Different stoichiometric species of the α4β2 nicotinic acetylcholine receptor. 
 

 

 

Figure I.7: Different stoichiometric species of the α4β2 nicotinic acetylcholine receptor. 
Representation of the two functional assemblies of the α4β2 nicotinic receptor. Both assemblies 
are present in the brain. The two different assemblies have different affinities for ligands and 
different channel properties. The 3α2β assembly has a low affinity for agonists and high Ca2+ 
permeability, while the 2α3β assembly has a high affinity for agonists and low Ca2+ permeability. 
The yellow triangles represent the high-affinity binding site for the agonist at the α-β interface, 
while the red triangle represents a low-affinity binding site at the α-α interface132.  

 

The heteropentameric α3β4 subtype is the predominant nicotinic acetylcholine receptor in 

the autonomic ganglionic neurons146-148. The α3β4 subtype exhibits a lower affinity for ligands, a 

higher conductance and a slower desensitization compared to the α4β2 subtype149. It mediates 

the fast synaptic transmission in the sympathetic ganglia, parasympathetic ganglia and sensory 

neurons. It is critical for the communication between the central and peripheral nervous systems. 

This receptor is also found in the central nervous system but its expression is confined to specific 

regions in the brain150,151. The most important pathway is the habenulo-interpeduncular system 

152,153. This pathway between the medial habenula and interpeduncular nucleus has been linked to 

drug addiction and withdrawal symptoms154-156. The α3β4 receptors in this region of the brain 

promote the activation of the mesolimbic dopamine pathway triggering the reward sensation157. 
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Because of its essential role in this pathway, the α3β4 receptors are molecular targets to treat 

addiction to nicotine, morphine, methamphetamine and cocaine158. Similar to the muscle and 

α4β2 receptors, the heteropentameric α3β4 receptor can also assemble in two different 

stoichiometric species, both present in the autonomic ganglia115,159. The (α3)3(β4)2 assembly has 

a low affinity for agonists and high Ca2+ permeability, while the (α3)2(β4)3 assembly has a high 

affinity for agonists and low Ca2+ permeability.  

History of the nicotinic acetylcholine receptors 
 

 In 1905, Langley was the first to propose the concept of a “receptive substance.”129 He 

observed that nicotine causes contractions of certain muscles of frogs, toads and fowls; and that 

these contractions can be inhibited by curare. This was the first evidence of an intracellular 

response caused by the binding of a chemical messenger to a receptor on the cell surface. In 

1914, Dale studied the differences in the intracellular response triggered by nicotine and 

muscarine160. This helped discover two structurally and pharmacologically distinct types of 

acetylcholine receptors named ionotropic and metabotropic receptors. The ionotropic receptors, 

also known as nicotinic acetylcholine receptors, are ligand-gated ion channels that mediate fast 

synaptic transmission. The metabotropic receptors, also known as the muscarinic acetylcholine 

receptors, are G protein-coupled receptors that trigger intracellular signals with the participation 

of anchored proteins. Later, tissue-specific preparations allowed for the study of nAChRs 

involved in the synaptic transmission at the neuromuscular junction, brain and autonomic 

ganglia161-163. This lead to the classification of the nAChRs based on their structure, 

pharmacology, channel conductance and tissue-specific expression. 
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In the 1970s, the used of the electric organ of Torpedo rays, which is rich in the muscle-

type nicotinic receptor, enabled the purification of the first cell surface receptor164,165. This 

facilitated the first observation of the receptor structure using negative stain and electron 

microscopy135 helping identify the four different subunits of the muscle receptor in the Torpedo. 

In the 1980s, advances in genetics enabled the cloning of the muscle receptor166-168. Lysate 

preparations from chick and rat brains allowed the discovery of different neuronal subtypes169,170. 

Immunoprecipitation experiments with rodent brain confirmed that the α4β2 receptors are the 

predominant subtype expressed in the brain171,172. The human α4 and β2 were later cloned173,174 

and characterized using patch-clamp recordings175 where it was discovered that this subtype 

forms a high-affinity binding site for nicotine171. 

A great breakthrough came in 2001; Brejc et al. published the first high-resolution 

structure of a nicotinic acetylcholine receptor homolog called the acetylcholine binding protein 

(AChBP)66. The structure of this snail soluble protein provided unprecedented insights into the 

architecture of the extracellular domain and neurotransmitter binding site. This protein has been 

used as a model system to study the orthosteric ligand-receptor interactions through the years. In 

2005, Unwin solved the structure of the Torpedo marmorata muscle receptor at 4 Å resolution 

using cryo-electron microscopy (cryo-EM)64. Although the structure was not solved at high-

resolution, it confirmed the receptor’s arrangement as cylinder forming a water-filled pore 

(Figure I.8). The nAChRs have been used a model system for over a century to study LGICs. 
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Figure I.8: Cryo-EM structure of the muscle nicotinic acetylcholine receptor. 
 

 

 

Figure I.8: Cryo-EM structure of the muscle nicotinic acetylcholine receptor. a, View 
parallel to the plasma membrane. The muscle nicotinic receptor is an obligate heteropentamer 
(PDB code: 2BG9)64. Each chain of the heteropentameric receptor is colored differently. b, View 
perpendicular to the plasma membrane looking from outside of the cell. The subunits are 
identified in the heteropentamer. 

 

Subunit Architecture 
 

 The five subunits span the plasma membrane aligning to form a pentameric ring with a 

non-selective cation channel in the center. Each subunit shares a conserved architecture. They 

have an extracellular N-terminal ligand-binding domain, four transmembrane α-helices (M1-

M4), and an extracellular C-terminal domain (Figure I.4, I.8 and I.9)65,66,68. The extracellular N-
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terminal domain has a soluble α-helix (α1) followed by ten β-strands and ten loops66. The Cys-

loop receptors have a conserved 13 amino acids loop linked by a disulfide bond called “cys-

loop”. The “cys-loop” sits on top of the transmembrane domain where it plays an important role 

in the allosteric gating mechanism. The extracellular N-terminal domain has multiple N-

glycosylation sites; one of them is located in a conserved position at the “cys-loop”65,176,177. The 

neurotransmitter binding site is positioned in the extracellular N-terminal domain at subunit 

interfaces. Both subunits participate in ligand binding forming hydrophobic interactions, a 

hydrogen bond and cation-π interactions67,178. The four transmembrane α-helices (M1-M4) span 

the lipid bilayer, where the M2 α-helices align to form the ion pore. The M1 and M3 α-helices 

interact with the adjacent subunits contributing to the pentameric assembly179,180, and the M4 α-

helix is the most exposed to the lipid bilayer interacting with sterols181. The short extracellular 

loop between the M2 and M3 α-helices plays an important role in the allosteric gating 

mechanism182,183. In addition, the large and poorly conserved intracellular loop between the M3 

and M4 α-helices contributes to the trafficking and desensitization of the receptor184. The M3-

M4 loop can have multiple post-translation modifications including phosphorylation and 

ubiquitination capable of regulating the receptor’s activation185,186. In some cases, this M3-M4 

loop interacts with anchoring molecules such as rapsyn187,188. The M3-M4 loop has two α-

helices termed MX and MA65. The MX is a short amphipathic α-helix that aligns perpendicular 

to the pore axis, while the MA is a long α-helix that aligns parallel to the pore axis. However, 

this M3-M4 loop is dispensable for ligand binding and ion conduction189. 
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Figure I.9: High-resolution structure of the 5-HT3 receptor. 
 

 

 

Figure I.9: High-resolution structure of the 5-HT3 receptor. a, View parallel to the plasma 
membrane. The Cys-loop receptors (PDB code: 4PIR)65 are pentameric ligand-gated ion 
channels. Each chain of the homopentameric structure is colored differently. b, View 
perpendicular to the plasma membrane looking from the extracellular side. c, Orientation as in a 
of the individual subunits. Each subunit has an extracellular N-terminal ligand-binding domain, 
four transmembrane α-helices (M1-M4), and an extracellular C-terminal domain. In addition, 
they have a poorly conserved intracellular loop that forms two α-helices termed MX and MA. 

 

Neurotransmitter binding site 
 

Acetylcholine binds to the subunit interfaces at the extracellular N-terminal domain 

(Figure I.10). The interface has a principal (+) and a complementary (-) side. The 

neurotransmitter binding site is formed by six loops with three on each side. The (+) side has 

loops A-C, while the (-) side has loops D-F. The α subunits always contribute the (+) side of the 

ligand binding site. The α subunits have a second disulfide bond formed by two adjacent 
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cysteines at the tip of loop C, which is important for agonist binding. Site-directed 

mutagenesis190, photoaffinity labeling191 and high-resolution structural66,67 information have 

identified four conserved aromatic residues in the (+) side that are important for agonist binding. 

The agonists interact with a tyrosine in loop A, two tyrosines in loop C and one tryptophan in 

loop B. They enclose the agonist in an aromatic box. The side chain of the tryptophan in loop B 

forms the back wall of the binding pocket, forming cation-π interactions with the basic nitrogen 

on nicotinic agonists, a ligand-receptor interaction that is conserved in the family and is required 

for binding. In addition, ligands such as acetylcholine67, nicotine178 and epibatidine192 form a 

hydrogen bond with the backbone of the tryptophan. On the (-) side, loop D has a conserved 

tryptophan that forms the floor of the binding site, participating in the hydrophobic interactions 

and in some cases forming cation-π interactions. The high sequence variability in the (-) side and 

lack of high-resolution structural information of nAChRs has limited the understanding of the 

contributions of loops D and F to the binding pocket. To have a better understanding of the 

ligand-receptor interactions there is a need for high-resolution structural information of nicotinic 

acetylcholine receptors.   
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Figure I.10: Acetylcholine binding protein bound to acetylcholine. 
 

 

Figure I.10: Acetylcholine binding protein bound to acetylcholine. a, Close up of a view 
perpendicular to the ion pore looking from outside of the cell. b, Close up as in a of a view 
parallel to ion pore. The acetylcholine (brown) and residues involved in the ligand-receptor 
interactions are shown as sticks (PDB code: 3WIP)67. The hydrogen bond and cation-π 
interactions are represented as dashed lines.  

 

Ion permeation pathway 
 

The nicotinic acetylcholine receptors are non-selective cation channels that allow the flux 

of hydrated Na+, K+ and Ca2+. The ion pore is formed by the M2 α-helices of each subunit68. The 

selectivity filter is formed by a negative charge or a polar side chain in the -1′ position at the 

cytosolic end of the pore (Figure I.11)193. Site-directed mutagenesis of the residues in the -1′ 

position can convert the ionic selectivity from cationic to anionic194. The Cys-loop receptors 

have a conserved leucine located in the middle of the channel at the 9′ position forming the 

resting gate195. The leucines orient toward the center of the channel forming a constriction point 
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in the resting state. Upon agonist binding, the M2 α-helices twist changing the orientation of the 

leucines allowing the flux of hydrated cations. The 20′ position located at the extracellular end of 

the pore is important for the permeability of Ca2+. The 20′ position contributes a positively or 

negatively charged residue to the pore surface depending on the subunit type, and any changes in 

the net charge of the top ring can affect the single channel conductance196. The α7 receptor has 

five glutamates at the 20′ position resulting in a high permeability for Ca2+ (Figure I.11). 

Meanwhile, the α4β2 receptor has opposing charges at the 20′ position resulting in a lower 

permeability for Ca2+. The α4 subunit has a glutamate and the β2 subunit a lysine. The opposite 

charges in this position are responsible for the difference in Ca2+ permeability between the two 

functional assemblies of the α4β2 nicotinic receptor197. The 2α3β assembly has a net charge of 

+1 resulting in a low permeability for Ca2+, and the 3α2β assembly has a net -1 charge resulting 

in a higher permeability for Ca2+. 
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Figure I.11: Sequence alignment of the M2 α-helices of Cys-loop receptors. 
 

 

Figure I.11: Sequence alignment of the M2 α-helices of Cys-loop receptors. The human 
nicotinic α4 (GI accession numbers or PDB code: 29891586), α7 (29891592), β1 (41327726), β2 
(29891594), γ (61743914), δ (909618055), ε (1168301), Mus musculus 5-HT3 (4PIR), GLIC 
(4QH5), human GABAAR (4COF), Danio rerio GlyR (3JAD), human GlyR (5CFB) and 
Caenorhabditis elegans α (3RHW) were included in the sequence alignment. The -1′ position is 
highlighted in yellow. The conserved 9′ leucine is highlighted in brown. The opposite charges in 
the 20′ position are highlighted in red. 

 

Allosteric gating 
 

The nicotinic acetylcholine receptors adopt three principal conformational states (Figure 

I.12)3,68. The receptors transition from a resting (closed) state to an activated (open) state 

stabilized by agonist binding. Like most ligand-gated ion channels, in the sustained presence of 

agonist the channel will adopt a distinct desensitized (closed) conformation. After agonist 
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dissociates the receptors return to the resting (closed) state. The equilibrium between the 

different states and the probabilities of a transition to a different state depends on the energy 

barriers. Recent high-resolution structures of Cys-loop receptor homologs have revealed new 

insights into the allosteric gating mechanism. The proposed model suggests that the extracellular 

(ECD) and transmembrane (TMD) domains act as independent rigid bodies that undergo 

rearrangements upon agonist binding to open the ion permeation pathway198,199. Agonist binding 

potentiates a rearrangement of the ECD-TMD interfacial loops including the β1-β2 loop, β8-β9 

loop, cys-loop, and the M2-M3 loop. They undergo a slight movement sufficient to cause a 

rearrangement of the TMD rotating the M2 α-helices. In the resting (closed) state, the M2 9′ 

leucines orient toward the inside of the pore forming a gate of ~2.7 Å diameter preventing the 

flux of hydrated cations. In the activated (open) state, the rotation of the M2 α-helices changes 

the alignment of the 9′ leucines such that they orient toward the adjacent subunit, no longer 

forming a gate, and allowing the flux of cations through a ~6 Å diameter pore. In the 

desensitized (closed) state, the cytosolic end of the M2 α-helices move toward the pore axis, 

forming the gate at the cytosolic end of the pore preventing the flux of hydrated cations176. 
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Figure I.12: Allosteric gating mechanism of Cys-loop receptors. 
 

 

Figure I.12: Allosteric gating mechanism of Cys-loop receptors. a, Representation of the 
three primary conformational states: resting (closed; R), activated (open; A) and desensitized 
(closed; D). The receptors can adopt an intermediate (I) conformation between states. b, 
Representation of a whole-cell patch-clamp recording of a Cys-loop receptor upon the binding of 
an agonist indicating the different conformational states.  

 

Significance and biomedical relevance 
 

The nicotinic acetylcholine receptors mediate multiple biological processes in the central 

and peripheral nervous systems. The α4β2 nicotinic receptor is the predominant subtype in the 

brain171. This receptor is essential for cognitive functions including learning104,200, memory 

formation104, pain201 and attention202. The α4β2 nicotinic receptor can assemble in two different 

subunit ratios, both present in the brain. The two functional stoichiometric species have different 

pharmacological preferences, biomedical relevance and biophysical properties114,131. Because of 
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its role in the brain, the α4β2 receptor has been widely studied in the last decade. There have 

been outstanding advances in understanding the pharmacology, channel conductance and 

physiological roles in the brain. However, the lack of high-resolution structural information of 

nicotinic acetylcholine receptors has limited the understanding of the atomic-scale mechanisms 

such as the subunit assembly, gating, ligand recognition and ion selectivity. 

The α4β2 nicotinic receptor has been implicated in congenital and neurodegenerative 

pathologies. Mutations in the α4 and β2 subunits have been found to cause nocturnal frontal lobe 

epilepsy118 and autism203. Its dysfunction has been linked to neurodegenerative diseases and 

mental illnesses including schizophrenia204, Alzheimer’s disease124 and Parkinson’s disease125. 

Patients diagnosed with these neurodegenerative pathologies display a downregulation of the 

α4β2 receptor in their brain123,125. The α4β2 nicotinic receptor is a high-value molecular target to 

ameliorate the cognitive dysfunctions. The α4β2 nicotinic receptor is the primary target of 

nicotine in the brain172. Nicotine binds with high affinity triggering dopamine release and 

initiating addiction. Nicotine is also known to act as a chaperone in the endoplasmic reticulum 

(ER) upregulating the assembly of the (α4)2(β2)3 stoichiometric species144. Varenicline is a 

partial agonist of the α4β2 receptor and is currently the most effective therapy for nicotine 

addiction205. However, varenicline causes concerning side effects including suicidal thoughts206. 

A complete understanding of the atomic-scale mechanisms will help develop novel therapies to 

efficiently treat the implicated diseases, illnesses and addiction 

High-resolution structures of Cys-loop receptors 
 

X-ray crystallography is a three-dimensional structure determination technique for 

macromolecules. The power of X-ray crystallography lies in the accuracy of the three-
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dimensional models solved at high-resolution. The three-dimensional models have provided 

insights into the function, chemical interactions and characteristics of macromolecules 

establishing the basis for structural biology and structure-guided drug discovery. In 1912, Walter 

Friedrich and Paul Knipping analyzed the first diffraction patterns of natural compounds such as 

rock salt and diamonds. They provided the much-needed evidence and support for the 

development of the atomic theory of matter. In 1895, Wilhelm Conrad Rӧntgen discovered X-

rays. However, it was not until 1957, after decades of technical development, that the structure of 

myoglobin was determined by X-ray crystallography, the first high-resolution structure of a 

macromolecule. The continued development of crystallization methods, equipment and software 

has transformed X-ray crystallography into a reliable technique to determine the three-

dimensional structure of macromolecules. At present, more than 125,000 different protein 

structures have been uploaded to the Protein Data Bank (PDB) and are accessible to the general 

public207. 

X-ray crystallography requires protein crystals capable of diffracting beyond 4 Å resolution 

to accurately assign side chains to the three-dimensional model. To form high-quality protein 

crystals, one typically requires milligram quantities of stable and homogenous sample. 

Researchers have developed molecular and biochemical methods to increase the protein 

expression and stability. Recombinant expression approaches allow researchers to modify the 

protein construct to express larger quantities of stable protein. In addition, the insertion of one or 

more affinity tags facilitates protein purification. The purified protein is mixed with different 

crystallization solutions at different volume ratios to screen for the best quality crystals. The 

crystallization conditions that yield protein crystals are extensively optimized to obtain high-

quality, well-diffracting crystals. 
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The protein crystals are harvested, cryoprotected and mounted into a cryo-loop for X-ray 

exposure. Once mounted in the X-ray diffractometer, crystals under X-ray exposure are rotated 

to collect a complete dataset. The dataset is indexed to determine the crystallographic space 

group and unit cell dimensions. Once the space group is determined, the data are integrated and 

scaled to determine the dataset completeness, redundancy, signal to noise ratio and resolution. 

Then, the data are reconstructed into an electron density map using the Fourier transform. The 

Fourier transform requires two terms for the reconstruction from reciprocal space into real space. 

It requires the structure factor amplitudes and phase angles. The structure factor amplitudes are 

calculated from the spot intensities, but the phase angle estimation requires additional 

experiments such as anomalous diffraction or molecular replacement. Once the electron density 

map is obtained from the experimental phases, a three-dimensional model is built into the 

electron density map. The model building is carried out using different computer programs to 

accurately fit the model into the electron density map. Next, both the model and electron density 

map undergo multiple rounds of refinement to correct errors and improve the model coordinates. 

The three-dimensional model is then validated to determine its accuracy and quality. After the 

validation process is complete, the model is deposited into the PDB.  

For years, membrane protein structure determination has been a daunting task for 

researchers. Membrane proteins are usually poorly expressed and unstable outside their native 

lipid environment. Also, they contain multiple N-glycosylation sites that add heterogeneity to the 

sample disrupting the crystallization process. In addition, numerous membrane proteins assemble 

in multiple stoichiometric species increasing the heterogeneity of the sample. However, in the 

last decades, technological advances have helped the membrane structural biology field 

overcome outstanding milestones such as solving the high-resolution structure of voltage-gated 
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ion channels208, G-protein coupled receptors209 and ligand-gated ion channels195. In this study, I 

aimed to overcome another milestone by obtaining the first high-resolution structure of a 

heteropentameric ligand-gated ion channel.  

In the last decade, several research groups have solved multiple structures of bacterial 

homologs and eukaryotic members of the Cys-loop receptor superfamily (Figure I.13). The 

structures have provided novel insights about the secondary structure, binding site location and 

ion pore. However, finely tuned atomic-scale mechanisms such as ligand recognition, subunit 

assembly, ion selectivity and allosteric gating are still poorly understood. The first high-

resolution structural information of a Cys-loop receptor domain was acquired from the Lymnaea 

stagnalis snail acetylcholine binding protein (AChBP)66. The AChBP is a soluble protein that 

assembles as a homopentamer. It provided the first high-resolution structural information of the 

extracellular domain, revealing an N-terminal α-helix followed by ten β-strands adopting an 

immunoglobulin-like fold. The structure confirmed the binding of acetylcholine to the subunit 

interface and provided the first detailed information regarding ligand-receptor chemical 

interactions. The AChBP has been used as a model system to study the chemical interactions of 

different orthosteric ligands with the nAChRs. It has been very helpful in characterizing the 

ligand-receptor chemical interactions with acetylcholine192, nicotine178 and varenicline210. 

However, the AChBP shares ~24% sequence identity with the nAChRs and did not provide any 

information about the transmembrane and intracellular domains. 
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Figure I.13: Timeline of the solved Cys-loop receptors structures. 
 

 

Figure I.13: Timeline of the solved Cys-loop receptors structures. The AChBP purified from 
Lymnaea stagnalis was the first Cys-loop receptor homolog to be solved, in 2001 (PDB code: 
1l9B)66. In 2005, a cryo-EM structure of the Torpedo marmorata muscle-type nicotinic 
acetylcholine receptor was published, which by the current standards is in the range of 6-8 Å 
resolution (2BG9)64. The ELIC (2VL0)211 was the first prokaryotic receptor to be solved, which 
was then followed by the structure of GLIC (3EHZ)212. The Caenorhabditis elegans GluCl α 
(3RHW)195 structure was the first eukaryotic high-resolution structure of a Cys-loop receptor. 
The human GABAA β3 (4COF)176 subtype was the first solved structure of a vertebrate receptor. 
The GABAA structure was followed by the structure of the mouse 5-HT3A (5PIR)65 and human 
GlyR α3 (5CFB)177. 

 

In 2005, Unwin published a cryo-EM structure of the muscle nicotinic receptor at 4 Å 

resolution isolated from the Torpedo marmorata electric organ tissue64. By current standards, the 

resolution of this structure is more in the range of 6-8 Å resolution. While at relatively low-

resolution, it revealed the first structural information of a full-length nAChR. The structure 

confirmed the pentameric arrangement and revealed the secondary structure of the 

transmembrane and intracellular domains. Despite overcoming a great milestone, the structure 

lacks the desired resolution to accurately assign side chains and study in depth the atomic-scale 

mechanisms of nicotinic receptors. A few years later, the structures of the bacterial Erwinia 
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chrysanthemi (ELIC)211 and Gloeobacter violaceus (GLIC)212 ion channels were solved at 3.3 Å 

and 2.9 Å resolution, respectively. These were the first intact Cys-loop receptor homologs 

structures obtained at a resolution sufficient to accurately assign side chains. The extracellular 

domain is slightly different; the soluble α-helix and the characteristic “cys-loop” are missing in 

both bacterial homologs. Their most important contribution was the high-resolution structural 

information of the transmembrane domain helping in the identification of the pore aligning 

residues. 

The Caenorhabditis elegans glutamate-gated chloride channel (GluCl)195 was the first 

high-resolution structure of an eukaryotic organism. The GluCl revealed the anionic selective 

filter and novel allosteric sites in the transmembrane domain. The selectivity filter is formed by 

five prolines in the -2′ position at the cytosolic end of the ion pore, which are conserved in the 

glycine receptors (Figure I.11). The GluCl was crystallized in the presence of glutamate and 

ivermectin showing the ligand-receptor chemical interactions in the binding pocket and revealing 

a novel binding site in the transmembrane domain. GluCl was also crystallized in absence of 

ligand and with the lipid 1-palmitoyl-2-oleoyl-sn-glycero-3 phosphocholine (POPC), which 

locked the receptor in a distinctive conformation198. The different structural conformations 

revealed the first high-resolution information of the allosteric gating mechanism. In addition, it 

provided the first high-resolution structural information of the lipid-receptor chemical 

interactions. The GluCl structures helped propose a general gating mechanism for the Cys-loop 

receptors.   

 The human GABAA β3 structure was the first high-resolution structure of vertebrate 

Cys-loop receptor176. The co-crystallization with the agonist benzamidine provided insights into 

the ligand-receptor chemical interactions. Benzamidine locks the ion channel in a desensitized 
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(closed) state, forming the constriction point at the cytosolic end of the M2 α-helices. The mouse 

5-HT3 A receptor was co-crystallized with nanobodies that facilitated crystallization and 

diffraction at near-atomic resolution but affected the conformational state of the receptor65. This 

structure revealed the first high-resolution structural information of the intracellular domain, 

which is involved in trafficking and signaling185,186. A year later, the human GlyR α3177 and 

zebrafish GlyR α1199 receptors were solved by crystallization and cryo-EM, respectively. The 

human GlyR was co-crystallized in the presence of the antagonist strychnine stabilizing the 

receptor in a resting (closed) state. Moreover, the zebrafish GlyR was solved in three different 

conformational states: activate (open), resting (closed) and desensitized (closed). The GlyR 

structures showed the best representation of the three different conformational states of the Cys-

loop receptors. The comparison between the different conformational states helped decipher the 

rearrangement of the loops in the ECD-TMD interface and M2 α-helices. 

All the previously described structures have been very useful in understanding the atomic 

processes of the nicotinic acetylcholine receptors. However, the information is limited in 

important ways. The solved high-resolution structures are homopentamers, while the majority of 

the physiologically relevant Cys-loop receptors in humans are heteropentamers. The subunit 

assembly, ion selectivity, gating and ligand recognition mechanisms are different from 

homopentamers. To address this lack of high-resolution structural information on 

heteropentameric assemblies, and lack of high-resolution structural information on nicotinic 

receptors, the main goal of my dissertation has been to obtain the high-resolution structure of the 

heteropentameric α4β2 nicotinic acetylcholine receptor.  
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Purpose of this study 
 

 The α4β2 nicotinic receptor plays a key role in modulating fast synaptic transmission in 

the brain. Is essential for cognitive functions. In addition, it has been connected to multiple 

neurodegenerative diseases and illness such as frontal lobe epilepsy, Alzheimer’s disease, 

Parkinson’s disease and schizophrenia. It is also the primary molecular target for nicotine in the 

brain. The lack of high-resolution structural information has been a bottleneck in understanding 

the atomic processes of the α4β2 nicotinic acetylcholine receptor. Furthermore, it has limited the 

structure-guided drug discovery for the implicated diseases, disorders and addiction. In this 

study, I sought to understand the atomic-scale mechanisms underlying the gating, subunit 

assembly, ligand recognition and ion selectivity with the hopes of providing a blueprint for 

developing novel therapies. I applied biochemical, biophysical, structural and fluorescence 

methods to study the α4β2 nicotinic acetylcholine receptor atomic-scale mechanisms. First, I 

developed novel methods that enabled the crystallization of the α4β2 nicotinic acetylcholine 

receptor. The novel methods were designed to obtain high-quality diffracting crystals. I applied 

these methods to overcome the poor protein expression, protein instability in buffer solutions, 

and sample heterogeneity caused by post-translational modifications and multiple stoichiometric 

assemblies. I leveraged the methods to determine the first high-resolution structure of a nicotinic 

acetylcholine receptor and the first heteropentameric receptor of a Cys-loop receptor. The high-

resolution structure provided new insights into ligand recognition, gating, ion selectivity and 

subunit assembly mechanisms. Lastly, I used the high-resolution structure information as a 

template to study ligand recognition and allosteric gating mechanisms using site-directed 

mutagenesis and functional assays. The combination of the structural and functional information 
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provides a blueprint for the understanding of the atomic processes of Cys-loop receptors and 

nicotinic acetylcholine receptors in particular. 
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Chapter II: Methods development 
 

 

Expression, purification and crystallization 
of the α4β2 nicotinic acetylcholine receptor 

 

 

This chapter is a modified version of the following published article: 

 

Morales-Perez, C. L., Noviello, C. M. and Hibbs, R. E. (2016). Manipulation of Subunit 

Stoichiometry in Heteromeric Membrane Proteins. Structure 24:797-805
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Introduction  
 

Most trimeric, tetrameric, pentameric and hexameric families of human membrane 

proteins are populated by heteromeric members6,68,213-224. Heteromeric channel assemblies have, 

with very few exceptions, resisted atomic-scale structural analysis225,226. Within a protein family, 

the different heteromeric assemblies exhibit finely tuned functional properties and often play 

distinct and important physiological roles. The prototypical cell surface receptor is the nicotinic 

acetylcholine receptor, which is a ligand-gated ion channel important in fast chemical 

neurotransmission68. Defects in nicotinic receptor function are linked to neuromuscular 

disorders, mental illness, neurodegenerative disease and addiction227,228. Human nicotinic 

receptors are pentameric and assemble in a large but restricted number of combinations from a 

panel of 16 homologous subunits. The vast majority of the subunits must assemble with other 

subunits as obligate heteromeric complexes. This feature presents an additional level of 

complexity when approaching structural and functional studies of the nicotinic receptor family. 

The most abundant nicotinic receptor in the brain is the α4β2 subtype, which is the target of this 

case study. 

The α4β2 receptor is a particularly daunting molecule for structural analysis, as it is 

known to assemble into pentamers with variable ratios of the α4 and β2 subunits113,229,230. 

Elegant studies using metabolic labeling114 and expression of concatameric receptors131,231 

provided convincing evidence that only two functional stoichiometries successfully assemble, 

(α4)2(β2)3 and (α4)3(β2)2, each with a single ordering of subunits around the pentameric ring. 

These two stoichiometries exhibit different sensitivities to acetylcholine and nicotine and have 

distinct ion selectivities and single channel conductances114,145. There is good evidence that both 

stoichiometries are expressed in the brain140-142 and that overall levels of the receptor protein are 
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dramatically increased in smokers’ brains232. The “high affinity” stoichiometry with three copies 

of the β2 subunit is selectively upregulated by nicotine in a range of systems114,144,145,233-235. 

Thus, the α4β2 receptor assembles into limited pentameric stoichiometries, with distinct 

functional properties of physiological relevance. 

An important goal is to obtain atomic-resolution structures of the different 

stoichiometries of this receptor to provide a framework for understanding mechanisms of 

heteromer assembly, ligand recognition, allosteric gating and ion permeation. Whether by single 

particle electron Cryo-microscopy or crystallographic methods, achieving this goal requires the 

ability to isolate a pure or nearly pure stoichiometric population. Obtaining a pure population 

requires first the ability to measure stoichiometry in a population, and second the ability to 

express or purify only one receptor stoichiometry. Here, I describe a new rapid viral titration 

system and fluorescence-based assay for stoichiometry that have allowed me to obtain to my 

estimate a mostly pure stoichiometric population of the α4β2 receptor. Utilizing these new 

techniques, I have been able to produce diffraction-quality crystals of this protein. The assays 

and approaches are in principle generalizable to many systems, including protein complexes and 

situations where subunit stoichiometry is unknown. The titration assay is useful for any group 

working with bacmam virus but could easily be adapted for other virus types. The fluorescence-

based assay for stoichiometry is adaptable across both prokaryotic and other eukaryotic 

expression systems.   
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Results 
 

Expression systems 
 

Before tackling the stoichiometry problem, I first identified an appropriate expression 

system for the α4β2 receptor. For the purposes of small-scale screening, I inserted the enhanced 

green fluorescent protein (GFP) into the large cytoplasmic M3-M4 loop of the α4 and β2 

subunits (Figure II.1a). Insertion of fluorescent proteins into this location has been shown to not 

affect receptor trafficking and function236. This GFP fusion approach allowed me to assess 

expression level and receptor monodispersity in crude cell extracts by fluorescence-detection 

size-exclusion chromatography (FSEC)237. In initial expression trials, I discovered that the 

human α4β2 receptor was robustly expressed by transient transfection of HEK-293 cells (Figure 

II.1b). In these transient transfections, I used a 1:1 ratio of DNA (0.5 µg α4:0.5 µg β2) for each 

subunit for a total of 1 µg. Among HEK cell lines, I selected the N-

acetylglucosaminyltransferase I (GnTI-) derivative because it produces proteins with 

homogeneous, high-mannose N-glycans238. Thus, the use of this cell line allowed for the 

production of more homogeneous glycoproteins and carbohydrates that can be cleaved more 

efficiently, both of which are desirable for crystallization. Since my long-term goal is the 

structural characterization of the receptor, I explored aggressive modifications of the M3-M4 

intracellular loop to remove regions predicted to be poorly conserved and disordered. Figure II-

1b shows improved expression and monodispersity in a promising modified construct.  
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Figure II.1: Expression of receptor constructs by transient transfection. 
 

 

 

 

Figure II.1: Expression of receptor constructs by transient transfection. a, Schematic of the 
topology of nicotinic receptors. All receptor constructs were subcloned into the pEZT-BM vector 
and contain GFP spliced into the M3-M4 intracellular loop. GnTI- HEK cells in a 12-well dish 
were transfected; 3 days after transfection cells were harvested and solubilized in a detergent 
solution (see Materials and methods section). b, The crude extract was analyzed by FSEC, 
monitoring GFP fluorescence (λexc: 483 nm; λem: 510 nm). FSEC separations were performed 
using an SRT SEC-500 column (Sepax Technologies) with a flow rate of 0.35 mL/min. 
Comparison of the α4β2 receptor with our reference for a crystallizable pentameric receptor, the 
homomeric C. elegans glutamate-gated chloride channel α (GluCl)195, indicates that the major 
species of the α4β2 receptor elutes at a volume consistent with pentameric assembly. I observed 
improved expression and monodispersity with the constructs containing M3-M4 loop 
modifications compared to the full-length, wild-type (WT) constructs. Results from transfection 
of α4 or β2 alone suggested that the individual subunits do not readily assemble as 
homopentamers. Observation of epifluorescence from the single-subunit transfections revealed 
intensely fluorescent intracellular puncta and dramatically reduced plasma membrane 
fluorescence compared to co-transfections of both subunits. Based on FSEC results, these 
intracellular puncta likely represent aggregated and insoluble receptor subunits. 

 

Several viable options exist for large-scale expression in GnTI- cells that have already 

shown promise for mammalian ligand-gated ion channels. These include transient transfection239-



65	  
	  

	  
	  

241, generation of inducible stable cell lines241,244 and transduction with “bacmam” 

baculovirus242,243. I targeted the bacmam system due to increased efficiency compared to 

generating stable cell lines and increased yield, in my hands, compared to transient transfections. 

The ability of baculovirus to infect a variety of mammalian cell types including HEK cells was 

discovered ~20 years ago244,245. Shortly thereafter, it was demonstrated that protein transduction 

in mammalian cells by baculovirus could be accomplished by replacing the traditional insect cell 

promoter in the baculovirus transfer plasmid with a mammalian promoter246. Furthermore, the 

concentration of baculovirus or bacmam virus allows for very high MOI247, a tool for boosting 

protein expression with limited toxicity. The bacmam method and detailed protocols have 

recently been described in detail243. Here, I focus on exploiting the bacmam system for 

expression of heteromeric membrane proteins with variable stoichiometries for structural studies.  

Rapid bacmam titration system 
 

I was initially motivated to develop an improved viral titration assay due to large 

variabilities in protein expression using different batches of virus. The desire to manipulate 

receptor stoichiometry provided further motivation to find an efficient and precise way to 

determine viral potency. Existing baculovirus titration methods have significant drawbacks. 

Traditional plaque and endpoint dilution assays require 5-10 days for results, and alternatives 

that are faster count both infectious and non-infectious particles248, or require maintenance of an 

additional cell line249, specialized equipment250 or relatively expensive antibody-based 

reagents251. In any major structural biology undertaking, many expression conditions and 

constructs need to be assayed; thus, any way to increase efficiency and consistency can 

dramatically increase the likelihood of success. Furthermore, I discovered a large variability in 

baculovirus titers. With an insect-cell expression system, this variable titer is less of a concern, 
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because the baculovirus can replicate within the insect cells at the same time as producing 

protein. However, in the bacmam system, the virus is replication-incompetent in the expression 

host. Thus, a virus of known titer is required for a consistent multiplicity of infection (MOI) to 

express the protein in HEK cells. 

I assembled a new bacmam expression vector to streamline the viral titration step and to 

optimize viral production. The new vector is based on the backbone of the commercially 

available pFastBacDual vector (Figure II.2a). In this vector, I replaced the insect polyhedrin 

promoter with a cassette containing a CMV promoter, multiple-cloning site and transcript 

stabilizing elements. I placed a codon-optimized GFP gene following the insect p10 promoter in 

the reverse orientation from the CMV promoter. This vector, which I called pEZT-BM (for easy-

titer bacmam plasmid), can be used for several purposes. With genes inserted into the multi-

cloning site, the plasmid can be used for traditional transient transfections in mammalian cells. 

The plasmid can also be used for the bac-to-bac method of making baculovirus (bacmam virus in 

this case) with no modifications from the commercial protocol. Finally, the titer of the virus can 

be monitored by fluorescence of infected Sf9 cells (Figure II.2b)247. This last feature allows for 

monitoring of baculovirus production in real-time under a fluorescence microscope and titration 

via a simple endpoint dilution assay. While many laboratories assume virus production peaks 

after 48 hours, I found variability in this assumed production time, and have been able to 

improve viral titers based on GFP fluorescence of virus-producing cells. Most importantly for the 

problem of stoichiometry, I am able to obtain reliable relative titers in 48 hours, without the need 

for an additional cell line, plaque assay or expensive commercial reagents. Indeed, this method 

is, in essence, a faster plaque assay, as I am measuring infectious units but using fluorescence as 

a read-out instead of cell death. A fluorescent “plaque” can be seen in the upper-right corner of 
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well G3 in Figure II.2b, with a bright central cell and fainter radial cells. A detailed titration 

protocol is described in the Materials and methods section. 

Figure II.2: pEZT-BM vector and its use in transduction. 
 

 

Figure I.2: pEZT-BM vector and its use in transduction. a, Map of the pEZT-BM vector. The 
CMV promoter drives expression in mammalian cells of genes of interest cloned into the 
multiple cloning site (MCS). The p10 promoter drives expression of GFP in Sf9 insect cells, 
which allows for monitoring of virus production and quantification of viral titer. b, Diagram and 
representative images from a serial titration. c, FSEC analysis of WT and modified constructs of 
the α4β2 receptor after viral transduction of 1 mL cultures of GnTI- HEK cells; all constructs 
contain the intracellular GFP fusion. FSEC separations were performed as in Figure II.1. The 
inset bar graph summarizes the results from three transductions. d, Comparison of the expression 
levels after transduction of GFP fusions of modified α4-GFP and β2-GFP constructs. 
Optimization of the viral ratio identified best expression from an MOI ratio of 1(α4):2(β2) 
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(orange bars). Then, different absolute MOIs +/- 0.1 mM nicotine (Nic) and 3 mM sodium 
butyrate (SB) were explored to identify optimal expression conditions (blue bars). Bar graphs in 
Panels c and d present the mean values from three independent experiments; error bars are 
standard error of the mean (s.e.m.). 
 

Optimization of MOI for expression 
 

 After obtaining the titer of pEZT-based bacmam viruses for α4-GFP and β2-GFP, I set 

out to identify optimal conditions for large-scale expression of the receptor. First, I compared the 

expression of the α4β2 WT and modified constructs by transduction. This control experiment 

was done with the viruses in a 1:1 MOI ratio. These transduction results are shown in Figure 

II.2c and demonstrate dramatically improved expression and monodispersity of the modified 

construct compared to the WT construct. These relative improvements seen in the transduction 

experiment are even more impressive than those seen by transfection (Figure II.1b). All further 

experiments to optimize expression were performed with the modified construct.  

Next, I was interested in determining the optimal MOI for each of the two subunits. I 

performed a series of small-scale transductions comparing different MOI for each subunit along 

with the addition of chemical chaperones. The whole cell extracts from these transductions were 

analyzed by FSEC at the appropriate wavelength for GFP. The relative peak heights of the 

pentamers are shown in Figure II.2d. I consistently found that using more β than α virus resulted 

in higher overall pentamer expression level. I was able to minimize the consumption of virus by 

including nicotine, which is known to upregulate cell surface expression of the (α4)2(β2)3 

subtype of the receptor, and sodium butyrate, a histone deacetylase (HDAC) inhibitor that has 

been shown to boost recombinant expression of many proteins252. By systematically optimizing 

the sodium butyrate and nicotine concentrations with respect to viral MOI, I was able to decrease 

virus consumption 10-fold (Figure II.2d, blue bars). It is important to note that these MOI values 
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of less than 1 reflect MOI calculated from infection of Sf9 cells and thus serve only as a proxy 

for the MOI in GnTI- cells. Conditions around the ‘sweet spot’ for expression are shown in 

Figure II.2d. I also examined a broader range of butyrate concentrations and viral MOI and 

found that when using a relatively high MOI (>5), sodium butyrate had a negative effect on 

expression level. Optimal transduction conditions for this protein include MOI values of 0.25 

and 0.5 for the α4 and β2 subunit viruses, respectively, 0.1 mM nicotine and 3 mM sodium 

butyrate all added to the suspension culture at the time of transduction. 

 

Stoichiometry assay 
 

I sought to develop a biochemical assay to measure the proportion of each subunit in our 

purified protein preparation. The assay for stoichiometry needed to be efficient; ideally, it would 

not require multiple purifications of the receptor so that many constructs and expression 

conditions could be examined in parallel on a small scale. To this end, I designed a two-color 

fluorescent-protein fusion approach that required a single purification to standardize our 

fluorescence detectors, after which all experiments were performed in cell extracts from a 1 mL 

culture scale. A flow-chart outlining the assay is shown in Figure II.3a. To begin, I replaced the 

GFP in β2 with mCherry, selected because of good spectral separation from GFP253. I made 

bacmam virus for these two constructs, titered the viruses and transduced GnTI- suspension cells 

with an MOI of 2.5 for each subunit (chronologically, this experiment was performed before we 

identified the improved expression conditions in Figure II.2d). I purified the receptor using 

affinity chromatography against a C-terminal Strep-tag on the β2 subunit followed by size-

exclusion chromatography. Next, I measured the absorption of the GFP and mCherry 

chromophores for each pentameric SEC fraction. These values allowed me to estimate the molar 
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concentration of each chromophore, and thereby each subunit, using the molar extinction 

coefficients of the chromophores. I then passed these SEC fractions over an analytical SEC 

column and monitored both GFP and mCherry fluorescence. From the peak fluorescence 

intensities at the pentamer elution volume, I calculated a scale factor to convert fluorescence 

values on our detectors to absolute molar concentrations. By dividing the molar concentrations of 

the two subunits, I determined the stoichiometric ratio of the two subunits. Example analytical 

two-color FSEC results are shown in Figures II.3b-c. The estimated α:β subunit ratio in this 

purified preparation was 0.91 +/- 0.03, which is consistent with a majority of the (α4)2(β2)3 form 

but significant amounts of the (α4)3(β2)2 form. Scale factors and stoichiometric determinations 

are shown in Table II.1.  
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Figure II.3: Stoichiometry assay. 
 

 

 

Figure II.3: Stoichiometry assay. a, Flowchart outlining the assay as follows. (1) Titered virus 
for α4-GFP and β2-mCherry is used to transduce large-scale (1 L) expression of the receptor in 
suspension GnTI- HEK cells. (2) The receptor is purified from membranes via affinity and size 
exclusion chromatography. (3) The absorbance values of GFP (λ = 488 nm) and mCherry (λ = 
587 nm) were measured for each pentameric SEC fraction (see Table II.1). (4) The molarity of 
α4-GFP and β2-mCherry are calculated by dividing the absorbance values by their extinction 
coefficients. (5) A known amount of each SEC fraction is run in analytical FSEC, monitoring 
GFP and mCherry fluorescence (mCherry: λexc: 587 nm; λem: 610 nm; for GFP as in Figure 2-1). 
b-c, An example of the two-color analytical FSEC. (6) Scale factors (SF) are calculated by 
dividing the pentameric peak fluorescence amplitudes for GFP and mCherry in analytical FSEC 
by their respective molarities. These scale factors can then be used to back-calculate subunit 
molarities and thereby molar ratios in small-scale experiments analyzed simply by two-color 
FSEC. FSEC separations were performed using a Superose 6 10/300 GL column (GE 
Healthcare) with a flow rate of 0.5 mL/min. 
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Table II.1: Subunit molarity and scale factor calculations from a purification of α4-GFP + β2-
mCherry. 

                         

SEC 

fractions 

A488: 

α4-GFPǂ 

A587: β2-

mCherryǂ 

α4-GFP 

molarity 

(M) Ψ 

β2-mCherry 

molarity 

(M)Ψ 

α4:β2 

molar 

ratio£ 

α4-GFP 

em. (µV)¥ 

β2-mCherry 

em. (µV)¥ 

α4-GFP SF 

(µV/M)ɸ 

β2-mCherry 

SF (µV/M)ɸ 

13 0.022 0.03 3.93E-07 4.17E-07 0.94 28727 1154 7.31E+10 2.77E+09 

14 0.064 0.094 1.14E-06 1.31E-06 0.88 75721 2976 6.63E+10 2.28E+09 

15 0.087 0.128 1.55E-06 1.78E-06 0.87 113787 4500 7.32E+10 2.53E+09 

16 0.069 0.103 1.23E-06 1.43E-06 0.86 67791 2723 5.50E+10 1.90E+09 

17 0.039 0.056 6.96E-07 7.78E-07 0.90 38414 1560 5.52E+10 2.01E+09 

18 0.02 0.025 3.57E-07 3.47E-07 1.03 12795 498 3.58E+10 1.43E+09 

Mean 0.050 0.073 8.96E-07 1.01E-06 0.91 5.62E+04 2.24E+03 5.98E+10 2.15E+09 

s.e.m. 1.12E-02 1.71E-02 1.99E-07 2.38E-07 0.03 1.50E+04 5.93E+02 5.83E+09 1.95E+08 

 

Table II.1: Subunit molarity and scale factor calculations from a purification of α4-GFP + 
β2-mCherry. ǂ, Absorbance at 488 or 587 nm. Ψ, Molarity of each subunit calculated by 
dividing absorbance of each relevant chromophore by its molar extinction coefficient (56,000 for 
GFP and 72,000 for mCherry; units are M-1cm-1). £, Molar ratio of the α4-GFP subunit 
calculated by dividing the α4-GFP molarity by the β2-mCherry molarity. ¥, FSEC pentamer peak 
amplitude of the respective fluorophore (GFP: λexc 483 nm, λem 510 nm; mCherry: λexc 587 
nm, λem 610 nm). ɸ, Scale factor (SF) for each fluorophore calculated by dividing FSEC 
pentamer amplitude of a given fluorescent protein by its molarity. 
 

Expression of a single α4β2 receptor subunit stoichiometry 
 

The results from the purification of the α4-GFP + β2-mCherry receptor indicated that I 

had isolated a population with mixed stoichiometries. Thus, I sought an approach to bias 

assembly of one pentameric stoichiometry over the other. A straightforward and generic 

approach for biasing assembly is to control the amount of DNA or virus used for each subunit to 

transiently express the protein. I screened a range of MOI ratios and nicotine concentrations on a 

1 mL culture scale. After injecting detergent-solubilized cells over an analytical SEC column I 
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monitored GFP and mCherry fluorescence. I then calculated relative molarities of each subunit 

from the peak intensities at the pentamer elution volume using the scale factors determined 

above, and thereby determined the subunit ratio in the cell extracts (Figure II.4 and Table II.2). 

Because subunit ratio values are derived from the SEC peak amplitude of the pentameric species, 

and not from a bulk solution in a cuvette, the effects of pentameric aggregates or breakdown 

products on the estimate of subunit stoichiometry are minimized. By varying the MOI ratio of 

the two pEZT viruses I was able to bias assembly toward the (α4)2(β2)3 stoichiometry. Next, I 

took advantage of the property of nicotine to upregulate the (α4)2(β2)3 stoichiometry. Using the 

best expression condition identified from Figure II.2d and MOI ratios of 1:2 for α4:β2, I was able 

to obtain by our estimates a pure or nearly pure stoichiometry of 2 α4 subunits and 3 β2 subunits. 
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Figure II.4: Small-scale experiments to measure and bias stoichiometry 
 

 

 

Figure II.4: Small-scale experiments to measure and bias stoichiometry. This bar graph 
presents calculated subunit molar ratios (y-axis) based on the assay in Figure II.3 vs. different 
ratios of viral MOI in the presence of 3 mM sodium butyrate +/- 0.1 mM nicotine. The 
transductions were performed on a 1 mL scale. A perfect 3α:2β stoichiometry would yield a ratio 
of 1.5 while the 2α:3β stoichiometry would yield a calculated ratio of 0.67. The results suggest 
that with equal amounts of virus for each subunit, the 2α:3β stoichiometry is predominantly 
expressed. The stoichiometry can be further biased toward the 2α:3β form by using at least 
double the amount virus for the β subunit and including nicotine in culture. The results here are 
mean values +/- s.e.m. from three sets of transductions. Detailed results are shown in Table II.2. 
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Table II.2: Subunit molarity and molar ratio calculations from small-scale transductions using 
the α4-GFP + β2-mCherry constructs. 

                

Virus ratio 

(α4:β2) 

α4-GFP 

em. (µV)¥ 

β2-mCherry em. 

(µV)¥ 

α4-GFP molarity 

(M)Ψ 

β2-mCherry molarity 

(M)Ψ 

α4:β2 molar 

ratio£ 

Avg molar 

ratio s.e.m. 

1:1 428458 18670 7.16E-06 8.68E-06 0.83 0.83 0.007 

 

370505 16209 6.20E-06 7.54E-06 0.82 

  

 

374546 15950 6.26E-06 7.42E-06 0.84 

  2:1 309106 12842 5.17E-06 5.97E-06 0.87 0.91 0.027 

 

308600 11590 5.16E-06 5.39E-06 0.96 

  

 

377383 14869 6.31E-06 6.92E-06 0.91 

  3:1 272847 10439 4.56E-06 4.86E-06 0.94 0.95 0.013 

 

358543 13870 6.00E-06 6.45E-06 0.93 

  

 

410216 15185 6.86E-06 7.06E-06 0.97 

  5:1 203883 6134 3.41E-06 2.85E-06 1.20 1.11 0.045 

 

410750 14068 6.87E-06 6.54E-06 1.05 

  

 

284069 9480 4.75E-06 4.41E-06 1.08 

  10:1 81983 1991 1.37E-06 9.26E-07 1.48 1.36 0.069 

 

150156 3947 2.51E-06 1.84E-06 1.37 

  

 

172052 4981 2.88E-06 2.32E-06 1.24 

  1:2 229714 10974 3.84E-06 5.10E-06 0.75 0.84 0.083 

 

252476 9016 4.22E-06 4.19E-06 1.01 

  

 

229129 10760 3.83E-06 5.00E-06 0.77 

  1:3 175350 9212 2.93E-06 4.28E-06 0.68 0.70 0.011 

 

166061 8271 2.78E-06 3.85E-06 0.72 

  

 

191735 9794 3.21E-06 4.56E-06 0.70 

  1:2 + 0.1 mM 

Nic 282980 13985 4.73E-06 6.50E-06 0.73 0.70 0.011 

 

263085 13596 4.40E-06 6.32E-06 0.70 

  

 

257268 13389 4.30E-06 6.23E-06 0.69 

   

Table II.2: Subunit molarity and molar ratio calculations from small-scale transductions 
using the α4-GFP + β2-mCherry constructs. ¥, FSEC pentamer peak signal from the 
respective fluorescent protein (GFP: λexc 483 nm, λem 510 nm; mCherry: λexc 587 nm, λem 
610 nm). Ψ, Molarity of each subunit calculated by dividing the FSEC pentamer peak amplitude 
of the fluorophore by its average scale factor (5.98e10 for GFP and 2.15e9 for mCherry). £, 
Molar ratio of the α4:β2 subunits calculated by dividing the α4-GFP molarity by the β2-mCherry 
molarity. 
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α4β2 receptor functional validation, purification and crystallization 
 

I scaled up the expression conditions identified to maximize expression (Figure II.2d) and 

stoichiometric homogeneity (Figure II.4) to 1 L and purified protein via the same two-step 

procedure used for the GFP-mCherry fusion experiments (see Materials and methods section). 

For the purposes of crystallization, I replaced the fluorescent proteins in both subunits with a 

thermostabilized protein, apocytochrome b(562)RIL (“bril”), which has been used to aid in 

crystallization of G protein-coupled receptors254. I validated the functionality of this truncated 

fusion protein by patch-clamp electrophysiology (Figure II.5). In dose-response experiments in 

GnTI- cells transduced under the same conditions used to produce protein for crystallization, I 

observed a Hill coefficient (nH) of ~1.0, consistent with a homogeneous population of receptors. 

The previously published EC50 values for acetylcholine at the WT receptor are ~4 µM and ~85 

µM for the high-affinity and low-affinity assemblies, respectively114,131,145. The measured EC50 

value of ~30 µM is intermediate, which could be ascribed to the significant construct 

modification used to promote crystallization. The results from a representative purification are 

shown in Figure II.6a. Purified, concentrated protein was used to set up broad crystallization 

screens and conditions that yielded crystals were optimized by varying precipitant concentration. 

A promising crystal form is shown in Figure II.6b and representative diffraction with clearly 

visible reflections to 8 Å is shown in Figure II.6c.  
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Figure II.5: Functional validation of the crystallization construct. 
 

 

 

 

 

Figure II.5: Functional validation of the crystallization construct. a, Whole-cell patch-clamp 
recordings obtained at -90 mV from adherent GnTI- cells transiently transfected with the WT 
and crystallization α4 and β2 constructs. b, Concentration-response relationship for ACh-induced 
activation of the crystallization constructs in virally-transduced cells under the conditions used to 
produce protein for crystallization. The values shown are the normalized responses relative to 
that at 1 mM ACh. Error bars are +/- s.e.m. from a minimum of two recordings from each of five 
cells. CI, confidence interval.  
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Figure II.6: Purification and crystallization. 
 

 

 

Figure II.6: Purification and crystallization. Optimal expression conditions identified in 
Figures II.2d and II.4 were scaled up with receptor lacking fluorescent protein fusions. In place 
of the fluorescent proteins, a crystallization chaperone, bril, was inserted in the same position. 
The same two-step purification strategy used in Figure II.3 was applied to this modified receptor. 
a, Concentrated final product from purification, analyzed by coomassie-stained SDS-PAGE and 
FSEC monitoring intrinsic tryptophan fluorescence (λexc: 280 nm; λem: 325 nm). FSEC was 
performed using an SRT SEC-500 column with a flow rate of 0.35 mL/min. The protein is pure 
however the sample is somewhat prone to concentration-dependent oligomerization or 
aggregation, indicated by the asterisk in the FSEC trace. b, Crystals of the receptor obtained 
from this purified protein preparation. 
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Discussion 
 

Utility of titration approach 
 

There are several broadly useful findings I made in the course of optimizing expression 

of the α4β2 receptor using the bacmam system. The first relates to the importance of viral 

titration. Research groups working with baculovirus-mediated expression in insect cells can often 

maintain consistent, high-level protein expression without regularly determining viral titer. I 

found, when implementing the bacmam system that expression levels were usually low and 

moreover were highly variable. Baculovirus replicates in Sf9 cells, and thus, the Sf9 cells will 

amplify the virus during protein expression. This spreading infection allows for a much lower 

MOI to be tolerated. Baculovirus (including bacmam virus) will not replicate in HEK cells and 

thus the protein production depends much more directly on the amount of virus used to transduce 

expression. I regularly observed 10-fold and occasionally 100-fold variations in viral titer; 

without a titration assay, reliable expression of heteromeric assemblies in this system, in my 

hands, would not be feasible. Furthermore, by utilizing concentrated bacmam virus, proteins that 

were once thought impossible to express can be produced using higher MOIs. As measured on a 

separate target in the laboratory, we have seen expression increase with no detriment to the cells 

by using MOI as high as 25. When using high MOIs, however, virus consumption becomes a 

significant expense both in terms of media and time. I consistently found that, I am able to 

maintain high-level expression with dramatically lower MOIs simply by including HDAC 

inhibitors like sodium butyrate during transduction. I found that the optimal MOI and butyrate 

concentrations need to be identified empirically for each protein target; the assay presented here 

provides an efficient means for doing so.  
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Stoichiometry assay 
 

 Functional, biochemical and fluorescence-based approaches have been developed for 

counting subunits and measuring stoichiometry in living cells for numerous receptor families. I 

was interested, however, in an assay for purified protein, which would give information about 

the degree of homogeneity in a native preparation as close as reasonably achievable to the step of 

structural analysis. Moreover, I was interested in an assay that would inform conditions for large-

scale expression but not require multiple purifications. I have created a rapid, precise and 

inexpensive assay that requires only one protein purification. When coupled with FSEC, many 

conditions can be tested in parallel to assess effects upon stoichiometry in a single experiment.  

 A potential source for error in our estimates of subunit concentrations in crude cell 

extracts relates to fluorescence resonance energy transfer (FRET) between the GFP and mCherry 

molecules. mCherry is a reasonably efficient FRET acceptor for GFP with a Förster radius of 52 

Å255. I did not considered FRET in the calculations of scale factors used to convert fluorescence 

values to molar concentrations. If FRET is insignificant or is relatively constant between the two 

stoichiometries, then the scale factors should not change, and there is no FRET-based error. 

However, a theoretical framework applied to single-molecule experiments suggested that FRET 

could vary significantly as the subunit stoichiometry varies235. To assess whether our small-scale 

experiments are accurately predictive of large scale results, I performed a purification of α4-

GFP+β2-mCherry using the same transduction conditions used for protein destined for 

crystallization, i.e., a condition I expected to give us an α:β molar ratio of 0.67, or 2α:3β. I 

measured absorbance of the two fluorescent protein chromophores to calculate the molar ratio in 

a manner that would not be affected by FRET. I obtained an α:β ratio of 0.67 ± 0.09, which 

suggests the small-scale experiments were successful in identifying conditions for purification-
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scale expression of a single stoichiometry, and that in this case, FRET variation was not affecting 

our estimate of stoichiometry for the 2α:3β stoichiometry. Importantly, for my purposes, an 

ability to track changes in apparent stoichiometry is sufficient.  I was interested in homogeneity, 

and what I see is that as I vary the viral ratio, I was able to push the apparent stoichiometry to a 

certain point, but not past it. That point of ‘saturation’ is in our case consistent with a 

homogeneous, single stoichiometry.  

Conclusion 
 

 This combination of methods streamlines the bacmam system for recombinant expression 

of heteromeric proteins and protein complexes. The assays described here are however not 

limited to bacmam-mediated protein expression. For example, the parent vector I started with 

could easily be converted into a rapid-titer insect vector by placing GFP after the p10 promoter 

in the commercial starting vector and making no other modifications. The fluorescence-based 

assay for subunit stoichiometry could be used for protein produced in prokaryotic as well as 

other eukaryotic expression systems and could be expanded to more than two subunits by 

including additional fluorescent proteins as long as they maintain good spectral separation. Thus, 

I am hopeful that the approach outlined here will be useful across a broad range of biological 

targets. 

Materials and methods 
 

pEZT-BM vector design 
 

The pFastBac Dual vector (Thermo Fisher Scientific) was used as a backbone for 

creation of the pEZT-BM vector. In the commercial vector I replaced the insect polyhedrin 
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promoter with a cassette containing a CMV promoter, multiple-cloning site and transcript 

stabilizing elements. This cassette was derived from the pVLAD6 vector242 provided by Dr. 

Chris Garcia at Stanford University. The multiple cloning sites were simplified to suit my 

purposes, as shown in Figure II.2a. I placed a synthetic, codon-optimized enhanced GFP gene 

(Bio Basic Inc.) following the insect p10 promoter, which is in the reverse orientation from the 

CMV promoter. The p10 promoter drives the expression of GFP in insect cells, allowing real-

time monitoring of baculovirus production and subsequent viral titration. The CMV promoter 

and downstream stabilizing elements drive expression of the recombinant protein in mammalian 

cells. The vector backbone contains the Tn7 transposition elements used for the bac-to-bac 

method of producing baculovirus. I used this vector for transient transfections of HEK cells and 

the bac-to-bac method to make bacmam virus following standard commercial protocols. The 

pEZT-BM vector was deposited in the Addgene plasmid repository (Plasmid #74099).  

Nicotinic receptor constructs and small-scale screening 
 

Dr. Jon Lindstrom at the University of Pennsylvania provided the human α4 and β2 

subunit genes. Site-directed mutagenesis was used to make a silent single nucleotide substitution 

in the α4 gene to remove an internal KpnI site. Then, PCR was used to add 5′ NotI and 3′ KpnI 

restriction sites and a Kozak sequence; these sites were used for restriction digest and ligation-

based subcloning into the pEZT-BM vector. Synthetic, codon-optimized GFP was inserted 

between the His 551-Leu 552 residues in the α4 mature sequence and His 412-Met 413 in the β2 

subunit. In the truncated constructs, the residues Lys 339-Pro 536 are deleted in the α4 subunit 

and Cys 331-Cys 397 are deleted in the β2 subunit. The bril gene was obtained by synthesis, 

inserted into the same position as GFP in both α4 and β2, and an additional 19 residues were 

removed surrounding bril to promote crystallization (15 before and 4 after). The GluCl gene was 
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provided by Henry Lester at Caltech via Addgene (Plasmid #15104); in the construct I obtained, 

I replaced YFP with our synthetic GFP for the purposes of the transfection in Figure II.1b. To 

purify the α4β2 receptor, a Strep-tag256 was placed at the C-terminus of the β2 subunit. For 

stoichiometry analysis, the GFP copy in the truncated β2 construct was replaced with mCherry, 

which was provided by Dr. Roger Tsien at the University of California, San Diego. FSEC 

experiments were performed as follows. GnTI- HEK cells (ATCC; #CRL-3022) were added into 

12-well tissue culture dishes and allowed to adhere for 24 hours, maintained at 37 °C and 5% 

CO2. The cells were transfected with 0.5 µg of each subunit using Lipofectamine 2000 (Thermo 

Fisher Scientific). After incubating for 72 hours at 30 °C and 5% CO2 the cells were harvested 

and solubilized with 20 mM Tris pH 7.4, 150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride 

(PMSF; Sigma Aldrich) and 40 mM dodecyl maltoside (DDM) detergent (Anatrace) for 40 

minutes at 4 °C. After centrifugation at 98,400 g for 40 minutes at 4 °C the supernatant was 

analyzed via SEC, detecting the GFP (λexc: 483 nm; λem: 510 nm) and mCherry (λexc: 587 nm; 

λem: 610 nm) fluorescence signals.  

 

Virus production and titration 
 

pEZT-BM constructs were transformed into DH10Bac cells (Thermo Fisher Scientific) to 

produce bacmid DNA as described in commercial protocols. For what I term “P1” virus 

production, a 35 mm well of Sf9 insect cells at a density of 1.0 x 106 cells/well was transfected 

with 5 µL (approximately 1 µg) of bacmid DNA using the commercial protocol for Cellfectin II 

(Thermo Fisher Scientific). The cells were incubated at 27 °C until 90-100% of the cells 

exhibited intense GFP fluorescence as monitored on a basic inverted fluorescence microscope. 

All culturing of Sf9 cells was performed in Sf-900 III SFM medium (Thermo Fisher Scientific). 
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The virus-containing supernatant was collected, sterile filtered (0.22 µm; Millipore) and added to 

Sf9 cells in suspension at a density of 1.0 x 106 cells/mL using a 1/500 volume of P1 virus. This 

secondary “P2” virus was produced at 27 °C and 130 rpm until ~100% of the cells were 

fluorescent, typically 3-6 days later. The supernatant was collected, filtered and concentrated 

(78,400 g for 1 hour at 4 °C)247. The viral pellet was resuspended in 1/1000 volume of Freestyle 

293 medium (Thermo Fisher Scientific) supplemented with 2% of Fetal Bovine Serum (Sigma 

Aldrich). After resuspension the secondary virus was sterile filtered (0.22 µm). I consistently 

find better than 99% recovery efficiency after virus concentration, based on comparing total 

infectious particle numbers before and after concentration. Viral titration was accomplished by 

an endpoint dilution assay257. 100 µL per well of Sf9 cells were added into a black-walled 96-

well culture plate (Corning #3603) at a density of 0.75 x 106 cells/well and allowed to adhere for 

30 minutes at 27 °C. A 10-fold dilution series (10-2 to 10-9) was prepared using fresh tips for each 

dilution in triplicate with the filtered P2 virus stock (Figure II.2b). After the incubation to allow 

cells to adhere, the medium in the 96-well culture plate was replaced with the dilution series. 

Cells were incubated for 48 hours at 27 °C. Fluorescent cells were quantified and averaged 

across triplicate wells at the limiting dilution factor where fluorescent cells were still observed in 

order to calculate the concentration (titer) of infectious virus particles. The viral titer was 

calculated by dividing this average number of cells by their dilution factor, and then multiplying 

by 10 to account for viral particles per mL (as there is only 0.1 mL volume in the well). For 

example, if an average of 3.3 glowing cells are observed in row G of the tray, which is the 10-8 

dilution row, then the titer would be 3 x 109 infectious units per mL. This value was then used as 

a proxy for determining the optimal infection conditions for HEK cells. 
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Protein purification 
 

 1 L of GnTI- HEK cells was transduced with α4 and β2 pEZT-based bacmam viruses in 

the presence of 0.1 mM (-)-nicotine (Sigma Aldrich) and 3 mM sodium butyrate (Sigma-

Aldrich). After shaking for 72 hours at 30 °C and 8% CO2 the cells were harvested and lysed 

(Avestin EmulsiFlex-C5), followed by centrifugation at 9,800 g for 15 minutes at 4 °C. The 

supernatant was collected and centrifuged at 185,700 g for 2 hours at 4 °C to pellet the 

membranes. Membranes were homogenized, then solubilized with 20 mM Tris pH 7.4, 150 mM 

NaCl, 40 mM DDM, 1 mM PMSF, 1 mM nicotine and 0.2 mM cholesteryl hemisuccinate 

(Anatrace) for 1 hour at 4 °C. The solubilized protein was then purified by a Strep-Tactin (IBA) 

affinity column. Concentrated affinity fractions were incubated with endoglycosidase H 

overnight in a 1:8 w:w ratio of enzyme:receptor. Purification via preparative Size Exclusion 

Chromatography (SEC) followed on a Superose 10/300 GL column; fractions were pooled and 

concentrated to 1.6-1.9 mg/mL for direct use in crystallization. Identities of bands in SDS-PAGE 

(Figure II.6a) were confirmed by tryptic digest and mass spectrometry. 

 

Assay for subunit stoichiometry 
 

 The two-color FSEC approach utilizes the absorbance of the GFP and mCherry 

chromophores to calculate the molarity of the subunit that they are fused to. Then, known molar 

quantities of the purified receptor are run in FSEC to determine a scale factor to correlate GFP 

and mCherry fluorescence values on a given instrument/detector with absolute molar 

concentration. These scale factors can then be used to convert fluorescence values from small-

scale experiments with non-purified protein to calculate subunit concentrations and molar ratios. 
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I performed a purification of the α4-GFP + β2-mCherry receptor through the affinity and 

preparative SEC steps described in the previous section. For this purification I used a virus ratio 

of 1:1 for each subunit. The SEC fractions were analyzed via FSEC on an HPLC (Shimadzu) 

equipped with two fluorescence detectors in series. One detector was set to read GFP 

fluorescence and the other was set to detect mCherry fluorescence. The absorbance of each SEC 

fraction was measured at the maxima for the two fluorescent protein chromophores (GFP: 488 

nm; mCherry: 587 nm). The absorbance of each fluorescent protein was divided by its respective 

extinction coefficient (GFP: 56,000 M-1cm-1; mCherry: 72,000 M-1cm-1) to calculate the molarity 

of each subunit (GFP for α4 and mCherry for β2). Then, the fluorescence of the pentamer peak 

amplitude detected by FSEC (in µV) was divided by the molarity of each subunit to calculate the 

scale factor, in units of µV•M-1, for each fluorescent protein. Example calculations are shown in 

Table II.1.  

For small-scale experiments, 1 mL volumes of GnTI- HEK cells in suspension in 12-well 

dishes were transduced with different virus ratios of α4-GFP and β2-mCherry bacmam viruses, in 

the presence or absence of several additives. After shaking for 72 hours at 30 °C and 8 % CO2, 

the cells were harvested and analyzed by FSEC, detecting the GFP and mCherry fluorescence 

signals. The molarity of each subunit was determined by dividing the peak fluorescence intensity 

for a given fluorophore by its scale factor; example calculations are shown in Table II.2. This 

approach allowed for efficient estimation of the subunit molar ratio without the need to purify 

the protein for each expression condition. 
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Electrophysiology 
 

 To test functionality of the crystallization construct adherent GnTI- cells were transfected 

with 0.5 µg of plasmid DNA for each subunit and 0.2 µg of a GFP expression plasmid to identify 

cells for recording. To calculate the EC50 suspension GnTI- cells were virally-transduced under 

the same conditions as were used to produce protein for crystallization. Whole cell recordings of 

membrane currents were made 72 hours later at a membrane potential of -90 mV175. The 

recordings were made with an Axopatch 200B amplifier, low-pass filtered at 5 kHz and digitized 

at 10 kHz using the Digidata 1440A and pClamp software (Molecular Devices). Borosilicate 

glass patch pipettes were pulled and polished to 2-4 MΩ resistance. The external solution 

contained (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 Hepes pH 7.3 and 10 glucose. The 

internal solution contained (in mM): 150 CsF, 10 NaCl, 10 EGTA, 20 Hepes pH 7.3. The agonist 

acetylcholine chloride (Sigma-Aldrich) was prepared in external solution. Solution exchange was 

achieved using a gravity-driven RSC-200 rapid solution changer (Bio-Logic). Dose-response 

relationships were fitted to normalize peak currents using the log (agonist) vs. response with 

variable slope equation in GraphPad (Prism). 

 

Receptor crystallization  
 

 Initial crystals were identified from protein sent to the Hauptman-Woodward Medical 

Research Institute high-throughput crystallization-screening lab258. Several hits were observed in 

their membrane protein screens that could not be reproduced in the lab both in microbatch and 

vapor diffusion crystallization formats. The crystals yielding diffraction shown in Figure II.6 

were grown at 14 °C in hanging drop format after mixing 0.5 µL of protein with 0.5 µL of 
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reservoir solution containing 0.1 M sodium/potassium phosphate pH 6.2, 21.5% PEG 1000, 0.2 

M NaCl.  Crystals were cryoprotected by supplementing with PEG 1000 and glycerol. After a 

short incubation (5-30 seconds) in cryosolution the crystals were flash frozen in liquid nitrogen 

for X-ray diffraction analysis at the 19-ID beamline of the Advanced Photon Source (Argonne, 

IL). 



	  
	  

89	  
	  

 

 

 

Chapter III: Structure determination and 
analysis 

 

 

X-ray structure of the human α4β2 nicotinic 
acetylcholine receptor at 3.9 Å resolution 

 

 

This chapter is a modified version of the following published article: 

 

Morales-Perez, C. L., Noviello, C. M. and Hibbs, R. E. (2016). X-Ray structure of the human 

α4β2 nicotinic receptor. Nature 538:411-415. 
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Introduction 
 

Nicotinic acetylcholine receptors are ligand-gated ion channels that mediate fast chemical 

neurotransmission at the neuromuscular junction and play diverse signaling roles in the central 

nervous system. The nicotinic receptor has been a model system for cell surface receptors, and 

specifically for ligand-gated ion channels, for well over a century68,129. In addition to the 

receptors’ prominent roles in the development of the fields of pharmacology and neurobiology, 

nicotinic acetylcholine receptors are important therapeutic targets for neuromuscular disease, 

addiction, epilepsy, and for neuromuscular blocking agents used during surgery68,228,259. The 

overall architecture of the receptor was described in landmark studies of the nicotinic receptor 

isolated from the electric organ of Torpedo marmorata64. Structures of a soluble ligand binding 

domain have provided atomic-scale insights into receptor-ligand interactions260, while high-

resolution structures of other members of the pentameric receptor superfamily provide 

touchstones for an emerging allosteric gating mechanism3. All available high-resolution 

structures are of homopentameric receptors. However, the vast majority of pentameric receptors 

(called Cys-loop receptors in eukaryotes) present physiologically are heteromeric. Here I present 

the X-ray crystallographic structure of the human α4β2 nicotinic receptor, the most abundant 

nicotinic subtype in the brain. This structure provides insights into the architectural principles 

governing ligand recognition, heteromer assembly, ion permeation and desensitization in this 

prototypical receptor class.  
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Results 
 

Crystallization of the α4β2 nicotinic receptor 
 

The α4β2 receptor is known to assemble in two functional subunit stoichiometries, 3α:2β 

and 2α:3β. The latter stoichiometry has an ~100-fold higher affinity for both acetylcholine and 

nicotine, lower single-channel conductance and calcium permeability, and its expression is 

selectively upregulated by nicotine114,144,197. I used a small-scale fluorescence-based approach to 

optimize conditions for protein expression and purification that would yield the 2α:3β form261. 

Growth of well-diffracting crystals required deleting most of the intracellular domain between 

transmembrane spans M3 and M4 in both subunits (Figures III.1 and III.2). This crystallized 

receptor construct, referred to here as α4β2, retains function comparable to full-length protein, as 

discussed below. The best-diffracting crystals were obtained by co-crystallization with nicotine 

and a cholesterol analog, and allowed for collection of a complete dataset to 3.9 Å resolution (see 

Methods and materials section and Table III.1).  
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Figure III.1: Sequence alignment of the α4β2 nicotinic receptor with other Cys-loop receptors 
and AChBPs. 

 

 

 
Figure III.1: Sequence alignment of the α4β2 nicotinic receptor with other Cys-loop 
receptors and AChBPs. Sequences are numbered starting with the first amino acid in the 
mature protein. GI accession numbers are provided for full-length proteins and PDB codes for 
sequences from crystal structures. Human α4 nAChR (29891586), human β2 nAChR 
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(29891594), human α7 nAChR (29891592), Aplysia californica AChBP (2WN9)262, Lymnaea 
stagnalis AChBP (1UW6)178, human GABAA β3 (4COF)176, human glycine α3 (5CFB)177, Mus 
musculus 5-HT3 receptor (4PIR)65 and Caenorhabditis elegans α1 (3RHW)195. Secondary 
structure, binding pocket loops and other selected structural elements are labeled. Disulfide 
bonds are highlighted in yellow and residues that lacked electron density and are not present in 
the model are highlighted in orange. Residues with mutations linked to autosomal dominant 
nocturnal frontal lobe epilepsy are highlighted in brown.  
 

Figure III.2: Biochemical analysis. 
 

 

 

Figure III.2: Biochemical analysis. a, FSEC trace of purified α4β2 nicotinic receptor. The 
protein sample used for crystallization was tested by FSEC using an SRT SEC-500 column (0.35 
mL/min) monitoring tryptophan fluorescence. The receptor exhibited time-dependent 
oligomerization/aggregation indicated by an asterisk. Pentamer indicates the elution peak of the 
heteropentameric assembly. b, SDS-PAGE stained with coomassie of the stages of receptor 
purification. c, Chemical structures of ligands used in crystallization, electrophysiology and 
binding assays. d, Saturation binding experiments with [3H]-epibatidine. Binding affinity (Kd) 
was calculated using the one site binding with variable slope equation in Prism (Graphpad). The 
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published range for epibatidine Ki, for reference, is 0.042-0.150 nM (all published values in 
paper are from a pharmacological review68). The experiment was performed in triplicate. Error 
bars are s.e.m. and nH is the Hill coefficient. 
 

Table III.1: Data collection and refinement statistics. 
 

 

 

Table III.1: Data collection and refinement statistics. # This dataset is of low resolution and 
was only used to generate anomalous difference maps. * Values in parentheses are for the 
highest resolution shell. ¥ All angles = 90° 
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The structure of the α4β2 receptor was solved by molecular replacement (see Methods 

and materials section). Subunit identities were initially assigned based on features in electron 

density maps from the vicinity of the neurotransmitter binding pocket (Figures III.3a, b). To 

further interrogate subunit identity, I co-crystallized the receptor with 5-Iodo-A-85380, a potent 

agonist that, like acetylcholine and nicotine, is expected to bind only at α-β interfaces263. From a 

low-resolution isomorphous dataset, I observed iodine anomalous signal in only the two assigned 

α-β interfaces (Figure III.3c). After finalizing subunit assignment, electron density maps were of 

sufficient quality to build and refine nearly all of the extracellular and transmembrane domains, 

as well as a portion of the intracellular domain (Figures III.1 and III.3).  
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Figure III.3: Electron density quality. 
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Figure II.3: Electron density quality. a and b, 2Fo-Fc electron density maps of Loop C from an 
α4 and β2 subunit, respectively (contoured at 1 σ), with reference residues indicated. Perspective 
is from inside binding pocket looking toward receptor periphery. c, View down the channel axis 
toward the cyotosol. Anomalous difference peaks from co-crystallization with 5-Iodo-A-85380 
are shown as red mesh and contoured at 3 σ. No detectable anomalous signal was present in 
other interfacial pockets. d, Stereo pair of 2Fo-Fc electron density maps (contoured at 1.5 σ) from 
an interface of α4 and β2 subunits. e, 2Fo-Fc electron density map of an α4 subunit M2 α-helix 
(contoured at 1.5 σ). Reference residues in the M2 helix are indicated. f, Stereo pair of Fo-Fc 
omit maps (contoured at 2 σ) of selected residues and nicotine in the neurotransmitter binding 
pocket. Residues and ligand omitted from map calculation are labeled. g, Fo-Fc omit map 
(contoured at 2 σ) for nicotine in the α-β interface. h-i, Fo-Fc omit map (contoured at 2 σ) of the 
ion and waters in the pore. The Na+ ion (purple) and water (red) are represented as spheres. The 
nearest residues on the M2 α-helices are indicated.  

 

Receptor architecture 
 

  The α4β2 receptor resembles a cylinder formed from 5 subunits in a pseudo-symmetric 

arrangement about the channel axis. The crystal structure reveals a subunit ordering of α-β-β-α-β 

around the pentameric ring (Figures III.4a, b), consistent with functional studies of concatameric 

receptors131,231. The α4 and β2 subunits share 59% amino acid sequence identity and adopt 

similar backbone conformations (Figures III.4c and III.5a, b). Each subunit comprises a large 

extracellular domain with an amino-terminal α-helix and 10 β-strands that wrap inward to form a 

sandwich. The C-terminal bundle comprises three transmembrane α-helices (M1-M3), an 

amphipathic or intracellular MX helix, and a final transmembrane α-helix (M4). The overall 

architecture is similar to that found in the other Cys-loop receptor family members of known 

structure (Figure III.5 and Table III.2)3. The MX helix, about which comparatively little 

structural information is available, closely resembles the conformation observed in the 5-HT3 

receptor (5-HT3R) structure (Figure III.5c)65. The Cys-loop receptor superfamily takes its name 

from a conserved disulfide bond linking the β6 and β7 strands in the extracellular domain. A 

second disulfide bond is formed between adjacent cysteines at the tip of Loop C in the α4 
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subunits (Figures III.3a, b and III.6 g-i), a feature that defines nicotinic receptor α subunits and is 

absent in all other Cys-loop receptors264. Electron density was observed for nicotine at the two α-

β interfaces in the extracellular domain and for a single N-acetylglucosamine residue linked to a 

conserved asparagine in the Cys-loop of each subunit (Figures III.3f, g). The interior surface of 

the receptor begins at a large extracellular vestibule that narrows into a funnel-shaped 

transmembrane channel defined by the pore-lining M2 α-helices; mutations in this region are 

linked to autosomal dominant nocturnal frontal lobe epilepsy (Figure III.1)259. A strong electron 

density peak in the pore was modeled speculatively as a combination of Na+ ion and water in an 

arrangement similar to that seen in a prokaryotic pentameric receptor, GLIC265 (see Methods and 

materials section and Figures III.3h, i). The channel is in a desensitized, non-conducting 

conformation most similar to that observed in the GABAAR structure, however the overall 

receptor conformation is distinct.  
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Figure III.4: Architecture of the α4β2 nicotinic receptor. 
 

 

 

 

Figure III.4: Architecture of the α4β2 nicotinic receptor. a, View parallel to the plasma 
membrane. α4 subunits are in green and β2 in blue. Nicotine (red) and sodium (pink) are 
represented as spheres. The Cys-loop and Loop C disulfide bonds are shown as yellow spheres. 
N-linked glycans (brown) are shown as sticks. Dashed lines indicate approximate membrane 
position. b, View perpendicular to the plasma membrane looking from the extracellular side. c, 
Orientation as in a of the individual subunits. Unmodeled residues from the intracellular domain 
are represented as a dashed line. 
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Figure III.5: Structural superimpositions. 
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Figure III.5: Structural superimpositions. a, Cα atom r.m.s.d. from pairwise superimpositions 
of all α4 and β2 chains. b, Backbone comparison of the α4 (green) and β2 (blue) subunits. c, 
Superimpositions of subunits of representative pentameric ligand gated ion channel structures 
(magenta) on the chain A α4 subunit (green). PDB codes and Cα r.m.s.d. are listed. Asterisk 
indicates bulging caused by inserted leucine residue found in the M2-M3 loops of α4 and β2 
subunits relative to other receptors shown here (this loop was unmodeled in the 5-HT3R 
structure65, however that protein has the same loop length as α4 and β2). The most similar 
subunit structure overall to α4 is GLIC265, which has been thought to represent an open state, 
however studies on its desensitization properties266-268 and comparison to the α4β2 receptor 
structure here and in Figure III.11 suggest it may rather represent a desensitized conformation. 
Conversely, the Torpedo nicotinic receptor structure64, while clearly adopting the same overall 
fold, aligns less well structurally with α4 than does GLIC. This difference may relate to the 
Torpedo receptor being in a closed-resting state; notable differences in the backbone 
conformation of the Torpedo M2-M3 and Cys-loops (inset) compared to all other structures are 
less straightforward to interpret. 

 

Table III.2: Surface areas buried at subunit interfaces. 
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Table III.2: Surface areas buried at subunit interfaces. a, Buried area at subunit interfaces in 
the α4β2 receptor and other pentameric receptors. The 5-HT3R structure contains an extra section 
of the intracellular domain (Figure III.5c), which accounts for its larger subunit interface area. 
Glycine receptor structures include two from cryo-EM studies (3JAE and 3JAD in the open and 
resting states, respectively)199 and one from X-ray crystallography in the resting state (5CFB)177. 
b, Surface areas buried by only Loop C. I analyzed inter-subunit interactions in the α4β2 receptor 
to investigate mechanisms underlying heteromeric receptor assembly. The crystal structure of the 
receptor reveals three classes of subunit interfaces: α-β, β-β and β-α. All three interface types in 
the receptor are comparable in terms of surface area buried to the most tightly packed Cys-loop 
receptor structures. Of the three interface classes in the α4β2 receptor, the α-β interface is the 
most extensive; the majority of this difference is provided by Loop C, which is significantly 
longer in the α subunit and forms extensive contacts with the neighboring β subunit (Figure III.6 
g-i). Among the pentameric receptors of known structure, the α4β2 nicotinic receptor is closest 
in sequence and function to the Torpedo nicotinic receptor64. I compared backbone 
conformations and inter-subunit interactions between these two structures (Figure III.5c). I found 
that the α4β2 receptor conformation is more similar to other eukaryotic receptors and the 
bacterial receptor GLIC269 than to the Torpedo receptor. I additionally observed that subunit 
interfaces are much more loosely packed in the Torpedo receptor structure. Due to these 
differences and to a previously described register inconsistency in its transmembrane domain I 
limited our further structural comparisons with the Torpedo nicotinic receptor195. 
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Figure III.6: Detailed interface interactions. 
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Figure III.6: Detailed interface interactions. a-c, Views parallel and perpendicular to the 
plasma membrane coloring potential van der Waals (gray), H-bonds (orange) and electrostatic 
(pink) interactions in the subunits interface. Parallel views are from periphery of receptor. d-f, 
Close-up of the red boxes on the apical receptor surface. g-i, Close-up of the black boxes in the 
view parallel to the plasma membrane. j-l, Close-up of the yellow boxes in the view parallel to 
the plasma membrane. Panels j-l highlight the N-capping of the M1 helix by a serine in the M2-
M3 loop, an interaction seen in GlyR-closed, but absent in GlyR-open and GABAAR176,199. For 
simplicity, only the residues likely to be involved in forming H-bonds and electrostatic 
interactions are shown. These potential interactions are shown as dashed lines (2.4-3.9 Å). The 
subunit interfaces are predominantly stabilized through van der Waals interactions, with 
interspersed hot spots of hydrogen bonding and electrostatic interactions of known functional 
importance. The N-terminal helix of the receptor is important in pentameric assembly and 
mutations in this region of other pentameric receptors results in disease. Loop C is essential for 
orthosteric ligand binding, the M2-M3 loop is critical for allosteric signal transduction3, and 
residues at the apex of M1 and at the intracellular base of the pore are known to affect 
desensitization270,271.  

 

Neurotransmitter binding site 
 

 Nicotine activity in the brain, including its reinforcing properties that lead to addiction, is 

mediated principally by α4β2 receptors272,273. To validate the receptor constructs used in 

crystallization, I quantified the binding affinities of a panel of ligands for the purified receptor 

(Figures III.7 and III.2d). Among the three classes of subunit interfaces, I observed electron 

density for nicotine only at the α-β interfaces (Figure III.7). The ligand was positioned based on 

the strong omit electron density (6.8-8.0 σ, Figures III.3f, g) and comparison with the high-

resolution structure of the acetylcholine binding protein (AChBP) in complex with nicotine 

(Figure III.8)260. I first analyzed interactions of nicotine with the receptor and then compared the 

positions of corresponding residues at non α-β interfaces to understand principles of binding 

selectivity.  
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Figure III.7: Neurotransmitter binding site. 
 

 

Figure III.7: Neurotransmitter binding site. a, Competition experiments against [3H]-
epibatidine. Calculated inhibition constant (Ki) values assume a Kd for [3H]-epibatidine of 96 pM 
(Figure III.2d). n = 4 independent experiments. Error bars are s.e.m. and nH is the Hill 
coefficient. *Published range of the Ki of the ligands against WT α4β2. b, Extracellular view, 
with colored boxes indicating the three different interface classes. c-e, Architectural details of 
interfaces boxed in b. The top row is from the same orientation as in b. Nicotine and interacting 
residues are shown as sticks. Potential hydrogen bonding and cation-π interactions are 
represented as dashed lines (2.7-5 Å). In the lower row, the loop C backbone is hidden to aid in 
clarity. 
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Figure III.8: Determinants of nicotine binding. 
 

 

Figure III.8: Determinants of nicotine binding. a, Sequence alignment of loops implicated in 
nicotine binding. The human nicotinic α1 (GI accession number: 87567783), β1 (41327726), γ 
(61743914), δ (4557461) and ε (4557463) subunits were added to the sequence alignment.  
Residues making contact with nicotine or stabilizing the binding pocket indirectly are 
highlighted in yellow and brown, respectively. Determinants indirectly affecting the receptor-
nicotine cation-π interaction are highlighted in blue. b, Close-up of the α4β2 nicotinic receptor 
binding pocket. c, Close-up of the corresponding region in AChBP (PDB: 1UW6)178. The water 
in the AChBP pocket is represented as a red sphere and forms a hydrogen bond between the 
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pyridine nitrogen on nicotine and the protein backbone. Potential hydrogen bonding and cation-π 
interactions are represented as dashed lines (2.7-5 Å). 
 

 Nicotine binds in the classical neurotransmitter site at the α-β interface, almost fully 

buried from solvent. The α4 subunit forms the (+) side of the binding pocket and the β2 subunit 

forms the (-) side (Figures III.7b, c). Three loops from each side of the interface contribute to 

binding of orthosteric ligands, A, B and C from the (+) side, and D, E and F from the (-) side. 

Residues from loops A-E form a tightly-packed aromatic box surrounding nicotine, with the 

floor formed by Y100 on loop A and W57 on the β2 strand in loop D. The back walls are defined 

by W156 in loop B and L121 on the β6 strand in loop E. The front wall of the pocket is formed 

by loop C, which packs tightly onto the ligand, contributing interactions from the vicinal 

cysteines and from Y197 and Y204. The hydrophobic top of the pocket is formed by V111 and 

F119 in loop E. In addition to the aromatic and hydrophobic interactions with these side chains, 

nicotine is poised to form a hydrogen bond between its electropositive pyrrolidine nitrogen and 

the backbone carbonyl oxygen of W156. The pyrrolidine nitrogen is also well-oriented to form a 

cation-π interaction with the indole ring of W156, a recurring ligand-receptor interaction in the 

superfamily, though not always to this tryptophan274. Residues in loop F do not contribute 

directly to nicotine binding, however D170 on loop F likely stabilizes loop C via a hydrogen 

bond to the backbone nitrogen of C199 (Figures III.6 and III.8).  

 To date all high resolution structural information for Cys-loop receptors has come from 

homopentameric assemblies, leaving many questions unanswered regarding architecture of the 

non-canonical interfaces. The α4β2 crystal structure reveals a surprising reorganization of the 

conserved aromatic residues in the β-β and β-α interfaces that precludes nicotine binding. The 

source of the reorganization appears to be the identity of the residue that precedes the loop B 
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tryptophan by two positions. In the α4 subunit, this residue is a glycine (G154); in β2, it is an 

arginine (R149). When the β2 subunit contributes to the (+) side of the interface (Figures III.7d, 

e), this R149 orients longitudinally into the base of the binding pocket. The second tyrosine on 

loop C is not present in the β2 subunit, which allows Y196 to change its rotameric position, 

orienting toward the membrane. A second tyrosine, Y95 in loop A, rotates away from the 

membrane. The result of the switch in conformations of these two tyrosines is that the positively 

charged guanidinium group of R149 is sandwiched between their two aromatic rings, in a sense 

satisfying the electron-rich π system as the pyrrolidine nitrogen of nicotine does in the α-β 

interfaces. A consequence of the reorganization around the arginine is that W151 in loop B must 

move; its side chain rotates out of the binding pocket completely. The conformations of these 

residues on the (+) side are similar between the β-β and β-α interfaces; the differences between 

them arise from the (-) side of the interface, where three hydrophobic groups on the (-) side of 

the β2 subunit are replaced by polar side chains on the (-) side of the α4 subunit (Figure III.7e). 

This difference in chemical environment may affect nicotine binding to α4-α4 interfaces in the 

3α:2β stoichiometry132. The polar environment on the (-) face of the α4 subunit may be less 

favorable for nicotine binding in the orientation we observe at the α-β interfaces, wherein the 

pyridine ring packs against the hydrophobic (-) face of the β subunit. By comparison, the 

homopentameric α7 nicotinic receptor preserves two of the three hydrophobic residues in Loop E 

(Figure III.8a) and maintains nicotine binding, albeit with lower affinity. 

Ion permeation pathway 
 

 After prolonged exposure to agonist, nicotinic receptors desensitize, adopting a high-

affinity and agonist-bound, non-conducting conformation3,176. I performed patch-clamp 

electrophysiology experiments comparing responses of full-length and crystallized α4β2 receptor 
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constructs to acetylcholine and found them to behave similarly (Figure III.9a). I next measured 

responses to 1 mM nicotine, as was used throughout purification and for crystallization, and 

observed that the receptor desensitized profoundly within a few milliseconds. This functional 

result predicts that I would observe a desensitized, non-conducting conformation in the structure. 

The receptor structure reveals the transmembrane channel tapering to a constriction point at the 

interface with the cytosol (Figure III.9b). The narrowest point in the pore is defined by glutamate 

side chains at the -1′ position of the M2 α-helices, which give rise to a constriction of 3.8 Å in 

diameter (Figures  III.7b, c). The consensus on minimum pore diameter among cation-selective 

Cys-loop receptors is in the range of ~6-8 Å, consistent with the permeant ion being at least 

partially hydrated275,276. The α4β2 receptor is a non-selective cation channel, being permeable to 

Na+, K+ and Ca2+. Na+ is the smallest; with an ionic diameter of 1.90 Å. Adding a single 

equatorial water molecule (2.8 Å diameter) would put the diameter of the permeant species 

above the observed constriction size. I compared the α4β2 receptor pore conformation to those 

from recent structures that likely represent the three principal receptor states: resting-closed 

(glycine receptor + strychnine199; GlyR-closed), activated-open (glycine receptor + glycine199; 

GlyR-open) and desensitized-closed (GABAAR176) (Figures III.9c and III.10). The pore 

conformation of the α4β2 receptor most closely resembles the desensitized GABAAR, where the 

gate is at the cytosolic end of the pore271. Functional studies also suggest that the desensitization 

gate is located at the cytosolic side of the pore. Thus, structural and functional analyses are 

consistent with the α4β2 receptor structure representing a desensitized, non-conducting state. 

 

 

 



110	  
	  

	  
	  

Figure III.9: Ion permeation pathway. 
 

 

 

 

Figure III.9: Ion permeation pathway. a, Patch-clamp recordings of the wild type (WT) and 
crystallized α4β2 receptor. ACh, acetylcholine. b, M2 α-helices from opposing α4 and β2 
subunits with side chains shown for pore-lining residues. Blue spheres indicate pore diameters 
>5.6 Å; yellow are >2.8 Å and <5.6 Å. c, Pore diameter for the α4β2 receptor and representative 
Cys-loop receptors in distinct functional states: desensitized-closed (GABAAR + benzamidine; 
PDB:4COF)176, activated-open (GlyR + glycine; PDB:3JAE) and resting-closed (GlyR + 
strychnine; PDB:3JAD)199. Structures were aligned using the M2 helix 9′ leucine, which occurs 
at y = ~15 Å. The zero value along the Y-axis in the plot is aligned with the α-carbon of the M2 
helix -1′ glutamate residue in α4β2. d, Cutaway of the receptor showing the permeation pathway 
colored by electrostatic potential. 
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Figure III.10: Cys-loop receptor ion channel conformations. 
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Figure III.10: Cys-loop receptor ion channel conformations. a, Sequence alignment of the 
M2 α-helices. Residues lining the α4β2 receptor pore are highlighted in yellow and the residues 
lining the pores of GlyR (closed: 3JAD; open: 3JAE)199, GLIC (4QH5)269 and GABAAR 
(4COF)176 are highlighted in blue. b-e, View of the M2 α-helices from opposing subunits with 
side chains shown for pore-lining residues. The blue and yellow spheres represent the internal 
surface of the transmembrane ion channel. Blue spheres are pore diameters >5.6 Å; yellow are 
>2.8 Å and <5.6 Å and pink are <2.8 Å.  
 

 To probe mechanisms of ion selectivity, I analyzed the electrostatic properties of the 

permeation pathway of the α4β2 receptor (Figure III.9d). The surface of the extracellular 

vestibule is strongly electronegative, which likely serves to increase the local concentration of 

cations near the channel mouth. The electrostatic potential becomes more neutral at the 

extracellular end of the pore, where the 20′ glutamate side chains from the two α4 subunits are 

offset by the 20′ lysine side chains from the three β2 subunits. This 20′ position is the only site in 

the pore where the α4 and β2 subunits contribute opposing charges to the electrostatic surface, 

and thus is where alternate subunit stoichiometries would be expected to most strongly influence 

permeation properties. Indeed, the higher Ca2+ permeability of the 3α:2β stoichiometry of this 

receptor has been shown to result from the swap of lysine to glutamate at the 20′ position in that 

assembly197. Approaching the constriction point in the pore, the surface becomes strongly 

electronegative, dominated by the five glutamate side chains that form the selectivity filter at the 

base of the pore. The side chains are folded toward the pore axis with their carboxylates likely 

stabilized through hydrogen bonding with the -2′ backbone carbonyl oxygens from adjacent 

subunits.   

Desensitization mechanism 
 

 To move beyond the local conformation observed in the pore, and to place the α4β2 

receptor structure in the context of the resting-activated-desensitized gating cycle, I next 
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compared the overall conformation of the α4β2 receptor to the reference structures for distinct 

conformations. Structures of GluCl198 and the glycine receptor199, each in multiple 

conformations, suggest that within an individual subunit, the extracellular (ECD) and 

transmembrane subdomains (TMD) behave in large part as rigid bodies during state transitions. 

Thus, I initially compared the extracellular and transmembrane subdomains of an α4 subunit 

with the analogous subdomains from the open and desensitized structures described in the 

previous section (Figures III.11 a-c). I found that the Cα backbones from these subdomains 

superimpose well (Cα r.m.s.d 1.6-2.8 Å), with noteworthy differences in loops at the 

extracellular-transmembrane interface thought to be involved in signal transduction. These loops 

include the β1-β2, M2-M3 and Cys-loops from the (+) subunit and the β8-β9 loop and the β10-

M1 helix junction in the (-) subunit. To understand how the reorganization of these interfacial 

loops relates to global conformational changes, I superimposed whole receptors based on 

alignment of their pentameric transmembrane domains, and examined corresponding differences 

in the extracellular domains. I was surprised to find that while the GABAAR pore is tightly 

closed, more so even than α4β2 (Figure III.7c), the conformation of the GABAAR extracellular 

domain much more closely resembles the open GlyR structure than the α4β2 receptor structure 

(Figures III.11d, e).  
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Figure III.11: Comparison of Cys-loop receptor conformational states. 
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Figure III.11: Comparison of Cys-loop receptor conformational states. a, View parallel to 
the plasma membrane of a superposition of the α4 subunit (green) ECD with the GABAAR176 
(magenta) and GlyR-open199 (orange) and GlyR-closed199 (cyan). b, View parallel to the plasma 
membrane of a superposition of the TMDs. Asterisk indicates an inserted leucine in the M2-M3 
loop of α4β2, which is conserved in 5-HT3 receptors. In the high-resolution structure of the 5-
HT3R65, the majority of the M2-M3 loop including the leucine of interest is not modeled, 
precluding comparison of the two structures for this analysis. c, Table of Cα r.m.s.d. values 
between isolated regions of one subunit per structure. d-e, View down the channel axis from the 
synaptic cleft toward the cyotosol of a superposition of the receptors based on alignments of the 
TMDs. f-g, Analysis of intrasubunit rotation angles between different conformational states. 
Rotation axes indicated by yellow bar. In f, the ECD of GlyR-open was superposed on the ECD 
of α4 and relative displacement of the TMD is shown. In g, the TMD of GABAAR was 
superposed on the TMD of α4 and relative displacement of the ECD is shown.  

 

 Examination of the interactions between the extracellular and transmembrane domains 

further illustrates the differences between the open and the two desensitized conformations 

(Figures III.12 a-d). At the ECD-TMD interface, local loop conformations are similar between 

the GlyR-open and the GABAAR structures (Figure III.12b). Comparison of α4β2 with both the 

GlyR-open (Figure III.12c) and the GABAAR (Figure III.12d) structures reveals concerted 

displacements in α4β2 of the β1-β2, M2-M3 and Cys-loops on the (+) subunit and the β8-β9 loop 

and the β10-M1 helix on the (-) subunit. These displacements are maximal at the Cys-loop, with 

differences between reference Cα atoms of 6.5 Å for α4β2 vs. GABAAR and 7.4 Å for α4β2 vs. 

GlyR-open. Analysis of the conformational differences at the subunit level between α4β2 and 

GlyR-open that generate these displacements suggests a 15° rotation around an axis passing 

through the Cys-loop (Figure III.11f). This rotation results in closure of the ion channel and 

necessitates reorganization of the ECD-TMD interface. In contrast, analysis of the 

conformational differences between α4β2 and GABAAR suggests a 13° tilting of the ECD 

(Figure III.11g). As a result, from α4β2 to the GABAAR, the pore remains similarly closed, but 

the ECD-TMD interface is different. In both cases, the resulting displacement of the Cys-loop at 
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the pivot point coincides with a major alteration in the conformation of the M1 helix of α4β2 

relative to GlyR-open and to GABAAR (Figures III.12 e-g). 

Figure III.12: Rearrangements at the membrane interface underlie desensitization in the α4β2 
receptor. 

 

 

 

 

Figure III.12: Rearrangements at the membrane interface underlie desensitization in the 
α4β2 receptor. a, Reference orientation of the α4β2 receptor. b-d, Superimpositions of whole 
pentamers based on alignment of transmembrane domains, showing local structural differences 
at the membrane interface. e-g, Superimpositions of whole pentamers based on alignment of 
extracellular domains, showing global differences in transmembrane domains. b,e, GlyR-open199 
(orange) vs. GABAAR176 (magenta). c,f, GlyR-open vs. α4β2 structure (green, blue). d,g α4β2 vs. 
GABAAR.  
 

 Our structural analysis suggests that the α4β2 and GABAAR structures represent distinct 

desensitized states. Kinetically distinct desensitized states are well described for both GABAA 

and nicotinic receptors277,278. The electrophysiology data for nicotine at the α4β2 receptor, and 
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other studies of nicotine at the rat α4β2 receptor279, are consistent with a desensitized receptor; 

those presented with the GABAAR structure are potentially consistent with an intermediate or 

transitional state stabilized by the novel agonist benzamidine. I speculate that the extensive 

conformational rearrangements observed in the α4β2 receptor ECD-TMD interface further 

stabilize the receptor and thereby contribute to the increased affinity for agonist in the 

desensitized state3. This progression of quaternary rearrangements is illustrated in Figure III.13. 

These interpretations are tentative as both of these structures were determined in the presence of 

detergent, removed from the native membrane environment known to be important for 

pentameric receptor function280. Additional Cys-loop receptor structures in desensitized states, 

and of nicotinic receptors in additional states, will help elucidate the detailed structural changes 

underlying desensitization. 
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Figure III.13: Conformational changes underlying desensitization. 
 

 

 

 

 

 

Figure III.13: Conformational changes underlying desensitization.  Cartoon illustrates the 
relative positions of ECD and TMDs in the α4β2 receptor compared to the open conformation of 
the glycine receptor199 and the desensitized conformation of the GABAA receptor176.  

 

Discussion 
 

First X-ray structure of a nicotinic acetylcholine receptor 
 

For decades, the nicotinic acetylcholine receptors have being used as a model system to 

study ligand-gated ion channels. However, these receptors have resisted high-resolution 

structural analysis. Here, I presented the first high-resolution structure of a nicotinic 

acetylcholine receptor and the first high-resolution structure of a heteropentameric receptor of its 
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superfamily. The α4β2 nicotinic receptor showed a similar secondary structure as the solved 

Cys-loop receptors. Each subunit has the conserved “cys-loop” with an N-glycosylation site. The 

α4 subunits have a second disulfide bond at the tip of loop C. In addition, it has five additional 

residues that help stabilize the interface and lock nicotine inside the binding pocket. The 

constructs M3-M4 loop was modified for crystallization purposes, I was only able to observed 

electron density for the amphipathic MX helix. Due to the lack of high-resolution information 

and flexibility, I was unable to model all the residues in the α4 and β2 subunits.  

Side chains rearrangement in the neurotransmitter binding site 
 

The high-resolution structure of the α4β2 nicotinic receptor revealed new insights into the 

different interface classes. Nicotine binds to only the α-β interface forming hydrophobic 

interactions, cation-π interactions and a hydrogen bond. The α4 loop C locks nicotine inside the 

binding pocket pushing it to the back wall formed a conserved tryptophan (W156). Nicotine 

aligns to form a hydrogen bond between its electropositive pyrrolidine nitrogen and the 

backbone carbonyl oxygen of the W156. In addition, the pyrrolidine nitrogen is within a 

favorable distance to form cation-π interactions with the W156 side chain. The loops D and E in 

the (-) side contribute hydrophobic residues that create a favorable environment for nicotine 

binding. The loop F does not contribute directly to nicotine binding. However, stabilizes the 

nicotine binding conformation adopted by loop C via a hydrogen bond.  

One of the important discoveries of the α4β2 nicotinic receptor was the first structural 

information of the β-α and β-β interfaces. The structure revealed multiple side chain 

rearrangements that are crucial for the preclusion of ligands in the β-α and β-β interfaces. The β2 

(+) side does not have the second disulfide bond at the tip of loop C, which is required for ligand 



120	  
	  

	  
	  

binding. Also, the β2 (+) side has an arginine (R149) from loop B aligning horizontally in the 

binding pocket. The arginine causes a reorganization of the side chains in the binding pocket 

pushing the conserved tryptophan (W151) in the back wall to the back. In addition, the arginine 

acts a covalent ligand, where is sandwiched between two tyrosines forming cation-π interactions. 

The chemical repulsions and covalent ligand-receptor interactions preclude the binding of 

neurotransmitter to the β-α and β-β interfaces. The corresponding residue in the α-β interface is a 

glycine (G154), which adds flexible to the loop and a free space for the binding of ligand. The β2 

loop E has three hydrophobic residues that facilitate the binding of neurotransmitter to the α-β 

interface. Meanwhile, the α4 loop E has three hydrophilic that disfavor the binding of 

neurotransmitter at the α-α interface creating a putative binding site with a lower affinity. The 

high-resolution structural information of the different interface classes has provided the first 

template to rationally design therapeutics for the implicated diseases and disorders. 

Pore conformation and ion selectivity 
 

The co-crystallization with nicotine locks the ion pore in a non-conducting, desensitized 

state. The cytosolic end of the M2 α-helices moved towards the ion pore forming the constriction 

point in the -1′ position. The permeation pathway is highly electronegative, expected for a non-

selective cation channel. The selectivity filter is formed by five glutamates in the -1′ position at 

the cytosolic end of the pore. The pore aligning residues are very similar in both subunits with 

the only difference in the 20′ position at the extracellular end of the pore. The 20′ position has 

opposing charges; the α4 subunit has a glutamate and the β2 subunit has a lysine. Site-directed 

mutagenesis and functional assays have showed that this position at the top ring of the ion pore 

affects the permeability of Ca2+. The 2α3β stoichiometry has a net charge of +1 in the top ring 
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decreasing its permeability for Ca2+. Meanwhile, the 3α2β stoichiometry has a net charge -1 

charge increasing its permeability.  

Desensitized state 
 

To put into context the desensitized conformation of the α4β2 nicotinic receptor into the 

gating cycle, I compared the receptor with other members of the Cys-loop superfamily. I chose 

the GlyR and the GABAAR structures because of good representation of the three different 

conformational states. The comparison of the α4β2 nicotinic receptor with both structures 

revealed large displacements in ECD-TMD interface and M2 α-helices. The α4β2 receptor 

showed a deeper rotation of the ECD-TMD interface loops compared to both structures and a 

similar conformation of the M2 α-helices to the GABAAR. The different conformation of the 

ECD-TMD interface loops suggests that the α4β2 receptor adopts a distinct desensitized state. 

Here, I proposed that nicotine locked the receptor in a fully desensitized state rearranging the 

ECD and TMD to adopt a high-affinity state for nicotine. This structure provides a distinctive 

conformational state to the allosteric gating cycle of the Cys-loop receptor superfamily.  

Conclusion 
 

Here I describe the first X-ray structure of a nicotinic acetylcholine receptor and the first 

structure of a heteropentameric receptor from its protein superfamily, the heteropentameric α4β2 

receptor. This structure of a heteromeric Cys-loop receptor sheds light on the architecture of the 

neurotransmitter site with bound nicotine and illustrates why the two other classes of binding 

sites are unable to bind classical nicotinic agonists. The receptor is locked in a non-conducting, 

desensitized conformation by the agonist nicotine. The α4β2 receptor conformation is strikingly 

distinct from prior structural information on a desensitized GABAA receptor, and thereby 
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provides an important addition toward mapping the structural basis of allosteric gating in Cys-

loop receptors. 

Future directions 
 

The high-resolution structure has revealed new insights on the atomic-scale mechanisms 

of the α4β2 nicotinic receptor. However, the subunit assembly, ligand-recognition and gating 

cycle mechanisms are still not fully understood. In order to propose a model for the allosteric 

gating cycle of the nicotinic receptors, it is needed to have structural information of the α4β2 

receptor in an open and closed state. To capture the receptor in the open and closed states the lab 

is using different pharmacological methods, antagonists for the close state and a combination of 

an agonist, allosteric modulator and a channel blocker for the open state. In addition, these 

structures will help study the ligand-receptor interactions with different ligands. Furthermore, 

there is a need for a high-resolution structure of the 3α2β assembly. This assembly has different 

ligand affinities and ion selectivity compared to the 2α3β assembly. These additional high-

resolution structures of the α4β2 nicotinic receptor will help understand the atomic-scale 

mechanisms of the Cys-loop receptors.  

Materials and methods 
 

Protein expression and purification 
 

The human α4 and β2 nicotinic receptor genes were provided by Dr. Jon Lindstrom at the 

University of Pennsylvania. For the purposes of small-scale biochemical screening, a synthesized 

EGFP gene was spliced into the M3-M4 loop of each subunit and the genes were subcloned into 

the pEZT bacmam expression vector261. The EGFP fusion to one subunit was co-transfected into 
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GnTI- HEK cells (ATCC CRL-3022) with a panel of deletion constructs for the partner subunit; 

a large number of constructs were screened in this manner for expression and pentameric 

monodispersity by Fluorescence-detection Size Exclusion Chromatography (FSEC)237,261. The 

final expression constructs for crystallization included the native signal peptides and residues 1-

338 and 556-601 in the α4 subunit and residues 1-330 and 417-477 in the β2 subunit (residue 

numbering here is for the wild-type mature, signal-peptide-cleaved protein sequence). Deletion 

of the M3-M4 loop has been shown to not affect function in other Cys-loop receptor family 

members189. To promote crystallization a Glu-Arg linker was inserted in the MX-M4 junction, 

between Phe559-Ser560 in the α4 subunit and between Gln420-Ser421 in the β2 subunit. For 

purification purposes a Strep-tag256 was inserted at the C-terminus of the β2 subunit preceded by 

a Ser-Ala linker. Previously identified expression conditions resulted in a homogenous receptor 

subunit stoichiometry of two α4 and three β2 subunits261. For large-scale expression, 1.6 L of 

suspension GnTI- cells were transduced with multiplicities of infection (MOIs) of 0.25:0.5 for 

the α4 and β2 subunits, respectively. Nicotine (Sigma-Aldrich) and sodium butyrate (Sigma-

Aldrich) were added at the time of transduction to 0.1 mM and 3 mM, respectively. At the time 

of transduction, suspension cells were moved to 30 °C and 8% CO2. After 72 hours, cells were 

collected by centrifugation, resuspended in 20 mM Tris, pH 7.4, 150 mM NaCl (TBS buffer), 1 

mM nicotine and 1 mM phenylmethanesulfonyl fluoride (Sigma-Aldrich), and disrupted using an 

Avestin Emulsiflex. Lysed cells were centrifuged for 15 minutes at 10,000 g; supernatants 

containing membranes were centrifuged 2 hours at 186,000 g. Membrane pellets were 

mechanically homogenized and solubilized for 1 hour at 4 °C, in a solution containing TBS, 40 

mM n-dodecyl-β-D-maltopyranoside (DDM; Anatrace), 1 mM nicotine and 0.2 mM cholesteryl 

hemisuccinate (CHS; Anatrace). Solubilized membranes were centrifuged for 40 minutes at 
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186,000 g then passed over high capacity Strep-Tactin (IBA) affinity resin. The resin was 

washed with Size Exclusion Chromatography (SEC) buffer containing TBS, 1 mM DDM, 1 mM 

nicotine, 0.2 mM CHS and 1 mM TCEP (Thermo Fisher Scientific) and eluted in the same buffer 

containing 5 mM desthiobiotin (Sigma-Aldrich). Peak elution fractions were concentrated and 

digested with Endoglycosidase H overnight in a 1:8 w:w ratio at 4 °C. This material was then 

injected over a Superose 6 10/300 GL column equilibrated in SEC buffer wherein DDM was 

replaced with 2 mM n-undecyl-β-D-maltopyranoside (Anatrace). Peak fractions were assayed by 

FSEC, monitoring tryptophan fluorescence, before pooling and concentrating for crystallization. 

Crystallization, X-ray data collection and structure solution 
 

 Purified α4β2 was concentrated to 1.5-2.5 mg/mL in SEC buffer and crystallized by 

hanging drop vapor diffusion. The best-diffracting crystals of the nicotine-bound receptor were 

obtained after mixing protein with reservoir solution containing 0.05 M ADA pH 6.8, 12.5% 

PEG 1500 and 10% PEG 1000 in a 1:1 ratio and incubating over sealed wells containing 0.5 mL 

reservoir, at 14 °C. The crystals were cryoprotected with additional PEG 1000, PEG 1500 and 

ethylene glycol before flash freezing in liquid nitrogen. Crystals of the 5-Iodo-A-85380 (IA)281 -

bound receptor were obtained using the same approach, however the protein was purified in the 

absence of ligand, with IA added after SEC to a concentration of 0.5 mM. The best diffracting 

crystals of the IA complex were obtained at 14 °C using a reservoir solution of 0.05 M ADA pH 

6.5 and 24% PEG 400; crystals were cryoprotected with additional PEG 400 before flash 

freezing in liquid nitrogen. X-ray data were collected at the 24-ID-C beamline at the Advanced 

Photon Source (Argonne, IL). Both datasets were collected from single crystals. The dataset 

from the IA complex was collected at low energy (7300 eV) to maximize anomalous signal from 

iodine in the ligand. 
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 Diffraction datasets were integrated and scaled using HKL2000282. The “Auto 

Corrections” option was used to assess anisotropic signal to noise, determine the resolution to 

use in refinement, and perform ellipsoidal truncation of the data as well as anisotropic B factor 

sharpening. The data from the nicotine complex were highly anisotropic, extending to ~3.6 Å in 

the best direction and ~4.5 Å in the worst.  Electron density maps using the auto-corrected data 

contain far more features than the unmodified data and thus were used for all of the manual 

model building. However, truncated data from “auto corrections” suffer from low completeness 

in the high-resolution shells. I thus used the UCLA diffraction anisotropy server283 to perform 

more conservative truncation and sharpening of the data; the deposited model underwent a final 

round of refinement against this truncated dataset to generate the statistics shown in Table III.1. 

The deposited structure factors include both sets of these truncated, sharpened data.  

 The structure of the nicotine-bound α4β2 receptor was solved by molecular replacement 

using a pentameric homology model based on the desensitized GABAA β3 receptor structure 

(PDB: 4COF)176, with models of the acetylcholine receptor α4 and β2 subunits generated using 

Swissmodel284. A panel of homology models was made comprising different orderings of 

subunits around the pentameric ring; the best molecular replacement search model had an 

ordering of α-β-β-α-β. Distinct electron density features, mainly in loop C, provided the first 

convincing clues into subunit identity. Swapping positions of α4 and β2 subunits in the pentamer, 

followed by monitoring of R factors after refinement, supported the subunit assignment, however 

I sought additional validation. The potent agonist IA is expected to bind only in the canonical 

neurotransmitter site found at α-β interfaces. I exploited anomalous signal in a low-resolution 

dataset of the α4β2-IA complex to independently validate subunit assignment. After rigid body 

refinement of the nicotine-bound model in this IA-complex dataset, strong anomalous difference 
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peaks were observed: one in each of the two binding pockets that I had assigned as α4-β2 

interfaces (4.5σ and 5.8σ) and similarly strong peaks near “cys-loop” disulfides, where four 

sulfur atoms are in close proximity. No anomalous difference signal was observed at the 

corresponding position in the β-α or β-β interfaces. Once the subunit arrangement was 

confirmed, iterative cycles of manual rebuilding in Coot285, jelly body refinement in Refmac286 

and further restrained refinement in Phenix287 were performed. The Fitmunk server288 was used 

to identify improved side chain rotamers. Torsion-angle non-crystallographic symmetry restraints 

(α4 subunits and β2 subunits as separate groups), group B factors (one per residue) and TLS 

parameters (two groups per subunit) were used in refinement with Phenix.   

 The ECDs and TMDs were modeled with a high degree of confidence, with electron 

density visible for most side chains, one GlcNAc residue per subunit and two molecules of 

nicotine. One exception to the overall well-ordered ECD is the distal end of Loop C in the β2 

subunits, which exhibited weak electron density in two of the three β subunits, and thus its 

modeling is tentative. A pancake-shaped difference electron density peak midway along the ion 

channel was modeled as a sodium ion coordinated by water molecules mediating H-bonds to the 

proximal threonine side chains.  The sodium ion and water assignments are speculative; they 

were based on NaCl being the only salt present in purification and crystallization, the channel 

being selective for cations, B factors after refinement, and a similar arrangement of sodium and 

water in the high resolution structure of the bacterial pH-gated cation channel GLIC265. The 

register matches that of the AChBPs66,178 in the extracellular domain and the 5-HT3R65, 

GABAAR176, GlyR199 and GluCl195 structures in the transmembrane domain. Comparisons were 

also made with the Torpedo nicotinic receptor64 structure and were found to be different in 

register throughout much of the TMD, as previously described176,195,289,290. There was no 
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observable electron density for seven residues in the N-terminus of the α4 subunit, 11 and 15 

residues linking the MX helix (following M3) to the M4 helix of the α4 and β2 subunits and 5 

and 30 residues from the C-termini of the α4 and β2 subunits. While there was clear electron 

density for the MX helix, the observable density between M3 and M4 was disordered relative to 

the rest of the receptor leading to some ambiguity in modeling, in particular in the linker between 

the M3 helix and the MX helix. In the final refined model the MX helix register matches that 

observed in the 5-HT3R structure65. The five glutamate residues that define the pore constriction 

were not all well resolved. I modeled all five side chains in the same rotameric conformation 

based on convincing electron density for a subset. In the open state these glutamates are likely 

highly dynamic with heterogeneous conformations affecting conductance291. 

 Sequence alignments were made using PROMALS3D292. Ligand-receptor interactions 

were analyzed with areaimol in the CCP4 suite293,294 and the CaPTURE program295. Structural 

superpositions were made using Superpose296 in the CCP4 suite. Subunit interfaces were 

analyzed using the PDBe-PISA server296. Pore diameters were calculated using HOLE297. 

Structural figures were made with PyMOL (Schrӧdinger, LLC) including the APBS electrostatics 

plugin298. Crystallographic software packages were compiled by SBGrid299. Domain movements 

were analyzed using DynDom, http://fizz.cmp.uea.ac.uk/dyndom/. 

Radioligand binding assays  
 

Experiments to measure binding of [3H]-epibatidine (PerkinElmer, 32.46 Ci/mmol) to the 

α4β2 receptor, as well as competition with other ligands, were performed with protein purified as 

for crystallization but in the absence of ligands. The concentration of binding sites was kept at 

0.1 nM after a preliminary experiment to determine optimal receptor concentration. In addition 
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to the protein, the binding assay conditions included 20 mM Tris pH 7.4, 150 mM NaCl, 1 mM 

DDM, and 1 mg/mL streptavidin-YiSi scintillation proximity assay beads (SPA; GE Healthcare 

Life Sciences). Non-specific signal was determined in the presence of 100 µM [1H]-nicotine; all 

data shown are from background-subtracted measurements. For competition assays [3H]-

epibatidine concentration was fixed at 1 nM. All data were analyzed using Prism 6 software 

(GraphPad) with variable Hill slope. Ki values were calculated based on the experimentally 

determined Kd of 96 pM for [3H]-epibatidine.  

Electrophysiology 
 

To test the α4β2 receptor channel function, adherent GnTI- HEK cells were transfected 

with 0.5 µg of plasmid DNA for each subunit and 0.2 µg of a GFP expression plasmid using 

Lipofectamine 2000 (Thermo Fisher Scientific). The GFP expression plasmid was included to 

identify the cells for recording. After incubating for 72 hours at 30 °C and 5% CO2 the cells were 

patched using the whole-cell configuration and clamped at a membrane potential of -90 mV175. 

The recordings were made with an Axopatch 200B amplifier, low-pass filtered at 5 kHz and 

digitized at 10 kHz using the Digidata 1440A and pClamp 10 software (Molecular Devices). 

Borosilicate glass pipettes (King Precision Glass, Inc) were pulled and polished to 2-4 MΩ 

resistance. The bath solution contained (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 

Hepes pH 7.3 and 10 glucose. The pipette solution contained (in mM): 150 CsF, 10 NaCl, 10 

EGTA, 20 Hepes pH 7.3. The acetylcholine chloride (Sigma-Aldrich) and nicotine solutions 

were prepared in bath solution. Solution exchange was achieved using a gravity driven RSC-200 

rapid solution changer (Bio-Logic). 
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Chapter IV: Structure characterization and 
validation 

 

Understanding the ligand recognition and 
gating mechanisms of the α4β2 nicotinic 

acetylcholine receptor 
 

 

The data presented in this chapter have not been published. 
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Introduction 
 

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion channels 

that mediate fast synaptic transmission in the neuromuscular junction, autonomic ganglia and 

brain68. They are the prototypical members of the Cys-loop receptor superfamily3. They are vital 

for cognitive functions and muscle contraction68. They have been implicated in congenital and 

neurodegenerative pathologies such as frontal lope epilepsy259, myasthenia gravis300, 

Alzheimer’s disease124, Parkinson’s disease125 and schizophrenia301. They also play a crucial role 

in addiction and withdraw symptoms155,156,302. The nAChRs family includes 17 different subunits 

that can assemble as homo or heteropentamers. They assemble into a diverse repertoire of 

subtypes that exhibit a different pharmacology, ion selectivity and channel conductance. The 

homopentamers have five identical neurotransmitter binding sites, while the heteropentamers 

have at two identical binding sites190. In several cases, heteropentamers assemble in different 

subunit ratios forming a third binding site with lower affinity132. Functional and structural studies 

identified the residues interacting with the agonist in the binding pocket.178,190,191. However, the 

lack of high-resolution structural information of heteropentameric nicotinic receptors has limited 

the understanding of the ligand recognition and gating mechanisms of nicotinic acetylcholine 

receptors. 

The α4β2 nicotinic acetylcholine receptor structure revealed novel insights about the 

different subunit interface classes of heteropentamers303. The structure showed an arginine side 

chain from the β2 principal side (loop B) occupying the β-α and β-β interfaces. The arginine side 

chain is sandwiched between two tyrosines forming cation-π interactions in the β-α and β-β 

interfaces. The arginine is expected to exclude agonist binding via electrostatic and steric 
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repulsion. This corresponding position in β2 loop B is a glycine in the α4 subunit. The glycine 

provides a space for high-affinity agonist binding. However, the role of this position in loop B is 

still poorly understood. Here, I present functional assays studying the role of the arginine and 

glycine in the ligand recognition and gating mechanisms of the α4β2 nicotinic acetylcholine 

receptor.  

Results 
 

Construct design and screening 
 

To examine the role of the different side chains in the loop B position, I performed site-

directed mutagenesis on the α4 and β2 subunits303 using the high-resolution structure and a 

sequence alignment as a template (Figure IV.1 and Table IV.1). All the mutants were screened 

via Fluorescence Size Exclusion Chromatography (FSEC)237. I screened for pentameric 

assembly, good protein expression and good protein stability in solution (Figure IV.2). The 

mutations in the α4 subunit decreased the expression of the receptor with the exception of the α4 

G154A mutant (Figure IV.2a). The α4 G154A and α4 G154R mutants showed a similar protein 

stability compared to the WT (Figure IV.2b). The mutation to a polar or an aromatic residue on 

the α4 subunit destabilizes the pentameric assembly affecting the expression and stability of the 

receptor.  
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Figure IV.1: Sequence alignment of nicotinic acetylcholine receptors and AChBPs loop B. 
 

 

 
Figure IV.1: Sequence alignment of nicotinic acetylcholine receptors and AChBPs loop B. 
The sequence alignment was performed using the PROMALDS3D server. GI accession numbers 
are provided for the full-length proteins and PDB codes for the crystal structures. Aplysia 
californica AChBP (2WN9)262, Lymnaea stagnalis AChBP (1UW6)178, Homo sapiens α nAChR 
(87567783), Homo sapiens α2 nAChR (308153405), Homo sapiens α3 nAChR (266454472), 
Homo sapiens α4 nAChR (29891586), Homo sapiens α5 nAChR (177926), Homo sapiens α6 
nAChR (313482792), Homo sapiens α7 nAChR (29891592), Pardosa pseudoannulata α8 
nAChR (295983910), Homo sapiens α9 nAChR (70995130), Homo sapiens α10 nAChR 
(11138123), Homo sapiens β nAChR (41327726), Homo sapiens β2 nAChR (29891594), Mus 
musculus β3 nAChR (1702909), Homo sapiens β4 nAChR (375151570), Homo sapiens γ 
nAChR (61743914), Homo sapiens δ nAChR (909618055), Homo sapiens ε nAChR (1168301). 
The conserved tryptophan in loop B is highlighted in yellow and the position under examination 
is highlighted in green. The α4 and β2 subunits are highlighted in blue. 
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Table IV.1: Neurotransmitter binding site mutants. 
 

 

α4 constructs β2 constructs 
α4 G154R β2 R149G 
α4 G154A β2 R149A 
α4 G154S β2 R149K 
α4 G154Q β2 R149S 
α4 G154W β2 R149Q 

 β2 R149W 
 

Table IV.1: Neurotransmitter binding site mutants. Description of the site-directed 
mutagenesis performed in the α4 and β2 subunits. The high-resolution structure and sequence 
alignment were used as a template to design the mutations (Figure IV.1)303.   
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Figure IV.2: Screening of the neurotransmitter binding site mutants via FSEC. 
 

 

 

Figure IV.2: Screening of the neurotransmitter binding site mutants via FSEC. GNTI- cells 
were transiently transfected for 72 hours with the neurotransmitter binding site mutants (Table 
IV.1). The mutants were transfected with their corresponding complementary WT subunit. Both 
subunits contained GFP in the M3-M4 loop. Cells transfected with only one subunit are labeled 
accordingly. Cells were solubilized with 40 mM DDM and run through a SRT SEC-500 column. 
a, c and e, Comparison of the protein expression levels of the neurotransmitter binding site 
mutants. b, d and f, Comparison of the protein stability of the neurotransmitter binding site 
mutants. 

 

The β2 R149K mutant was the only β2 subunit mutant that showed an increase in protein 

expression and stability compared to the WT (Figure IV.2 c-d). The β2 R149 position was 

sensitive to any mutation that was not a positively charged residue. The positively charged side 

chain in the β2 subunits seems to be important for the pentameric assembly of the receptor. I also 
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tested a double mutant, where I swapped the α4 and β2 residues. The α4 G154R + β2 R149G 

double mutant showed a similar protein stability compared to the WT. This result indicated that 

the stability of the β2 mutants can be rescued by mutating the α4 G154 position to a positively 

charged residue (Figure IV.2 e-f). However, this experiment was performed only once, and the 

expression level of the WT showed in Figure IV.2e is not a good representation. This caveat 

makes it difficult to compare the expression levels.  

Patch-clamp recordings of the neurotransmitter binding site mutants 
 

The neurotransmitter binding site mutants were analyzed via whole-cell voltage clamp 

electrophysiology175. The α4 G154 mutants are not functional or have a low affinity for 

acetylcholine that makes them incapable of activating (Figure IV.3). The mutation of the glycine 

could create chemical repulsions precluding the binding of acetylcholine, or reduce the loop B 

flexibility affecting the gating. Another possibility is that the poor expression or absence of the 

receptor in the cell-surface could prevent the detection of any reliable current. The β2 R149 

mutants exhibited currents with a lower conductance and different channel kinetics compared to 

the WT (Figure IV.4). The β2 R149A, β2 R149S and β2 R149Q mutants exhibited similar 

channel kinetics. The receptor quickly desensitizes after activation. The β2 R149G mutant 

showed a slow activation and no desensitization. The β2 R149G mutant adopts only an activated 

state during the prolonged exposure to acetylcholine. Normal channel kinetics were rescued by 

mutating to a lysine, a positively charged residue. This result indicated that the positively 

charged side chain in the β-α and β-β interfaces plays a role in the gating of the α4β2 nicotinic 

acetylcholine receptor. These are the first results indicating the importance of the β-α and β-β 

interfaces in the allosteric gating mechanism. I also tested the α4 G154R + β2 R149G double 

mutant seeking the possibility of restoring the function of the α4 mutants. Unfortunately, I was 



136	  
	  

	  
	  

unsuccessful in restoring their function (Figure IV.5). These results suggest that the loop B 

position is not the only factor involved in ligand recognition and gating. In addition, site-directed 

mutagenesis has confirmed that the second disulfide at the tip of loop C in the α4 subunit is 

required for ligand binding, which is absent in the β2 subunit190,303. 

 

Figure IV.3: Patch-clamp recording of the α4 G154 mutants. 
 

 

 

Figure IV.3: Patch-clamp recordings of the α4 G154 mutants. Whole-cell recordings 
obtained at -90 mV from adherent GNTI- cells transiently transfected with the α4 and β2 
constructs. The cells were patched after 72 hours of the transfection. Five independent cells were 
patched (n=5). 
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Figure IV.4: Patch-clamp recording of the β2 R149 mutants. 
 

 

Figure IV.4: Patch-clamp recordings of the β2 R149 mutants. Whole-cell recordings obtained 
at -90 mV from adherent GNTI- cells transiently transfected with the α4 and β2 constructs. The 
cells were patched after 72 hours of the transfection. Five independent cells were patched (n=5). 
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Figure IV.5: Patch-clamp recordings of the loop B double mutant. 
 

 

Figure IV.5: Patch-clamp recordings of loop B double mutant. Whole-cell recordings 
obtained at -90 mV from adherent GNTI- cells transiently transfected with the α4 and β2 
constructs. The cells were patched after 72 hours of the transfection. Five independent cells were 
patched (n=5). 

 

Binding assays with the neurotransmitter binding site mutants 
 

To study the ligand recognition mechanism of the α4β2 nicotinic receptor, I measured the 

dissociation constants of the α4 mutants for nicotine. [3H]-Nicotine was selected because of its 

convenient half-life, similarity to acetylcholine, high affinity and biomedical relevance. I used 

purified protein to eliminate the contaminants of the cells and get an accurate measurement of 

the dissociation constant (Kd)303. The constructs had GFP fused in the M3-M4 loop to increase 

expression and solubility of the receptor. The WT constructs showed a Kd of 20 nM, which is 

similar to the published values (Figure IV.6)68,190. The WT construct confirmed that the GFP 

does not affect the affinity for nicotine189. The α4 G154 mutants showed a decrease in the 

affinity for nicotine. The α4 G154A and α4 G154R mutants exhibited a Kd ≥ 500 nM (Figure 



139	  
	  

	  
	  

IV.7) and Kd ≥ 1 µM (Figure IV.8), respectively. In both mutants, I was unable to reach 

saturation of the binding response at 3 µM concentration. The high concentrations of [3H]-

nicotine increased the non-specific binding signal, which made it difficult to accurately measure 

the Kd of the mutants. These results confirmed that any mutation to the α4 G154 position 

decreases the nicotine affinity. In addition, they support the idea that the loop B arginine 

interferes with agonist binding to in the β-α and β-β interfaces. 
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Figure IV.6: Purification and saturation binding assays of WT constructs. 
 

 

 

Figure IV.6: Purification and saturation binding assays of WT constructs. a, Size exclusion 
purification of WT constructs. Protein was injected to a Superose 6 10/300 GL (GE Healthcare) 
column. The pentamer was separated using a FPLC (GE Healthcare). b, GFP fluorescence of the 
purified protein used for binding assays. c-d, Saturation binding assay with [3H]-nicotine using  
purified protein. The dissociation constant (Kd) and hill coefficient (nH) were calculated using the 
Prism 7 software (GraphPad).  
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Figure IV.7: Purification and saturation binding assays of the α4 G154A + β2 WT constructs. 
 

 

Figure IV.7: Purification and saturation binding assays of the α4 G154A + β2 WT 
constructs. a, Size exclusion purification of the α4 G154A + β2 WT constructs. Protein was 
injected to a Superose 6 10/300 GL (GE Healthcare) column. The pentamer was separated using 
a FPLC (GE Healthcare). b, GFP fluorescence of the purified protein used for binding assays. c-
d, Saturation binding assay with [3H]-nicotine using purified protein. The dissociation constant 
(Kd) and hill coefficient (nH) were calculated using the Prism 7 software (GraphPad). The Kd and 
nH could not be accurately calculated because of the increased non-specific binding.  
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Figure IV.8: Purification and saturation binding assays of the α4 G154R + β2 WT constructs. 

 

Figure IV.8: Purification and saturation binding assays of the α4 G154R + β2 WT 
constructs. a, Size exclusion purification of the α4 G154R + β2 WT constructs. Protein was 
injected to a Superose 6 10/300 GL (GE Healthcare) column. The pentamer was separated using 
a FPLC (GE Healthcare). b, GFP fluorescence of the purified protein used for binding assays. c-
d, Saturation binding assay with [3H]-nicotine using purified protein. The dissociation constant 
(Kd) and hill coefficient (nH) were calculated using the Prism 7 software (GraphPad). The Kd and 
nH could not be accurately calculated because of the increased non-specific binding. 

 

Discussion 
 

Screening of the neurotransmitter binding site mutants 
 

The neurotransmitter binding site mutants were analyzed via FSEC to examine the 

pentameric assembly, protein expression level and protein stability in solution. FSEC confirmed 

the pentameric assembly of all the mutants. The majority of the mutants showed poor protein 
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expression and poor protein stability in solution. The tryptophan mutation was the least favorable 

in the α4 and β2 subunits. In the α4 subunit, the mutation to alanine was the most favorable, it 

showed similar protein expression and stability compared to the WT. Also, the α4 G154R mutant 

showed a similar monodispersity compared to the WT, suggesting that the α4 G154 position 

prefers a small or a positively charge side chain. In the β2 subunit, the mutation to lysine showed 

a better protein expression and similar monodispersity compared to the WT. This was the only 

favorable mutation in the β2 subunit. These results suggest that the positively charged side chain 

in the β2 principal side stabilizes the β-α and β-β interfaces.   

Gating mechanism of the α4β2 nicotinic receptor 
 

The α4 G154 and β2 R149 positions play a crucial role in the gating mechanism of the 

α4β2 nicotinic receptor. Mutations in the α4 subunit completely abolished the activation of the 

receptor. The mutations could preclude acetylcholine binding or decrease the flexibility of the 

loop B interrupting the cation-π interaction with the conserved tryptophan forming the back wall. 

The mutations in the β2 subunit caused changes in the channel kinetics. This is the first evidence 

of the role of the β-α and β-β interfaces in the gating cycle. The receptor seems to require a 

positively charge side chain in the β-α and β-β interfaces to have a normal channel kinetics. The 

positively charged side chain can form cation-π interactions with two tyrosines acting as a 

covalent agonist in the β-α and β-β interfaces.  
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Ligand recognition mechanism of the α4β2 nicotinic receptor 
 

 The α4β2 nicotinic receptor structure suggested that the β2 R149 position in the β-α and 

β-β interfaces is essential for the preclusion of agonist binding. To validate the hypothesis 

proposed by the structure, I performed binding assays mutating the α4 G154 position. Any 

mutation of this position reduced the binding affinity of the receptor for nicotine. The insertion 

of a side chain in the α4 G154 position causes steric or electrostatic repulsion of agonist or 

decreases the flexibility of the loop B affecting the cation-π interactions with the tryptophan in 

the back wall of the binding pocket. The results supported the preclusion role of the arginine in 

the β-α and β-β interfaces, which acts as a covalent agonist satisfying the cation-π interactions. 

The β2 R149 and α4 G154 positions are important for the ligand recognition mechanism of the 

α4β2 nicotinic receptor. 

Conclusion 
 

The β2 R149 and α4 G154 positions are important for the subunit assembly, ligand 

recognition and gating mechanisms of the α4β2 nicotinic receptor. Mutations affected the protein 

expression, protein stability and assembly of the receptor. Patch-clamp recordings showed the 

importance of the α4 G154 and β2 R149 positions in the gating. Mutations in the α4 G154 

abolished the activation of the receptor. Meanwhile, the β2 R149 mutants affected the channel 

kinetics. Normal channel kinetics was rescued by mutating to a lysine. This result showed that 

the positively charge side chain in the β-α and β-β interfaces is essential for the gating cycle. The 

binding assays confirmed the importance of the α4 G154 position in the agonist high-affinity 

interactions. Furthermore, it supported the role of the β2 R149 position in the agonist preclusion.  
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Future directions 
 

To more thoroughly examine the role of the β2 R149 and α4 G154 positions in the ligand 

recognition and allosteric gating mechanisms, I will perform additional experiments. First, I will 

perform competitive binding assays with the α4 G154 mutants against different agonists and 

antagonists. These experiments will allow me to study the ligand specificity mechanism of the 

α4β2 receptor. Next, I will repeat the path-clamp recordings using nicotine. Experimental data 

showed that nicotine binds to the α4 G154 mutants at high concentrations. To have a better 

understanding of the role of the β-α and β-β interfaces in the gating mechanism, I will perform 

dose-response experiments with the β2 R149 mutants. Finally, I will perform site-directed 

mutagenesis, path-clamp recordings and binding assays with the α7 and α3β4 subtypes to 

examine the role of this position in the nicotinic receptors. The data acquired form other subtypes 

will elucidate the role of loop B in the ligand recognition and allosteric gating mechanisms.   

Materials and methods  
 

Site-directed mutagenesis and FSEC experiments  
 

Dr. Jon Lindstrom at the University of Pennsylvania provided the human α4 and β2 

subunit genes. For cloning and biochemical screening purposes the genes were subcloned into 

the pEZT-BM expression vector261. Sequence alignments were executed using the Promals3D 

database. Site-directed mutagenesis was used to make the single-residue mutations. In addition, 

to analyze the protein behavior by FSEC, a synthetic codon-optimized GFP was inserted between 

the His551-Leu552 residues in the α4 mature sequence and His412-Met413 in the β2 subunit. 

FSEC experiments were performed with solubilized cell extracts. GnTI- HEK cells were 

transfected with 0.5 µg of each subunit using Lipofectamine 2000 (Thermo Fisher Scientific). 
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After incubating for 72 hours at 30 °C and 5% CO2, the cells harvested and solubilized with 20 

mM Tris (pH 7.4), 150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF; Sigma-

Aldrich), and 40 mM dodecyl maltoside (DDM) detergent (Anatrace) for 40 minutes at 4° C. 

After a hard spin at 98,400 x g for 40 minutes at 4° C the supernatant was analyzed via SEC 

using a SRT SEC-500 (Sepax Technologies), detecting the GFP (λexc, 483 nm; λem, 510 nm) 

fluorescence signal. 

Electrophysiology  
 

To test the function, adherent GnTI- HEK cells were transfected with 0.5 µg of plasmid 

DNA for each subunit and 0.2 µg of a GFP expression plasmid using Lipofectamine 2000 

(Thermo Fisher Scientific). The GFP expression plasmid was included to identify the cells for 

recording. After incubating for 72 hours at 30 °C and 5% CO2 the cells were patched using the 

whole-cell configuration and clamped at a membrane potential of -90 mV175. The recordings 

were made with an Axopatch 200B amplifier, low-pass filtered at 5 kHz and digitized at 10 kHz 

using the Digidata 1440A and pClamp 10 software (Molecular Devices). Borosilicate glass 

pipettes (King Precision Glass) were pulled and polished to 1-6 MΩ resistance. The bath solution 

contained (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 Hepes pH 7.3 and 10 glucose. The 

pipette solution contained (in mM): 150 CsF, 10 NaCl, 10 EGTA, 20 Hepes pH 7.3. The 

acetylcholine chloride (Sigma-Aldrich) was prepared in bath solution to a final concentration of 

100 µM. Solution exchange was achieved using a gravity driven RSC-200 rapid solution changer 

(Bio-Logic).  
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Protein purification  
 

For purification purposes a Strep-tag256 was inserted to the α4 and β2 subunits containing 

the synthetic codon-optimized GFP at the C terminus, preceded by a Ser-Ala linker. Previous 

studies identified an expression condition capable of expressing a homogenous receptor subunit 

stoichiometry of 2α:3β261. For large-scale expression, 1.8 L of suspension GnTI- cells was 

transduced with multiplicities of infection (MOIs) of 0.25:0.5 for the α4 and β2 subunits, 

respectively. Nicotine (Sigma-Aldrich) and sodium butyrate (Sigma-Aldrich) were added at the 

time of transduction to 0.1 mM and 3 mM, respectively. At the time of transduction, suspension 

cells were moved to 30 °C and 8% CO2. After 72 hr, cells were harvested by centrifugation, 

resuspended in 20 mM Tris (pH 7.4), 150 mM NaCl (TBS buffer) and 1 mM PMSF and 

disrupted using an Avestin Emulsiflex. Lysed cells were centrifuged for 15 minutes at 10,000 g; 

supernatants containing membranes were centrifuged 2 hours at 186,000 g. Membrane pellets 

were mechanically homogenized and solubilized for 1 hour at 4 °C, in a solution containing 

TBS, 40 mM DDM and 0.2 mM cholesteryl hemisuccinate (CHS; Anatrace). Solubilized 

membranes were centrifuged for 40 minutes at 186,000 g then passed over high-capacity Strep-

Tactin (IBA) affinity resin. The resin was washed with size-exclusion chromatography (SEC) 

buffer containing TBS, 1 mM DDM, 0.2 mM CHS and 1 mM TCEP (Thermo Fisher Scientific) 

and eluted in the same buffer containing 5 mM desthiobiotin (Sigma-Aldrich). Peak elution 

fractions were concentrated and injected over a Superose 6 10/300 GL column equilibrated in 

SEC buffer. Peak fractions were assayed by FSEC, monitoring tryptophan and GFP 

fluorescence, before pooling and concentrating for binding assays.  
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Radioligand binding assays 
 

Experiments to measure [3H]-nicotine (PerkinElmer, 79.8 Ci/mmol) binding were 

performed with purified protein303. The concentration of binding sites was kept at 0.1 nM after a 

preliminary experiment to determine optimal receptor concentration. In addition to the protein, 

the binding assay conditions included 20 mM Tris pH 7.4, 150 mM NaCl, 1 mM DDM, and 1 

mg/ml streptavidin-YiSi scintillation proximity assay beads (SPA; GE Healthcare Life Sciences). 

Non-specific signal was determined in the presence of 5 mM [1H]-nicotine; all data shown are 

from background-subtracted measurements after 18 hours. All data were analyzed using Prism 7 

software (GraphPad) with variable Hill slope. 
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Introduction 
 

The structural and functional studies presented in this study have provided the first robust 

information on the structural basis of the high affinity nicotine interactions, architecture of 

allosteric sites and permeation pathway, ligand recognition mechanism, and increase our 

understanding of the desensitization mechanism of nicotinic acetylcholine receptors. In chapter I, 

I made a brief review of the literature explaining the basic knowledge on nicotinic receptors and 

the aim of this study. In chapter II, I described biochemical, fluorescence and biophysical 

methods that enabled the crystallization of the human α4β2 nicotinic receptor. The expression 

system and assay for stoichiometry are easily applicable to a broad range of soluble and 

membrane proteins. In chapter III, I presented the first high-resolution structure of a nicotinic 

acetylcholine receptor and the first high-resolution structure of heteropentameric Cys-loop 

receptor. The co-crystallization with the agonist nicotine revealed principles of ligand selectivity 

among different classes of subunit interfaces; specifically, I was able to explain high-affinity 

nicotine binding to α-β subunit interfaces and its exclusion at β-β and β-α interfaces. Nicotine 

stabilized the receptor in a non-conducting, desensitized state. The constriction point in the 

permeation pathway was formed at the selectivity filter, located at the cytosolic end of the pore. 

The distinct desensitized conformation of the α4β2 nicotinic receptor provides additional 

structural information for the mapping of the Cys-loop receptors allosteric gating mechanism. In 

chapter IV, I used the high-resolution structure as a template to study the ligand recognition and 

allosteric gating mechanisms of the α4β2 nicotinic acetylcholine receptor. The side chains 

rearrangement at the (+) side of the different classes of interfaces is essential for the recognition 

and exclusion of agonist. In addition, the β-β and β-α interfaces play a role in the allosteric 

gating mechanism. Despite all the discoveries described in this study, there still multiple several 
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unanswered questions about the atomic-scale mechanisms of the nicotinic acetylcholine 

receptors.  

Novel methods to study heteromeric receptors 
 

The human α4β2 nicotinic receptor was a taunting target, a heteropentameric ion channel 

capable of assembling in two different stoichiometric species. The structure determination of this 

receptor presented several challenges. I needed milligram quantities of stable and homogeneous 

receptor to form protein crystals capable of diffracting beyond 4 Å resolution. Membrane 

proteins are usually poorly expressed and unstable outside the native lipid environment. In 

addition, they have post-translation modifications that increase the heterogeneity of the sample 

disrupting the crystallization process. Furthermore, the presence of the two different receptor 

assemblies contributes to the heterogeneity of the sample. In order to overcome these challenges, 

I developed an expression system and an assay to determine the predominant stoichiometric 

species in solution. These methods enabled the crystallization of the human α4β2 nicotinic 

acetylcholine receptor.  

The pEZT-BM is a dual-expression vector, a modified version of the bacmam system, 

designed to express milligram quantities of protein in HEK cells. The vector contains a p10 

promoter for baculovirus production in Sf9 cells, and a CMV cassette in the opposite direction 

for protein expression in HEK cells. The p10 promoter is followed by an optimized GFP codon 

that provides a fluorescence output used to optimize the virus production and accurately titer the 

concentrated virus. The fluorescence output provides a quick, cheap and precise method to titer 

baculovirus. Previous methods take 3-5 days to get an accurate titer and require the use of 

expensive reagents and equipment. Meanwhile, the pEZT expression system allows to accurately 
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titer the virus in 48 hours without the need of expensive materials. The pEZT-BM expression 

system is low-cost, precise and quick method that can be use in any research lab to express 

milligram quantities of soluble and membrane proteins. 

To express milligram quantities of receptor, I used the GNTI- HEK 293 cell line, which 

adds only high-mannose N-glycans. To purify a single stoichiometric species, I developed an 

assay to calculate the ratio of the two different assemblies in solution. I fused two different 

florescence proteins to the α4 and β2 subunits, GFP and mCherry respectively. The florescent 

proteins were chosen by their well-separated excitation and emission spectra. First, I purified the 

α4-GFP and β2-mCherry constructs using a 1:1 baculovirus ratio to determine a scale factor for 

each florescent protein. The scale factors allowed me to screen different virus ratios and ligands 

to bias the expression of the 2α3β stoichiometric species. The combination of the expression 

system and assay for stoichiometry were vital for the crystallization of the α4β2 nicotinic 

receptor. These methods can be easily modify and apply to a broad range of soluble and 

membrane proteins. 

First high-resolution structure of a nicotinic acetylcholine receptor  
 

After extensive work, I was able to determine the high-resolution structure of the human 

α4β2 nicotinic acetylcholine receptor. This is the first high-resolution structure of a nicotinic 

acetylcholine receptor and the first high-resolution structure of a heteropentameric Cys-loop 

receptor. This is a groundbreaking achievement in the neuroscience, pharmacology and structural 

biology fields. The high-resolution structure revealed novel insights into the basic principles 

underlying gating, subunit assembly, ligand recognition and ion selectivity of the human α4β2 

nicotinic acetylcholine receptor. The structure provided a template form, which I designed 
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functional assays to study the atomic-scale mechanism of nicotine binding and gating. The 

combination of the structural and functional studies provides a starting point for rational 

development of effective therapies for the implicated diseases, illnesses and addiction. 

I applied the methods describe in chapter II to obtain protein crystals that diffracted to a 

best of 3.9 Å resolution. I used an anomalous scattering approach to break the pseudo-symmetry 

in the electron density maps and defined the subunit order of α-β-β-α-β around the pentameric 

ring. The secondary structure is similar to the GluCl195, GLIC212, glycine177, GABAA
176 and 5-

HT3
65 receptors, all members of the Cys-loop superfamily. The α4β2 receptor has an 

extracellular N-terminal ligand-binding domain follow by four transmembrane α helices (M1-

M4), and an extracellular C-terminal domain. Both subunits have the conserved disulfide bond 

characteristic of the Cys-loop superfamily. Also, they have the conserved N-glycosylation site at 

the “cys-loop”. The agonist nicotine binds to the α-β interface at the extracellular N-Terminal 

domain. Nicotine is enclosed in an aromatic box forming hydrophobic interactions. In addition, it 

forms a hydrogen bond and cation-π interactions the tryptophan (W156) side chain forming the 

back wall of the binding pocket. The α4 subunits have a second disulfide bond at the tip of loop 

C locking nicotine inside the binding pocket. This second disulfide bond is unique to only the α 

(1-10) subunits and is required for agonist binding. The β2 (-) side contributes four hydrophobic 

residues, which provide a favorable environment for nicotine binding. Any substitution to a polar 

residue destabilizes the hydrophobic environment decreasing the affinity for nicotine. The (+) 

side of the binding pocket is relatively conserved in the family, while the (-) side is highly 

variable, and is responsible for the differences in ligand affinity. This is the first high-resolution 

structural information of the high-affinity nicotine interactions with the α4β2 nicotinic receptor, 
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which is the main molecular target in the brain. This high-resolution structural information can 

be used as a template to develop novel therapies to treat nicotine addiction.   

The α4β2 nicotinic receptor provided the first high-resolution structural information of 

the β-α and β-β interfaces. The structure showed a side chain rearrangement that allows the 

binding of nicotine to the α-β interface and exclusion at the β-α and β-β interfaces. The (+) side 

of the β2 subunit has an arginine that aligns between two tyrosines forming cation-π interactions.  

Also, the (+) side of the β2 subunit is missing the second disulfide bond at the tip of loop C, and 

the arginine pushes the side chain of the conserved tryptophan forming the back wall outside of 

the interface. The arginine acts as a covalent agonist in the β-α and β-β interfaces satisfying the 

cation-π interactions and excluding the agonist. The corresponding residue in the (+) side of the 

α4 subunit is a glycine, which provides the sufficient space for high-affinity nicotine binding to 

the α-β interface. A sequence alignment showed that the glycine residue is conserved in all the α 

(1-10) nicotinic subunits. Meanwhile, the complementary subunits have a positive charge or a 

polar residue in the (+) side of the interface to preclude the agonist. This side chain 

rearrangement in the different interface classes plays a key role in the ligand recognition 

mechanism of nicotinic acetylcholine receptors. The high-resolution structural information of the 

β-α and β-β interfaces provides a template to develop allosteric modulators to treat the implicated 

diseases, illnesses and addiction. 

The co-crystallization with nicotine locks the receptor in what I suggest is a desensitized, 

non-conducting state. The α4β2 nicotinic receptor is a non-selective cation channel; it allows the 

flux of Na+, K+ and Ca2+ through the plasma membrane. The cationic selectivity filter is located 

at the cytosolic end formed by five glutamate at the -1′ position in the M2 α-helices. The 

glutamates moved towards the inside of the ion permeation pathway pore to form a constriction 
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point of 3.8 Å, in diameter, preventing the flux of hydrated Na+, K+ and Ca2+. The α4 and β2 

subunits have oppositely charged side chains lining the pore at the 20′ position. The α4 subunit 

has a glutamate, while the β2 subunit has a lysine. This position at the extracellular end of the 

M2 α-helices is important for Ca2+ permeability. This position causes the differences in Ca2+ 

permeability and channel conductance between the two different stoichiometric species.  

To understand the desensitization mechanism of Cys-loop receptors, I compared the α4β2 

nicotinic receptor (desensitized state) with the glycine (open and closed states)199 and GABAA 

(desensitized state)176 receptors. These high-resolution structures were chosen for their 

distinctive conformational state in the gating cycle. After extensive comparisons of the 

transmembrane and extracellular domains, I concluded that the α4β2 nicotinic receptor adopts a 

different desensitized state compare to the GABAA receptor. The transmembrane domains 

adopted a similar conformation where the M2 α-helices form a constriction point at the cytosolic 

end of the ion permeation pathway. Meanwhile, the extracellular domain of the α4β2 nicotinic 

receptor showed a deeper rotation. Structural comparisons suggested that the α4β2 nicotinic 

receptor adopts a unique desensitized state in the gating cycle. This unique desensitized state 

could be a result of the potency of nicotine forcing the receptor to assume a high-affinity 

conformational state. However, the allosteric gating mechanism of the α4β2 nicotinic receptor is 

still poorly understood. To have a full understanding of the gating cycle, we need the high-

resolution structures of the α4β2 nicotinic receptor in an activated (open) and resting (closed) 

conformational state. Dr. Guipeun Kang, a postdoctoral researcher in the Hibbs lab, is using 

biophysical, biochemical and pharmacological methods to solve the high-resolution structures of 

the receptor in a resting (open) and activated (closed) conformational state. The structures of the 
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three different conformational states would help decipher the rearrangement of the extracellular 

and transmembrane domains in the allosteric gating cycle. 

 Recently, I contributed to a new project lead by Richard Walsh, 5th year graduate student 

in the Hibbs lab. The goal of his project was to determine the high-resolution structure of both 

stoichiometric species of the α4β2 nicotinic receptor using cryo-EM. My role was to screen 

multiple monoclonal antibodies to break the pseudo-symmetry and distinguish the two different 

assemblies. I used FSEC and Western blot to select the monoclonal antibody with the highest 

affinity for stable receptor. Then, I optimized the digestion and purification methods to obtain 

milligram quantities of Fab fragments. The Fab fragments bound to the β2 subunits making it 

possible to differentiate the two different assemblies in cryo-EM. Richard collected multiple 

datasets solving the high-resolution structures of the 2α3β assembly at 3.4 Å resolution, and the 

3α2β assembly at 3.7 Å resolution. The 3α2β revealed a third nicotine binding site at the α-α 

interface and a smaller constriction site in the ion permeation pathway. In addition, both 

structures revealed novel insights about the subunit assembly and cholesterol binding sites. The 

article has been recently accepted at Nature.  

Understanding the ligand recognition and allosteric gating mechanisms of the nicotinic 
acetylcholine receptors 
 

 The high-resolution structure revealed novel insights into side chain rearrangement in the 

different interface classes. The arginine in the β2 (+) side aligns horizontally in the β-α and β-β 

interfaces excluding the agonist. Meanwhile, the glycine in the α4 (+) side provides the 

necessary space for the agonist binding. I examined the role of the α4 subunit glycine (G154) and 

β2 subunit arginine (R149) in the ligand recognition and gating mechanisms. I performed site-

directed mutagenesis on the α4 G154 and β2 R149 positions to study the changes in the nicotine 
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affinity and channel conductance. Saturation binding assays using [3H]-nicotine showed that a 

mutation to an alanine or an arginine in the α4 G154 position reduces the affinity for nicotine. 

The free space created by the glycine in the α-β interface is crucial for the high-affinity nicotine 

interactions. Meanwhile, the arginine in the β-α and β-β interfaces excludes the binding of 

nicotine via chemical repulsion. Patch-clamp recordings showed that any mutation in the α4 

G154 position eradicates the activation of the receptor highlighting its importance in the gating 

mechanism. The β2 R149 mutants showed an active receptor with different gating kinetics. 

Normal gating was rescued by mutating to a lysine emphasizing the importance of the positively 

charge residue in the β-α and β-β interfaces. This was the first evidence of the potential role of 

the positively charge residue in the allosteric gating mechanism. The glycine in loop B is 

conserved in all the α subunits, while the complementary subunits have a positively charge or a 

polar residue in the (+) side. It is still unknown if these positions in loop B have a similar role in 

the other nicotinic subtypes. To fully understand the role of these positions in the nicotinic 

receptors, I will perform site-directed mutagenesis and functional assays with the α7 and α3β4 

nicotinic subtypes. Functional assays will help characterize and help propose a new ligand 

recognition and allosteric gating model for the nicotinic acetylcholine receptors.
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