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The glycine receptor (GlyR) is the major inhibitory ligand-gated 

ion channel in the brainstem and spinal cord.  It is a member of 

the Cys-loop superfamily of ligand-gated ion channels that 

includes serotonin-3, GABAA and nicotinic acetylcholine (nAChR) 

receptors.  Individual subunits are comprised of a large 

extracellular N-terminal agonist binding domain, four 

transmembrane (TM) segments and a large cytoplasmic loop 

between TM3 and TM4, containing phosphorylation sites (Brejc 

et al. 2001, Unwin, 2005).  These receptors are pentameric in 
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structure, with the TM2 region of each subunit contributing to 

the formation of a central ion pore (Lynch 2004).  

 While the TM2-3 linker region has been hypothesized to be 

important for signal transduction thoughout the Cys-loop family, 

the precise structure and function of this region is unclear.   We 

hypothesized that the TM2-3 linker region is a point of 

connection between subunits.  We used disulfide bond trapping 

to show that the TM2-3 is able to interact with adjacent subunits 

and plays a critical role in signal transduction.  In addition, we 

provide experimental evidence that the structure of the TM2-3 

linker region in the α1 GlyR is a β-sheet.  

 We next sought to determine the role of the TM2-3 linker 

region in allosteric modulation.  Using two-electrode voltage 

clamp electrophysiology we found that the TM2-3 linker can 

determine the direction of modulation without affecting 

modulator binding.  Finally, we wanted to determine if a single 

alcohol and anesthetic binding site could be occupied to prevent 

EtOH molecules from binding.  Using a combination of thiol 

reagents and disulfide bond trapping we show that a residue 

previously identified as important for the binding of alcohols and 

anesthetics interacts within the pore.  We were unable to 

increase the volume at residue-267 such that EtOH was unable 
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to bind, suggesting that EtOH may have more than one binding 

pocket.  Together, these findings suggest that the TM2-3 linker 

plays a critical role in signal transduction and receptor 

modulation providing a foundation for future work on this region 

in the GlyR.   
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CHAPTER 1: INTRODUCTION 

1.1 Glycine receptor properties  

 The glycine receptor (GlyR) is the major inhibitory ligand-

gated ion channel in the brainstem and spinal cord and a member 

of the nicotinic acetylcholine receptor superfamily of ligand-gated 

ion channel (LGIC), along with nicotinic acetylcholine (nACh), 

serotonin-3 (5-HT3) and γ-aminobutyric acid type A (GABAA) 

receptors.  Individual GlyR subunits, like all members of the Cys-

loop family, are comprised of a large extracellular N-terminal 

agonist binding domain, four transmembrane (TM) domains and a 

large cytoplasmic loop between TM3 and TM4 (Figure 1.1), 

containing phosphorylation sites (Miyazawa et al. 2003, Unwin 

2005).  LGICs share a pentameric subunit conformation with TM2 of 

each subunit contributing to the formation of a central ion pore.  In 

addition to the full agonist glycine, β-alanine and taurine act as 

partial agonists on the GlyR (Bormann et al., 1993, Lynch et al., 

1997). 
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Figure 1.1 A schematic of a single GlyR subunit.  Key residues for glycine, 
zinc and alcohol and anesthetic binding are identified with arrows alone with the 
pore lining TM2 domain. 
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 There are four α GlyR subunit subtypes and one β GlyR 

subunit; only the alpha subunits can form functional homomeric 

receptors.  In the rat CNS, the α2 subunit mRNA is abundant 

prenatally but diminishes after birth, largely supplanted by α1 and 

α3 postnatally (Malosio et al., 1991, Watanabe and Akagi, 1995).  

In the adult rat, α1, the most abundant subtype, is found primarily 

in the spinal cord and auditory brainstem, α2 in the layer IV of the 

cortex, motor neurons, and hippocampus, and α3 in the cerebellum, 

olfactory bulb and hippocampus (Malosio et al., 1991, Sato et al., 

1991, Watanabe and Akagi, 1995).  The α1, α2 and α3 GlyR 

subtypes are found in specific cell types in the retina (Greferath et 

al., 1994). The β GlyR subunit mRNA is found throughout the CNS 

(Fujita et al. 1991, Malosio et al. 1991).  Unlike the other three 

α subunits, the α4 GlyR subunit, first identified in the mouse 

genome, has only been found in one other species, the chicken 

(Matzenbach et al., 1994, Harvey et al., 1999).   

 The diversity of distribution of GlyR subunits indicates a 

corresponding diversity of function.  Many different mutations in the 

synaptic α1 subunit, the β GlyR subunit, glycine clustering proteins 

gephyrin and collybistin, as well as mutations to the glycine 

transporter, cause hereditary hyperekplexia or startle response 
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disease (Shiang et al., 1993, Harvey et al., 2008).  In humans, 

mice, and cattle hyperekplexia is marked by neonatal hypertonia 

and an exaggerated reflex to touch or noise (Harvey et al., 2008).  

Hyperekplexia illustrates the importance of GlyR and its inhibitory 

synaptic role in the muscle relaxation that is critical to normal 

movement.   

 While most GlyRs mediate brief inhibitory synaptic events, β-

alanine and taurine tonically activate GlyRs in hippocampal CA3 

neurons (Mori et al., 2002).  The GlyR has even been identified as 

critical for the acrozonal reaction in mammalian sperm, which fuses 

the egg and sperm together (Meizel, 1997).  The functional 

importance of the GlyR in the nervous system has lead to an 

interest in the structure and function of the GlyR protein.  While 

some studies have focused on the glycine receptor directly, much of 

what we know about the GlyR is inferred from studies on 

homologous proteins, especially the nAChR.   

1.2 Glycine binding  

 
 In 1995, Machold et al. identified a ligand-binding site in the 

nicotinic acetylcholine receptor (nAChR) that was situated 20 Å from 

the membrane surface.  Modeling predicted that the GlyR and other 
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LGICs bind their respective ligands at a crevice between a SH2-like 

and a SH3-like domain, linked by the cys-loop bond 

characteristically conserved throughout the receptor superfamily 

(Gready et al., 1997).  Some chemical-kinetic models suggest that 

only three glycine molecules bind in homomeric GlyR and that the 

conformational change that they produce prohibits the binding of 

additional glycine molecules (Gentet and Clements, 2002).  

However, kinetic schemes generated by Beato et al. (2004) suggest 

that intra-burst structures observed in single channel recordings 

illustrate a role for up to five glycine molecules in homomeric GlyR, 

albeit with different binding affinities (2004). 

 The N-terminal binding domain of members of this receptor 

superfamily is made up of ten β-strands and one α helix (Brejc et al. 

2001, Unwin 2005).  The crystal structure of the nACh binding 

protein, a structure homologous to the extracellular portion of the 

nAChR, revealed that the acetylcholine binding pocket was likely 

only accessible from the outside of the receptor from either above 

or below the conserved cys-loop (Brejc et al., 2001).  On each 

subunit the “plus side” contains loops A, B, and C that interact with 

the β-sheets leading to loops D, E, and F of an adjacent subunit 

(“the minus side”)  (Figure 1.2).  Work in α1 GlyR demonstrates 
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that the primary interactions for glycine binding are an interaction 

between the α-carboxyl group of glycine with R65 on the minus 

side, and the α-amino group of glycine with the γ-carboxyl group of 

E157 on the plus side (Grudzinska et al., 2005).  The α-carboxyl 

group of the glycine molecule is further stabilized by hydrogen 

bonds with T204 and Y202 (plus side), while the α-amino group 

forms cation-π interactions with F159 and F207 (plus side) 

(Grudinska et al. 2005). 
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Figure 1.2 A schematic of a glycine receptor.  Viewed from the extracellular 
surface, glycine receptors contain five subunits surrounding a central ion pore. 
Each of these subunits are described by has having a “plus” and “minus” side. 
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1.3 Signal transduction 

 Once glycine binds, the signal must be transduced to the pore 

approximately 40Å away from the binding site.  In the nAChR, 

signal transduction has been described as a “Brownian wave 

formation” that travels down the interface between the binding 

subunits (Purohit and Auerbach, 2007). Φ-analysis, which is defined 

as the log ko/log Keq, (where ko is the opening rate constant and keq 

is ko divided by the closing rate constant) measures the relative 

time it takes for a reaction to move the receptor from open to close 

(Auerbach, 2007).  Point mutations in the vicinity of the subunit 

interface show the greatest changes in Φ values associated with 

channel opening (Purohit and Auerbach, 2007). 

 The latest model of the nAChR shows that at the interface of 

the extracellular region with the transmembrane region, the 

extracellular end of TM1, loop 2 of the N-terminal domain, and the 

TM2-3 linker region all interact (Unwin 2005).  It is through these 

interactions that the neurotransmitter-binding signal is ultimately 

transduced to the channel gate in TM2.  In the GlyR, D148 in 

extracellular loop 7 forms a salt bridge with K276 in the TM2-3 

linker that is critical for signal transduction (Schofield et al., 2003).  
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However, in the GABA ρ receptor E92 (E51 in α1 GlyR) in loop 2 

interacts with R258 (R218 α1 GlyR) in the pre-TM1 region, while in 

the 5-HT3R an interaction is seen between E215 (P185 α1 GlyR) in 

loop 9 with R246 (Q219 α1 GlyR) in the pre-TM1 region (Price et 

al., 2007).  This suggests that despite sequence homology among 

certain charged motifs, the specific amino acid residues that 

transduce the binding signal to the pore differ across the Cys-loop 

receptor subunit family. These differences highlight the importance 

of work on the glycine and GABA receptors in regions that may 

already be understood in the 5-HT3 and nACh receptors. 

 Chimeras made of the 5-HT3A and α7 nACh receptor subunits 

revealed that the region of interface between the extracellular 

domain and the TM domain determines the probabilities of channel 

opening and receptor desensitization rates (Bouzat et al., 2008). A 

proline residue that is conserved within the linker region of the 

nAChR and 5HT3R provides further evidence for the importance of 

this TM2-3 sequence. This proline induces opening and closing of 

the 5-HT3R by undergoing an isomerization between the cis (open) 

and trans (closed) conformations (Lummis et al., 2005).  No 

equivalent signal transduction mechanism has yet been identified in 
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the GABAAR or GlyR channels, which do not have a homologous 

proline at this residue. 

1.4 Signal transduction at the pore 

 An X-ray structure recently published on a prokaryotic 

pentameric ligand-gated ion channel (ELIC) shows that the channel 

pore in the Cys-loop family of receptor subunits is formed mainly by 

TM2 and is isolated from the lipid bilayer by TM1 and TM3 (Hilf and 

Dutzler, 2008).  TM1 and TM3 tilt towards the pore and make a 

tight bundle that forms inter- and intra-subunit interactions (Hilf 

and Dutzler, 2008).  TM4 appears to be further apart from the other 

helices, showing no evidence of inter-subunit interactions, and is 

directly involved in interacting with membrane lipids (Hilf and 

Duzler, 2008).   

 Pore lining residues are numbered from the N-terminal end 

(starting at the cytoplasmic side) to the C-terminal end (at the 

most extracellular portion) of TM2.  The GlyR, like most Cys-loop 

channels, possesses three rings of charged amino acids: D247 (-5’), 

R252 (2’), and R271 (19’).  In the closed structure of the ELIC 

channel the pore is wider at the extracellular portion (16 Å) and 

narrows to hydrophobic residues that are only 7 Å apart (Hilf and 
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Dutlzer, 2008).  The C-terminus end, or extracellular portion of TM2 

(sometimes called the M2-cap), from 18’-28’, contains residue K276 

(24’) and links the extracellular binding region to the pore.  

 A way of addressing the relative movement of key amino 

acids within the pore is to address the timing of the movement 

using Φ-analysis.  Bafna et al. (2008) showed that in the nAChR, 

the TM2-cap residues (homologous to the linker residues in the 

GlyR) have higher Φ values than the surrounding extracellular loops 

or the TM2 pore lining residues.  The authors suggest that the TM2-

cap may move before the rest of the extracellular region, almost 

concurrently with agonist binding (Bafna et al. 2008). 

 To identify how the helices move subsequent to the 

transduction of the binding signal, disulfide trapping has been 

utilized to measure the distances between, and relative movements 

of, engineered cysteine residues.  In proteins where the structure 

has already been determined, the average α-carbon distance 

between cysteines that are able to bind covalently is estimated at 

5.6Å (Schmidt and Hogg, 2007).  The rate of the reaction is 

dependant on how oxidizing the environment is and the energy and 

frequency of the cysteine collisions (Careaga and Falke, 1992).   
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 Using this technique Horenstein et al. (2001) engineered 

cysteines within the TM2 region of the GABAAR to determine that 

the TM2 helices move away from one another during signal 

transduction (2001).  They identified three residues in the GABAAR 

that could cross-link when residues on just the β, or both the α and 

β, subunits were mutated to cysteine at the 20’, 17’ or 6’ positions 

(Horenstein et al. 2001).  Cysteines at the 20’ position formed 

spontaneous disulfide bonds while those at 17’ required the 

administration of an oxidizing reagent in at least half of the oocytes 

tested (Horenstein et al. 2001).  In the GABAAR β subunit the 

E270C mutant can from disulfide bonds with other E270C residues 

in non-adjacent subunits.  The β subunit appears to be more 

flexible than the α or γ subunits in the 20’ region, suggesting more 

motility at the N-terminal end of the pore (Horenstein et al., 2005).  

This implies that, especially in the β subunit, the extracellular region 

of the pore has a great deal of flexibility and movement in the 

closed or desensitized state.   Horenstein et al. (2005) also 

concluded that their results supported a model in which the TM2 

helices rotate towards each other during channel gating. 
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 1.5 Gating  

 There is much controversy surrounding the structure of the 

gate in the Cys-loop family of receptors.  Unwin (1993) suggested 

that the closed gate in the nAChR was at the 9’ amino acid, and 

subsequent mutation at this position in GABAA receptors led to 

increased tonic activity (Chang et al., 1996).  However, Hornstein 

et al. (2001) failed to see disulfide bond formation at the 9’ position 

in the GABAAR, which is interesting since one would predict these 

residues to be in close proximity to one another to form the gate. It 

is possible that the tonic activity reported in Chang et al. (1996) 

was not caused by affecting the gate directly.  Perhaps mutation of 

the 9’ residue affects the orientation of residues around it which are 

directly involved in gating, rather than forming the gate itself.  

Subsequent studies suggest the location of the gate is closer to the 

cytoplasm.    

 The residues occupying the 6’ position only formed disulfide 

bonds in the presence of GABA and an oxidizing agent, resulting in 

tonically open receptors expressed in Xenopus oocytes (Horenstein 

et al., 2001).  The 6’ position thus appears to be in close proximity 

to other 6’ residues and has more flexibility in the open state than 

the closed state, suggesting that the two helices must make 
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approximately a 120° rotation (Horenstein et al., 2001).  

Furthermore, the locking of these receptors in the open state 

suggests that the 6’ position is part of the activation gate.  

However, the same 6’ mutation when tested in HEK293 cells rather 

than oocytes showed spontaneous bonds between the cysteines in 

the closed channel state (Shan et al. 2002).  This may suggest that 

protein mobility changes depend on the composition of the bilayer, 

or that mobility can be regulated through kinase or phosphatase 

activity, that may differ among cell types.  In GlyR, the T6’C 

mutation enables the receptor to be locked in the open state by the 

covalent labeling of methanethiosulfonate ethyltrimethylammonium 

(MTSET) in the presence of glycine (Shan et al., 2001).  

Interestingly, this group found only modest disulfide bond formation 

between T6’C in GlyR, indicating that in the GlyR this residue may 

not play as large of a role in the activation gate (Shan et al., 2002). 

 More recent work has identified a gate at the 2’ residue in the 

GABAAR (Bali and Akabas, 2007).  Using MTS reagents, this group 

demonstrated that the blocker picrotoxin could be trapped in the 

pore in the closed state (Bali and Akabas, 2007).  This suggests 

that when the receptor is in the closed state the pore contains a 

vestibule large enough to accommodate a picrotoxin molecule (Bali 
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and Akabas, 2007).  This group postulates that the upper limit of 

this vestiubule is between 9’-14’ (Bali and Akabas, 2007). 

 1.6 Permeation  

 In the 3.3Å structure of the TM2-cap Hilf and Dutlzer (2008) 

reported no room for ordered ion binding within the extracellular 

portion of the pore leading to the gate in the ELIC.  Instead, bulky 

hydrophobic residues extend into the pore creating a hydrophobic 

pocket.  In the ELIC, there is a net negative charge within the pore 

that must outweigh the positive charge at the extracellular end in 

order for the protein to conduct cations (Hilf and Dutlzer, 2008).     

 In the GlyR, it is possible that the positive charge (R271) at 

the extracellular end aids in the conductance of anions.  However, 

direct charge swap has not lead to a reversal of conductance.  

Naturally occurring mutations of arginine 271 to leucine or 

glutamine, result in receptors with right-shifted and shallower 

glycine concentration-response curves (O’Shea et al., 2004, Galzi et 

al., 1996).  Curiously, co-application of propofol to heterologously 

expressed R271Q α1 GlyR creates response curves similar to wt α1 

GlyR (O’Shea et al., 2004).   Mutant mice expressing the R271Q α1 

GlyR mutation have impaired motor function and difficulty righting 
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themselves (O’Shea et al., 2004).   However, after a 15 mg/kg 

injection of propofol however, wild type-like function is restored 

(O’Shea et al., 2004).  Propofol also restored function to GlyR 

bearing the R271K mutation, whose response to glycine is less 

right-shifted in Xenopus oocytes than R271Q or R271L (O’Shea et 

al., 2004).  Interestingly, the extracellular ring of charged amino 

acids does play a role in conductance.  Arginine at position 19’ is 

absent in the β GlyR subunit.  There is a glutamic acid at position 

20’ and substituting E20’ with the serine found in the α subunit at 

20’ changes the αβ GlyR conductance from 45 pS  (wild type αβ 

GlyR) to 98 pS  (wild type α GlyR) (Bormann et al. 1993).   

 Mutating or adding three amino acids in the nAChR for the 

equivalent amino acids found in the α1 GlyR produced a nAChR that 

selectively conducts anions (Galzi et al., 1992).  These mutations 

were an addition of proline at the –2’ position, E-1’A, and V13’T.  

Several years later, Corringer et al. (1999) revealed that the proline 

insertion is the critical mutation and hypothesized that the mutation 

acts to restrict the conformation of the pore.  When the reverse 

mutations (P-2’ deletion, A-1’E and T13’V) were made in α1 GlyR 

the receptors exhibited very small responses to glycine and 

responded only to high concentrations (100 mM) of glycine 
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(Keramidas et al., 2000).  Although glycine-evoked currents were 

small, there was a clear preference for monovalent cations (Cs+ > 

K+ > Na+ > Li+) (Keramidas et al., 2000).  Wild-type GlyR, in 

contrast, conduct anions with a permeability sequence of SCN– > 

NO3
– > I– > Br– > Cl– > F– (Bormann et al. 1987).  These data 

indicate that the one of the selectivity filters in the cys-loop family 

is a region within TM2 that allows for the passage of partially 

hydrated ions of a certain charge due mainly to the size, flexibility, 

and polarity of the residue within it. 

 A possible second selectivity filter was revealed in the 

extracellular domain of the nACh binding protein (Hansen et al., 

2008).  Co-crystalization with sulfate anions showed their 

coordination with a ring of lysine residues at a position 24 Å above 

the membrane (Hansen et al., 2008).  Interestingly, in the nAChR 

and 5-HT3R this residue is aspartic acid, while in the GABAAR and 

GlyR it is lysine (Hansen et al., 2008).  This suggests that within 

the Cys-loop family ions may be stabilized and/or selected for in the 

extracellular vestibule as well as near the gate.     
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1.7 Antagonists 

1.7.1 Picrotoxin 

 Picrotoxin (PTX) is a plant alkaloid produced by the poisonous 

Cocculus indicus plant that acts as an antagonist at GABAAR, GlyR, 

as well as other cys-loop ion channels.  It is composed of equimolar 

concentrations of picrotoxinin and picrotin.  Pribilla et al. (1992) 

found that co-expression of the β GlyR subunit conferred 

picrotoxinin resistance to hetermomeric GlyR when it was co-

expressed with any of the α GlyR subunits.  They revealed that the 

TM2 domain of the β subunit was critical for picrotoxinin insensitivity 

(Pribilla et al., 1992).  This implies that PTX binds within the pore, 

which is interesting since competitive antagonism and non-use 

dependence suggest an allosteric binding site not action at a pore 

blocking site.  PTX affects conductance, lowering α GlyR 

conductance from approximately 80pS to 40pS, similar to αβ GlyR 

conductance (Legendre, 1997).  Higher concentrations of picrotoxin 

produce changes in channel burst properties, suggesting an 

allosteric modulation of receptor function (Legendre, 1997). 

 PTX can be trapped in the GlyR channel pore in the closed 

channel state by a mutation at position R19’ (R271C), which again 
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suggests a binding site within the pore (Hawthorne and Lynch 

2005).  In the GABAA receptor a ring of threonines at the 6’ position 

confers picrotoxin blockade (Gurley et al., 1995).  A single point 

mutation at F6’ in the β GlyR subunit to the threonine residue found 

at 6’ in the α subunit makes receptors more sensitive to PTX (Shan 

et al., 2001).  However, the accessibility of T6’, primarily in the 

open state make it unlikely to be the primary residue with which 

PTX interacts (Shan et al., 2001). While it seems likely that PTX is 

binding somewhere within the pore of the GlyR, its effects on 

receptor function resemble those of an allosteric modulator. 

1.7.2  Strychnine 

 The plant alkaloid strychnine is a highly competitive 

antagonist for glycine at the GlyR.  Strychnine sensitivity is often 

used to distinguish glycine and GABA currents in slice preparations.  

In radioligand displacement studies, strychnine is used to determine 

the potencies and allosteric actions of other GlyR ligands (Maksay 

and Biro, 2002).  Like glycine, strychnine binds in the extracellular 

domain between adjacent subunits.  Current models indicate the 

guanidinium group of R131 (minus side) interacts with strychnine’s 

O24 (Grudzinska et al., 2005).  The protonated N19 interacts with 

E157 and forms a cation-π interaction with F207 on the plus side.  
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In addition, Y202 (plus side) stabilizes strychnine’s aromatic ring 

(Grudzinska et al., 2005). 

  
1.8 Modulators 

1.8.1 Zinc 

 Zinc is a critical component of GlyR function.  Without zinc 

modulation of GlyR function, mice develop a hyperekplexia 

phenotype (Hirzel et al. 2006).  Zinc modulates GlyR in a biphasic 

manner, enhancing function at low concentrations (<10µM) and 

inhibiting it at higher concentrations (Laube et al.,1995).  The 

potentiating, or high-affinity zinc binding site includes E192, D194 

and H215 of the α1 subunit (Miller et al., 2005).  The inhibitory, or 

low-affinity binding site includes H107 and H109 at the interface 

between two α1 GlyR subunits (Harvey et al., 1999, Nevin et al., 

2003).  In nAChR, zinc potentiates receptor function by increasing 

burst durations, and it seem likely that a similar kinetic mechanism 

exists for potentiation produced by low concentrations of zinc in the 

GlyR (Hsiao et al., 2007). 
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1.8.2  Alcohols and anesthetics 

 Alcohol was long thought to exert its many physical effects of 

euphoria, disinhibition, loss of motor coordination and addiction 

through its interactions with membrane lipids.  Over the last two 

decades the focus of research on alcohol and anesthetics actions 

have shifted to membrane bound proteins such as the GlyR.  GlyR 

is a reasonable target for drugs that depress CNS function such as 

ethanol or anesthetics.   In 1993, Antognini and Swartz 

demonstrated that the concentration of isoflurane required to 

anesthetize a goat was almost three times as high when the 

anesthetic was delivered directly to the brain as opposed to directly 

to the spinal cord.  This suggested that the spinal cord might be 

itself a target of anesthetic action.  The glycine receptor is the 

major inbitory LGIC in the spinal cord and therefore a potential 

anesthetic target. Intravenous or intrathecal administration of 

strychnine increases the amount of anesthetic required to induce 

immobility (Zhang et al., 2003).  

 Recent studies show that GlyRs play a role in the rewarding 

properties of alcohol, by regulating the increase of dopamine 

release in the mesolimbic system after alcohol consumption by rats 

(Ericson et al., 2006). Microdialysis of glycine into the nucleus 
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accumbens increases extracellular accumbal dopamine levels and is 

accompanied by a decrease in alcohol consumption by alcohol-

preferring Wistar rats; in contrast strychnine has the opposite 

effects (Molander et al., 2005).  Microdialysis of strychnine also 

prevents increases of accumbal dopamine levels after either local or 

systemic alcohol administration (Molander and Söderpalm, 2005). 

Finally, the glycine reuptake inhibitor, Org 25935, decreases EtOH, 

but not water, intake as well as EtOH preference (Molander et al., 

2007).   

 In ventral tegmental slice preparations, Tao and Ye (2002) 

found that in 45% of cells glycine-mediated currents were inhibited 

by EtOH and while 35% of glycine-mediated currents were 

potentiated.  Follow-up studies showed that protein kinase C was 

critical in observing ethanol-mediated GlyR potentiation in these 

neurons (Jiang and Ye, 2003).  In cultured juvenile hypoglossal 

neurons, 100mM and 30mM EtOH potentiate GlyR currents (Eggers 

and Berger 2004).  While the precise role of GlyR in the mechanism 

of action of ethanol is still unfolding, GlyR presents a relevant 

protein to explore the effects of EtOH and anesthetics on a 

molecular level.    
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 Studies in recombinant systems have shown that GlyR 

enhancement by alcohols and volatile anesthetics is mediated 

through specific amino acids that are thought to line putative 

alcohol and anesthetic binding sites.  Mihic et al. (1997) identified 

two amino acids, S267 and A288 that were necessary for ethanol 

enhancement of GlyR function.  Mascia et al. (2000) expanded on 

this idea, using the thiol regent propyl methanethiosulfonate 

(PMTS) to covalently bind cysteines introduced at S267 in the α1 

GlyR subunit.  PMTS labeling of S267C permanently enhanced GlyR 

function and prevented further potentiation of the receptor by 

alcohols and anesthetics, suggesting that S267 is part of an alcohol 

and anesthetic binding pocket.  To further explore the idea of a 

water-filled binding cavity for alcohol, many groups used the 

substitute cysteine accessibility method (SCAM), where residues in 

a region of interest are individually mutated to cysteine and then 

tested for changes in function after the introduction of a thiol 

reagent such as PMTS.  Lobo et al. (2004a, 2004b, 2006) 

demonstrated that residues in all transmembrane domains make up 

part of this dynamic putative alcohol-binding domain. 
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1.9 Tools for determining residue accessibility and 

relationships 

 Over the last twenty years ion channel physiologists have 

combined biochemical techniques with electrophysiology to 

determine the accessibility of residues within a protein to aqueous 

solutions and the relative proximity of these residues to one 

another. These techniques have helped to determine structure, 

especially in membrane bound proteins that are difficult to 

crystallize.  One such technique is to engineer individual cysteine 

point mutations into a region of interest and covalently label these 

cysteines with a thiol regent, methanelthiosulfonate (MTS) (Karlin 

and Akabas, 1998).  Using this technique, known as the substituted 

cysteine accessibility method (SCAM) the accessibility of individual 

residues and how that accessibility changes in the presence or 

absence of ligand can be measured.  Comparing the rate of MTS 

reactions among residues of interest the relative accessibilities and 

reactivities can be obtained.   

 The accessibility of a residue is dependent on the access of 

the residue to the bath solution and the electrostatic environment 

surrounding it (Karlin and Akabas, 1998, Bali and Akabas, 2004).  

In order for the cysteine to react with the thiol group of the MTS 
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regent its sulfhydryl group must be ionized, which predominantly 

happens in water.  In the ionized state the reaction is 5 X 109 times 

faster than a reaction with a non-ionized sulfhydryl group (Karlin 

and Akabas 1998).  The byproducts of this reaction are water and 

sulfinic acid, which rapidly degrades (Dime 1997). 

 Mascia et al. (2000) covalently labeled a residue in the 

putative alcohol-binding pocket with the neutral thiol reagent propyl 

MTS (PMTS), which permanently enhanced glycine-mediated 

currents.  Octanol, isoflurane, and enflurane were no longer able to 

enhance glycine-mediated currents after PMTS binding, suggesting 

that labeling this residue activated the alcohol/anesthetic binding-

signal pathway and also provided sufficient volume to prevent the 

binding of similar compounds (Mascia et al. 2000). 

 The reactivity of cysteines can also be utilized to determine 

the proximity of residues to one another.  The average distance 

between two cysteine that can react to form disulfide bonds is 5.6Å 

(Schmidt and Hogg, 2007).  Additionally, cross-linking between 

cysteines within a helical structure can only occur when the 

cysteines are directly across from one another (Lee et al. 1995, 

Soskine et al. 2002).  Reducing agents such as dithiothreitiol (DTT) 

react with the disulfide bonds causing two sequential disulfide 
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reactions, resulting in two free thiol groups and a DTT molecule 

with a disulfide ring.  Application of DTT can be used to determine if 

cysteines introduced into an area of interest are able to interact.  

Measuring the abilities of residues of interest to undergo cysteine-

cysteine interactions, or disulfide bond trapping has been previously 

utilized to determine residue interaction sites throughout the Cys-

loop receptor family (Horenstein et al. 2001, 2005, Kash et al. 

2003, Lobo et al. 2004b, Schofield et al. 2003).  

      

1.10 Statement of Purpose 

 The studies described in this dissertation sought to 

investigate the structure of the TM2-3 linker region in the α1 GlyR, 

its role in the glycine signal transduction pathway, and its 

involvement in the integration of allosteric modulatory signals. 

Aim 1: Identify residues in the TM2-3 linker that could play a 
role in inter-subunit signal transduction. 

 The underlying hypothesis of this study was that the TM2-3 

linker region is a point of connection between subunits.  Inter-

subunit interactions would suggest that movement in the TM2-3 

linker subsequent to glycine binding influences adjacent subunits to 

propagate the glycine-binding signal.  In addition, we hypothesized 
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that our data would be able to distinguish between two models of 

the Cys-loop family in this region, one of which is helical (Unwin, 

2005) and the other consisting of a β-strand (Hilf and Dultzer, 

2008).   

  

Aim2: Define the role of the TM2-TM3 linker region in 

allosteric modulation. 

 The TM2-TM3 linker connects the extracellular binding domain 

to the gate within the TM2-lined pore, but little is known about its 

role in allosteric modulation.  A proline residue has been shown to 

induce opening and closing of the receptor by a cis (open)-trans 

(closed) conformational shift (Lumis et al., 2005).  This proline is 

conserved in the cation members of the cys-loop family, but is a 

lysine in the GABAAR and GlyR (K281).  The hypothesis to be tested 

was that a point mutation at residue 281 to proline would alter the 

effects of alcohols and anesthetics due the proximity to the putative 

alcohol and anesthetic binding site and the proline importance in 

cation Cys-loop channel function. 
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Aim 3: Determine if residues within the pore contribute to 

EtOH modulation. 

Residue S267 has long been implicated in the EtOH binding 

pocket (Mihic et al., 1997, Mascia et al., 2000).  In this study 

disulfide trapping suggests that S267 faces into the pore.  The 

hypothesis tested in this study is that a single putative alcohol and 

anesthetic binding site could be occupied to prevent EtOH molecules 

from binding.  



 29 

CHAPTER 2: METHODS 

2.1 cDNA transformation and Mutagenesis  

 The Mihic lab uses a modified pBK-CMV vector containing 

the cDNA sequence for the wild-type α1 GlyR (NM 000171) 

previously subcloned by the removal of the lac promoter and the lac 

ATG (Mihic et al. 1997).  All mutations were made using this 

construct.  In the pBK-CMV α1 GlyR construct, the coding sequence 

is under the control of the CMV promoter which allows for 

expression in both HEK293 cells and Xenopus ooytes.  To replicate 

cDNA the construct was transformed in XL1-Blue E. coli 

(Stratagene) cells and grown overnight at 37°C on Luria broth agar 

plates containing 50µg/ml kanamycin (Sigma).   Bacteria that were 

successfully transformed acquired kanamycin resistance through 

the pBK-CMV vector and produced colonies.  The colonies were 

grown overnight in Luria broth containing 50µg/ml kanamycin in a 

shaker set at 37°C and 250 rpm.  cDNAs were isolated using 

miniprep (Invtrogen) or maxiprep (Qiagen) kits using the protocols 

provided.  Concentration and quality (A260/A280 ≈ 1.8) of cDNA yield 

was determined using a nanodrop (ND-1000 spectrophotometer). 
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 Point mutations were introduced to the α1 GlyR sequence 

using the QuickChange Mutagenesis kit (Stratagene).  

Oligonucleotide primers (approximately 40 nucleotides long) were 

designed to contain the desired point mutation in the middle of the 

sequence.  Integrated DNA Technologies synthesized the sense and 

anti-sense primers.  The construct, primers, nucleotides, and Taq 

polymerase were combined and placed in a PTC-100 thermocycler 

for 30 rounds.  During each round the temperature was increased 

to 95°C to dissociate the cDNA strands, and then lowered to 68°C 

to allow the primer to anneal and the polymerase to extend the 

cDNA from the 3’ end.  After the cycling was complete, DpnI 

restriction enzyme was added to the reaction mixture and incubated 

at 37°C for one hour.  This digested the original methylated cDNA 

template and left the newly-formed cDNA containing the desired 

point mutation.  The new cDNA was then transformed as described 

above.  cDNA samples where sent to The University of Texas at 

Austin DNA sequencing core facility for sequencing using a dideoxy 

fluorophore method.      
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2.2 Ooctye isolation and cDNA nuclear injection 

Ooctyes were surgically removed from Xenopus laevis housed at 

15–17 °C on a 12-h light/dark cycle. After immersion for 45 min in 

0.3% w/v 3-aminobenzoic acid ethyl ester a 0.5-cm incision was 

made through the frog's abdominal wall and a small portion of the 

ovary was removed. Oocytes were placed in isolation media (mM: 

108 NaCl, 1 EDTA, 2 KCl and 10 HEPES at pH 7.5) and the thecal 

and epithelial layers were removed with forceps. A 10-min 

immersion of oocytes in 0.5 mg/ml collagenase in collagenase 

buffer (mM: 83 NaCl, 2 MgCl2 and 5 HEPES, pH 7.5) removed the 

follicular layer. Oocytes were then transferred to a dish containing 

Modified Barth's Saline (MBS in mM: 88 NaCl, 1 KCl, 2.4 NaHCO3, 

10 HEPES, 0.82 MgSO4�7H2O, 0.33 Ca(NO3)2�4H2O, 0.91 CaCl2). 

Oocytes were each then injected with 1.6ng cDNA in 30 nl dH2O 

into the animal poles, placed in individual wells in 96-well plates 

(Costar) in incubation media (MBS plus 2 mM Na pyruvate, 0.5 mM 

theophylline, 10 U/ml penicillin, 10 mg/l streptomycin and 50 mg/l 

gentamycin, sterilized by passage through a 0.22-µm filter) and 

kept in the dark at 19°C until used for electrophysiological 

experiments. 
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2.3 Two electrode electrophysiology and statistical 

analysis 

Electrophysiological recordings of oocytes were made 1–7 days 

post-cDNA injection. After being impaled with two high resistance 

(0.5–10 MΩ) electrodes filled with 3 M KCl, oocytes were voltage 

clamped at − 70 mV using a Warner Instruments OC 725C 

(Hamden, CT) amplifier. MBS or saline (100 mM NaCl, 2.0 mM KCl, 

1.0 mM MgCl2, and 5.0 mM HEPES) were perfused over the oocytes 

at a rate of 2 ml/min using a Masterflex USA peristaltic pump (Cole 

Parmer Instrument Co., Vernon Hills, IL) through 18-gauge 

polyethylene tubing. The bath solution was used to dilute all drug 

solutions applied to oocytes. Clamping currents were recorded using 

a Cole Parmer chart recorder (Vernon Hills, IL).  

 All statistics were determined using Origin Scientific Graphing 

and Analysis Software version 7 (Northampton, MA). 

Concentration–response curves were analyzed using non-linear 

regression analysis and fit to the Hill equation to determine the Hill 

coefficient and glycine EC50 values. Two-way ANOVA was used to 

compare glycine concentration–response curves between wild-type 

and mutated receptors. Glycine EC50 and Hill coefficients were 

compared among wt and mutant receptors using Student's t test. 
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Significant changes in glycine EC10 values, before and after MTS 

applications, were determined using Student's t test.  Repeated 

measures one-way ANOVA and one-way ANOVA were used to 

determine the effects of the same concentration of glycine before 

and after dithiothretiol, mercuric chloride, hydrogen peroxide or 

iodine. 

2.4 HEK293T cell transfection and western blot 

analysis 

Cells were cultured using standard sterile techniques (Freshney et 

al. 2000).  Human Embryonic Kidney 293T (HEK293T) cells 

(American Type Culture Collection, Manassas, VA) were cultured in 

a media containing (in mL): 5000 DMEM (4.5g/L glucose, L-

glutamine), 50 Glutamax and 5 Pen Strep (GIBCO).  Cells were 

maintained in an incubator at 37°C, 5% CO2 in 25 cm2 cell culture 

flasks (Sigma-Aldrich, Milwaukee WI).   For tranfection, cells that 

were at 40% confluencey were incubated with either blank PBK-

CMV vector, or wildtype or mutated GlyR in the presence of 

lipofectamine (Invitrogen, Carlsbad, CA) for 48 hours before protein 

extraction.  

 Whole-cell lysates were prepared by incubating cells in 1mL of 

0.25% trypsin (Sigma Aldrich, Milwaukee, WI) for one minute prior 
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to manual removal from the culture dish.   Cells were lysed using 

1% triton in phosphate-buffer saline (mM: 137 NaCl, 2.7 KCl, 4.3 

Na2HPO4 7H2O, 1.4 KH2PO4; pH 7.3) contain 1:500 

phenylmethanesulphonylfluoride, pepstatin, aprotin, leupeptin on 

ice for 30 minutes. Cells were spun at in a centrifuge for 10 minutes 

at 4°C and the supernant collected.  The lysates were then 

incubated with a sample buffer, with or without 1 mM DTT, and 

loaded on SDS-PAGE gels flanked by standard molecular mass 

markers.  The gel was run overnight at 4 volts and at 4°C to 

separate proteins.  After separation, the protein was transferred to 

a nitrocellulose blot (0.04A and 4°C overnight) and blocked for one 

hour in PBS containing 5% milk.  The blot was then labeled with an 

anti-α1 GlyR primary antibody overnight at 4°C (Caymen 

Chemicals, Ann Arbor, MI).  A horseradish peroxidase-tagged 

secondary antibody was applied to the blot and reacted with a 

chemiluminescent marker using the Pierce ECL Western Blotting 

Substrate Kit (Thermo Scientific, Rockford, IL).   The blot was 

exposed to film overnight.  
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CHAPTER 3: SPONTANEOUS MOTION IN THE TM2-3 

LINKER REVEALS THE TERTIARY STRUCTURE OF 

THE αααα1 GLY   

3.1 Introduction 

 In GlyR and other members of the Cys-loop family the 

neurotransmitter binds in an extracellular pocket formed by three 

loops of one subunit and three β-strands of an adjacent subunit 

(Brejc et al. 2001).  Beato et al. (2004) determined that, although 

the homomeric GlyR potentially has five binding sites, maximal 

efficacy is achieved when only three glycine-binding sites are 

occupied.  However, regardless of the number of glycine molecules 

bound to the receptor, the conductance remains constant.  This 

suggests a collective movement (Bertaccini and Trudell, 2007) of 

the residues lining TM2 in all subunits in response to the binding of 

one, two or three molecules of glycine (Beato et al., 2004).  If all 

subunits in a pentamer can respond to the binding of a single 

glycine molecule at one inter-subunit interface, it follows that there 

must be some means for the communication of that binding signal 

to the other subunits of the GlyR that did not themselves bind 

glycine.  Binding of neurotransmitter produces a series of 

conformational changes that transmit the binding signal to the pore 
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(Purohit et al, 2007, Grosman et al., 2000, Crawford et al., 2008).  

Schofield et al. (2003) independently identified an interaction 

between a highly conserved aspartic acid residue (D148) in the 

extracellular region and a lysine (K276) residue in the extracellular 

TM2-3 linker as important for the transduction of the binding signal 

to the pore.  Kash et al. (2003) also demonstrated this linkage in 

GABAA receptors.  Irrespective of the number of glycine molecules 

bound the binding signal must then be transduced through all of the 

subunits to the gate located between the –2’ and 2’ residues 

(Keramidas et al., 2000).  

 In this study we explore inter-subunit interactions between 

residues that make up part of the TM2-3 linker and that we believe 

may be responsible for transmitting glycine-binding signal between 

subunits.  We also address an important controversy: the 4 Å 

resolution cryo-electron microscopy structure of torpedo nAChR 

(Miyazawa et al., 2003; Unwin, 2005) is similar to most regions of 

the prokaryotic ligand-gated ion channel ELIC (Hilf and Dutzler, 

2008) but the two differ substantially at the extracellular end of the 

TM2 alpha helix and the TM2-3 linker.  Alignment of GlyR α1 with 

the two nAChR homologues (Bertaccini and Trudell, 2002) predicts 

that the residues studied here (A272-P275) should be contained 
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within the TM2 alpha helix (Figure 3.1A) and that any possible 

interactions among these residues with their counterparts on 

adjacent subunits should show helical periodicity.  In contrast, the 

same residues in the ELIC structure (Figure 3.1B) should be in the 

TM2-3 linker and accessible to inter-subunit crosslinking.  Using 

disulfide bond trapping, we demonstrate that individually mutating 

A272 (20’), S273 (21’), L274 (22’) and P275 (23’) to cysteine 

allows for covalent disulfide bonds to be formed between adjacent 

subunits.  Our data show that TM2-3 linker movements directly 

influence the TM2-3 linkers of adjacent subunits.  We suggest that 

movement in the TM2-3 linker subsequent to ligand binding 

transduces the glycine binding signal to the surrounding subunits as 

well to the pore, and perhaps plays a role in the uniform 

conductance of the GlyR observed at all concentrations of glycine. 
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Fig 3.1 Comparison of two models of the αααα1 GlyR. Two models of a GlyR 
subunit were made using based on models of homologous Cys-loop ion channels.  
The purple model, 2BG9 was threaded through the model of the nAChR described 
in Unwin (2005).  The red model, 2VL0, was threaded through the model based 
on the crystal structure of ELIC described in Hilf and Dutzler (2008). 
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3.2 Methods 

The general electrophysiology and western blot protocols are 

outlined in chapter 2.  The specific electrophysiology protocols for 

each experiment are outlined in the results section.  In general, to 

determine if disulfide bonds spontaneously occurred 10 mM glycine 

was twice applied for ten seconds each followed by a washout 

period.  Dithiothreitiol (DTT) 10mM was then applied for three-

minutes followed by a seven-minute washout.  Glycine was applied 

two more times followed by a one-minute application of 0.03% 

H2O2.  After a seven-minute washout the effects of two more 

glycine applications were recorded.   

To measure the rate of disulfide bond formation 10mM glycine 

was applied for ten seconds followed by a twelve-minute washout.  

This was repeated four times.  To measure the spontaneous rate of 

disulfide bond formation in the absence of glycine the effect of one 

ten-second application of 10mM glycine was recorded followed by a 

forty-eight minute washout.  The effect of a ten second application 

of 10mM glycine was then recorded again.   
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3.3 Results 

3.3.1 Individual mutation of alanine 272 through proline 275 
to cysteine results in spontaneous cross-linking.   

To test for disulfide-bond formation in TM2-TM3 linker mutations, 

responses to 10 mM glycine were obtained for each mutant and 

wildtype controls before and after application of the reducing agent 

DTT, and after application of the oxidizing agent hydrogen peroxide 

(H2O2) (Figures 3.2A-C).  Wildtype GlyR showed no changes in 

responses to a 10 sec application of a 10mM glycine after a three-

minute application of DTT (Figure 3.2C).  This suggests that there 

are no accessible Cys-Cys covalent bonds that are cleaved by DTT 

in the WT receptor.  In contrast, A272C, S273C, L274C and P275C 

α1 GlyR all exhibited significant increases in current responses to 

10 mM glycine 7 min after a 3 min application of 10 mM DTT 

(Figure 3.2A-C, p<.01 for all mutants – See Table 1 for statistics, 

where P values are listed).  L274C α1 GlyR was the only mutant 

that exhibited stable currents and therefore could be used to obtain 

a glycine concentration-response curve.  While the absolute 

currents produced by a given concentration of glycine increased 

after DTT for L274C α1 GlyR, there was no change in the glycine 

sensitivity (Figure 3.2D). 
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Figure 3.2. Individual mutations of alanine 272 through proline 275 to 

cysteine results in spontaneous cross-linking. Representative tracings 
showing the effects of 10 mM DTT and 0.03% H2O2 application on 10 mM glycine-
evoked currents in homomeric A272C α1 GlyR (A) and L274C α1 GlyR (B).   
Glycine applications for 10 sec were separated by 12 min washout periods.  DTT 
application for 3 min, followed by a 7 min washout, significantly increased 
responses to glycine.  A second application of glycine after DTT showed a smaller 
response, suggesting spontaneous cross-linking and this did not appear to be 
influenced by application of H2O2 for 1 min.  (C) Absolute currents elicited by 10 
mM glycine in WT, A272C, S273C, L274C and P275C homomeric α1 GlyR before 
and after DTT or H2O2 application.  Data are represented as mean ± S.E.M. of 3-6 
oocytes.  (D) Concentration response curve for L274C before (�) and after (●) a 
3-minute application of DTT.  There was no significant difference between groups.   
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Table 3.1 P-values for all DTT/H2O2 experiments 
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After washout of DTT, and the subsequent application of glycine to 

determine the effects of DTT, we next investigated whether 

oxidizing or cysteine-bridging agents could re-establish Cys-Cys 

linkages.  No significant differences in glycine responses were 

observed after a 1 min application of H2O2 compared to the glycine 

responses elicited immediately before H2O2 for A272C and S273C 

compounds (see Table 1 for statistics).  Despite no statistically 

significant decreases in glycine responses being seen after H2O2 

application it did appear that currents were getting smaller over 

time.  In addition, it appeared as though all α1 GlyR mutants 

exhibited a decrement in glycine-mediated currents between the 

two glycine applications subsequent to DTT administration, which 

would be indicative of the spontaneous reformation of disulfide 

bonds.  To determine if this was the case, the rates of spontaneous 

disulfide bond formation after DTT application and removal were 

tested for all mutations.       

3.3.2 The rates of disulfide bond reformation vary among 

GlyR mutations.   

To test for the rates of disulfide-bond reformation, DTT was applied 

for three-minutes followed by either two 10 mM glycine applications 

separated by a 48-minute washout (Figure 3.3A) or five 10mM 
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glycine applications separated by 12-minute intervening washes 

(Figure 3.3B).  In the first case the effects of time and thermal 

motion on spontaneous disulfide bond formation were tested, while 

in the second the additional factors of glycine binding and 

consequent channel activation were added.  Figure 3.3A illustrates 

that the four mutants tested varied greatly in their abilities to 

spontaneously reform disulfide bonds.  In the control WT α1 GlyR 

the 48 min interval between glycine applications did not affect the 

magnitudes of glycine-mediated currents.  In addition, no 

significant decrement in currents was seen in the S273C and L274C 

mutants, but the A272C and P275C responses were significantly 

decreased compared to WT.  We next tested whether periodic 

applications of glycine, leading to channel opening, would affect 

disulfide bond formation (Figure 3.3B).  Decreases over time were 

seen with the A272C and P275C mutants as before, but in addition 

the S273C mutant now also exhibited decrements in currents with 

successive glycine applications.  The responses from these 

receptors were fit with single exponential functions (A272C, τ = 

5.3±1 min; S273C, τ = 27.1±1min; and P275C, τ = 29.0±4 min).  

No decreases were observed in either WT or L274C receptors during 

the 48 min time course of this experiment.  
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3.3.3 Disulfide bond formation occurs between GlyR αααα1 

subunits.                

Western blot analysis was used to determine if disulfide bonds 

formed between subunits.  Whole-cell lysates from transfected 

HEK293 cells revealed two GlyR-labeled bands for A272C, S273C, 

L274C and P275C, but not WT α1 GlyR when gels were run under 

non-reducing conditions, in the absence of DTT (Fig. 3.4).  This 

experimental condition favors retention of disulfide bonds between 

subunits.  However, when 1 mM DTT was added before loading the 

gel, all mutant and wildtype receptors showed only one band, at a 

molecular weight of 50 Kd.  Untransfected cells showed no labeling. 
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Figure 3.3. Rates of spontaneous disulfide bond reformation in TM2-3 

linker mutants.  (A) In oocytes expressing WT or mutant α1 GlyR DTT was 
applied for 3 min.  The response to 10 mM glycine was determined 7 min later.  
This was defined as the 100% response against which a second response to 10 
mM glycine was compared, when it was applied 48 min later.  A one-way ANOVA 
showed that only some mutants displayed significant spontaneous cross-linking 
during the 48 min time period between glycine applications [F(4,24) = 32.5, 
p<0.0001].  Tukey’s posthoc analysis revealed that the A272C and P275C 
mutants displayed significantly lower (p<0.05) currents 48 min later, but WT, 
S273C and L274 GlyR did not.  Data are represented as mean ± S.E.M. of 3-6 
oocytes.   (B) The experiment presented in panel (A) was repeated but in this 
case 10 mM glycine was applied every 12 min to determine the effects of periodic 
glycine binding and channel activation on disulfide bond reformation.  Repeated 
two-way ANOVA shows a significant effect of mutant [F(4, 104) = 10.3, 
p<0.001], time [F(4, 104) = 25, p<0 .001)] and an interaction between time and 
mutant [F(16, 104) = 5.96, p<0.001] illustrating that the mutants did not all 
exhibit the same degrees of spontaneous cross-linking with repeated glycine 
exposure.  Data are represented as mean ± S.E.M. of 3-6 oocytes.   
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Figure 3.4 Disulfide bond formation occurs between GlyR αααα1 subunits. 
Whole cell lysates of untransfected, wild type, A272C, S273C, L274C and P275C 
GlyR were run on an SDS page gel in the presence and absence of 1 mM DTT.  In 
the presence of DTT, GlyR antibody labeled one band at 50kD for wild type, 
A272C, S273C, L274C and P275C α1 GlyR.  Untransfected cells produced no GlyR 
labeled bands under either condition.  In the absence of DTT GlyR antibodies 
labeled one band for wild type α1 GlyR (50Kd), but two bands for A272C, S273C, 
L274C and P275C α1 GlyR (100Kd). 
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3.3.4 Pre-existing cysteine residues in wildtype αααα1 GlyR do 

not interact with introduced cysteines.   

Since there are free cysteine residues at positions 41, 290, and 345 

of the α1 GlyR subunit that could conceivably interact with 

cysteines introduced at positions 272-275, we next sought to rule 

out interactions between these naturally-occurring cysteines and 

those introduced into the TM2-3 linker.  C41 is located in the 

extracellular domain while C290 is located in TM3.  In order to test 

for possible interactions between L274C and the other free 

cysteines, the double mutants C41A/L274C α1 GlyR and 

L274C/C290A α1 GlyR were tested to determine if mutating the 

naturally-occurring free cysteines abolished the effects of DTT 

(Figure 3.5).  C41A/L274C α1 GlyR and L274C/C290A α1 GlyR 

glycine-mediated currents were markedly increased after DTT 

application (see Table 1 for statistics). Since the third free 

cysteine, C345, lies in the cytoplasmic TM3-TM4 loop, we 

considered an interaction between L274C and C345 highly unlikely 

and thus the L274C/C345C double mutant was not tested. 
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Figure 3.5. Pre-existing cysteine residues in wildtype αααα1 GlyR do not 

interact with introduced cysteines.  (A) Representative tracing of the 
homomeric C41A/L274C doubly-mutated α1 GlyR.  Glycine (10 mM) was applied 
before and after a three-minute application of 10 mM DTT. (B) Absolute currents 
elicited by 10 mM glycine recorded from C41A/L274C α1 GlyR.  DTT application 
resulted in a marked enhancement of GlyR currents. Data are represented as 
mean ± S.E.M. of 8 oocytes.  (C) Representative tracing of the homomeric 
L274C/C290A doubly-mutated α1 GlyR.  Glycine (10 mM) was applied before and 
after a three-minute application of 10 mM DTT. (D) Absolute currents elicited by 
10 mM glycine recorded from L274C/C290A α1 GlyR.  DTT application resulted in 
a marked enhancement of GlyR currents. Data are represented as mean ± S.E.M. 
of 5 oocytes.   
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3.3.5 Co-expression of L274C αααα1 GlyR with the ββββ subunit.  

Since L274C does not bind with free cysteines in the extracellular 

loop or the TM3 transmembrane segment, we hypothesized that 

L274C was interacting with L274C residues on neighboring 

subunits.  In order to confirm this, we co-expressed L274C α1 and 

wild-type β GlyR subunits at a cDNA ratio of 1:10, in order to 

ensure the expression of the β subunit.  L274C:β GlyR exhibited 

much larger initial responses to glycine compared to homomeric 

L274C α1 GlyR (Figure 3.6).  However, in common with the 

homomeric L274C receptor, DTT application also markedly 

increased glycine responses in the L274C:β heteromeric receptor 

(table 1).   DTT produced a 714% increase in the glycine current in 

the heteromeric receptors, compared to a ~3,750% increase in 

glycine current after DTT application to homomeric L274C α1 GlyR.  

The reduction in the magnitude of the effect of DTT in the L274C:β 

GlyR suggests that the presence of β subunits in receptors disrupts 

the formation of disulfide bonds between α1 subunits. 
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Figure 3.6. Co-expression of L274C αααα1 GlyR with the ββββ subunit.  (A) 
Representative tracing of L274C α1: wildtype β GlyR.  10mM glycine was applied 
before and after a three-minute application of 10mM DTT.  As with homomeric 
L274C α1 GlyR, DTT application markedly increased glycine-mediated currents.   
(B) Initial currents produced by glycine were considerably higher in L274C:β 
heteromeric receptors than homomeric L274C α1 GlyR (compare to Fig. 2C).  
DTT significantly increased currents elicited by subsequent applications of glycine.  
Data are represented as mean ± S.E.M. of 7 oocytes.   
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3.4 Discussion 

 All mutants (A272C, S273C, L274C, and P275C) showed a 

significant increase in glycine-mediated responses after DTT (Figure 

3.2C and Table 1).  This demonstrates that all of these mutants are 

able to cross-link spontaneously to some degree.   L274C and 

P275C α1 GlyR showed a significant change in current after H2O2 

(Table 1).  As the rate of reaction experiments confirmed, A272C, 

S273C, and P275C α1 GlyR were able to form spontaneous disulfide 

bonds over time (Figure 3.3).  S273C α1 GlyR disulfide-bond 

formation was greatly facilitated by glycine (Figure 3.3A), while 

A272C and P275C formed disulfide-bonds regardless of receptor 

activation (Figure 3.3B).  All mutant cysteine residues are within 

the proximity of the homologous residue on adjacent subunits such 

that they can form disulfide bonds, although they do not do so at 

the same rate.  In an α-helix periodicity in disulfide bond formation 

would be expected, where every three or four amino acid face the 

same direction and the rest are constrained by the helix.  However, 

our data reflects a β-strand structure, where all residues are in 

close proximity to the neighboring strand, but react to it at different 
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rates based on the orientation to their reactive –SH in various 

either open, closed or desensitized states. 

 Figure 3.2D demonstrates that concentration response to 

glycine for L274C α1 GlyR does not change after DTT.  The 

response curve is right-shifted compared to WT GlyR (EC50: 

WT=0.256±15 mM, L274C pre-DTT=34.0±41 mM, L274C post-

DTT=14.6±6.3 mM).  This may be because disulfide bond formation 

prevents normal signal transduction and inhibits gating, and while 

reduction can restore the ability to gate, it does not significantly 

alter the effects of mutation on glycine sensitivity.  It is also 

possible that disulfide bond formation completely inhibits receptor 

function and that the current elicited before DTT represents a 

subpopulation of receptors that could not form disulfide bonds.  In 

either case the data show that disruption of signal transduction at 

the TM2-3 linker due to inter-subunit disulfide bonds greatly inhibits 

or perhaps abolishes GlyR function.    

 Western blot analysis demonstrated that all mutants form 

disulfide bonds between subunits. In the presence of a reducing 

agent, all mutants produce one GlyR labeled band at 50Kd (Figure 

3.4).  However, in the absence of the reducing agents, the covalent 

bonds between the subunits remained.  Bands could then be 
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observed at approximately 100Kd as well as 50Kd (Figure 3.4, 

A272C α1 GlyR data not shown).  This study demonstrates that the 

TM2-3 linker region is a β-strand, favoring a model of the GlyR 

based on the ELIC structure (Figure 3.1B).   The data also supports 

the hypothesis that the TM2-3 linker can provide the critical link 

between subunits during signal transduction.      
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CHAPTER 4: EFFECTS OF A MUTATION IN THE TM2–

TM3 LINKER REGION OF THE GLYCINE RECEPTOR αααα1 

SUBUNIT ON GATING AND ALLOSTERIC 

MODULATION  

 

4.1 Introduction 

 A number of allosteric modulators of GlyR function, including 

alcohols and volatile anesthetics, enhance GlyR function (Lynch et 

al., 2004).  Specific amino acids thought to be important for the 

enhancing effects of alcohols and anesthetics have been identified 

and these are hypothesized to border a water-filled cavity between 

transmembrane domains (Mihic et al., 1997; Lobo et al., 2004a,b). 

Although the alcohol and anesthetic binding site is hypothesized to 

exist in the same TM2–TM3 water-filled pocket throughout the Cys-

loop receptor family, the modulatory effects of these compounds 

vary form receptor to receptor. For example, ethanol enhances 

receptor function in most members of this superfamily, but 

inhibition is seen in homomeric GABA ρ1 receptors (Mihic and 

Harris, 1996) and homomeric α7 nAChRs, while no significant 

effects are found in α3β2 and α3β4 nAChRs (Cardoso et al., 1999).  

Even in receptors displaying enhancement, the magnitude of 
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potentiation can vary considerably. For example, weaker effects of 

ethanol are observed in 5-HT3A receptors expressed in Xenopus 

oocytes compared to α1 GlyRs (Machu and Harris, 1994). 

Both GlyR α1 and 5-HT3A subunits possess a cysteine residue in 

TM3 (C290 in GlyR α1 and C317 in 5-HT3A) but differ in the 

orientation of that cysteine to the hypothesized water filled pocket 

between TM2 and TM3. Wild-type 5-HT3A receptors covalently bind 

the alcohol/anesthetic analog propyl methanethiosulfonate (PMTS), 

leading to permanent enhancement of 5-HT3A receptor function 

(Dupre and Mihic, unpublished observations), unlike wild-type α1 

GlyR, that do not bind PMTS at C290 (Mascia et al., 2000). We 

hypothesized that the size and orientation of residues within the 

putative alcohol and anesthetic-binding pocket maybe influenced by 

an extra proline residue found in the TM2–TM3 extracellular loop of 

cation channels in the Cys-loop family. The cyclic 3-carbon side 

chain in the additional proline residue in the 5-HT3A subunit may 

alter the orientation and interactions with the surrounding residues 

with the extracellular solution, affecting function. An amino acid 

alignment comparing the TM2–TM3 linker regions of GlyR α1 and 5-

HT3A receptor subunits is shown. 
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GlyR α1 271RASLPKVSYV-KAID284 

5-HT3A  
297SDTLPATAIGTPLIG311 

A recent study found this proline to be critical for signal 

transduction in the 5HT3AR (Lummis et al., 2005).  To further 

explore the relationship between signal transduction to the TM2–

TM3 loop and allosteric modulation in the homomeric α1 glycine 

receptor, lysine-281 (K281) was mutated to proline (K281P), 

alanine (K281A) or cysteine (K281C). 

4.2 Methods 

 Mutagenesis, oocyte isolation and cDNA nuclear injection 

were previously described in the Chapter 2.  Specific to this section 

are the dilutions of volatile anesthetics and PMTS. Application of 

volatile anesthetics through our perfusion tubing results in 50–60% 

loss at the location of the oocyte in the bath; solutions containing 

higher concentrations of anesthetics were made to compensate for 

this loss and the concentrations reported were the final 

concentrations at the oocyte. Bath volatile anesthetics were 

determined by gas chromatography as described previously (Eger 

et al., 1999). These bath concentrations were 0.5 mM halothane, 

1.5 mM chloroform and 0.6 mM isoflurane and correspond to 1.5–2 
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times the minimum alveolar concentration (MAC) in mammals (Eger 

et al., 1965). Effects of EtOH (200 mM) and volatile anesthetics 

either applied alone, or co-applied with EC10 glycine, are reported 

as a percentage of the response produced by EC10 glycine alone. 

For the PMTS experiments, a 300 mM PMTS stock solution was 

made in dimethyl sulfoxide and then diluted to a concentration of 

50 µM in MBS immediately before application to oocytes in order to 

prevent degradation. The glycine EC10 values reported both before 

and after PMTS are averages of 2–3 applications of glycine. PMTS 

was applied alone or in the presence of glycine as indicated. 

 

4.3 Results 

4.3.1 Mutation of lysine to proline at residue 281 produces a 

constitutively active receptor  

We first attempted to construct an α1 GlyR mutant bearing an extra 

proline residue between K281 and A282. However, the introduction 

of this extra proline residue yielded receptors with very low glycine-

induced currents (10–20 nA in response to 10–100 mM glycine) 

that were much too small to be studied further. For all practical 

purposes this was a non-functional receptor mutant, so all-

subsequent experiments were conducted on mutations made at 
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K281. Glycine concentration–response curves were generated for 

wt, K281A and K281P GlyR. Sample tracings of wild-type, K281A 

and K281P responses are shown in Figures 4.1A–C. Glycine 

concentration–responses curves were fit to the Hill equation using 

non-linear regression analysis and averaged responses are shown in 

Figure 4.1D. Data were obtained using wt and mutant subunits 

from the same batches of oocytes. Two-way ANOVA indicated no 

overall effect of mutation on glycine concentration–response 

curves.  However, the K281P mutant exhibited a shallow glycine 

concentration–response curve, as illustrated by its significantly 

lower Hill coefficient [t(7)=6.65, p<0.001]. This dramatic decrease 

in the Hill coefficient and the high clamping currents (600–800 nA 

baseline currents compared to ~80 nA in wt α1 GlyR) required to 

voltage-clamp oocytes at −70 mV suggested that the K281P 

receptors might be displaying spontaneous channel opening 

activity. To test this, the competitive GlyR antagonist strychnine (1 

mM) or the pore blocker picrotoxin (300 µM) was applied in the 

absence of glycine. Neither strychnine nor picrotoxin alone has any 

effect on wt GlyR (data not shown), but each markedly lowered the 

baseline clamping current of oocytes expressing K281P α1 GlyR 
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(Figure 4.2), indicating that in the K281P GlyR mutant strychnine 

and picrotoxin stabilized a closed-channel state.   
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Figure 4.1 Effects of mutation at K281 on αααα1 glycine responses. Sample 
tracings of wild-type (A), K281P (B) and K281A (C) GlyR α1 responses to glycine. 
(D) Glycine concentration–response curves of wild-type and receptors bearing 
either a proline or an alanine mutation at residue 281. The proline, but not 
alanine, mutation at K281 slightly changed glycine sensitivity as demonstrated by 
its decreased EC50 value (wt, 292 ± 18 µM; K281A, 301 ± 18 µM; K281P, 
209 ± 93 µM). The alanine mutation at K281 did not affect the Hill coefficient, 
but a significantly decreased Hill coefficient was seen in the K281P mutant (Hill 
Coefficients: wt, 1.47 ± 0.12; K281A 1.65 ± 0.14; and K281P, 0.50 ± 0.06). 
Statistics are provided in the text. Results are presented as the mean ± SEM of 4 
to 7 oocytes. 
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Figure 4.2 Antagonism of spontaneous channel opening activity by 

strychnine and picrotoxin in the K281P mutant. In the K281P α1 GlyR 
mutant a maximally effective concentration of glycine (10 mM) elicited an inward 
current. In contrast, 1 mM strychnine (A) and 300 µM picrotoxin (B) elicited 
outward currents, indicative of their closure of constituently active ion channels. 
Spontaneous channel opening in the absence of glycine was not observed in wt 
receptors or in the K281A mutant. Results are presented as the mean ± SEM of 
5–7 oocytes.  
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4.3.2 Alcohols and volatile anesthetics inhibit glycine-

mediated and spontaneous currents in K281P αααα1 GlyR 

 We tested the direct and modulatory effects of 200 mM EtOH, 

1.5mM chloroform, 0.6mM isoflurane and 0.5mM halothane on 

K281A and K281P GlyRs (Figures 4.3A and B). K281A α1 GlyR did 

not respond to any modulator in the absence of glycine (data not 

shown). Glycine-mediated currents were potentiated by EtOH and 

volatile anesthetics to a much greater degree in K281A than K281P 

GlyR, which displayed inhibition of the effect of glycine: halothane 

[t(6)=13.23, p<0.001], EtOH [t(6)=12.22, p<0.001], chloroform 

[t(8)=29.97, p<0.001] and isoflurane [t(5)=23.12, p<0.001] (Fig. 

4.3C). In addition, EtOH and volatile anesthetics applied in the 

absence of glycine antagonized spontaneous channel opening in the 

K281P mutant (Figures 4.3 A and C). 
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Figure 4.3 Direct and modulatory effects of ethanol and volatile 

anesthetics on K281A and K281P α1 GlyR function. Sample tracings of the 
modulatory and direct effects of 200 mM EtOH, 0.5 mM halothane, 1.5 mM 
chloroform and 0.6 mM isoflurane on K281P GlyR (A) and of their modulatory 
effects on K281A GlyR (B). Average responses of the K281P and K281A mutants 
(C) were expressed as a percentage of the responses to EC10 glycine (1–10 µM 
glycine for K281P and 30 µM glycine for K281A). In the K281A mutant alcohol 
and volatile anesthetics potentiated glycine-mediated currents in a manner 
similar to wild-type receptors and no effects were observed when alcohol or 
anesthetics were applied alone. In the K281P mutant, co-applications of glycine 
with modulators decreased the EC10 glycine responses and application of 
modulators alone antagonized tonic opening activity. Results are presented as 
the mean ± SEM of 5 to 7 oocytes. 
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4.3.3 Residue K281P does not directly interact with the 

putative alcohol and anesthetic binding pocket 

 We wished to determine if mutation at the K281 residue in 

the TM2–TM3 linker region altered the putative alcohol and 

anesthetic binding pocket. The thiol reagents like PMTS can be used 

as a probe to investigate the accessibility of cysteine residues in an 

aqueous environment, as PMTS covalently binds to cysteine and 

conceivably could permanently alter receptor function (Karlin and 

Akabas, 1998). PMTS has no irreversible effect on wt GlyR function 

despite the presence of cysteine-290 in TM3 to which it could 

potentially bind (Mascia et al., 2000). We first sought to determine 

if the K281 residue in the TM2–TM3 linker region constituted part of 

the alcohol/anesthetic binding pocket. A cysteine point mutation 

was made at K281 and the resulting K281C mutant was tested for 

possible irreversible changes in receptor function following PMTS 

application. The EC10 of glycine was determined and applied twice 

before and twice after a 3-min application of 50 µM PMTS. PMTS did 

not permanently affect the EC10 glycine current (Figure 4.4) and it 

also had no permanent enhancing effect if it was co-applied with 

glycine (data not shown). 
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Figure 4.4 The K281 residue does not appear to constitute part of the 

alcohol/anesthetic binding site. (A) Representative tracing of K281C GlyR 
responses to EC10 glycine before and after a 3-min exposure to 50 µM PMTS. (B) 
The bar graph summarizes the averaged responses. The K281C GlyR did not 
demonstrate significant permanent changes in response to glycine after PMTS 
application. Results are presented as the mean ± SEM of 6 oocytes.  
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 We next tested whether the proline mutation at K281 in the 

TM2–TM3 extracellular loop disrupted the putative helix in TM3 to 

now allow the native C290 residue to bind PMTS. The currents 

elicited by EC10 glycine were determined before and after 3 min 

applications of 50 µM PMTS and were found to be equal, indicating 

that PMTS had no irreversible effects on EC10 glycine-mediated 

currents (Figures 4.5A and B). In addition, co-application of glycine 

with PMTS also did not irreversibly enhance glycinergic responses 

(data not shown). We next tested if the orientation of S267, part of 

the alcohol/anesthetic-binding pocket within TM2, was disrupted by 

the K281P mutation. A double mutant was created bearing the 

K281P and S267C mutations. The S267C single mutant displays 

permanent enhancement of the effect of glycine following covalent 

binding of PMTS (Mascia et al., 2000), and it was hypothesized that 

a major disruption of the TM2 helix by the K281P mutation might 

prevent this binding. The S267C/K281P double mutant had a low 

Hill coefficient [0.61±0.1], similar to that of the K281P single 

mutant, and was sensitive to strychnine in the absence of glycine. A 

3-min PMTS application permanently increased the glycine EC10 

current indicating that PMTS was still able to covalently react with 

S267C within TM2 and thus increase receptor function [t(10)=2.62, 
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p<2.5] (Figures 4.5C and D). Interestingly, PMTS initially inhibited 

and then increased spontaneous activity as indicated by the change 

in baseline clamping current (Figure 4.5C). In addition, similar to 

the K281P single mutant, the spontaneous opening of the 

S267C/K281P double mutant could be inhibited by alcohols and 

anesthetics (data not shown). 
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Figure 4.5 The K281P mutation does not affect thiol interactions with 

residues in TM2 or TM3. (A) Representative tracing of K281P GlyR responses to 
EC10 glycine before and after a 3-min exposure to 50 µM PMTS. (B) The average 
EC10 glycine response did not change in K281P GlyR after PMTS application. (C) 
Representative tracing of double mutant S267C/K281P GlyR responses to EC10 
before and after a 3-min exposure to a 50-µM PMTS. (D) The double mutant 
S267C/K281P GlyR showed a significant increase in the current elicited by EC10 
glycine after PMTS exposure (p < 0.05). Results are presented as the 
mean ± SEM of 4 to 5 oocytes. 
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4.3.4 Mutation to a proline at residue 281 also changes the 

direction of zinc modulation in αααα1 GlyR 

 The data presented demonstrate that mutation of K281 to 

proline markedly affects alcohol and anesthetic enhancement of 

glycine-mediated currents, while the K281A mutant retains 

significant potentiating effects. We wondered if this was specific to 

the alcohols and volatile anesthetics or could be generalized to 

other GlyR modulators. To test this hypothesis, zinc was tested for 

its abilities to affect K281A and K281P α1GlyR. On WT receptors, 

zinc has a biphasic effect, enhancing GlyR function at low 

concentrations (nM) and inhibiting function at higher (10–100 µM) 

concentrations. The K281A α1 GlyR mutant generally followed this 

pattern (Figure 4.6), although the enhancement seen was smaller 

than typical for wt GlyR and potentiation was still seen at 10 µM 

zinc, when inhibition would already be observed in wt GlyR. On 

K281P α1 GlyR zinc was tested for its abilities to affect the tonic 

channel opening observed in the absence of glycine. Biphasic 

effects of zinc were seen, but in a direction opposite to that seen in 

the WT and K281A receptors. Low (10–100 nM) concentrations of 

zinc antagonized tonic channel opening, while enhancement of this 

current was observed at higher (1–100 µM) concentrations of zinc 
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(Figures 4.7A and B). This is not a general property of constitutively 

activate mutants. The D97R mutation in the N-terminal domain of 

the α1 GlyR subunit also opens spontaneously in the absence of 

glycine, but zinc enhances this opening at low concentrations while 

inhibiting it at higher concentrations (Figures 4.7C and D). 
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Figure 4.6 Biphasic effects of zinc on the K281A αααα1 GlyR. The K281A α1 
GlyR was previously reported to be insensitive to zinc. Zinc at concentrations of 
0.1–10 µM potentiated EC10 glycine currents, while 100 µM zinc had an inhibitory 
effect. Sample tracings are provided in panel A while a bar graph depicting the 
results obtained from 5 oocytes is shown in panel B. Results are presented as the 
mean ± SEM. 
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4.4 Discussion 

 The TM2 to TM3 extracellular loop of the GlyR, in particular 

K276, is implicated in the transduction of glycine binding signals 

from the N-terminal portion of subunits to the channel gate found in 

TM2 (Schofield et al., 2003). We wondered whether this loop also 

played a role in the transduction of signals produced by other 

modulators of GlyRs, in particular ethanol and volatile anesthetics 

hypothesized to bind nearby (at S267 in TM2).  Neither alanine nor 

proline mutations at residue K281 significantly altered the glycine 

sensitivities (EC50s) in the mutants, although a significantly 

decreased Hill coefficient was seen, suggesting a loss of binding 

cooperativity, in the spontaneously opening D97R α1 GlyR mutant. 

If the K281P α1 GlyR was also tonically active, then strychnine, a 

competitive antagonist at the glycine binding site, would be 

expected to produce an outward current through stabilization of a 

closed-channel state K281P mutant. The high baseline holding 

currents observed in the K281P mutant were decreased by the 

application of 1 mM strychnine (Figure 4.2). 
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Figure 4.7. Contrasting effects of zinc on two spontaneously activating 

mutant α1 GlyRs. (A and B). 0.01–0.1 µM zinc inhibited tonic K281P GlyR α1 
activity while higher concentrations (1–100 µM) potentiated this tonic activity. In 
contrast another constituently active mutant, D97R, demonstrated direct effects 
of zinc similar to its effects on glycine-activated currents in wt GlyR. Low 
concentrations (< 10 µM) enhanced channel opening while a higher concentration 
(100 µM) inhibited tonic currents (C and D). Results are presented as the 
mean ± SEM of 4 to 5 oocytes. 
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Recently obtained data suggest that alcohols and anesthetics 

may bind within a water-filled cavity bounded by amino acids 

contributed by all four transmembrane domains (Mihic et al., 1997; 

Mascia et al., 2000; Lobo et al., 2004a,b). In the α1 GlyR these 

residues include I229 in TM1, S267 in TM2, A288 in TM3 and W407 

and Y410 in TM4. All of these residues are believed to face one 

another and to be located in regions of transmembrane domains 

near the extracellular lipid:water interface. We wondered whether 

amino acids in the nearby extracellular TM2–TM3 loop might also be 

involved in alcohol and anesthetic effects on α1 GlyR. Our previous 

work showed that a number of anesthetic compounds could 

positively modulate the spontaneous GlyR activity seen in the D97R 

α1 GlyR mutant (Beckstead et al., 2002). To see if the tonically 

active K281P mutant displayed similar responses to alcohols and 

anesthetics, ethanol, chloroform, isoflurane and halothane were 

tested in the absence of glycine. Surprisingly, all of these 

compounds lowered baseline holding currents, suggesting that the 

anesthetics were stabilizing a closed-channel state, in essence 

having an effect opposite to that seen in the D97R mutant. When 

alcohol or anesthetics were co-applied with EC10 glycine, this 

glycinergic current was inhibited (Figures 4.3A and C), although this 
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inhibition was no greater in magnitude then the degree of inhibition 

of the tonic current seen when alcohol or anesthetics were applied 

alone. This is consistent with the hypothesis that glycine binding to 

constituently active mutants causes those channels to open to a 

degree that makes them insensitive to modulators, analogous to 

benzodiazepine receptor agonists and inverse agonists failing to 

affect GABAA receptor function at high GABA concentrations 

(Campo-Soria et al., 2006). This lack of anesthetic modulation of 

the effects of exogenously applied glycine was specific to the K281P 

mutant, as the K281A α1 GlyR displayed enhancement of the EC10 

glycinergic current in a manner similar to the wt GlyR (Figures 4.3B 

and C). This raised the possibility that it was specifically the 

introduction of the proline residue at position 281, by changing the 

orientations of nearby amino acids, altered alcohol and anesthetic 

responses in the K281P α1 GlyR. Before testing this hypothesis, we 

wanted to first rule out the possibility that this residue itself 

constituted part of the alcohol/anesthetic-binding pocket. To test 

this possibility, the cysteine point mutation was made at position 

K281. Cysteines in an aqueous environment are able to covalently 

bind thiol MTS reagents, permanently labeling those residues 

(Karlin and Akabas, 1998). Mascia et al. (2000) showed that when 
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PMTS bound to S267C within the putative alcohol and anesthetic 

binding pocket it produced permanent enhancement of receptor 

function. Additionally, GlyR labeled with PMTS at S267C were no 

longer sensitive to the enhancing effects of alcohols and 

anesthetics. The K281C mutant, however, showed no labeling with 

PMTS either in the absence or presence of glycine (Figure 4.4), 

suggesting either that it did not bind to either inactive or activated 

receptors, or perhaps that it did bind but elicited no functional 

effect. The cysteine mutation also served as a control for the 

volume change seen when the larger wild-type lysine residue was 

mutated to the smaller proline: cysteine has a volume of 109 Å3, 

while proline has a volume of 113 Å3 (Zamyatnin, 1972). Another 

hypothesis is that the K281P mutation may have disrupted TM2 or 

TM3 helices, changing the orientations of amino acids normally 

involved in alcohol or anesthetic binding. Since here is a native 

cysteine in TM3 (C290) that is not accessible to PMTS in the wt α1 

GlyR, but is accessible in the related 5-HT3A receptor (unpublished 

observation), PMTS was applied to the K281P GlyR mutant to 

determine whether the orientation of TM3 had changed in a way 

that might make it accessible to PMTS. This was not so; PMTS had 

no effect on K281P EC10 glycine currents (Figures 4.5A and B) 
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indicating that the addition of a proline in the TM2–TM3 loop did not 

alter the orientation of TM3 sufficiently to expose C290 to the 

aqueous pocket found between the transmembrane domains. 

 We next determined whether the K281P mutation might alter 

the orientation of TM2. The double mutant S267C/K281P GlyR was 

tonically active and had a low Hill coefficient similar to the K281P 

α1 GlyR single mutant. Modulators such as EtOH and volatile 

anesthetics inhibited tonic channel opening activity similar to the 

K281P GlyR (data not shown). PMTS application to oocytes in the 

absence of glycine permanently enhanced EC10 glycine responses 

(Figures 4.5C and 4.D) suggesting that the orientation of TM2, at 

least at the level of S267, was not significantly affected by the 

K281P mutation. As PMTS was applied, the baseline holding current 

first decreased and then increased, possibly reflecting what 

happens as up to five PMTS molecules bind to an individual 

pentameric receptor. Perhaps the binding of one or two PMTS 

molecules to a receptor antagonizes channel opening while the 

binding of more, which would occur as PMTS continued to be 

applied, leads to enhancement of tonic channel activity.  

 Although residues in TM2 and TM3 in or near the alcohol/ 

anesthetic binding pocket did not appear to be dramatically affected 
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by the K281P mutation, this mutation had a marked effect on the 

abilities of ethanol and volatile anesthetics to enhance the effects of 

exogenously applied glycine. We tested another class of GlyR 

modulator, zinc, for its effects on the K281P mutant. Zn2+ displays 

bi-directional modulatory effects on wt α1 GlyR function, with low 

(nM) concentrations potentiating, while higher (µM) concentrations 

are inhibitory (Bloomenthal et al., 1994). Several amino acids 

(H107 and H109) important for the inhibitory effects of Zn2+ have 

been identified in the extracellular domain of the GlyR α1 subunit, 

as well as residues (D80, E192, D194 and H215) implicated in 

potentiation of glycine-mediated currents (Laube et al., 2000; Miller 

et al., 2005). A previous report found that the K281A mutation 

rendered the α1 GlyR insensitive to low concentrations of zinc, 

suggesting this amino acid is involved in the transduction of the 

Zn2+ modulatory signal (Lynch et al., 1998). 

 However, in that study the modulatory effects of zinc were 

tested on currents produced by relatively high (EC50) levels of 

glycine and only used a single concentration of Zn2+ (10 µM). We 

tested 100 nM to 100 µM Zn2+ on the effects of EC10 glycine on 

K281A α1 GlyR finding that, although the magnitude of zinc 
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potentiation of EC10 glycine was lower than in wt GlyR, Zn2+ did 

still exert a biphasic effect on these receptors (Fig. 4.6).  

Interestingly, Zn2+ had effects on the tonic opening in the K281P 

mutant that were the opposite of what one sees in wildtype 

receptors. Low concentrations (0.01–0.1 µM) of zinc decreased 

holding currents, indicative of antagonism of spontaneous channel 

opening, while higher concentrations (10 and 100 µM) enhanced 

channel opening (Figures 7A and B). This suggests that the TM2–

TM3 linker region in general, and residue 281 in particular, plays a 

role in the transduction of not only glycine but also modulator 

signals to the channel gate. Because the K281P α1 GlyR displays 

spontaneous activity it is possible that the mutation's disruption of 

gating, leading to tonic activity, was also responsible for the change 

in direction of the allosteric modulation. However, this reversal in 

the direction of effects produced by volatile anesthetics and zinc in 

theK281P mutant is cannot be generalized to all spontaneously 

active mutants. For example, the D97R α1 GlyR also displays 

spontaneous activity but in this mutated receptor alcohols and 

volatile anesthetics potentiated the spontaneous channel-opening 

activity (Beckstead et al., 2002). In addition, low concentrations 

(100 nM–10 µM) of zinc enhanced, while higher concentrations 
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inhibited, the D97R tonic current, indicating that tonic activity does 

not in and of itself change the direction of modulation (Figs. 4.7C 

and D). 

 In summary our study demonstrates that the TM2–TM3 

extracellular loop plays a role in the transduction of modulator 

signals as well as gating signals that follow glycine binding. The 

change of the direction of modulation occurs regardless of whether 

the modulator is interacting with the extracellular domain (Zn2+) or 

the transmembrane region (alcohols and anesthetics) of the glycine 

receptor. This provides further evidence that K281 is involved in the 

transmission of the gating signal, and that K281 and the TM2–TM3 

loop may control the effects of modulatory signals on gating. 
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CHAPTER 5:  ETHANOL INTERACTS WITH RESIDUES 

LINING THE αααα1 GLYR PORE 

5.1 Introduction  

 Alcohols and volatile anesthetics potentiate sub-maximal 

glycinergic currents.  These modulators are thought to bind within a 

water-filled cavity between transmembrane domains two (TM2) and 

three (TM3) (Mihic et al., 1997; Lobo et al., 2004a; Lobo et al., 

2004b).   When serine-267 (15’) is mutated to cysteine this residue 

can covalently bind the alcohol analog propylmethylthiosulfonate 

(PMTS), resulting in the permanent potentiation of sub-maximal 

glycine currents (Mascia et al. 2000).  Mascia et al. (2000) also 

reported that once PMTS was bound to the S267C α1 GlyR the 

effects of octanol and isoflurane were lost.  They concluded that the 

loss of modulatory effects was due to the volume that PMTS 

occupied in the putative alcohol and anesthetic binding cavity 

blocking the binding of alcohols and anesthetics.   An alternative 

hypothesis is that the potentiating effects of these related 

compounds on the receptor had reached a maximum, and that even 

though they could still bind their effects could not be measured.  In 

order to rule out this possibility, and determine a more accurate 
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volume for alcohol and anesthetic binding, we repeated this study 

using the smaller alcohol, ethanol.  Here we report that adding 

volume to TM2 and TM3, both thought to constitute part of the 

putative alcohol-binding pocket, does not alter the effects of EtOH 

on α1 GlyR.   

 These data suggest that the actions of EtOH may not be 

limited to an intra-subunit binding cavity, but may also directly 

interact with pore lining residues.   Our results suggest that the 

actions of EtOH on Cys-loop receptors may not be limited to a 

putative binding cavity, but instead may be the summation of 

effects on many water accessible r-groups, including those which 

line the pore.  

5.2 Methods 

 The electrophysiological protocols used in this chapter are 

generally described in Chapter 2.  The specific protocol for the DTT 

experiments is described in detail in Chapter 3.2.  For the propyl 

methanethiosulfonate (PMTS) and decyl methanethiosulfonate 

(DMTS) experiments, a 300 mM PMTS or DMTS stock solution was 

made in dimethyl sulfoxide and then diluted to a concentration of 

50 µM in MBS immediately before application to oocytes in order to 
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prevent degradation. The glycine EC10 values reported both before 

and after MTS are averages of 2–3 applications of glycine. PMTS 

was applied alone or in the presence of glycine as indicated. 

5.3 Results 

5.3.1 S267C αααα1 GlyR forms an inter-subunit disulfide bond 

To test for disulfide-bond formation, we recorded the 

response of the S267C mutant to 10mM glycine before and after a 

3-minute application of 10mM DTT and a one minute application of 

0.03% H2O2 (Figure 5.1 A and B).  Unlike the WT α1 GlyR (Figure 

5.2B), S267C α1 GlyR showed a significant increase in glycine-

mediated currents after DTT.  This suggests that the cysteine at 

residue-267 forms a covalent disulfide bond disrupting receptor 

function.  The double mutant S267C/C290A α1 GlyR also showed 

increased responses to glycine after DTT (Figure 5.2A).  Since 

residue C290 is the only free cysteine that is close enough to 

residue-267, the ablity of the double mutant S267C/C290A a1 GlyR 

to form disulfide bonds suggests indicates that the cysteine at 

residue-267 is interacting with the residue-267 on adjacent 

subunits.       
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Figure 5.1 S267C αααα1 GlyR forms disulfide bonds. A) Sample tracing of 
S267C α1 GlyR showing saturating glycine (10mM) mediated currents before and 
after a one-minute application of 0.03% H2O2 and a three-minute application of 
10mM DTT. B) S267C α1 GlyR did not show a significant change after H2O2, but 
did show a significant difference in current after DTT [F(17) = 5, p<0.005; 
Tukeys Test p<0.05]     
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Figure 5.2 S267C does not form disulfide bond with native cysteines. 
Sample tracing of S267C/C290A α1 GlyR showing saturating glycine (10mM)  
mediated currents before and after a three-minute application of 10mM DTT and 
a one-minute application of 0.03% H2O2. Glycine-mediated currents increased 
after DTT similar to the single mutant S267C GlyR. B) Sample tracing of wild-
type α1 GlyR showing saturating glycine-mediated currents before and after a 
three-minute application of 10mM DTT and a one-minute application of 0.03% 
H2O2.  There is no effect of either DTT or H202 on glycine mediated currents in 
wild-type α1 GlyR. 
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5.3.2 There is no measurable volume for ethanol in S267C αααα1 

GlyR 

We next sought to determine if the orientation of the S267C 

α1 GlyR within the pore would preclude determining a volume for 

the putative alcohol and anesthetic-binding pocket.  Previous 

studies used PMTS to label position S267C and add volume to the 

putative alcohol and anesthetic-binding pocket (Mascia et al. 2000).  

One of the caveats of this study is that all the compounds tested 

potentiated GlyR function.  It is possible that the reason that they 

did not see additional potentiation by anesthetics after PMTS 

labeling was not because the binding pocket was filled, but rather 

because maximal potentiation of receptor function had been 

achieved.  We sought to overcome this by using EtOH instead of 

octanol or isoflurane used by Mascia et al. (2000).  In addition to 

testing S267C α1 GlyR we also tested the double mutant 

S267C/A288F α1 GlyR, which adds additional volume to the 

putative alcohol and anesthetic binding site at residue-288.  We 

tested the three-carbon MTS reagent PMTS as well as the ten-

carbon MTS reagent DMTS on both mutants.   

First we demonstrated that the EC10 glycine currents in both 

mutants were potentiated by a three-minute application of either 

PMTS or DMTS (Figure 5.3).  We next demonstrated that neither 
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MTS reagent altered the inhibition of either mutant receptor by 

EtOH (Figure 5.4).  The inhibition of EC10 glycine currents for both 

mutant GlyRs was measured before and after a 3-min application of 

50 µM PMTS or DMTS.  No significant differences were observed in 

the responses to EtOH after either PMTS or DMTS in either mutant 

(Figure 5.4).  
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Figure 5.3 PMTS and DMTS potentiate S267C and S267C/A288F αααα1 GlyR 

EC10 glycine-mediated currents (n=3-7).  The potentiation before and after 
an application of either 50 µM PMTS or DMTS was measured for both the S267C 
and S267C/A288F.  MTS effects are expressed as percent enhancement of the 
glycinergic currents compared to those observed before MTS application.  Both 
compounds were able to react with the engineered cysteine at residue-267 to 
potentiate receptor function.   
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Fig 5.4 EtOH inhibits EC10 glycine-mediated currents in S267C and 

S267C/A288F αααα1 GlyR before and after PMTS and DMTS (n=3-7).  The 
response to EC10 glycine and EC10 glycine+EtOH was determined and then 50 
µM PMTS or DMTS was applied for 3 minutes.  After washout, the same 
concentration of glycine was applied again in the presence and absence of EtOH.  
There was no significant difference in EtOH inhibition before or after either MTS 
reagent in either mutant. 
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5.4 Discussion 

 This study suggests that residue-267 (15’) in the α1 GlyR is 

orientated towards the pore by demonstrating that cysteines 

introduced at that residue can form disulfide bonds (Figure 5.1).  

Previous work in the nAChR and ELIC suggest that 15’ is facing 

towards an intra-subunit space rather then the pore (Arevalo et al., 

2005, Hilf and Dutzler, 2008).  It may be that these receptors differ 

in there structure in the TM2 helix.  An alternative hypothesis is 

that the TM2 region may have a great deal of flexibility.  In order to 

determine the extent of flexibility in this segment, addition disulfide 

bond trapping studies on surrounding residues the segment are 

necessary.  

If S267 does interact within the pore, this suggests that the 

binding-site for alcohols and anesthetics may not be limited to a 

water-filled cavity between the transmembrane domains, but may 

also include parts of the pore itself.  Previous studies utilizing the 

S267C mutation suggested that S267C does not form disulfide 

bonds within the pore (Lobo et al. 2004b).  One possible 

explanation for the difference observed may be due to the large 

variability in the initial oxidation state of receptors in the eggs they 
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sampled.  Lobo et al. (2004b) did show that S267C/A288C α1 GlyR 

does show evidence of disulfide bond formation.  It may be that in 

addition to cross-linking with itself S267C can form disulfide bonds 

with A288C.  It is also possible that altering the TM3 helix by 

mutating residue-288 affects the orientation of the TM2 helix, 

increasing the probability that S267C will form disulfide bonds 

within the pore. 

 One of the strengths of the current study is that ethanol 

inhibits S267C and S267C/A288F α1 GlyR.  This means that unlike 

Mascia et al. (2000) we did not have to worry about the possibility 

that the receptor may have reached a state of maximal potentiation 

(a ceiling effect).  Mascia et al. (2000) did demonstrate that the 

equivalent mutation in the GABAAR allowed for neurosteriods to 

further enhance MTS potentiation.  This suggested that alcohols and 

anesthetics should be able to potentiate receptor function if they 

could bind to the receptor.  However, in the case of GABAAR we 

know that the alcohol and anesthetic binding sites could not be 

“filled” by covalently labeling just the α subunits, since alcohols and 

anesthetics act on the β subunit as well (Ueno et al. 1999).  While 

the receptor itself could be further potentiated, the limits of alcohol 

and anesthetic potentiation may have been reached.  This 
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difference may be because of the way in which alcohols and 

anesthetics affect the channel activity.  Modulators such as zinc 

primarily affect the burst duration on the single channel level in 

nAChR, without affecting mean open time (Hsiao et al., 2008).  

Alcohol (200mM) also changes burst duration without altering mean 

open time (Brian Welsh and John Mihic, personal communication).  

Neurosteriods on the other hand increase mean open time in 

GABAAR (Twyman and Macdonald, 1992), prolong the desentized 

state (Zhu and Vicini, 1997) and increase single channel 

conductance (Gaul et al., 2007).  The maximal potentiation of the 

burst duration may have been reached by PMTS in the Mascia et al., 

(2000) study, but neurosteriods were able enhance the receptor in 

other ways, thereby potentiating receptor function.  In the study 

presented in this chapter we demonstrated that ethanol can still 

bind to and act on α1 GlyR even after volume is added to the 

putative alcohol and anesthetic binding pocket (Figure 5.4).  This 

expands the region of possible interaction between these 

compounds and the Cys-loop family, creating new areas for further 

exploration.           
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CHAPTER 6: DISCUSSION 

Portions of this chapter were published in an article in Brain 

Research in June 2007 and are reprinted with permission. © Brain 

Research, Elservier B.V. 

Dupre ML, Broyles JM, and Mihic SJ. Effects of a mutation in the 

TM2–TM3 linker region of the glycine receptor α1 subunit on gating 

and allosteric modulation. Brain Research. 2007 Jun;1152:1-96.1  

6.1 Signal transduction from binding site to pore  

 Our understanding of the mechanisms by which 

neurotransmitter binding ultimately leads to channel opening is 

becoming increasingly clear. Although neurotransmitters bind to a 

specific site on an ion channel structure, this event must ultimately 

affect the conformation of the pore to influence ion channel 

opening. The binding event is typically transduced to the pore both 

by the movement of subunits specifically involved in binding agonist 

and by the concerted movement of all subunits, even those not 

directly involved in agonist binding. In the Cys-loop ion channel 

family, transduction of neurotransmitter binding is best understood 

for the nAChR due to the well-defined structure of the related nACh 

binding protein (nAChBP).  While some progress has also been 



 95 

made in understanding signal transduction in the GlyR, many 

assumptions about GlyR structure and function are inferred from 

studies conducted on other Cys-loop members, most notably the 

nAChR.  Experiments detailed in Chapter 3 of this manuscript 

suggest specific residues located within or adjacent to the pore are 

involved in signal transduction in the GlyR.  GlyR α1 residues 20’ to 

23’ are able to interact across subunits and as such could propagate 

concerted, multi-subunit movements important for channel gating.   

 For ligand-gated channels, channel gating begins with the 

binding of neurotransmitter.  Biochemical and electrophysiological 

studies have helped to describe the neurotransmitter binding sites 

for ion channels in the cys-loop family.  In the AChBP, X-ray 

crystallography studies show the location of acetylcholine binding is 

between adjacent subunits of the AChBP (Brejc et al., 2001).  These 

adjacent subunits interact while agonist is bound to them.  Each 

subunit of the AChR possesses a plus and a minus side; the plus 

side contains loops A, B, and C that interact with three β-sheets on 

the minus side of adjacent subunit (Brejc et al., 2001).  The nature 

of glycine binding to the GlyR is believed to be similar.  In the α1 

GlyR the primary interactions during glycine binding are between 

specific regions of the glycine molecule and GlyR residues that 
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make up the plus and minus sides of adjacent subunits (Grudzinska 

et al., 2005).   

 Once neurotransmitter has bound to the channel, a binding 

event signal is transduced to the rest of the subunit.  In the nAChR, 

signal transduction after agonist binding has been described as a 

“Brownian wave formation” that travels down the interface between 

the subunits bound to acetylcholine (Purohit and Auerbach, 2007). 

The latest nAChR model indicates that at the interface of the 

extracellular region and the transmembrane segments, the 

extracellular end of TM1, loop 2, the cys-loop (loop 7) of the N-

terminal domain, and the TM2-3 linker region all interact (Unwin 

2005).  Such interactions enable acetylcholine binding to produce 

conformational changes at subunit segments distant from agonist 

binding. Similar interactions may propagate agonist-binding signals 

in GlyR subunits.  In the GlyR, D148 in loop 7 forms a salt bridge 

with K276 in the TM2-3 linker that is critical for signal transduction 

to the pore (Schofield et al., 2003).   Transduction of the binding 

signal must then travel through the TM2 segment to the gate 

located between –2’ and 2’ (Keramidas et al., 2000).  

 Interactions between subunits as well as those within 

subunits are typically important for signal transduction.  The 
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importance of cross-subunit interactions has been shown 

specifically for GlyR.  GlyR conductance remains constant 

irrespective of the glycine concentration (Beato et al. 2003) 

showing GlyR undergo a concerted movement of all subunits 

whether each subunit is binding glycine or not.  More specifically, 

TM2 segments of subunits that do not directly binding glycine are 

influenced by agonist binding.  Previous work in nAChR has 

provided some clues as to the location of such inter-subunit 

interactions.  Bafna et al. (2008) showed that in the mouse 

neuromuscular nAChR α subunit, the TM2-cap (18’ to 28’) residues 

possess higher mobilities than the surrounding extracellular loops 

or the TM2 pore lining residues.  They expressed this mobility as a 

“conformation wave” characterized by the Φ value (Grosman et al., 

2000; Bafna et al., 2008).  This suggests that the extracellular 18’-

28’ end of TM2 in nAChR may move before the rest of the 

extracellular region, almost at the same time as the agonist binds, 

making the linker region an ideal candidate for inter-subunit signal 

transduction.   

  The findings reported in Chapter 3 also implicate TM2-3 

linker residues in agonist-induced GlyR openings, showing α1 GlyR 

20’ to 23’ residues are in close proximity with adjacent subunits.  
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Like the residues in the nAChR TM2-3 linker, GlyR 20’ to 23’ may be 

highly mobile, allowing these positions to form disulfide bonds with 

neighboring subunits when mutated to cysteines, as shown in 

Chapter 3.  Constraining the positions of these amino acids relative 

to one another markedly inhibits GlyR function, suggesting that part 

of the process of normal channel activation requires that this region 

of the TM2-3 linker must be allowed to move.   Together, these 

findings from GlyR and nAChR suggest that α1 GlyR 20’–23’ 

residues are prime candidates for playing a pivotal role in the inter-

subunit transmission of glycine binding, potentially orchestrating 

concerted, multi-subunit conformational changes.   

6.2 Structure of the TM2-3 linker in cys-loop ion 
channels 

  

 The TM2-3 linkers of cys-loop family ion channels share a 

capacity for inter-subunit interactions, highlighting this region as 

one of importance due to its likely role in signal transduction.  Close 

inter-subunit interactions in the TM2-3 linker may come about in 

part due to a high level of mobility in this segment that appears to 

be shared by ion channels in this family.  However, despite 

functional similarities, the structure of the TM2-3 linker region is 
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not uniform across the cys-loop ion channels.  The structure of the 

GlyR TM2-3 linker region is most similar to that found in the ELIC 

channel.     

 In Chapter 3 I used disulfide bond trapping to determine the 

relationship of the TM2-3 linker to adjacent subunits.  This region is 

likely to moves as a consequence of its interaction with the 

extracellular domain (Schofield et al. 2003).  Disulfide bond 

trapping involves mutating amino acid residues to cysteine to 

determine the relationships and motilities between residues.  In 

proteins with known structures, the average C-α to C-α distance 

between disulfide-bonded cysteines is 5.6 Å (Schmidt and Hogg, 

2007).  The mutagenesis studies in Chapter 3 on residues A272 to 

P275 (20’-23’) suggest that during channel movement in the 

absence of ligand these residues of the TM2-3 linker region pass 

within approximately 5.6Å of the same residues on adjacent 

subunits.  In all cases, initial glycine-mediated currents are quite 

small in comparison to those observed after DTT application; this 

suggests that disulfide bonds form either during receptor assembly 

or trafficking, or soon after insertion into the membrane.   

 Other Cys-loop ion channels have inter-subunit proximity in 

TM2-3 linker region.  Disulfide-bond trapping was previously used 
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to identify residues within the TM2 region of the GABAAR that are 

able to interact with neighboring subunits (Horenstein et al., 2001).  

Three residues in the GABAAR are able to cross-link when either the 

β or both the α and β subunit residues are individually mutated to 

cysteine: 6’, 17’ and 20’ (Horenstein et al. 2001).  The cross-linking 

pattern in TM2 of the GABAAR (Horenstein et al. 2001) suggests a 

helical structure since residues 6’, 17’ and 20’ and in a helical 

structure these would all face in the same direction.  I 

demonstrated that a helical pattern of cross-linking does not occur 

in the 20’-23’ residues in the GlyR α1 subunit suggesting this 

segment of TM2 is no longer an ordered α-helix after the 20’ 

residue.  This contrasts with the model of the related nAChR (Figure 

3.1A), which shows a helix continues into the extracellular region of 

TM2 (Unwin 2005).  Instead, the capacity for all four of these 

residues to form inter-subunit disulfide bonds suggests that the 

amino acids in this region of the glycine receptor form a β-strand, 

similar to the model of the ELIC structure (Figure 3.1B) (Hilf and 

Dutzler, 2008).  

 Despite differences in structure, the extracellular side of TM2 

and the TM2-3 linker region display a high level of mobility in Cys-

loop ion channels.  In studies of the GABAAR, research suggests 
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residues 12’ to 16’ in are in continuous thermal motion in the closed 

channel state (Bera and Akabas, 2005).   Cysteine residues 

introduced at the GABAAR β subunit 20’ position form disulfide 

bonds spontaneously while those at 17’ require an oxidizing reagent 

in at least half of the oocytes tested (Horenstein et al. 2001).  This 

indicates that the GABAAR β subunit is more flexible in the 20’ 

region than in the 17’, suggesting more motility at the extracellular 

end of the pore. Bafna et al. (2008) showed that the TM2-cap (18’ 

to 28’) residues in the nAChR possess higher mobilities than the 

surrounding extracellular loops or the TM2 pore lining residues.  

The data presented in Chapter 3 demonstrates this is true for GlyR 

as well and that the motility and flexibility of this region may 

support signal transduction.   

6.3 Integration with previous TM2-3 linker studies 

 Previous studies found that A272C-P275C mutations are 

accessible to modification by thiol reagents such as 

methanethiosulfonate ethyltrimethylammonium or 

methanethiosulfonate ethylsulfonate, leading to alterations in GlyR 

function (Han et al. 2004, Lynch et al. 2001).  While neither study 

examined cross-linking directly, Lynch et al. (2001) did report that 
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the A272C, L274C and P275C mutant receptors exhibited extremely 

right-shifted glycine concentration-response curves and that 

currents observed in response to a maximally-effective glycine 

concentration were lower in the S273C, L274C and P275C mutants 

than wildtype.  In Chapter 3, I did not conduct glycine 

concentration-response curves for all mutants in our study because 

I noticed significant current rundown due to cross-linking, either 

spontaneously over time or with repeated glycine exposures (Figure 

3.3).  For the L274C α1 GlyR our results showed a right-shifted 

glycine concentration-response curve (Figure 3.2D) consistent with 

that shown by Lynch et al. (2001).  It is possible that individual 

cysteine mutant receptors possess either single or double disulfide 

bonds, resulting in either one or three free cysteine residues.  This 

suggests that even if some TM2-3 linker residues are constrained 

by disulfide interactions, others will not be and that there may be 

enough flexibility in the free TM2-3 linker regions to allow for their 

modification by thiol reagents.  Lynch et al. (2001) found that, for 

the L274C α1 GlyR, DTT needed to be applied before the 

methanethiosulfonate reagent could bind.  They concluded that it 

was likely that some chemical in the cell culture medium had bound 

to this cysteine.  They discounted the possibility that L274C could 
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cross-link with adjacent residues since application of DTT did not 

affect glycine sensitivity.   However, if inter-subunit cross-linking 

results in loss of channel function one would expect to see 

decreased currents after cross-linking, but not necessarily any 

changes in glycine sensitivity.  In our experiments cross-linking 

does occurred between L274C subunits in Western blots under non-

reducing conditions (Figure 3.4) as well as electrophysiological 

recordings (Figure 3.2).  I propose that the effect of DTT on this 

mutation breaks spontaneously formed disulfide bonds among 

L274C subunits enabling the methanethiosulfonate reagent to 

interact with the freed cysteines.  Functional cross-linking in 

Xenopus oocytes as well as structural cross-linking in Western blots 

of GlyR expressed in HEK 293 cells suggests that the phenomena 

studied in Chapter 3 are not cell type-specific. 

 

6.4 Integration of modulatory signals with the 

glycine-binding signal 

 Understanding which residues are important for binding an 

allosteric modulator verses that which transduce the signal it 

produces is important for understanding receptor function, as well 

as the development of therapeutic drugs that specifically target 
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allosteric modulatory sites. Kinetic analysis of the D80A α1 GlyR 

mutation revealed that while this point mutation disrupts the effects 

of zinc on the glycine-activated kinetics, it has no effect on the 

taurine-activated kinetics (Lynch et al. 2001).  This suggests that 

D80 is involved in a transduction point for glycine and not the zinc-

binding site as previously suggested (Laube et al. 1995, Laube et 

al. 2000).  The work highlighted in chapter 4 found the TM2-3 linker 

region in the α1 GlyR to be critical to the direction of the 

modulatory signals of zinc, ethanol, and volatile anesthetics, while 

not involved directly in binding modulators to the receptor.   We 

identify the TM2-3 linker region as important for transducing the 

ligand binding signal and integration of the modulatory signal.  

Additionally, our work illustrates that binding PMTS at S267C may 

modulate the receptorin a slightly different way than EtOH and 

volatile anesthetics.  In the double mutant S267C/K281P α1 GlyR, 

volatile anesthetics were inhibitory as they were in K281P α1 GlyR 

(data not shown).  However, PMTS initially inhibits and then 

potentiates S267C/K281P α1 GlyR function (Figure 4.5C).  This 

might suggest that occupancy of all five putative alcohol and 

anesthetic binding-sites are needed for potentiation by EtOH and 

volatile anesthetics, but the work of Roberts et al. (2006) argues 
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against this.  This also seems unlikely since the reversal of 

modulatory signal is seen for zinc as well.  A more parsimonious 

hypothesis may be that the S267C mutation when PMTS is bound 

has a slightly different effect on channel structure than the EtOH 

and volatile anesthetics.  Future studies on channel kinetics may be 

better able to define both the similarities and differences among 

these compounds.         

6.5 Expanding the putative alcohol and anesthetic 

binding pocket 

 In 1984, Franks and Lieb showed that anesthetics could bind 

a lipid-free protein, firefly lucifierase and inhibit its function.  This 

pivotal paper challenged the lipid theory of anesthetic action, which 

postulates that anesthetics act by perturbing the lipid bilayer based 

on the observation by Meyers and Overton that anesthetic potency 

is correlated with the oil:water partition coefficient (the ratio of a 

the concentration compound found in oil versus water) (Kaufman 

1977).  Alcohols also follow this rule (Roth and Seeman, 1972).  

However, Franks and Lieb (1985) not only demonstrated proteins 

could bind anesthetics, but possess amphiphilic binding pockets of a 

defined volume.  
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 The race was on to find neuronal proteins that would be 

appropriate targets for anesthetic actions and LGIC presented 

obvious potential targets.  LGICs mitigate fast synaptic transmission 

thoughout the CNS and therefore are potentially involved in the 

mechanism of action of both alcohols and anesthetics.  Hydrophobic 

mutations to the 10’ residue of the nAChR increased inhibition by 

alcohols and anesthetics without changing the gating or the 

desensitization properties of the channel (Forman et al., 1995).  

This suggested that a binding site for alcohols and anesthetics in 

the Cys-loop family might lie within the pore.    In 1997, Mihic et al. 

identified a region of the GlyR and GABAAR 45 amino acids long as 

necessary and sufficient for alcohol and anesthetic actions.  In 

particular, they identified two amino acids, S267 and A288 in the 

GlyR as critical to anesthetic actions and proposed that they 

contributed to a putative alcohol and anesthetic binding-pocket 

(Mihic et al., 1997).  Subsequent studies showed that increasing 

the volume at position S267 in GlyR created receptors that were 

inhibited by ethanol (Ye et al., 1998).  Increasing residue volume in 

the putative alcohol and anestethic binding-pocket also decreased 

either the length of an alcohol or the size of an anesthetic that 

could potentiate GlyR or GABAAR function (Wick et al., 1998, 
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Jenkins et al., 2001).  Jenkins et al. (2001) estimated the putative 

alcohol and anesthetic binding-pocket to be between 250 and 370Å.  

One interpretation for the loss of potentiation when volume is 

increased at residue-267 in GlyR is that the increase in volume at 

this site prohibited alcohol from binding there, exposing a lower 

affinity inhibitory site elsewhere in the receptor (Crawford et al., 

2007).  A positive and negative modulatory sight for alcohol was 

suggested as a mechanism of action for the nAChR (Borghese et 

al., 2003).  However, it is also possible that adding volume at this 

site changes channel kinetics and the modulatory signal, not just 

the binding of anesthetics.  Indeed, Findlay et al. (2003) 

demonstrated that S267Q produces receptors with markedly altered 

single channel properties such as a lack of defined bursts as well as 

very brief opening events.  It seems less surprising then that the 

receptors response to alcohols and anesthetics is altered.  

 Mascia et al. expanded on this idea by introducing volume at 

this site, not through amino acid substitution, but by utilizing MTS 

reagents covalently labeling engineered cysteines (2000).  One 

potential flaw in this study was that after observing an increase in 

response to glycine after PMTS potentiation, EC10 was not re-

established before testing for the effects of alcohols and anesthetics 
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(Mascia et al., 2000).  It is possible that no further effects of 

anesthetics were seen simply because PMTS had left-shifted the 

response curve, not because anesthetics could no longer bind 

(Mascia et al., 2000).       

 The data presented in Chapter 5 support the idea that while 

there may be an interaction between alcohol and anesthetics and R-

groups of amino acids lining a water-filled intra-subunit binding 

cavity, there are also interactions between these compounds and 

pore lining residues of GlyR.  It is possible that there are other 

water-filled pockets within GlyR that are as yet undiscovered.  If 

the main requirement for protein-anesthetic/alcohol interaction is a 

water-filled cavity, then there should be many other proteins that 

are sensitive to these compounds.  Indeed many proteins targets 

for anesthetics and alcohol have been identified and include: large 

and small conductance calcium-activated potassium channels 

(Dreixler et al., 2000, Ghezzi et al., 2004, Davies et al., 2003,), 

voltage gated sodium channels (Krylov et al., 2000, Haeseler et al., 

2006, Horishita et al., 2008a, 2008b), gramicidin A channels (Tang 

et al., 2002),and G-protein activated inwardly rectifying potassium 

channels (Hara et al., 2005, Yamakura et al., 2001, Weigl and 

Schreibmayer 2001). 
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 What properties do these channels share that enable them to 

be targets for alcohol and anesthetic modulation?  All of these 

channels are large and likely contain many water filled cavities for 

interaction with many residues.  These interactions do not have to 

cause major changes in receptor structure to affect function.  As 

illustrated in Tang et al. (2002) the effects of alcohols and 

anesthetics can be seen even when all hydrogen bonds are 

maintained. This means that modulators can change receptor 

function without major changes in the structure of the receptor. 

 One of the goals of studies to determine an alcohol or 

anesthetic binding site is to develop drugs, which selectively block 

the effects of these compounds without altering receptor function.  

Selective drugs would enable researchers to parse out the role of 

individual receptors in a larger phenotype caused by either alcohols 

or anesthetics, and possibly reduce side effects in patients when 

introduced therapeutically.  It may not be possible to alter the 

function of such ubiquitous allosteric modulators by directly 

mutating the receptor without altering receptor function.  A better 

strategy may be to use techniques such as small molecule 

screening or phage display to identify compound that specifically 
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inhibit or potentiate receptors and utilize them to counter the 

effects of alcohols and anesthetics on these receptors.    

6.6 Implications and future directions 

  The results presented here underscore the importance of the 

transmembrane region in signal transduction and modulation in the 

GlyR.  These studies provide a new framework to postulate 

questions about the gating, permeation, and signal transduction.  

The mutant L274C α1 GlyR in Chapter 3 had greatly reduced 

glycine mediated currents when cross-linked, and in solutions 

containing sodium bicarbonate the currents often became outward.  

This suggests either a change in chloride or bicarbonate 

conductance or both.  Indeed, if ion selectivity starts in the extreme 

extra-cellular portions of the receptor (Hansen et al., 2008), it 

seems quite likely that many points along the pore may be 

implicated in selectivity as well.  Future studies should look at the 

change in permeability of various ions when L274C is cross-linked 

to adjacent subunits, and look to see if this changes when it is 

reduced.  This may reveal an additional functional role for the TM2-

3 linker region in the Cys-loop family.   
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 The K281P mutation discussed in Chapter 4 may also provide 

important insight into channel gating.  By the injection of different 

ratios of wild-type and the spontaneously active K281P α1 GlyR 

cDNAs it is possible to produce receptors that are mainly wt α1 

GlyR or contain only one mutant subunit and four wt subunits.  If 

spontaneous activity could still be observed and had the same 

conductance, it would support the hypothesis that the binding 

signal is transduced to all subunits even if only one is activated.  

While the single channel evidence in wild-type GlyR supports this 

theory, it is still possible that the opening observed at low 

concentrations of glycine are the result of multiple glycine 

molecules binding.  This spontaneously active mutant may be able 

to address this issue of signal transduction. 

 K281P α1 GlyR may also be able to determine if the TM2-3 

linker region integrates just the glycine and modulatory signals 

together or if it also integrates the signal of modulatory with partial 

agonists such as taurine.  Lynch et al. (1998) demonstrates that 

mutations such as K281A change the effects of zinc on glycine- 

mediated currents but not taurine-mediated currents.  It is possible 

that the reversal of modulatory responses seen in Chapter 4 is 

limited to glycine-mediated currents.  Further studies may be able 



 112

to utilize the K281P mutation to determine if the full and partial 

agonist both transduce their signals though this region.      

6.7 Summary 

 Overall the data presented in this dissertation provides 

experimental evidence that the structure of the TM2-3 linker region 

in the α1 GlyR is a β-strand, similar to the structure shown for the 

ELIC protein.  This work describes the TM2-3 linker as uniquely 

flexible and supports the hypothesis that the TM2-3 linker plays a 

critical role in inter-subunit signal transduction.  This dissertation 

identifies the TM2-3 linker of the GlyR as a mediator of allosteric 

signal transduction and suggests that changes in its structure affect 

the degree and direction of modulation, but without affecting 

modulator binding.  Finally, this research adds to our knowledge of 

the mechanisms of action of alcohols and anesthetics on the α1 

GlyR.  The findings reported here suggest that the TM2-3 linker 

plays a critical role in signal transduction and receptor modulation 

and provides a foundation for future work on the GlyR in this 

region.   
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